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Higgs Couplings

• All 3rd-gen Yukawa couplings observed with     .
• Consistency check of the SM.

SM parametrization
§  Consistency check of the SM model

•  Assume SM structure of the loops, fit each parameter fixing the other to unity
•  BSM contributions to the decays can also be allowed (κW,Z≤1 in that case)
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2nd-Gen Yukawa
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• Confirm the Higgs mechanism.

•                  at      at HL-LHC.

•             has large BR but 
difficult at hadron colliders.

h ! µ+µ�
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• Lepton colliders like ILC/CEPC are the best place. ~O(%)

2012

in ~20 yrs

only upper bound
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•                                     
• c-tagging required.
• Best chance so far, ~3 times of the SM Yukawa.
• Degenerate with 

•  
• Clean final state
• Tiny BR~10-7.
• Less sensitive due to vector meson dominance, ~ 50 times.

•                    (this talk)
• .......

arXiv: 1503.00290, 1507.02916, 1606.09621, 1606.09253, 1609.06592, 1611.05463, 1705.09295

ATL-PHYS-PUB-2018-016 

Charm Yukawa at LHC
pp ! Zh ! (``) (cc̄)
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Figure 2: Direct (left and center) and indirect (right) contributions to the h → V γ
decay amplitude. The crossed circle in the third diagram denotes the off-shell h → γγ∗

and h → γZ∗ amplitudes, which in the SM arise first at one-loop order.

of an off-shell photon or Z boson produced in a h → γγ∗/γZ∗ transition [10]. We refer to
this as the “indirect” contribution. It involves the hadronic matrix element of a local current
and thus can be expressed in terms of the decay constant fV of the vector meson. The direct
contribution is sensitive to the Yukawa coupling of the Higgs boson to the quarks which make
up the vector meson. We shall find that in the SM the direct and indirect contributions to
the h → V γ decay amplitude interfere destructively. They are of similar size for V = Υ,
while the direct contributions are smaller than the indirect ones by factors of about 0.06 for
V = J/ψ, 0.002 for V = φ, and few times 10−5 for V = ρ0 and ω. The sensitivity to the
Yukawa couplings thus crucially relies on the precision with which the indirect contributions
can be calculated. We will come back to this point below.

The most general parametrization of the h → V γ decay amplitude is

iA(h → V γ) = −
efV
2

[

(

ε∗V · ε∗γ −
q · ε∗V k · ε∗γ

k · q

)

F V
1 − iϵµναβ

kµqνε∗αV ε
∗β
γ

k · q
F V
2

]

, (5)

where both the final-state meson and the photon are transversely polarized. From (5), the
decay rate is obtained as

Γ(h → V γ) =
αf 2

V

8mh

(

∣

∣F V
1

∣

∣

2
+
∣

∣F V
2

∣

∣

2
)

. (6)

Here α = 1/137.036 is the fine-structure constant evaluated at q2 = 0 [22], as appropriate
for a real photon. We choose to normalize the decay amplitude in (5) to the vector-meson
decay constant fV , which is defined in terms of a matrix element of a local vector current.
Since we consider neutral, flavor-diagonal mesons, the definition of the decay constants (and
of other hadronic matrix elements) is complicated by the effects of flavor mixing. In complete
generality, such a neutral meson V can be regarded as a superposition of flavor states |qq̄⟩.
We can thus define flavor-dependent decay constants f q

V via

⟨V (k, ε)| q̄γµq |0⟩ = −if q
VmV ε

∗µ ; q = u, d, s, . . . . (7)

A certain combination of these flavor-specific decay constants can be measured in the leptonic
decay V → e+e−. The corresponding decay amplitude involves the matrix element of the

5
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Bodwin et al. arXiv:1306.5770

ATL-PHYS-PUB-2015-043 

Han, XW, arXiv:1704.00790 
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❖ QED radiation at 

❖ Yukawa coupling     

❖ Chirality flipping.

❖ EW-loop-induced diagrams at 

❖ No Yukawa couplings.

