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The completion of the SM:
First time ever, we have a consistent relativistic, 
quantum mechanical theory:
weakly coupled, unitary, renormalizable, vacuum-
(quasi?)stable, valid up to an exponentially high 
scale, perhaps to the Planck scale MPl!

Further fundamental questions:
• Nature of EWSB: Higgs potential, EW phase trans.
• Vacuum stability: top quark mass/Yukawa coupling
• “Naturalness”: TeV scale new physics
• Puzzles: DM, flavor physics, neutrino mass
• … … …



New Era:
Under the Higgs lamp post
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In a pessimistic scenario, the LHC does not see a new 
particle associated with the Higgs sector, then the effects 
of a heavy state on Higgs coupling gi at the scale M:

≈ a few % for M ≈ 1 TeV�i ⇥
gi

gSM
� 1 ⇤ O(v2/M2)

Higgs coupling deviations:
Δ:         VVH       bbH,ττH ggH,γγH HHH

Composite (3-9)%       (1 TeV/f )2 100%
SUSY/H0, A0    X 6% (500 GeV/MA)2

T’                                                         -10% (1 TeV/MT)2

Precision Higgs Physics

LHC 14 TeV, 3ab-1: 8%           15%             few%               50%

(tree-level)

(loop)



Higgs “Rare Decays”
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Anything not “well-done” is “Rare” 
(but NOT “exotic” !)

With HL-LHC:
(0.3 - 3) ab-1 à 15 - 150M  h’s !

(now already about 1M!)
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Figure 1: Representative Feynman diagrams of h → ff̄ and its EW radiative corrections

up to O(y2fα).

Fermion m̄f (mf ) δm̄QCD
f δm̄QED

f m̄f (mh) Γ0
h→ff̄

[GeV] [GeV] [MeV] [GeV] [keV]

b 4.18 −1.39 −5.72 2.78 1900

c 1.27 −0.657 −9.33 0.604 89.7

τ 1.78 - −27.2 1.75 251

µ 0.106 - −4.05 0.102 0.852

e 0.511× 10−3 - −2.20× 10−2 0.489× 10−3 1.96× 10−5

Table 1: The MS running masses with N4LO QCD and NLO QED corrections. The last

column is the LO width with the running Yukawa coupling effect.

4/3. The most significant effect is due to the running of the quark mass from µ0 = mf

to µ = mh [18–22]. For the sake of illustration and comparison, we only give the one-loop

QCD running mass expression as

m̄(µ) = m̄(µ0)

(
ᾱs(µ)

ᾱs(µ0)

) γ0
b0

= m̄(µ0)

(
1 +

b0
4π
ᾱs(µ0) ln

µ2

µ2
0

)− γ0
b0

(2.3)

where γ0 = 4 and b0 = 11− 2nf/3 in QCD.

2.1 O(y2fα) corrections

Similar to the above, QED corrections to the Higgs radiative decay at O(y2fα), depicted in

Figs. 1b−1d, have the same form except for the color factor and the electric charge of the
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Higgs Radiative Decays
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Revisit theoretical calculations:
• QED correction to Yukawa: O(yf

2!)
• EW correction to top-Yukawa: O(yt

2!3)
• EW correction: O(!4)

Re-evaluate the LHC search:

Propose the LHC search for 

New LHC study for 

h ! µ+µ��, e+e��.

h ! ⌧+⌧��.

h ! c c̄ �.
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Figure 1: Representative Feynman diagrams of h → f f̄ and its EW radiative corrections

up to O(y2fα).

light fermion pair are usually very difficult to observe because of the suppression by the

small Yukawa couplings. For instance, the branching fraction of h → e+e− is O(10−8),

and thus hopeless to detect this decay channel at colliders. In this paper, we study other

rare decay channels: the Higgs radiative decay to a fermion pair h → f f̄γ. Firstly, this

decay channel receives contribution that is proportional to the Higgs-fermion interaction

strength, which may provide a complementary way to measure certain Yukawa couplings.

Secondly, as it also receives contributions from electroweak (EW) one-loop diagrams [7],

this channel is not necessarily governed by the Yukawa coupling for light fermions, leading

to violation of the Yukawa scaling. Due to this enhancement, the Higgs transitions to

light fermions may be observable via the radiative decays despite the smallness of fermion

masses. The searches for those Higgs decays are not only to test the consistency of the SM,

but also to seek for potential new physics in either the Yukawa or the electroweak sector

[8–11]. In the due course, we argue that the quantum electrodynamics (QED) corrections

and their effects on the fermion running mass should be taken into account as far as the

precision Higgs physics is concerned.

The rest of the paper is organized as follows. We present the full one-loop electroweak

corrections to the decay h → f f̄ in Sec. 2 and show the kinematical features by some

differential distributions. We then discuss the observability of the leptonic channels at the

LHC in Sec. 3. We finally study the difficult channel h → cc̄γ in Sec. 4. We summarize

our results in Sec. 5.
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Figure 2: Representative Feynman diagrams of h → f f̄γ with electroweak one-loop.

