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Motivations 

After the discovery of Higgs                                                                  SM : a complete and successful 
framework.!

SM  shortcomings                          construct new models beyond the SM.!!

New Models                        modifications of the SM parameters:  Higgs 
couplings. !

Strong motivation                        precise measurements of the Higgs couplings.!

So far no significant deviation from SM expectations. !

The scale of new physics is well separated from the electroweak scale. !!
!!
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Effective Field Theory Approach

There are 2 different approaches, depend on new physics energy scale : 
!

1. The energy scale of new physics is accessible in the experiments, 

2. The new degrees of freedom are heavier than our energy scale in the experiments.

Λ ≤ Eexp

Λ >> Eexp

Higher  order 
Operator!

4+n

4

Dimensionless Coefficients

New Physics Scale

Look for BSM

New Particles New Interactions



SILH Basis

e↵ects, selection of events and the analysis strategy are given in Section 4. The estimates of the
sensitivity that could be achieved at the LHC for the considered operators are presented in section
5. The constraints are obtained using the photon transverse momentum distribution. Section 6
summarizes our conclusions.

2 Theoretical framework

In the framework of SM e↵ective field theory, the e↵ects of new physics are anticipated to show
up as new interactions among the SM fields. These new interactions are suppressed by the inverse
powers of ⇤ which is the characteristic scale of new physics. In this approach, all heavy new
degrees of freedom are integrated out. Respecting the SM gauge symmetries, Lorentz invariance
and lepton and baryon number conservation, these e↵ects are parameterized by higher dimension
operators with not-known Wilson coe�cients. The dominant contributions to the observable at
the LHC are coming from dimension-six operators. As a result, the Lagrangian of the SM e↵ective
theory can be written as following [10–12]:
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X

i

ciOi

⇤2
, (1)

The dimension-six operators could be classified and represented in a convenient form by choos-
ing a basis of independent dimension-six operators Oi. In this work, our focus is on the operators
which are relevant to Higgs+� process according to the strongly interacting light Higgs (SILH)
basis. The SILH Lagrangian, LSILH, has the following form [58,59]:
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where Bµ⌫ , Wµ⌫ , Gµ⌫ are the electroweak and strong field strength tensors and � is a weak doublet

which contains the Higgs boson field. In the above Lagrangian, �†

 !
D µ� = �†(Dµ�) � (Dµ�)†�

and the Higgs boson is considered as a CP-even particle.
Very precisely measured oblique parameters T and S from the electroweak precision measure-

ments reduce the number of free parameters in the SILH Lagrangian. In particular, the per-mille
bounds on T and S parameters strongly constrain c̄T and c̄B + c̄W as they are directly related
to T and S parameters [25, 58–60]. In Ref. [25], constraints at 95% confidence level (CL) on the
coe�cients of dimension six operators have been obtained using a global fit to the LEP and the
LHC Run I measurements.

This e↵ective Lagrangian is written in gauge basis and after the electroweak symmetry break-
ing, it can be expressed in the mass basis. In the mass basis, the relevant subset of the Higgs
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Higgs + Photon Channel in the SM
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Figure 1: Representative Feynman diagrams for Higgs+� production in the SM at leading order.

and the Yukawa couplings of all light flavor quarks are suppressing factors in the production cross
section of Higgs boson in association with a photon. The main source of tree level contributions
come from cc̄ and bb̄ annihilation because of their larger Yukawa couplings. However, the con-
tributions of cc̄ and bb̄ are suppressed by parton distribution function e↵ects with respect to the
lighter quarks. For more illustration, we show the production cross section of Higgs boson in
association with a photon in terms of the lower cut on photon transverse momentum in Fig. 2.
The contributions from bb̄, cc̄ annihilations are depicted separately.
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Figure 2: Figure shows the cross section for production of H+� at leading order versus the lower
cut on photon transverse momentum at the LHC with the center-of-mass energy of 14 TeV. The
contributions from bb̄, cc̄ annihilations are depicted separately.

At next-to-leading order, the production of H+� through gluon-gluon fusion is forbidden using
the Furry’s theorem because of the C parity conservation. The Higgs boson in association with
a photon could be also produced at next-to-leading order via quark-antiquark annihilation [61].
These processes occur through box and triangle diagrams in which W,Z, Higgs, and quarks are
in the loop. The cross sections of these processes are found to be smaller than the leading-order
quark-antiquark annihilation so we neglect them in the present work.

