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The potential of triphoton production to obtain limits on anomalous
Higgs boson couplings at Hvvy and HZ~y vertices is studied in the Stan-
dard Model Effective Field Theory (EFT) framework for the post-LHC
circular high-energy hadron colliders: High Luminosity-LHC (HL-LHC),
High-Energy LHC (HE-LHC), and Low-Energy FCC (LE-FCC) which are
designed with standard configurations of 14 TeV /3 ab™?!, 27 TeV /15 ab™1,
and 37.5 TeV /15 ab~!. Madgraph in which the effective Lagrangian of the
SM EFT is implemented using FeynRules and UFO framework is used to
generate both background and signal events. These events are then passed
through PYTHIA 8 for parton showering and Delphes to include realistic de-
tector effects. After optimizing cuts on kinematics of three photons as well
as the reconstructed invariant mass of the two leading photons, invariant
mass of three leading photons is used to obtain constraints on the Wilson
coefficients of dimension-six operators. We report on the result of a two-
dimensional scan of ¢, and ¢, couplings at 95% confidence level and com-
pare with the LHC results. Our obtained limits without systematic error on
¢y (¢y) are [—3.15;1.41] x 1072 ([-2.12;2.12] x 1072), [-1.21;0.78] x 10~2
([—0.98;0.98] x 1072), and [—0.89;0.66] x 10=2 ([-0.77;0.77] x 10~2) for
HL-LHC, HE-LHC, and LE-FCC, respectively.

DOI:10.5506/ APhysPolB.52.1377

1. Introduction

Being the largest scientific instrument ever built, the Large Hadron Col-
lider (LHC) with its discovery potential gave an opportunity to work in the
physics of hadronic matter at extreme temperature and density for the large
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particle physics community. With the discovery of Higgs boson [1, 2], Stan-
dard Model (SM) is completed and particle physics reaches an important
moment in its history. Some of the crucial questions which are still not an-
swered are: the nature of dark matter, the origin of the matter—antimatter
asymmetry in the Universe, and the existence and hierarchy of neutrino
masses. To address these questions and the properties of the newly discov-
ered Higgs boson, the particle physics community decided to upgrade LHC
by increasing its luminosity (rate of collisions) by a factor of five beyond
the original design value and the integrated luminosity (total collisions cre-
ated) by a factor of ten to sustain and extend its discovery potential. The
possibility of building even higher energy frontier colliders is also under con-
sideration. One can expect that these post-LHC circular high-energy hadron
colliders will deepen our understanding of the origin of the electroweak sym-
metry breaking, Higgs couplings, and new physics.

The HL-LHC program aims at decreasing the statistical error in the
measurements by half, while it will continue to examine the properties of
Higgs boson and look for clues to explain the physics beyond SM [3]. The
HL-LHC project includes a range of beam parameters and hardware config-
urations that will reach an integrated luminosity of approximately 250 fb~!
per year after upgrading, achieving a target of 3000 fb—! at 7.0 TeV nominal
beam energy reached by the LHC in a total of 12 years. One of the circular
high-energy hadron colliders under consideration after HL-LHC is HE-LHC
which will extend the current LHC center-of-mass energy by almost a fac-
tor of 2 and deliver an integrated luminosity of at least a factor of 3 larger
than the HL-LHC [4]. It will use the existing LHC tunnel infrastructure and
FCC-hh magnet technology, that is 16 Tesla dipole magnet. The other one
is the LE-FCC [5], which is thought to minimize the cost of a future circular
hadron collider housed in the FCC 100 km tunnel with 6 Tesla dipole mag-
net. This leads to a center-of-mass energy of 37.5 TeV. It plans to deliver
an integrated luminosity of at least 10 ab=! during a 20-year operation.