We will call them collectively the “EW+γ” contributions, distinctive from the chirality-

flipping Yukawa corrections in Sec. 2.1. The interference between the QED radiation in

Fig. 1d and the EW+γ processes in Fig. 2 is suppressed by mf/MW , as they have different

chiral structures for the final state fermions. The EW+γ loops are UV-finite so that there is

no need for renormalization, as pointed out in Ref. [22]. In the massless limit mf → 0, the

diagrams in Figs. 2a and 2b diverge as the invariant mass of the fermion pair approaches

the photon pole Mff̄ → 0. Therefore, a finite fermion mass needs to be kept so that

M2
ff̄

> 4m2
f , to regularize the divergent behavior.

We perform the calculation in the Feynman gauge. As a cross check, the analytic

results have been calculated and given in [7], where a non-linear Rξ gauge was used. All

the diagrams are generated by FeynArts [23], and FeynCalc [24] is used to simplify the

amplitudes further. The numerical evaluation of all Passarino-Veltman loop integrals [25]

are performed by LoopTools [26]. And we use Vegas [27] as the phase space integrator.

2.3 Partial decay widths

The Yukawa corrections as in Figs. 1b−1g are of the order y2fα, governed by the Yukawa

couplings, while the EW+γ loops in Figs. 2a, 2f−2h, are of the order y2tα
3, and the order

of α4 for Figs. 2b−2e. We present our results for these two decay mechanisms in Table

2. The first column shows the NLO EW corrections to the Yukawa interactions as given

in Eq. (2.5). The inclusive corrections are small and negative. The second column gives

the one-loop EW+γ contributions at the order of y2tα
3 and the order of α4, including their

interference. The dominant EW+γ contributions are from diagrams in Figs. 2a and 2b,

featured by γ∗, Z → f f̄ . The rest of the diagrams is sub-leading and contributing about

a few percent. As seen, those contributions from EW+γ loops are essentially independent

of the light fermion masses and thus independent of the Yukawa couplings. The moderate

dependence on the mass is due to the kinematical enhancement from the photon splitting

near Mff̄ ∼ 2mf . In comparison with these two decay mechanisms of the Yukawa cor-
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Figure 2: Representative Feynman diagrams of h → f f̄γ with electroweak one-loop.

We will call them collectively the “EW+γ” contributions, distinctive from the chirality-

flipping Yukawa corrections in Sec. 2.1. The interference between the QED radiation in

Fig. 1d and the EW+γ processes in Fig. 2 is suppressed by mf/MW , as they have different

chiral structures for the final state fermions. The EW+γ loops are UV-finite so that there is

no need for renormalization, as pointed out in Ref. [22]. In the massless limit mf → 0, the

diagrams in Figs. 2a and 2b diverge as the invariant mass of the fermion pair approaches

the photon pole Mff̄ → 0. Therefore, a finite fermion mass needs to be kept so that

M2
ff̄

> 4m2
f , to regularize the divergent behavior.

We perform the calculation in the Feynman gauge. As a cross check, the analytic

results have been calculated and given in [7], where a non-linear Rξ gauge was used. All

the diagrams are generated by FeynArts [23], and FeynCalc [24] is used to simplify the

amplitudes further. The numerical evaluation of all Passarino-Veltman loop integrals [25]

are performed by LoopTools [26]. And we use Vegas [27] as the phase space integrator.

2.3 Partial decay widths

The Yukawa corrections as in Figs. 1b−1g are of the order y2fα, governed by the Yukawa

couplings, while the EW+γ loops in Figs. 2a, 2f−2h, are of the order y2tα
3, and the order

of α4 for Figs. 2b−2e. We present our results for these two decay mechanisms in Table

2. The first column shows the NLO EW corrections to the Yukawa interactions as given

in Eq. (2.5). The inclusive corrections are small and negative. The second column gives

the one-loop EW+γ contributions at the order of y2tα
3 and the order of α4, including their

interference. The dominant EW+γ contributions are from diagrams in Figs. 2a and 2b,

featured by γ∗, Z → f f̄ . The rest of the diagrams is sub-leading and contributing about

a few percent. As seen, those contributions from EW+γ loops are essentially independent

of the light fermion masses and thus independent of the Yukawa couplings. The moderate

dependence on the mass is due to the kinematical enhancement from the photon splitting

near Mff̄ ∼ 2mf . In comparison with these two decay mechanisms of the Yukawa cor-
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Figure 4: The photon energy distributions in h → f f̄γ (f = b, c, τ, µ, e) in the Higgs

boson rest frame. The blue curves are for the QED radiation (Fig. 1d); the red curves are

for the EW+γ processes (Fig. 2); the upper black lines are for the total.