5

q

q

H

γ

q

q

H

γ

Figure 1: Representative Feynman diagrams for Higgs+� production in the SM at leading order.

and the Yukawa couplings of all light flavor quarks are suppressing factors in the production cross
section of Higgs boson in association with a photon. The main source of tree level contributions
come from cc̄ and bb̄ annihilation because of their larger Yukawa couplings. However, the con-
tributions of cc̄ and bb̄ are suppressed by parton distribution function e↵ects with respect to the
lighter quarks. For more illustration, we show the production cross section of Higgs boson in
association with a photon in terms of the lower cut on photon transverse momentum in Fig. 2.
The contributions from bb̄, cc̄ annihilations are depicted separately.

 [GeV]
γT,

cut on p
5 10 15 20 25 30 35 40 45 50

) 
[f

b
]

γ
H

+
→

(p
p

σ

1−
10

1

10

2
10

 cc

bb

Total 

 = 14 TeVsLeading order cross section at 

Figure 2: Figure shows the cross section for production of H+� at leading order versus the lower
cut on photon transverse momentum at the LHC with the center-of-mass energy of 14 TeV. The
contributions from bb̄, cc̄ annihilations are depicted separately.

At next-to-leading order, the production of H+� through gluon-gluon fusion is forbidden using
the Furry’s theorem because of the C parity conservation. The Higgs boson in association with
a photon could be also produced at next-to-leading order via quark-antiquark annihilation [61].
These processes occur through box and triangle diagrams in which W,Z, Higgs, and quarks are
in the loop. The cross sections of these processes are found to be smaller than the leading-order
quark-antiquark annihilation so we neglect them in the present work.

5

boson CP-conserving anomalous couplings in unitary gauge includes [18]:
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(3)

where photon and Z-boson field strength tensors denote with Fµ⌫ and Zµ⌫ , respectively. Table
1 presents the relations between the couplings in Eq.3 and the Wilson coe�cients in SILH La-
grangian (Eq.2). The SM loop induced contribution to the Higgs boson coupling to two photons
(H��) is denoted by aH .

Table 1: The relations between the anomalous Higgs boson couplings in the mass and gauge
bases. aH denotes the SM contribution of Higgs boson couplings to two photons at loop level.
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gh�� aH � 8gs2W
mW

c̄�

g(1)h�z
gsW

cWmW
(c̄HW � c̄HB + 8s2W c̄�)

g(2)h�z
gsW

cWmW
(c̄HW � c̄HB � c̄B + c̄W )
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3 Higgs boson production in association with a photon at the
LHC

In this section, we discuss the production of a Higgs boson in association with a photon in proton-
proton collisions at the LHC. In the SM, at leading order, the H+� production proceeds through
the quark-antiquark annihilation. The representative Feynman diagrams are depicted in Fig.1.

The analytical expression for the di↵erential cross section of the partonic process qq̄ ! H + �
within the SM framework is given by [55]:
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, (5)

s = (pb + pb̄)
2, the quark electric charge is denoted by Qq, and �q = mq

v is the Yukawa coupling
of quark q. As it can be seen in Eq.4, the presence of the electromagnetic coupling constant ↵em
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Higgs + Photon Channel in the SM-
EFT

boson CP-conserving anomalous couplings in unitary gauge includes [18]:

L = �1

4
gh��Fµ⌫F

µ⌫h� 1

2
g(1)h�zZµ⌫F

µ⌫h� g(2)h�zZ⌫@µF
µ⌫h

� (
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Within the SM e↵ective field theory, in addition to new diagrams, the SM diagrams are
modified as well. The representative Feynman diagrams for H+� production are depicted in Fig.
3. The vertices which receive contributions from the SM e↵ective field theory are shown by filled
circles. As it can be seen, in addition to the SM tree level diagrams, additional diagrams depicted
in the bottom of Fig.3 contribute to the Higgs boson plus a photon at the LHC.
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Figure 3: Representative Feynman diagrams at tree-level for production of a Higgs boson in
association with a photon at the LHC in the presence of dimension six operators.

