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Abstract

The Standard Model, while remarkably successful at predicting phenomena down to length scales
of 10717 ¢m, is an incomplete theory, failing to account for several experimentally observed phe-
nomena. The search for new physics which accounts for these observations, i.e. extending the
Standard Model, is among the most important problems in particle physics today. Extensions
of the Standard Model including singlet scalars or Axion-Like Particles (ALPs) are highly moti-
vated due to their simplicity and abundance across the landscape of Beyond the Standard Model
theories. In this thesis we have investigated the phenomenology of these generic models in sev-
eral manifestations and developed novel search strategies for current and future experiments. At
the Large Hadron Collider (LHC), a Higgs boson coupled to a light singlet scalar which decays
primarily to photons can lead to a complicated final state involving overlapping photons. Devel-
oping observables sensitive to these collimated final states can vastly increase the sensitivity of
the LHC to these exotic Higgs decays. Additionally I have shown that the future International
Linear Collider (ILC) is sensitive to very weakly coupled ALPs across a wide range of masses.
The ILC-GigaZ mode will produce 10° Z bosons allowing for a search for light ALPS via the
rare Z — ay — 77y decay mode, while using the almost real photons produced from incoming
ete™ pairs in photon collisions at the ILC250 or ILC500 run modes at high energies will probe

much heavier ALPs up to masses of 150(300) GeV.



Chapter 1

Introduction

1.1 Introduction to the Standard Model of Particle Physics

The natural world seems to obey powerful organizing principles whose low energy behavior is
described by a quantum field theory (QFT). The Standard Model of particle physics [9] is a
particular QFT that through almost a century of experimental and theoretical effort has been
developed that describes our Universe. It is a gauge theory with gauge groups SU(3).. (color) and
SU(2)L (weak isospin)xU(1)y (hypercharge) which is spontaneously broken down to SU(3).
and U(1)gys (electromagnetism) by a fundamental scalar, the Higgs boson [10], discovered at
last in 2012 [11, 12].

The particle content of the standard model consists of matter particles - quarks and leptons - gauge
bosons, and one fundamental scalar. Their representations under the standard model gauge groups
are listed below in Table 1.1. Here we define the generators of U(1)y so that the relationship

between the conserved electric charge, (), and the weak hypercharge is given by
Yw = Q —Tj, (1.1.1)
where 73 is the third generator of SU(2) .

GAA =1,..,8), Wa = 1,2,3), B are the spin-1 gauge bosons of SU(3)., SU(2)r, U(1)y
respectively and we organize each fermion (¢, [, u,d, e) into a three component column vector
labeling the three generations. The Lagrangian of the Standard Model is given by the writing
down all renormalizable, gauge invariant operators with minimal coupling between the matter

particles and gauge fields. It is given by

1 1 1
Loy = _ZGﬁVGAuV _ ZWSVWW _ ZB#VB,LLV +|D,®)> = m2 |®f — \|o[*
. I, (1.1.2)
+ Z if D, f — [(uylgse™ + *yad + [“yee) Py + h.c.].
feaq,lu,d,e



Table 1.1: Particle content of the Standard Model with representations under each gauge group

4; = (uL7 dL)l (37 2, %)
li=(v,er); (1,2,-13)
UR; ( 717§)
dpi (3,1,3)
€Ri (1,1,—1)
i) (1,2,1/2)
Ge (8,1,0)
e (1,3,0)
B (1,1,0)

Here we define our covariant derivative which couples fermions and scalars to the gauge fields to
be
D, =0, —ig,T*Gf —igt" W —ig Y B, (1.1.3)

where g,, g, g are the coupling constants of SU(3)., SU(2)z,U(1)y respectively, and T4 are
the generators of SU(3), t* those of SU(2), and Y labels the hypercharge of a given field.

Each SM fermion has a Yukawa coupling, v,, v4, y. to the Higgs field ®, which also couples left
handed and right handed fermions together. These Yukawa couplings are complex 3 x 3 matrices
in generation space, and can each be diagonalized by performing unitary transformations on the
ur,drp,ug,dg fields. After EW symmetry breaking, the current which couples to the W boson
involves uy, and dy, fields. The change of basis used above to diagonalize the Yukawa couplings
leads to an off diagonal coupling between the physical u, and dj, fields. The CKM matrix, Vg,
encodes this misalignment between the gauge and mass-eigenstates in the down quark sector and

allows for flavor mixing and CP violation which typically appear in charge current interactions.

1.2 Electroweak Symmetry Breaking

If the gauge symmetry of the Electroweak (EW) sector (SU(2);, x U(1)y) was unbroken, this
would lead to four massless gauge bosons, a long range weak nuclear force, and massless quarks
and leptons, all of which are of course contradicted by experiment. If the SM is the correct
low energy description of nature, EW symmetry must be spontaneously broken. In the Standard
Model this is accomplished by the introduction of a scalar Higgs field, ®, with a Mexican Hat
potential as in Eq. (1.1.2). As depicted in Fig. 1.1, the minimum of this potential forces ® to get
a vacuum expectation value (vev) v = \/Té/)\ = 246 GeV.



Figure 1.1: Potential energy of the Higgs field. The ground state of the potential gives the Higgs
a vev, spontaneously breaking SU(2),, x U(1)y down to U(1)gy,. Figure taken from [13]

Upon getting this vev, some of the gauge bosons obtain masses via the Higgs mechanism. This
can be made concrete by transforming to Unitary Gauge. Parameterizing the complex doublet
® in radial coordinates, ® = (1/ ﬁ)ei%ta (0,v + h) where t* are the generators of SU(2),
one immediately sees that the goldstone bosons, 7%, can be removed from the theory via an
SU(2) x U(1) gauge transformation, equivalent to setting 7 = 0. Taking the covariant derivative
of ® in this gauge, leads to terms quadratic in the gauge bosons.
Loy 21172\ 2 3. .1 \2

Lauadratic = 5197 (W)™ + ¢" (W)™ + (=gW,, + g B,)7]. (1.2.1)
After diagonalizing the mass matrix of this system, we end up with three massive gauge bosons,
and one massless gauge boson which we identify as the photon.

W =—W, FiW2), Z,= (cwW) —swBy,), Ay = (swW) + cwB,), (1.2.2)

Sl

where

g e q e
VoE+g? 9 VoE+g? 9

are the cosine and sine of the weak mixing angle respectively. The masses of the W= and the Z

are given by my = mzew = gv at tree level.

Experimental verification of electroweak theory and the Higgs mechanism was accomplished

over decades from the 1960s to the early 2010’s beginning with the observation of weak neutral



currents in neutrino scattering at the Gargamelle bubble chambers [14]. This discovery indirectly
verified the existence of the Z boson, and gave a prediction for the mass of the 1¥. This motivated
the construction of the Super proton-antiproton Synchrotron (SppS) at CERN, where in the 1980’s
the W and Z bosons were directly produced and observed through their decay products [15, 16].

The direct discovery of the massive electroweak gauge bosons lead to the LEP program, which
verified the EW theory beyond tree level, establishing the SM as the quantum theory of the EW
interactions. The final stage of the program was the discovery of the Higgs boson in 2012 at the
ATLAS and CMS experiments [11, 12].

1.3 The Higgs Boson

The Higgs boson plays a fundamental role in the Standard Model as the trigger for electroweak
symmetry breaking. In combination with being the only fundamental scalar of which we know,
the Higgs boson represents an exciting opportunity to test the Standard model and discover new
physics. Higgs physics is a rich and a mature field of study, currently be probed at the highest
energies at the LHC with only 139 fb™! of integrated luminosity. This is less than 5% of the total
luminosity that the LHC will collect, and with increasing data the discovered Higgs boson will
be put to the test. Does it couple to the masses of the fermions and vector bosons as a predicted?
What is the nature of the Higgs self coupling which drives electroweak symmetry breaking and
imprints itself on the stability of the vacuum at high energies? What is the role of the Higgs boson

in unitarizing the SM at high energies?

Let us examine the last question. A Higgs-less SM violates unitarity at high energies in vector
boson scattering. This is because at high energies the amplitude for the scattering of longitudinal

gauge bosons A(V,V, — V. V,) involves the longitudinal polarization vectors

lim &7 (k) = k*/m (1.3.1)

k—o0

which diverge with energy as the momentum of the gauge bosons is taken to infinity. Take
(Wi W, — WW, ) as an example.

One exemplary Feynman diagram (the contact interaction) for this process is depicted in Fig. 1.2.

The sub-amplitude calculated from this diagram is

Acontact = WV2G pmiy (2(e;, (k1)er(p2)) (€5, (k2)er(p1)) — (€5 (k1)er(pr))(ef, (k2)er(p2))

— (€p(k)er(k2))(er(pa)er (pr))-
(1.3.2)



W+(IJ= p1) W+(p! k1)

W~ (v, po) W (o, k)

Figure 1.2: Feynman diagram for the contact interaction leading to (W, W, — W} W, ). This
sub-amplitude contributes an s? divergence.

Though this diagram by itself is not gauge invariant, it demonstrates the dangerous high energy
behavior of the longitudinally polarized W’s, rising with s? after using Eq. (1.3.1) for the polariza-
tion vectors. Gauge invariance mandates the introduction of amplitudes involving the exchange
of Z bosons and photons, which fortunately softens the divergence of the Higgs-less amplitude.
The full (Higgs-less) amplitude for this process is lengthy, but can be computed straightforwardly
in Unitary gauge. Inserting the longitudinal polarization vectors and expanding in powers of s

(the center of mass energy squared) gives an amplitude

Gr esc?(£)miy, (sin®(0) + 4 cos(6) + 8sin? (%) sin®(6w))
\/50082(914/)

0
AHiggsfless = \/§SGF COS2 <§> +
1
+0 (—) .
S

The above amplitude linearly diverges with s, which signals a breakdown of unitarity and the

(1.3.3)

theory. Much like how unitarity is violated in Fermi theory and restored by the massive vector
bosons, the introduction of the Higgs cancels this last divergence and unitarizes the theory. In
fact this behavior was used to bound the mass of the Higgs long before it was discovered [17].
The LHC has recently measured vector boson scattering (VBS) for the first time [18, 19] with
over Ho significance, and has been able to separate the different polarization contributions to this
process in order to extract the contribution of longitudinally polarized vectors [20], but only has
weak < 30 evidence for this process. In the future, the LHC hopes to measure longitudinal vector

boson scattering with high precision, and probe the breakdown of unitarity in the SM [21]. This
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Figure 1.3: Coupling strength modifiers for fermions and weak gauge bosons as a function of
mass. SM prediction is shown in dashed blue. Figure taken from [1]

is but one example of the overarching importance of the Higgs in the SM and makes it an exciting

particle to study.

In the SM the tree level Higgs boson couplings to the SM particles are precisely determined
in terms of their masses. Fig. 1.3 shows the Higgs coupling to standard model fermions and
gauge bosons as a function of the mass of that particle vs the experimentally determined coupling
strengths. Here one sees excellent agreement between the SM and experiment for the third gen-
eration fermions and heavy gauge bosons, where as for second generation fermions more data

needs to be taken.

The Higgs boson also couples to the massless gluon and photon at the loop level through the
virtual exchange of heavy fermions and gauge bosons. It is a remarkable fact that even though
these tree level couplings do not exist, the main Higgs production mode at the LHC is via gluon-
gluon fusion with a production cross section 10x larger than the next largest mode [2], and the
discovery of the Higgs was made via its decay to two photons. The importance of the above

production and decay modes of the Higgs necessitates the calculation of the gluon-gluon fusion



(ggF) cross section and the diphoton decay mode to high orders of perturbation theory. Currently
the ggF cross section is calculated at N3LO QCD + NLO EW accuracy. This calculation can be
done in an effective field theory framework where the top quark is integrated out and an effective
Lagrangian where the Higgs couples directly to gluons is obtained as in Eq. (1.3.4)

ag h
L

Lroprrr = —Ch7 27r;GAWG;‘,,. (1.3.4)

In the above, (' is the Wilson coefficient obtained from integrating out the top quark and at
leading order in a takes the value C; = 1. The coefficient of this effective operator can be
obtained from the decoupling coefficient' of the strong coupling via a Higgs low energy theorem
[22]. Currently this coefficient is actually known to N4LO [23].