We also show the invariant mass distributions of the fermion pairs in Fig. 5. Generally

speaking, there is a correlation between the invariant mass and the energy as M2
ff =

m2
h − 2mhEγ . While the invariant mass spectrum of the QED radiation has a rather

smooth distribution, those from EW+γ processes are again seen with the double-humps,

one near the Z-pole and another near mγ∗ ∼ 2mf , which becomes more pronounced for a

smaller fermion mass. This is the reason why the decay rate for e+e−γ is larger than that

for µ+µ−γ.

Finally, we show in Fig. 6 the distributions of the photon separation from the fermions,

defined in the pseudo rapidity-azimuthal angle space∆Rγf = (∆η2+∆φ2)1/2. As expected,

the QED radiation exhibit a collinear divergence near ∆Rγf → 0, and the EW+γ processes

lead to a back-to-back structure ∆Rγf → π.

3 LHC Search for ℓ+ℓ−γ

In the upcoming and future LHC programs, it is of fundamental importance to observe

the Higgs boson rare decays to check the consistency of the SM and seek for hints for

new physics. Given the anticipated large yield at the HL-LHC, reaching about 150 million

Higgs bosons, the very clean final states ℓ+ℓ−γ (ℓ = µ, e) should be among the first to look

for. We now discuss their observability at the LHC.

As mentioned in Sec. 2.3, the radiative decays h → µ+µ−γ and h → e+e−γ are mainly

from the chirality-conserving EW+γ loop diagrams. As seen from Figs. 5d and 5e, the
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light fermion pair are usually very difficult to observe because of the suppression by the

small Yukawa couplings. For instance, the branching fraction of h → e+e− is O(10−8),

and thus hopeless to detect this decay channel at colliders. In this paper, we study other

rare decay channels: the Higgs radiative decay to a fermion pair h → f f̄γ. Firstly, this

decay channel receives contribution that is proportional to the Higgs-fermion interaction

strength, which may provide a complementary way to measure certain Yukawa couplings.

Secondly, as it also receives contributions from electroweak (EW) one-loop diagrams [7],

this channel is not necessarily governed by the Yukawa coupling for light fermions, leading

to violation of the Yukawa scaling. Due to this enhancement, the Higgs transitions to

light fermions may be observable via the radiative decays despite the smallness of fermion

masses. The searches for those Higgs decays are not only to test the consistency of the SM,

but also to seek for potential new physics in either the Yukawa or the electroweak sector

[8–11]. In the due course, we argue that the quantum electrodynamics (QED) corrections

and their effects on the fermion running mass should be taken into account as far as the

precision Higgs physics is concerned.

The rest of the paper is organized as follows. We present the full one-loop electroweak

corrections to the decay h → f f̄ in Sec. 2 and show the kinematical features by some

differential distributions. We then discuss the observability of the leptonic channels at the

LHC in Sec. 3. We finally study the difficult channel h → cc̄γ in Sec. 4. We summarize

our results in Sec. 5.
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We will call them collectively the “EW+γ” contributions, distinctive from the chirality-

flipping Yukawa corrections in Sec. 2.1. The interference between the QED radiation in

Fig. 1d and the EW+γ processes in Fig. 2 is suppressed by mf/MW , as they have different

chiral structures for the final state fermions. The EW+γ loops are UV-finite so that there is

no need for renormalization, as pointed out in Ref. [22]. In the massless limit mf → 0, the

diagrams in Figs. 2a and 2b diverge as the invariant mass of the fermion pair approaches

the photon pole Mff̄ → 0. Therefore, a finite fermion mass needs to be kept so that

M2
ff̄

> 4m2
f , to regularize the divergent behavior.

We perform the calculation in the Feynman gauge. As a cross check, the analytic

results have been calculated and given in [7], where a non-linear Rξ gauge was used. All

the diagrams are generated by FeynArts [23], and FeynCalc [24] is used to simplify the

amplitudes further. The numerical evaluation of all Passarino-Veltman loop integrals [25]

are performed by LoopTools [26]. And we use Vegas [27] as the phase space integrator.

2.3 Partial decay widths

The Yukawa corrections as in Figs. 1b−1g are of the order y2fα, governed by the Yukawa

couplings, while the EW+γ loops in Figs. 2a, 2f−2h, are of the order y2tα
3, and the order

of α4 for Figs. 2b−2e. We present our results for these two decay mechanisms in Table

2. The first column shows the NLO EW corrections to the Yukawa interactions as given

in Eq. (2.5). The inclusive corrections are small and negative. The second column gives

the one-loop EW+γ contributions at the order of y2tα
3 and the order of α4, including their

interference. The dominant EW+γ contributions are from diagrams in Figs. 2a and 2b,

featured by γ∗, Z → f f̄ . The rest of the diagrams is sub-leading and contributing about

a few percent. As seen, those contributions from EW+γ loops are essentially independent

of the light fermion masses and thus independent of the Yukawa couplings. The moderate

dependence on the mass is due to the kinematical enhancement from the photon splitting

near Mff̄ ∼ 2mf . In comparison with these two decay mechanisms of the Yukawa cor-
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Figure 3: SM Higgs decay branching fractions to fermions with and without the additional

photon Eγ > 15 GeV and ∆R > 0.4.