Considering the SM e↵ective Lagrangian, the process pp ! H+� is sensitive to c̄� , c̄HW ,c̄W ,c̄B,

c̄HB,c̄H ,c̄u, c̄d, c̄uW ,c̄dW ,c̄uB,c̄dB parameters in gauge basis and to gh�� , g
(1)
h�z, g

(2)
h�z, ỹu, ỹd, g

(@)
h�uu,

g(@)h�dd couplings in the mass basis. As shown in Table 1, the latter four couplings are proportional
to the Yukawa couplings of the quarks which are small for the light quarks. Therefore, the
sub-processes shown in Fig.3 (a),(b),(d) do not lead to any significant modifications in the H+�
production cross section and are not taken into account in this analysis. As a consequence, we
concentrate only on the remaining four parameters: c̄� , c̄HW , c̄W , and c̄HB.
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MadGraph5-aMC@NLO [62, 63]. The e↵ective SM Lagrangian presented in Eq. 2 has been imple-
mented in FeynRule program [64] and then the UFOmodel [65] is inserted into MadGraph5-aMC@NLO.
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Figure 4: The leading order cross section for production of H+� versus the coe�cients c̄� , c̄HB,
and c̄HW at the LHC with the center-of-mass energy of 14 TeV is shown. A lower cut of 10 GeV
on the photon transverse momentum has been applied.

4 Simulation details and analysis strategy

In this section, we present the simulation details and the analysis strategy for exploring the
e↵ective SM in Higgs boson production associated with a photon. Due to large branching fraction,
we consider the Higgs boson decay into a pair of bottom quarks. Consequently, the final state
consists of one energetic photon together with two jets originating from the hadronization of
b-quarks.

The main sources of background processes which are taken into account in this work are
W±�+jets, Z�+jets, �+jets, top+�+jets, tt̄+ �. MadGraph5-aMC@NLO event generator is used to
generate the e↵ective SM signal and background processes [62, 63]. We generate events at the
center-of-mass energy of 14 TeV at the LHC using the NNPDF2.3 [71] set of parton distribution
functions. In the event generation process, the SM input parameters are taken as [72]: mW =
80.385GeV,mH = 125.0GeV, mt = 173.34GeV and mZ = 91.187GeV. The events are passed
through PYTHIA 8 [67,68] for showering of partons, hadronization, and unstable particles decays.
Delphes 3.3.2 [69, 70] allows to simulate a CMS-like detector e↵ects.

Jets are reconstructed using anti-kt algorithm [73] with a radius parameter of R = 0.5. This is
performed through the FastJet package [74]. The e�ciency of b-tagging and the misidentification
rates are taken to be dependent on the transverse momentum of jets according to the following
formulas [75]:

✏b(pT ) = 0.85⇥ tanh(0.0025⇥ pT ) ⇥
� 25.0

1 + 0.063⇥ pT

�
,

mis-id. rate of c-jets = 0.25⇥ tanh(0.018⇥ pT ) ⇥
� 1.0

1 + 0.0013⇥ pT

�
, (6)

mis-id. rate of light-jets = 0.01 + 0.000038 ⇥ pT .
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Event Simulation

Final state: one energetic photon together with 
two b-jets.!

The main sources of background processes: 
Wγ+jets, Zγ+jets, γ+jets, top+γ+jets, tt +̄ γ. !

 Generate events: MadGraph5-aMC@NLO. !

The center-of-mass energy of 14 TeV at the 
LHC .!

Showering and  hadronization: PYTHIA 8.!

Detector simulation: Delphes.
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Multijet Background

Multijet production where jets are misidentified as photons. !

In the jet fragmentation, neutral pions appear and decay into 
two photons with a large boost. !

The two photon showers will overlap in the ECAL and they 
appear as a single photon in the detector. !

The cross section of multijet background  is  around 103 pb. !

The jet fake photon probability is at the order of 10−4,−5 for 
the high pT  fake photons (pT > 200 GeV).!

We neglect this background in this analysis. !!
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Event Selection

The b-tagging e�ciency for a jet with pT = 50 GeV is around 64%, while the c-jet misidentification
rate is 17%, and light flavor jets misidentification rate is 1.1%.