Measuring precisely the Higgs couplings has a great potential to give us
detailed information on the new physics beyond the SM. The Effective Field
Theory (EFT) approach is widely used in the search for possible deviations
from the predictions of the Standard Model. In the EFT framework [6], new
physics contributions beyond the SM are described by higher-dimensional
operators in an expansion. These operators are invariant under the SM
symmetries and suppressed by the new physics scale A. In this article, we
investigate the potential for limitation of the EFT approach related to uni-
tarity to describe possible contributions of the operators between Higgs and
SM gauge boson at the High-Luminosity LHC (HL-LHC) as well as other
post-LHC hadron—hadron colliders under consideration. These operators are
extensively studied via different production mechanisms for hadron collid-
ers [7-29].
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One of the approaches would be to look for production which is rare in
the SM. One production mechanism satisfying this in the hadron colliders
involves events with three photons in the final state [30-32]. This process
also implies pure electroweak interactions at the tree level. Therefore, the
production mechanism stands out as an ideal platform to search for devia-
tions from SM. In the literature, the three-photon final state as well as other
mechanisms [33-36] are used in the search of anomalous Higgs couplings via
EFT formalism. Either direct production or fragmentation process result
in the three-photon final state in the hadron colliders. Since photons pro-
duced via direct production are typically isolated, requiring isolated photons
will reduce the background contributions from the decays of unstable par-
ticles such as 70 — ~v and suppress the signal process with one or more
fragmentation photons.

The organization of the paper is as follows. We highlight some details
of the model that are relevant to our study and calculate the cross sections
as a function of couplings under consideration for each post-LHC hadron
colliders in Section 2. The discussion of kinematic cuts and the details of
signal and background analysis are given in Section 3. In Section 4, we
present obtained the sensitivity bounds on the ¢, and ¢, couplings with a
two-dimensional scan at 95% confidence level and compare them with the
LHC results. Finally, we conclude in Section 5.

2. Theoretical framework of the effective operators

In this study, we are interested in the CP-conserving and CP-violating
dimension-6 operators of the Higgs boson and electroweak gauge boson in
the convention of the Strongly Interacting Light Higgs (SILH) basis in effec-
tive Lagrangian [37]. The CP-conserving dimension-6 operator between the
Higgs boson and electroweak gauge bosons is defined in the general effective
Lagrangian as follows:
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where A denotes the Higgs quartic coupling and & represents the Higgs sec-
tor containing a single SU(2)y, doublet of fields; gs, g, and ¢’ are coupling
constants of SU(3)c, SU(2)1,, and U(1)y gauge fields, respectively; the gen-
erators of SU(2)r, in the fundamental representation are given by To = oy, /2
(here o are the Pauli ma(t_ﬂ)ces); Yu, Yd, and y; are the 3 x 3 Yukawa coupling

matrices in flavor space; D, correspond to the Hermitian derivative opera-
tors; B®, WH¥_ and G** are the electroweak and the strong field strength
tensors, respectively.

The general effective Lagrangian can be extended with CP-violating op-
erators in the SILH basis given below

Lepy = g CHWD“@TT%DVQSqu iy CHBD“@D”@BW
m2, 2
g"? Cy T 5 gg Cq i =~
v a 4
+ m '®B,, B" + mi‘%,@ @GWGZ
3 ~
g~ &w ; i 03G ~
e W, W W g fachz,,GVgGW, (2)
w
where
E _ 1 Bro ﬁ?k _ 1 Wpak éa _ 1 Groe
uy = iel“’PU ) uv ieul/po' ’ p = Qe,uz/pg

are the dual field strength tensors.

The dimension-6 CP-conserving (Eq. (1)) and CP-violating (Eq. (2))
operators in SILH bases can be defined in terms of the mass eigenstates
after electroweak symmetry breaking. The relevant Higgs and neutral gauge
boson couplings in the mass basis for triphoton production are given in the
following Lagrangian:

1 1
L = 4g,mFu,,F Yh — ghWFWF K7 R
1
_ng(zzl ,U/VZMVh gF(Lz)zZ 8 Z/»“’h_’_ gF(Lz)z Z#h_ ghzzZ},LVZ l/h
1
SO 2 P~ G B PR gialzyauF”“h, (3)

where the field strength tensors of Z-boson and photon are represented with
ZW and F},,, respectively. The relationships between the effective couplings
in the gauge basis and dimension-6 operators are given in Table I in which
ag coupling is the SM contribution to the H~y vertex at loop level.

