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ABSTRACT

Discovery of a Higgs Boson with the ATLAS Detector
by

Aaron James Armbruster

Chair: Jianming Qian

Details of the discovery of a Higgs boson and measurements of its properties with the AT-
LAS detector are presented, using up to 4.8 and 21 fb~! of data at \/s = 7 and 8 TeV,
respectively. The mass of the boson is measured to be my = 125.5 £0.2 (stat) 0% (sys)
GeV using a combination of the H — vy and H — ZZ%) — (00 channels. At 125.5
GeV, a combination of the H—=WW® slvly, H — vy, H — ZZ% — 000t H — bb, and
H — 777~ channels yields a measured signal strength with respect to the Standard Model
of i = 1.3 £ 0.2. In this combination the couplings of the boson are explored under various
assumptions motivated by Beyond Standard Model scenarios, with no significant deviations
from the Standard Model observed. Strong evidence for the vector boson fusion production
process is found with an observed (expected) significance of 3.1 (2.5) standard deviations.
Among the individual channels, the search in the H—W W ®—/(vly decay mode is outlined
in detail. Combining the full 7 and 8 TeV datasets, the analysis yields strong evidence for this
mode with an observed (expected) significance of 3.8 (3.7) standard deviations at my = 125
GeV. At this mass, the signal strength in the channel is measured to be i = 1.01£0.31. The

statistical methods used in these measurements, and particle searches in general, are thor-

oughly detailed. Further, novel techniques are presented, including polynomial interpolation
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of nuisance parameters, procedures for asymptotically approximating quantiles of expected
limits, uncapping of profile likelihood test statistics, and the applications of B-Splines for

interpolating signal distributions in low resolution search channels.
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CHAPTER 1

Introduction

“I believe our future depends powerfully on how well we understand this Cosmos, in which we

float like a mote of dust in the morning sky.”

- Carl Sagan

The first scientific experiment recorded by humans was performed by the Greek scholar
Eratosthenes in 240 BC. In his hometown of Syene in Egypt, he knew that at noon on
the summer solstice the sun is directly overhead, such that vertical objects cast no shadow
on the ground. At the same time, an appreciable shadow is cast in Alexandria. Knowing
this, he determined that the Earth was round and accurately measured its circumfrance.
This was the first spark of scientific methodology that led to the fire of modern science.
The last century in particular has seen an explosion of knowledge about the nature of the
universe at small scales. From the discovery of the electron by J. J. Thompson in 1897 to
the development of the Standard Model (SM) of particle physics, the Universe continues to
reveal to us its immense grandness and elegance.

The SM has been remarkably successful at predicting and describing phenomena in the
energy range currently accessible to colliders, and holds against the precision electroweak
tests performed at LEP, SLC, and the Tevatron. It is a SU(3)cxSU(2),xU(1)y gauge
theory, where the SU(2),xU(1)y portion describes the electroweak force with two charged

(W*) and two neutral (v/Z) vector bosons. The SU(3)¢ portion contains eight spin-1 vector



fields that give rise to the eight massless gluons (g). The gauge bosons mediate interactions
between three families of fermions and themselves. The SU(2),, fields couple to left-handed
fermion doublets, while the U(1)y field couples to fermions with hypercharge Y. The physical
electroweak bosons are the result of the SU(2),xU(1)y symmetry breaking, in the form of
two neutral currents (the massive Z and massless ) and two massive charged currents (W=).

The mechanism by which particles aquire mass is in the process of being experimentally
verified, which is the subject of this thesis: The Higgs boson arises from a complex scalar field
added to the SU(2);,xU(1)y theory as a SU(2),, doublet with a non-zero vacuum expectation
value. This non-zero vacuum expectation value generates mass terms for the gauge bosons
and itself, previously required to be zero by the SU(2);, symmetry. It has been sought
after since its proposal in 1964 by Robert Brout, Francois Englert, Peter Higgs, Gerald
Guralnik, C. Richard Hagen, and Tom Kibble [51, 42, 49] and its incorporation into the
SM by Steven Weinberg in 1967 [73]. It is also attractive because it softens ff — W*TW~
scattering. Without this contribution the cross section would diverge at high energies and
violate unitarity [57].

In July 2012, both ATLAS and CMS at the Large Hadron Collider (LHC) announced the
discovery of a boson with properties consistent with the SM Higgs [22, 32], with Tevatron
claiming evidence consistent with the LHC results [47]. The results of the full 7 and 8 TeV
runs (Run I) show that it is likely a CP even scalar particle, and therefore qualifies as a
Higgs boson [12, 17, 15, 33, 18, 11]. Studies of the couplings with the LHC Run I data also
confirm compatibility with the SM Higgs boson with mass near 125 GeV [9, 3]. However,
more data is necessary to ascertain if it is the Higgs boson of the SM or perhaps something

more exotic.



CHAPTER 11

Standard Model of Particle Physics

“Any intelligent fool can make things bigger, more complex, and more violent. It takes a touch of

genius - and a lot of courage - to move in the opposite direction.”

- Albert Einstein

The next sections motivate and lay the groundwork for the addition of the Higgs boson
to the SM. This requires an understanding of gauge theories, which are intimately related
to the notion of symmetry. The implications of the invariance of the laws of physics under
transformations are first discussed in Section 2.1. Following the work of Dirac in Section 2.2
that describes the Lagrangian of free fermions, the unification of Quantum Mechanics (QM)
with Maxwell’s laws in Section 2.3 is made possible by adding to the Lagrangian a gauge
field and requiring invariance under U(1)y transformations. This unification is extended
in Section 2.4 to combine the electromagnetic and weak forces into the electroweak force,
wherein the motivation is provided for the Higgs mechanism covered in Section 2.5. While
not related to the Higgs mechanism, an understanding of Quantum Chromodynamics (QCD)
is essential and is discussed in Section 2.6. In the last section (2.7), the production and decays

of the Higgs relevant to the LHC are discussed.



2.1 Noether’s Theorem

Underlying the theory of particles, and physics in general, is symmetry. Noether’s theo-
rem, first proven in 1918 by Emmy Noether, states that for every transformation of a field
¢(x) that leaves the action invariant there exists a conserved current. The invariance of the
action is equivalent to the Lagrangian density £(x), which is a function of both ¢(x) and
its derivative 0*¢(x), being invariant up to a surface term. The action is defined by the
integral of the Lagrangian density (henceforth referred to simply as the Lagrangian) over all
space-time.

S = /E(x)d4a: (2.1)

Consider an infinitesimal transformation of the field ¢(x) — ¢(x) 4+ dp(x) that conserves

the action:
0 = 65

J d'a {3600 + 53550(0,0) } 2
_ fd4x{ L5 — a(a(a )M)—i—@ (8(‘3—%)5¢>}

The third term represents an overall surface term. Assuming no boundary terms on the

action, this term is zero. This indicates that invariance of the action is equivalent to the

Euler-Lagrange equation of motion:

oL oL _
%-0.(s05) = 0 (2:3)

Turning this around, one can require that a shift in the Lagrangian induced by a local

transformation of the field must be zero up to a local four divergence:

L(x) = L'(z) = L(z) + 0,T"(x) = 6L(x) = 0,T"(x) (2.4)



The shift in the Lagrangian can also be written with respect to the field:

0L(x) = 5500+ 5550(0u0)
= 9250~ 0, (5555 ) 00 + 0 (5355500) (2.5)
= 0 (at509)

Equating the two forms of 0£(x), one obtains a conserved current j*(z):

@) = 55980+ T (x)

) (2.6)
Ou(2) = O (55506) + 0,T"(w) =

2.2 Dirac Lagrangian

The Dirac Lagrangian describes the behavior of relativistic spin-1/2 fields ¢ (x) in free

space:

Lpirac(T) = @E(x)(iVMau —m)(x) (2.7)

In 4-dimensions he terms y* are 4 x4 matrices satisfying the anti-commutation relation-
ship:

{7} = 29" (2.8)

where g"” is the metric tensor. In four dimensional Minkowski space, these matrices can

be represented in terms of the Pauli sigma matrices o, i = 1,2, 3:

"= (2.9)

ot and " are the four-vector notations for the Pauli sigma matrices, such that o* = (I, o)
and 6" = (I, —0), with o = (¢!, 02,0%). The term ¢ (x) = ¥'7° requires the additional 7°

for the ¥1) term to be Lorentz invariant. The term v(z) can be further decomposed into left



and right handed Weyl spinors:

Y= v (2.10)

VR

Applying the Euler-Lagrange formula to Lpiac(z), one obtains the Dirac equation of

motion for ¢(z):

(99, — m)u() = 0 (2.11)

This represents the equation of motion for a free (non-interacting) fermion. The next
section shows how interactions with the electromagnetic field can be incorporated into the

Lagrangian.

2.3 Quantum Electrodynamics

Quantum Electrodynamics (QED) represents a unification of QM with Maxwell’s laws
that describe how charged fermions interact with the electromagnetic field at low energies,

i.e. far from the W*/Z° masses:

V-E = %
V-B =0 519
VxE = 128 212

c Ot

VxB = /~L0J+/~L0€0%—?

E is the electric field, B is the magnetic field, p is the electric charge density of space, pyg
is the permeability of free space, and g is the permittivity of free space.

Switching to natural units and introducing the electromagnetic four-potential A* =
(¢, A), where E = —% — V¢ and B = V x A, and a corresponding field strength ten-

sor F' = ot AY — 0¥ A*, Maxwell’s equations are superseded by the Lagrangian for QED:

. 1 )
Lqep = Y(V" Dy — m)y — ZFWFM (2.13)



D, = 0, —ieA, is the covariant derivative required for gauge invariance, where e = |e|
is taken to be positive. This term ultimately yields the interaction terms in the Lagrangian
between the fermion and electromagnetic field. Applying the Euler-Lagrange equation with

respect to A*, one obtains two of Maxwell’s four equations:

Lopp = ("D, —m)v — 1(9,4, — 0,A,) (0" A — 9" Ar)
= Y(iv"D,, — m)y — 1(9,A,0"A” — 9,A,0" A" — 9,A,0"A” + 0,A,0" A*)
= Y(iy"0, — ey" A, — m)y — (9, 4,0" A — 0, A,0" A*)

(2.14)
oL oL _
o~ MmO (215)
= 0,(0"AY — OV AF) = —ehyMyp
Defining the four current j* = —eiyy*), the last equation can be written in a more
elegant form:
o,Fm = jn (2.16)
The conservation of j# follows directly:
ot = 0,0, FH
= 0,0,(0"AY — 0" AF) (2.17)

= 0

Eq. 2.16 yields four differential equations, one for each index of . Writing out the u =0
and p = 1,2,3 components separately and writing j* = (p,J) in terms of its temporal and
spatial components p and J, respectively, one obtains two of Maxwell’s four equations:

—V-9A V2 = & V-E = 2

- (2.18)
Vx(VxA) =G24+ 5V = j' & VxB = uod+ s

Noting that E and B are functions of A and ¢, the last two equations follow directly



from the identities of second derivatives:

VXE = —2VXA-VxVp = -8B
v ’ o (2.19)

V-B = V-(VxA) =0

It is also useful to obtain the equation of motion of fermions by applying the Euler-
Lagrange equation with respect to v. With respect to Eq. 2.11, the only additional term is

the interaction term with the field A,:

(iv"0, — m)p = —exy" A (2.20)

Lqrp is invariant under a gauge transformation of the field ¢» when the gauge field A, is

simultaneously transformed:

v(x) = () = P(x)e’™
Ae) = Al@) = Ax)+10,0(x)

(2.21)

The terms F* (and therefore F*F),,) and ma1) are trivially invariant. The interaction

and kinetic terms each pick up a term differing by a sign and cancel:

QZV"Duw — QZ,’VMDL@D/ _ @Ee_ie(x)’yﬂ(au —ieA,(z) — i@ue(l’))wew(x)
— Dy + Gig"0,0(x) 0 — Pinhd, 0 (x) (2.22)

= @W“Qﬂﬂ
2.4 Electroweak Unification

QED works well in describing the interactions between charged fermions and the elec-
tromagnetic field, but is not intended or able to describe phenomena arising from the weak
interactions, such as beta decays. For this, we need to extend the model to a larger theory.

The spin-1 gauge fields W (a = 1,2, 3) transform under the adjoint of the SU(2);, group



with associated generators T = %U“, where 0 are the Pauli matrices. The gauge field B, is
associated with U(1)y. Fermions enter SU(2) as left-handed doublets Wy, while the right
handed fermions g are SU(2) singlets that are charged under U(1)y. W is a doublet

representation of SU(2).. ¢ is a singlet under SU(2),, but transforms under U(1)y:

Lpw = Upiy*DEU, + drin* Diyr — Wivwe, —1BwB,, (2.23)
/

U, = v (2.24)
Ur

U, and ©¥pr can be either leptons or quarks. There are three generations of both, which

will remain implicit in the notation:

Leptons : Quarks :
! v ! U
L B Ll g (2.25)
vr, €r Pr dr,
¢R = €Rr ; @bR =  up,dg

The covariant derivative contains the four gauge fields that will form the interaction terms
with the fermions. This is different for the left-handed doublets and right-handed singlets:
Dﬁ = a“ — Zgl%Bu — iggTan (2 26)
D;}} = 8“ — Zgl%Bu
The hypercharge of the fermions is Y = 2Q — 272, where Q is the electromagnetic charge
and 72 is the third component of the weak isospin. The eigenvalues of each for the different
fermion flavors are listed in Table 2.1.

g1 and gy are the coupling constants of the fermions to the gauge fields. The form of the

field strength tensor B, of By, is identical to that of the photon in QED. Wj is the field



v €r €R ur, dy, UR dr
Q 0 -1 -1 —|—2/3 -1/3 —|—2/3 -1/3
I3 +1/2 —1/2 0 —|—1/2 -1/2 0 0

Y -1 -1 -2 —|—1/3 —|—1/3 —|—4/3 -2/3

Table 2.1: Eigenvalues of the electromagnetic charge (), the third component of the weak
isospin I3, and the weak hypercharge Y = 2Q — 213 for the fermions of the SM.

a

strength tensor of W¢. Because the generators T of SU(2),, do not commute, W, picks up

an additional term:
we = oW —0o,Wi+ e“bCWbWVC
g g p TP (2.27)
B, = 0,B,-0,B,

€ is the antisymmetric tensor that arises due to the commutation relation that is the
SU(2),, algebra. There is no such term in B, since the lone U(1)y generator Y trivially
comimutes:
[{Ta7 Tb] — ’iEabCTC
(2.28)
Y, Y] =0

The extra term in W, from the non-abelian nature of SU(2), gives rise to self-interactions
among the gauge bosons in this group that aren’t present in U(1)y [63].

An SU(2),, transformation of the Lagrangian yields the transformed fermion doublet and
gauge fields required for invariance of the Lagrangian:

N ] 6iﬁa(m)Ta
. " (2.20)

- —. —.

W, = W, = L0,8(x) - fz) x W,

m
Mass terms, however, will break this symmetry. Expanding the fermion field in terms of

the left and right handed components shows why this is:

mPU = mU(L1-—~")+L1+~+")T
_(2( 7_) 5(1+7°)) (2.30)
= m(\IfR\IfL—I—\IfL\IfR)

10



Since only W, transforms under SU(2)., these mass terms are not invariant under the
transformation in Equation 2.29; neither are mass terms M? WEW et for the bosons. Fermions
and bosons will have to acquire mass another way (Section 2.5).

In general, the physical bosons that couple to the fermions can be mixtures of the gauge

bosons. The mixing of the Wj and the B, can be represented by a rotation by the Weinberg

92
93+g2

g1

93+g3

angle Oy, where sin Oy = sy = and cos Oy = ey =

AH _ Cw Sw BH (2 31)

Zﬂ —Sw Cw Wj

The motivation for this choice of rotation will be more clear when discussing the Higgs
mechanism in Section 2.5. Following from the rotation, B, and WE can be written in terms
of A,, Z,,, and Oy

B, = cwA,—swZ,

(2.32)

Wiz = SWAM‘I'CWZM

The covariant derivative can be written in terms of the mass eigenstates A, Z,, and Wf

11



corresponding to the physical bosons ~, Z, and W=, respectively:

iDE = i (0, —ig1y By —ig2T°W)

B aLl a/lf
ail ai2

al' = i0,+1qY B, + $g.W?

= 0+ 3(GrewY + gosw) A, — SgiswY — gacw) 2, (2.33)
@’ = 50W,—iWi)

= %92WJ
ol = 50W,+il)

= %gﬂ/‘/ﬂ_
a2 = id,+ gV B, — 1goW}

= ia“ + %(gchY — gQSW)Au — %(glsWY + gQCW)Zu

Multiplying the interaction terms with the fermion doublets and rewriting the coefficients

in terms of Ay reveals the electroweak fermion-boson interactions:

B all a12 ,¢/
\IIL’i’)/uDL\I/L = ,J/ 'QEL fy” " " L
. L a21 CL22 wL

1 1

= Ypytaydn +Yiataivn
+Oyralyy + brytaiiyy
= WO + Ly Oy
+ Le(V + DYy A, + 2e(Y — Dyt A,
HarswY — geew )Wy by 2, — S(giswY + gacw )by 2,

- %921Z'L’Y”¢LWJ + %gzﬂL’Y”WLWJ

(2.34)

The identity gicw = g25w = e, the electromagnetic charge, has been used in the A,
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terms. The right handed singlet terms are similar:

Q/_)RZ.’YMDEQ/)R = &Ri'yu(au_iglgBu)@bR

= WrYOur + 5eYURYWRA, — Lo1swY YRV, ORZ,

(2.35)

Inserting the SM fermions in place of ¥/} , ¥, and ¥ r and replacing the weak hypercharge

with its corresponding eigenvalues, the seventeen interaction terms come about:

Left — Handed Interactions :

— —eéLv“eLAu
EM -
%eﬂLvﬂuLAM %edLv“dLAu

5 (915w + gacw ) ViV 2, (grsw — gacw)eLyterZ,
Neutral Current L o -
— 5(3918w — geew )urY'urZ, —5(3915w + gecw )dy*drZ,
L agoiirvte, W Lagser vy, W
gavryter gLy vL
Charged Current V2 ! v2 - g (2.36)
%gzﬂLWNdLW: %%dLW”uLW;

Right — Handed Interactions :

— —eerY erA,
EM B
%eﬂR%uRAu —%edR%dRAu
- J1SWERVUER LY
Neutral Current -
— 2015w URYURZy s15wdryudrZ,

The addition of an SU(2), gauge symmetry therefore inseparably unifies the electro-
magnetic and weak forces into the electroweak force. The electroweak Lagrangian is able to
describe a plethora of physics, but leaves many unanswered questions. In particular, why are
the weak bosons and fermions observed to be massive given that mass terms break SU(2),

symmetry?
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2.5 Higgs Sector

The Higgs boson offers a potential solution to mass terms for weak bosons and fermions
that otherwise violate the SU(2);, symmetry. This requires adding to the electroweak La-
grangian an extra spin-0 scalar field ¢ as a complex doublet:

¢F 1 [ &1 —id2

o = = (2.37)
o | V2 gy—io,

Litiges = (D, @) (D ®) + 12T 0 — \(dTd)? (2.38)

Here the covariant derivative in the kinetic term is the same as the left-handed equa-
tion 2.26 with Y3 = +1 as the eigenvalue of the weak hypercharge. The term V(®) =
—p2®T® 4+ \(®TP)? is the potential term of the Lagrangian. If y? < 0, V(®) has a minimum
at ® = 0. If 4% > 0, V(®) has a minimum at /|®[2 = \/“;2 such that V(®) has a non-zero
expectation value. Note that in this form the Lagrangian in Eq. 2.38 is trivially SU(2),
invariant.

To simplify the coming algebra, it’s useful to work in the wunitary gauge [38]. Lextra iS
SU(2),, invariant, so we can always make a transformation to this gauge that removes the

upper component of ®:

0
Ulx)d = %
#a) (2.39)
b

In the second line the remaining lower component has been expanded around a vacuum
expectation value v by a small perturbation A(x). Minimizing the potential term with respect
to h(x) shows that the minimum occurs at v, corresponding to the minimum /|®[? = “72 of

V(@) mentioned above. Writing out the potential term reveals the self-interaction terms of

14



the field h(x):

PRI — A(P1P)? = Zp2(v? + h? 4 20h) — TA(v* + h* 4 4oh® + 6v?h? 4 40°h)
= v(p? — MHh+ (3% — X?)h? — vAh® — IAh* + const (2.40)
= M?h? — vAh® — $AR? + const

In the last line the substitution p? = \v? was made, which removes the term linear in
h. The remaining parts show the cubic and quartic self-interaction terms. Also revealed is

the mass term \v2h?, yielding My = v2Av. The kinetic term gives the effect on the gauge

bosons:
_i i _ il oW
| 0
~i 7592 W, O+ G+ 932, v+ h

— L(0,h)2 + G272 4 A | S

2
FLWEW S LR 4 LR W
(2.41)
The mass terms £U2W+W_’“ = Mg W2, @szi = $M3Z2, and 0 = 3 M3 A% show the
\V 91 92

W= and Z bosons masses 2g2v and v, respectively, while leaving the photon massless
as observed in nature. Cubic and quartic vertices between the bosons arise as well. It also
predicts the ratio of W and Z masses to be %—V; = ¢y, which is well established [62]. The
vacuum expectation value v ~ 246 GeV can also be inferred from these relations. Written
in terms of the field h(x), the Lagrangian is not obviously SU(2),, invariant (though it is!);
this symmetry has been “spontaneously” broken by expanding around v.

The extra doublet can accommodate fermion masses when adding interaction terms be-

tween the fermions and ®. For the down-type fermions v, and g with corresponding
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Yukawa couplings A4:

Ldown = AU, B+ hc.

fermion—Higgs

o 0
= L\, + h.c.
7 (U, Yr) . (o c (2.42)

= _%)\dU@LwR - %AdlﬁLth + h.c.
= —%)\cﬂﬂhﬁ - %)\d&bh

The expansion shows down-type fermion masses my; = %)\dv and the interactions of
the Higgs with fermions. Generating mass is similar for the up-type fermions v} and .
Adding to the Lagrangian terms where the Higgs field has been rotated reveals these final

mass terms:

ﬁ?orl)rmion—Higgs = _)‘u\I]L(I)/w}% + h.C.,
v+h
(I)/ = —'éUQ(I) =
0
up . - v+ h / (2.43)
= ﬁformion—Higgs = _ﬁ)\u(wln Q/)L) Q/)R + h.c.

0
= AP — AR+ he.
= — LAy — AR

Just as with the down-type fermions, the up-type fermion-Higgs interaction terms arise

and the masses m,, = %)\uv are generated.

2.6 QCD

QCD is the theory of the strong force between quarks mediated by gluons. It is described

by the SU(3)¢c group. There are eight spin-1 massless gluon fields Gf, (a=1,...,8). The quarks
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@ are triplets under SU(3)¢:

_ 1

Locn = Qir" D, —m)Q — G2, G (2.44)

4

Go, = 0,GY — 0,G% + g f**°GYGS is the field strength tensor of G%. g, is the strong

coupling, and f®¢ are the associated structure constants of the SU(3)¢ algebra:

[t 1%] = ifobete (2.45)

The eight ¢t* are one-half times the 3x3 Gell-Mann matrices A%, the generators of SU(3)¢.
Similar to SU(2),, the non-commuting SU(3) algebra gives rise to self-interaction among

the gluons fields [63].

2.7 Higgs at the LHC

There are several Higgs boson production modes at the LHC. The dominant mode is
gluon-gluon fusion (g9 — H, denoted ggF), in which a top- and b-quark loop mediates an
effective coupling between the Higgs and two initial state gluons. Vector Boson Fusion (VBF)
occurs through the process ¢ — ¢'¢gVHV® — ¢gdH (V) = W Z()) where the vector
bosons are radiated off of two initial state quarks and fuse to give a Higgs boson. There is
a mode where a Higgs is produced in association with a vector boson (VH, V =W, Z), also
known as Higgs-strahlung, which occurs through the process ¢¢g — V* — V H. Finally, there
is the ttH mode through gg/qq — ttH. The Feynman diagrams for each process are shown
in Figure 2.1. The production cross sections versus mpy for these processes are also shown
in Figure 2.2.

The Higgs boson has no appreciable lifetime at masses larger than a few GeV and will
decay immediately into final state fermion or boson pairs. The decay into boson pairs can be

divided into two-, three-, and four-body decays, as well as decays into photon pairs, gluon
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Figure 2.1: Feynman diagrams for the Higgs production modes accessible at the LHC
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Figure 2.2: Production cross section for various production modes as a function of the Higgs
mass my for both 7 and 8 TeV center-of-mass energies.
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pairs, or Z+photon through loop vertices. Possible decay diagrams are shown in Figure 2.3.
The leading-order partial width to fermions can be written as a function of the fermion

mass [41, 67]:
1

47/2

G, is the Fermi constant. N, is the color factor, which is 3 (1) for quarks (leptons).

D(H— ff) = G Nempm3 3} (2.46)

my is the mass of the fermion, and 3y = (1 — %)1/2 is the fermion velocity in the final
state. Next-to-leading-order QCD corrections are substantial when decaying into light quark
pairs, however, so this requires a slight modification in these cases [27, 52]. In the limit that
mg >> my:

3 da, (9 3. m?
r H j) = —— 214+ = (24 Zlog—2 2.4
NLO( — qq) 47T\/§Gumqu{ -+ 3 (4 + 5 og m%)} ( 7)

The decay to on-shell electroweak gauge bosons can be written similarly [54, 67]:

1 M2
I'H—=VV)=——G,m>0yvV1 —A4z(l — 4z 4+ 122%), 0 = —¥ 2.48
( ) = Tomog Cumindv vl = da( =z (249

Here 6y = 2 and 6z = 1, and My is the mass of the boson. When the Higgs mass is
small enough, the decay into vector bosons is still possible with one or both being virtual.

For one virtual boson, the partial width is [53]:

D(H—VV*) = =G.Mympydy, Ry(x)

Sy = 1

8% = & —109sin? Oy + L sin’ Oy (2.49)
Ry(x) = % arccos (253) — 12(2 — 13z 4 4727)

—3(1 — 62 + 42?) log ©
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Figure 2.3: Possible Higgs boson decays in the SM. (a) shows the leading-order decay into
fermion pairs, (b) shows the two-body decay into vector bosons, (c¢) shows decay the into light
quarks with QCD corrections, (d) shows the three-body decay into photon pairs through a
W=* loop, (e) shows the decay into a photon+Z+* through a fermion loop, and (f) shows
the decay into gluon pairs through a top-quark loop.
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The decay into two off-shell bosons can be written in integral form [46]:

m, m2
dq2MVFV dq2MVFV
e i/ : / - To(d?, 43
| T S (af = Mp)? + MyTy, ) (a5 — My)? + ML, olan ¢2) -
2.50
2,2
Fo(d, a2) = s Cumidv/AMat, a3 mi) {A(q%,q%;m?{) + fg—fz}
A, y; 2) = (1—a/z—y/2)? — day/2?

The loop-induced partial widths H — ~vy [41], H — Z~ [31, 26], and H — gg [45, 74]

can also be written at leading order:

2

G o*m?
T(H —yy) = =21 "NeQA%,(74) + A (n 2.51
(H —7) TN zf: cQrAr(Ts) + A (Tw) (2.51)
A{I/Q and A are form factors for spin-1/2 and spin-1 particles, respectively:
AR (1) = 2[r+(r=1)f(7)]7 2
1/2(7) [r+(r=1)f(7)] (2.52)
ATy = =272+ 37+ 327 — 1) f(1)]7 2
The function f(7) is defined as:
arcsin®(y/7), T<1
= (2.53)
— [log (ﬁ) — m} , T>1
m2 .
Finally, 7; = 3%, with ¢ = f,W. For H — Z, the partial width is:

2

(H — Z7) = Al (75, Ap) + A (T, Aw) | (2.54)

G2 My amy . M2\?
647t 2

S el
T

vy = 21} — 4Qysyy, is the vector coupling of the Z to fermions, while A{Ip and A are
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again form factors as functions of 7; = % and \; = 4Ml«§2:
H zZ
A52(T,)\) = 11(7',)\)—]2(7',)\) (2 55)
82 82 ’
All(r0) = ow {43 =SB ) + [(1L+ 25 - 6+ DL }
I, and I, are given by:
Il(Ta )‘) = Q(Zi\)\) + 2(‘;2_)\)2\)2 [f(T_l) - f()‘_l)] + (TT_zi)z [9(7__1) - g()‘_l)] (2.56)
[2(7'7 )‘) = _Q(TTjA) [f(T_l) - f()‘_l)]
f(7) is the same as Eq. 2.53, while g(7) is given by:
V7171 — larcsin /7, T>1
g(r) = wemve (2.57)
A flog (=) —in| 7 <1
Lastly, the partial width to gluons is:
G a2my |3 i
_ Ly |9 H
T = g0) = S (35 Ahiro) (2:53)

A{I/Q in this case is the same as Eq. 2.52 for H — ~~.
The branching ratio to any single mode is the ratio of the partial width to the total

width, where the total width is the sum of all possible partial widths.