To select signal events, we require that photon has a transverse momentum pT and pseudora-
pidity ⌘ satisfying pT > 40 GeV and |⌘| < 2.5. Any event containing a charged lepton with pT > 10
GeV and |⌘| < 2.5 or missing transverse energy above 30 GeV is vetoed. Events are selected by
demanding the presence of two b-jets with pT > 20 GeV and |⌘| < 2.5. To ensure all selected
objects are well-isolated, the angular separation �R(�, b� jets) =

p
(��)2 + (�⌘)2 > 0.4 and

�R(b1, b2) > 0.4. The above described selection are denoted as preselection cuts.
In Figure 5, we present the transverse momentum of the photon (upper left), mass of the

reconstructed Higgs boson from bb̄ pair (upper right), the �R(H, �) (lower left) , and the invariant
mass of the H+� system (lower right) for the irreducible SM background process Z�, SM H+�,
and for e↵ective SM with c̄� = 0.1 and c̄HB = 0.1. All these distributions are depicted after
applying the so called preselection cuts described previously.

From the photon transverse momentum spectrum and invariant mass of the H+� system,
one can see that due to the presence of derivatives in the induced couplings of the e↵ective SM,
significant enhancements in the tail of photon pT and mH� appear. This is a specific feature of
new e↵ective interactions which allows us to di↵erentiate between new physics and SM background
processes.

For further reduction of the SM background contributions additional cuts are applied. A
window cut on the reconstructed Higgs boson mass leads to suppress backgrounds without a
Higgs boson in the final state. Thus, it is required that 90 < mbb̄ < 160 GeV. The angular
separation between the reconstructed Higgs boson and photon candidate is required to be greater
than 2.4 which is useful to suppress the �+jets background process. A cut on the invariant mass
of H+� reduces the contribution of all background processes.

Cross sections of signal for the cases of c̄� = 0.1, c̄HB = 0.1 and background processes after
applying each set of cuts are shown in Table 2. The cross sections are given in the unit of fb.
Since the background contributions overwhelm the signal in the lower values of cut on photon
transverse momentum, we concentrate on the region where the signal-to-background ratio is large
enough to determine the exclusion limits.

Table 2: Expected cross sections in unit of fb after di↵erent combinations of cuts for signal
and SM background processes. The signal cross sections are corresponding to particular values of
c̄� = 0.1, c̄HB = 0.1. More details of the cuts are given in the text.

p
s = 14 TeV Signal Background processes

Cuts c̄� c̄HB �+jets tj� + tt̄� W� + Z� SM (H�)

One photon and lepton veto 126.3 20.99 4.443⇥ 106 164.92 10286.4 0.450
Only 2 b-jets, �Ri,j > 0.4; i, j = �, b 19.77 3.41 13026.2 0.0312 119.57 0.080

90 < mbb̄ < 160 GeV and �R(H, �) > 2.4 17.88 3.06 6397.6 0.0165 58.41 0.067
mbb̄� > 250 and p�T > 400 GeV 0.51 0.076 0.0 0.0 0.0 0.0003

At the end of this section, a discussion is given on the potential contribution of background
coming from multijet production where jets are misidentified as photons. Such a signature could
come up when in the jet fragmentation, neutral pions appear and decay into two photons with a
large boost. As a result, the two photon showers will overlap in the electromagnetic calorimeter
and will not be separately distinguishable and they appear as a single photon in the detector. The
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Figure 5: Plots show the transverse momentum of the photon (upper left), the mass of recon-
structed Higgs boson (upper right), the �R(H, �) (lower left) , and the invariant mass of the
H+� system (lower right) for the SM H+�, e↵ective SM with c̄� = 0.1 and c̄HB = 0.1 and Z�
background process.

ability for rejecting jets faking photons is crucial to suppress the QCD multijet background which
has several orders of magnitude larger cross section with respect to the other background processes.
After the kinematic requirements (except those related to photon) in our analysis as well as the
requirement of the presence of only two b-jets, the cross section of multijet background reduces to
around 103 pb. The jet fake photon probability varies with the fake photon transverse momentum
and is at the order of 10�5,�4 for the high pT fake photons (pT > 200 GeV). Consequently,
the requirement of a photon with large transverse momentum decreases the contribution of this
background to a negligible level. We neglect this background in this analysis nevertheless a
dedicated and more realistic detector simulation must be performed in order to estimate possible
contribution of this background.
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Limits on DIM-6 coefficients
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5 Results and interpretation