In order to simulate events involving the effect of the dimension-6 oper-
ators on the triphoton production mechanism in pp collisions with leading
order, the effective Lagrangian of the SM EFT in Eq. (3) is implemented into
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TABLE 1

The relations between Lagrangian parameters in the mass basis (Eq. (3)) and the
Lagrangian in gauge basis (Egs. (1) and (2)) (ew = cosOw, sy = sin Oy ).

Jhyy = QH — LT?;%V

gh'yw — _ngiv;?fv

o = =28 [ounsh, — 46,5ty + ]

92 = i [(enw + ew)e, + (ep + np) st ]
Gh, = LB [1 — Loy —2er + 867%}

Ghzz = c%j,iw [5HBS‘2/V —4¢,st + C%VéHW]

(1) _ _gsw_[a = = o2
gh’yz T ewmw [CHW —Cup+ 8C’Y‘SW]

(2 _ gsw = = = =
Ghyz = oo enw — Cup — Cp + cw]

gsw
cwmw

hyz = [éaw — éup + 82,52 ]

the MadGraph5 aMC@ONLO v2.6.3.2 [38] event generator using FeynRules [39]
and UFO [40] framework. The triphoton production process is sensitive to
the Higgs-electroweak gauge boson couplings (ghy, and gp.,) and the cou-
plings of a quark pair to single Higgs field (7, and 74) in the mass basis
effective Lagrangian, the eight Wilson coefficients (¢w, ¢, ¢aw, CHB, Cy,
¢Hw, Cup, and ¢y) related to Higgs-gauge boson couplings and also effec-
tive fermionic couplings in the gauge basis effective Lagrangian. Since the
Yukawa coupling of the first- and second-generation fermions is very small,
the effective fermionic couplings are ignored. The coupling constants other
than ¢, and ¢y couplings do not lead to considerable modifications in the
cross section as seen in our previous work [36]. Thus in this study, we focus
on the effect of &, and ¢, couplings on the triphoton production process. We
generate 64 samples to parametrize the cross-section function by varying two
Wilson coefficients simultaneously for HL-LHC as well as other post-LHC
hadron—hadron colliders under consideration. For the studies presented in
this manuscript, we assume /s = 14 TeV with Ly, = 3 ab—! for HL-LHC,
Vs = 27 TeV with Ly = 15 ab~! for HE-LHC, and /s = 37.5 TeV with
Lint = 15 ab~! for LE-FCC as indicated in Ref. [5]. We apply generator level
cuts; p1*7 > 15 GeV and |?23| < 2.5 in the calculations of the cross
sections at the leading order. Then the method is validated by comparing
the cross sections obtained with the parametrisation function to the cross
section obtained from MadGraph5 aMC@NLO v2.6.3.2 with specific values of
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the couplings. Figure 1 depicts the total cross section of pp — v process
as a function of the CP-conserving ¢, couplings for ¢, = 0 and 0.05 in the
right panel, and CP-violating ¢, couplings for ¢, = 0 and 0.05 in the left
panel at the three post-LHC circular colliders. In this figure, all effective
couplings other than ¢, and ¢, are set to zero. The effect of the ¢, is smaller
in the cross section as a function of ¢, in the right panel of Fig. 1, while ¢,
contribution in cross section is significant in the right panel of Fig. 1 in the
range of the small coupling value of ¢,.

5+ X008 -~ HLLHC
6005 - - - HL

~_ HELHC

c,=0.0
¢,=0.05

0.1 |

04 02 0 0z o4 04 02 0 0z o4
é“{ E‘/

Fig.1. The total cross section as a function of the CP-conserving ¢, couplings for
¢y = 0 and 0.05 (left) and CP-violating ¢, couplings (right) for ¢, = 0 and 0.05

pp — 77y subprocess at the three post-LHC circular colliders.