The Higgs boson discovery strategy used by the LHC was largely influenced by comparing back-
ground rates versus the various strengths of the Higgs boson decay modes into SM particles, i.e.
the Higgs branching ratios. Higgs branching ratios to all SM particles are shown in Fig. 1.4. As
can be seen in the figure, in the region between 120 — 130 GeV the dominant decay mode of the
Higgs is to bb and WW* with all other decay modes suppressed by at least an order of magni-
tude. Even though the branching ratio to photons is only O(1072) this decay mode along with
h — ZZ* — 4l was amongst the first to be discovered at the LHC due to the extremely clean

final state and relatively low backgrounds.

Interestingly the Higgs branching ratio to invisible states is only very weakly constrained. In
the SM the Higgs decays invisibly only through H — ZZ — 4v, with a branching fraction
B(h — ZZ) x B(Z — vi) ~ 1073, Searches for h — inv are pursued in the VBF, VH, and
ggF mode where combined they give an upper limit of B(h — inv) < 0.19 at 95% CL [24]. This
means that the Higgs could be decaying to invisible or undetected BSM states up to 20% of the
time. It is extraordinary that a particle that we have been studying theoretically for 50 years and

that plays such an essential role in the SM is so unconstrained.

1.4 The Need for Physics Beyond the Standard Model

Despite the success of the Standard Model defined in Sec. 1.1, it is known that the SM is incom-
plete. This comes from myriad of experimental and theoretical results of which we will name a

few.

'The decoupling coefficient in QCD relates the gauge coupling oy, = q—i across quark mass thresholds, i.e. it

4
relates the ag"f =% with all quarks present in the theory to ai”f =) with the top quark integrated out via. agnf =6) —

CZaE”f:‘r’)
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Figure 1.4: Higgs boson branching ratios and their uncertainties. Figure taken from [2].

» Experimental evidence across an array of cosmic and astrophysical distance scales shows
that only 15% of the matter in the Universe is baryonic and interacts electromagnetically
[25]. The other 85% of the matter is made up of an unknown substance dubbed Dark
Matter. Viable candidates for dark matter span from masses of 10722 eV [26], set by the
constraint Ageprogrie = 1 Kkpc, to macroscopic masses of 10* solar masses [27], constrained
by requiring that granular DM does not disrupt gravitationally bound systems. Weakly
Interacting Massive Particles (WIMPs) are a particularly excellent candidate due to giving
the correct relic density of Dark Matter with masses at or around the weak scale, though
the parameter space allowed for WIMPs is quickly shrinking thanks to experiments like
LUX, and XenonlT [28]. Another viable candidate is the axion, which is a psuedo-nambu
goldstone boson of PQ symmetry breaking [29]. Along with providing a viable Dark Matter
candidate, axions also give a dynamical solution to the Strong CP problem, i.e. why is CP
violating parameter © ~ 0 [30]? A last promising candidate is sterile neutrinos. A right
handed neutrino Np is absent in the SM, but if it is present it would give a viable DM

candidate [31] as well as provide an explanation for neutrino masses.



* The matter-antimatter asymmetry of the universe can be summarized by the measured value
of the baryon to entropy ratio n = “£ = “& ~ 6.1 x 107'°. The origin of this matter-
antimatter asymmetry in the universe is currently unknown and a solution cannot be found
in the Standard Model alone. One of the Sakharov conditions for baryogenesis (which is
a direct consequence of this asymmetry) is that there be CP violation in the early universe
[32]. In the Standard model CP violation is present in the quark sector via the CKM matrix.
This CP violation is too small to account for the matter-antimatter asymmetry [33], new
physics must be present to generate the necessary CP violation. Many models of new
physics have new sources of CP violation including the Minimal Supersymmetric Standard
Model (MSSM), Two-Higgs Doublet models, and a host of others. Any new CP violation
must respect the constraints from measurements in the K° and B meson systems as well as
searches for electric dipole moments (EDMs) [34,35]. Neutrinos may provide the necessary
CP violation via the PMNS mixing matrix which contains one CP violating phase and 2
majorana phases. Neutrino oscillation experiments currently favor maximal CP violation

[36] though more data needs to be taken.

* The discovery of neutrino oscillations [37] over the past 30 years implies that at least two
of the three neutrino species are massive, yet the SM contains no mechanism for neu-
trinos to obtain a mass. Thus neutrino masses guarantee the presence of BSM physics.
There are numerous neutrino mass models in the literature, but the most common ver-
sion is some modification of the standard seesaw mechanism [38]. In the seesaw mecha-
nism, one introduces 3 right handed neutrinos Nz with yukawa coupling to the Higgs of
the form y, LH Ny. Additionally, the Ny as gauge singlets may enjoy Majorana masses
MpNEC™ Ny with My unconstrained. For Mp >> y,v, diagonalizing the neutrino mass
matrix leads to light neutrino masses of order y,v/Mpg. Thus order one yukawa couplings

along with Mg = 10'2GeV could explain the lightness of the left handed neutrinos.

* The electro-weak scale characterized by mgy = v is 16 orders of magnitude smaller than
M., which sets the strength of gravitational interactions. This disparity in scales, known
as the Hierarchy Problem, is among the most theoretically concerning and interesting prob-
lems in theoretical particle physics as it is directly entangled with the notion of naturalness.
Many concrete statements about naturalness exist in the literature, but they can be sum-
marized by the idea that a theory is natural if and only if the IR parameters of the theory
are insensitive to the UV physics of the theory. The measured Higgs mass of 125 GeV is
a danger to this notion of naturalness. To see this, consider adding a cut off to the SM,
A, which denotes the point at which new physics must appear. Quantum corrections to
the Higgs mass due to the top quark are cut off at A so that the 1-loop correction to the

YA
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its head with the famous quadratic divergence in the Higgs mass. If A is near Mp; then

physical Higgs mass is given by m? = m2,__ + Here the hierarchy problem rears



this requires a tremendously precise cancellation or ’tuning” to give the measured Higgs
mass of 125 GeV. To reduce this tuning, A should be at or around the TeV scale. But this
need for a low cutoff is in direct conflict with constraints on the scale of new physics from
other sectors. New particles contributing to neutral meson mixing would far exceed the SM

contribution unless these new particles have masses greater than about 103 TeV [39].

Even in the absence of a cut off, the Higgs mass is unsafe from quantum corrections. Taking
the SU(5) Grand Unified Theory (GUT) as an example, the SM Higgs in the 5, couples
to the SU(5) breaking scalar 24. At one loop, the quartic coupling \524%5 receives a
correction proportional to g7, [40], where g is the unified gauge coupling. After EW

symmetry breaking this quartic coupling gives a mass to the Higgs proportional to
A< 24 >= \My, (1.4.1)

where My is the unification scale taken to be near 106 GeV. Taking m; = 125GeV
requires a precise cancellation between the A(M) and the one loop correction described
above. In the most general sense, scalar masses tend to be driven to the highest scales
in the theory. Supersymmetry offers one solution to the Hierarchy problem as the Higgs
inherits the chiral symmetry of its super-partner, which protects its mass from large radia-
tive corrections. Again this solution is in tension with direct experimental constraints from
production [41] and indirect precision constraints, as low scale supersymmetry gives large
contributions to flavor and CP violating observables. This requires that scalar super-partner
masses be large or that the structure of the MSSM soft terms be very special [42].

1.5 Parameterizing new physics - Simple Extensions of the SM

The last section highlighted some of the glaring problems which require solutions outside of
the Standard Model. To supplement the standard model requires the addition of new states and
or symmetries to the theory. This leads to an innumerable collection of BSM theories which
must not only predict new phenomena/explain the unanswered questions in Sec. 1.4 and more,
but also evade all current experimental constraints. This is a powerful problem to overcome for
any proposed model, as the experimental constraints on rare SM processes push the scales at
which new physics may arise to higher and higher energies. In many models this often requires
fine tunings of parameters or the inclusion of further states and pushes the theory to corners of
parameter space that are harder to motivate than the problems which the theory was originally set

out to solve.

This motivates the exploration of simple, generic extensions of the Standard Model, which can

serve as benchmarks and be re-interpreted later in the context of more complicated or complete
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models. What are the most generic/simple extensions of the Standard Model? Naturally, we
turn to scalar/pseudo-scalar states as these new states cannot be anomalous and can easily be con-
catanated with SM operators in a renormalizable or non-renormalizable fashion. Additionally, we
make the assumption that these states are singlets under the SM gauge groups. This is motivated
by the genericness of hidden sectors, i.e. those not charged under G g;;, in UV complete theories
like string theory. These hidden sectors may also provide excellent dark matter candidates. Under

these conditions, we arrive at extending the standard model via scalar and pseudo-scalar singlets.

Scalar singlet extensions are unique in their simplicity but diverse in their phenomenology. Con-

sider the following Z, symmetric Lagrangian
1
Lsingiet = Lsn + 5(8#925)2 —miP” — o' — App® P (1.5.1)

If ¢ gets a vev, vy, then this leads to a mixing between the neutral non-goldstone part of ® and
¢. The resulting physical states i and H couple to all SM particles in the same way as the SM
Higgs, but with reduced coupling strength. This simple model contains three physical parameters
which are undetermined: the mixing angle o between the observed 125 GeV Higgs and the new
state, the new heavy Higgs mass mp?, and tan 3 = v,/v. These physical parameters can at tree

level be expressed in terms of the Lagrangian parameters as follows:

2 2
m m
A= —"cos?a+ —Lsin?a
202 202
m% 2 m%] 2
Ay = —=sin“ o + —= cos” «
¢ 21}35 21}3) (1.5.2)

(m; — mj)

sin 2a,
2004

Aoy =
where ) is the quartic coupling for . As we know that the 125 GeV Higgs observed at the LHC
is SM-like, sin & must be small so as to not disturb the overall 125 GeV Higgs coupling strength.
More powerful constraints on this model come from radiative corrections to the mass of the IV.
Matching the effective Fermi theory of muon decay to the full SM gives a relationship between
the W mass and the SM quantity Ar,

2

9 miy TQlem

my|l—— | = 14+ Ar (1.5.3)
v ( m ) \/EGF( )

Using mz and G as experimental inputs and computing Ar gives a prediction for my,. One of

the key components of Ar is the p parameter [43]. In the SM, the p parameter measures the ratio

of the neutral current and charged current couplings of four-fermion processes, p = Gn¢o/Goc.

At low energies the LO value of G ¢ and G¢¢ are computed by setting the momentum transfer

ZHere we assume that the 125 GeV Higgs observed is the lighter of the two mass eigenstates
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Figure 1.5: Singlet contributions to dp as a function of sin « at mixed heavy Higgs masses of 200,
400, and 700 GeV. dp gives the main contribution of the singlet model to the Ar parameter or
equivalantly the shift in the ¥ boson mass.

to 0 in the propagators of the W and Z. Thus at tree level in the SM, p is given by

G 2 8 2 2 2 2
Ne € é SWQCWTZ _ ;an 1. (1.5.4)
Gce e?/8syymiy Cwiz

At higher orders, the calculation of the low energy couplings leads to a deviation dp,

1
C1—6p

P (1.5.5)

where dp can be calculated in a loop order expansion. The deviation of dp from O signifies cus-
todial symmetry breaking, and is an important ingredient for precision electroweak observables.
At one loop dp is given by

5p = 2z(0)  Zw(0) (15.6)

2
myz myy

Here Xy (0) (V = W, Z), is the vector boson self energy at 0 momentum transfer. In the SM the
main contribution to dp # 0 is the splitting of the top-bottom mass, but the singlet extension gives
non negligible contributions to dp as well. Below we plot the new singlet contribution to dp at
one loop as a function of sin «v at fixed values of m . Fig. 1.5 highlights the increasingly negative
contribution of the singlet model as |sin a| and my increase. The experimental precision on
sina| < 0.3 for my > 250GeV [44]

compared to | sin | < 0.5 from the overall Higgs signal rate.

Myy then puts powerful constraints on the singlet model,
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If the role of the heavy and light Higgs in this model are switched (i.e. the 125 GeV Higgs is the
state H), and the new scalar mass eigenstate has a mass m;, < my /2, then this opens up a new
decay channel for the 125 GeV Higgs.