In this section, we present the potential sensitivities of the Higgs boson production in associa-
tion with a photon to the dimension-six operators. The main coe�cients a↵ecting the Higgs+�
production that are our interest in this analysis are c̄� , c̄HW , and c̄HB. Constraints derivation is
based on the fact that dimension-six operators generate a higher tail at the large values of photon
transverse momentum. As a result, we make use of the tail of photon transverse momentum,
where the contribution of the SM background processes are negligible, to obtain the limits on the
relevant dimension-six operators. As the number of signal events increases quickly with the c̄� ,
c̄HW , and c̄HB in the tail of pT,� and the background contribution is significantly suppressed, a �2

fit is performed in this region to get the 95% CL ranges. To obtain the predicted limits, only one
coe�cient is considered in the fit. The predicted bounds at 95% CL for the LHC at

p
s = 14 TeV

with an integrated luminosity of 300 fb�1 and 3000 fb�1 are presented in Table 3. To obtain the
results, only statistical uncertainties are considered and the e↵ects of systematic and theoretical
sources are neglected. The results are also depicted in Fig.6 for the integrated luminosities of 300
and 3000 fb�1. As it can be seen, the most sensitivity is to c̄� which is expected to be probed
down to 10�3 while c̄HB and c̄HW are potentially explored at the order of 10�2 at the 95% CL.

At this point it should be mentioned that based on Fig.5 (lower right), the information from
the tail of the invariant mass distribution of H+� could also be used to extract the constraints on
the coe�cients. As it can be seen, while the expectation of the SM steeply drops for the invariant
mass values larger than around 300 GeV, the new physics e↵ects shows a tail extending up to
around the TeV scale. However, in a realistic analysis, more systematic uncertainties with respect
to the photon transverse momentum distribution enters in the analysis using mH� di↵erential
distribution.

Coe�cient L = 300 fb�1 L = 3000 fb�1

c̄� [�0.013, 0.023 ] [�0.0042, 0.0075 ]
c̄HB [�0.038, 0.050 ] [�0.012, 0.016 ]
c̄HW [�0.053, 0.038 ] [�0.017, 0.012 ]

Table 3: Predicted constraints at 95% CL on dimension-six operator coe�cients for the LHC
with 14 TeV with the integrated luminosities of 300 fb�1 and 3000 fb�1. At a time one of the
couplings is considered in the analysis.

It is informative to compare the results obtained in this study with the expected bounds at high
luminosity LHC with other channels. In Ref. [76], considering the production modes pp ! H + j,
pp ! H + 2j, pp ! H, pp ! W +H, pp ! Z +H, and pp ! tt̄+H, constraints are set on the
dimension-six operator coe�cients. The following bounds have been obtained on c̄� , c̄HW , c̄HB

at 95% CL at the center-of-mass energy of 14 TeV with 3000 fb�1 based on the expected signal
strength:

�0.027 < c̄HW < 0.028, � 0.026 < c̄HB < 0.027, � 0.00029 < c̄� < 0.00027, (7)

The limits on c̄HW and c̄HB are the same order of the ones could be achieved from this study.
However, they could be improved using a shape analysis on the Higgs transverse momentum as:

�0.004 < c̄HW < 0.004, � 0.004 < c̄HB < 0.004, � 0.00016 < c̄� < 0.00013, (8)

It should be mentioned that two improvements to the limits on dimension-six coe�cients would be
the combination of H+� channel with the other channels discussed in Ref. [76] as well as consider-
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Figure 6: The 95% CL ranges obtained in a fit to the dimension-six operator coe�cients indi-
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300 fb�1 and 3 ab�1.

ing the complete next-to-leading order predictions for the process of H+� with the dimension-six
couplings.