3. Signal and background analysis

In this section, we give details of the simulation and the cut-based analy-
sis steps to explore the potential of triphoton production to obtain limits on
the anomalous Higgs boson ¢, and ¢, couplings at H~yy and HZ~ vertices
in a model-independent Standard Model Effective Field Theory framework
for the post-LHC circular high-energy hadron colliders. This final state con-
sists of one energetic photon together with two photons originating from the
Higgs boson decay. Therefore, the pp — 7y process with non-zero ¢, and ¢,
effective couplings is considered as a signal including SM contribution as well
as interference between effective couplings and SM contributions (SB...).
The main sources of the SM background processes which are taken into ac-
count in this work are pp — ¥y (By,,: the same final state as the signal
process) and pp — yy-+jet (By,;: in which jet may fake a photon). The
MadGraph5 aMC@NLO v2.6.3.2 event generator is used to generate 500 k
events for the signal and background processes at the leading order partonic
level. The total of 64 samples for each post-LHC hadron collider considera-
tion is generated by varying two Wilson coefficients ¢, and ¢, simultaneously.
Consequently, these events are passed through the PYTHIA 8 [41] including
the initial and final parton shower and the fragmentation of partons into



Sensitivity Reach on Anomalous Higgs Couplings via Triphoton . .. 1383

hadron. The detector responses are taken into account with the card pre-
pared for HL-LHC and HE-LHC studies released in Delphes 3.4.1 package
[42]. Jets in all generated events are clustered by using FastJet [43] with
anti-k¢ algorithm where a cone radius is set as AR = 0.4 [44]. All events are
analysed by using the ExRootAnalysis utility [45] with ROOT [46].

Even though all three collider configurations expect to see pile-up effects
in the range of several hundreds, we did not consider any pile-up effects since
in this study we aim at giving an estimation to obtain the limits of effective
Higgs couplings by post-LHC circular high-energy hadron collider options
through the production of three photons [47]. We filtered events with at least
three photons in the final state and jet veto to suppress jet-containing back-
grounds for the analysis as a first step (Cut-1). Photons are ordered with
respect to their transverse momentum. That is, 1, 2, and 73 are the first,
second, and third leading photon, respectively (p}* > p3? > pJ?). Then, we
review various kinematic variables of photons in order to use them in “cut-
based” analysis and to achieve physical intuition. The phase space of the
first, second, and third leading photons for the signal with values ¢, = 0.05
and ¢y = 0.05 and the relevant SM backgrounds for HL-LHC, HE-LHC, and
LE-FCC are shown in Fig. 2, Fig. 3, and Fig. 4, respectively. These phase

(s8), (& =F,=005) Byyy Byyi

HL-LHC ¥ = 14 TeV HL-LHCE =14 Tev g A HL-LHC ¥5 = 14 TeV.

8 E 8 8 B

38 8 B B B B

g
HELHC IS =27 TeV ;00 | HE-LHCYs =27 TeV  Jy , HE-LHC 5 = 27 TeV.

3 8 8 5 & B B8

LEFCC Y5 =37.5 TeV.

LeFec =375 TeV o E o

5B B B

858 58 BB

R F

& REY &y
Fig.2. The phase space of the leading photon for signal (SB,,,) including SM
and their interference, SM background process (Bgy) with the same final state as

signal and B; in each column. Rows are for different post-LHC circular colliders.
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Fig.3. The phase space of the second-leading photon for signal (SB,,) includ-
ing SM and their interference, SM background process (Bgy) with the same final
state as signal and B.,,; in each column. Rows are for different post-LHC circular
colliders.

space distributions led us to the p' > 50 GeV, p? > 35 GeV, pf’ > 12 GeV,
and |23 < 2.5 region, where the signal process can be separated from
the backgrounds (Cut-2 and Cut-3). The distance between each two photons
is determined as AR(v;,7;) = [(Ady, 1) + (An%ﬁj])Q]lm, where A¢,, -
and An,, , are the azimuthal angle and the pseudo-rapidity difference be-
tween any two photons, respectively. A useful requirement to select isolated
photons is to apply to the minimum distance between each two photons as
AR(y1,72) > 0.4, AR(v1,73) > 0.4, AR(v2,73) > 0.4 (Cut-4). Having the
targeted signature with three prompt photons, we consider an invariant mass
of three-photon as an important kinematic variable to extract limits on the
couplings. Therefore, the distributions of the invariant mass of three-photon
versus the invariant mass of two-photon are checked for the signal and the
relevant SM backgrounds after Cut-4 at HL-LHC as well as other post-LHC
hadron—hadron colliders under consideration. The distributions for signal
with ¢, = ¢, = 0.05 couplings and relevant SM backgrounds after Cut-4
(left-to-right) are given in Fig. 5, Fig. 6, and Fig. 7 for HL-LHC, HE-LHC,
and LE-FCC, respectively.
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Fig. 4. The phase space of the third-leading photon for signal (SB,.~) including SM
and their interference, SM background process (B,,~) with the same final state as
signal and B,; in each column. Rows are for different post-LHC circular colliders.
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Fig. 5. The invariant mass of three-photon versus the invariant mass of two-photon
distribution for signal (¢, = ¢, = 0.05) and relevant SM backgrounds after Cut-4
for 14 TeV center-of-mass energy collider, namely HL-LHC (left-to-right).