Depending on the final states into which A can decay this may lead to H — invisible or to SM
final states. Extending the above singlet model by coupling the scalar singlet to photons in a non-
renormalizable way opens the possibility to detect the couplings of the 125 GeV Higgs to these
new states through their decay into photons, i.e. the decay chain H — hh — 4~. This decay
chain can be especially difficult to detect when the mass of the light scalar O(GeV) as the final
state photons can be highly collimated, leading to a difficult to detect final state. With the Higgs
being a focal point of study in the high energy world, and it’s branching ratios still not tightly
constrained, these rare BSM decay modes become even more important to search for. We explore

the phenomenology of this extension in Chapter 1.

Pseudo-scalar singlets or Axion-Like Particles are similar in simplicity to the scalar case, but often
derive from a different set of UV models. ALPs often arise from spontaneous symmetry breaking
where they are pseudo-nambu goldstone bosons (PNGB). Examples of ALPs can be found in
some composite Higgs models, or in majaron, or familion models. Perhaps the most famous
pseudo-scalar singlet is the axion, which as mentioned before is both a Dark Matter candidate

and a possible solution to the strong CP problem.

The original axion model relies on a new U(1)po symmetry which is spontaneously broken by

the vev of a complex scalar field
< ¢ >=(f./V2)e s (1.5.7)

The Goldstone boson, a, is the axion. Extra quark fields charged under the PQ symmetry and
SU(3). make the PQ symmetry anomalous so that the generated anomaly term corresponding to

a chiral rotation by a/ f, leads to an additional term in the action

4, OQxs ~A AAw
/d xSWQfQG“”G m. (1.5.8)
with GA" = #G;‘J being the dual field strength tensor. Thus the total CP violating term is
given by

g_ S % A AApv 1
(5 O Cna™. (1.5.9)

where O is the effective © parameter after absorbing the phases which come from diagonalizing
the quark mass matrix. Finally, instantonic field configurations generate a potential for the axion
whose minimum is naturally CP conserving, i.e. the value of the field is driven to © f,. This is

the axion solution to the strong CP problem. This first axion model predicts an axion mass and
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couplings, dictated solely by f,, which can be computed in chiral perturbation theory. The axion
mass at NNLO is calculated as [45]

me = 5.691(51) <109fﬂ) meV. (1.5.10)
Plugging in f, = O(10?) GeV, which puts the scale of PQ breaking at the EW scale, gives an
axion mass in the KeV range. Though some model dependencies remain in the axion couplings,
experimental searches for the original QCD Axion in reactor, beam-dump, and meson decay
experiments have shown no excesses, ruling out this simple model with a low PQ breaking scale
[46]. This realization lead to the growth of “invisible axion” models [47,48], i.e. those where
fa > v. In these models, additional scalars or heavy quarks are introduced which result in small
axion masses and extremely tiny ALP-SM couplings, evading most experimental constraints. A
further generalization leads to Axion-Like Particle models whose masses and couplings are not
necessarily related to each other. In Chapters 2 and 3 we explore one such Axion-Like Particle
model where the ALP is coupled to the SM hypercharge through a higher dimension operator. We

find a rich spectrum of experimental signatures which can be probed at the future ILC experiment.

1.6 Outline of this dissertation

This dissertation consists of three main chapters, each studying search strategies for BSM physics
involving additional scalar/pseudo-scalar particles. The first chapter focuses on searches involv-
ing the Higgs boson decaying to light scalar while the second and third are a searches for Axion-

Like Particles (ALPs) at the future ILC experiment. An outline of each chapter is given below:

1.6.1 Chapter 2: Higgs boson decays into narrow di-photon jets and their

search strategies at the Large Hadron Collider

The Higgs branching ratio to invisible or exotic states is poorly constrained by current experimen-
tal measurement. Higgs decays to light scalar singlets which also couple to photons represent a
challenging BSM scenario for colliders as the decay products of the light scalars are difficult to
reconstruct. In [49] my collaborators James Wells, Ben Sheff, and I identify new experimen-
tal observables which can help identify this Higgs to light scalars to photons decay chain and

quantify the experimental inefficiencies which result from ignoring these observables.
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1.6.2 Chapter 3: Axion-Like Particles at the ILC Giga-Z

Axion-Like Particles (ALPs) are a generic extension to the SM which appear in many models
of spontaneous symmetry breaking. In [50], James Wells and I compute limits on ALPs which
couple to hypercharge by examining the sensitivity of the ILC to Z decays involving an ALP and

a photon.

1.6.3 Chapter 4: Discovering Axion-Like Particles with Photon Fusion at
the ILC

Continuing examining the discovery capabilities of the ILC to ALPs, in [51] I examine the photo-
production of ALPs in the Equivalent Photon Approximation (EPA) and their subsequent decay
into pairs of photons. This unique channel allows for the production of ALPs with very large
masses at the 250 GeV and 500 GeV stages of the ILC at weak coupling.
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Chapter 2

Higgs Boson Decays Into Narrow Di-Photon Jets
and Their Search Strategies at the Large Hadron
Collider

Abstract: In many extensions of the Standard Model the Higgs boson can decay into two light
scalars each of which then subsequently decay into two photons. The underlying eventis h — 4+,
but the kinematics from boosted light scalar decays combined with realistic detector resolutions
may fail to register the events in straightforward categories and thus may be lost. In this article we
investigate the phase space for highly boosted di-photon events from these exotic Higgs decays
and discuss search strategies that aim to capture and label events in this difficult region. In the
process we develop a new category, &-jets, which identifies with high selectivity highly collimated
di-photon decay modes of the Higgs boson.

2.1 Introduction

Nearly a decade after the discovery of the Higgs boson it remains to be decided whether the dis-
covered particle interacts with other known elementary particles in precisely the way the Standard
Model dictates [52—57]. Deviations from SM expectations can arise by virtue of the Higgs boson
being composite, part of a larger Higgs sector, coupled through its portal interactions to hidden
sector states, or embedded in extra dimensions to name just a few examples. Alternatives remain
viable because the SM Higgs boson couplings to other SM states are known only to at best 10%
for some, and only to within O(1) factors for others, including muon, electrons, charm, and Higgs
self interactions [58,59]. The possibility of the Higgs boson decaying into final states that are not

allowed by the SM is also not constrained well in many cases.

In this article we take up the case of the Higgs boson (/) decaying into other very light scalars
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(¢1 and ¢5) where each subsequently decays into photons,
h — ¢102 — (vy)(77y) (target observable). (2.1.1)

In several different limits this process has been studied already [60,61]. In the case of ¢ » both
having mass above about 10 GeV one finds that the events register as unambiguous 4+ events in
the detector that can be searched for well. Within this regime, current studies limit this process to
B(h — 4v) <3 x 1074 [62,63].

On the other extreme, if ¢, > both have mass less than a few hundred MeV, the photons from
¢; — 7y are so collimated coming from the highly boosted ¢; resultant from their parent Higgs
decay, that each ¢; decay appears to go to a single photon. In that case, h — ¢;¢5 is simply
combined with the standard A~ — 7y analysis, and it becomes a statistical question to determine
what overabundance of such a signal would be consistent with data. At 95% CL the answer to
this question is that the branching fraction of non-SM contributions to B(h — ~7) cannot exceed
2.2 x 10~* [34]. Such light scalars may also be disentangled from the SM h — ~~ process with

sophisticated substructure techniques [64,65].

Combining both extremes leads to an apparent detection i — 3. This arises when one of the ¢;
has mass less than a few hundred MeV and the other more than about 10 GeV. This process is
forbidden in the SM, and the branching ratio is currently limited to B(h — 37) < x1073, as can
be gleaned from [66].

In between these two extremes, from the point of view of observables, is a murky region where
the mass of one or both ¢; states is between ~ 0.1 GeV and 10 GeV. In that case, the two photons
coming out of the ¢; decays are not highly collimated nor are they cleanly separated. Roughly
speaking, the ATLAS and CMS detectors see something distinct from a standard photon but that
also does not register as two photons when the photon separation is between 0.04 < AR < 0.4
[67,68]. It is this difficult middle ground region that we wish to address in this letter.

It should be stated that extending the scalar sector of the SM by one (or multiple) singlets is a
mature and well studied subfield [69-71]. Much of the parameter space for exotic heavy and light
scalars (relative to the Higgs boson mass) is well constrained by direct searches and by precision
electroweak measurements [44]. Our simplified model highlights a region of parameter space in

a class of singlet extended models that has been less explored by previous studies.

The value in exploring such a regime lies in its ability to utilize the available experimental power
from the LHC to investigate one of the most interesting loose ends in the Standard Model. Many
models exist coupling new light scalars to the Standard Model in ways that are highly susceptible
to the search strategy we advocate here [72]. The nature of the Higgs boson makes such couplings

to new physics generic and apparent in a broad swath of theory parameter space. Furthermore,
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the rough knowledge we have of the Higgs boson to date deserves significant tightening in every
reasonable direction. Our goal here is to consider this particular case in detail, highlight the
experimental challenges for discovery, proffer some suggestions, and suggest a benchmark theory
with points that may be useful for serious further study by experimental groups within the ATLAS
and CMS collaborations.

2.2 Theory description

The phenomenon we are after is h — ¢1¢o with subsequent decay of ¢; — 7. Such decays
arise generically in a broad class of BSM theories, many of which give rise to additional exotic
phenomena. Most commonly these are other, similar gauge interactions, such as Z — ¢, but
the possibilities are wide and varied. Many BSM theories of this type are not yet constrained by
experiment and have their most accessible phenomenon as h — ¢1¢o — 4+, if there are dedicated

searches for it. Our focus lies in this last type of theory.

To devise an experimental strategy and analysis to discover this class of targeted theories, we must
begin by constructing a representative theory within the class and finding ways to find evidence for
it. Ideally the representative theory should be maximally simple without losing the key features
under consideration for our exotic Higgs decays. In this case, there is such a simple theory, and

its lagrangian is

1 1 1 1
L= Lo + 5(8u¢1)(5“¢1) + 5(@@)(8“@52) - §m%¢% - Emgﬁbg

1 1
+ | H[>p102 + A—¢1FWF“” + A—gzﬁgFWF“” (representative theory) (2.2.1)
1 2

where F'* is the photon field strength tensor. Of course, one could write down non-trivial |H |?¢?
and | H|?¢2 terms among others, but that would add complexity without contributing significantly
to the final phenomenology. One might also object that ¢; F},, """ should be traded in for gauge-
invariant couplings of ¢; to hypercharge field strength tensor ¢, B, B"” and SU (2) field strength
tensor ¢; Wy, W, That would be fine, except that upon diagonalizing these interactions to
those of the mass eigenstates one finds nevertheless ¢; [ terms, which will completely dominate
in the decays of ¢; over ¢;Z""F},, and ¢;Z 2 terms due to the Z boson being much heavier than
the ¢; that we will consider below.! The ¢;ZF interaction can give rise to Z — ¢;y decays,
constrained by searches at the Tevatron and the LHC [62, 73], but as the scale of A; becomes
higher, this constraint goes away while B(¢; — ) remains 100%*. For that reason we drop

'Barring any tuned cancellations, typical branching ratios to vy are 107(10®) times larger than the branching
ratios to Y Z*(Z*Z*).

2As the A; increase, so does the decay length of the scalar. We have checked that the scalar decay length can be
under 1 mm even for large (PeV) values of A; which evade the Z — ¢;7 constraint.
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Figure 2.1: AR separation between photon pairs from ¢; decays, sampled over 10,000 events at
varying masses of the BSM scalars.

these extra consideration and extraneous interactions from the theory description and retain only

the lagrangian of Eq. 2.2.1.

From the point of view of devising experimental search strategies to find evidence for the Higgs
boson decaying into a single light scalar, say o such that h — oo — 4+, the benchmark theory
above is adequate. It merely corresponds to the case of m; = msy. That is not to say the two
theories are exactly the same, only that the subsequent search strategies are the same. That is
why we propose to work with only one theory — the representative theory of Eq. 2.2.1 — which we

believe to form a basis upon which benchmark points can be established and strategies devised.