It is interesting to explore some kinematical distributions to appreciate the underlying

decay mechanisms and to guide future experimental searches. In Fig. 4, we show the photon

energy distributions in the Higgs boson rest frame for the individual fermionic channels for

the QED radiation (solid blue curves) and for the EW+γ processes (solid red curves) and

the total (upper curves). The Eγ spectrum of the QED radiation exhibits the common

infrared behavior: the observable photon energy spectrum diverges like dEγ/Eγ , although

the inclusive integrated rate is finite due to the cancelation from the virtual loop diagrams.

The energy spectrum of the EW+γ processes, on the other hand, exhibits a double-hump

structure as seen from the red curves in Fig. 4, characterizing the two dominant underlying

processes

Eγ =
mh

2
(1−

m2
Z

m2
h

) ≈ 30 GeV, for γZ production, (2.7)

Eγ =
mh

2
(1−

m2
γ∗

m2
h

) ≈ 63 GeV, for γγ∗ production. (2.8)

The diagrams of Figs. 2c and 2e have a spurious divergence in the infrared (soft) and

collinear region. However, in the soft/collinear limit, the amplitude has to be proportional

to the fermion mass due to conservation of angular momentum, and thus vanishes in the

massless limit, as confirmed by the plots here.
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Figure 5: The invariant mass distributions of the fermion pair in h → f f̄γ (f =

b, c, τ, µ, e). The blue curves are for the QED radiation (Fig. 1d); the red curves are

for the EW+γ processes (Fig. 2); the upper black lines are for the total. The decay widths

for the channels h → Jψ γ → ℓ+ℓ−γ are indicated by the horizontal bars in (d) and (e), in

units of keV without the photon acceptance cuts.

leading contributions are from h → γ∗γ, Zγ → ℓ+ℓ−γ [28–31]. It is thus a good search

strategy to focus on the γ-pole and the Z-pole. Some searches have been carried out by

ATLAS [32] and CMS [33, 34] at the 7−8 TeV LHC. We present our analyses below in the

hope to serve as a theoretical guidance for the future experimental searches at the LHC.

We focus on the leading production for the Higgs boson via the gluon fusion. The QCD

corrections are taken into account by multiplying a flat NNLO QCD K-factor of K = 2.7

for the gluon fusion [35]. The dominant SM background is the Drell-Yan production of the

lepton pair ℓ+ℓ− with an initial/final state photon radiation. We calculate the background

processes at LO using MadGraph [36], and then multiplied by flat QCD K-factors K = 1.4

for pp → Zγ → ℓ+ℓ−γ [37], and K = 6.2 for pp → γ∗γ → ℓ+ℓ−γ [38].

3.1 h → γ∗γ → ℓ+ℓ−γ

To make the close connection with the LHC searches, we first follow the event selection cuts

adopted by the CMS collaboration [34]. As the invariant mass of the lepton pair approaches

to 2mf , the lepton pair tends to be collimated. This becomes particularly challenging for

the electron channel, because the electron pair merges into one supercluster. Therefore, a

single muon plus a photon trigger for the muon channel and a di-photon trigger for the

electron channel are implemented. To select the signal events near the γ-pole from the
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We will call them collectively the “EW+γ” contributions, distinctive from the chirality-

flipping Yukawa corrections in Sec. 2.1. The interference between the QED radiation in

Fig. 1d and the EW+γ processes in Fig. 2 is suppressed by mf/MW , as they have different

chiral structures for the final state fermions. The EW+γ loops are UV-finite so that there is

no need for renormalization, as pointed out in Ref. [22]. In the massless limit mf → 0, the

diagrams in Figs. 2a and 2b diverge as the invariant mass of the fermion pair approaches

the photon pole Mff̄ → 0. Therefore, a finite fermion mass needs to be kept so that

M2
ff̄

> 4m2
f , to regularize the divergent behavior.

We perform the calculation in the Feynman gauge. As a cross check, the analytic

results have been calculated and given in [7], where a non-linear Rξ gauge was used. All

the diagrams are generated by FeynArts [23], and FeynCalc [24] is used to simplify the

amplitudes further. The numerical evaluation of all Passarino-Veltman loop integrals [25]

are performed by LoopTools [26]. And we use Vegas [27] as the phase space integrator.