We select events with the invariant mass of three-photon m., v,v, > 160 GeV
(Cut-5). In order to focus on events where two photons are coming from the
decay of Higgs boson, we consider a reconstructed invariant mass from two
leading photons in the range of 122 GeV < m., < 128 GeV (Cut-6). A sum-
mary of the cuts used in the analysis is given in Table II. The distributions
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©B),, &, =T, =0.05) Byvy Byyi

s

& 2s0f . HE-LHC 5 =27TeV | Jus
Z

£

1 1 1 1 1 1 1 1 1 1
115 120 125 130 135 140 110 115 120 125 130 135 140
m, , (GeV) m, , (GeV)

11'35 140
m, , (GeV)

! | | |
115 120 125 130

Fig. 6. The invariant mass of three-photon versus the invariant mass of two-photon
distribution for signal (¢, = &, = 0.05) and relevant SM backgrounds after Cut-4
for 27 TeV center-of-mass energy collider, namely HE-LHC.
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Fig. 7. The invariant mass of three-photon versus the invariant mass of two-photon
distribution for signal (¢, = ¢y = 0.05) and relevant SM backgrounds after Cut-4
for 37.5 TeV center-of-mass energy collider, namely LE-FCC.

of the reconstructed invariant mass of two leading photons are presented
for the signal plus total SM backgrounds S + Br (¢, = ¢, = 0.05) (light
grey/red) and total SM background Bt = By, + By,; (grey) as well as

TABLE II

List of optimized cuts considered in the analysis for selecting events to obtain limits.

Cuts Definitions

Cut-1 N, >2, Nj=0

Cut-2  Cut-14pJ > 50 GeV, pf? > 35 GeV, pf > 12 GeV

Cut-3 Cut-2+|n"23| < 2.5

Cut-4 Cut-3+AR(71,72) > 0.4, AR(v1,7v3) > 0.4, AR(v2,73) > 04
Cut-5 Cut-4 4+1my, 4y, > 160 GeV

Cut-6 Cut-5+122 GeV < m,, < 128 GeV
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their ratio (S + Br)/Br in Fig. 8 for HL-LHC, HE-LHC, and LE-FCC (left-
to-right). Here, the main contribution comes from the B, background. A
number of events after this final cut are used to obtain limits on the anoma-
lous Higgs effective couplings. A number of signal (¢, = ¢, = 0.05) and
relevant background events normalized to the corresponding luminosities of
3 ab™! 15 ab™! and 15 ab~! (HL-LHC, HE-LHC, and LE-FCC, respec-
tively) after each cut are given in Table III. The efficiency of each cut step
can be calculated from this table. The overall effect of the cuts used in Ta-
ble 11T changes between 0.8% and 1.1% moving from HL-LHC to LE-FCC
for ¢, = ¢, = 0.05. On the other hand, the efficiency of cuts for SM back-
grounds B~ and B.,; is 0.34% and 0.003%, respectively. The efficiency of
the cuts also depends on the anomalous Higgs boson dimension-6 couplings
value. We observed that efficiency gets lower to the 0.4% for the signal with
couplings set to ¢, = ¢y, = 0.01. One might get better limits when cuts are
optimized to each collider option.