2.3 Photon &-jets

As we mentioned in the introduction, the target observable of Eq. 2.1.1 implies photon separation

from ¢; decays that is sensitive to the ¢; masses. This separation is given by
AR, ~2my, [Ey, ~ dmy, [my,. (2.3.1)

This is illustrated in Fig. 2.1, which shows that my = 10 GeV gives well separated photons
(AR > 0.4) and m, = 0.1 GeV gives very collimated photons (AR < 0.04), and mass of 1 GeV
gives intermediate separation. Recall that AR = /(A¢)2 + (An)?, and A¢ is the azimuthal
angle separation and An is the pseudo-rapidity separation of the two photons in ¢; — -~ decay.
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We turn to the ambiguous case in which the ¢; masses fall within the “intermediate mass” range
of 1GeV < my, < 10GeV. Within the LHC environment, the production of Higgs bosons and

their subsequent decay into such scalars yields photon pairs separated by

0.04 < AR,, < 0.4 (intermediate separation). (2.3.2)

It is well known that photon pairs that fall within the intermediate separation range of Eq. 2.3.2
are extremely difficult to separate or identity. We will speak much more on that below, but here
we wish to pay respect to that difficulty by giving it a name. We call two photons that are within
the range specified by Eq. 2.3.2 a “¢-jet”. The &-jet is a purely theoretical object, and it is defined
by underlying “truth data” and not with respect to any detector performance. If a photon has
another photon within the intermediate separation annulus of Eq. 2.3.2, and nothing else is within
the outer ring of that annulus, then it ceases to be a photon and the two together form a -jet. Such
a concept can be generalized to more than two photons but it is of not much importance here to
do that. We also specify as a theoretical object that a photon is defined to be either a single photon
or two photons within AR < 0.04 of each other.

With these theory definitions of photon and £-jet, our target observable is broken into several
distinct and non-overlapping final states, depending on the masses of the ¢; intermediate states in

the decay chain:
h — ¢1d9 — 4y = 4y, 27, 37, ¥&, 7€, 26 (observable partitions) (2.3.3)

The first three of these observables we have already discussed. The remaining observables have

not been fully explored in the literature, and we wish to consider them in more detail below.

2.4 Benchmark model points

We are interested in exploring three observables: &, vy, and 2£. To do so we need bench-
mark points that give rise to each of these types of observables. They can be obtained rather
straightforwardly from our representative theory of Eq. 2.2.1 where the masses of ¢; and ¢, are
chosen to be various permutations of the masses 0.1 GeV, 1 GeV and 10 GeV. In particular,
me = 0.1GeV generally always gives ¢ — « decays, my = 1GeV typically gives ¢ — &
decays, and m, = 10 GeV generally gives ¢ — 7 decays according to our definitions in the
previous section. These are so far entirely defined theoretically. In the next section we will pursue

more carefully how a theoretical £-jet registers in an experimental analysis.

From these considerations we can construct the following four benchmark points A, B, C, and D

specified in Table 2.1. Fig. 2.2 shows the relative fraction of each observable for each benchmark
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Point m; (GeV) my (GeV) Dominant mode Subdominant mode

A 1 10 YyE vE ~ 2y ~ 3y
B 0.1 1 vE 2y

C 1 1 2¢ ~vE =~ 27y

D 0.1 10 3y vE

Table 2.1: Benchmark points for o — ¢;¢o — 4~ which then partition into various theory-object
observables (modes) according to our definitions of £ (photon pairs with 0.04 < AR < 0.4) and
~ (an isolated photon with AR > 0.4 or two photons within AR < 0.04).

100 B 1 GeV + 10 GeV Scalar
w1 GeV+ 1 GeV Scalar
.1 GeV + 10 GeV Scalar
1 GeV +1GeV Scalar

0

Figure 2.2: Branching fraction into each final state theory observable for the benchmark points A
(blue), B (orange), C (red) and D (green) given in Table 2.1.

H
h

1072

Fraction of photons in each category

Iy+¢ 2y 2 2y +€
True photon category

point. The dominant and subdominant modes of decay for each benchmark point are listed in
Table 2.1 and can be gleaned from the fraction data given in Fig. 2.2. Table 2.1 shows that several
combinations of light scalar masses give interesting decay signatures involving combinations of
&-jets and photons which (to the authors’ best knowledge) are not being searched for in current
LHC analyses.

2.5 Experimental search strategies

So far our discussion has been mainly theoretical. We have identified a rare Higgs decay whose
cascade we claim may be difficult to detect by experiment. In this section, we discuss how

our theoretical objects translate into experimental manifestations. We have suggested that some
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mass ranges of ¢; are problematic for experiment. We will discuss some details on why they are

challenging and some strategies by which to possibly overcome those challenges.

2.5.1 Multi-photon final states

Isolated photons or extremely highly collimated photons both get identified simply as photons,
and analysis based on those standard objects (photons) proceed without much subtlety regarding

how to process the data into well-defined final states of 2, 3 and 4.

2.5.2 ¢-jet final states

Some of the final states from the decays of Eq. 2.3.3 yield &-jets. Underneath, a £-jet is merely
two photons with intermediate A R separation (see Eq. 2.3.2). But a key question is, how does a -
jet, defined as a theoretical object, get processed into various experimental categories? A perfect
detector would register it as merely two photons, a bad detector as a single photon or nothing, and
a realistic good detector, such as ATLAS or CMS, registers it as something altogether different
within several possible categories of varying sensitivity and selectivity®.

To address this question of how a £ registers in a detector it is useful to describe the various
categories into which a single photon can fall. As an example we take the standard categories
which ATLAS uses for photon identification. There are eight possible standard categories, six
are the permutations among three isolation possibilities (non-isolated, loose isolation, and tight
isolation) and two ID possibilities (loose ID and tight ID). The other two categories are jet and
“lost.” Jet is the standard QCD jet from fragmentation of quarks or gluons, and “lost” refers to
the possibility that the data does not conform to any other category and is not registered in any

higher abstracted category except for mere energy depositions in the detector.

A &-jet will register with some probability into one or more of the standard photon categories.
The probability to do so depends on the underlying event kinematics. Under typical assumptions,
the £-jet will often register as “lost” due to the inability to resolve the two photons yet the event
covers more than one cell in the electromagnetic calorimeter which a single photon would not do.

As no category becomes applicable, it has no option but to be relegated to “lost.”

The implication of a £-jet arising from a Higgs decay being categorized as “lost” is that an anal-
ysis that requires reconstructing the invariant mass of the Higgs boson from well-defined decay
products can no longer register the events. It is therefore necessary to build a ninth category “¢-

3By perfect (non-existent) “sensitivity” we mean a category test that passes with 100% (0%) rate if the underlying
event is a £-jet, and by perfect (non-existent) “selectivity” we mean a category test that passes with 0% (100%) rate
if the underlying event is not a £-jet. Good sensitivity means low false negative rate, and good selectivity means low
false positive rate.
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candidate” under which £ events can fall. ¢-candidates must be defined entirely through detector
response, with the goal of producing high sensitivity to underlying £-jets with reasonably good

selectivity (i.e., mostly only &-jets register as £-candidates).

2.5.3 ¢&-candidates

A detailed definition of the “¢£-candidates” category satisfying the demands stated above is best
constructed by a team of experimental experts within the ATLAS and CMS collaborations deeply
familiar with their detectors. However, it is likely that such a definition meeting the demands of
sensitivity and selectivity will have several key characteristics which we would like to discuss
here. We will then make illustrative estimates of the utility of a £-candidates definitions based on

these characteristics.

We make use of MadGraph_aMC@NLO [74] simulations to produce our signal events at leading
order with the lagrangian of Eq. 2.2.1, which are then hadronized via PYTHIAS [75,76]. For our
detector studies we utilize Delphes [77] fast detector simulation framework with the default CMS

card and FastJet [ 78] for jet clustering algorithms.

To begin one must have a cluster, established by standard techniques. One useful criteria to im-
pose on the pre-¢-candidate cluster is a strong isolation requirement against QCD activity within
a small cone around the {-candidate system, reducing QCD backgrounds from decaying pions.
Additional criteria for the definition must also appeal to the stoutness of the photon jet — there
are two photons separated enough to not look like one photon and that separation shows up as a
larger-than-normal spatial spread among cells within the electromagnetic detector. Furthermore,
vetoing on charged tracks eliminates electron-induced showers. Finally, recently established jet
n-subjettiness algorithms [79] can be employed to select clusters that have discernible sub-jet
structure compatible with 2 collimated photons. Refs. [64, 80] go into detail on the ability to
use these and other, similar variables to separate {-candidates (called photon-jets in these papers)

from photons and QCD jets, but all of these considerations will be in play in the definitions below.

Our &-jet theory definition was for underlying two-photon clusters with AR separation in the
range of 0.04 to 0.4. In addition, within the range of 0.025 < AR < 0.04 there is a possibility of
using electromagnetic shape variables to discern that the underlying event was likely not a single
photon, but certainly not clear enough to indicate the possibility of two photons. Nevertheless,
our ¢-candidate list of criteria will be applicable for two-photon jets separations down to about
AR 2 0.025 and up to about AR < 0.25. We will not discuss the range 0.25 < AR < 0.4 here,
because our understanding is that more traditional photon identification tools may be applicable

to separate the photons just well enough to help discern signal from photon backgrounds.

Let us now turn to a more precise definition of ¢-candidates (underlying two-photon separation
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Variable Definition Cut Reasoning
log#; hadronic energy fraction | < —0.8 exclude QCD and 7
Nr Number of tracks =0 excludes single converted
photons and jet activity
To/71 | Ratio of 2- to 1-subjettiness | < 0.3 | Selects events with 2 subjets

Table 2.2: ¢ definition meant to capture underlying events with 0.025 < AR < 0.25. These
objects are defined as a cone of radius AR = 0.25 about a central cluster in the EM calorimeter,
centered on the highest energy pixel. Unless otherwise stated, the region is within the £ region.
Here 6 is the hadronic energy fraction.

" &-jet Signal 0.15— " et Signal

0.3}— T QcDjets [ ’ } ’ T acDjets

Arb. Units
Arb. Units

| .5; + r . '
‘ | |H 0.0

LT F 3

Log(®) o,
(a) (b)
Figure 2.3: Subset of kinematic variables useful for discriminating of -jets (green) and QCD jets

(blue) which are a major background. Here 6 is the hadronic energy fraction for a jet, and 7 /7y
is the ratio of 2-jettiness to 1-jettiness which is useful for picking out events with 2 subjets.

0.025 < AR < 0.25). This regime targets events that have two photons in sufficiently close
proximity that their cores overlap, thereby interfering with one anothers’ identification procedure.
This should appear as a cluster of energy in the EM calorimeter, with no tracks or corresponding
energy in the hadronic calorimeter, and high 2-subjettiness. We provide an example definition
of ¢-candidate criteria in Table 2.2. Below in Fig. 2.3 we also show distributions of signal and
background for QCD jets and &-jets. These distributions reproduce those of [64, 80] and show
that £-jets can be separated from QCD backgrounds with high efficiency.

2.5.4 Reconstructing ¢-jets and Higgs decays

Now that we have precise definitions of photons and ¢-candidates we can ask how well the Higgs
boson signal can be reconstructed, especially in the case of its decay into one or more &-jets.
Fig. 2.4 shows the analysis flow of our reconstruction of ¢-jets using Delphes fast detector sim-

ulation. Additional photons not covered by that flow, as well as electrons, muons, jets, etc. are
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identified and labeled by other analysis flows.
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Figure 2.4: the analysis flow of our reconstruction of &-jets using Delphes fast detector simulation.
Additional photons not covered by that flow, as well as electrons, muons, jets, etc. are identified
and labeled by other analysis flows.

First, one must reconstruct the £-jets which we attempt to do by following a strategy similar to
Ref. [64]. The method is as follows. First energy flow (eflow) objects [81] (composed of deposits
in calorimeter cells) are clustered into jets using the anti-kt algorithm with R = 0.25. Then we re-
cluster those energy deposits that were found in each jet using the kt algorithm, which determines
a recombination tree for the jets. This tree specifies the subjets at each level of recombination
N from N = 1 (the full jet) to N = the number of constituent eflow objects in the jet (no
recombination). From here we can compute the /V-subjettiness variable for the jet for each V.
This variable becomes small when the parameter [V is large enough to describe all of the relevant

substructure of the jet. It is defined to be

_ Ekak X min[ARLk, ARQ,ka ceey ARNJc]
kaTk x R

: 2.5.1)

N

where k runs over all the constituents of the jet, pr, is the transverse momentum for the k-th

constituent, and R is the characteristic jet radius used in the original jet clustering algorithm.