I'(H = XX)

B(H—XX)= ZF(H S X.X)

(2.59)

The branching fraction for various modes as a function of the Higgs mass is shown in
Figure 2.4. The values of the branching ratios for various decay modes assuming myg = 125

are shown in Table 2.2, while the cross section for the major production processes is shown

in Table 2.3 [55].
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Figure 2.4: Branching ratio for various decay modes as a function of the Higgs mass my.
The range of the left plot has an upper bound of 200 GeV to reveal the structure of the
curves at low my.

Branching ratios (my = 125 GeV)
H—-WW®% H-—s~yy H—ZZ% H-—=bW H-—71t1 H-—Zy H— gg
0.215 0.00228 0.0264 0.577 0.0632 0.00154  0.0857

Table 2.2: Branching ratios for various decay modes assuming mpy = 125 GeV

Production cross sections (pb, my = 125 GeV)
oeF VBF WH _ ZH  #H
7TeV 1532 1.222 0.5729 0.3158 0.0863
8§ TeV 19.52 1.578 0.6966 0.3943 0.1302
14 TeV  49.85 4.180 1.504 0.8830 0.6113

Table 2.3: Cross sections for the major production processes assuming my = 125 GeV
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CHAPTER II1

LHC & ATLAS

“Engineering is the art of organizing and directing men and controlling the forces and materials of

nature for the benefit of the human race.”

- Henry G. Stott

3.1 LHC

The LHC [43] is a proton-proton collider located in Geneva, Switzerland at the European
Organization for Nuclear Research (CERN), which began operation in 2010. Data has been
taken at the three center of mass energies /s = 900 GeV, 7 TeV, and 8 TeV. The 26.7
km circumference collider will have a long shutdown from 2013 until 2014, at which time it
will undergo upgrades aimed to increase the center of mass energy to 13 or 14 TeV. Beyond
this, two additional long shutdowns in 2018 and 2022 are planned in order to increase the
instantaneous luminosity to 2 x 103 cm=2s7! and 5 x 10** cm~2s7!, respectively.

There are four primary detectors along the ring, shown in Figure 3.1: ALICE, LHCb,
ATLAS, and CMS. ALICE is designed to look at heavy ion collisions. LHCD is a dedicated
b-physics detector that operates at low luminosity. ATLAS and CMS are general purpose
detectors with design goals to find new physics in proton-proton interactions, but are also

capable of reconstructing heavy ion collisions and b-quark decays. The work in this thesis
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Figure 3.1: Layout of the LHC ring showing the positions of each experiment at the collision
points as well as injection, beam dump, and beam cleaning regions.

was done with up to 4.8 fb~! of 7 TeV and 21 fb~! of 8 TeV data collected with the ATLAS
detector.

The LHC uses protons derived from hydrogen atoms having been stripped of their valence
electrons. The chain of accelerators used to inject the protons into the LHC is shown in
Figure 3.2. Protons are first accelerated to 50 MeV in the Linac2 linear accelerator. From
here, they are injected into the Proton Synchrotron Booster (PSB) and accelerated to 1.4
GeV. At this point the Proton Synchrotron (PS) is able to group protons into bunches of

1.6 x 10! and accelerate them to 25 GeV. The final stages are the Super Proton Synchrotron
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Parameter Value Definition
N, 1.6x10'" | Protons per bunch
ny 1368 Bunches per beam
frev 11.25 kHz | Revolution frequency [s7!]
Y 4260 Relativistic v factor
€n 2.5 pm | Transverse emmittance
5 0.6 [ function at interaction point
0. 290 purad | Crossing angle at interaction point
o 9.4 cm | RMS bunch length
o* 19 pum | RMS transverse beam size

Table 3.1: Beam parameters for a typical 8 TeV run.

accelerating to 450 GeV and injection into the LHC. This will inject two beams, one travelling
clockwise and one counter-clockwise. The LHC ramp to nominal energy of at least 3.5 TeV
per beam takes around 20 minutes.

The schematics of the superconducting niobium-titanium dipole and quadrupole magnet
assemblies used in the LHC ring are shown in Figure 3.3. The nominal magnetic field strength
of 8.36 T generated from the 11,700 A electric current in each of the 1232 dipoles bends the
path of the proton beams while they travel through the ring. This is made possible by
cooling the niobiuim-titanium coils to 1.9 K with liquid helium. There are 392 quadrupole
magnets that complement the dipoles by stabilizing and focusing the beams.

The instantaneous luminosity is given as a function of the beam parameters and is shown

below. The definitions of the parameters and their values for a typical 8 TeV run are shown

N2y frevY 0.0,\> s
b b Jrev|r clVz
=——<1 1
Lo dme, B { * (20*) } (3:1)

in Table 3.1.

During collisions, the beam intensity will decay exponentially, such that the integrated

luminosity of a run L;,; is a function of the characteristic decay time 7, and the length of

Lie = Lo {1 — exp (—Cﬁ““) } (3.2)
L

Figure 3.4 shows the total integrated luminosity by day for both 7 TeV and 8 TeV runs,

the run 7i .
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Figure 3.2: The chain of accelerators at CERN used to inject proton beams into the LHC.
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Figure 3.3: Cross sections of the superconducting dipole (left) and quadrupole (right) magnet

assemblies used in the LHC ring.
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Figure 3.4: Integrated luminosity by day in the 7 (left) and 8 (right) TeV runs.

both the total delivered by the LHC and that which was recorded by ATLAS.

3.2 ATLAS Detector

The ATLAS (A Toroidal LHC Apparatus) detector [20] is one of two general purpose

detectors on the LHC ring. It is a hermetic 47 coverage detector designed primarily to

search for new physics in proton-proton interactions. The layout of the detector is shown in

Figure 3.5. Starting from the beam pipe and working outward, ATLAS is comprised of an

inner detector inside a superconducting solenoid magnet for vertex and track reconstruction,
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Figure 3.5: Layout of the ATLAS detector showing the major subdetectors.

a liquid argon (LAr) electromagnetic (EM) calorimeter for EM particle energy measurement,
LAr and tile hadronic calorimeters for hadronic particle energy measurement, and a muon
spectrometer for the reconstruction of muon tracks. The muon spectrometer is complemented
by eight air-core magnet loops in the barrel and two toroidal magnets in the end-cap.

The coordinate system of the detector is denoted such that the origin is in the center
of the detector at the nominal collision point. The transverse x-y plane lies perpendicular
to the beam line, which is identical to the z-axis. The two halves of the detector split by
the x-y plane are labeled A-side and C-side. A-side is a reference to the half being oriented
towards the Geneva Aeroport, while C-side references its orientation towards Charly’s pub
in Saint Genis-Pouilly, France. The positive y-axis points upwards, the positive x-axis points
towards the center of the LHC ring, and the positive z-axis towards the A-side of the detector.
The alternative r-¢-0 coordinate system is defined with r = \/m, cos¢p = \/1+Tyz’

= For relativistic particles, it is useful to map 6 to the pseudo-rapidity

and cosf =

Vi
n = —Intanf/2, or alternatively to the rapidity y = %ln ?_’zj when the particle’s mass is

non-negligible compared to its momentum. An and Ay are invariant under boosts in the

z-axis. The quantity AR = \/A¢? + An? is used to quantify the n — ¢ separation between
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Figure 3.6: Layout of the inner detector in the barrel showing the Pixel, SCT, and TRT
detectors and their geometrical configuration.

two particles.

3.2.1 Inner Detector

The inner detector provides tracking and vertex reconstruction for charged particles. It’s
layout is shown is Figure 3.6. It is composed of a high granularity Pixel detector, followed
by a Semi-Conductor Tracker (SCT), and Transition Radiation Tracker (TRT). All three
are divided into barrel and end-cap components, providing coverage within |n| < 2.5 in the
silicon detectors and |n| < 2 in the TRT. The entire inner detector is surrounded by a nearly
homogeneous 2T magnetic field produced by a solenoid magnet. The field points is oriented
with the beam axis, such that positively charged particles passing perpendicular to the field
are bent in the negative ¢ direction.

Being closest to the interaction point (IP), the Pixel detector has the highest granularity
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and is designed to provide accurate primary and secondary vertex reconstruction. It has three
concentric cylindrical layers in the barrel between 50.5 < R < 122.5 mm and 0 < |z| < 400.5
mm, and three disks in each end-cap between 88.8 < R < 149.6 mm and 495 < |z| < 650
mm. The pixel size in R — ¢ x z is 50x400 pm? throughout, with a total of 80.4 million
readout channels. This yields resolutions of 10 ym in R-¢ and 115 pm in z for the barrel
and 10 pm in R-¢ and 115 pym in R for the end-cap.

The SCT detector sits outside of the Pixel, with four cylindrical layers between 299 <
R < 514 mm and 0 < |z| < 749 mm in the barrel, and nine disks in each end-cap between
275 < R < 560 mm and 839 < |z| < 2735 mm. The layers are composed of pairs of 6.4 cm
daisy-chained silicon strips with a density of 80 pum per strip. The pairs are offset at an angle
of 40 mrad, with one strip parallel to the beam-line. Each strip provides one dimensional
resolution, such that the strips in stereo offer three dimensional space point measurements
when considered with their position in R for the barrel or z for the end-cap. Having a larger
lever arm than the Pixel, the SCT offers a higher momentum resolution.

The outer layer of the inner detector is the TRT, which is composed of straw tracker
drift tubes filled with a 70%/27%/3% Xe/CO,/0y gas mixture operating at two different
thresholds to distinguish between track hits and transition radiation, and sits between 554-
1082 mm from the IP. The 4 mm diameter tubes are aligned parallel to the beam line in
the barrel and perpindicular in the end-cap. The tubes have a 31 um tungsten wire as the
anode strung through the center. They have a carbon fiber outer layer for support, the
inside of which is 25 pum thick polyimide film with a 0.2 gm aluminum coating that acts as
the cathode. Between the tubes are materials with varying indices of refraction to induce
transition radiation from relativistic charged particles as they pass through. Because this
radiation is proportional to the boost factor of the particle, it offers some discrimination
between electrons and charged hadrons. The charged particle will also ionize the gas in the
straw tube, and the drift time from the subsequent electron avalanche can be measured,

effectively giving a measurement of the path that the particle traverses in the r-¢ plane.
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Figure 3.7: Breakdown of the radiation length by EM calorimeter layer (a, b) and interaction
length by hadronic calormeter component (c) versus 7.

3.2.2 Calorimeter

The ATLAS calorimeter is designed to measure the energy of all electromagnetic and
hadronic particles produced in an event. It has a total radiation length (Xj) of > 22 (> 24)
in the barrel (end-cap) for EM particles out to || < 3.2, and an interaction length (\)
of 9.7 at n = 0 for hadronic particles with a coverage out to |n| < 4.9. This is shown in
more detail in Figure 3.7. All calorimeters used incorporate a sampling material to induce
a particle shower and an absorbing material to measure the total energy of the shower. The
technology used in each is optimized for the expected particle density with respect to 6 and

the intended interacting particle.
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The EM targeted calorimeter is the inner most detector in both barrel and end-cap. The
barrel extends to |n| < 1.475, and the end-cap between 1.375 < |n| < 3.2. It is composed of
alternating layers of lead absorbers, spacers, and copper electrodes, which use liquid argon
as an ionizing medium. Liquid argon was chosen for radiation hardness, speed, and signal
linearity. Non-magnetic stainless steel is inserted every few layers to supply rigidity to the
modules. After sandwiching the layers together, they are bent into an accordion shape in
the azimuthal and longitudinal directions for the barrel and end-cap, respectively, to ensure
a gap-free environment for particles passing through. As particles pass through, the lead will
induce a shower of secondary particles which ionize the liquid argon. A 2 kV electric field
applied to the material by the electrodes allows this signal to be collected and read out so
that one can measure the shower shape and total energy deposited in each cell. The number
of radiation lengths of the calorimeter ranges between 22-30 X, for the electromagnetic barrel
(EMB) and 24-38 X, for the electromagnetic end-cap (EMEC), depending on 7. Because
there is a cryostat with about 1.5 X in front of the calorimeter, a presampler is installed to
correct for energy loss in the region |n| < 1.8.

The technology used in the hadronic calorimeter is different for the barrel and end-cap.
In the barrel is the tile calorimeter (TileCal), which uses plastic scintillators as the sampling
material and steel as the absorber. Because the EMB sits in front of this and has two
interaction lengths, most of the showering will already have taken place before the particles
reach the tile. In any case, an additional eight interaction lengths of material are used,
which provides sufficient containment for measurement of jets and missing energy. Fiber
optic cables readout the scintillator signals to photomultipliers, from which the signal can
be digitized.

The hadronic end-cap calorimeter (HEC) uses copper plates as the absorber, with sam-
pling accomplished similar to the EM calorimeter. It is divided into two wheels, the front
holding 25 copper plates, each 25mm thick, and the rear holding 17 plates at 50mm thickness.

Including the EMEC, there is a total of 12 interaction lengths in the HEC.
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Figure 3.8: Layout of the calorimetry system

Finally, the forward calorimeter (FCAL) provides calorimetry in the region 3.2 < |n| <
4.9. It is separated into one EM and two hadronic modules. Each cell is a copper cathode
with a liquid argon medium. The EM module uses copper rods as the anode, while the

hadronic modules use tungsten, providing between 9.5-15 interaction lengths.

3.2.3 Muon Spectrometer

The ATLAS Muon Spectrometer sits outside of the calorimeter, and was designed with
the intent of measuring 1 TeV muons to 10% precision in 1/pr. Monitered Drift Tube (MDT)
chambers are composed of 3 cm tubes filled with a 93% Ar/7% CO, mixture pressurized
to four bars (three bars over atmosphere), with a 50 ym diameter tungsten wire anodes in
the center. The anode is held at a potential of 3080 V with respect to the tube casing,
which is at ground voltage. Muons passing through the tube ionize the gas, causing an
electron avalanche that is collected by the anode. The collection time can be modeled as a
function of the drift radius, giving the muon’s closest approach to the wire, and thus one

dimension of its position in the tube. The MDT chambers have three layers in the barrel
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Figure 3.9: Cross section of the muon spectrometer in both barrel and end-cap.

between R1 < R < R2, and three wheels in each end-cap. This provides coverage out
to |n| < 2.7, with the exception of the inner most end-cap wheel, which extends to 2.0 in
In|. In place of the MDTs here are high granularity Cathode Strip Chambers (CSC) in the
region 2 < |n| < 2.7. Each chamber consists of 192 cathode strips aligned perpendicular to
anode wires, with 48 more strips parallel to them. Charged particles induce an avalanche of
electrons in the gas that fills the chamber, which gives measurement of the hit position. In
both barrel and end-cap, the MDT tubes are oriented perpindicular to both the beam pipe
and the radial axis. Eight air core toroidal magnets in the barrel and two end-cap toroids
produce a magnetic field in the ¢ direction, such that muons are bent in 6.

Resistive Plate Chamber (RPC) detectors are used in the barrel for the muon trigger. Re-
sistive plates separated by 2 mm are held at a voltage of 9.8 kV. A 94.7/5/0.3% CoHyF, /Iso-
C4H19/SFg gas mixture between the plates ionizes as muons pass through it, giving the muon
position with a > 98.5% reconstruction efficiency. These detectors sit above or below the
MDT chambers as in Figure 3.9.

The triggering in the end-caps is done by Thin Gap Chambers (TGCs). These chambers
also provide a measurement of the muon’s azimuthal coordinate. 55/45% CO;/n-pentane

gas is held between two or three plate layers. Azimuthally segmented anode wires between
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the plates are held at a voltage of 2.9 kV, which collects the ionization produced by muons

passing through.

3.3 Forward Detectors

There are three special purpose forward detectors in ATLAS. LUCID (LUminosity mea-
surement using Cerenkov Integrating Detector) is placed at +17m from the IP at a radial
distance of 10 cm (|n| ~ 5.8) from the beamline. It is composed of 20 aluminum gas vessels
pointing to the IP, which contain C4F;¢ pressurized to 1.2-1.4 bar. Photomultiplier tubes
housed in the gas vessels measure the Cerenkov radiation of particles resulting from p-p
inelastic scattering. ZDC (Zero-Degree Calorimeter) is +140m from the IP and measures
forward (|n| > 8.3) neutrons from heavy ion collisions, which is correlated with the centrality
of the collisions. Finally, ALFA (Absolute Luminosity For ATLAS), sitting at +240m in-
side Roman pots, is constructed from scintillating fiber trackers. A luminosity measurement
is extracted via the optical theorem, which relates the elastic scattering amplitude in the

forward direction with the total cross section.
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CHAPTER IV

Event Reconstruction

“Measure what is measurable, and make measurable what is not so.”

- Galileo Galilei

4.1 Trigger System

2571, corresponding

Given high instantaneous design luminosity at the LHC, L ~ 1034 cm™
to 25ns per bunch crossing, the full amount of raw data produced would be impossible to
record and analyze given today’s technology and resources; even if possible to record, the vast
majority of collisions are uninteresting. The ATLAS trigger system is designed to selectively
reduce the information throughput by rapidly filtering out uninteresting collisions at high
efficiency. This is achieved through a three part sequential process consisting of a Level 1
(L1) hardware trigger and a software based High Level Trigger (HLT), which is itself divided
into a Level 2 (L2) and Event Filter (EF). The full chain reduces the 40 MHz nominal

collision rate down to ~400 Hz with a bandwidth of 500 MB/s.

4.1.1 L1 Trigger

The L1 hardware trigger is designed to pass events at around 75 kHz using information

from the calorimeter and muon spectrometer. Raw data is cached in Read Out Buffer (ROB)
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Figure 4.1: Representation of the trigger towers used in the e/~ trigger algorithm.

queues in the detector electronics. One or more ROBs are grouped into a Read Out System
(ROS), from which the trigger logic can pull information. Several Regions of Interest (Rol)
are defined for each event within the L1 algorithms for use in the HLT.

The L1 calorimeter trigger coarsely sums transverse energy in towers of An x A¢ =
0.1 x 0.1 in the central region and in larger and more irregular sizes in the 2.5 < |n| < 4.9
region. The energy is summed separately for the EM and hadronic calorimeters. Two
processor systems, the cluster processor and the jet and energy-sum processor, run in parallel
to make a trigger decision. The cluster processor is used for e/~/7 based triggers. It identifies
clusters of 2 x 2 EM towers as Rols, in which any of the 1 x 2 or 2 x 1 tower clusters must
pass a programmable threshold, as shown in Figure 4.1. The 12 tower ring surrounding each
Rol is also used for isolation thresholds. The jet and energy-sum processor works similarly,
but identifies larger 4 x 4, 6 x 6, and 8 x 8 tower Rols centered around local maximums of
2 x 2. This processor sums transverse energy from both EM and hadronic towers in order

to form the trigger decision.
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Figure 4.2: Graphical view of the muon trigger algorithm, showing how the muon pr can be
estimated based on hits in the chambers.

The L1 muon trigger uses information from the RPC in the barrel and TGC in the
end-caps, which are composed of planes of between two and four chambers. Hits in these
detectors are used to give a rough reconstruction of the pr, n, and ¢ of the muon, as shown

in Figure 4.2.

4.1.2 High Level Trigger

The HLT uses full inner detector, calorimeter, and muon spectrometer information within
the Rols defined at L1, with few exceptions. At L2, the inner detector uses two inside-out
algorithms starting from the Pixel and SCT detectors to reconstruct tracks. The tracks are
then processed by a Kahlman filter, after which TRT information is used to improve the
pr resolution and electron identification performance. The inner detector EF reconstruction
shares software with the offline reconstruction, which is extended to support Rols. The algo-

rithm is similar to L2: track seeds from the Pixel and SCT are preselected with momentum
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and impact parameter requirements, to which a combinatorial Kahlman filter is applied.
Low quality tracks are rejected, and the remaining ones use additional TRT information to
perform a final fit, from which the track parameters are extracted. The final trigger decision
at the EF level is able to use the full information from the event to form a decision and is

not restricted to the Rols as in L2.

4.2 FElectrons

Electrons are reconstructed based on energy deposited in the EM calorimeter as well as
inner detector tracks. Information from the hadronic calorimeter is also used to discriminate
from hadronic particles faking electrons. Two primary algorithms are used. The stan-
dard algorithm performs an outside-in reconstruction, first reconstructing EM clusters then
matching to inner detector tracks. The second non-standard algorithm is inside-out, first
reconstructing tracks and second projecting to the EM calorimeter to search for a matching
cluster. The non-standard algorithm is not covered here, though it should be mentioned
that it is useful for low energy electron reconstruction and for finding electrons within jets.

The EM seeded algorithm uses clusters with Er > 3 GeV. Inner detector tracks are
extrapolated to the EM calorimeter. Tracks are required to match the cluster position
within a window of An x A¢ = 0.05 x 0.1. The ratio of energy deposited in the EM
calorimeter to track momentum (E/p) is required to be less than 10. At this point various
quality selections can be applied to clusters and tracks. A simple cut based method classifies
electrons into three classes of quality, each with various degrees of true electron efficiency
and fake rejection. The exact cut based selections are optimized in seven 7 bins and six pr

bins.

e Loose electrons are defined as electron candidates passing requirements on hadronic
leakage as well as lateral shower shape and cluster width variables based on the middle

layer of the EM calorimeter. These offer the best efficiency, but the lowest background
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rejection.

e In addition to the selections for loose electrons, medium electrons are required to
pass quality cuts on strips in the first layer of the EM calorimeter as well as inner
detector tracks. In particular, cuts are applied to E,,q00 — Emin, the difference between
the second most energetic and least energetic cell in the first EM layer; to R,,u.0 =
Eraza/(1 4+ 9 x 1073 (%/), t0 Wgior, the shower width over strips covering 2.5 cells of
the second layer; to wgs, the shower width over three strips centered around the most
energetic cell; to Fy;qe, the fraction of energy deposited around the shower core; to the
number of hits in the pixel detector; to the sum of hits in the silicon detectors (pixel
+ SCT); and to dy, the transverse impact parameter of the track. These selections
increase background rejection by a factor of 3 or 4 and reduce reconstruction efficiency

by ~ 10%.

e In addition to selections on medium electrons, tight electrons must satisfy cuts on the
number of vertex layer hits; on the number of TRT hits; on the ratio of high threshold to
total TRT hits; on the difference in n and ¢ between the cluster and track; and on E/p.
At this point two different selections can be chosen depending on the expected electron
topology: A tight calorimeter isolation requirement based on cells within AR < 0.2 of

the EM cluster, or tighter TRT selections based on already selected TRT variables.

4.2.1 Gaussian Sum Filter

The energy loss an electron incurs while traversing through matter has a significant
impact on both the efficiency of reconstruction and the quality of the reconstructed track
parameters. The material budget of ATLAS as shown in Figure 4.3 highlights the need
to mitigate this effect. An analytical parametrization developed by Beth and Heitler [50]

describes the probability for an electron to retain a fraction z = % of it’s initial energy after

42



Fr T T T T T T T T T
" ATLAS Preliminary B Services
- Simulation COTrT
Escrt

B Pixel
[C]Beam-pipe

N
o

N
T T

=
o

Radiation length [XO]

Figure 4.3: Composition of material in the ATLAS inner detector in number of radiation
lengths versus 7).

traversing t radiation lengths though a material:

flz) = r(—)[_ In 2wz ! (4.1)

—
~+

Secondary processes such as the Landau-Pomeranchuk-Migdal or Ter-Mikaelian effects
become important at higher energies, such that the validity of Eq. 4.1 breaks down and
GEANT4 simulations must be used to correctly describe the energy loss. A Gaussian Sum
Filter (GSF) technique [4] can be employed to refit the track to better account for electron
bremsstrahlung radiation. Assuming the track’s trajectory can be approximated by a sum
of weighted Gaussian functions, a Kahlman filter can be run in parallel on each, such that
each component represents a different contribution to the full Beth-Heitler spectrum. The
standard electron reconstruction is then performed with the refitted track. Figure 4.4 show

the impact on the momentum and impact parameter resolution, respectively.
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Figure 4.4: Impact of the GSF algorithm on the electron track resolution and impact pa-
rameter.

4.2.2 Electron Performance

Figure 4.5 shows the electron reconstruction efficiency versus pr and n for both 7 TeV
and 8 TeV data. Figure 4.6 shows the identification efficiency versus the number of primary
vertices for the three cutbased quality criteria for 8 TeV data. This was measured using the

tag-and-probe method on Z — eTe™ events in data [21].

4.3 Muons

Muons are reconstructed using information in the muon spectrometer, inner detector,
and calorimeter. Stand Alone (SA) muon trajectories use hits in the three Muon Spectrom-
eter (MS) stations to seed the reconstruction algorithm. The trajectory is extrapolated back
to the beam line to obtain the final angular and impact parameters. The muon’s energy is

further corrected based on parametrized calorimeter energy loss. SA tracks can be combined
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with reconstructed ID tracks and refit to give a final combined muon. The STACO (STAtis-
tical COmbination) algorithm uses a x?2 ., as a figure of merit to determine the best pairings
between SA and ID tracks, where x2 ., = (Tms — Tp)*(Cms — Cip) (Tms — Tip). T
is the vector of five track parameters and C is its covariance matrix. The final refit track
vector is then computed as T = (Cip + Cyis) (Cip T + Cyis Tvs)-

Two additional reconstruction algorithms are available to further increase the muon ef-
ficiency. One algorithm identifies segmented tagged muons by extrapolating ID tracks to
the MS and identifying straight track segments (SA tracks missing hits in at least one MS
station) consistent with the extrapolated hypothesis. A second algorithm extrapolates 1D
tracks to the calorimeter and searches for energy deposits consistent with a minimum ion-
izing particle. These algorithms are able to increase muon efficiency, but can potentially

increase background rates due to the less stringent requirements on the MS track.

4.3.1 Muon Performance

Figure 4.7 shows the muon reconstruction efficiency versus 7 for combined muons based
on tag and probe studies on early 7 TeV data. As can be seen in the figure, the efficiency
loss in the |n| &~ 0 and |n| &~ 1.4 regions is high, which is the motivation for the additional

reconstruction algorithms outlined at the end of the previous section.

4.4 Jets and Missing Transverse Energy

There are multiple jet reconstruction algorithms used in ATLAS in order to accommo-
date the needs of different physics analyses. Certain properties can be attributed to the
algorithms that describe their stability from a theoretical standpoint. The property that the
reconstructed jet multiplicity of an event is insensitive to additional soft particles not coming
from the fragmentation of a hard scattered parton is called infrared safety. Collinear safety
describes an algorithm that is insensitive to how the transverse momentum is distributed

among collinear decay products; that is, jet reconstruction should not depend on the decay
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Figure 4.7: Combined muon reconstruction efficiency with respect to the inner tracking
efficiency as a function of the pseudorapidity of the muon for muons with pr > 20 GeV. The
panel at the bottom shows the ratio between the measured and predicted efficiencies.

of a particle into two additional collinear particles. The jet algorithm must also be computa-
tionally practical, such that it scales well with event particle multiplicity. Before describing
the algorithms, the procedure for reconstructing individual clusters within the calorimeter
will first be mentioned.