2.3 Partial decay widths

The Yukawa corrections as in Figs. 1b−1g are of the order y2fα, governed by the Yukawa

couplings, while the EW+γ loops in Figs. 2a, 2f−2h, are of the order y2tα
3, and the order

of α4 for Figs. 2b−2e. We present our results for these two decay mechanisms in Table

2. The first column shows the NLO EW corrections to the Yukawa interactions as given

in Eq. (2.5). The inclusive corrections are small and negative. The second column gives

the one-loop EW+γ contributions at the order of y2tα
3 and the order of α4, including their

interference. The dominant EW+γ contributions are from diagrams in Figs. 2a and 2b,

featured by γ∗, Z → f f̄ . The rest of the diagrams is sub-leading and contributing about

a few percent. As seen, those contributions from EW+γ loops are essentially independent

of the light fermion masses and thus independent of the Yukawa couplings. The moderate

dependence on the mass is due to the kinematical enhancement from the photon splitting

near Mff̄ ∼ 2mf . In comparison with these two decay mechanisms of the Yukawa cor-
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Figure 1: Representative Feynman diagrams of h → f f̄ and its EW radiative corrections

up to O(y2fα).

light fermion pair are usually very difficult to observe because of the suppression by the

small Yukawa couplings. For instance, the branching fraction of h → e+e− is O(10−8),

and thus hopeless to detect this decay channel at colliders. In this paper, we study other

rare decay channels: the Higgs radiative decay to a fermion pair h → f f̄γ. Firstly, this

decay channel receives contribution that is proportional to the Higgs-fermion interaction

strength, which may provide a complementary way to measure certain Yukawa couplings.

Secondly, as it also receives contributions from electroweak (EW) one-loop diagrams [7],

this channel is not necessarily governed by the Yukawa coupling for light fermions, leading

to violation of the Yukawa scaling. Due to this enhancement, the Higgs transitions to

light fermions may be observable via the radiative decays despite the smallness of fermion

masses. The searches for those Higgs decays are not only to test the consistency of the SM,

but also to seek for potential new physics in either the Yukawa or the electroweak sector

[8–11]. In the due course, we argue that the quantum electrodynamics (QED) corrections

and their effects on the fermion running mass should be taken into account as far as the

precision Higgs physics is concerned.

The rest of the paper is organized as follows. We present the full one-loop electroweak

corrections to the decay h → f f̄ in Sec. 2 and show the kinematical features by some

differential distributions. We then discuss the observability of the leptonic channels at the

LHC in Sec. 3. We finally study the difficult channel h → cc̄γ in Sec. 4. We summarize

our results in Sec. 5.
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Channel Signal Background Statistical Significance

[fb] [fb] with 0.3 (3) ab−1 luminosity

pp → γ∗γ → µ+µ−γ 0.69 23.5 2.47 (7.79)

60 < Eγ < 63 GeV 0.69 14.6 3.13 (9.89)

pTγ > 55 GeV 0.46 11.8 2.32 (7.33)

pp → γ∗γ → e+e−γ 1.06 27.0 3.53 (11.2)

60 < Eγ < 63 GeV 1.06 17.0 4.45 (14.1)

pTγ > 55 GeV 0.79 17.6 3.26 (10.3)

pp → Zγ → µ+µ−γ 1.40 214 1.66 (5.24)

27 < Eγ < 33 GeV 1.10 121 1.73 (5.48)

pTγ > 25 GeV 0.91 95.9 1.61 (5.09)

pp → Zγ → e+e−γ 1.38 224 1.60 (5.05)

27 < Eγ < 33 GeV 1.13 126 1.74 (5.51)

pTγ > 25 GeV 0.91 100 1.58 (4.98)

Table 3: The cross sections of signals and backgrounds, and the statistical significances

of pp → V γ → ℓ+ℓ−γ, V = Z, γ∗.

factor of two, reaching a 1% level. This would help to keep potential systematic errors in

better control. Unlike the γ-pole feature discussed above, there is no appreciable difference

between e+e− and µ+µ− channels. One would be able to reach a 1.7σ/5.5σ sensitivity at

the LHC with an integrated luminosity 0.3 ab−1/3 ab−1. Although weaker signals than the

γ∗γ channels above, these will significantly improve the overall observability for h → ℓ+ℓ−γ

if the analyses can be combined.

3.3 h → J/ψ γ → ℓ+ℓ−γ

With respect to another similar final state from the Higgs boson decay, a comparative

remark is in order. It has been pointed out that the Higgs rare decay to a photon associated

with a heavy vector meson J/ψ may provide the direct access to the charm-Yukawa coupling

via the clean leptonic decay channels [41]. The branching fraction in the SM is predicted

[42–44] to be

BRSM(h → J/ψ γ) = 2.79×10−6 and BRSM(h → J/ψ γ → µ+µ−γ) = 2.3×10−7, (3.12)

which is very small. Furthermore, the “direct contribution” involving the charm-Yukawa

coupling is much smaller than that from the “indirect contribution” via γ∗ → J/ψ [42],
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Results for gg ! h ! µ+µ��, h ! e+e�� :