After jet clustering is completed we then check if a reconstructed ¢-candidate already contains
a reconstructed photon. Reconstructed photons are composed of eflow objects originating from

the ECAL which must pass isolation requirements (cuts on electromagnetic and hadronic activity
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within a cone around the photon). If a {-candidate contains an already reconstructed, isolated

photon then this £-candidate is deleted.

Before applying additional cuts, we would like to characterize the efficiency at which we recon-
struct &-jets. To do this we utilize Delphes GenlJet objects. GenJets are jets that are clustered, not
with calorimeter cells or towers or eflow objects, but with the actual generator level particles. By
utilizing GenJets we can define “generated {-jets” and see at what rate we correctly reconstruct

these.

Genlets are clustered with the same strategy as above, first with the anti-kt algorithm with R =
0.25, and then reclustered with the kt algorithm. A GenJet is selected as a generated £-jet if it
has: 1) At most two photons with p > 0.5 GeV, 2) no non-photons with pp > 0.5 GeV. Since
our theoretical £-jets were defined as pairs of photons with AR between 0.04 and 0.4, we throw

out ¢-jets with AR < 0.025 as these will most likely be reconstructed as one photon.

Once a generated &-jet is identified, we loop over all reconstructed ¢-candidates and attempt to
find a match. Matching is done by comparing the A R between the momentum of the generated
and reconstructed jets. If ARy, /reco < 0.05 we consider this jet as matched. We also require
that the reconstructed £-jets pass a cut on the required hadronic energy fraction. This cut is
that log(Epqea/Ejet) < —0.8. Below in Fig. 2.5 we show AR, /reco, Which shows the level
of matching between generated and reconstructed £-jets. It also serves as a check that this is

independent of our model parameters.

Now we would like to understand how often we can reconstruct the Higgs mass using our re-
constructed photons and {-candidates. To simplify matters we will choose my, = mg,, which
is equivalent to having only one light scalar in addition to the observed hi25. We scan over light
scalar masses from 100 MeV to 14 GeV. This range ensures we see a smooth transition between
photon dominated decays and £-jet dominated decays. The following discussion can be general-
ized by choosing different masses for the light scalars. After reconstruction, we first collect all
of our reconstructed objects, which for now are photons and £-candidates. We only require our
reconstructed -candidates to pass our hadronic energy fraction cut, otherwise no cuts (besides
minimum pp cuts which are used for clustering). We then form all the possible subsets of this
collection, which have between 1 and 4 objects (as at most the Higgs decayed into 4 separable
photons). If one combination of £-candidates and photons yields an invariant mass within a 3 GeV
window around 125 GeV (122 GeV < M;,,,, < 128 GeV) then we consider this a match. Virtually
no events contain multiple combinations of photons and £-jets which satisfy this requirement. We
split each match into the following categories based on what number and type of objects make up

the matching set.

1. Photons only: Matches with 2, 3, or 4 photons
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Figure 2.5: AR between reconstructed and generated £-jets. Distribution is independent of our
model parameters showing good matching between the two.
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Fig. 2.6 then shows the efficiency of reconstructing the Higgs mass as a function of the light scalar
mass. Several key observations can be made here. At very low scalar masses, photons only makes
up the dominant signal channel as the pairs of photons from ¢ decay are extremely collimated.
From 100-300 MeV the signal from photons + £ jets becomes the most efficient channel as one
of the pairs of photons is collimated enough to form a ¢-jet. Immediately above 300 MeV the
signal from pairs of £-jets (€-jets only) becomes an order of magnitude more efficient than the
photon only channel and remains so until 6 GeV. Overall, searches including &-jets are more than
an order of magnitude more efficient at reconstructing the Higgs from masses between 100 MeV
and 10 GeV.

Fig. 2.6 shows that searches including £-jets would be invaluable if a light scalar connected to

the gauge and Higgs sector as in Eq. 2.2.1 exists in nature. We would like to stress that even
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though our analysis and definitions are quite simple, our results should be robust even after the
introduction of more strict experimental search strategies and analysis cuts. It is interesting to
compute how many such &-jet events one could expect for a given luminosity at the LHC. This
is of course a function of the ¢ mass and the efficiency for reconstructing the his5. To give
an estimate, we can take the m, = 2 GeV point as an example. This has an efficiency for
reconstruction of about 50%. If we take Br(h — ¢¢) = 10~* and an integrated luminosity of

300 fb~!, this leaves us with about 7500 reconstructed events.

While a comprehensive study of standard model backgrounds is necessary for an experimental
search, we can still make qualitative statements about discriminating £-jets from objects which
fake &-jets. The largest backgrounds will be from 57, and « j production where a QCD jet fakes
a &-jet. References [64, 80] use a Boosted Decision Trees based on energy and substructure
variables to discriminate between QCD jets and photon jets. They quote a fake rate from QCD
jets of 107*—107?, though this fake rate is dependent on the rate at which one accidentally rejects
&-jets. Additionally, the requirement that the invariant mass of the two ¢-candidates needs to fall
within a 3 GeV window of the hi55 mass lowers the background as well, as the rate for QCD
jet production tends to fall at high invariant masses. Combined, these factors should allow for a

bump hunt search for &-jets with high sensitivity.

Lastly we would like to comment on our results in comparison to other results in the literature
concerning similar rare Higgs decays to scalars. It is our understanding that these articles are
principally concerned with only the separation of photon jets and non photon jets, e.g. analyzing
purity and efficiency for photon jets vs. single photons and other QCD related jets. In contrast,
we have tried to paint a picture which quantifies how such rare Higgs decays to ¢; can be missed
if only traditional techniques involving photons are used. In providing a clear theoretical and
experimental definition of a photon and a £-jet we have been able to provide concrete branching
fractions to states involving combinations of £-jets and photons only in terms of observables, that
which a detector actually measures. The extremely high ratio of events involving £-jets to events
involving only photons serves as a testament to the need for such an analysis. We hope that this

can guide future experimental inquiries into models such as 2.2.1.

2.6 Conclusion

The discovery of the Higgs boson has lent strong support to the Standard Model, but also has
allowed us to search for new avenues along which to extend it. In this work we have investigated
exotic decays of the 125 GeV Higgs boson into light scalars which as of yet may be missed
via current analysis techniques. We have discussed, first theoretically and then experimentally,

a new object dubbed a £-jet which could play a pivotal role in the discovery of any light scalars
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Figure 2.6: Top: Efficiency of hyy5 reconstruction as a function of scalar mass split into different
categories based on number of {-jets and photons. Bottom: Ratio to only using photons. The
reconstruction efficiency is more than an order of magnitude better when including £-jets (pink)
over a wide range of masses from 100 MeV to 10 GeV. More specifically, the 2 £-jet channel
dominates from the range of 300 MeV to 6 GeV.

minimally coupled to the standard model Higgs and to photons as in Eq. 2.2.1. If experimentalists
are able to identify and reconstruct £-jets these new objects could be strong evidence for an

extended Higgs sector and Beyond the Standard Model physics.
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Chapter 3

Axion-Like Particles at the ILC Giga-Z

Abstract: Axion-Like Particles (ALPs) are a generic, calculable, and well motivated extension
of the Standard Model with far reaching phenomenology. ALPs that couple only to hypercharge
represent one subset of such models, coupling the ALP to both photons and the Z boson. We
examine the current constraints on this class of models with an ALP mass in the 100 MeV to 100
GeV range, paying particular attention to the region between 100 MeV to 10 GeV, a portion of
parameter space which is ill constrained by current experiments. We show that the more than 10°
Z bosons produced in the Giga-Z mode of the future ILC experiment, combined with the highly
granular nature of its detectors, will allow for ALPs coupled to hypercharge to be discovered with

couplings down to nearly 107> GeV ! over a range of masses from 0.4 to 50 GeV.
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3.1 Introduction

One of the simplest BSM scenarios comes from augmenting the Standard Model with new singlet
(pseudo)scalar particles. Such models have rich phenomenology despite their simplicity, and
can influence the structure of the Electroweak phase transition [82], provide natural dark matter
candidates [83,84], and can be naturally accommodated in well motivated UV models [85]. One
class of new light scalars is the Axion-Like Particle (ALP) [86,87]. An ALP is defined as a
relatively light pseudo-scalar that couples to two gauge bosons and possibly SM fermions. These
particles are particularly well motivated as solutions to the Dark Matter and Strong CP problems
[29] via the PQ mechanism, but can appear generically as pseudo Nambu-Goldstone bosons of
spontaneously broken approximate symmetries or descend from phenomenogical string theory
models. Regardless of their origin, ALPs are an extremely general extension of the SM and serve
as a test case for investigating BSM physics. In addition, as the LHC and other experiments search
for new physics in the form of heavy (M > My, ) particles, ALPs serve as an orthogonal but
complementary search direction for theorists and experimentalists, as they are generally low mass
but very weakly coupled. Fortunately, we will show that the next generation of lepton colliders
like the ILC will provide clean signatures to weakly coupled ALP physics at the O(107° GeV)

level for a range of interesting masses near and below the weak scale.

Many dedicated search strategies have been developed to study their production and influence
on cosmology and particle physics, depending on the exact nature of the ALP in question [88].
In more detail, these searches depend on which gauge bosons the ALPs couple to, e.g. U(1)y,
SU(2)r, or SU(3)c, and whether the the ALP couples to the SM fermions. In an effective
field theory approach each of these couplings should be allowed, but each can be taken to be
independent (modulo renormalization group (RG effects) [89,90]), allowing one to examine each
portal one at a time. In this paper we take up one ALP model where our Axion-Like Particle, a,

couples only to hypercharge through a dimension 5 interaction,

1 1
L =Ly + iﬁuaaua - §m§a

2 9aBB

1 aBu,,é‘“’ (representative theory). (3.1.1)

Here, m, is the tree level mass of the ALP which couples to hypercharge via the dimensionful
coupling g,pp, and B =1 /2" %P B4 is the dual hypercharge field strength tensor. Of course
many other effective Lagrangians involving couplings to additional gauge bosons and fermions
would be equally valid to write down, but the resulting phenomenology is either qualitatively
similar or produces orthogonal observables which would not affect subsequent discussion. Note,
that several other authors study ALPs below the weak scale which couple purely to F'F rather
than to BB. In the former case, the ALP couples only to photons and cannot couple to the Z.

We choose to study the latter, aBB operator, because in a gauge invariant, UV completion of
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any model including an ALP there are likely to be O(1) connections between operators coupling
the ALP to each of the electroweak gauge bosons. Thus we would like to put ALP-photon cou-
plings on equal footing with ALP-Z /W couplings. This, as we shall see below, opens up further

experimental discovery channels.

3.2 ALPsin Rare Z Decays

Much of the parameter space of this particular model, shown in Fig. 3.1, is highly constrained
by terrestrial experiments [91], as well as cosmology and astrophysics [92, 93]. Light shin-
ing through wall (LSW) experiments and helioscopes constrain ALP masses up to several eV,
and down to g,pp = 107! GeV ', while cosmology and astrophysical constraints cover larger

masses in the eV to GeV range and couplings down to 1072 GeV " and lower. Complimentary
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Figure 3.1: Current constraints on ALP model with hypercharge coupling. Figure adapted from
[3-7].

constraints can be obtained with colliders and beam dump experiments, which can probe masses
in the MeV to TeV range. ALPs produced at beam dumps penetrate shielding and then decay
to pairs of photons which are detected by a downstream detector. These experiments rely on
relatively smaller ALP couplings than colliders as the ALP has to travel a macroscopic distance
to make it through the shielding and reach the downstream detector. Future experiments like the
ForwArd Search ExpeRiment at the LHC(FASER) and DarkQuest will probe ALP-photon cou-
plings around 1072 —107% GeV ! in 10 MeV - several 100 MeV range [94,95]. Collider searches
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target ALP production in association with a photon, with the ALP either leaving the detector lead-
ing to missing transverse energy (MET), or decaying in the detector volume leading to displaced
vertices or other identifying signatures. Belle II (not shown in Fig. 3.1) for example searches for
ALPs in eTe™ — ay — 3, and has found constraints of g,,, < 1072 GeV ! in the mass range
of 0.2 GeV to 10 GeV [96].