The ATLAS calorimeters are comprised of about 200,000 cells in which energy can be
deposited. Individual cell energies in an event are lumped together to yield reconstructed
particle level objects. There are two methods for doing so. The first, topological cell clusters,
is seeded by cells with a signal significance I' = Eio/0noisecen @bove some threshold S.
Adjacent cells in all three dimensions are added indiscriminately of their I'. Cells neighboring
these are then added if their signal significance is larger than a secondary threshold N. A
ring of guard cells with significance I' > P is finally added. Typical values of S, N, and P
are 4, 2, and 0, respectively. After the cell has been reconstructed, local maxima of energy
within the cell is searched for. If multiple maxima are present, the cluster is split using a
splitting algorithm.

An alternative to topological cell based clusters are signal tower based reconstruction.
Calorimeter tower signals are reconstructed using 2-d towers with a grid size of An x A¢p =
0.1 x 0.1. Energy in cells in the radial direction are summed indiscriminately into towers.

Similar to topological clusters, signal towers are grouped into clusters based on a 4-2-0
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approach. Starting from a seed tower with large signal significance, neighboring towers
with a secondary significance threshold are added, followed by neighboring neighbors with
a tertiary threshold. Being a two dimensional cluster, signal tower clusters are simpler but

have no defined angular direction without additional vertex information.

4.4.1 Jets

Many localized streams of particles result from the fragmentation of hadronized partons
produced within an event. The tracks and calorimeter deposits left by these particles can
be reconstructed as jets. There are two common jet reconstruction algorithms in ATLAS.
Fixed cone algorithms directly sum the four vectors of particles within a cone of some AR,
typically 0.4 or 0.6, into a jet object as follows. Reconstructed calorimeter clusters are sorted
by pr. The largest of these, if above the seed threshold, is taken as the jet center. All objects
within a cone of the specified AR are added to the jet. The jet center is recomputed using
all objects inside the cone, and the summation is repeated with this new jet center. This
is repeated until the jet center does not change. The final set of particles within the cone
is removed from the initial sorted list, and the procedure is repeated for the remaining jets
until no more seeds above threshold are available. This algorithm is not infrared safe, as
soft radiation between two jets can potentially cause them to merge and change the jet
multiplicity.

An alternative to the fixed cone algorithm is a kr algorithm. kp algorithms iteratively
sum individual particles into a jet object based on a distance metric between each particle

until some condition is met. For each pair i,j of calorimeter objects, the metric d;; =

min(ps.;, p7.;) Ag“ is computed, as well as d; = p7,; for each single object. If the minimum of
all d;; and d; is from a pair, the ¢, j pair is merged into a single object. If the minimum is a
single object, that object is termed a jet and removed from the list of objects. This process

is repeated until no objects are left. The parameter R is typically chosen to be 0.4 or 0.6,

depending on the needs of the physics analysis.
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Similar to the kp algorithm is an anti-k7 algorithm, in which the metrics are defined

to be d;; = min(pizi,p;?j)Ag” and d; = pr;. For the H — WW® — (vlv analysis, for

example, the anti-k7 algorithm with R = 0.4 is used. The kr and anti-kr algorithms are

both infrared and collinear safe.

4.4.2 Missing Energy

Following the conservation of momentum, the magnitude of the vector sum of the trans-
verse momentum in an event must be exactly zero. In the case of massless particles, this
is equivalent to the transverse energy, though the latter is more commonly used. The pres-
ence of non-interacting particles such as neutrinos or, potentially, dark matter in an event
can therefore be indirectly detected by the presence of a non-zero transverse energy vector.
The magnitude of the negative of this vector is called the missing energy of an event, or

Er=| Z pr.i|. There are two primary methods for reconstructing £ within ATLAS.

)

4.4.2.1 Cell Based Fr

Cell-based Fr reconstruction uses calorimeter cell energies with noise suppression re-
quirements. Cell energies are calibrated with global calibration weights. As muons escape
the calorimeter with minimal energy loss, corrections from muon energy are required. A
non-negligible component of energy is lost in the cryostat as it is about half an interaction
length deep and must be taken into account. The z,y missing energy components can be
written as the sum of these three terms.

Final Cal M C
vy Hay T Hy By (4.2)

The Egzlo term is the negative sum of transverse energies in reconstructed topological
cluster cells. These terms require an additional calibration based on the object associated

with the cluster, with priority given in the order of electrons, photons, muons, hadronic taus,
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b-jets, and light jets. This results in a more precise Fr given the more relevant object level
calibrations. Cells not associated with a reconstructed high-py object default to the global
calibration scheme.

The E%;On term is derived from the pr of stand alone muon tracks reconstructed in the

Muon

ey == Z E,,. Muons entering the calculation are required

muon spectrometer:

to have an inner detector track mlzetcgﬁl Oil%sthey’re within the ID coverage of |n| < 2.5 in order
to reduce the contribution from fake muons, as these can induce substantial missing energy
up to the pr of the fake muon.

The ES™° is determined indirectly through the correlation of energy between the last

x?y

layer of the LAr calorimeter (Egy3) and the first layer of the hadronic calorimeter (Fyap):

Egzyo = — E wcryo\/ Egars X Egap, where w®° is a calibration weight. A similar pro-

recJets
cedure is used for the end-cap cryostats.

4.4.2.2 Object Based It

An object based missing energy calculation can be used to reduce the impact of low-pr
objects, underlying event, and pileup. The Er can be considered a sum of high-pr and
low-pr terms. The high-pr term derives from the energy of fully reconstructed electrons,
photons, muons, and taus, each at their respective calibrations. Hadronic jets above some
threshold not associated with any of these objects are then added to this. Cells that are
not associated with any high-pr reconstructed objects are finally added to obtain the low-pp

term.

4.4.2.3 Missing Energy Performance

Figure 4.8 shows the missing energy resolution versus the number of primary vertices for

Z — pp events in 8 TeV data.
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Figure 4.8: Resolution of x and y missing ET components as a function of the number of
primary vertices for data and MC in Z — ppu candidates.

4.4.3 Flavor Tagging

The identification of jets originating from b-quarks is important for the efficient selec-
tion of heavy flavor processes such as tt, as well as for the rejection of such processes as
backgrounds to other many analyses. Due to the relatively long lifetime of B-hadrons, jets
originating from the fragmentation of b-quarks have a characteristic displaced secondary ver-
tex as well as tertiary vertices from the subsequent c-parton fragmentation. As a result, the
tracks within these jets will tend to have impact parameters inconsistent with the event’s pri-
mary vertex (PV), where the impact parameter is defined to be the point of closest approach
of the reconstructed track to the PV. The efficient reconstruction and precision identification
of tracks and vertices is therefore essential for tagging b-jets. Several algorithms are used
within ATLAS to perform this task [2].

Tracks used as inputs to the b-tagging algorithms are required to pass several quality
selections in order to reject tracks originating from other long lived particles such as Kg and
A. Tracks are required to have pr > 1 GeV. At least two hits in the pixel are required,
with a minimum of one being in the innermost layer. A cut of |dy| < 1 mm is made on the
transverse impact parameter, and |2p|sin @ < 1.5 mm on the longitudinal impact parameter.

SV1, one of the secondary vertex based algorithms, uses a looser set of selections: pr > 400
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MeV, |dy| < 3.5 mm, and only one hit in the pixel detector. Further, no more than one track
hit can be shared among any two tracks.

There are two algorithms based solely on the impact parameters of tracks. The JetProb
algorithm performs a simple quadrature sum of the impact parameter significance of all
candidate tracks in the jet. The more advanced IP3D algorithm uses a likelihood ratio (LR)
technique using 2D smoothed histograms of dy/o4, and zy/0,, taken from Monte Carlo (MC)
simulation for b- and light-jets.

Two tagging algorithms based on secondary vertices in the event are SV0 and SV1.
Secondary vertices are identified starting with the set of all two-track pairs associated to the
jet and far from the PV. Track pair vertices consistent with the PV or material interactions
are removed. The remaining pairs are formed into an inclusive vertex. The track with the
poorest y? is iteratively removed until the x? of the inclusive vertex is above some threshold.
SVO uses the signed 3D decay length significance Lsp/op,,, of the vertex as a discriminator.
SV1 is LR based, using 1D histograms from Lsp/op,,,, the number of two track vertices,
and the AR between the jet axis and the line between the primary and secondary vertices.
2D histograms are also used based on the invariant mass of all tracks associated with the
vertex and the ratio of the sum of the energies of the tracks in the vertex to the sum of the
energies of all tracks in the jet.

JetFitter is an algorithm based on the decay chain inside the jet. This applies a Kahlman
filter to find a common line of flight between the b- and c-quark decay vertices and the PV. A
LR approach is then taken using variables similar to the SV1 algorithm, using the additional
information from the b- and c-quark decay vertices.

Combinations of the above variables can be made to improve performance. In particular,
the IP3D and SV1 discriminating variables can be directly added since they are both LR
based. An IP3D and JetFitter combination can also be formed using an artificial neural

network.
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Figure 4.9: The efficiency of the MV1 b-tagging algorithm. The expected distribution is
obtained by performing the kinematic fit method on simulated events while the truth distri-
bution corresponds to that for simulated b-jets.

4.4.3.1 Flavor Tagging Performance

Figure 4.9 shows the efficiency of the MV1 tagger. MV1 is the output of a neural network
that uses JetFitter+IP3D, IP3D, and SV1 as inputs.
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CHAPTER V

Statistics

“It is somewhat like having four girlfriends at once ... There are certain advantages, because some
of them will do things that others won’t, but it is really really important to remember which one

you’re dealing with at any one time.”

- Roger Barlow, on the definitions of probability

This chapter seeks to give a comprehensive overview of the frequentist statistics methods

used at the LHC, and of particular modeling strategies incorporated within ATLAS.

5.1 Formalism

5.1.1 Likelihood Function

At the heart of any statistical analysis is the likelihood function. The likelihood function
should condense all details of an analysis into a single equation, from which the minimal set
of information required to describe that analysis can be sufficiently reconstructed. A simple
example is the single bin number counting experiment with expected signal S, background
B, and observed events N. A single parameter of interest p normalizes S such that u = 0
corresponds to the null hypothesis and p = 1 corresponds to the nominal signal hypothesis.

S, B, and N are simple constants, so the likelihood is a function of only p. In this case the
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likelihood is just the Poisson probability of the observed and expected events:
L(n) = P(N|pS + B) (5.1)

An extension of this is to normalize B from a Control Region (CR) of pure background

with observed events Ngg and expected background Bepr using a normalization factor 6:
L(p,0) = P(N|pS + 0B)P(Ncr|0Bcr) (5.2)

This is a minimal form of a likelihood in which all moving parts are present: The first
Poisson is the part of the likelihood is the signal-rich component, in which all of the inter-
esting information about p is contained; p is a parameter of interest (POI), 6 is a nuisance
parameter (NP), and N is the observed data. The second Poisson is the auxiliary constraint
that constrains 0, and Ngg is an auxiliary measurement, commonly referred to as a global
observable and alternatively denoted as 6.

If the true values of the parameters of the likelihood (POI and NP) are unknown, common
practice is to estimate them by finding the value that maximizes the likelihood. Explicity, the
Maximum Likelihood Estimator (MLE) of 6 is denoted as éﬂ and is a function of p. Likewise,
the true value of p can also be estimated with . The profiled likelihood L(pu, éu) will be
of significant importance when constructing test statistics. For large models, numerical

techniques must be used to find 6 and jt. In the minimal likelihood, the unconditional i and

6 can be solved analytically:

Ncr

ben (5.3)
f = (N—Norg-)/S

D>
I

The conditional solution for éw where g is held at some constant value, can also be found,
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leading to a quadratic equation:

Ao B(NCR+N)—/LS(B+BCR) - 4,USNCRB(B+BCR)
e TR {1 v \/ ' BNon + V) - iS(B + BCR»Z} o

This simple model will be used frequently throughout this chapter. A more general form

of the likelihood can be written:
L(1,0) = Laata(N|fi, 0) x A(0]0) (5.5)

Laata(N|p, 0) represents the portion of the likelihood particular to your local data N =
{x1,...,x,} with corresponding weights w = {wy, ..., w,}, which, in general, can represent a
set of ¢ data points on a multi-dimensional observable x each with some weight w;. This
is elaborated upon in Section 5.1.1.1. The n parameters of interest u = {p,..., i, } are
the parameters one wishes to make a statement about. The m nuisance parameters § =
{01, ....0,,} are free variables that represent other unknown quantities. A(A|#) = ﬁ Ai(0:16;)
represents an independent auxiliary likelihood that condenses measurements ali)out the p
global observables § = {6y, ...,6,} into smaller forms. As long as A(A|6) is statistically
independent from N and is unaffected by g this is a valid approximation. An individual

A;(6;]60;) could represent, for example, the measurement of the jet energy scale (JES) 0.

5.1.1.1 Extended Likelihoods

The likelihood formalism can be extended to parametric models where the expected
number of events is a function of not only the parameters o = {1, 0} but some observables
x. x might be, for example, some invariant mass, angular quantity, time of flight, etc...
. The differential distribution of expected events can be defined as f(x,«) such that the
total expected is E(a) = [ f(x, a)dx. For each observed data point x; with weight w;, the
differential probability of observing such event is (f(x;,)/FE(a))". The likelihood is then

the product over the differential probability for the ¢ observed events, along with the Poisson
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q
probability for the total number of events N = Z w; and any auxiliary constraints A(6]6)
on a:

L(a) = P(N|E(a)) x A(6)0) x H < i )) (5.6)

A common technique is to use binned histograms templates for expected signal and back-
ground rates for some observable distribution. This can be conceptualized as an extended

likelihood with Ny;,s discontinous PDF's, each containing N; observed events:

Loimea(@) = P(N|E(a)) x A(d]a) x H( i a ) i (5.7)

This is mathematically equivalent to a simple product over Poisson probabilities up to a

multiplicitive constant:

Npins N; Nbpins E
o T () - ({1 5)
Npins Npins

i

= Lx lb"[ ENigFi (5.8)
anL.s Npins
= =X H N;! % H

szns

= const X H P(N;|E;)

ENz —-E;

5.2 Statistical Methods

5.2.1 Test Statistics

As the value of a likelihood function is arbitrary up to a multiplicitive constant, it holds
little meaning on its own (not to be confused with the meaning held in the interpretation

of its functional form). It is typical to bring meaning to its value by comparing it at two

different points in parameter space. In particular, a test statistic ) = —21In %}gl holds
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meaning as a metric to distinguish between two different hypotheses a; and as given the
same set of data N. The hypothesis in the numerator («;) is usually refered to as the null,
and the denominator (as) the alternate. Although any function of the data can technically
be used as a test statistic, the use of the likelihood ratio is motivated by the Neyman-Pearson
lemma [60], which states that in the absence of unknown parameters, the likelihood ratio
has the highest statistical power. Power in this case is defined as the probability to reject
the null hypothesis when the null hypothesis is false.

When considered in relation to its corresponding conditional ensemble of all possible
values, the value of the test statistic can be mapped to a probability, commonly refered to as
a p-value, that quantifies the consistency of the two hypotheses with the data. The definition
of consistency depends on the conditional parameters under which the ensemble is generated

and the integrated range of the sampling distribution (see section 5.2.3).

5.2.2 Test Statistics used at the LHC

Three likelihood ratios are commonly used at the LHC. The most common is the Profile

Likelihood Ratio (PLR) A(z), and the alternate PLR A(y):

A~

E(:uv 9#)

Ap) = ——= (5.9)
L(f1,0)
['(:uﬂé ) y
~ — e >0
Ay =4 o F (5.10)
E(Mvéu) Y < O
cooo)y M=

The third is the Ratio of Profiled Likelihoods (RPL) Agrpr,, which can in fact be written

as a function of the PLR:
o L(Li()
ARPL = Z040))
- LAY £(ph) (5.11)
L(@,0) £(0,0(0))
(1

0

>
—

=

The standard test statistic used at the LHC is the Profile Likelihood Test Statistic
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(PLTS), which is constructed from the PLR. The PLTS has several variations depending

on the hypothesis being tested and the allowed range of the parameter of interest.

The test statistic ¢, uses the PLR A(x) and has no restrictions on p. This test statistic

is generally used to quantify compatibility of the data with the u hypothesis:

t, = —21n () (5.12)

The alternate test statistic ¢, is similar to ¢,, but uses the the alternate PLR A(pt). This

is used when one is interested in restricting the range of fi to be physical:

t,=—2In\(n) (5.13)

The discovery test statistic qq is used to quantify the rejection of the null hypothesis in

the case of an excess in the data:

(5.14)

40

o O

=
>
IN V

When one is interested in setting an upper limit on p, the test statistic g, can be used.
This test statistic does not penalize cases where [ is larger than the tested p. That is, an

excess of signal-like events should not be considered evidence against the signal:

“2hn ), A (5.15)

0
W

>
(AVARRRWAN

qu =
0,

Again, g, can be written for cases in which one wishes to restrict i to be physical:

2w, A (5.16)

>
(AVARRVAN
= =

0,
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ArpL can be used to form the final test statistic considered here, which quantifies com-

patibility between two fixed hypotheses:

qrrr = —2InAgpr

= —2InA(1) +2InA(0)

(5.17)

5.2.2.1 Uncapped Test Statistics

One downside of the gy, ¢,, and @, test statistics just shown, is that information is
lost when the conditions that lead to ¢ = 0 are met. This problem can be alleviated by

‘uncapping’ the test statistic, allowing it to take on negative values when these conditions

are met: )
—21n A(0), >0
g — o = 0, 4 (5.18)
+21In \(0), <0
\
Qu = Ty = (5.19)
+2In\(p), p>p
~ - —21In 5‘(“)7 :& < p
Qu — Ty = N (520)
+2In\p), p>p

\

Note that both A(x) and A(x) are only able to take on values between 0 and 1, such that
—2In A(y) and —21In A(y) are positive definite and +21In A(z) and +21In A(u) are negative
definite.

As will be seen in the following section, this is equivalent to populating the negative side

of the ensemble of ¢, while before this information was lost in the delta function at ¢ = 0.

5.2.3 Procedure for Computing P-Values

This section outlines the frequentist procedures used at the LHC for generating pseudo-

experiments with the purpose of computing p-values and calibrating confidence intervals.
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Starting with a test statistic (), we are interested in obtaining the distribution of @,
namely f(Q|a’) (read: probability distribution of @) assuming the o/ hypothesis is true) un-
der repeated experiments. It is assumed that () is constructed from a likelihood L£(N|u, @)
with n parameters of interest 1 = {1, ..., pt, }, nuisance parameters ¢, and auxiliary measure-
ments # with associated auxiliary constraints A(A|6). o/ = {4/, '} is the set of hypothesized
parameters used to generate the ensemble. N represents the dataset on which £ is com-
puted. For each pseudo-experiment, pseudo-data Npseudo is generated by sampling from its
associated PDF within £. Similarly, pseudo-auxiliary-measurements épseudo are generated by
sampling from its associated auxiliary constraint A.

In this way, the meaning of the auxiliary measurements and constraints is made clear.
All information of some more detailed independent likelihood £4 ~ A used to extract the
nominal value of a parameter, which is now the auxiliary measurement used in £, is condensed
into the auxiliary constraint A. Randomizing the auxiliary measurements according to its
auxiliary constraint should be equivalent to including the full likelihood £ 4(N4|0) in place
of A, generating N4 through this likelihood, and using this in subsequent estimates of the
corresponding nuisance parameter 6.

A subtle point is that a value of the nuisance parameters must be chosen around which
to randomize the pseudo-data and the auxiliary measurements. For parameters that have
no a auxiliary constraint, such as the normalization of a background from a control region,
an obvious choice is to profile the observed data to extract an estimate of the parameter.
The general recommendation for LHC physics is to profile all nuisance parameters on the
observed data while fixing the parameters of interest to their hypothesized value p’. In this
way one can write the distribution of Q as f(Q|u, 0(i)).

The probability for obtaining a value of () greater than the observed value Qus, the p-
value, is obtained from integrating f(Q|a’) upwards: p = fg:b f(Qla’)dQ. In some cases, the
p-value is defined to be the integral of the complementary side: p/ = 1—p = f_Qo“(f f(Qla))dQ.

The p-value, p, is a frequentist statement about the conditional probability of ) under
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repeated measurements assuming the o hypothesis is true.

For quantifying an excess, the test statistic rq can be used to obtain the p-value py. po
is the probability of obtaining a value of 7y more discrepant than the observed 7¢ .5 under
the assumption that the null hypothesis ' = 0 is true. The median expected p-value po cup
can be obtained from the same distribution but integrating from the median expected value
of 1o, namely 79 ezp. T0.exp 1S Obtained from the median of the distribution of 7y under the

nominal alt hypothesis /' = 1. This is shown more clearly in Figure 5.1:

po = / F(r0]0, 6(0))dro

T0,0bs

Pocan = / £ (7010, 6(0))dr,

T0,exp

Foeap = med{roly’ =1,0(1)}

(5.21)

For upper limits, the test statistics r, and 7, can be used. The procedure for each is the
same, but 7, is used more frequently, so this will be used in all notations. For an observed
Tpuobs;, the p-value p, is the probability of rejecting the p hypothesis assuming p is true if
Ty > Tpobs 1S the criteria for rejection. The expected under the null is defined similar to the

expected po:

Ppu - /f(fu‘,uvéu)df,u
F/,L,obs
PO (5.22)
Pu.exp = /f(mlu,%)dm

’Fu,e:cp = med{fu|:u/ = Oa é(o)}
For the p-value p,, 1 — p, represents the power of the test, with larger values of 1 — p,

indicating a larger power. This is defined from the same distribution that 7, ., is obtained:

f,u,,obs

by = / £(7,10,6(0))dr, (5.23)
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Figure 5.1: Distribution of the test statistic ro for both null (¢ = 0) and alternate (u = 1)
hypotheses. The observed p-value pg is shown in the shaded area. The observed and expected
value of the test statistic are also shown.
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Figure 5.2: Distributions of the test statistic r, for both 4 = 0 and p = 1 hypotheses, along
with the p-values p;, and p,,.

The quantity CLs = 13‘;) - is frequently used for upper limits in place of p,,. The motivation

is clear from the formula. In the case of strong downward fluctuations of the data, the p-
value p,, will tend to reject ;1 even if the test has no power to. By normalizing to the power,
this feature is alleviated, but by no means removed. In the case of testing u = 0, CLs—1,
so that CLs can never reject the null, whereas p, would by definition reject the null with a
probability a when o < p,, is the condition for rejection. The expected value of CLs under
the null is exactly twice p, czp, given that the expected value of p, is 0.5. For increasingly
strong upward fluctuations of the data, p, — 0, such that CLs— p,.

Figure 5.2 shows graphical representations of the p-values p, and py, and how they are

obtained from the sampling distribution of the test statistic r,.
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5.3 Systematics

Uncertainties are included in the likelihood in two parts. The first is the auxiliary
constraint on the nuisance parameter that represents the uncertainty. The second is the
parametrization of how the terms in the data part of the likelihood respond to changes in
the nuisance parameter. The expected rates are typically represented as the nominal rate

multiplied by a response function:

E(0) = Eow(6) (5.24)

Here Ej is the nominal expected rate, and v(0) is the response function due to the nuisance
parameter . The exact form of the auxiliary constraint and response function depend on

the source of the uncertainty. The typical cases used in Higgs analyses are outlined here.

5.3.1 Statistical Uncertainties

Statistical uncertainties follow a Poisson distribution and can therefore use a Poisson as
an auxiliary constraint. These uncertainties could be due to MC statistical uncertainties, for

example.
A(§|9) = P(é\@M)
v(d) =46

(5.25)

M is a constant, and is the nominal value of 8. In the case of MC statistical uncertainties,

M would be the effective number of MC events in the selected sample.

5.3.1.1 Barlow Beeston

In a binned likelihood, each bin can have an associated nuisance parameter  representing
the MC statistical uncertainty for a subset of the expectation in that bin. Because the

likelihood can be factorized into a 6 dependent and # independent component, the MLE of
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f can be found analytically:

L = Lopper X P(N|OE + Eo)P(6]0M) (5.26)

The likelihood Lype,r is independent of the particular € we’re interested in. The first
Poisson represents the bin in the histogrammed distribution, while the second is the auxil-
iary constraint on the nuisance parameter 6. M is the effective number of MC events for
the expectation E. FEj, some extra expectation in this bin that is not associated with M.
Maximizing the likelihood is equivalent to minimizing the Negative Log Likelihood (NLL).

Differentiating the NLL with respect to 6 and evaluating at 0 gives a quadratic equation:

dinL| _ __EN _ 0 —
do |9 E@+E0+E 9+M 0

X o . (5.27)
E(E+ M)0? + (Eo(E+ M) — E0)) — EN — Epd = 0

6 can then be solved for using the usual quadratic formula.

5.3.2 Normalization Systematics

Normalization systematics are systematics which strictly affect the normalization of a sig-
nal or background in a distribution. Sources of systematics can also have both normalization
and shape components with each treated in a factorized way. The normalization components
are treated with a unit Gaussian distributed nuisance parameter and an exponential response

function:

A1) = G(0)0,1)
v(0) = n’

(5.28)

In this way, the sampling distribution of some expected number of events E(6) = Eyr?,

dpP

95, is a log-normal centered at Ep, as shown in Figure 5.3. This follows from a

namely
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Figure 5.3: Prior probability versus the expected number of events E(#) for both log-normal
(E(0) = Eo(1 + €)?) and Gaussian (E(#) = Ey(1 + €f)) treatments for various values of e.

change of variables of the normally distributed 6:

P _ AP de
dE db dFE
::¢?wm Lg2)_L_ (5.29)

_ 1 (InE—InFEp\?2
- \/27rE1n/£ eXp{ 2 ( Ink ) }

K is typically determined asymmetrically by measuring E(1) and E(—1). In the case that

E(1) = E( rj» the solution for  is the same for the two boundary conditions. E(1) # ﬁ

represents an asymmetric uncertainty and can be dealt with in a bifurcated way. The

asymmetric values of xk are Ky = %;) and K_ = E(E_Ol), such that E(#) is conditional up to
the sign of 6:
Eolit_g,’_ 0 Z 0
E9) = (5.30)
E()/ﬁe_ 0 <0

This treatment is factorized for each systematic, such that the total expectation due to
N normalization systematics is written as E = F H I/Z
An alternative is to use expectations distributed as truncated Gaussians:
Eo(1+4.0) >0

E(0) = (5.31)
Eo(1+6_6) 6<0
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0, and d_ can be similarly determined by computing F(1) and E(—1). Log-normally
distributed expectations have an advantage over truncated Gaussians in that they’re positive
definite over the full range of #, while truncated Gaussians lead to negative expected events

when 6 < hence F(#) must be truncated at zero in cases that 6 satisfies this condition.

1
-5

Log-normals are the default sytematics in Higgs analyses due to this property.

5.3.3 Shape Systematics

Shape systematics must be treated differently for binned and unbinned distributions.
Unbinned distributions need consideration on a case-by-case basis and are not covered in
this section. For binned distributions, shape systematics are treated with a unit Gaussian
distributed nuisance parameter and a piecewise linear response function. The binned distri-
bution for a discrete observable x is computed for the nominal expectation as Fy(z), and in
generally separately for the two boundaries ¢; = £1, yeilding Ef (). For N shape system-

atics, the expected events in the bin corresponding to the observable value z; can be written

like so:
N
E(z;,0) = max(0, Bo(z;) + Y 0E;(x:,6,)),
j=1
(5.32)
gy — | @) =B 0
(B} (x:) — Eo(x:))0;,  0; <0
For each normally distributed nuisance parameter ¢;, the distribution dE(‘Z ) is a trun-

cated Gaussian as shown in Figure 5.3, where the truncation is in place to keep the expected
events positive definite. The motivation for piecewise linear (truncated Gaussian) rather
than piecewise exponential (log-normal) interpolation is mostly historical. Earlier versions
of RooFit could not elegantly handle the integration required to normalize the piecewise
exponential interpolation scheme, and so the piecewise linear scheme was adopted. The two
methods are equivalent to first order, so for small shape systematics the difference should

also be small.
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5.3.4 Nuisance Parameter Interpolation

If the response function v(#) for a normally distributed nuisance parameter 6 is asym-
metric around 6 = 0, a kink in the likelihood and a discontinuity in its first derivative appear
at @ = 0. This can lead to numerical instabilities in the maximum likelihood fit and a delta
function in the sampling distribution of 6 at 0 = 0. A solution to this is to use a smoothing
polynomial v(0) for the interval —6, < @ < 6, such that v(#) and at its I"* derivative v (0)
are continuous at the boundaries § = +6, and at § = 0. Given that computing the bound-
aries v(+1) is common practice, 6, is usually taken to be 1. The response function v(0) is

then divided into three regions.