&

HE-LHC 5 = 27 TeV B s+8)G,=5,=009)
s,

HL-LHC Vs = 14 TeV

I (+B))(c, =T, = 005)
e

# of Events / 3 GeV
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(S+B)B
(s+8)B,

juc
|
S|
o
N
B
ol
S|

0 132 20 122 124 126 128 130 132
my (GeV) myy, (GeV)

)

LE-FCC (5=37.5Tev i B (5+B)(E, =T, = 0.05)
s,

# of Events / 3 GeV

(s+8)B,

m, , (Gev)
Fig.8. (Colour on-line) The invariant mass distribution of two-photon after Cut-5
for S+ Br (¢, = ¢y = 0.05) (light grey/red) and the total SM background Bt
(grey) for HL-LHC, HE-LHC, and LE-FCC, respectively. These distributions are
normalized to relevant Ly (3 ab™!, 15 ab™!, and 15 ab™1).
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TABLE III

A number of signal and relevant events after each cut used in the analysis with
integrated luminosities of 3 ab™!, 15 ab~—!, and 15 ab—! for HL-LHC, HE-LHC,
and LE-FCC, respectively.

Colliders Process Cut-1 Cut-2 Cut-3 Cut-4 Cut-5 Cut-6
SByyy
(¢, = ¢, =0.05) 373073 54673.7 53502.3 53275.4 38071.9 2916.41
HL-LHC By 278456 36454.8 35640.1 35491.9 26282.3  954.18
By 1.2704 x 10 158052 144823 139949 78677.8 3481.32
SB’Y’Y’Y
(¢y = é, =0.05) 2.91392 x 10% 450225 440311 437960 310376 29650.2
HE-LHC By 2.13519 x 10° 283158 276893 275816 205528 7306.28
B 5.98137 x 108 710189 644044 637082 337688 20887.9
SB'Y'Y’Y
(¢, =¢&, =0.05) 3.61827 x 10? 573519 559763 556825 395603 41175
LE-FCC By 2.63292 x 10° 349711 341548 340030 254747 9522.67
Byy; 5.70719 x 10® 696264 647526 633600 382945 13925.3

4. Sensitivity of the dimension-6 Higgs-gauge boson couplings

The x? statistical analysis approach, which measures how the expecta-
tions are compared with the actual data observed (or model results), is used
to obtain the sensitivity of the dimension-6 Higgs-gauge boson couplings
inthe pp — 77y process as follows:

Mhins NP B\ 2
2 = Z <NZB_NZ> ’ (4)
- NP A;

where NZ-NP is the total number of events in the existence of effective cou-
plings (.9), the number of events of relevant SM backgrounds in i*® bin of the
invariant mass distributions of reconstructed Higgs boson from two leading
photons denotes N2, A; = 025 + # is the combined systematic (dsys)
and statistical errors in each bin. In this analysis, we focused on ¢, and
¢y couplings which are the main coefficients contributing to the pp — vy
signal process. In the two-dimensional y? analysis, two Higgs-gauge boson
couplings ¢, and ¢, are assumed to deviate from their SM values simultane-
ously, while all other Wilson coefficients are set to zero. In Fig. 9, we show
95% C.L. contours for anomalous ¢, and ¢, couplings with integrated lumi-
nosities of 3ab~!, 15 ab~!, and 15 ab~! for HL-LHC, HE-LHC, and LE-FCC
without systematic errors. As we can see from Fig. 9, the best limits with-
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Fig.9. Two-dimensional 95% C.L. intervals on the plane for ¢, and ¢, without the
systematic errors for HL-LHC, HE-LHC, and LE-FCC taking L;,; = 3, 15, and
15 ab~! respectively. The limits are derived with all other coefficients set to zero.