❖ Chirality-conserving.
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Figure 1: Representative Feynman diagrams of h → ff̄ 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 → ff̄γ. 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 → ff̄ 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.

– 2 –

O(y2f↵)

QED

h ! cc̄�
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Figure 2: Representative Feynman diagrams of h → ff̄γ with electroweak one-loop.

V. top-quark triangle or box with final state radiation (Figs. 2f, 2g, 2h)

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. [28]. 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 [29], and FeynCalc [30] is used to simplify the

amplitudes further. The numerical evaluation of all Passarino-Veltman loop integrals [31]

are performed by LoopTools [32]. And we use Vegas [33] 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 → ff̄ . 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

– 5 –

dominant

EW+   �
O(y2t↵
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Figure 4: The photon energy distributions in h → ff̄γ (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.

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

massless limit, as confirmed by the plots here.

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.

– 8 –

Han, XW, arXiv:1704.00790 

Abbasabadi et al. hep-ph/9611209
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• Photon helpful for trigger --- ggF.
• Down-type quark suppressed by     .Q2
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Trigger Consideration

2.3 Trigger Design

Currently, the L1 trigger has a maximum rate of 100 kHz, while HLT has a maximum

rate of 1 kHz. After the HL-LHC upgrades [65, 66], the trigger rates at L1 and HLT are

expected to be about 1 MHz and 10 kHz, respectively. Therefore, it is vital to make sure

the event rates of the processes are within the capacities of both the L1 trigger and the

HLT.

For the L1 trigger, we required the two jets and a photon with transverse momenta

pTj > 27 GeV, pTγ > 20 GeV, (2.6)

and well-separated in the central region

|η| < 2.5, and ∆R > 0.4. (2.7)

Pile-up jets are rejected by requiring

rc > 0.2. (2.8)

To suppress the QCD background and put the L1 trigger rate under control, we make use of

the fact that the three final state objects come from the Higgs resonance decay. Therefore,

we also require the invariant mass of the three trigger objects at L1 to be

90 GeV < Mjjγ < 160 GeV. (2.9)

As the two jets come from the Higgs decay and do not tend to have rather high transverse

momenta, they are often not the two leading jets at L1. Therefore, we require the two

candidate jets must be among the 5 hardest jets in each event.

The the corresponding trigger rate is listed in the first row of Table 2. The trigger rate

is calculated using the instantaneous luminosity

L = 5× 1034 cm−2s−1 = 5× 10−5 fb−1s−1 (2.10)

at the HL-LHC [67]. We note that the most dominant contribution at L1 comes from the

QCD multi-light-jet production with a jet-faked photon. As shown in Table 2, the trigger

proposed above would occupy less than 1% of the total bandwidth, and thus is plausible

to implement as part of the HL-LHC trigger menus of ATLAS and CMS.

3 Analyses

3.1 Cut-based Analysis

To gain physical intuition, we start with a simple analysis that uses only thresholds on

various kinematic quantities (“cut-based”). In addition to the trigger requirements as

before, we select the signal events with a basic threshold on the leading jet

pmax
Tj > 40 GeV. (3.1)

– 6 –
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• Current and future upgrades of the ATLAS and CMS 
trigger systems will allow for multi-object requirements.

• Both ATLAS and CMS will implement some form of 
tracking for the HL-LHC.
• Reject pile-ups.

In addition to degrading the resolution of reconstructed jets, pile-up is also a source

of jets from additional hard multijet events and random combinations of radiation from

multiple soft collisions. Offline, the most effective method for tagging these pile-up jets is

to identify the hard-scatter collision vertex and then record the contribution of momentum

from tracks originating from other vertices. Full-scan tracking and vertexing is not currently

available at L1, but both ATLAS and CMS will implement some form of tracking for the

HL-LHC [48, 55–60]. Using Ref. [55] as an example, we assume a L1 tracking system that

has nearly 100% efficiency for central charged-particle tracks with pT > 3 GeV and a z0
resolution of 0.2 cm. We further assume that some timing information will be available at