ATLAS/CMS
expectation

for direct decay:
h ! µ+µ�

the signal kinematical features. One of striking features is the mono-chromatic nature of

the photon as given in Eqs. (2.7) and (2.8). We thus propose to tighten the Higgs mass

cut in Eq. (3.1) as much as experimentally feasible, then boost the system to the Higgs

boson rest frame, and impose the following cuts

60 < Eγ < 63 GeV in the rest frame of ℓℓγ, (3.5)

Another alternative option is to tighten the transverse momentum cut on the photon,

pγT > 55 GeV. (3.6)

The comparison of different cuts are demonstrated in Table 3, where the cross sections

of signals and backgrounds, as well as the statistical significances are listed. Due to the

stronger enhancement near the photon pole γ∗ → e+e−, one would be able to reach a

4.5σ/14σ sensitivity for the channel h → e+e−γ at the LHC with an integrated luminosity

0.3 ab−1/3 ab−1, and a 3.1σ/9.9σ for the channel h → µ+µ−γ. It is interesting to compare

our results for the radiative decay h → µ+µ−γ with the ATLAS projection [39] for the

direct decay h → µ+µ− with the sensitivity reach of 2.3σ/7.0σ for 0.3 ab−1/3 ab−1. Similar

results have also been obtained by the CMS collaboration [40].

3.2 h → Zγ → ℓ+ℓ−γ

To select the signal events near the Z-pole from the Higgs decay and effectively suppress

the backgrounds, we first follow the CMS analysis [33] and require the invariant masses of

the final state particles to be

Mℓℓ > 50 GeV, 120 GeV < Mℓℓγ < 130 GeV. (3.7)

The leading (sub-leading) lepton must satisfy the acceptance of the transverse momentum

and pseudo-rapidity

pℓT > 20 (10) GeV, |ηµ| < 2.5, |ηe| < 2.4. (3.8)

The photon must satisfy the following acceptance and be well-separated from leptons3

pγT > 15 GeV, |ηγ | < 2.5, ∆Rγℓ > 0.4. (3.9)

Similarily to the h → γ∗γ → ℓ+ℓ−γ study, we again propose to tighten the energy and

momentum cuts

27 <Eγ < 33 GeV in the rest frame of ℓℓγ, (3.10)

pγT > 25 GeV, (3.11)

as listed in Table 3. Although the tight cuts do not improve the statistical significance

significantly for these channels, the signal-to-background ratios are improved by about a

3We also impose 1.44 < |η| < 1.57 to simulate the CMS barrel-end cap transition region. Additional

cuts from CMS pγT > (15/110)Mℓℓγ and Mℓℓγ +Mℓℓ > 185 GeV have been also adopted.
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A remark on  gg ! h ! J/ � ! `+`�� :
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Figure 5: The invariant mass distributions of the fermion pair in h ! ff̄� (f =

b, c, ⌧, µ, e). The blue curves are for the QED radiation (Fig. 1d); the red curves are

for the EW+� processes (Fig. 2); the upper black lines are for the total. The decay widths

for the channels h ! J � ! `+`�� are indicated by the horizontal bars in (d) and (e), in

units of keV without the photon acceptance cuts.

leading contributions are from h ! �⇤�, Z� ! `+`�� [28–31]. It is thus a good search

strategy to focus on the �-pole and the Z-pole. Some searches have been carried out by

ATLAS [32] and CMS [33, 34] at the 7�8 TeV LHC. We present our analyses below in the

hope to serve as a theoretical guidance for the future experimental searches at the LHC.

We focus on the leading production for the Higgs boson via the gluon fusion. The QCD

corrections are taken into account by multiplying a flat NNLO QCD K-factor of K = 2.7

for the gluon fusion [35]. The dominant SM background is the Drell-Yan production of the

lepton pair `+`� with an initial/final state photon radiation. We calculate the background

processes at LO using MadGraph [36], and then multiplied by flat QCD K-factors K = 1.4

for pp ! Z� ! `+`�� [37], and K = 6.2 for pp ! �⇤� ! `+`�� [38].

3.1 h ! �⇤� ! `+`��

To make the close connection with the LHC searches, we first follow the event selection cuts

adopted by the CMS collaboration [34]. As the invariant mass of the lepton pair approaches

to 2mf , the lepton pair tends to be collimated. This becomes particularly challenging for

the electron channel, because the electron pair merges into one supercluster. Therefore, a

single muon plus a photon trigger for the muon channel and a di-photon trigger for the

electron channel are implemented. To select the signal events near the �-pole from the
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J/" # is more than an order of magnitude smaller;
Further, the dominant contribution is from #*à J/", 

not from the direct hcc Yukawa.
Must observe the continuum              first …`+`��

Bodwin, Petriello et al. (2013, 2014, 2017);
Konig, Neubert (2015) 
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making the probe to the charm-Yukawa coupling in this channel extremely challenging.