Interesting constraints also come from light by light scattering at the LHC in PbPb collisions.
Here, the v~y scattering cross sections are enhanced by a factor of Z* [7], where Z is the number
of protons in the nucleus. The presence of an ALP which couples to photons would enhance the
light by light scattering (yy — ~y7y) cross section. Measurements of this cross section at CMS and
ATLAS place constraints on Axion-Like Particles coupling to photons from 5 to 100 GeV down
to afew x107* GeV [4,5,7], competitive with LEP and other LHC searches over this mass range.

We would like to mention the analysis by Bauer et al. in [97] where the authors consider the
ALP discovery prospects of the FCC-ee, HL-LHC, CLIC, and other future experiments in the
context of a similar ALP model in the MeV to TeV mass range. Their analysis concludes that
these experiments will probe ALP-photon couplings via associated ALP production, and rare Z
and Higgs Decays down to 107¢ TeV~! for certain ranges of masses. We caution that a detector
level analysis with realistic cuts and a thorough background analysis will most likely weaken the
claimed sensitivities. Bauer et al. also examine precision EW constraints on massless ALPs, and
find constraints at the (1 TeV) ™! level which is weaker than direct collider constraints. We expect

the analogous constraints on massive ALPs to also be weaker.

After electroweak symmetry breaking the ALP develops a coupling to both the Z boson and to
the photon, opening up the decay of an on-shell Z into an ALP and a photon with width

(m% —m3)°
T2 sary = ggBBsévcinZM—m%. (3.2.1)

As long as the ALP has a mass less than m , it will then decay to two photons with a branching
ratio of nearly 1. It can of course decay to other standard model particles at loop level but these

will be heavily suppressed. This leads to the decay chain Z — 3 or “tri-photon” signature.

Whether the ALP will promptly decay or lead to a displaced vertex depends on the ALP mass and
hypercharge coupling, with the decay length given by | = ¢7 = 7, /T, where v, = E,/m, is
the boost factor of the ALP. While dedicated searches for displaced vertices and or MET lead to
interesting constraints [98, 99], this note will focus on masses and couplings which lead only to
prompt decays. This is shown in Fig. 3.2 for m, = 0.4,1.0, 5.0, 10 GeV. For m,, > 0.4 GeV and
for couplings which can be probed by the ILC, all decays are prompt (decays occur prior to ALP
entering the ECAL at the ILC).
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Figure 3.2: Proper decay length as a function of g,pp for several different ALP masses.

Z — 3y 1s an interesting final state to search for as it is absent at tree level in the SM, but loop
induced with a tiny branching ratio of ~ 10~ [100]. This rare decay has been searched for by
LEP, the Tevatron, and the LHC in an effective field theory context searching for SM induced
and higher dimensional operator induced (anomalous) Z+ couplings [6, 73, 101], with no excess
over the SM background being found, establishing an upper limit of B(Z — 37) < 2.2 x 1075,
Translating this into the (mq, g.pp) plane leads to the constraint g,pp < 107%5 GeV~!, for
masses large enough where the two photons from the ALP decay can be independently resolved.
The exact value of the ALP mass, m,, which leads to well separated decay photons depends on
the details of the experimental analysis and detector and cannot straightforwardly be pinpointed,
though it should lie at least above 10 GeV. Below O(10 GeV) lies a subtle region of parameter

space in collider searches which is the subject of this paper.

In dedicated ALP searches at experiments like the LHC and LEP, analyses are limited by their
ability to reconstruct collimated pairs of photons [102]. Low mass ALPs produced from on-
shell Z decays, subsequently decay into pairs of photons with a AR separation which peaks at
4dm,/my. Here AR = \/m is the angular distance measure between particles. ALPs
with masses between 1 and 10 GeV tend to decay to collimated photon pairs which will overlap
in a detector and thus not be correctly reconstructed as two individual photons. See [49] for
a discussion on reconstructing overlapping photons at the LHC. At the LHC and in the LEP
experiment, photons must be separated from charged particles and other photons by a AR >
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0.2, though this requirement depends on the details of each detector as well as the algorithms
responsible for reconstructing photons. This should be taken as a rule of thumb. If a photon does
not meet these requirements it is not reconstructed and rejected as a photon candidate. Above
m, = 10 GeV, the photons are well separated enough to be efficiently reconstructed. Low mass
ALPs (m, < 1 GeV) can be searched for in a two photon analysis as the two photons from the

ALP decay tend to be collimated enough to register as one photon in a detector.

In [3] this was used to recast the LEP search for Z — 37 in the ete™ — ~7(y) measurement
into limits on the ALP model. In different ALP mass regions, m, < mgo, my < m, < 10
GeV, and m, > 10 GeV, either searches for two or three photons were used based on whether the
photons from the ALP decay would be well separated or not. This was used to set leading bounds
on ALP masses and couplings between 100 MeV and 90 GeV, with the weakest bounds being
in the intermediate mass regime of 1 GeV to 10 GeV. Though jet substructure techniques can be
used to disentangle collimate pairs of photons from single photons [103], an experiment that can
resolve individual photons via a granular detector in this ALP mass regime is crucial to enhance

discovery prospects and increase our sensitivity to new physics with the same decay topology.

The International Linear Collider (ILC) represents exactly this opportunity to search for this rare
decay in the sought after intermediate mass regime. Recent advances in photon identification
algorithms, combined with the highly granular ILC detectors can allow for photon identification
with much more relaxed photon separation requirements, meaning photons can be much closer to
other charged particles and other photons. In the next section we will investigate to what extent

the ILC can improve on past searches for Z — ay — 37.

3.3 ILC and Photon Reconstruction

The ILC is a next generation, high luminosity, linear e* e~ collider designed for high precision SM
and BSM physics measurements [104—106]. The collider, though nominally designed to operate
at 250 GeV center of mass energy, can be adjusted to run at a variety of center of mass energies,
including operating at the Z pole. Operating the ILC at \/s = m is dubbed the Giga-Z mode
of the ILC, as the ILC will produce on the order of 10° or greater Z bosons, orders of magnitude
more than the LEP physics program. This will result in drastic improvements in precision Z
measurements, and measurements of sin6.¢. Production of this many Z bosons will also allow

for the search for rare decay modes, one of which is Z — 3.

We first begin with a discussion of photon reconstruction at the ILC. Photon identification can be
done via the GARLIC photon reconstruction algorithm [8] which was developed by the Interna-
tional Large Detector (ILD) group. GARLIC (GAmma Reconstruction at a LInear Collider exper-
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iment) is designed to achieve highly efficient identification of photons within hadronic showers,
which mostly come from high energy neutral pion decays. Because the photons from these pions
will be highly collimated, this same technique can be used to identify collimated photons from
low mass ALP decays. To begin, we examine in Fig. 3.3 the angle between photons from 7°
decays as a function of the 7° energy and the ECAL radius at the ILD (nominal ECAL radius is

1843mm). The photon reconstruction performance is a function of the Moliere radius, which is

Angle subtended by 0.5*Moliere radius at different ECAL radii
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Figure 3.3: Angle between photons from 7° decays as a function of 7° energy. Also depicted
with dashed lines are the angle subtended by half a Moliere radius at different ECAL radii. Figure
from [8].

the transverse radius at which a single photon deposits 90% of its energy. The smaller the Moliere
radius, the more separated each single photon will be. At £, = 20 GeV, the Moliere radius is
roughly half the distance between the pair of photons. At a pion energy of 20 GeV, GARLIC
reconstructs 2 photons correctly about 85% of the time.

We would like to adopt this performance to reconstruct photons from low-mass ALP decays.
To do so we first need to understand what is the minimum AR between photon pairs that we
can expect to reconstruct. If we take the results from the 20 GeV pion seriously, the photons
from this decay have a peak separation of AR = 4 x m,/E, = .027. We still need to impose
separation criteria on the photons. We can again use the pion reconstruction as a test case. Fig. 3.4
shows the fraction of ¥ that have photons separated by greater than 2, 1, 0.5 Moliére radii in the
ECAL. At the nominal ECAL radius, almost 100% of pions with E = 15 GeV have photons
separated by 2 Moliere radii. This means that if we form cones around each photon of AR =
4 xm,/(15GeV) = .035 [67], then roughly 10% of the energy inside each cone will be from the
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Figure 3.4: Fraction of 7° that have photons separated by greater than 2, 1, 0.5 Moliére radius in
the ECAL. Figure from [8].

other photon. Thus we can use this as our photon separation criteria.

We choose to make photons with an isolation cone of AR = 0.035, and a PT;,, = 0.1, meaning
that no more than 10% of the PT contained in our cone can come from another photon. The effect
of this cut will have on our efficiency to identity photons can be seen from Fig. 3.5 below. For
masses below 0.5 GeV, the A R between photons can be significantly smaller than 0.035, making
photon pair reconstruction challenging. At m, = 0.5 GeV, the peak of the distribution is near
AR = 0.04 which allows for sufficient separation for both photons in the pair. We simulated
50,000 ete™ — ay — 7y events at /s = my, for m, = 0.5,1,2,3,6 GeV. To test our
separation criteria we can compute the average number of photons reconstructed. With perfect
reconstruction we would expect this to be 3. Failing separation cuts, as well as failing a cut on
the minimum photon energy (2 GeV), reduces this number. For m, = 0.5 GeV we reconstruct
on average 1.8 photons per event, significantly below 3. This is because quite often the pair of
photons from the scalar decay fail separation criteria and thus are rejected. At m, = 1 GeV and
above the average number of photons reconstructed is 2.7 due to the much larger AR between

photon pairs.

3.4 Signal vs. Background

Searches for Z — 3~ have been made difficult because of the relatively large SM background
ete” — 3, which has a cross section at /s = m of approximately 4.1 pb (computed at leading
order using MadGraph aMC@NLO [74]). We have not taken into account higher order QED/EW
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and 6.0 GeV. The peak of the distribution shifts towards higher AR for larger masses, following
the form ARpeax = 4ma/my

corrections as these tend to be mild except at kinematic extremes [107]. In defining all cross
sections we require that each final state photon have F, > 2GeV and have a pseudorapidity

satisfying n < 2.5.

The tree level ete™ — Z — 3y cross section in the ALP extension we are considering depends
on the mass of the scalar, m,, and the coupling of the ALP to the hypercharge gauge bosons.
We want to investigate the sensitivity to light scalars in this channel. We simulated 100,000
signal events over a range of masses from 0.4 GeV to 50 GeV using our signal model with
MadGraph v2.6.7 aMC@NLO [74], showered with Pythia 8.2 [108]. We use the generic ILC
Delphes card [109] provided by the ILCSoft developers which simulates the response of a generic
ILC detector. We modify the detector cards in accordance with section 3.3. To isolate our signal
over the Standard Model background e*e~ background we need only make a small number of
simple cuts. The first is of course that we have three non overlapping, efficiently reconstructable
photons. The effect of this cut and its limitations are described in section 3.3. The second cut
utilizes kinematic information from the two body, on-shell Z decay. Being a two body decay, the
energy of the recoiling photon is a fixed function of m,, E,_ . (m,) = (M% — m2)/2M. Thus,
when searching for an ALP of mass m,, one can require that one photon out of the three have

an energy near £ _ . (m,). We choose to search for photons within 5 GeV of this energy. These

recoil

cuts are summarized below.
1. 3 non-overlapping (AR > .035) photons with £, > 2 GeV
2. |Ey = Elon(ma)| <5 GeV
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cut is especially important for m, above 30 GeV where the recoil energy starts to decrease signif-

| is approximately m /2. As can be seen in Fig. 3.6, the recoil photon energy

icantly from m /2. Below in Fig. 3.7 we plot the signal and background yield as a function of m,,
with g, = 1 TeV~!. With just the above cuts, the ILC Giga-Z would observe O(10° events)
over the entire range of masses between 0.4 GeV and 50 GeV with only 100 b~ of integrated

luminosity.