MONNEY
v(f) =9 w0  —6, <60 <6, (5.33)
v_(6)  6<—6,

Continuity up to the (n — 1) derivative requires a polynomial of degree 2n (n is taken
to be 1 greater than the derivative to simplify the algebra). This requirement stems from
imposing the boundary conditions yﬁf)(ieb) = uéé)(jzeb) for £ = 0,..,n — 1. The resulting

polynomial and its ¢t derivative can be written in the form of a series:

v(d) = 1+ Zn c.0°

2 (5.34)

' (0) = D cplp =D)L+ 1))
p={

The continuity requirements Vf)(ieb) = l/éé)(i—é’b) can be represented by a (2n x 2n)
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matrix equation:

o B " velf) =1
L 20, .. 2nd;" " v (6,)
&1
2n+1)! yn (n)
0 nl .. G N P B R (D) (5.35)
0 (-8 . (" v-(~8) 1
Con
1 _29b 2n(_9b)2n—1 I/(_l) (—eb)
R At

The (¢,p)™ element of the (2n x 2n) matrix can be condensed into a more convenient

form:

i (00! pzl-1 lsn

0 p<l—1, {1 <n

Al = (5.36)

@ () panz (-1, >

0 p+n<l—1, {>n

\

Inverting the matrix A and multiplying both sides of the matrix equation yields an

equation for the coefficients c,:

¢, = Z(A—l)ﬁyf) + (A—l)Z-i-n—i-ly(f) (537)

p _
=0

The minimum polynomial order required to avoid large numerical instabilities is four,
corresponding to continuity up to the first derivative. However, the more robust MINUIT
algorithms require computing the second derivative also, so a sixth order polynomial has
become the standard within Higgs analyses. The two most common forms of vy (6) are
exponential, corresponding to the normalization systematics outlined in section 5.3.2, and

linear, corresponding to Section 5.3.3. The coefficients of the sixth order solution for the
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Coefficient | Linear Exponential

C1 1(€+ + 6_) 89 (15A0 — 70,51 + 92A2)

Co 1%2}) (€+ E_) 95 ( 24 + 2450 — 991,141 + 9252)
C3 0 % ( 5A0 + 591)51 — 92/12)

Cy —%(64— — 6_) %g (12 — 125y + 791,141 — 9252)
Cs 0 % (3A0 — 391)51 + 92142)

Cg —%(64— —6_) Lg( 8+8So—59bA1+9552)

Table 5.1: Coefficients of the solution for the sixth order polynominal interpolation for both
linear and exponential extrapolation schemes.

two extrapolation cases are shown in Table 5.1. In the exponential case, symmetric and

asymmetric terms are first defined to simplify the algebra:

S() = %(/ﬁ + K- )
Ay = 3t )
S1 = 1(kTlogr™ — Kk logk™)
(5.38)
A = L(kTlogkr™ +r logk™)
Sy = %{m* log kt)* + K~ (logm‘)Q}

Ay = 5{“+ (log ¥)* — K~ <10g’€_>2}

The interplolation for normalization systematics is tested for the four models shown in
Table 5.2. These have varying degrees of asymmetrical systematics. Model 4 is symmetric
and acts as a control model for the interpolation, since the response function does not
necessarily reduce to the standard exponential interpolation in the case that the asymmetry
is zero. The sampling distributions of the nuisance parameter for the four models are shown
in Figure 5.4. It can be seen that even in cases of very small asymmetries, such as Model
3, the kink in the likelihood can still cause a substantial delta function in the sampling
distribution of the nuisance parameter. The control model shows no strange features in
either interpolation schemes, as desired.

One shortcoming of this interpolation method is that it is not positive definite for all
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Figure 5.4: Sampling distributions of the nuisance parameter for the four models listed in
Table 5.2 with and without the polymonial interpolation scheme.
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Model NSig NBk‘g NObs ngq '%qu
1 50 200 | 200 | 1.2 1.05
2 50 200 200 |1.12 | 1.08
3 50 200 | 200 | 1.105 | 1.095
4 50 200 200 |1.1 1.1

Table 5.2: Parameters of models used to test nuisance parameter interpolation.

values of the boundaries v(+6,). For exponential extrapolation with very large asymmetries,
the standard 6" order polynomial can become negative. These are extreme cases, however.
It has been observed that higher order polynomials can handle larger asymmetries without
becoming negative, but this comes at the price of performance since the higher order terms
must be computed many times for each likelihood evaluation. Figure 5.5 shows both a
well behaved positive definite and an extreme case for v(6). Figure 5.6 shows the same

configurations for a 10" order polynomial where it is now well behaved.

5.3.5 Jet Binned Uncertainties

Several Higgs analyses separate channels by exclusive jet bins and require careful treat-
ment of QCD scale systematics. Scale uncertainties on N-jet inclusive cross sections are
taken as independent as opposed to the uncertainties on exclusive cross sections, resulting
in anti-correlated migration-like uncertainties between jet bins. Further, these correlations
need to be derived such that the log-normal treatment for normalization systematics still
holds. This is addressed through the Stewart-Tackmann procedure [71]. Many Higgs anal-
yses use exclusive 0- and 1-jet channels to target the gg—H production, and an inclusive
2-jet channel to target VBF Higgs production. The gg—H signal, having zero jets at leading
order, is therefore subject to this procedure. Denote the three relevant inclusive production
cross sections as oy, 0>1, and o>, with associated relative uncertainties €4, £>1, and e>o.
Denote the parton level exclusive jet fractions as fy and f;, and the inclusive 2-jet fraction
f>2. The exclusive cross sections are therefore oy = 04y — 0>1 and 01 = 051 — 0>2. We

desire to compute the exclusive cross sections as a function of the nuisance parameters 6,.,
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Figure 5.5: 6 order polynomial response term interpolation for a typical (a), mild (b) and

an extreme (c¢) asymmetry.
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01, and 0>5. The 0-jet exclusive cross section can be derived as follows:

00(9tot,921)

Q

Q

Tiot (1 + Etotbrot) — 0>1(1 + £51051)

Ttot — 0>1 + TrotEtotbiot — 0>16>10>1

1 fi+f>2
oo + —Uo€tot9tot % 00E>10>1

oo(1+ €tot9tot)(1 — Dl >10>1) (5.39)

fo
0 it r>e
0'0(1+5t0t)f0 tOt(l +521> fo

Otot _ fitf>e 021
fo fo
0o <’<0mt) R>1

921

The 1-jet exclusive derivation follows similarly:

o1(601,0>2)

Q

Q

0>1(1 +6210>1) — 052(1 + £520>2)

0>1 — 0>2 + 0'21821921 - 022622922

f1+f>2

f>2
o1+ —F=016510>1 — T 0132059

(5.40)

o1(1+ f1+f>2€>19>1)( ff2€z2922)
f1t+f>2 f>2

O'1(1—|-€21) h 0>1(1+€>2) T622

fit+f>2 021 _f>a 022
f1 f1

The 2-jet inclusive process is nearly trivial:

0>2(052) = 02(1 +ex2059)

~ 0'22(1 +522>022 (541)

= 0>9(k>2)"?

5.3.6 Branching Ratio Uncertainties

Branching ratio uncertainties require a slight modification to insure that the property

decays

Z BR;(0;) = 1 1is true for all values of 6;, which is broken in both exponential (BR;(0;) =

BR; (1 + ¢;)%) and linear treatments (BR;(6;) = BR;o(1 + €;0;)). This can be solved by a
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simple normalization of each term to the sum of all:

. BRZ’O(l + Ei)ei
Z BRj,o(l + Ej)ej

J

BR;(6;)

(5.42)

This has the consequence that, even outside of combination, branching ratio uncertainties

from every channel have a small but non-zero impact on each individual channel.

5.4 Asymptotics

Under certain conditions, the distribution of a test statistic can be approximated analyti-
cally. The formula describing the distribution depends on the test statistic used. This section

will outline the asymptotic approximations in the case of a single parameter of interest.

5.4.1 Approximate Sampling Distributions

As the sample size of a model increases, the sampling distribution of £ under the p’

hypothesis approaches a normal distribution centered at p’ with width o:

1 a—p')?
e~ (5.43)

If the test statistic () is monotonic in /i there exists a one-to-one correspondence between
@ and fi, such that f(fi|y’) can be transformed into the distribution of ) through a change

of variables:
@
d@

Through the Wald approximation [72], —2In A(x) is parabolic around i up to higher

QI = f(ilw) (5.44)
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order terms. A similar statement can be made for —21In A(x):

—2InA(p) = (2 +0(1/VN)

- —QIHM, >0
—2In\(p) = i&?) )
| 2 gy A0
) (5.45)
210 A\(p), [i>0
—2InA(p) +2InA(0), <0
p—p\2 7
=) >0
_ ouvm ] U
(5) =%, <0

For the uncapped test statistic 7, the relevant substitutions are as follows:

sk, <0
fi = o= O/Tpy, O<p<p
ptoN/~r, > p
(5.46)
= i<0
%‘ 2:“, O<p<p
%fﬁ’ f>

The fi conditionals 1 < 0,0 < i < p, and 1 > p correspond to test statistic conditionals

> (P20 < 7, < (B2)2) and 7, < 0, respectively. This along with the substitutions
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above yield the approximate sampling distribution:

( 1 ﬁﬁ(u272uu')/02 2
1 2 2/ 7 (u—u’)2
2V27 (/o) ) ==X o0
~ N 1 _1 7 _H;#/ - —1/\2
Fulw) =9 2me‘z< =) 0 <7, < () (5.47)
L3 (V) 7 <0
2,/—2n7, B—=

Integrating gives the corresponding cumulative function F(7,|n'):

7:“_ 2_ ’ 0.2 -
(LU By, > ()2
F(Fal) = ®(\/Fp — 15, 0< 7, < (4)? (5.48)
O(—y/—Fp— ), 7, <0

®(x) is the cumulative distribution function of the standard normal distribution:

B(z) = \/%_W_ / exp (—g)dt (5.49)

The p-value p,, corresponds to the case p = p/, with p,, = 1—F(7,|;t), while p;, corresponds
to ' =0, with p, = F(7,|0).
The approximate sampling distributions for the test statistic r, are similar, with the

modification that the 0 < r, < (”_T“/)2 conditional extends to all r, > 0:

2

1 e_%(ﬁ_g) r, >0

2.,/2nr, #

=4 Ve . (5.50)
597%7==6‘2(‘V‘*“‘“) <0

(/T — B5), ry >0
Q(—/=r, — “;”,), 7y <0

(5.51)
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For 7y, the sampling distributions are nearly identical:

rog >0

flrolu'y =g V2o o (5.52)
2\/—12—m6_§<_ e ) ro <0
Finally, the cumulative function:
B (/o — =), ro > 0
F(rolp) = Wro =55 ’ (5.53)

‘b(—\/—ro—“_T“,), ro <0

The distributions and cumulative functions for the remaining test statistics follow.

) tu
_1 _H*IJ‘/ 2 —l<\/t7+l»"*li,)2
ft ,u/ = 1 e 2(@ > ) +e 2 =
o A (5.54)
Fltulp') = @(/B =15 + @(VT, + 1) 1
. i,
= A R 2 20/ _ u )
F) = ——e 3 Vi) ] v Wz
2 27Ttp, #e_%<\/i_u_%> i’ (H)2

24/ 2ri, ’

@(fu—(uz—%u’)/az )
Pliau') = @1, + 55) + e

° q,

A K= - e_%<m 7 >2
Fquln) S(79)0(0) + 5 7o (5.56)

Flagulp) = (/g — 555)
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(
1 (rm*(f*?w/)/oz)z

1 2 2u/o _ 12

! 76 , 2 o

Faule) = ®(454)8(d,) + W*‘/"’_lwwf e
s TV, G < (£

Fl) = L
\ ®( Cju_”;u>’ G < >2
(5.57)
® \?
Flol) = (1—(£))d(g,) + 2\/2%6_5(\@_7) (5.58)

/

Flaoly') = (@0 —5)

Finally, the sampling distribution for grp;, follows a Gaussian distribution with mean

Elq] = 1_72“/ and variance V[g] = 5. This gives the following cumulative function.

(5.59)

F(qrpL|p) = @ (C.IRPL —(1- 2,[/)/02)

2/c

This leads to an important statement about the sampling distributions of test statistics
that can be written as a function of the PLR: The shape of the distributions depend only on
the tested p, the hypothesized p/, and the variance of p. Of these, the variance is the only

model dependent quantity. As such, the variance merits exploration.

5.4.2 The Variance of p

The variance of u, namely o2, can be conceptualized from the distribution f(j|y'). The
p-value that is the tail probability of obtaining a result g > u given a hypothesized ' can

be converted into a significance Z, as shown in Figure 5.7. Z is the number of o that pu is
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Figure 5.7: The sampling distribution f(j|u') can be used to derive o(u, p'). Slight non-
Gaussian behavior of the distribution causes dependence on both p and p'.

from g/, such that o is recovered by simply dividing u — p’ by Z:

Pl ) = / F(ali)di

g (5.60)
Z(p, ') = @1 —plp,p))
N o _p—p
o(p, ') = Z(i)

The dependence of o on p and g’ is shown explicitly here. If f(fi|y') is a perfect Gaussian,
Z(u, p') is linear in p — p/ and so o(u, p') is constant. Unfortunately this is only the case
for very idealistic models. Practically, o(u, 1) must be estimated at each p and p/. The
dependence of o on p and i/ depends on the size of the systematics in the model and their
posterior correlation with p. For small systematics and small Z, this dependence tends to
be weak and linear. For models with large systematics, f(/i|y’) can become non-Gaussian
very quickly and lead to non-linear behavior in o.

Given a single dataset, the variance can be estimated with the test statistic following the
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Model NSig NBkg NObs O0Sig OBkg | OCommon

1 50 200 | 200 |- - -
2 50 200 | 200 | 10% | 10% | 10%
3 50 200 | 200 |- - 10%
4 50 200 | 200 |- 10% | -
5 50 200 | 200 | 10% | - -
6 50 200 | 250 |- - 10%

Table 5.3: Parameters of models used in tests to derive asymptotic bands. Model 6 is
identical to Model 3 with the exception of the observed data, which has been changed to
test the effects of the profiling on the results.

Wald approximation:

AN 2 A~
t, ~ (“ - “) — o~ ‘“\/t_“' (5.61)
i

We are interested in the value of o that characterizes the distribution of the test statistic.
This corresponds to the median test statistic value, and can therefore be characterized by

tu,A,» which is the test statistic ¢, evaluated on the y' Asimov dataset:

(5.62)

Figure 5.8 shows examples for the six models outlined in Table 5.3. Fach is a high
statistics simple number counting experiment with single background and various degrees of

systematics.

5.4.3 Exclusion Bands

A consequence of the p and ' dependence of o is that the expected bands of an exclusion
limit require a reformulation beyond what one obtains from assuming o is constant. The
bands one obtains from the exact procedure obtained with pseudo-experiments takes this
dependence into account naturally. It is therefore required that the asymptotic procedure
is formulated to follow the results obtained from pseudo-experiments as closely as possible.

The aim of this section is to derive such an asymptotic procedure within the g, formalism.
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Figure 5.8: The value of o(u, ') as a function of y for various values of 1/. Some instabilities
(for example, the green curve in Model 2) result from values of ¢, a,, close to zero.
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Note that for limits, the use of g, is equivalent to its corresponding uncapped 7.

5.4.3.1 Toy Procedure

As a testbed for comparison, high statistics toy results are first used to compute the
expected limit and bands for a single bin counting experiment in several configurations. The
parameters for the models are outlined in Table 5.3. The sampling distributions f(q,|x) and
f(G,|0) are computed for several points in p and are shown in Figure 5.9. The two p-values
Py = f;: f(g;m)dg; and p, = ffgo f(qv;\O)dcj/; are used to compute the ratio CLs(p;q,) =

2 For some value p, a calibrated value of g,, denoted ¢°, can be found that satisfies

T-p,° wo
CLs(u; @) = 0.05. ¢° is the value of the test statistic required for the upper limit to be
on a given dataset. The 95% upper limit on p for some given dataset is therefore found by
scanning the test statistic until it crosses this calibrated value.

Given the 625 curve, the expected limit and bands are obtained from p' = 0 pseudo-
experiments. For each pseudo-experiment, the 95% confidence level upper limit s, is found
by scanning ¢, until the crossing q,,, = 625 is found. From the ensemble one obtains the
distribution f(p,,|0). The N quantile of this distribution represents fi,,. x, the quantiles
of the expected upper limit.

At this point it becomes important to distinguish between two key stages of this proce-
dure when translating to asymptotics. The first is the procedure to obtain the q~25 curve.
This will rely only on the validity of asymptotics and the correct approximation of ¢ to
characterize f(g,|p) and f(g,|0). The second is the procedure to obtain the distribution
f(upl0) and ju,, ¢ given the > curve. Estimating ¢ only requires solving the transcen-
dental equation CLs(u; 625) = 0.05 given the analytical asymptotic formula for the p-values
pu and py. Estimating ju,,+ y involves finding a mapping from f(/1|0) to f(ft,,|0) and is more

involved.
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Figure 5.9: Sampling distributions of the test statistic g, for the six models shown in Table 5.3
with asymptotic overlays. Model 1 shows discreteness due to the absence of systematics, so
the asymptotic overlay is left out. Note that Model 2 shows a deviation from asymptotics
in the distribution under the p/ = 0 hypothesis, likely due to the large systematics in the
model.
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5.4.3.2 Estimating jip+n

Consider the distribution f(|0) derived from pseudo-experiments. Assuming that the
Wald approximation holds and that o is constant, toys with i = No are characteristic of

the expected N quantile band, with N = 0 representing the median. In this case the value

uup+N—N0)2 (

of the test statistic at the N** quantile upper limit is R

qu 1s used in

this case to simplify the algebra). Recalling that CLs = lﬁgb, with p, = 1 — ®[,/g,] and

1 —pp = P[E — /G, at puup+n the critical exclusion value is computed as so:

o

wpiN—No " upi N—No
0 = (11— ot gt tas e -
= (1 - @[22 — NJ)/[N]

Solving for i, n, one obtains g,y = 0{®7![1 — a®(N)] + N}. This is referred to as
Method 1 and is the leading order approximation of fi,,n. If o is p dependent, the terms
in the denominator of o no longer cancel and the equation for o is transcendental in fi,,+ .
Further, o is also a function of pi,,+y, and in general this dependence cannot be quantified
analytically.

A more rigorous approach for determining the expected N** quantile of an upper limit,
refered to as Method 2, requires the correct estimation of the o terms in the equation for
a. Starting with the distribution f(/]|0) and again invoking the Wald approximation, there
should exist a one-to-one monotonic mapping of f(j1|0) onto f(j1.,[0). It follows that the N
quantile of f(/1|0) also maps to the N quantile of f(f1,,/0). The procedure for estimating
Hup+n can thus be thought of as two separate issues. The first is the correct estimation of
f(f20); in particular, it’s N** quantile. The second is the correct estimation of the mapping of

f(f1]0) onto f(pup|0). The estimation of the N quantiles of f(i|0) follows from section 5.4.2:

_ 0
o(p,0) = N(,0) (5.64)
—  N(u,0) = g(fio) = —2In Ay, (1)
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Denoting the expected N quantile of f(j1]0) as plY, it’s seen that, for some given N, p’y
is given by the solution to /—2In A, (1Y) = N. Table 5.4 shows the exact and estimated
values of plY for each model. The agreement is generally good at the percent level.

Less straight forward is the estimation of the f(|0) — f(ftup|0) mapping. It is clear that
ft = p¥Y characterizes the value of u for the pseudo-experiments that lie on the N quantile.
More subtle are the values of the nuisance parameters that characterize the quantiles, denoted
as 0. These correspond to the median values of nuisance parameters for pseudo-experiments
having an upper limit of f1,,+ . The method for estimating 6% will be explored through
inspection.

Each model is fully specified by p and 6, where 6 is the nuisance parameter representing
the systematic in the model. The distributions of the unconditional estimators of these
parameters for each model, i and 9, are shown in Figures 5.10- 5.14. The median value
of # within a small window of the quantiles of it is shown by the open circles for the N =
-3, -2, ..., +3 quantiles of ji. 6} = é(ug) at the quantiles is shown by the open triangles,
which follows closely the open circles. This shows that é(,u% ) can provide an asymptotic
estimate of the value of 6 that characterizes the quantiles of the upper limit.

Given both ;%) and 6%, an Asimov dataset, denoted A", can be constructed that charac-
terizes pseudo-experiments falling on the N** quantile. Recall that in the exact toy procedure
the upper limit of each pseudo-experiment is found from the solution to g,,, = cjgip. It fol-

lows that g, n is also characterized by the solution to g, . . av This is the

— 795
- qlufup+N'

effective procedure to estimate the f(j1|0) — f(ftup|0) mapping.

The full procedure to compute the fully asymptotic jiyp4n can be summarized as follows:

e Construct a y/ = 0 Asimov dataset, and with it solve \/—21In A, (pY) = N to find 1.

e Simultancously, extract 03 ~ 6(uY) from the maximum likelihood fit in the numerator

of A, (:UX)

e Construct the Asimov dataset A" with the parameters ply and 6%
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Figure 5.10: Two dimensional sampling distribution of i vs 6 for Model 2.
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Figure 5.11: Two dimensional sampling distribution of & vs 6 for Model 3.
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Figure 5.15: Visualization of the improved method for computing the asymptotic bands.
In black is the distribution of i under the background-only hypothesis. The quantiles of
this distribution are shown in blue. These characterize the value of i that will result in
the corresponding expected limit quantile. The cyan curve shows that these values of [i are
well estimated asymptotically. In red are the curves of ¢, computed with Asimov datasets
constructed with the asymptotically estimated fi quantiles. The quantiles of the expected
limit correspond to the crossing of these curves with the asymptotic q~25 function in green.

e With AV, solve ¢ AN to find ftyp+n. The ¢%° curve can be obtained with
Hup+N s K p+ "

— 795
- qlufup+N

the analytical asymptotic expression for CLs, which is computationally inexpensive.

The procedure is visualized in Figure 5.15. It can also be condensed into a simple

transcendental equation for fu,,:

fupsn = Ni1o (™, 0) + Noo (fupn, 1)

Moo= 2ol (5.65)
N2 - qzip+N’AN

The results from Method 1, Method 2, and the exact toy procedure for all six models are

shown in Table 5.5. It can be seen that Method 2 is in better agreement with the toy results
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than Method 1. Similar tests have shown that deviations in Method 1 are exaggerated in
models with large systematics that cause o to become highly i dependent, while Method 2

replicates the toy results.
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Model 1

-3 -2 -1 0 1 2 3
wNo|-0.82 1 -0.56 | -0.29 | 0 0.28 | 0.58 | 0.88
ph [-0.79 | -0.54 | -0.28 | 0 0.29 | 0.59 |0.91

Model 2

-3 -2 -1 0 1 2 3
uN | -1.86 | -1.22 | -0.61 |-0.01 | 0.61 |1.27 |2.01
p | -1.87 | -1.22 | -0.60 |0 0.62 | 1.29 | 2.04
N 1-0.65]-0.30 [ -0.02 | 0.127 [ -0.01 | -0.24 | -0.74
o8, 1-0.80 | -0.37 | -0.10 | 0 -0.09 | -0.35 | -0.74
o 1232 [1.39 10.63 [-0.05 |-0.63]-1.09|-1.40
0N, | 224 | 1.43 | 0.66 |0 -0.59 | -1.02 | -1.36
N 145 [1.11 [0.63 [0.02 |-0.63]-1.34]-2.12
6. | 1.46 | 1.07 | 0.59 |0 -0.65 | -1.36 | -2.09

Model 3

-3 -2 -1 0 1 2 3
pN | -1.22 1 -0.86 | -0.46 | -0.01 | 0.49 | 1.05 | 1.67
p [ -1.211-0.85|-045 |0 0.50 | 1.07 | 1.70
N 1237 [1.58 [0.76 |-0.01 |-0.80 | -1.67 | -2.53
oY .1 237 | 1.59 | 0.80 |0 -0.81 | -1.62 | -2.44

Model 4

-3 -2 -1 0 1 2 3
pNo | -1.55 | -1.00 | -0.49 | -0.01 | 0.46 | 0.91 | 1.34
p | -1.53 | -1.00 | -0.49 |0 0.47 |0.92 | 1.36
o) 1266 [1.67 [0.79 [-0.01 [-0.80 | -1.52 [-2.11
0, | 2.64 | 1.71 | 0.83 |0 -0.77 | -1.48 | -2.12

Model 5

-3 -2 -1 0 1 2 3
wN | -0.86 | -0.56 | -0.28 | 0 0.28 | 0.58 | 0.90
p 1 -0.82 | -0.55 | -0.28 | 0 0.29 | 0.60 | 0.94
6N 1-0.69 | -0.32 | -0.028 | -0.01 | -0.01 | -0.27 | -0.65
68, | -0.85 | -0.39 | -0.097 | 0 -0.09 | -0.35 | -0.75

Model 6

-3 -2 -1 0 1 2 3
uNo|-1.22 1 -0.86 | -0.46 | -0.01 | 0.49 | 1.05 | 1.67
p | -1.21|-0.85|-0.45 |0 0.50 | 1.07 | 1.70
N 1237 [1.58 10.76 [-0.01 |-0.80[-1.67|-2.53
0. 1237 | 1.59 | 0.80 |0 -0.81 | -1.62 | -2.44

Table 5.4: Estimated and exact values of parameters that characterize the N** quantile
expected upper limits on p. The bias in 0V is related to the asymptotic breaking shown in

Figure 5.9
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Model 1

Expected | 420 | +10 | -1l0 | -20

Method 1 | 0.58 1.08 | 0.81 | 0.42 | 0.31

Method 2 | 0.58 1.11 | 0.82 | 0.42 | 0.32

Toys 0.58 1.10 | 0.81 | 0.42 | 0.31
Model 2

Expected | 420 | +10 | -10 | -20

Method 1 | 1.27 2.36 | 1.76 | 0.91 | 0.68

Method 2 | 1.27 2.56 | 1.82 | 0.91 | 0.71

Toys 1.26 2.55 | 1.81 | 0.89 | 0.64
Model 3

Expected | 420 | +10 | -1l0 | -20

Method 1 | 1.04 1.94 | 1.45 | 0.75 | 0.56

Method 2 | 1.04 2.14 | 1.51 | 0.73 | 0.54

Toys 1.04 213 | 1.51 | 0.72 | 0.53
Model 4

Expected | 420 | +10 | -10 | -20

Method 1 | 0.90 1.68 | 1.25 | 0.65 | 0.48

Method 2 | 0.90 1.64 | 1.24 | 0.66 | 0.50

Toys 0.90 1.63 | 1.23 | 0.65 | 0.49
Model 5

Expected | 420 | +10 | -1l0 | -20

Method 1 | 0.59 1.10 | 0.82 | 0.43 | 0.32

Method 2 | 0.59 1.17 | 0.84 | 0.43 | 0.33

Toys 0.59 1.15 [ 0.84 | 0.42 | 0.31
Model 6

Expected | 420 | +10 | -1l0 | -20

Method 1 | 1.01 1.89 | 1.41 | 0.73 | 0.54

Method 2 | 1.01 2.08 | 1.47 | 0.71 | 0.52

Toys 1.01 2.07 | 1.47 | 0.71 | 0.52

Table 5.5: Quantiles of expected upper limits on p for the two asymptotic methods in
comparison with the full toy result.
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CHAPTER VI

Search in the H — WW®*) — ¢v/y Channel

“Our feeblest contemplations of the Cosmos stir us - there is a tingling in the spine, a catch in the
voice, a faint sensation, as if a distant memory, of falling from a height. We know we are

approaching the greatest of mysteries.”