Nevertheless, for comparison, this result has been marked in Figs. 5d and 5e, in units

of keV and without the photon acceptance cuts. The superb muon pair mass resolution of

the order 100 MeV would be needed in order to have a chance to dig out the weak signal

from the continuum h → γ∗γ → ℓ+ℓ−γ events, on top of the other SM background sources.

We propose to start with the larger event samples of ℓ+ℓ−γ as discussed in the last two

sections, relax the J/ψ-specific cuts in the hope for an early observation of the h → ℓ+ℓ−γ

signal, and then to extend the search to scrutinize the potential excess from J/ψ → ℓ+ℓ−.

Dedicated searches for this decay channel have been performed by ATLAS [45] and

CMS [34]. With 20 fb−1 luminosity, both ATLAS and CMS set a bound of BR(h →
J/ψ γ) < 1.5 × 10−3 under the assumption of SM Higgs production. If the BSM physics

only enhances the charm-Yukawa coupling by a factor of κc,

yBSM
c = κcy

SM
c , (3.13)

then this experimental bound can be translated into a loose bound on κc ! 220 [46]. With

3 ab−1 luminosity at the HL-LHC, the expected upper limit to BRSM(h → J/ψ γ) is about

15 times the SM value [47], which corresponds to a upper bound of about κc ! 50.

3.4 h → τ+τ−γ

Besides the clean e+e−γ, µ+µ−γ final states, the τ+τ−γ channel is also of considerable

interests from the observational point of view. The direct decay h → τ+τ+ has been

observed in the LHC experiments mainly via the vector-boson-fusion production mechanism

[3, 6]. The radiative decay channel h → τ+τ+γ may be searched for via the leading

production channel of gluon fusion. To compare the rates, we have at the 14 TeV LHC,

σ(WW,ZZ → h → τ+τ−) = (4.2 pb)× (6.3%) ≈ 260 fb; (3.14)

σ(gg → h → τ+τ−γ) = (49 pb)× (0.1%) ≈ 50 fb. (3.15)

Thus, it is quite conceivable to observe this radiative decay mode in the future searches.

The kinematical features of this decay will be rather different from those presented in the

last sections due to the dominance of the QED radiation. Because of the complexity of the

tau decay final states, the signal observation and the background suppression will need to

be carefully analyzed. We will leave this to a future analysis.

4 LHC Search for cc̄γ and the Charm-Yukawa Coupling

It is crucially important to search for the decay h → cc̄ since it is the largest mode for

the Higgs boson to couple to the second generation fermions, and it may be sensitive to

physics beyond the Standard Model [48–58]. Given the difficulty as seen above in searching

for h → J/ψ γ → ℓ+ℓ−γ, other methods have also been explored to probe the charm-

Yukawa coupling [59–65]. In this section, we discuss the possibility of constraining the

charm-Yukawa coupling using the open-flavor channel pp → cc̄γ, which has a much larger

branching fraction about 4× 10−4, as seen in Fig. 3. The additional photon radiation may
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Current LHC observation is largely from VBF
due to the m$$ reconstruction & DY backgrounds. 

Now there is an additional %, we could consider to use the 
leading production mechanism:

gg ! h ! ⌧+⌧�� :

Need dedicated analyses to draw a conclusion.
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gg ! h ! c c̄ � :
The currently related search h à bb: 

Now there is an additional % to trigger on, we could 
consider to use the leading production mechanism:

à Crucially depends on charm-tagging!

Operating Point ϵc ϵb ϵj

I 20% 10% 1%

II 30% 20% 3%

III 45% 50% 10%

Table 4: Representative operating points for the c-tagging efficiency (ϵc), b and light jets

contamination rates (ϵb and ϵj).

Luminosity Operating Signal Signal Signal Background

Point (Total) (QED) (EW+γ)

I 778 252 492 3.84 × 107

3000 fb−1 II 1750 567 1107 1.25 × 108

III 3937 1275 2491 6.51 × 108

Table 5: Numbers of events for the signals and backgrounds with the three c-tag operating

points for an integrated luminosity of 3000 fb−1.

serve as the trigger and is in favor of picking out the cc̄ events over bb̄ due to the larger

charm electric charge.

The signal events are characterized by a high-pT photon recoiling against a pair of

charm-jets. To identify such events, an efficient charm-tagging technique is required. Al-

though currently there is no dedicated charm-tagging being implemented at the LHC, the

discrimination of a c-jet from a b-jet has been studied and used in the calibration of the

b-tagging efficiency [66, 67]. ATLAS also proposed a c-tagging algorithm [68] based on

the neural network that could achieve about 20% (90%) tagging efficiency with a medium

(loose) cut criteria in the search for pp → t̃t̃∗ → (cχ̃0
1)(cχ̃

0
1). In the current study, we choose

three representative operating points listed in Table 4, for the c-tagging efficiency ϵc, and b

and light jets contamination rates, ϵb and ϵj, respectively. When increasing the c-tagging

efficiency from I to III, we must accept higher contaminations from a heavier quark and

light jets.