It should be noted that while polarization effects are an extremely important part of the ILC run
plan, they should be play little role in this search. The SM background for our search is purely
QED so polarization has no effect on the background cross section. The signal process involves
S-channel production of a Z which is affected, but only changes the signal cross section by a
factor of 2 depending on the use of like or oppositely polarized beams. This should not change
our estimated limits by much. We can easily examine the sensitivity of the ILC to the above model
as the coupling g,pp decreases. For a given coupling, g, producing a signal yield, N, we can find
the signal yield, V', with coupling ¢’ simply by using N' = N (%’)2. To produce an upper limit
on g,pp at a 95% confidence level, we can look for when the signal yield, as a function of m,
and g,pp, exceeds two times the uncertainty on the background. Essentially, if the background
yield in the signal region for m, = m GeV is B events, then we can exclude all couplings for an
ALP with mass m GeV that produce more than 2 x /B signal events. Doing this for a range of

masses gives us the exclusionary power of the ILC Giga-Z program at 95% confidence.

After obtaining the signal and background yields in our mass range of interest, we compute the
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Figure 3.7: Signal and background yields for a range of ALP masses for fixed g,pp = 1 TeV .

Yields are normalized to an integrated luminosity of 100 fb~!. Almost 10° signal events are
expected for this value of g,5p, well above the Standard Model background.

upper limit on g,5p, shown in Fig. 3.8, according to the procedure described above. We include
lo and 20 error bars which take into account the statistical uncertainties on the signal yield.
Obviously in a real analysis systematic experimental and theoretical uncertainties would have to
be taken into account, but we do not expect this to modify our bounds a significant amount. We
find that at masses between 0.4 and 50 GeV, the ILC can place stringent upper limits on g,5p
which improve on LEP’s by over an order of magnitude. To compare against current bounds we
plot in Fig. 3.9 the ILC Giga-Z exclusion region along with current constraints, as a function of
gans (TeV™1). We would like to stress that this simple analysis, based only on the granularity
of the future ILC detectors and the kinematics expected from the Z — a7y decay, is able to
probe much more deeply new regions of parameter space in this model. A more sophisticated
experimental analysis would involve a bump-hunt search on the invariant mass of the two photon
system from the ALP decay. Additional information which could be used to make these bounds
even stronger could be obtained from the angular separation between the photons from the ALP
decay. For m,, < 20 GeV, the distribution of A R of these two photons is peaked at low values (see
Fig. 3.5), while the background distribution falls quickly in this region. Utilizing the excellent
angular separation abilities of the ILC detectors, one could require that this two photon system be
below a particular angular separation, further reducing the background. Combining this kinematic
information and bump hunt search using machine learning techniques such as a Boosted Decision

Tree or TMVA could greatly increase the search power of this analysis. Finally, for very small
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masses (< 0.5 GeV), the two photons from the ALP decay would be collimated enough as to
overlap in the detector and possibly be registered as a single photon.Thus, a straightforward two
photon analysis, or one which uses shower shape variables to discriminate overlapping photons

from single photons could strengthen bounds in the low mass region.

3.5 Conclusion

Axion-Like Particles (ALPs) represent an exciting and generic, calculable SM extension, with a
parameter space that is being investigated through many different fronts. We have shown that
even small (O(1072 TeV~!)) ALP couplings to hypercharge generate a significant number of sig-
nal events at an experiment like the ILC over a range of masses from 0.4 GeV to 50 GeV. The
exceptional photon reconstruction abilities of the future ILC detector(s) will allow for efficient
identification of 3 photon events even at very small photon separations. This represents an excit-
ing opportunity for the ILC to probe new light, weakly coupled physics which interacts with the

Z and to make a discovery.
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Chapter 4

Discovering Axion-Like Particles with Photon
Fusion at the ILC

Abstract: Experimental searches for Axion-Like Particles (ALPs) which couple to the elec-
troweak bosons span over a wide range of ALP masses, from MeV searches at beam-dump ex-
periments, to TeV searches at the LHC. Here we examine an interesting range of parameter space
in which the ALP couples only to hypercharge. In the GeV to hundreds of GeV mass range, the
contribution of an ALP to light by light scattering can be significant. By making simple kinematic
cuts, we show that the ILC running at /s = 250 GeV or /s = 500 GeV can discover ALPs in
this range of masses with significantly smaller couplings to the SM than previous experiments,
down to g,pp = 1073 TeV L.
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4.1 Introduction

As the production and decay of an ALP in this model is a purely electroweak process, we will
show that the ILC, a next generation e*e™ collider, is the ideal laboratory to discover and study
ALPs with electroweak scale masses. In Chapter 3 I introduced a model of Axion-Like Particles
which couple purely to hypercharge. After electroweak symmetry breaking this coupling induces
couplings of the ALP to pairs of photons, Z bosons, and photon-Z pairs. We saw that the ILC
Giga-Z program could place powerful constraints on ALPs in the 5-50 GeV range, filling in a
significant gap of coverage in this sub-weak scale mass range. In addition to probing this range
of ALP masses, the couplings of the ALP to pairs of photons can be leveraged to probe much
larger ALP masses via the ALPs contribution to light by light scattering. I show that the by using
the ILC running in the 250 GeV or 500 GeV mode as a photon collider, the ILC can probe much
larger ALP masses, up to 350 GeV for the ILC500, strengthening the constraints on this model

by more than an order of magnitude.

4.2 ALP Production and constraints

The most promising search channel for heavy (m, > 100 MeV) ALPs coupled to hypercharge
depends strongly on the collider type. In [4,5,7], ALPs with couplings to photons were searched
for in Ultra-Peripheral Lead-Lead ion collisions at CMS and ATLAS. Here the process of interest
is PbPb — yyPbPb where quasi-real photons from two incoming lead ions scatter from each
other at large impact parameter, leaving the lead ions intact. These analyses take advantage of
the Z* enhancement in coherent photon-photon luminosity, enhancing the discovery sensitivity
for low mass (5 - 100 GeV) scalars and pseudo-scalars which couple to photons, even with the
reduced PbPb luminosity (only 1nb ™! /year). The coherent enhancement becomes suppressed
past vy invariant masses of ~ 200 GeV (as nuclear breakup becomes more probable), limiting
the mass reach of this method. Similar analyses are possible in p — p collisions (pp — pyyp),
though the intact protons must be forward tagged to overcome the large hadronic backgrounds at
the LHC [112].

Other non-exclusive ~y final states can been used to search for ALPs, such as in vector boson
fusion [110] where the back to back jets from the partonic process as well as the two final state
photons are used for triggering. This gives competitive constraints in the 10 MeV to 100 GeV
range with ALP couplings down to 0.5 TeV ™' . Finally in the high mass region 200 GeV <
m, < 2.6 TeV, ATLAS searches for spin 0 resonances in diphoton final states [?] have been re-
interpreted by employing photon distribution functions in the proton to produce the most stringent

constraints at these high masses [97].
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Figure 4.1: Summary of constraints on ALPs coupled to hypercharge. Figure adapted from [3]

A summary of these constraints on g,pp is given in Fig. 4.1. As one can see, couplings at
the 10~! TeV ! level are currently being probed depending on the mass range of interest, with
the strongest constraints between 10 and 100 GeV, and above 200 GeV, with a curious gap in
sensitivity in the 100 - 200 GeV region. In this region (and at even smaller values of m,) we
will show that the ILC running at either 250 GeV or 500 GeV will increase the sensitivity to this
model between 10 and 200 GeV, and to even higher masses at ILC500. In the next section we

briefly review the capabilities of the ILC.

43 ILC

The International Linear Collider (ILC) is a proposed next generation ete™ collider [104]. The
ILC hopes to study the Standard Model (SM) with unprecedented precision at several center of
mass energies including /s = my, 250 GeV, 500 GeV and possibly 1 TeV, with a particularly
close eye on precision electroweak and Higgs physics. Besides testing the SM, the ILC also has
unique capabilities to search for Beyond the SM (BSM) physics. Currently the proposed run plan
for the ILC is to collect 2ab™" at 250 GeV and 3ab™' at 500 GeV center of mass. Obviously
these integrated luminosities are preliminary but we would like to stress that the reach of this
specific BSM model is highly dependent on the integrated luminosity collected at each center
of mass energy. Combining these large luminosities with a clean collision environment mostly

free of the strong interactions which challenge the LHC make the ILC an excellent laboratory to
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search for rare, new physics. Additionally, the ILC’s highly granular detectors allow for excellent
photon identification and isolation, allowing photons with very small separations from each other
to be identified, which is crucial for searching for low mass particles which decay to pairs of
photons. Information on the two main proposals for ILC detectors, the ILD and the SiD can be

found in [?,?].

4.4 Equivalent Photon Approximation (EPA)

The ILC, in addition to being an e*e™ collider, is also a v~ collider, by virtue of the equivalent
photon approximation [113]. In the EPA, photons with small virtuality are emitted via brem-
strahlung almost collinearely with an incoming lepton beam, such that Q? = —¢* ~ 0, and the
photons can be treated as real. Cross sections are computed by using these almost real photons as
the incoming particles in the hard scattering process, and then convolving this cross section with

the photon luminosity function.

In more detail, the cross section for the production of a state X is given in the EPA by

olete” = ete X)(s) = /dsw—dfl(SW)

(77 = X, 544), (4.4.1)
where, /s is the center of mass energy of the lepton beams and /s, is the invariant mass of the
interacting photon pair. The approximation is accurate up to corrections of order Q*/s.,, where
Q? = —¢? is the virtuality of the radiated photons, so the approximation accuracy increases as we
consider larger values of s.,. In the EPA, the photon luminosity function £(s.,,) can be computed

as
dL( sW B N(z

dS-yy

Ty = Sy /T18)dTy. 4.4.2)

Here N (z) is the Weizsacker-Williams photon spectrum which gives the distribution of photons
emitted as a function of the energy fraction, v = (E, — E,)/E. = E,/E., and x,(z3) is the
fraction of the e~ (e™) energy carried by the incoming photon.

(67

2
7 ((1 + (1 — 2)%)log ( maX) — 2m2a? (% - %)) . (4.4.3)

In Eq. 44.2, Qfmm(mm) is the maximum (minimum) virtuality of the EPA photons. We take
2 =m2x?/(1—1x)and Q?

min

Sy~ = x1x25. This relationship fixes x as a function of s., and ;.

N(x) =

= 2GeV2. In the center of momentum frame of the v system,

max

We use MadGraph5_aMC@NLO [114] to simulate this process at the ILC by selecting the hard
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Figure 4.2: Photon Luminosity, dj—f?, for both ILC250 and ILC500. The ~~ luminosity steeply

falls as s, increases, dropping to 0 when s, approaches s. Note the logarithmic y axis.

vy — 7y process and choosing the “photons from electrons” beam mode. This selects EPA
photons as the incoming particles from a lepton beam with center of mass energy, /s, chosen by

the user. This process is pictured in Fig. 4.3.

It is interesting to note that even though the ILC nominal run plan includes significant beam time
with polarized leptons, this has little effect on the EPA cross section. The effect of the polarization
of an incoming lepton on the polarization of an outgoing EPA photon is of order x = E. /E;, so
that only for x ~ 1 are the photons fully polarized. For small values of x the photon is effectively
unpolarized [115]. To validate MadGraph’s implementation of the EPA, we have verified that the
numerical predictions for the production of e™e™ pairs via photon fusion match our analytical
calculations for the same process. This ensures the accuracy of MadGraph’s calculation of the

photon luminosity function.

The photon luminosity for both ILC250 and ILC500 is shown in Fig. 4.2. Note the steep decrease
in luminosity as s, increases, with the photon luminosity for ILC250 dropping to O at /5., =
250 GeV. Events are showered using Pythia8 [108] and run through a fast detector simulation
implementation of a generic ILC detector using Delphes [109, 116]
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Figure 4.3: ALP production via photon fusion from EPA photons and subsequent decay into a
pair of photons. Only s channel contribution is shown.

4.5 Backgrounds and Signal Selection

The signal selection criteria for this model is two isolated photons with no other activity and the
recoiling electrons undetected. For our signal model several benchmark ALP masses were chosen
based on running at 1/s = 250 GeV or /s = 500 GeV, as larger invariant photon masses can be
reached in the later stage. For /s = 250 GeV ALP masses are chosen from 5 - 150 GeV in steps
of 2 GeV, and for /s = 500 GeV ALP masses from 5 - 350 GeV were chosen with the same step

size.