- Carl Sagan

6.1 Overview

The H — WW® — (ulv decay mode features a relatively large branching fraction
throughout the my > 110 GeV search region. It is characterized by two high py oppositely
charged leptons and large missing transverse energy. The spin-0 nature of the Higgs yields a
dilepton system with low my, due to the small opening angle between the lepton pair. The
primary production modes that contribute to this channel are gluon-gluon fusion and vector
boson fusion (see Section 2.7). Between these two, the gg — H mode has a production cross
section around 10 times that of VBF at low my for /s = 8 TeV. The gg — H production
mode has zero jets at leading order, but large radiative corrections due to the gluons in
the initial state lead to a large fraction of events with one high pr jet. In contrast to this,
the VBF production topology gives two high pr forward jets at leading order, with large
longitudinal separation between them. The different signal and background topologies that

lead to different background levels and compositions of the 0-, 1-, and >2-jet final states
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make it beneficial for this analysis to have dedicated search channels each. Further, the
gg — H — WW® and q@ — Hqq — WW®¢g modes differ from a physics standpoint, in
that gg — H — WW® mode depends on the coupling of the Higgs to both fermions and
bosons, while ¢§ — Hqqg — WW®qqg depends only on the coupling to bosons. The 2-jet
inclusive analysis is therefore considered to be a dedicated search for the VBF production
mechanism. Signal contributions from the associated production mode are also included and
contribute between 1-5% depending on jet multiplicity.

The search is further divided by final state lepton flavor combinations. This is primarily
because of the large Z/v* — ¢¢ background in the same flavor (ee, pu, denoted SF) final
state, which is small in the different flavor (eu, e, denoted DF) state. The DF channel is
separated into ey and pe based on the leading lepton due to different electron and muon
performance at low pr as well as differing rates of backgrounds due to fake leptons.

The two neutrinos in the final state prevents full reconstruction of the invariant mass of

the Higgs. Because of this, the analysis is largely a number counting experiment, although

my = \/ (EY + Er)? — (p¥ + Fr)?, the transverse mass, can be used to give some small
measure of sensitivity to my as well as additional separation between signal and background.
The bulk of this chapter represents the analysis on the 8 TeV dataset. Details specific to

the 7 TeV analysis are specified in Section 6.12.

6.2 Data and Monte Carlo Samples

Table 6.1 shows the Monte Carlo (MC) samples used in this analysis along with the cross
section times branching ratio (o x B) for each physics process. The branching ratio assumes
and sums over leptonic decays of W/Z bosons, with the exception of the top backgrounds
and VH signal samples, which are inclusive. Some cross sections include generator level
selections, which are mentioned in the comments.

The ggF signal corresponds to my = 125 GeV. The ggF cross section is computed at next-
to-next-leading-order (NNLO) in QCD scale [37, 35, 70, 64, 25, 65] using the MSTW2008
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Process Generator o - B (pb)

g POWHEG { PYTHIAS 0.441
VBF POWHEG+PYTHIAS 35-1073
WH/ZH PYTHIAS 127 -1073
9G/g — WW POWHEG { PYTHIAG 5.68
qq/g — WW+2j Sherpa, no QCD vertices 0.039
g9 — WW GG2WW-+HERWIG 0.16
tt MC@NLO+HERWIG 238.1
tW/tb MC@NLO+HERWIG 28
tqb AcerMC+PYTHIAG6 88
inclusive W ALPGEN+HERWIG 37103
inclusive Z/~* ALPGEN+HERWIG 16 - 103
Z/v*+2j Sherpa, no QCD vertices 1.178
7MWz — 4] POWHEG+PYTHIAS 0.73
W(Z/v*)(mz)r) > TGeV) POWHEG+PYTHIAS 0.825
W(Z/7*)(m(z)r+) < 7GeV) MADGRAPH+PYTHIAG 11.0
W~ ALPGEN+HERWIG 369

Table 6.1: Monte Carlo generators used to model the signal and background processes in
which all of the W and Z decay channels are included in the corresponding product of the
cross section (¢) and branching fraction (B) at /s =8TeV. Masses are given in units of
GeV.

PDF set [58]. Next-to-leading-order (NLO) electroweak and next-to-next-leading-log (NNLL)
QCD corrections are applied [24, 23]. The VBF cross section is computed at NNLO and
includes NLO QCD and NLO EW corrections. The VH cross sections are computed up to
NNLO in QCD scale and include NLO EW corrections. The branching fractions were cal-
culated with PROFECY4F [29, 28] and the total width was calculated with HDECAY [19].

Several generators are used to simulate the hard scatter (HS), parton shower (PS), hadro-
nisation, and underlying event (UE). PYTHIAG or PYTHIAS is used for the signal and some
background processes for simulating PS, hadronisation, and UE. In cases that HERWIG is
used for hadronisation and PS, JIMMY is used for UE. SHERPA is used for HS and PS for
VBF-like background processes such as q¢’ — Zqq' and q¢' — WTW ~qq’. Full simulation of
the ATLAS detector with GEANT4 is used for almost all processes, with the exception of

the qq/gg — WW and single top backgrounds, which uses fast simulation to increase Monte
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Carlo statistics. The CT10 parton density function (PDF) set is used for POWHEG and
MC@QNLO, while CTEQG6L1 is used for ALPGEN, MADGRAPH, PYTHIAG6, and PYTHIAS.

The W~ and W~* NLO K-factors are computed with MCFM. For W~, K = 1.15. For
Wr*, K = 2.01, which is computed on the phase space 0.5 < my < 7 GeV, piad > 25 GeV,
piblead 5 15 GeV, and |nf] < 2.8.

The data collected uses inclusive single electron and muon triggers with a 24 GeV pr
threshold and loose isolation. This is 90% efficient for electrons and 90% (65%) efficient for
muons in the end-cap (barrel) based on tag-and-probe studies using Z events in data, and
was measured as a function of pr, n, and data-taking period. The total integrated luminosity

is 20.7 fb~! after offline data-quality selection.

6.3 Object Selection

This section gives an overview of the selection of physics objects used in the analysis.

6.3.1 Trigger

The analysis uses unprescaled single lepton triggers. The ee channel uses an “or” between
the EF _e60_medium1 and EF_e24vhi_medium1 triggers. The e60 refers to a 60 GeV trigger
threshold. The higher pr trigger is used to recover efficiency loss at high pr. The “vh” in
the e24 trigger refers to the fact that it uses  and pr dependent thresholds, and includes
a hadronic leakage cut at L1. The “i” indicates that the lepton must be isolated. The pu
channel uses an “or” between the EF _mu36_tight and EF _mu24i_tight triggers. Similar to
electrons, the “i” indicates that the muon must be isolated. The ep channel uses an “or”
between all four triggers.

The per-lepton efficiency is calculated from MC and corrected for based on tag-and-probe

studies in data. The per-event scale factor can be written as a function of this per-lepton
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scale factor.
1 — (1 —elead x SFlead) x (1 — e5ub, x SFsub)

SFEvon =
' 1—(1—€ffe) x (1 —e3ie)

(6.1)

eiead and €54, are the per-lepton trigger efficiencies from MC for the leading and sub-

leading leptons, respectively, and SF refers to the per-lepton scale factor determined from

tag-and-probe.

6.3.2 Electrons

Electrons are selected with pr > 15 GeV and |neuster| < 2.47, excluding the barrel /end-
cap transition region 1.37 < |Neuster] < 1.52. Cuts are applied to the calorimeter shower
shape, track quality, track-cluster matching, and transition radiation energy criteria accord-

ing to the ATLAS Tight++ identification menu. A cut is applied to the transverse impact

do
a(do)

parameter divided by its uncertainty, < 3. The longitudinal impact parameter pro-
jected onto the beam axis is required to satisfy |zpsinf| < 0.4mm. The electron is required
to be isolated both in the sum of calorimeter cluster E7 and the sum of track pr relative to
the electron’s own pr in a cone of AR < 0.3 around the electron. The calorimeter isolation
requirement is topoEtcone30/pr = Z(Efﬁ”) /pr < 0.16, where the effects of pileup are es-

cell
timated and subtracted from the numerator. The track isolation is optimized separately for

two electron pr regions, and is required to satisfy pTcone30/pr = Z (pira®) Jpp < 0.12 for
track

15 < pr < 25 GeV and Y (pf**)/pr < 0.16 for pr > 25 GeV. Tracks with pr > 400 MeV
are included in the sumtrfgli the 8 TeV analysis, while this is increased to 900 MeV in the
7 TeV analysis. The isolation and impact parameter selections are primarily optimized to
reject the large W+jets background. pr dependent efficiency corrections are applied to the

Monte Carlo based on Data/MC comparisons with a tag-and-probe method.
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6.3.3 Muons

The analysis uses muons satisfying pr > 15 GeV and |n| < 2.5. A track is required
to be reconstructed in both the inner detector and muon spectrometer. The final muon
four-momentum is taken from a combination of the two using the STACO algorithm. Muon
combined performance quality cuts are required on the inner detector track as follows. The
number of hits in the inner most tracking layer (B-Layer) are required to be at least one. The
number of hits in the pixel detector are required to be at minimum one. The number of hits
in the SCT are required to be at least five. The number of pixel and SCT holes associated
with the track should be less than three, where a hole indicates a position in the detector
where the track should have left a hit. Denote the number of hits in the TRT as n%%, and
the number of outliers as nglers with n = nkils, 4 ngutliers A TRT outlier can either be
a straw tube that has a signal that is not crossed by a nearby track or a sequence of hits
that do not fit well when combined with SCT and Pixel measurements. For 0.1 < || < 1.9,
n > 5 and ng4iers < 0.9n is required. For |n| < 0.1 or || > 1.9, if n > 5 then ngies < 0.9n
is required.

Muons/jet overlap is treated as described in section 6.3.4. Similar to electrons, selections
are made to calorimeter and track isolation relative to the muon’s pr, as well as to dy
significance and z sin @, while data-driven py dependent corrections for these are applied to

the MC efficiency with tag-and-probe. These selections are targeted to reject non-prompt

do
a(do)

1.0mm. The calorimeter isolation criteria is EtConeCor30/pr < 0.014pr(GeV) — 0.15 and

and W+jets background. The impact parameter requirements are < 3 and |zpsinf| <

EtConeCor30/pr < 0.20. The calorimeter isolation variable is corrected for its dependence

on the number of primary vertices in the event to account for high pileup [75]. The track

isolation requirement is PtCone30/pr < 0.01p7(GeV) — 0.105 and PtCone30/pr < 0.15.
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6.3.4 Jets

Jets are reconstructed using the Anti-kr algorithm with a distance parameter R=0.4 [30]
and are required to fall within |n| < 4.5. Jet cleaning is applied according to the criteria
proposed by the jet performance group [1]. The pr threshold of the jet is 25 GeV for
In| < 2.5 and 30 GeV for 2.5 < |n| < 4.5. Jets overlapping muons are removed from the
set of selected jets. To suppress pileup jets, the jet vertex fraction (JVF) [59] is required to
satisfy |JV F| > 0.5, where JVF is defined as the fraction of the sum of track momentum
in the jet associated with the primary vertex, where all tracks with pr > 400 MeV are
considered. This is defined to be -1 for jets falling outside tracking coverage, hence the
absolute value effectively removes the selection where no tracks can be reconstructed. The
asymmetric pr threshold is designed to reduce the effect of pileup in the forward region.
Using a Z — pp enriched data sample, the JVF cut is optimized to reject pileup jets while

maintaining a high efficiency for non-pileup jets.

6.3.4.1 b-Tagging

The b-tagging algorithm used in the analysis is the MV 1 algorithm with an 85% working
point. MV1 is the output of a neural network that uses JetFitter+1P3D, IP3D, and SV1 as
inputs. The details of these three inputs can be found in Section 4.4.3. This is used in both

1- and 2-jet analyses to suppress top events and to define the top control regions.

6.3.5 Missing Transverse Energy

The base for the missing transverse energy used in the analysis is B " This is
a prioritized sum of cells from final state reconstructed objects using their corresponding
calibrations, and of cells not associated with reconstructed objects. The latter is called the

Cell Out Energy Flow (COEF) missing transverse energy.
ref,final _ 1re o T jets COEF “
Loy = Faw) T ¥ay T Howy) + Bay) T ¥ty + By (6.2)
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Cells within || < 4.9 are considered. The order of the sum in the equation represents
the priority given to calibration, with highest priority starting from the left. Muons are
considered out to |n| < 2.7. Corrections to the muon term are added for muons reconstructed
as tracks in the inner detector but not in the MS. Low pr tracks that do not make it to the
calorimeter are also re-added.

In the 0- and 1-jet analyses, 7, is used in place of Fr.

, Ao > /2
ETrel = ET ¢ ﬂ-/ (63)
Ersin A¢, A <7/2

A¢ in this case is the absolute value of the azimuthal angle between the F direction and
the nearest lepton or jet. This is designed to reduce fake Fr induced by the calorimeter’s
intrinsic energy resolution.

In the 2-jet analysis, a third Zr (Er°"YF) is introduced to better handle p induced by
pileup jets. The F;'°* term only uses jets with [JVEF| > 0. The Soft Term Vertex Fraction
(STVF) weights the Z7%°® term. STVF is the ratio of the sum of pyp of tracks coming
from the first PV but unmatched to reconstructed physics objects to all tracks unmatched

to reconstructed physics objects.

STVF = > pr/ Y pr (6.4)

PV tracks tracks

To qualify as coming from the first PV, tracks in the numerator must satisfy |do| < 1.5mm
and |zpsinf| < 1.5mm.

Lastly, the SF channels use track based missing transverse momentum, pr, to further
reject Z/~*. Tracks must satisfy pr > 500 MeV, |n| < 2.5, |dp| < 1.5mm, |zosin @] < 1.5mm,
and must have at least one (six) hits in the Pixel (SCT) detector. Lepton tracks that fail
the track selections but pass the criteria to be used in the standard Fr are also used. All

electrons passing the medium-++ quality criteria with |n| < 2.47 are considered. All STACO
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combined muons are also used. If the lepton is an electron, the cluster energy is used instead

of its track momentum.

6.4 FEvent Preselection

Before separation by jet multiplicity, a common preselection is applied to reduce the major
backgrounds. Events are required to have a primary vertex consistent with the beamspot
position, with at least three associated inner detector tracks with pr > 400 MeV. Event
cleaning is applied to reject cosmic rays, beam background, and calorimeter noise. Exactly
two oppositely charged leptons (electrons or muons) are required that satisfy pi”'*™& > 15
GeV and pgfading > 25 GeV. The dilepton invariant mass is required to be at least 10 GeV
for DF and 12 GeV for SF. For SF, m,, must also fall outside of a =15 GeV window around
the Z-pole. In the 0- and 1-jet analysis Kr, > 25 GeV is applied to DF, while for SF this
is increased to 45 GeV to further supress Drell-Yan background. For the 2-jet analysis Fr is
used rather than Jr. due to the high jet multiplicity and is required to be at least 20 GeV
in DF and 45 GeV in SF. In SF, Z°™" is also required to be larger than 35 GeV in the
2-jet bin. For SF, fiecon (see Section 6.9) should be greater than 0.05 in 0-jet, while fe’;t(fi?d‘gd
should be greater than 0.2 in 1-jet. Figure 6.1 shows the distributions for the different Fr
definitions in various jet multiplicities. Also shown is fiecoi in the 0-jet SF channel.

After all preselection cuts, the jet multiplicity is shown in Figure 6.2 for DF and SF
separately. At this stage the DF channel is dominated by dileptonic top background, while
SF has similar contributions from both top and Z — £/.

At this point, events are further divided by jet multiplicity. Different topological selec-
tions are applied to each multiplicity to target the suppression of different backgrounds and
while retaining signal efficiency under dissimilar event topologies. Table 6.2 compactly sum-

marizes the signal region event selection for all jet multiplicities and lepton flavor categories.

These are elaborated on in the following sections.
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Figure 6.1: Missing transverse momentum distributions for events after pre-selection for (a)
B, for Niee <1, (b) piiss for Nie <1, and (c) Er5™VF for Njo,>2 modes. The plot in (b)
is made after the requirement on [7,, and the one in (c) after the requirement on Fr. The
plot in (d) shows the frecon distribution in ee4ju events passing the Nj=0 selection after
mge < 50 GeV for simulated DY, non-DY and signal processes. The shaded area (too small
to be visible in these figures) represents the uncertainty on the signal and background yields
from statistical, experimental, and theoretical sources. The signal is overlaid as a red curve
in (a) and (b); in (c), the ggF signal is stacked at the bottom while the VBF signal is overlaid
as a thick black line.
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Figure 6.2: Jet multiplicity for events in 8 TeV data. The plots are shown for the (a) eu+pe
and (b) ee+pp channels after pre-selection and Er,, > 25 GeV and > 45 GeV, respectively.
The signal is too small to be seen, but falls mostly in the 0O-jet bin. The shaded area
represents the uncertainty on the signal and background yields from statistical, experimental,
and theoretical sources.

6.5 O0-jet Analysis

Events with zero selected jets must satisfy further topological selections. The opening
angle between the dilepton system and the Fr direction, A¢M, Br must be greater than 7.
Further selections are pr g > 30 GeV, my < 50 GeV, and A¢y < 1.8 radians. The transverse
mass is fit rather than cut on to obtain the final result, but a cut of 0.75 X my < mpr < mpg
is considered to give a representation of the event counts in the signal rich region of m.
Table 6.3 shows the expected signal and background events along with the number observed
in data after each cut in the SF and DF channels in this jet category.

Figure 6.3 shows the my and Agy, distributions in the DF channel before the my, selec-

tions. Figure 6.4 shows the transverse mass for both DF and SF channels after all selections.

6.6 1-jet Analysis

In addition to the my and A¢ selections of the 0O-jet analysis, the 1-jet analysis applies

additional cuts to suppress the top and Z— 77 backgrounds. Events where the jet is tagged
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Figure 6.3: Kinematic distributions in the Nj,=0 channel: my, (left) and Agy (right) after
the cut on pf. The signal is added on top of the background. The W and top backgrounds
are scaled to use the normalisation derived from the corresponding control regions described
in the text. The shaded area represents the uncertainty on the signal and background yields
from statistical, experimental, and theoretical sources.
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Figure 6.4: Distribution of the transverse mass, mr, for 8 TeV data. The plots are shown
for the ep+pe (left) and ee+pp (right) channels in the Nj,=0 mode. The distributions are
shown prior to splitting the samples into two my, regions for the ep+pe channel. The visible
signal is stacked at the top of the background. The shaded area represents the uncertainty
on the signal and background yields from statistical, experimental, and theoretical sources.
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Category Nier=0 Nier=1 Njet =2

Two isolated leptons (¢ =e, u) with opposite charge
Leptons with pr'®d > 25 and ppsiblead > 15

eupe: mgg > 10

ee+pp: mop>12, | myg —my | >15

Pre-selection

Missing transverse ep+pe: B > 25 ep+pe: B > 25 ep+pe: Bp>20
eetpp: B > 45 ee+pp: B > 45 eet+up: B >45
momentum and eetpup: PSS > 45 eetppu pRiS > 45 ee+pp: BrSTVE > 35
hadronic recoil " #Torel " #Torel C AT
ee+ frecoil <0.05 ee+-pp: frecoil <0.2 -
- Nb—jot =0 Nb—jet =0
General selection Aoy, Br>T /2 - pipt < 45
P> 30 eptpe: Z/y*—11 veto eutpe: Z/y* =TT veto
- - mj; > 500
- - ijj >2.38

VBF topology

- - No jets (pr > 20) in rapidity gap

- - Require both ¢ in rapidity gap

mype < 50 mype < 50 myee < 60
HWW®stvty Agy<1.8 Agp < 1.8 Agp < 1.8
topology ep+pe: split myy ep+pe: split myy -

Fit m7 Fit m7 Fit mr

Table 6.2: Selection listing for 8 TeV data. The criteria specific to eu+pe and ee+pup are
noted as such; otherwise, they apply to both. Pre-selection applies to all Nj modes. The
rapidity gap is the y range spanned by the two leading jets. The my, split is at 30 GeV.
The modifications for the 7TeV analysis are given in Section 6.12 and are not listed here.
Energies, masses, and momenta are in units of GeV.

as a b-quark are vetoed. The 77 invariant mass m.,, is computed assuming the neutrinos
from the leptonic tau are collinear with the 7 decays [68]. If the fraction of energy carried
by the visible decay products for the two taus, x,; and x,9, are positive, then m.,, must fall
outside of a £25 GeV window around the Z-pole. Table 6.4 shows the expected signal and
background events along with the number observed in data after each cut for the SF and
DF channels in this jet category.

Figure 6.5 shows the my, distribution after the Z — 77 veto and the A¢y distribution
after the my, cut in the DF channel. Figure 6.6 shows the transverse mass for both DF and

SF channels after all selections.
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Figure 6.5: Kinematic distributions in the Nj=1 channel: my, after the Z—77 veto (left)
and Agy, after the cut on my, (right), The signal is added on top of the background. The
WW and top backgrounds are scaled to use the normalisation derived from the corresponding
control regions described in the text. The shaded area represents the uncertainty on the
signal and background yields from statistical, experimental, and theoretical sources.

> 7T L L L N A B > QOFT T T T T T T T T T T T T T T T T
@ o s 4 ] ) E . P E
O [ ATLAS Preliminary gt 2000 1 O gof ATLAS Preliminary g one = 008 =
3 120 (s=gTev,fLat=207* i Elsnoeror 3 - (s=8Tev,[Ldt=207fp* [J& [EJSngeTp 7
~ - o) i B Ztiets [] W+jets i -~ 70E o i B Z+ets [ Wets =
g 100; H-WW' 'S evuv/pvev + 1 jet B H[25Gey] g g H-WW'’ - evev/uvpv + 1 jet B H (125 Gev] E
3 C b o) 60 3
Lﬁ L ] LI>.| E 7
801~ = 501 E
60F = 40F E
- . 30F =
401~ - E ]
C - 20 =
2F g 106 E

”””” ~ 300 150 200 250 300

my [GeV] m; [GeV]

Figure 6.6: Distribution of the transverse mass, mr, for 8 TeV data. The plots are shown for
the ep+pe (left) and ee+pp (right) channels in the Nji=1 mode. More details are given in
Figure 6.4
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(a) ep+pe channel

Selection Nobs Npkg Nsig Nww Nyv Nyp N NZ/«/* Nw 4 jets
Nijet =0 9024 9000 +40 I724£2  4900+20 370+£10 510£10 310410 2440+30 470 +10
Abyy pp>%5 8100 8120+40 170+2 4840420 360+10 490+£10 310410 1690 +30 440 +£10
P > 30 5497 5490 + 30 156+2 405020 290+10 45010 280410  100+10 3205
mee < 50 1453 1310410 12441 960+10 11046 69+ 3 46 +3 1847 100 +2
A< 1.8 1399 1240410 11941 93010 10746 67+3 44+3 1347 88 +2

(b) ee+pp channel

Selection Nobs  Nokg Nsig Nww Nyv Nyg Ny Nz, yx Nw + jets
Nijet=0 16446 15600 £200 104 +1 24404+10 19045 280+£6 17546 12300£160 170£10
Ay pp>% 13697 12970+140 10341 2430 £10 19045 280+6  174+£6  9740+£140 16010
P > 30 5670 5650 + 70 99+1 2300+10 170+£5 260+6 167+5  2610+70 13444
mye < 50 2314 2390+ 20 84+1 7604+10  64+3  53+3 4243 1410+20 62+3
PRiss > 45 1032 993+ 10 63+1 6504+10  42+2 4743 39+3 200+5 1942
Ay < 1.8 1026 983+ 10 63+1 640 4+ 10 41+2 46 £3 39+3 195+5 18+2
Frecoil < 0.05 671 647+ 7 12 +1 520+ 10 302 1942 2242 49+3 12+1

Table 6.3: Selection table for Nj;=0 in 8 TeV data. The observed (Nyps) and expected (Nexp)
yields for the signal (Ng,) and background (Nykg) processes are shown for the (a) eu+pe
and (b) ee4pp channels. The composition of Ny, is given on the right. The requirements
are imposed sequentially from top to bottom. Energies, masses, and momenta are in units
of GeV. The uncertainties shown are only those due to limited MC statistics.

(a) ep+pe channel

Selection Nobs Npkg Nsig Nww Nyv N Ny NZ/W* Nw 4 jets
Njer=1 9527 9460 440 97+1 1660+ 10 27010 4980£30 1600£20 760 =+20 195+ 5
Np_jet =0 4320  4240+30 8541 1460+ 10 2204+10 1270+10 460+ 10 670410 160 +4
Z—TT veto 4138 4020+ 30 8441 1420+10 2204+10 1220+10 440+10 580410 155 +4
myge < 50 886 830+ 10 6341 270+ 4 6945 216 =6 80+4 149+5 46 £ 2
Agpp < 1.8 728 650 £ 10 5941 25044 60 +4 204+ 6 76 +4 28 +3 3442

(b) ee4pp channel

Selection Nobs Nypxg Nsig Nww Ny v Ny N¢ NZ/’y* Nw 4 jets
Njer=1 8354  8120£90 54+1 820410 140+10 2740420 890+10 3470+80 60 =+ 10
Np_jet =0 5192 4800 £ 80 48+1 720410 120410 720410 260410 2940 £70 40410
myge < 50 1773 1540420 38+1 19544 3542 166 +5 65+3 1060 4+ 10 20+ 2

Py > 45 440 420410 2141 148 +3 21+1 128 +5 52+3 64+4 5.140.8
Agop < 1.8 430 410410 2041 14343 2041 12545 51+3 6344 4.5+0.7
Frecoil < 0.2 346 320+10 16+1 128 +3 1741 97 +4 44+3 2542 3.1+0.6

Table 6.4: Selection table for Nji=1 in 8 TeV data. More details are given in the caption of
Table 6.3.
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6.7 2-jet Analysis

The 2-jet selections are geared to select signal events from the VBF production mech-
anism. The selections were optimized treating the ggF process as a background to further
enhance the VBF signal above all other physics processes. The event must contain at least
two selected jets. A Z — 77 and b-jet veto are made as in the 1-jet analysis. To further
suppresses the top background, piet = |p% + p¥ + B | must be less than 45 GeV, where p¥
only contains contributions from the tag jets. Further selections are made on the two jets
with the highest pr. The dijet invariant mass m;; is required to be larger than 500 GeV.
The rapidity gap between the jets must satisfy |Ay;;| > 2.8. The top background will tend
to have more soft gluon radiation than the VBF signal, which mostly falls into the central
region of the detector. To suppress the top background events are therefore vetoed if they
contain additional selected jets with pr > 20 GeV between the two highest pr jets. Events
with leptons outside of the two tag jets in rapidity are also vetoed. my < 60 GeV and
A¢ < 1.8 is finally required. Table 6.5 shows the expected signal and background events
along with the number observed in data after each cut in the SF and DF channels in this jet
category.

Figure 6.7 shows the |Ay;;| distribution after the p'e" selection as well as m;; after the
cut on |Ay;;| for both DF and SF channels. Figure 6.8 shows the my, and Agy, distributions

after the outside lepton veto. Finally, figure 6.9 shows the transverse mass distribution for

DF and SF after all selections.

6.8 Control Regions

Background rich control regions (CRs) close in phase space to the signal region (SR)
are used to normalize the main backgrounds. There are seven control regions used in total.
There are 0- and 1-jet control regions for the WW background, 1- and 2-jet control regions

for the top background, and 0-, 1-, and 2-jet control regions for Z — 77. Nearly all of the
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Figure 6.7: The Ay;; and m;; distributions after the pi** <45 GeV cut. pf* is defined as the
total transverse momentum of all leptons, jets and missing Ep passing the selection. The m;;
distribution is shown after the Ay;; >2.8 cut. The shaded area represents the uncertainty
on the signal and background yields from statistical, experimental, and theoretical sources.