As it is well-known, the e↵ective field theory configuration provides the possibility to constrain
UV models parameters. In Ref. [77], the matching of dimension-six operators with few UV models
are studied. The discussed UV models are corresponding to extension of the Higgs sector of the
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where bi are the coe�cients of � function which for dilatons violate the scale invariance anoma-
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5 Results and interpretation

In this section, we present the potential sensitivities of the Higgs boson production in associa-
tion with a photon to the dimension-six operators. The main coe�cients a↵ecting the Higgs+�
production that are our interest in this analysis are c̄� , c̄HW , and c̄HB. Constraints derivation is
based on the fact that dimension-six operators generate a higher tail at the large values of photon
transverse momentum. As a result, we make use of the tail of photon transverse momentum,
where the contribution of the SM background processes are negligible, to obtain the limits on the
relevant dimension-six operators. As the number of signal events increases quickly with the c̄� ,
c̄HW , and c̄HB in the tail of pT,� and the background contribution is significantly suppressed, a �2

fit is performed in this region to get the 95% CL ranges. To obtain the predicted limits, only one
coe�cient is considered in the fit. The predicted bounds at 95% CL for the LHC at

p
s = 14 TeV

with an integrated luminosity of 300 fb�1 and 3000 fb�1 are presented in Table 3. To obtain the
results, only statistical uncertainties are considered and the e↵ects of systematic and theoretical
sources are neglected. The results are also depicted in Fig.6 for the integrated luminosities of 300
and 3000 fb�1. As it can be seen, the most sensitivity is to c̄� which is expected to be probed
down to 10�3 while c̄HB and c̄HW are potentially explored at the order of 10�2 at the 95% CL.

At this point it should be mentioned that based on Fig.5 (lower right), the information from
the tail of the invariant mass distribution of H+� could also be used to extract the constraints on
the coe�cients. As it can be seen, while the expectation of the SM steeply drops for the invariant
mass values larger than around 300 GeV, the new physics e↵ects shows a tail extending up to
around the TeV scale. However, in a realistic analysis, more systematic uncertainties with respect
to the photon transverse momentum distribution enters in the analysis using mH� di↵erential
distribution.

Coe�cient L = 300 fb�1 L = 3000 fb�1

c̄� [�0.013, 0.023 ] [�0.0042, 0.0075 ]
c̄HB [�0.038, 0.050 ] [�0.012, 0.016 ]
c̄HW [�0.053, 0.038 ] [�0.017, 0.012 ]

Table 3: Predicted constraints at 95% CL on dimension-six operator coe�cients for the LHC
with 14 TeV with the integrated luminosities of 300 fb�1 and 3000 fb�1. At a time one of the
couplings is considered in the analysis.

It is informative to compare the results obtained in this study with the expected bounds at high
luminosity LHC with other channels. In Ref. [76], considering the production modes pp ! H + j,
pp ! H + 2j, pp ! H, pp ! W +H, pp ! Z +H, and pp ! tt̄+H, constraints are set on the
dimension-six operator coe�cients. The following bounds have been obtained on c̄� , c̄HW , c̄HB

at 95% CL at the center-of-mass energy of 14 TeV with 3000 fb�1 based on the expected signal
strength:

�0.027 < c̄HW < 0.028, � 0.026 < c̄HB < 0.027, � 0.00029 < c̄� < 0.00027, (7)

The limits on c̄HW and c̄HB are the same order of the ones could be achieved from this study.
However, they could be improved using a shape analysis on the Higgs transverse momentum as:

�0.004 < c̄HW < 0.004, � 0.004 < c̄HB < 0.004, � 0.00016 < c̄� < 0.00013, (8)

It should be mentioned that two improvements to the limits on dimension-six coe�cients would be
the combination of H+� channel with the other channels discussed in Ref. [76] as well as consider-
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There are possibilities for improvement of our results:!
1. To use the complete next-to-leading order predictions for the process of H+γ . 

with the dimension-six couplings.!
2. The incorporation of the H+γ+jet process  into our analysis. !
3. The inclusion of other decay modes of the Higgs boson such as WW, ZZ, etc.!
4. Including the Higgs+γ process in a global fit with other production processes at 

the LHC!

Englert , et al.  Eur. Phys. J. C76, 393



Summary

According to the measurements of the LHC, so far no considerable sign of new 
physics has been found. !

To search for the possible effects of new physics one can focus on the SM 
effective theory. !

In this work, we have studied the impact of dimension-six operators of the SM 
effective field theory related to the Higgs boson production in association with a 
photon at the LHC.!

H+γ production allows us to probe c γ̄  and c H̄W (c H̄B) down to 10−3 and 10−2, 
respectively, with an integrated luminosity of 3000 fb−1

!!!
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