For simulations we chose an ALP-hypercharge coupling, g,pp, with value 1072 GeV~1. In
searching for this signal, several background processes must be suppressed. The first and most
obvious background is ordinary SM light by light (LBL) scattering, which was first observed by
ATLAS in ultra peripheral PbPb collisions [117]. We simulated this process at 1-loop level in
MadGraph using the sm_loop_ged_qcd_Gmu model file with all default parameters, generating
400,000 events [118]. This process can be most efficiently suppressed via an invariant mass cut
on the two final state photons, as the SM LBL m.,, peaks at small values and exponentially falls
off at higher values of m.,,. This can be seen in Fig. 4.4, where we plot the invariant mass distri-
bution of the final state photons for SM LBL scattering and our ALP signal, with m, = 35 GeV.

Another interesting background is ete™ — Z~vy — iy with the neutrinos escaping unde-
tected. This background can be suppressed via a cut on the transverse momentum of photon
system, PT,, < 5 GeV, which is equivalent to a cut on missing transverse energy. As can be

seen in Fig. 4.5, the Z~~ background can be efficiently suppressed with very little effect on the
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Figure 4.4: Invariant mass distribution of the v system at ILC with /s = 500 GeV. Shown in
blue solid line is the distribution from an ALP with m, = 35 GeV and g,z = 1072 GeV, and
the SM LBL distribution in dotted black.

ALP signal. Additionally we require that the pseudorapidity of each final state photon satisfies
1, < 2.4. With these selection cuts, the ILC running at /s = 500 GeV(y/s = 250 GeV) with an
integraed luminosity of 2ab ™" could produce as many as 240(160) ALPs with a mass of 35 GeV
with coupling g,pp = 1072 GeV ™! = 107! TeV .

4.6 Discovery reach of the ILC

To compute the reach of the ILC in the m,, g,5p plane, we utilize the exact Asimov significance,
Z4, for exclusion [119]. Consider signal and background processes with poisson means s and b

respectively. The p-value for exclusion of the signal model if n events are observed is given by

Fn+1,s+0)
F'n+1)

Pexat(n.b,s) = > P(kls +b) = Q(n+1,s+b) = (4.6.1)
k=0

where Q(a,z) = I'(a,x)/I'(a) is the regularized upper incomplete gamma function [120]. In
computing the exact Asimov significance the exact p-value for exclusion is used with the number
of events n replaced by its expected mean, which for exclusion is simply the mean number of

background events b. This leads to the following expression for the exclusion p-value

pasimev — O(b+ 1,5+ b). (4.6.2)
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Figure 4.5: PT,, distribution at ILC with /s = 500 GeV. Shown in blue solid line is the dis-
tribution from an ALP with m, = 35GeV and g,pp = 1072 GeV. The Z~v~ distribution is the
dotted green line.

The exact Asimov significance computed in this way is a more conservative estimate of the exclu-
sion significance and does not suffer from the counter-intuitive flaws of the median significance

as noted in [119].

At each ALP mass we compute the expected number of background events, b, given the cuts
discussed above. We then invert Q(b+ 1, s + b) = 0.05 to compute the number of signal events
which gives us our 95% confidence limit on the ALP coupling. Note that this is always well
defined because the upper incomplete gamma function is monotonic. Finally, we translate the
number of signal events into an expected upper limit on g,zp. Note that in extracting limits on

Japp We use the narrow width approximation where
o(yy = a—7y) x o(yy = a) X BR(a = 77) o gigp, (4.6.3)

which is valid for all masses and couplings considered here. To compare against similar existing
experimental bounds, we plot the projected upper limits on g,pp as a function of ALP mass

against bounds from other past and current experiments in Fig. 4.6.

At first glance it is easy to see that running this search at /s = 500 GeV gives access to much
higher ALP masses due to the larger energy available from each incoming lepton. At ILC500,
ALPs with masses of almost 350 GeV can be produced while having a feeble coupling to hyper-
charge of almost 10~2 TeV ™', In contrast ILC250 is limited to ALP masses below 150 GeV with
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Figure 4.6: ILC500 (purple) and ILC250 (black) reach as a function of m,. The ILC250 will sig-
nificantly open up new discovery territory in the 50 - 150 GeV region with the ILC500 improving
this capability up to masses of 350 GeV.

similar values of g,pp. It is interesting to note that nowhere in this m,, g,pp region does ILC250
outperform ILC500. This is due to a complicated interplay between the ALP production cross
section as well as the photon flux which is itself a function of the center of mass energy of the
lepton beams. Suffice to say that ILC500 has significantly better discovery capabilities for ALPs
in this mass range.

4.7 Conclusion

We have shown that photon-photon scattering mediated by an ALP can be a powerful probe
of Axion-Like Particles with couplings to hypercharge. Using simple kinematic cuts as well
as taking advantage of the relatively background free nature of this signal leads to a powerful
search strategy for these particles. Additionally, this improves the physics case for the ILC and
other eTe™ colliders, showing that the clean and highly controlled collider environment provides

excellent access to weakly coupled new physics.
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Chapter 5

Conclusion

In this thesis I have defined the Standard Model as it stands today, and highlighted several deep-
seated experimental and theoretical issues. These challenges must be met with new theoretical
ideas spanning the landscape of BSM theories. We have investigated some general extensions of
the Standard Model involving singlet scalars and Axion-Like Particles and showed that if these
new particles couple to photons that they may leave striking signatures in current and future ex-
periments. At the LHC, including &-jets in the searches for the Higgs could dramatically increase
the ability of the LHC to search for light scalars coupled to the Higgs as in Chapter 2. In Chapters
3 and 4 I examined a model of an Axion-Like Particle coupled to hypercharge which is amenable
to discovery at the ILC. In particular, I have highlighted the complementarity of the ILC Giga-Z
with the higher energy 250 and 500 GeV ILC run plans, allowing the ILC to have incredible sen-
sitivity to this model across a range of masses from 5 to 350 GeV. It remains the work of future

theorists and experimentalists to set out and discover or rule out such theories.
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APPENDIX A

Feynman Rules for ALP Model Coupled to
Hypercharge

A.1 Axion-Like Particles Coupled to Hypercharge

The Lagrangian for an Axion-Like Particle (ALP) coupled to hypercharge is given by

2

L= Loy + %(a#a)(a“a) - %aQ - g“fB aB,, B" (A.1.1)

where B" = %, and €, 18 the totally antisymmetry tensor in 4 dimensions. After EW
symmetry breaking this Lagrangian leads to couplings of the ALP to the photon and Z with the
following Feynman rules:

* aYY: 2i9aBBCoE ppo (V5,05 — P5,PT,)

¢ GZ% _2Z.gaBBCw3w5;wpU(p%p(yf - pf/p%)

caZ7: 2igaBBSZ;5uupa' (PZQP% - pglp%2)
As a result of the above Feynman rules, an ALP can decay into a pair V'V’ with V' = (v, Z)
depending on the mass of the ALP. Below we plot that branching ratio of the ALP into pairs V'V’

as a function of the ALP mass m,. Note that we have neglected off shell decays (a — V % V') as

these do not significantly change the branching ratios.
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APPENDIX B

High Energy Physics Computational Tools

B.1 Summary of Computational Tools

This work relied heavily on several computational tools to calculate Feynman rules and ampli-

tudes, numerically compute cross sections, and evaluate detector efficiencies.

B.1.1 Feynrules and Feyncalc

Feynrules [121] is a Mathematica package that computes Feynman rules for any QFT once the
user provides an associated Lagrangian as well as information on the particle content (spin, gauge
symmetries, etc.) of the model. Many Feynrules model files exist in the literature already, for
both the SM and a variety of BSM theories. These Feynman rules can be taken by the user or be

exported into MonteCarlo generators for event production.

In a similar vein, Feyncalc [122] is an extraordinary tool for the symbolic evaluation of Feynman
diagrams. Feyncalc can evaluate both tree and loop level diagrams, properly treat Lorentz, and

any other index contraction, manipulate Dirac matrices, and do Tensor reduction of integrals.

B.1.2 MadGraph

MadGraph_.aMC@NLO [74] is a collection of programs for the automatic computation of tree
level and NLO cross sections, and their matching to parton shower programs. The motivation be-
hind the construction of MadGraph is to automate the process of the perturbative expansion of an
observable at leading and next to leading order. This is possible at tree and one-loop level because
of a universal formalism for curing these observables of infrared divergences, and an automated
technique for the evaluation of one-loop amplitudes. Thus, once this general framework is set up,

observables for any theory can be computed automatically.
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The user instructs MadGraph what model they would like to use by providing a file in the Uni-
versal FeynRules Output (UFO) format. These files are produced by Feynrules and contain all
particles, interactions, and the specific parameters (masses, couplings, etc.) for that model. Given
a model, the user can specify the specific process they would like to investigate. Initial state par-
tons (quarks, leptons) can be used as well as composite particles (protons, ions) as long as the
associated pdfs or form factors are provided. In this way the user can compute scattering cross

sections at a myriad of different experiments whether they be lepton or proton colliders.

The user has options of defining phase space cuts on the process, such as minimum separation
between leptons or jets, or a maximum invariant mass of a pair of particles. In this way one can

replicated experimental cuts.

B.1.3 Delphes

Delphes [77] is a fast detector simulation program designed to provide a realistic experimen-
tal environment in which to simulate detector response for both SM and BSM phsyics. The
Delphes program is modular, based on a typical collider experiment design, a cylindrical volume
in which particles propagate through a magnetic field, and each detector contains an electromag-
netic calorimeter (ECAL), hadronic calorimeter (HCAL), and muon tracking system. Each de-
tector component is characterized by its detection efficiency and energy resolution, broken down
by particle type.

An essential role of these simulations is particle-flow reconstruction, which maximizes the amount
of information provided by the various sub-detectors. The end result of this philosophy is a set
of particle-flow tracks, containing charged particles, and particle-flow towers, which contain a
combination of neutral particles, charged particles with no track, and additional excess deposits.
These towers are composed of ECAL and HCAL cells which have energy depositions above
some minimum threshold amount set by the user. These outputs serve later as inputs for object

identification and jet reconstruction.
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APPENDIX C

Equivalent Photon Approximation

C.1 Equivalent Photon Approximation

The Equivalent Photon Approximation (EPA) is used to simplify processes where a charged par-

ticle interacts with a system X via the exchange of a photon.

Let us assume that we have an incoming electron and system X, which scatter via the exchange
of a virtual photon with momentum g¢. In the final state we have an electron and a new system Y
whose details are unimportant. The photon propagator, —ig"” /q? is obviously dominated by the

region near ¢ = 0.

Without loss of generality, the incident electron momentum can be written as p = (p, 0,0, p),
and the photon and scattered electron momenta as ¢ ~ (zp, pr,0,2p — p2/2zp), k ~ ((1 —

2)p, —pr, 0, (1 — 2)p + p2/2zp). These four vectors are all null up to terms of order p7..

Without approximation, the cross section for this process is given by

1 PE 1 1 o 1, ,
77 (1 + vy)202Ex / (2W3)2—ko/dﬂy[§2w| ](?) (Max 7, (C.1.1)

where vy is the velocity of X. Rewriting the differential d*k = 7dp%pdz and subbing in £° and

¢? from the above gives the cross section

pdzdpz 1 5 (1—2)3 z / 9
= [ =T _[C% dIl
7 / 16m2(1 — z)p[Q M P (1 +ux)22p2Ex vIMox] €12
= [ eyl Do x o) h
) 16m2(1 —2)'2 r 7

2e2p2, 14(1—z)2

-2 = can be found

The spin averaged electron emission matrix element, %E|/\/l|2 =
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n [123]. Inserting this into our total cross section gives

2 _ 2,2 )2
e 2%

1672 pr z2(1—2) z

/ /dea 14 ( 1—z) X 5 ).

We can compute the integral over p% by integrating over momentum transfers from m? to s, where

(C.1.3)

s 1s the squared center of mass energy. This gives the Weizsacker-Williams distribution function
which when multiplied by the partonic cross section o(yX — Y') and integrated over gives the

Equivalent Photon Approximation.

R

2m mg z

(C.1.4)

The above formula gives the probability of finding a photon of longitudinal fraction z inside
the incident electron and is the starting point for the Equivalent Photon Approximation. Further
corrections to this formula, including taking into account small virtuality of the photon lead to

improved formulas as given in the main text of this thesis.
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