112



> 30_' L L B B B B L B R B > LA s Ly L Ly B L B B
) N . 2 ] ) L 2 J
S - ATLAS Preliminary g pee = 00on = o S0C ATLAS Preliminary g o 2 0o, ™
N 25 Vs=8 TeV,I Ldt=20.7f* [« [ SingleTop ~ — « \s=8 TeV,I Ldt=20.7fpt [Jd [ Single Top i
-~ - 1) . I Z+jets [ WHiets i ~ o) . [ Z+jets [ WHets 7
g - H-WW' ' —evuv/uvev +22] gl gof [ vbisvh b ‘2 HoWW' ' evev/iuvuv +2 2 mll gof [ vbevh i
o 20 - b5 ]

2 - b >
w C ] w ]
151 = ]
250

m; [GeV] m, [GeV]
3 e L A B s R 3 L B e e B
§ 18- ATLAS Preliminary gt Guoow o o ATLAS Preliminary gy o 2 Sueross
S 160 Vs=8TeV,[Ldt=20.7fb" [J&  [JSingeTop 7 o (s=8TeV,[Ldt=207f" [Jd  [EJSngeTop 7
- C 1) . I Z+jets [ WHiets ] - o) . [ Z+jets [ WHets i
@ qaf H-WW' -evuviuvev +22 gl oot [ vorevn = 2 H-WW' '~ evev/uvuv += 2| mll gt [ wbisvh ]
o 12F E [ : % .
10k = D ij ]
g E i .
8l 3 R, ]
6 — =
4 - E
) ]
% o5 1 15 2 25 3 % o5 1 15 2 25 ¢ 3
Ap, [rad] Ap, [rad]

Figure 6.8: The my, and the A¢y, distributions after the outside lepton veto cut, accepting
events with leptons between the two tagging jets. Adgyg is shown after the my, <60 GeV
cut. The shaded area represents the uncertainty on the signal and background yields from
statistical, experimental, and theoretical sources.
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Figure 6.9: Distribution of the transverse mass, mr, for 8 TeV data. The plots are shown for
the ep+pe (left) and ee+pyu (right) channels in the Nje,>2 mode. More details are given in
Figure 6.4

113



(a) ep+pe channel

Selection Nobs Nikg Nsig vBF ~ VsigggF Nww Nyv Nyt Ny Nz Nw 4 jets
Njet >2 48723 47740 80 43+1 67+1 940+ 10 300 + 20 41800 £ 70 2370 4+ 20 1800 + 30 440+ 10
Npjet =0 5852 5690 + 30 3141 49+1 690 + 10 200+ 10 2930 + 20 350 £+ 10 1300 £ 20 171+5
;l)tTot < 45 4790 4620 + 30 27+1 4141 590 £+ 10 160 4+ 10 2320 + 20 290+ 10 1100 £ 20 126 +4
Z—TT veto 4007 3840 + 30 25+1 38+1 540 £+ 10 140+ 10 2150 + 20 260 + 10 600 + 20 108 +4
Ay;;>2.8 696 680 £+ 10 12+0.2 95403 100+£2 25+3 380+ 10 55+3 9545 19+2
mj; > 500 198 170 +4 7.54+0.1 2.940.2 34+1 5.64+0.6 93+3 11+1 19+2 4.44+0.7
Nojetsiny gap 92 == 6.3+0.1 1.74+0.2 25+1 2.8+0.4 30+2 5.240.8 9+1 3.1+0.6
Both Ziny gap 78 59 +2 6.1+0.1 1.6+0.1 19+1 2.1+£0.3 2241 4.3+0.7 7T+1 24405
myee < 60 31 16+1 5.54+0.1 1.5+0.1 3.84+0.4 0.74+0.2 4.5+0.7 0.74+0.3 4.44+0.8 1.0+04
Agpp < 1.8 23 12+1 5.14+0.1 1.3+0.1 3.54+0.4 0.64+0.2 3.7+0.7 0.74+0.3 1.9+0.5 0.6+0.3
(b) ee+pp channel

Selection Nobs Npxg Nsig, VBF Nsig,geF Nww Nyvy Nyp Nt NZ/’y* Nw 4 jets
Njet >2 32877 32300 4 100 26+0.7 40+1 540+ 6 180+ 10 24540 4+ 60 1390 £ 20 5420 + 90 190 + 10
Npjet =0 65388 6370 + 80 19+0.6 30+1 390 +5 130+ 10 1750 £+ 20 200+ 10 3810 + 80 58 +4
p%?t < 45 4903 4830 £ 70 174+0.5 24+1 340+4 9245 1370 £ 10 170 £ 10 2790 + 70 4343
Ayjj>2.8 958 930 £ 30 8.14+0.2 6.24+0.3 6142 12+1.3 252+6 3542 560 £ 30 641
mj; > 500 298 245 +6 5.5+0.1 2.14+0.2 23+1 414+1.1 62+3 9+1 14245 1.4+0.6
No jetsiny gap 147 119+4 4.7+£0.1 1.14+0.1 17+1 2.8+1.1 19+1 4.14+0.7 74+3 0.74+0.4
Both £iny gap 108 8543 4.54+0.1 0.94+0.1 12+1 2.3+1.1 14+1 3.1+0.6 5143 0.34+0.3
myy < 60 52 4042 4.0+0.1 0.84+0.1 3.24+0.3 1.6+1.1 3.74+0.6 0.84+0.3 30+2 0.14+0.2
Agpp < 1.8 42 3442 3.7+0.1 0.7£0.1 2.84+0.3 1.6+1.1 3.34+0.5 0.74+0.3 2542 0.14+0.2

Table 6.5: Selection table for Nj,>2 in 8 TeV data. More details are given in the caption of
Table 6.3. In this table, the N gor is included in Nypyg; the Ngg vy is included in Ngg vBr,
but the contributions are negligible after the VBF-related criteria. The y gap is described

in Table 6.2.

control regions mentioned here use only events from the e/u + p/e channels, where both

DF channels have been summed together. The exception is the 2-jet top CR, where both

DF and SF are summed to increase statistics. Each control region is therefore a single bin.

Associated with each control region is an independent normalization parameter for the target

background. There is cross-talk between the backgrounds in the control regions such that

the normalization parameters must be fit simultaneously. For example, the WW control

region in 1-jet contains substantial top background. The top normalization in this region

must therefore be simultanously determined using information from the 1-jet top control

region.

Experimental and theoretical systematic uncertainties are considered on the extrapolation

between signal and control regions, as well as on the extrapolation between the various control
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regions. MC statistical uncertainties on the extrapolation are effectively taken into account
through their implementation as described in Section 5.3.1. The relevant quantity to describe
the extrapolation factor is the ratio of acceptances in each region. For a background B, this
isap = ;S;fl; for the CR—SR extrapolation and S = zé—z for the CRy —CR; extrapolation.
Theoretical uncertainties on the quantities a and [ are typically applied to the expectation of
the target background in the region to which the background is extrapolated. Experimental
uncertainties are applied on the absolute acceptances in all regions. These two methods are
equivalent and lead to the same effective uncertainty on the background, but the uncertainty
on the ratio of acceptances is more straight forward to compute for sources like QCD scale,
PDF uncertainties, or modeling uncertainties.

The WW CRs are defined similar to the SR. The my and Ay cuts are dropped. The
region 50 < my, < 100 GeV is used in 0-jet and my > 80 GeV is used in 1-jet. A WW
validation region with my, > 100 GeV is also used in 0-jet to validate the CR—SR WW
extrapolation. This is described later in Section 6.8.1. The top CRs drop the selections on
mp, Aoy, and my,. For Z — 77, all cuts are dropped after preselection with the exceptions
Ay > 2.8 and my < 80 GeV.

Table 6.6 shows a summary of the yields in each control region. Figure 6.10 shows the
transverse mass distribution in the WW CR for the 0- and 1-jet channels. Figure 6.11 shows

the transverse mass for the top CR for the 1- and 2-jet channels.

6.8.1 Control Region Validation

The extrapolation from the WW CR to the SR in 0-jet is validated using a similarly
defined region. A two category likelihood is used where the first is the standard 0-jet WW
CR with 50 < my, < 100 GeV, and the second is the my, > 100 GeV region. The method
of computing systematics on the backgrounds and extrapolation is identical to the standard
analysis. The likelihood can be parametrized such that the ratio of WW normalizations
between the regions, a = %, is the parameter of interest and the WW normalization in

I
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Figure 6.10: mry distributions in the WW control region in the Nj=0 (left) and Njq=1
(right) analyses, before normalising the simulation to the rate in data. Only ep+pe channels
and /s = 8 TeV data are shown. The top backgrounds are scaled using the normalisation
derived from the corresponding control regions described in the text. The shaded area
represents the uncertainty on the signal and background yields from statistical, experimental,
and theoretical sources.
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Figure 6.11: Distributions of mr in Nji=1 (left) and N >2 (right) top background control
regions. The distributions are normalised to the data. The right-most bin in Nje>2 repre-
sents the overflow. The shaded area represents the uncertainty on the signal and background
yields from statistical, experimental, and theoretical sources.
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Estimate Nobs Npkg Nsig Nww Nvv Ng N NZ/W* Nw 4 jets

wWw
Njet=0 2224 1970+ 17 31+0.7 1383+£9.3 100+£6.8 1524+4.4 1074+4.3 68 + 10 160 4 3.6
Njet=1 1897 1893+17 1.940.3 752+6.8 88+5.5 717+£9.5 243+ 6.7 37+7.5 56 2.5
Z [y =TT
Njet=0 1935 2251+31 2.540.2 61+£1.9 85+£1.1 4.5+0.8 2.74+0.6 2113+31 61 +3.8
Njet=1 2884 3226+34 7.5+0.3 117+£2.7 22+3.1 570 £ 8.4 50+£3 2379 + 32 88+4.3
Njet>2 212 224 +7 0.6+0.1 13+1 4+1 4443 541 148 +6 9+1
Top
Njet=1 4926 4781 + 26 124+0.5 184 £3.7 43+9.5 3399+ 20 1049 £ 13 724+3.1 35+2.2
Njet 22 126 201 £5 1.64+0.1 6.4+0.4 1.0£0.3 157+4 26 £2 9+1 0.34+0.4

Table 6.6: Control region yields for 8 TeV data. The observed (Nops) and expected (Nexp)
yields for the signal (Ng,) and background (Npkg) processes are given. The composition of
Npyg is given on the right. For Nje;>2, Ngig oo is added to Npie. In general, no normalisation
factors are applied with the following exception: the top and Z/~*—77 normalisation factors
are applied for the corresponding estimates in the W CRs. All uncertainties are statistical.

the validation region is a nuisance parameter. The test statistic ¢ = —21n ﬁ(ﬁczz)l) is used to

quantify compatibility. This is therefore testing the hypothesis that the two normalizations
are equal to the hypothesis that they take on their independent unconditional values. ¢ is
asymptotically distributed as a y? with one degree of freedom. The two sided probability for
obtaining ¢ larger than that that which is observed is p = 2(1 — ®(,/g)). This corresponds
to a statistical significance Z = ®~(1 — p) = @71(2®(,/q) — 1). In the 8 TeV dataset, the
test gives a statistical significance of 1.3 standard deviations.

This test is not able to be performed in the 1-jet channel because no validation region
with alternate my, criteria can be defined that would give sensitivity to the extrapolation

validity.

6.9 Pacman

The Z/v* background in the SF channels is estimated using the Pacman method. After
the p% cut, the Z/v*— €f background that remains will be boosted in one direction, and
balanced in the other by soft hadronic activity. Processes with real Fr in the form of

neutrinos, however, will tend to be balanced by real missing energy. The soft hadronic
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Figure 6.12: Scheme representing the Z/DY estimate procedure (the Pacman method).

activity in the quadrant opposite the dilepton axis can therefore be used to discriminate the
Z/v* background from processes with real 7. This method is represented in Figure 6.12.

The variable to quantify this activity, fiecoi, i defined for the 0-jet channel as:

| Z'e S |JVF| X IBth
frecoil - 1t pa il (65)
T

The requirements pr > 10 GeV, |n| < 4.5, and %’T < Ap(ll,jet) < %’T are applied to the

jets included in the numerator. The f,oon distribution normalized to unit area is shown in
Figure 6.13 for signal, DY, and the non-DY background for events in the 0-jet signal region.
The Z/~* rejection versus signal efficiency is also shown.

The method can be extended to the 1-jet channel. In this case the dilepton system
is already balanced by a hard jet for Z/4*, though the dilepton+jet system will still be

balanced by the soft activity. The f..on variable can therefore be modified and redefined

extended

extended In addition to the pr and |n| selection, jets in the numerator must now pass

as

?jf < Ap(llj,jet) < %’T. That is, they must be in the quadrant opposite the dilepton-+jet

9% extended

system. The denominator is also modified to be p;”. fic o9 is shown in Figure 6.14 for

signal, DY, and non-DY backgrounds in the 1-jet signal region. Also shown is the Z/v*

extended

rejection versus signal efficiency for fo<

A cut of 0.05 is applied t0 frecon in O-jet and 0.2 to feterded i J_jet. Because these

recoil

variables rely on soft hadronic activity, it is not expected that the MC will estimate the

extended

eeed efficiencies

efficiency well. The data-driven method used to estimate the fi..on and
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Figure 6.13: Left: Rejection of Z/DY background is plotted versus signal efficiency
(“ROC” curves) for different hadronic recoil energy variables in the 0-jet signal region (af-
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for Z/DY background, non-DY backgrounds (i.e. top, W+ jets, WIW and other diboson
backgrounds) and 125 GeV Higgs signal.
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Njet Www top Z|y* =TT Z/y*—=tt W +jets WZJZZ/W~y
=0eptpe | CR CR CR MC Data MC+VR

=0 eet+pp | CR from eutpe CR from eppe CR from ep+pe Data Data MC+VR
=1eu+pe | CR CR CR MC Data MC+VR
=1eet+pp | CR from ep+pe CR from eppe CR from ep+pe  Data Data MC+VR

> 2 eut+pe | MC CR from eu+pe+ee+pup  CR MC Data MC

> 2 eet+pup | MC CR from epu+petee+pup  CR from eu+pe  Data Data MC

Table 6.7: Background treatment summary. The estimation procedures for various back-
ground processes are given in four categories: normalised using a control region (CR); data-
driven estimate (Data); normalised using the MC (MC); and normalised using the MC, but
validated in a control region (MC+VR). The “from eu+pue” denotes that for the ee+ppu in
the same Nje, mode, the ep+pe region is used instead. The “from ep+pe+ee+pup” denotes
that the four regions are merged.

is described in Section 6.13.1.

6.10 Backgrounds

This section describes how the major backgrounds are estimated. WW and top (¢t and
single top, including tW, tb, and tgb) are the leading backgrounds in all jet bins. There are
further contributions from Z/v* — 00, Z/~v* — 77 with leptonic taus, W+jets with one fake
lepton, and non-WW diboson, including WZ®), W~, W~* and ZZ. Table 6.7 summarizes

the major backgrounds and how they are estimated in each channel.

6.10.1 WW

In the 0- and 1-jet channels, the WW background is normalized using a control region
close in phase space to the signal region, as described in Section 6.8. In the 2-jet channel,
this background is taken from MC, and includes additional electroweak contributions from

vector boson scattering.

6.10.2 Top

In the 1- and 2-jet channels, the top background is normalized using a control region

close in phase space to the signal region, as described in Section 6.8. In the 0O-jet channel, a
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data-driven method is used. A 2-jet inclusive control region requiring at least one b-tagged

jet at the preselection stage is used to estimate the probability for top events to lose a

PlBtag,data

jet, . Contributions due to non-top backgrounds are subtracted from the control

sample. Probing jets in the control sample are defined as jets that are at least 0.1 away from
the a tagged jet in AR. PP ig therefore the ratio of the number of events with no

probing jets to the total number of events. The corresponding quantity in MC is PlB tag,MC

PBtag,data

2
The probability for a top event to end up in the 0-jet bin is Plstimated — <W> x PMC.
1

pEstimated PBtag,data 2 ] .
The scale factor -2 ST = (;Btag,Mc ) can therefore be used to correct the MC in the 0-jet
2 1

bin.

6.10.3 Z/v*— 711

In all channels, the Z/v*—77 background is normalized using a control sample close in

phase space to the signal region, as described in Section 6.8

6.10.4 Z/y*— 0

In the DF channels, the Z/y*—£¢ contribution is small and estimated from MC. In the
SF channels, a data-driven method is used to estimate the background. For details on the

method, see sections 6.9 and 6.13.1.

6.10.5 W-jets

A data-driven method is used to estimate the W+jets background in all regions. The
lepton from the W — fv decay should be well modeled from MC, but the kinematics and
fake rate of the second lepton is not. A W-jets enriched control sample used to estimate
the probability for a jet to fake a lepton. Events in this sample must have one lepton which
passes the standard lepton selections. The sample is split into two disjoint pass-fail samples.
In the fail sample, a second lepton must fail the standard criteria, but pass a looser criteria.

In the pass sample, a second lepton must pass the standard criteria. A fake factor f, is
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Figure 6.15: my distributions for the same-charge W+~ validation region: in the zero-jet
(left) and one-jet (right) selection. The ep and pe channels are combined. The shaded area
represents the uncertainty on the signal and background yields from statistical, experimental,
and theoretical sources.

defined as the ratio of the pass to the fail sample and is computed as a function of n and pr.
The fail sample can also be defined for events in the standard event selection, in which one
lepton passes and one fails the ID criteria, but also passes the looser selections. The W+jets

contribution can be estimated with the events in this fail sample weighted by f.

6.10.6 WZ/ZZ/W~/W~*

Non-WW diboson backgrounds are estimated purely from MC. This is validated with
a same-sign validation region, in which all standard selection criteria are applied, but the
leptons have like signs. The validation region also receives contributions from W+jets, which
can be estimated as in Section 6.10.5. The transverse mass distribution for this region is

shown in Figure 6.15 separately for the DF and SF channels.

6.11 Systematics from Auxiliary Measurements

Systematics originating from external measurements can be divided into three classes.
There are theory systematics on cross sections and the shapes of kinematic variables due to

QCD scale, choice of parton density functions, and MC generator. There are experimental

122



systematics due to unknowns in object reconstruction and detector and collider performance,
e.g. jet energy scale (JES), electron efficiency, and luminosity. Finally, there are uncertainties
due to limited MC simulation statistics. The latter is covered in Section 5.3.1. The former
are treated lognormally as discussed in Section 5.3. The sources considered are expanded

upon here.

6.11.1 Theory Systematics

Systematics due to QCD scale inputs to theoretical calculations are computed by varying
the renormalization and factorization scale up and down independently by a factor of two
around its nominal value, with the maximum deviations from nominal taken as the *lo
uncertainty. This uncertainty is assumed to be uncorrelated among signal and background
production processes. The QCD scale uncertainty on the ggF' cross section is the dominant
systematic on the final p measurement. The uncertainty on the total and N-jet inclusive
cross sections are all taken to be uncorrelated and amount to 8%, 20%, and 70% for the 0-,
1-, and 2-jet bins for my = 125 GeV. The uncertainty must be written within the exclusive
jet bins and is treated according to Section 5.3.5. In the 2-jet bin, special consideration
is made for the VBF selections. In particular, the central jet veto requires an additional
uncertainty on the 3-jet inclusive cross section, which is treated as an extension to the 0-
and 1-jet jet binned uncertainties. The QCD scale uncertainty on the VBF production cross
section is small at around 1%. The scale uncertainties on production cross sections on the
VH process as well as all backgrounds processes that are not estimated with data-driven
methods are also considered.

The QCD scale uncertainties on kinematic acceptance for various processes are considered
and computed as above. In cases where backgrounds are estimated from some auxiliary con-
trol region R; and extrapolated to a second region Ry, the uncertainty on the extrapolation

NE2

coefficient —#< are considered and implemented in the expected rate in Ry. The uncertainty
MC

on acceptance is assumed to be uncorrelated from the uncertainty on total production cross
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section, and also between jet bins.

Systematics due to PDFs are computed as in [55, 56] for all processes to which they are
applicable. These systematics are assumed to be correlated between processes with similar
production modes, and grouped into the three categories gg, qg, and ¢q. For example, both
W7 and VBF Higgs processes are initiated through ¢q and so the uncertainty on the two are
taken to be correlated. Uncertainties on acceptance due to PDF's are also computed and are
taken to be uncorrelated with the uncertainty on the total cross section similar to the QCD
scale treatment.

Systematics due to MC modeling, underlying event, and parton showering on acceptance
are finally considered by comparing various MC generators and taking the envelope as the
+10 variation. These are non-negligible on the ggF Higgs signal and the extrapolation from

WW and top control regions to the signal region.

6.11.2 Experimental Systematics

Experimental sources of systematics are treated as correlated between signal and back-
ground processes for each source. For each systematic, the source is varied by +1lo and
the variation of the expected rate is computed. These are provided as the boundary values
to the treatment outlined in Section 5.3.2. Systematics are considered from lepton energy
scale (LES), resolution (LER), and efficiency, jet energy scale (JES) and resolution (JER),
b-tagging efficiency, trigger efficiency, luminosity, and on the W+jets fake-factor.

The systematics due to LES and JES are propogated to the By and £r°"F calculations.

STVE are considered from jets with pr < 20 GeV and

Further uncertainties on Fr and Er
low energy calorimeter deposits not associated with reconstructed objects. The systematics
on LES are further propogated to pr. Further uncertianties are applied to pr scale and
resolution due to sources not induced from charged leptons by comparing Z events in data

and MC as a function of the total hard py of the event.

The JES systematics are divided into various experimental sources, each of which is
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taken to be uncorrelated. These include the n intercalibration of jets from the central to
the forward region, high-pr jets, MC non-closure, topologies with close-by jets, quark/gluon
composition and calorimeter response, b-jet energy scale, in-time and out-of-time pile-up,
and in-situ jet energy corrections.

LER, LES, lepton and trigger efficiency uncertainties are estimated from Z — ¢, J/1 —
0, and W — (v decays. The electron efficiency uncertainty is between 2-5%, while the
others are less than 1%.

The uncertainty on the W+jets fake factor is considered as a function of lepton pr, and
is around 40%.

The uncertainty on the total integrated luminosity is taken to be 3.6%.

6.11.3 Summary of Systematics

Table 6.8 shows the main systematics on the signal and background broken down by
source. The extrapolation uncertainties on the control regions are shown in Table 6.9. These
are futher broken down by source for the extrapolation of the WW background in Table 6.10.

Due to anticorrelation of many major systematics between the backgrounds, the uncer-
tainty on the total background is lower than the individual backgrounds. Table 6.11 shows
the expected events for the signal and total background along with the observed events,
and the breakdown by each background source after a cut on the transverse mass. The

uncertainty on the expected rates are also given.

6.12 7 TeV Analysis

The analysis of the 7 TeV data follows the 8 TeV analysis closely to allow for a robust
combination of the two. Underlying event and pile-up is simulated with PYTHIAG as opposed
to PYTHIAS at 8 TeV, though PYTHIAG is still used for the WW background at 8 TeV. The
JVF selections were loosened due to the lower pileup conditions in 2011. The SF channels

were similarly optimized due to the lower Z/v* levels. Finally, the 2-jet analysis uses a cut
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Signal processes (%) Background processes (%)

Source N]'et:O N]'et:l Njet22 Nietzo N]'etzl Njet22

Theoretical uncertainties
QCD scale for ggF signal for Nje; >0 13 - - - - -
QCD scale for ggF signal for Nje > 1 10 27 - - - -
QCD scale for ggF signal for Nje; > 2 - 15 4 - - -
QCD scale for ggF signal for Nje; >3 - - 4 - - -
Parton shower and UE model (signal only) 3 10 5 - - -
PDF model 8 7 3 1 1 1
H—WW branching ratio 4 4 4 - - -
QCD scale (acceptance) 4 4 3 - - -
WW normalisation - - - 1 2 4

Experimental uncertainties
Jet energy scale and resolution 5 2 6 2 3 7
b-tagging efficiency - - - - 7 2
frecoi efficiency 1 1 - 4 2 -

Table 6.8: Leading systematic uncertainties on the expected event yields for the 8 TeV anal-
ysis. The first four rows are calculated for inclusive Ve, modes and redistributed to exclusive
ones. The QCD scale uncertainties on the inclusive ggF cross sections are anti-correlated
between the exclusive Nj, modes. Sources contributing less than 4% to any column, and
individual entries below 1%, are omitted.

Estimate Stat. (%) Theory (%) Expt. (%) Crosstalk (%) Total (%)

ww
Njet=0 2.9 1.6 4.4 5.0 7.4
Njer=1 6 5 4 36 37
Top
Njer=1 2 8 22 16 29
Nijer>2 10 15 29 19 39

Table 6.9: Total relative uncertainties on backgrounds that are normalised using control
regions (CR). The statistical component (Stat.) is from the CR yields; the theoretical un-
certainties (Theory) are from the « extrapolation parameter; the experimental (Expt.) un-
certainties are given. The approximate uncertainties on the normalisation of other processes
in the CR (Crosstalk) are given. The WW and top in Nj=1 are anti-correlated due to the
b-jet selection, so that the uncertainties partially cancel.

on mr < 150 GeV rather than binning the distribution due to lower MC statistics.
The mr distributions for the DF and SF channels in each 0- and 1-jet bins are shown in

Figure 6.16. Table 6.12 shows the expected events by jet bin after an my cut.
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Figure 6.16: Distribution of transverse mass, mr, for 7 TeV data. The plots are shown for the
ep+pe (left) and ee4pp (right) channels in the Nj=0 (top) and Nje=1 (bottom) modes.
The visible signal is stacked on top of the background. The shaded area represents the un-
certainty on the signal and background yields from statistical, experimental, and theoretical
sources. Table 6.2 lists the selection order and Section 6.12 describes the modifications made
with respect to the 8 TeV analysis.
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Channel Range (GeV) QCD scale (%) PS, UE (%) PDF (%) Modeling (%)

]Vjotzo
eputpe 10 <mygp <30 0.9 0.2 1.5 —-1.2
eputpe 30 <mygp <50 0.9 0.8 1.1 —14
eetpup 12 <mygp <50 1.0 0.3 1.1 1.7
]\[jotz1
eutpe 10 <mygp <30 1.6 0.5 2.0 -5.1
eputpe 30 <mygp <50 1.5 0.5 1.8 —5.0
eet+pup 12 <myp <50 14 0.6 1.7 -3.1

Table 6.10: Uncertainties on the extrapolation parameters « for the WW background in the
Niet=0 and =1 channels. Uncertainties due to the QCD scale, PDF, parton shower (PS),
underlying event (UE), and modeling of the NLO qq, gg—WW processes are given. Each
source, represented by a column, is assumed to be uncorrelated, but for a given source the
uncertainties are assumed to be fully correlated among all signal regions with Nj,=0 and
=1. A relative sign between two entries in a column indicates anti-correlation between those
signal regions for that source of uncertainty.

Njet  Nobs Npkg Nsig Nww Nyv Ng Ny Nz Nwijets
=0 831 739 4+ 39 97 + 20 551 +41 58 £8 23+3 16 £2 30+£10 61 £21
=1 309 261+28 40+ 13 108 40 27+ 6 68 +£18 27+ 10 12+6 20+5
>2 55 36 +4 10.6+1.4 41+15 19+04 46+1.7 08+£04 2243 0.7£0.2

Table 6.11: Summary selection table for 8 TeV data. The observed (N,ps) and the expected
(Nexp) yields for the signal (Ng,) and background (Nyge) processes are given in a window
of mp. The composition of Ny, is given on the right. The ep+pe and ee+pp channels are
combined. The Ny, sums the ggF and VBF contributions. The selection modifications with
respect to Table 6.2 are discussed in Section 6.12. The uncertainty on Ny, accounts for the
correlations among the sources.

Njet  Nobs Npkg Niig Nww Nyv Nig Ny Ng/pe Nwijets
=0 154  161+11 25+5 113+10 1242 541 441 642 21+5
=1 62 A47+6 T2 16 +6 5+1 10+3 6+2 5+2 5+1
>2 2 46+0.8 1.44+0.2 0.74+0.2 - 0.7£0.5 0.1+0.1 24406 0.3+£0.1

Table 6.12: Summary selection table for 7TeV data for events in a window of myp. The
uncertainty on Ny, accounts for the correlations among the sources. More details are given
in the caption of Table 6.11.