out the systematic error on dimension-6 Higgs-gauge boson couplings ¢, (¢4)
couplings are [—3.15;1.41] x 1072 ([-2.12;2.12] x 1072), [-1.21;0.78] x 102
([—0.98;0.98] x 10~2), and [—0.89;0.66] x 10~2 ([~0.77;0.77] x 10~2) for HL-
LHC, HE-LHC, and LE-FCC, respectively. In Fig. 10, we also present the
same contour plot taking into account the systematic error for HL-LHC, HE-
LHC, and LE-FCC, respectively. The limits on ¢, and ¢, couplings get worse
when systematic errors are increased in each hadron collider considered in
this study. For example, when dgsys = 3%, the limits on ¢, (éy) couplings are
[~1.67;1.67] x 1072 ([~1.69; 1.69] x 10~2) for LE-FCC collider with 15 ab™!
of integrated luminosity. These limits are up to 2 times worse than those
obtained without systematic errors as seen from Fig. 10. The ATLAS ex-
periment probed limits on these couplings by using a fit to five measured
differential cross sections in H — 7 decay channel [22]. They obtained
[—7.4;5.7] x 1074 U [3.8;5.1] x 1073 and [~1.8;1.8] x 1073 limits on ¢, and
¢, respectively with an integrated luminosity of 20.3 fb~1 at /s = 8 TeV,
respectively. In their similar analysis on 13 TeV center-of-mass energy with
an integrated luminosity of 36.1 fb~!, they claim that H — 4 decay chan-
nel is not sensitive to ¢, and &, [29]. Results of the analysis with increased
luminosity (Lins = 139 fb=1) at /s = 13 TeV by the ATLAS Collaboration
are [—1.1;1.1] x 10~ and [—2.8;4.3] x 107 for &, and ¢, respectively [48].
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In our study, limitations are placed on dimension-6 operators by focusing
only on three-photon production in the post-LHC scenarios. One can ob-
tain stringent bounds on these operators by taking into account other decay
channels of the Higgs boson as in Refs. [22, 29, 48]. Furthermore, it is also
possible to include the three-photon analysis in global fit with other pro-
duction processes to achieve limits on dimension-6 operators with greater
precision.
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Fig.10. Two-dimensional 95% C.L. intervals on the ¢, and é, couplings plane
considering 0, 1%, and 3% systematic error at HL-LHC, HE-LHC, and LE-FCC
(left-to-right). The limits are derived with all coefficients other than ¢, and ¢, set
to zero.

5. Conclusions

The potential of pp — ~y process is investigated to obtain limits on
the ¢, and é, couplings at 95% confidence level at High-Luminosity LHC
(HL-LHC) as well as other post-LHC hadron-hadron colliders under con-
sideration (14 TeV/3 ab~!, 27 TeV/15 ab™!, and 37.5 TeV/15 ab~!, re-
spectively). The signal (non-zero couplings) including interference with SM
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and both background events are generated in MadGraph where the effec-
tive Lagrangian of the SM EFT is implemented using FeynRules and UFO
framework. Then, events are passed through PYTHIA 8 for parton show-
ering and hadronization, and Delphes to include realistic detector effects.
64 samples for each hadron collider consideration are generated by vary-
ing two Wilson coefficients simultaneously to obtain sensitivity bounds on
the couplings. The targeted signature consists of three prompt photons.
Therefore, 2D plots of kinematic variables pseudo-rapidity versus transverse
momentum of each photon and invariant mass distributions of three-photon
as a function of the reconstructed invariant mass of two leading photons
are plotted to determine a cut-based analysis. To identify the signal over
background, we made a series of standard cuts on the transverse momen-
tum and pseudorapidity of three leading photon as well as photon separa-
tion AR. We also apply a cut on invariant mass of a two-photon system
reconstructed from two leading photons. Finally, we use transverse mo-
mentum of the three-photon system for x? analysis to obtain limits. The
reconstructed invariant mass of three-photon in the range of Higgs-boson
reconstructed from two leading photons is used to obtain limits on the
anomalous Higgs effective couplings in the pp — =~ signal process and
the relevant SM background. Our obtained limits without systematic error
on ¢y (¢y) are [—3.15;1.41] x 1072 ([—2.12;2.12] x 1072), [-1.21; 0.78] x 102
([-0.98;0.98] x 10~2), and [—0.89;0.66] x 10~2 ([-0.77;0.77] x 10~2) for HL-
LHC, HE-LHC, LE-FCC, respectively. No discussion of possible sources of
systematic uncertainty is given in the manuscript. However, its effects on
the limits of the couplings are considered. Results including systematic er-
rors get worse as expected. Nevertheless, we predict the testable bounds
from these post-LHC colliders via triphoton production on the anomalous
Higgs boson couplings even with 1% systematic uncertainty from possible
experimental sources.

This work was partially supported by the Turkish Atomic Energy Au-
thority (TAEK) under grant No. 2018TAEK(CERN)A5.H6.F2-20.
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