L1 so that no pile-up tracks with pT > 3 GeV enter the analysis. All of these conditions are

optimistic, but are useful when setting a bound on what is achievable with the HL-LHC

dataset. Tracks that can be identified as originating from pile-up are removed before jet

clustering so that in a particle-flow-like [61, 62] jet reconstruction algorithm, pile-up jets

will be reconstructed with less energy than their true energy. To further suppress pile-up

jets, a transverse momentum fraction of tracks within a jet is constructed per jet:

rc =

∑
ptrackT

pjetT

, (2.3)

where ptrackT is the transverse momenta of L1 reconstructable tracks and pjetT is the transverse

momenta of the corresponding jet. Large values of rc correspond to more hard-scatter-like

jets while low values of rc are indicative of pile-up jets. Since the sophisticated pile-up mit-

igation techniques mentioned earlier can be employed with nearly offline-level performance

at the HLT and the pile-up challenge is most severe at L1, the impact of pile-up at the

HLT and offline is ignored for the results presented in later sections.

Displaced vertex reconstruction at L1 is likely not possible with high efficiency and

so we assume that no explicit c-tagging will be possible at L1. At the HLT, we assume

offline-like c-tagging. Flavor tagging does degrade with pile-up, but detector upgrades are

expected to compensate for pile-up (Fig. 6 in Ref. [63] and Fig. 19a in Ref. [64]).

The probability for jets faking photons depends on how well-isolated photon candidates

are required to be. Very stringent isolation requirements result in a purer sample of prompt

photons at a cost of signal efficiency while loose requirements result in many fragmentation

photons originating from jets. In our study, we follow the performance evaluation by

ATLAS [63], and assume that the fake photon rate would be

ϵj→γ = 2.5 (0.7)× 10−4, (2.4)

for a hard-scatter (pile-up) jet.3 This false positive rate corresponds to an isolation criterion

that requires the sum of the transverse energy from the calorimeter within a cone of size

Rc = 0.2 centered around the photon candidate ER<Rc
T to be

ER<Rc
T < 6 GeV. (2.5)

We further assume the misidentified photons carries 75% of the jet transverse momenta.

3In our simulation, we define hard-scatter jets as jets close to a truth level jet with ∆R < 0.3.

– 5 –
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expected to be about 1 MHz and 10 kHz, respectively. Therefore, it is vital to make sure
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HLT.

For the L1 trigger, we required the two jets and a photon with transverse momenta

pTj > 27 GeV, pTγ > 20 GeV, (2.6)

and well-separated in the central region

|η| < 2.5, and ∆R > 0.4. (2.7)

Pile-up jets are rejected by requiring

rc > 0.2. (2.8)

To suppress the QCD background and put the L1 trigger rate under control, we make use of

the fact that the three final state objects come from the Higgs resonance decay. Therefore,

we also require the invariant mass of the three trigger objects at L1 to be

90 GeV < Mjjγ < 160 GeV. (2.9)

As the two jets come from the Higgs decay and do not tend to have rather high transverse

momenta, they are often not the two leading jets at L1. Therefore, we require the two

candidate jets must be among the 5 hardest jets in each event.

The the corresponding trigger rate is listed in the first row of Table 2. The trigger rate

is calculated using the instantaneous luminosity

L = 5× 1034 cm−2s−1 = 5× 10−5 fb−1s−1 (2.10)

at the HL-LHC [67]. We note that the most dominant contribution at L1 comes from the

QCD multi-light-jet production with a jet-faked photon. As shown in Table 2, the trigger

proposed above would occupy less than 1% of the total bandwidth, and thus is plausible

to implement as part of the HL-LHC trigger menus of ATLAS and CMS.

3 Analyses

3.1 Cut-based Analysis

To gain physical intuition, we start with a simple analysis that uses only thresholds on

various kinematic quantities (“cut-based”). In addition to the trigger requirements as

before, we select the signal events with a basic threshold on the leading jet

pmax
Tj > 40 GeV. (3.1)

– 6 –

pp collision @40 MHz ) L1 trigger @ 1 MHz ) HLT @ 10 kHz
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2.3 Trigger Design

Currently, the L1 trigger has a maximum rate of 100 kHz, while HLT has a maximum

rate of 1 kHz. After the HL-LHC upgrades [65, 66], the trigger rates at L1 and HLT are

expected to be about 1 MHz and 10 kHz, respectively. Therefore, it is vital to make sure

the event rates of the processes are within the capacities of both the L1 trigger and the

HLT.