6.13 Statistical Treatment

The core philosophy of the statistical model in the analysis is that major backgrounds

are normalized through dedicated control regions, which are described in section 6.8. Back-
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grounds without control regions are taken either from MC simulation, or estimated with a
data-driven method as described in section 6.10. The full transverse mass distribution after
all selections is used to extract the signal. The shape is taken from template histograms for
each signal and background process. In the DF 0- and 1-jet channels, the signal region in
each channel is further divided by 10 < my < 30 GeV and 30 < my < 50 GeV to take
advantage of different signal and background compositions and systematics. This is not done
in the SF 0- and 1-jet channels due to poor Z/~v* MC statistics. For the 0- and 1-jet channels,
in order to minimize the effects of limited MC statistics and to avoid empty bins that could
cause technical issues, the my distribution is first remapped such that the total nominal
background is flat in each category. Five, three, and four bins are used in the 0-, 1-, and
2-jet channels, respectively. The number of bins are chosen to maximize sensitivity while al-
lowing for a robust remapping given limited MC statistics. In the 2-jet channel the binning is
manually selected to have boundaries at 50, 80, and 130 GeV, with all underflow and overflow

included in the first and last bins, respectively. The full likelihood can be generally written as

signal regions control regions systematics

L0 = [ Moy x T PO o)< [ A@6)

W is a strength parameter multiplying the total signal such that p = 0 corresponds to
the background only likelihood and = 1 to the nominal signal 4+ background likelihood.
Each control region enters as a single Poisson, written explicitely in the formula, to avoid
over constraints on the nuisance parameters.

Systematics follow the procedures outlined in section 5.3. Normalization systematics
smaller than 0.5% are neglected to increase the computational performance of the model.
Similarly, shape systematics with a maximum deviation less than 1% in all bins are neglected.
Shape systematics are further examined to veto unphysical variations that arise simply due
to limited MC statistics. MC statistical uncertainties derived from the nominal distributions

are applied to the total background in each bin according to section 5.3.1.
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Upper limits using CLs, p-values, and 68% confidence intervals are computed using

asymptotic formulae described in Section 5.4.

6.13.1 Statistical Treatment of Pacman

Special consideration must be made to accommodate the Pacman method. The primary
motivation is to estimate from data the f...on efficiency for Z/v* (¢PY) and non-DY back-

NDY) " and the normalization of Z/4* in the signal region using events that fail

grounds (e
the frecon cut. The signal efficiency (58) is nearly identical to the non-DY backgrounds, and
the difference taken from MC is applied as both a systematic and a correction. The regions
used to estimate these quantities have all cuts applied except my, my, and A¢. The Z/v*
efficiency can be constrained using SF events within a £15 GeV window around the Z-pole.
The non-DY efficiency is constrained mostly from the DF SR. This is possible due to the very
low Z/~4* background in the DF SR and because the ficcon shape is similar between signal

and background. The Pacman-relevant components of the likelihood are written below.

£pacman -
N;gfs SR|>\£]§YSR6NDY) %
P(Ngit SFIARDy (1L — eNPY)) x
pass €NDY) + ,[Lg€ SR}‘%€ SREDY) X (66)

P SF SR|>\SF SR(l

— DY) o XET SR(1 = S(EN)) + Bl AR SR(1 - V) x

NSF Z|)\SF Z _NDY + ILLSF Z)\SF Z DY)

P NDY €

pass DY €

B
(
P(NSF SR|)\1€IISYSRENDY + )\gF SRES(
(V
(
(

P(NEE 7N (1= &%)+ g 2056 #(1 — £PV))

The signal region terms show only a single Poisson as a representation, though in the
full likelihood the SR pass regions are the binned my distributions. There are systematics
applied to the extrapolation of eNPY from the DF SR to the SF SR, and to the extrapolation

of ePY from the Z-peak to the SF SR. Finally, since £° is not identical to eNPY | a correction
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and systematic are applied to the signal by writing € as a function of eNPY.

5S(ENDY,9) = NDY CS(ENDY) % KS(ENDY)G

NDY (1_ -NDY NDY (1_ .NDY 0 (67)
Y (1= (1= fo)ggoviazsmr} ) x (1+ AZmvi=oy))

Cs(eNPY) is the correction term to correct for the difference between the non-DY back-

(gNDY)e

ground and signal fi..on efficiency. kg is a modified lognormal response term for the

nuisance parameter 6 and relative systematic A. )PY is the nominal value of eNPY from
data. fj is the ratio of the signal to the non-DY f,ccon efficiency from MC. The parametriza-
tion is chosen such that C's and kg satisfy the boundary conditions Cs(1) = kg(1) = Cg(0) =

Iis(O) = 1, with CS(EONDY) = f(] and Iis(ﬁgDY) =1+ A.

6.14 Results

The combined 748 TeV results are as follows. Figure 6.17 shows the value of py and the
95% upper limit on the signal strength . At my = 125 GeV, the observed (expected) py is
8x107° (1 x 1071), corresponding to 3.8 (3.7) standard deviations. The observed (expected)
excluded mass range is my > 133 (my > 119) GeV. Note that the search range only extends
to my = 150 GeV, so exclusion statements cannot be made about masses larger than this.
Figure 6.18 shows the value of i versus my and the contour of the likelihood for p versus
my.

At my = 125 GeV, the measured value of p is 1 = 1.01+0.21 (stat.) £ 0.19 (theo. sys.)
+ 0.12 (expt. sys.) £ 0.04 (lumi.) = 1.01 +0.31 (tot.). The breakdown of the uncertainty
on u by source is shown in Table 6.13.

To address the statistical significance of the VBF production mechanism, the signal

HUVBF+VH

is the parameter of interest and
HggF+ttH

expectation can be reparametrized such that a =
[eer is @ nuisance parameter which is profiled. In this way the test statistic g is a statement

mostly about the VBF process, with a small VH contribution that must be included due to
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Figure 6.17: Results for py (left) and 95% CL upper limit (right) using combined 7 TeV and
8 TeV data. The py is the given probability for the background-only scenario as a function of
my. The expected 95% CL upper limit is computed in the absence of a signal. The upper
limit is on the cross section normalised to the SM cross section. For both figures, the smaller
green bands represent 10 uncertainties on the expected values, and the larger yellow bands
represent +2¢ uncertainties.
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Figure 6.18: Signal strength parameter p vs. my: (left) fitted p value for the given my and
(right) two-dimensional likelihood contours of —21In A(u, my) in the best-fit signal strength.
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Category Source Uncertainty, up (%) Uncertainty, down (%)

Statistical Observed data +21 —21
Theoretical Signal yield (o - B) +12 -9
Theoretical WW normalisation +12 —12
Experimental Objects and DY estimation +9 -8
Theoretical Signal acceptance +9 -7
Experimental MC statistics +7 -7
Experimental W+ jets fake factor +5 -5
Theoretical Backgrounds, excluding WW +5 —4
Luminosity Integrated luminosity +4 —4
Total +32 —29

Table 6.13: Leading uncertainties on the signal strength p for the combined 7 and 8 TeV
analysis.

being similarly mediated through vector bosons. Figure 6.19 shows the delta log likelihood

versus « for the full 0+1+2-jet analysis and the contour of pyprive X gg";—%z VETSUS [lggF-ttH X

g%‘ The statistical significance of the VBF process is asymptotically \/m,
which corresponds to an observed (expected) significance of 2.5 (1.6) standard deviations.
Figure 6.20 shows the background subtracted transverse mass distribution with the ex-
pected signal at 125 GeV overlayed. The individual 7 and 8 TeV results are summarized in
Table 6.14. The measured value of the total inclusive pp — H production cross section at 8
TeV is shown in equation 6.8. The theoretical uncertainty on the total inclusive cross section

and branching ratio is factorized out of this number since it is included in the expected SM

Higgs production cross section shown below it.

(0 B)obs, s v = 6.0 £ 1.1 (stat.) £ 0.8 (theo. syst.) == 0.7 (expt. syst.) £ 0.3 (lumi) pb
— 6.0+1.67pb
(0 B)exp, s Tev. = 4.8 0.6 (cross section) £ 0.2 (branching ratio) pb

— 4.840.7 pb
(6.8)

The compatibility between the 7 and 8 TeV results was tested using the same method

described in Section 6.8.1, with the modification that the parameter of interest is defined as

133



X B/BSM

uVBF+VH

2InA

Figure 6.19: (a) Likelihood contours for separate ggF and VBF signal strength parame-
ters and (b) the likelihood curves for the ratio of the ggF/VBF strength parameters. The

T T I T T T T I T T T T I T T T T I T T T T T p=
5 ATLAS Preliminary *+ SM —
- Vs =7 TeV{Ldt = 4.6 fo’ + Best fit .

- Vs =8 TeV{Ldt = 20.7 fb* — -2 Im\(ggf.vbf) < 2.3
4 eI -ee- 22 INA(gYf VD) < 6.0
— '/" ~\~~~\ -

B e RNy ]
3_— /’ ) \\ ]
- \ ]
2__ \ ]
1 ~
— \Q o/ —

- ‘\.~ . e ]
oF e -
1 L [ [ [ [ L [ 1 L 1 [ L LT

0 0.5 1 1.5 BZ/B
X
Hogr SM
(a)

.L_ T T T T T | T T T T I- I. T T T | T T T T T T :
14r ATLAS Preliminary .
12F (s=7TeV: [Ldt=4.6-4.8fb" ]

(s=8TeV: [Ldt=13-20.7 fo™ 5

10:— m, = 125.5 GeV —:
| —H-w .
- —H-2z2"_ 4 .

B —H - ww” i =
6__ H - 11 ]
L -

1 1 1 1 I 1 1 I_

3 4
H I

VBF+VH ggF+ttH

H—WW® 0uly analysis uses the combined 7 and 8 TeV data.
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Figure 6.20: Background-subtracted mr distribution for N, <1 in 7 and 8 TeV data. The
signal is overlaid. The error bars represent the statistical uncertainties of the data and the
subtracted background; it does not include the systematic uncertainties of the latter.

8 TeV 7 TeV
Obs. Exp. Obs. | Exp.
Do 1x107° [2x107*] 0.5 0.04
Significance 4.3 3.5 0 1.8
il 1.264+0.35 | 1£+0.33 | 0+0.6 | 1£+0.6

Table 6.14: Summary of individual 7 and 8 TeV results for a 125 GeV Higgs. The expected
is computed assuming a signal strength p = 1.

— H2012

o= . The two results are found to be compatible at the 1.80 level.

H2011
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CHAPTER VII

Higgs Combination

“If I have seen further than others, it is by standing on the shoulders of giants.”

- Isaac Newton

This section gives details of the combination of search channels and measurements of the
properties of the new boson. Several parametrizations of the likelihood are explored that
are motivated by possible Beyond Standard Model (BSM) scenarios. Section 7.1 gives an
overview of the search channels used througout the chapter, while Section 7.2 describes the
procedure used for combination as well as the results for the alternative parametrizations

employed to explore the Lagrangian structure of the Higgs.

7.1 Overview of Channels

The Higgs searches in ATLAS are divided by decay mode. The five currently accessible
modes at low my are H-WW® vy, H — ~y, H — ZZ% — oe¢, H — bb, and
H — 777~. Within each subchannel are targeted searches for each production process,
namely gluon-gluon fusion, vector boson fusion, associated production, and production in
association with top quark pairs. Table 7.1 shows a brief summary of the categories and

integrated luminosity used for the SM search channels.
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Higgs Boson | Subsequent ‘
Decay Decay Sub-Channels ifh-1]

2011 /s =7 TeV
H— ZZ™ 40 {4e,2e2u, 2u2e, 4} 4.6
10 categories

"= {prt ® n, ® conversion} & {2-jet VBF} 48
H— WW® Lvly {ee,ep, pe, pu} ® {0-jet, 1-jet, 2-jet VBF} 4.7
TiepTlep {ep} @ {0-jet} @ {00} & {1-jet, 2-jet, pr .. > 100GeV, VH} 4.6

Tiep Thad e, it} ® {0-jet, 1-jet, pr» > 100 GeV, 2-jet 4.6

H=r ThaljiThad tem et {1-jet, 2-jet} J 4.6
Z — vv Emiss € {120 — 160, 160 — 200, > 200 GeV } @ {2-jet, 3-jet} 4.6

VH S Vb | W — v P € {< 50,50 — 100, 100 — 150, 150 — 200, > 200 GeV } 47
Z = U p% € {< 50,50 — 100, 100 — 150, 150 — 200, > 200 GeV } 4.7

2012 /s =8 TeV
H— Z22% 40 {4e,2e2p, 2u2e, 41,2 — jet VBF, £ — tag} 20.7
14 categories

H= 7y {p1e ® 1, ® conversion} & {2-jet VBF} & {(-tag, E¥*-tag, 2-jet VH} 20.7
H— WW® Lvly {ee, ep, pe, pu} ® {0-jet, 1-jet, 2-jet VBF'} 20.7
TiepTiep {tl} ® {1-jet, 2-jet, pr,r > 100GeV, VH} 13

Tiep Thad e, it} ® {0-jet, 1-jet, pr» > 100 GeV, 2-jet 13

H=r Th:;Thad ten e {1-jet, 2-jet} / 13
7 — v B € {120 — 160, 160 — 200, > 200 GeV } @ {2-jet, 3-jet} 13

VH Vb | W — v P € {< 50,50 — 100, 100 — 150, 150 — 200, > 200 GeV } 13
7 p% € {< 50,50 — 100, 100 — 150, 150 — 200, > 200 GeV } 13

Table 7.1: Summary of the individual channels entering the combined results presented
here. In channels sensitive to associated production of the Higgs boson, V' indicates a W or
Z boson. The symbols ® and @ represent direct products and sums over sets of selection
requirements, respectively.

711 H—->WW® — fuiv

The H—WW® —(vfv channel [14] is discussed in detail in Chapter VI, though a brief
summary follows. The H — WW®) — {ufv search channel is characterized by large missing
energy and two high pr isolated leptons with low dilepton mass due to the spin-0 nature of
the Higgs. The search is divided into 0- and 1-jet exclusive analyses with a 2-jet inclusive
analysis targeted for VBF production. The final state lepton combinations are divided into
four categories: ee, uu, ep, and pe, where the latter two are distinguished by the flavor of
the lepton with highest pr. Due to the neutrinos in the final state, the invariant mass of the

hypothetical Higgs cannot be fully reconstructed, therefore the transverse mass distribution
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is fit.

7.1.2 H — vy

The H — 7y channel [13] is able to fully reconstruct the hypothesized Higgs mass through
the diphoton invariant mass m.,,. At least two high py photons are required with pradng 5 40
GeV and pi>~'4"8 30 GeV. Events are divided into various categories depending on the
event topology, as shown in Figure 7.1.

In each category, the m., spectrum is fit to a continuous function. The background
model varies from category to category, as described in Ref. [5], between a fourth order
Bernstein polynomial, an exponential of a second-order polynomial, or a single exponential.
The parameters of the background model are fit from the data. The signal is modeled with
a Crystal Ball [44, 61, 69] plus Gaussian function. The choice of both signal and background
functions is validated with MC. The inclusive distribution of m.,, along with the fit to both

background-only and signal4+background is shown in Figure 7.2.

71.3 H — Z7% — o

The H — ZZ") — (000 channel [12] is characterized by four high pr isolated leptons.
At my = 125 GeV, one pair of leptons should be consistent with the Z-pole mass with
the second pair coming from the off-shell Z*. Because there are no neutrinos in the final
state, the hypothetical Higgs mass mpy can be fully reconstructed. This channel suffers
from a relatively low expected rate, however, due to the small branching fractions of both
H — ZZ™ and the leptonic decays of each Z. Even so, an even smaller background and
peaked signal yields a large signal to background ratio. The distribution of my, for this
channel is shown in Figure 7.3.

The analysis is separated into ggF-, VBF-, and VH-like categories as follows. Events with
at least two high-pr jets, where jets must be at least 25 (30) GeV for |n| < 2.5 (2.5 < |n| <

4.5), are considered for the VBF and VH categories. If the two highest pr jets are separated
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Figure 7.1: Flow-chart of the event categorization in the H — vy channel, giving the order
of selection of the different categories.
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Figure 7.2: Distribution of m., in the H — 77 channel. This includes the maximum
likelihood fits to both background-only and signal-+background.

by at least three units of pseudo-rapidity and have an invariant mass m;; > 350 GeV, the
event is put into the VBF category, otherwise it is placed in the VH category. If the event
does not fall into either of these, it is placed in the ggF category. Further, if any event has
additional leptons that pass the lepton selection criteria beyond the standard four are placed
in the VH category. For the signal, the four-lepton invariant mass my, is parametrized using
a Keys PDF [34] to model the signal shape and B-Splines (see Appendix A) to parametrize
the expected rate and systematic uncertainties as a function of myg. The background and

data are modeled with binned template histograms.

7.1.4 H —bb

The H — bb decay mode [7, 8] is accessible in the associated production process VH, V =
W, Z. Three channels are considered in total. One mode is the case that the vector boson is a

W which decays into a lepton and neutrino. The other two are for V' = Z, where the Z-boson
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Figure 7.3: Four-lepton invariant mass distribution in the H — ZZ®) — ¢00¢ channel.
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decays into either lepton pairs or invisibly into two neutrinos. The analysis is separated into
different categories depending on pY., the pr of the boson. In the 0-lepton mode, three p).
categories are used for each 2- and 3-jet channels, yielding six 0-lepton categories. For the
1- and 2-lepton modes, five pY. categories are used, yielding a total of 16 final categories.
The final discriminant is the invariant mass of the two b-jets my,, which is modeled with a

binned likelihood. The distribution for each lepton category is shown in Figure 7.4.

715 H— 71t~

The H — 777 analysis [6] divides the search into three main categories based on the
decay mode of the hypothetical 7 leptons: TiepTiep, TiepThad, ThadThad- Lach of these final
states is further subdivided into several search channels based on the flavor of the leptonic
tau decay, the jet multiplicity, and the pr of the reconstructed 77 system. Object preselection
in the channel is as follows. Electrons are required to pass Ep > 15 GeV and fall within
In| < 2.47, excluding the transition region 1.37 < |n| < 1.52. Muons must satisfy pr > 10
GeV and |n| < 2.5. Track and calorimeter isolation is used for both electrons and muons.
Hadronic tau decays are characterized by either one or three associated charged hadrons.
To reconstruct hadronic taus, either one or three tracks with pr > 1 GeV are required to
fall within AR < 0.2 of the tau candidate, and the total charge of the tau candidate decay
products must be +1. A BDT is used based on tracking and calorimeter information to
discriminate between real hadronic taus and fake jets. Jets themselves are reconstructed
with the anti-k7 algorithm with a distance parameter of R = 0.4, and are required to have
pr > 25 GeV and fall within |n| < 4.5.

The categorization of the 7,7, channel is summarized in Table 7.2. There is a 1-jet,
2-jet VBF, 2-jet VH, and a boosted channel in the 8 TeV analysis. Each of these are further
divided by lepton flavor, being ee, eu, and pp. For the 7 TeV analyses there is also a 0-jet
e category, yielding a total of 12 and 13 categories for 8 TeV and 7 TeV, respectively. In

the TiepThaa channel there are a total of 8 categories for each 7 and 8 TeV analyses. For each
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2-jet VBF ‘ Boosted | 2-jet VH | 1-jet
Pre-selection: exactly two leptons with opposite charges
30GeV < my < 75GeV (30 GeV < myp < 100 GeV)
for same-flavor (different-flavor) leptons, and prg + pre > 35 GeV
At least one jet with pp > 40 GeV (|JVE| > 0.5 if |njet] < 2.4)
Br > 40GeV (Er > 20 GeV) for same-flavor (different-flavor) leptons
H¥s > 40 GeV for same-flavor leptons
0.1 < T2 < 1
0.5 < Aju < 25

pris > 25GeV (JVF) | excluding 2-jet VBF | prs > 25GeV (JVF) gi‘;ﬁii;nin?gfﬁ\fﬁ
Anj; > 3.0 prr > 100 GeV excluding Boosted Myrj > 225 GeV
mj; > 400 GeV b-tagged jet veto Anj; < 2.0 b-tagged jet veto
b-tagged jet veto B 30GeV < mj; < 160 GeV B
Lepton centrality and CJV b-tagged jet veto

0-jet (7 TeV only)

Pre-selection: exactly two leptons with opposite charges
Different-flavor leptons with 30 GeV < my < 100 GeV and pr g1 + pree > 35 GeV
Ad)gg > 2.5
b-tagged jet veto

Table 7.2: The categorization of the H — TjepTiep analysis. The JVF cut is |JV F| > 0.75 for
7 TeV data, the lepton centrality is not applied for 7 TeV analysis, and the O-jet category is
not used for 8 TeV data analysis.

electron and muon lepton flavor, there are 0-, 1-, and 2-jet categories along with a boosted
category similar to the 77, channel. These are outlined in more detail in Table 7.3.
Finally, the 7,,q7haq has a boosted 1-jet and 2-jet VBF category as outlined in Table 7.4.
The final discriminant used in the likelihood is the 77 invariant mass, which is reconstructed
using the Missing Mass Calculator (MMC) [40] technique, except in the Tip7ep channel for

7 TeV data, which uses collinear approximation.

7.2 Combination

Given a set of N likelihoods £;(u;, ;) from individual channels with a set of parameters
of interest u; and nuisance parameters 6;, a combined likelihood can be formed by a simple
multiplication of the data portion of £;, namely £ along with a multiplication of all

unique auxiliary constraints A;;. This assumes the data portion of the individual likelihoods
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7 TeV

8 TeV

VBF Category

Boosted Category

VBF Category

Boosted Category

> pTThad"’is >30 GeV

> ET >20 GeV

> praive >30 GeV

> primedis >30 GeV

> Kr >20 GeV > Br >20 GeV > Br >20 GeV

> > 2 jets > pi > 100 GeV > > 2 jets > pil > 100 GeV
> prtpr? > 40 GeV b 0< 2 <1 > prit > 40,pr72 >30 GeV | >0 <2 <1

> Anjj > 3.0 >02<my <12 > AT}jj > 3.0 >02<xo<1.2
> m;; > 500 GeV > Fails VBF > m;; > 500 GeV > Fails VBF

> centrality req. - > centrality req. -

> i1 X N2 <0 - > 11 X N2 <0 -

> prietal < 40 GeV - > prietal < 30 GeV -

- - > pTZ >26 GeV -

® M <50 GeV ® T <50 GeV ® Mo <50 GeV ® Mo <50 GeV

e A(AR) < 0.8 e A(AR) < 0.8 e A(AR) < 0.8 e A(AR) < 0.8

e > Ap <35 e > Ap<16 e > Ap<28 -

e h-tagged jet veto

e b-tagged jet veto

1 Jet Category

0 Jet Category

1 Jet Category

0 Jet Category

> > 1 jet, pr >25 GeV

> 0 jets pr >25 GeV

> >1 jet, pr >30 GeV

> 0 jets pr >30 GeV

> Kr >20 GeV > Br >20 GeV > Kr >20 GeV > Br >20 GeV
> Fails VBF, Boosted > Fails Boosted > Fails VBF, Boosted > Fails Boosted
o my <50 GeV o mt <30 GeV e mt <50 GeV o my <30 GeV
e A(AR) < 0.6 e A(AR) < 0.5 e A(AR) < 0.6 e A(AR) < 0.5
e Y Ap<35 e Y Ap<35 e Y Ap<35

o prt —pr” <0

e YA <35

e pr! —pr” <0

Table 7.3: Event requirements applied in the different categories of the H — TjepThaa analysis.
Requirements marked with a triangle (>) are categorization requirements, meaning that if an
event fails that requirement it is still considered for the remaining categories. Requirements
marked with a bullet (o) are only applied to events passing all categorization requirements
in a category; events failing such requirements are discarded.

are independent.

ﬁi(,ui, 91')

»Ccombined (,U/ ) 9)

i

M;

L5 (117, 6;) x HAij(éijWij)

N ’ Mot ~
(H L (s, 9@)) (H A;(6;10;
J

(7.1)
)

The combined set of nuisance parameters § = 6; U 0y U ... U 8y, is the set of unique

parameters out of all individual sets ;. Similarly, g = p; Ups U...Uppy,,, is the set of unique

parameters of interests of all individual sets p;. Correlation of parameters between channels

is handled through this non-duplication of auxiliary constraints and unique parameters.
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Cut Description
Preselection | No muons or electrons in the event
Exactly 2 medium 7,9 candidates matched with the trigger objects
At least 1 of the 7y.q candidates identified as tight
Both 7.4 candidates are from the same primary vertex
Leading Thadvis pr > 40 GeV and sub-leading Thaavis pr > 25 GeV, |n| < 2.5
Thad candidates have opposite charge and 1- or 3-tracks
0.8 < AR(m,72) < 2.8
An(r,7) <15
if Fp vector is not pointing in between the two taus, min {A¢(Er, 1), Ap(Er, 1)} < 0.27
VBF At least two tagging jets, ji, jo, leading tagging jet with pyr > 50 GeV
N1 X Nj2 < 0, An;; > 2.6 and invariant mass m;; > 350 GeV
min(n;i, Mj2) < N1, M2 < Max(n;1, 17;2)
ET > 20 GeV
Boosted Fails VBF
At least one tagging jet with pr > 70(50) GeV in the 8(7) TeV dataset
AR(m,m2) < 1.9
ET > 20 GeV
if B vector is not pointing in between the two taus, min {A¢(Er, 1), Ap(Er,72)} < 0.17.

Table 7.4: Summary of the event selection and categories for the H — 7y,,qThaq channel.

Higgs Decay Mode | fi (my=125.5 GeV)

VH — Vbb —04+1.0
H— 77 0.8+0.7
H— WWw® 1.0+0.3
H — vy 1.6 +0.3
H— 722 1.5+0.4

Combined ‘ 1.30 £0.20

Table 7.5: Summary of the best-fit values and uncertainties for the signal strength u for the
individual channels and their combination at a Higgs boson mass of 125.5 GeV.

The measured global signal strengths in each individual channel as well as the combined
is shown in Table 7.5 for my = 125.5 GeV. Figure 7.5 shows these for the masses 124.5,

125.5, and 126.5 GeV. Finally, the combined py versus my can be seen in Figure 7.6.

7.2.1 Hypothesis Testing

With the exception of the spin analyses, hypothesis testing is performed using the PLR
as described in Chapter V. The test statistic used is ¢}, = —21In A(u), where = {11, ..., pin }

are n parameters of interest. ¢ is asymptotically distributed as a x? with n degrees of
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Figure 7.6: Expected and observed pg for the combined likelihood versus my.

freedom. For n = 1, the 68% and 95% confidence intervals are defined by —2InA(u) < 1

and —21In A(u) < 4, respectively, while for n = 2 the thresholds are 2.3 and 6.0.

7.2.2 Higgs Boson Mass

The two high resolution channels H — vy and H — ZZ®*) — (00¢ are used to measure
the mass [10]. The remaining channels have a low resolution and contribute negligibly to the
mass sensitivity. The hypothesized mass my is the parameter of interest in the combined
likelihood between the two channels. The signal strengths in each channel are treated as
uncorrelated, though within each individual channel the production and decay modes use a
common g factor. The curve of —21n A(my) for the two channels along with the combination
of the two is shown in Figure 7.7.