The dominant background is the QCD di-jet plus a direct photon production, with the

jets to be mis-tagged as c-jets. Another major background is the QCD 3-jet production,

leading to two mis-tagged c-jets associated with a fake photon radiation. Following an

ATLAS analysis [69], we take the photon fake rate from a light-quark jet and from a gluon

jet to be

ϵq→γ = 0.06%, ϵg→γ = 0.006%, (4.1)
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qq̄ ! Z/W + h ! `0s+ bb̄
VBF ! h ! bb̄ jj.

gg ! h ! c c̄ �
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Method κc upper limit projection

at HL-LHC (3 ab−1)

h → cc̄γ (this work) 6.3

h → cc̄+fit [61] 2.5

h+ c production [62] 2.6

Higgs kinematics [63] 4.2

h → J/ψγ [47] 50

Table 6: Projected sensitivities for probing the hcc̄ Yukawa coupling κc = yBSM
c /ySMc at

the HL-LHC with various methods.

respectively. We note that the fake photon contamination contributes about (10− 30)% to

the total background. Another potentially large background is from jet fragmentation into

a real photon. We assume that the stringent photon isolation requirement will be sufficient

to suppressed this QCD background, as pointed out in the prompt photon studies [70]. In

our simulations, we require that both the c-jets and the photon be hard and well-isolated

in the central region

pT > 20 GeV, |η| < 2.5, and ∆R > 0.4. (4.2)

The ultimate sensitivity for the signal h → cc̄γ depends on the invariant mass reconstruc-

tion Mjjγ = mh, and thus the energy resolution of the charm-jets. In this study, we assume

that the Higgs resonance peak can be reconstructed within 20% and thus we require

100 GeV < Mjjγ < 150 GeV. (4.3)

Tightening this mass cut would linearly improve the signal-to-background ratio. We also

apply pmax
T > 40 GeV to further increase the signal-to-background ratio S/B. After the

above cuts applied, we list the numbers of events in Table 5 for an integrated luminosity of

3000 fb−1. We note that, within the SM, the signal events from the QED radiation and the

EW+γ processes are comparable, unlike the situation in h → J/ψ γ where the dominant

contribution is from the “indirect contribution” via γ∗ → J/ψ. Unfortunately, with the

Standard Model predictions for the signal and backgrounds being S/B < 10−4, it would

not be promising to observe this channel at the HL-LHC.

If the BSM physics significantly modifies the charm-Yukawa coupling as parameterized

in Eq. (3.13), then the QED radiation will be scaled by a factor of κ2c . Although both the

QED radiation and EW+γ processes contribute to the signal, it would be dominated by

the QED radiation if the charm-Yukawa coupling significantly deviates from the SM value.

Therefore, considering only the statistical significance by the Gaussian standard deviation

σSD =
NBSM

S√
NB

≃
κ2c NQED

S√
NB

, (4.4)

the 2σ-bounds on the charm-Yukawa coupling are obtained as

κc < 12.5 (7.0), 11.1 (6.3), 11.2 (6.3). (4.5)
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serve as the trigger and is in favor of picking out the cc̄ events over bb̄ due to the larger

charm electric charge.

The signal events are characterized by a high-pT photon recoiling against a pair of

charm-jets. To identify such events, an efficient charm-tagging technique is required. Al-

though currently there is no dedicated charm-tagging being implemented at the LHC, the

discrimination of a c-jet from a b-jet has been studied and used in the calibration of the

b-tagging efficiency [66, 67]. ATLAS also proposed a c-tagging algorithm [68] based on

the neural network that could achieve about 20% (90%) tagging efficiency with a medium

(loose) cut criteria in the search for pp → t̃t̃∗ → (cχ̃0
1)(cχ̃

0
1). In the current study, we choose

three representative operating points listed in Table 4, for the c-tagging efficiency ϵc, and b

and light jets contamination rates, ϵb and ϵj, respectively. When increasing the c-tagging

efficiency from I to III, we must accept higher contaminations from a heavier quark and

light jets.

The dominant background is the QCD di-jet plus a direct photon production, with the

jets to be mis-tagged as c-jets. Another major background is the QCD 3-jet production,

leading to two mis-tagged c-jets associated with a fake photon radiation. Following an

ATLAS analysis [69], we take the photon fake rate from a light-quark jet and from a gluon

jet to be

ϵq→γ = 0.06%, ϵg→γ = 0.006%, (4.1)
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Conclusions
Theoretical calculations revisited:
• QED & running masses O( Qf

2 x 1%) à
comparable to the Higgs factory need ~0.3% !

• EW corrections à interesting features/channels.

Re-evaluated the LHC search:

comparable to                     !

Propose the LHC search for 
New LHC study:
complementary to other channels. 

h ! µ+µ��, e+e��.

h ! ⌧+⌧��.

h ! c c̄ �.

h ! µ+µ�

Radiative Higgs Decay is the next target!
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