A summary of the masses measured in the individual channels and in combination is
shown in Table 7.6. The uncertainty is systematically dominated. In the H — ~v channel,
e/~ mass scale systematics dominate the measurement due to the two photons in the final

state. The H — ZZ") — (000 channel includes approximately equal contributions from
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Figure 7.7: Likelihood versus tested mass for the H — vy and H — ZZ®*) — (00¢ channels
along with the combined curve in black.
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Channel Measured Mass (GeV)

H — ZZ™ — 0000 | 124.370F (stat) 705 (sys)
H — vy 126.840.2 (stat) +0.7 (sys)
Combined 125.540.2 (stat) 32 (sys)

Table 7.6: Measured mass for both H — ZZ") — ¢¢¢¢ and H — ~~ channels along with
the combined mass measurement.

both electron and muon scale systematics, as the final state can include both electrons and
muons. The two channels are therefore only partially correlated.
The discrepancy in the mass can be quantified by defining a parameter of interest

Am = my — my,. The curve —2In A(Am) versus Am is shown in Figure 7.8. The value

of v/—2In A(Am = 0) asymptotically gives the significance of the discrepancy. This is ob-
served to be 2.4 standard deviations, corresponding to a p-value 0.015. This was also tested
with rectangular constraints on the mass scale systematics in place of the standard Gaussian
constraints, which gives a p-value of 0.08, corresponding to 1.8 standard deviations. Further

information can be extracted from the 2D contour of —2In A(my., m..), shown in Figure 7.9.

7.2.3 Production and Decay

For the remaining property measurements [9], three assumptions are made about the
boson. It is assumed that the particle is a CP even scalar, which is well motivated from the
results in Ref. [16, 12]. The resonance is assumed to correspond to the same particle in each
channel. Finally, the width is assumed to be narrow. In this way the production times decay
can be factorized: (o x B)(it — H — jj) = 0y; - 1;—’;;

It is useful to parameterize the number of signal events ngignal in each channel k such

that a parameter of interest u scales each production and decay.

Nignal = (Z pioisa X Afy X €ff) X By s x LF (7.2)
o; = pioism is then the hypothesized production cross section for the process 7, and
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Figure 7.8: —21n A versus Am for the combined H — v~ and H — ZZ"*) — (¢¢/ likelihoods.
The significance of the discrepency in measured mass between the two channels is indicated
by the value of —2In A(Am = 0).
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Figure 7.9: Contour of —2In A for my; versus m... The black line indicates the slice corre-
sponding to my = m.,.
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B = psByrsw is the hypothesized branching fraction for the decay mode f. The global SM
strength parameter p can be recovered by setting each product p;py to p. This model with
a global p is not a well motivated BSM scenario, however, and fixing one or more p; or fis
to its SM value may conceal tensions between SM and data, which contains in it the true
values from nature.

A simple extension of the global y is the division into ggF and VBF production processes.
Because no channel offers substantial constraint on the ¢t H process and the contribution is
small to all channels, this is assumed to scale like ggF'. Similarly, the VH mode is assumed to

scale like VBF (though this assumption is relaxed later). When considering the individual

channels, the decay cannot be factorized from the production. The contour pvgrivy X B, g -

VEISUS [lgeFtFH X % is therefore the simplest extension of the global model. This contour
is shown in Figure 7.10 for each individual channel.

If one considers a slice through the contour defined by pverive = opiger i, the param-

HVBF+VH

m —r The branching fraction for each channel cancels in
geF +tt

eter of interest becomes a =
this parameter and so a combined likelihood can be considered. This can be visualised in

Figure 7.11.

f HVBF+VH

“I is shown in Figure 7.12. The value of
HggF++ttH

The value of —2In A as a function o

V—2In A when H¥BEYH — () is the significance of production through vector bosons. Also

HggP+ttH

shown is —21In A as a function of u“zﬁ, where the VH production process is profiled. In
g8

this case vV—2In A at —¥BE— = () is a statement purely about production through VBF.

HgegF+tTH

For the test of production through vector bosons, a significance of 3.30 is observed, with
an expected significance of 2.7¢. Similarly, the VBF only production of observed with 3.1¢
significance and 2.50 expected.

Similar to the statements purely about production, a parameter of interest can be formed

that makes a statement purely about Higgs decay, as visualized in Figure 7.13 for H —

B(XX)Bsm (YY)

Z7Z%) — 0000 and H — ~y. With the parameter of interest as pisy = B (XX IBY)

PeeFtin X [ipyyy and BB are profiled in each channel. The curve —21n A(p) for each

HggF+ttH
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Figure 7.10: Likelihood contours for the H — vy, H — ZZ% — 0000, H-WW® —luvlv,
and H — 7F7~ channels in the (fggr47m, versv i) plane for a Higgs boson mass hypothesis
of my = 125.5 GeV. Both pigepiy and prypriv e are modified by the branching ratio factors
B/Bgm, which are different for the different final states. The quantity jigepiiin (fveriva)
is a common scale factor for the gluon fusion and ttH (VBF and VH) production cross
sections. The best fit to the data (x) and 68% (full) and 95% (dashed) CL contours are also
indicated, as well as the SM expectation (+).
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Figure 7.12: Likelihood curves for the ratios (a) pversv i/ fegr+im and (b) pvBr/ flagF+itm
for the H — vy, H — ZZ% — 0000, H-WW® —fulv, and H — 77~ channels and their
combination for a Higgs boson mass hypothesis of my = 125.5 GeV. The branching ratios
and possible non-SM effects coming from the branching ratios cancel in pivppiva/ fag+tin
and pver/ fegr i, hence the different measurements from all four channels can be compared
and combined. For the measurement of piypp/lggri7m, the signal strength iy is profiled.
The dashed curves show the SM expectation for the combination. The horizontal dashed
lines indicate the 68% and 95% confidence levels.

0%y Py, and péZy is shown in Figure 7.14.

7.2.4 Couplings

The leading order couplings with respect to the SM can be measured with a reparametriza-
tion of the likelihood in terms of detectable production and decay modes. Details and rec-
ommendations for this are outlined in Ref. [48]. The parametrization is shown explicitely
in Table 7.7. Decay modes which are undetectable or which there is no sensitivity to must
be assumed to scale as something similar to that which is detectable. For example, the
partial width to p™u~ is assumed to scale like the width to 7777, since they are both
fermionic in nature. Two examples are represented by Figure 7.15. The first shows how the
g9 — H — ~7 process scales in terms of detectable couplings. The second shows how the
gg — ttH — ttpt = would have to be modified to scale with measurable parameters.

The effective loop vertices gg — H and H — ~~ can be written both as effective coupling
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Figure 7.13: Visualization of the organization of decay modes into the parameter of interest

Py, = %, as well as the profiled production processes.

scale factors k4 and k., respectively, or it can be assumed that the particle content within
the loops is known. When no assumption is made about the content, the effective couplings
are profiled. The total width scale factor kg is treated similarly. Further, depending on the
model considered, assumptions can be made about which parameters scale coherently with

each other. Three primary models are considered. A description of these follows.

7.2.4.1 Fermion versus Vector Couplings

In the case that the fermion versus vector boson couplings are tested, it’s assumed that
all fermion couplings scale together as kr and all vector boson couplings scale together as ky .
This can be divided into three submodels. In the first, it’s assumed that only SM particles
enter the production and decay. In this case, the functional form of ky and k. are fixed.
In the second submodel, the assumption about xy is relaxed and the parameter is profiled.
The motivation of this is that the Higgs may couple substantially to non-SM particles that
have not been detected, which would modify kg. In the third and final submodel, both kg
and k. are profiled. If the hypothetical non-SM particles in the second submodel exist and
couple to photons, they may enter and modify the H — 7 loop as well. Table 7.8 shows a

summary of fermion versus vector coupling models considered.
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production processes
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Table 7.7: Parametrization of the production cross section, partial width, and total width
with respect to their SM values into coupling ratio parameters ;. The undetectable modes
are written in terms of similar detectable ones. The total width and effective coupling ratios
can be written as both stand-alone parameters and as functions of other coupling ratios.
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Fermion versus Vector Coupling Models

Model Free Parameters
SM Particles Only | 77 (= ft = Fib = Fir = Fy)
Iiv(: Rw = Iiz)
— AR
Free Total Width Ary = wy « POl
Kyy = o
Free Total Width | A\py = :—g + POI
+ Free vy loop Kyy = :—I‘;
Ay = :—‘”/

Table 7.8: Summary of free parameters for the three submodels within the xp — kK model.

In the submodel with no additional SM particles, the two parameters kr and Ky are
treated independently. The likelihood scan for each is shown in Figure 7.16 along with
the 2D contour of xkp versus ky. The second minimum in the xp-ky plane is due to the
fermion-vector boson interference in the H — 7+ loop, shown in Figure 7.17. The fermions
and bosons enter the loop with opposite signs, such that the matrix element squared gives a
polynomial with a negative-signed term.

In the submodels where the assumptions are relaxed, the ratio Apy = :—5 is used to
scan the likelihood. The results of this are shown in Figure 7.18. When &, is profiled, the
degeneracy in Apy is no longer broken as the interference term in the H — 77 loop is not
present explicitely in the likelihood. In this case the likelihood is arbitrary up to the sign of

Apy since both kr and ky enter as squared everywhere.

7.2.4.2 Custodial Symmetry

Custodial symmetry [36] is highly constrained in the electroweak sector by both theory
and experiment. It is therefore interesting to test this in the Higgs sector. For this, the vector
couplings to W and Z bosons are separated, and the parameter Ay z = Ky /K7 is tested.
This is tested in two submodels, outlined in Table 7.9. In the first, the total width and
couplings to fermions are profiled. In the second, the effective coupling ., is also profiled.

The results for the two submodels are shown in Figure 7.19.
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Figure 7.16: Fits for 2-parameter benchmark models probing different coupling strength
scale factors for fermions and vector bosons, assuming only SM contributions to the total
width: (a) Correlation of the coupling scale factors kp and ky; (b) the same correlation,
overlaying the 68% CL contours derived from the individual channels and their combination;
(c) coupling scale factor ky (kg is profiled); (d) coupling scale factor kg (ky is profiled).
The dashed curves in (c¢) and (d) show the SM expectation. The thin dotted lines in (c)
indicate the continuation of the likelihood curve when restricting the parameters to either
the positive or negative sector of kp.
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Figure 7.17: Visualization of the interference between fermions and bosons in the H — ~v
decay loop that gives rise to the two minima in the kp — Ky model.
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Figure 7.18: Likelihood curves for Apy = £ the fermion-vector boson model where (a) the
assumption on the particle content in the total width is relaxed and (b) the assumptions
on both the total width and the H — v decay loop are relaxed. The second minimum
disappears in (b) since the effective coupling k., that gives rise to it is profiled.
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Custodial Symmetry Models

Model Free Parameters
Free Total Width | .~ _ Ky
KH
Apz = z—F

Table 7.9: Summary of free parameters for the two submodels within the xy — Kz model
that tests custodial symmetry in the Higgs sector.
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Figure 7.19: Fits for benchmark models probing the custodial symmetry through the ratio
Awz = Kw/kKz in two scenarios: (a) no assumption on the total width (b) additionally, no
assumption on the H — ~~v decay loop. The dashed curves show the SM expectation. The
thin dotted lines in (a) indicate the continuation of the likelihood curve when restricting the
parameters to either the positive or negative sector of Apy.

7.2.4.3 Probing Non-SM Contributions

The final model aims to probe potential couplings to non-SM particles. These can enter
in the effective loops k, and k. if the non-SM particles couple to gluons or photons. If they
have a mass less than half the Higgs mass, they can substantially modify kg as well. There
is therefore motivation to test the contributions in two scenarios. The first assumes that the
non-SM particles can enter x4 or k, but do not satisfy the criteria to substantially modify

k. The second allows for the possibility of the latter scenario, and so ky is reparametrized
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Vertex Loop Models

Model Free Parameters Example
] ] K Ii2l-€2
SM only in Total Width o (99 = H) - B(H = 77) ~ sossero.omsaroo
o
) Hg I{SH%'(l—BRinvqundct.)
Free Total Width Key o(gg — H)-B(H — vy) ~ 0.085~2+0.0023r2 +0.91
BRinv.,undet.

Table 7.10: Summary of free parameters for the two submodels that test for additional non-
SM particles interacting with the Higgs in the scenarios that the total width both is and is
not substantially affected by the new particles.

terms of the branching fraction to these invisible or undetected particles, BR{29". Table 7.10
shows the details of parametrization.

Since the Higgs itself is assumed to be SM, all non-loop coupling ratios k; are fixed to
their SM value of unity. For the first submodel, the likelihoon scans of x, and k. are shown
in Figure 7.21 along with their 2D contour. The likelihood scan of BR¥™°" in the second

mv.

submodel is shown in Figure 7.22.

7.2.5 Summary

Table 7.11 summarizes the results of the global ;1 model, mass, and coupling measure-
ments. Figure 7.23 further shows the summary of the coupling measurements centered
around their corresponding SM expectation. All measurements agree within 20 of the
expected SM value. Because all results are based on the same data and are a simple
reparametrization of the same likelihood, all deviations are highly correlated, so the plot

should not be used in a x? compatibility of the Higgs with the SM.
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Figure 7.20: Visualization of non-SM scenarios that modify (a) the H — ~+ decay loop and

(b)

(b) the total width of the Higgs

Ce
@ -
Y F

:
RO
7

~

Y le(l(\l.
H

- Rundet.

undet.

Global Production Decay
fi=13+0.2 Zvpr = 3.1 (2.5 exp) P = 1.7101
pyg = 16745
Couplings
. ky € [—0.88,—0.75] U [0.73,1.07]
Vector /Fermaton SM Particles ke € [0.91,0.97] U [1.05,1.21]
+Free 'y Avr € [—0.94, —0.8] U [0.67,0.93]
+Free I, Avr = 0.85707
. Free I'y Awz € [064, 087]
Custodial Sym +Free I, Awz = 0.80 +0.15

Loop Vertices

Non-loop k; =1

Inv./Undet. Decays

kg = 1.08 £0.14
Ky = 1.237073
BRIt < 0.6

mnv.

(95% CL)

Table 7.11:

Summary of property measurements of the Higgs.
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Figure 7.21: Fits for benchmark models probing contributions from non-SM particles in
the H — v and ggF loops, assuming no sizeable extra contributions to the total width:
(a) correlation of the coupling scale factors k., and xy; (b) coupling scale factor k., (k, is
profiled); (c) coupling scale factor , (k- is profiled). The dashed curves in (b) and (c) show
the SM expectation.
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CHAPTER VIII

Conclusion

“Life is pretty simple: You do some stuff. Most fails. Some works. You do more of what works. If
it works big, others quickly copy it. Then you do something else. The trick is the doing something

else.”

- Leonardo da Vinci

This dissertation (the length by date of which can be seen in Figure 8.1) has outlined the
analysis of the ATLAS data that led to the discovery of a Higgs boson and the measurement
of its properties. All properties measured as well as tests under BSM conditions show
consistency with a SM Higgs boson. The mass of the boson is measured to be my =
125.540.2 (stat) 02 (sys) GeV, while the signal rate with respect to the SM is measured to
be ji = 1.3040.20 at this mass. The details of the H—W W ®) —/vfv analysis are elaborated
upon as well, where a statistical significance of 3.8¢ is observed, with 3.70 expected at
mpy = 125 GeV.

An unfortunate outcome of adding a Higgs to the SM and nothing else is that the parti-
cle suffers from a quadratic ultraviolet divergence in mass resulting from fermion and gauge
boson loop diagrams. This would effectively bring the mass of the Higgs to the Planck scale
unless there is an extreme fine-tuning of SM parameters. An elegant solution to this fine-
tuning problem is to introduce an additional symmetry, dubbed Supersymmetry, between

fermions and bosons that causes the loop diagrams to cancel, bringing the quadratic diver-
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Figure 8.1: Length of this dissertation in pages by date. The periods of zero slope in-
clude efforts towards the Hadron Collider Physics conference and HSG3 workshop in Lisbon,
Christmas break, and a mini-statistics worshop. Certain periods of heightened activity orig-
inate from mass figure additions and realizations of impending doom.

gence down to a logarithmic and renormalizable one. A convenient outcome of this addition
is that it is also able to provide a dark matter candidate particle with properties consistent
within current observations and limits [39]. This would also indicate that the new boson is
only one of five supersymmetric Higgs bosons. One of the goals of the LHC program in the
coming years, as well as that of many other physics and astrophysics experiments, will be
to either exclude or substantiate this possibility; or, perhaps, something unexpected will be

found that will revolutionize the way we think about particle physics.
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APPENDIX A

Appendix A: B-Spline Interpolation

All low resolution channels in the Higgs analysis use discretely binned likelihoods with
signal distributions computed at fixed mass points. The spacing of these points is several
times larger than the high mass resolution of the H — v and H — ZZ®*) — £0¢¢ channels,
which use parametric signal models. Because of this, histogram interpolation needs to be
employed to obtain the signal distributions required to test signal hypotheses at arbitrary
points. This section outlines a method using B-Splines that can be used to provide analytical

interpolation for the low resolution channels.

A.1 Introduction to B-Splines

B-Splines (short for basis splines) are parametric curves constructed from a set of order n
basis polynomials b; ,(¢) and m+1 knots t;, with ¢y < #; < ... <t,,. A set of control points P;
defined over a subset of the knots t € [t,,, t,,_n_1], which are the points we wish to interpolate

m—n—2

between, multiply the basis polynomials to obtain the B-Spline curve S(t) = Z P.b; . (1).
1=0
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The polynomials b; ,,(t) are defined recusively:

L, b <t <tip

b@o(f) = y ZIO,,TTL—Q
0,  otherwise (A.1)
bl’n(t) = tzizt—ltz bi,n—l@) + %bi—l—l,n—l(t)a 1= 0, M —n — 2

Note that the basis polynomials are dependent only on the spacing between the knots
and are independent of any overall scaling between them. They are also independent of the
control points. Figure A.1 shows an example interpolation of the gg—H production cross

section with the basis polynomials overlayed. B-Splines have several important properties:

e Each control point P; affects S(t) on the interval [t;, t;1n11).

e S(t) is n-times differentiable at each knot.

m—n—1
e Given a set of splines S;(t) = Z Pyib; (1), if Z P;; =1 for each i, then Z S;(t) =
i=0 j=0 Jj=0

1 for all t (partition of unity property). This is important for preserving probability

during PDF interpolation.

A B-Spline of degree 1 linearly interpolates each P;.

e S(t) is positive definite as long as each P; is also positive.

A.2 B-Splines for Histogram Interpolation

B-Splines can be used to interpolate each individual bin of a histogram between mass
hypotheses (mass-wise interpolation). This not equivalent to interpolating the distribution
being binned in the histogram (observable interpolation), which would require an expensive
integration to model within the likelihood. Thus, the likelihood is still binned with the
4" bin represented by a B-Spline curve Sj(my) parametrized in my. In this case, the

knots ¢; become the coarse mass points mg; at which the signal distributions are available.
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Figure A.1: B-Spline interpolation of the gg — H production cross section versus my. The
colored points are the control points representing the cross section (scaled by 20) that enter
the spline. The colored curves are the basis polynomials that multiply the control points of
their corresponding color, which, when summed, give the interpolating spline.

One option for the control points F;; is the expected events in bin E;;, however it’s more
bins

convenient to interpolate the total expected events E; = Z E;; and normalized probability
i

densities p;; = 1;35_; separately. This is because the latter will take advantage of the partition
of unity property, while also being more physically motivated. The cross section, branching
fractions, and acceptance are easier to model in a dedicated normalization spline, while the
pure signal shape can be dedicated to the PDF splines.

To better understand the features of this interpolation scheme, a simple gaussian testbed
is used. Figure A.2 shows the histogrammed distributions of a gaussian with various hy-
pothesized mean values a; and width 0.2. «; is equivalent to the fixed mp,; points that
we have in mind to interpolate between. Figure A.3 shows the spline interpolation of each
bin in Figure A.2. There are two important notes. The first is the difference in the axes.
The x-axis in Figure A.2 represents the observable of the distribution being binned. This is
different from the x-axis of Figure A.3, which is the hypothesized mean of the gaussian. The
second, which follows from the first, is that the expected events of each bin in Figure A.2

is represented as a curve in Figure A.3. The control points for each curve in Figure A.3 is
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Figure A.2: Histogrammed gaussian distribution for various mean values « versus the recon-
structed (or observable) «, all with width 0.2.

thus the bin content for each hypothesized «; in Figure A.2. Figure A.3 shows two spline
interpolations. One is for a high order spline (n = N, — 2), and one is for a low order
spline (n = 3). The spline tends to underestimate the curvature of the distribution, with the
effect increasing with the order of the spline. This bias will propagate to results obtained
from the model if left untreated. To alleviate the bias, an iterative reweighting sequence
Pt = PY — (S5(ey) — PY) is applied to the control points in order to aid the spline in
passing closer to the control points. This sequence preserves the partition of unity property
and naturally converges towards SZ-J]Y () = PZ(; for sufficiently large N. For the gaussian
model, N =5 provides sufficient convergence.

To understand the effects of limited MC statistics on the spline, the histograms are filled
with entries drawn from true gaussian distributions. The number of entries is further drawn
from a Poisson distribution with a mean of 5,000. For this test, the interpolation factorizes

the normalization component of the spline from the shape component. Figures A.4- A.5

shows the interpolation splines for different initial seeds. One can see that the reweighting

174



(n I~ .
%OOO — - Bn0 «  Gaussian Points
- - Bin 1

U>J - ~ [ ] B?nz - --- High order spline i
E; B . i s —— 3rd order spline '
gSOO —

T L

> —

L -

2000|—

1500 —

1000

500
0_||| d |’|||||||| \--’|||

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Hypothesized Alpha

Figure A.3: Each colored curve represents a B-Spline interpolation of one bin in Figure A.2.

The points on each curve represent the control points being interpolated. The solid curve is
a high order spline, while the dashed curve represents a low order spline.
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that removed the bias causes the low order spline to follow the statistical fluctuations to a
much higher degree than the high order spline, which is much smoother. For the purpose of
reconstructing the true distribution, the high order spline seems preferable. One drawback
of this is that high order splines are computationally expensive, since the recursive sequence
to obtain b; ,(¢) must be redone for each ¢. To capture the advantages of each low and high
order spline, a hybrid spline can be constructed with a second and final reweighting of a low
order spline to the reweighted high order spline. In this case, the control points at each knot
need only be computed once at the time of construction. Each subsequent computation of
b; n(t) can use these cached control points for low n. The final low order interpolation spline
follows the reweighted high order spline almost exactly.

Potential biases and systematics from the method are evaluated by generating an en-
semble with a procedure identical to the one used to obtain the four pseudo-experiments
above. A binned likelihood L(u, ) is constructed. g is a parmameter that multiplies the
overall normalization, while « is the interpolation parameter. For each pseudo-experiment
the maximum likelihood estimators fi(a;) and &(p = 1) are computed for each «a;. The
uninterpolated likelihood for each fixed «;, L£(u, ), is also constructed as a control. The
difference of the median of the distribution of fi between the interpolated and control model,
as well as the difference of the median of the distribution of & from «;, represent biases
induced by the method. The standard deviation of each estimator represents systematics
from the method that arise due to MC statistics. Figure A.6 shows the median and standard
deviation of the distribution of it — 1 and & — «; for the fixed model and interpolated model
before reweighting, while Figure A.7 shows these after reweighting. For /i the bias from the
non-reweighted spline is clear, but is completely corrected by the reweighting. Further, as
can be seen by the smaller standard deviation in the interpolated model, systematics due
to MC statistics are reduced by the interpolation. This is caused by the smoothing of the
gaussian distribution from the high order spline. Additional information from neighboring

a; points allows a better estimate of the observable distribution at a fixed value of . The
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Figure A.4: Spline interpolations for two pseudo-experiments generated from gaussian dis-
tribution. The left plot shows the interpolation of the normalized histogram PDF, while the
right shows the interpolation of the normalization of the histogram.
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Figure A.5: Spline interpolations for two pseudo-experiments generated from gaussian dis-
tribution. The left plot shows the interpolation of the normalized histogram PDF, while the
right shows the interpolation of the normalization of the histogram.

178



Before reweighting Before reweighting

—0.15 - .15
L [ — Spline s
F =% F
r MC 2 r
01— L ooal-
F s E
F & F
L < L
0.05[— 0.05—
o o
0.05/— -0.05—
01~ 01~
0.15C | L. | | | P IR | ol Lo L b b b b Ll
T o1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 U0l 0.2 0.3 0.4 05 0.6 0.7 0.8 0.
Hypothesized Alpha Hypothesized Alpha

Figure A.6: Measurement of the bias induced by the spline interpolation in both the mea-
sured normalization and in the reconstructed mean value of the gaussian before the reweight-
ing procedure.
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Figure A.7: Measurement of the bias induced by the spline interpolation in both the mea-
sured normalization and in the reconstructed mean value of the gaussian after the reweighting
procedure. The bias in the normalization disappears. The bias in the reconstructed mean is
alleviated but still present at the endpoints.

bias in & before reweighting is alleviated but not completely solved by the reweighting. It
is, however, within the 1o interval of the distribution. This bias is only present at the end-
points. For point sufficiently far away (greater than the order of the spline), the bias is not

present.
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A.3 Application to Higgs Searches

The procedure outlined in the last sub-section is applied to the three low resolution
channels in the low mass Higgs search: H — WW® — (vly, H — bb, and H — 77.
Further consideration is required for the treatment of systematics in these channels. Both
shape and normalization systematics, as outlined in Section 5.3, are present in the likelihood,
and in general are my dependent. Interpolation of these is therefore required.

For a binned distribution with a discrete observable x;, the expected events at each Higgs

mass m can be written as follows:

shape flat

En(5;0) = (Eom(2:) + Y (Bjm(w:) — Eom(2:))0) x [ [ 53, (A.2)
J k

Eom(z;) represents the nominal distribution. For each shape systematic, there is a rep-

resentative unit gaussian distributed nuisance parameter 6; and varied distribution Ej,,(z;).

For each normalization systematic, there is a NP ¥ and response function /ﬁzlfn. This is a

simplistic form, however, given the polynomial nuisance parameter interpolation described

in Section 5.3.4. The general form of the expected events can be written as:

— — — —

Em(Iza 9) = RmS(pOm(Iz)a ﬁm(xz)a eshape)Km(enorm)F(enorm) (AB)

R,, represents the nominal expected events at each m, such that E,, = R,, when g are at
their nominal values. S is the response function for the shape systematics, which in turn is
a function of the nominal and varied histogram PDF's pq,,(z;) and p,,(x;), respectively. K,,
represents the mass dependent response function to the normalization systematics, and F' the
mass independent normalization systematics response function that needs no interpolation.
The spline is employed such that R,,, pom (i), Pm(x;), and K, are the control points of
spline functions R(m), po(x;;m), plz;;m), and K (5norm;m), respectively, yielding in total

M+3 spline functions for M shape systematics. The total expected events for an observable
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Figure A.8: Interpolation of the normalization (left) and shape (right) of the transverse mass
of the ggF signal in the ey — 05 signal region in the H—WW *) —(vlv analysis.

distribution is finally obtained:

— — —

E(x;,0;m) = R(m)S(po(ai;m), 5(x:;m), Ounape) K Brorm; 1) F (Gropm) (A.4)

—

K (00rm; m) requires a special note. Due to its unfactorizable dependence on the nuisance
parameters gnorm, it has no unique reweighting. As a consequence, it is treated with a
standard 3"¢ order spline with no reweighting. So long as the systematics are not heavily
mass dependent, this bears negligible side effects due to end-point fringing.

The splines R(m) and py(x;; m) are shown in Figure A.8- A.10 for select distributions in
each channel. The splines K (gnorm; m) for the WW model is also shown in Figure A.11 for
the MLEs 6 evaluated at uw=0,u=1,and . Figure A.12- A.14 shows ji versus my for the

individual models, while Figure A.15 shows the ji and pg versus my for the combined WW,

771, and bb parametrized likelihood.
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Figure A.9: Interpolation of the normalization (left) and shape (right) of the invariant bb
mass of the WH (top) and ZH (bottom) signal in the signal region in the H — bb analysis.
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Figure A.10: Interpolation of the normalization (left) and shape (right) of the reconstructed
7777 mass of the ThaaThaa (tOD), TepThaa (center), and mep7iep (bottom) signal in the signal
region in the H — 777~ analysis.
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Figure A.13: The best fit signal strength versus my for 7 TeV data in the (a) WH, (b), ZH,
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Figure A.14: The best fit signal strength versus my for 7 TeV data in the (a) TiepTiep, (D),
TiepThad, AN (C) ThadThaa analyses for the spline interpolated signal, such as that shown in
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