For the L1 trigger, we required the two jets and a photon with transverse momenta

pTj > 27 GeV, pTγ > 20 GeV, (2.6)

and well-separated in the central region

|η| < 2.5, and ∆R > 0.4. (2.7)

Pile-up jets are rejected by requiring

rc > 0.2. (2.8)

To suppress the QCD background and put the L1 trigger rate under control, we make use of

the fact that the three final state objects come from the Higgs resonance decay. Therefore,

we also require the invariant mass of the three trigger objects at L1 to be

90 GeV < Mjjγ < 160 GeV. (2.9)

As the two jets come from the Higgs decay and do not tend to have rather high transverse

momenta, they are often not the two leading jets at L1. Therefore, we require the two

candidate jets must be among the 5 hardest jets in each event.

The the corresponding trigger rate is listed in the first row of Table 2. The trigger rate

is calculated using the instantaneous luminosity

L = 5× 1034 cm−2s−1 = 5× 10−5 fb−1s−1 (2.10)

at the HL-LHC [67]. We note that the most dominant contribution at L1 comes from the

QCD multi-light-jet production with a jet-faked photon. As shown in Table 2, the trigger

proposed above would occupy less than 1% of the total bandwidth, and thus is plausible

to implement as part of the HL-LHC trigger menus of ATLAS and CMS.

3 Analyses

3.1 Cut-based Analysis

To gain physical intuition, we start with a simple analysis that uses only thresholds on

various kinematic quantities (“cut-based”). In addition to the trigger requirements as

before, we select the signal events with a basic threshold on the leading jet

pmax
Tj > 40 GeV. (3.1)
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at the HL-LHC [67]. We note that the most dominant contribution at L1 comes from the

QCD multi-light-jet production with a jet-faked photon. As shown in Table 2, the trigger

proposed above would occupy less than 1% of the total bandwidth, and thus is plausible

to implement as part of the HL-LHC trigger menus of ATLAS and CMS.
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before, we select the signal events with a basic threshold on the leading jet
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In addition to degrading the resolution of reconstructed jets, pile-up is also a source

of jets from additional hard multijet events and random combinations of radiation from

multiple soft collisions. Offline, the most effective method for tagging these pile-up jets is

to identify the hard-scatter collision vertex and then record the contribution of momentum

from tracks originating from other vertices. Full-scan tracking and vertexing is not currently

available at L1, but both ATLAS and CMS will implement some form of tracking for the

HL-LHC [48, 55–60]. Using Ref. [55] as an example, we assume a L1 tracking system that

has nearly 100% efficiency for central charged-particle tracks with pT > 3 GeV and a z0
resolution of 0.2 cm. We further assume that some timing information will be available at

L1 so that no pile-up tracks with pT > 3 GeV enter the analysis. All of these conditions are

optimistic, but are useful when setting a bound on what is achievable with the HL-LHC

dataset. Tracks that can be identified as originating from pile-up are removed before jet

clustering so that in a particle-flow-like [61, 62] jet reconstruction algorithm, pile-up jets

will be reconstructed with less energy than their true energy. To further suppress pile-up

jets, a transverse momentum fraction of tracks within a jet is constructed per jet:

rc =

∑
ptrackT

pjetT

, (2.3)

where ptrackT is the transverse momenta of L1 reconstructable tracks and pjetT is the transverse

momenta of the corresponding jet. Large values of rc correspond to more hard-scatter-like

jets while low values of rc are indicative of pile-up jets. Since the sophisticated pile-up mit-

igation techniques mentioned earlier can be employed with nearly offline-level performance

at the HLT and the pile-up challenge is most severe at L1, the impact of pile-up at the

HLT and offline is ignored for the results presented in later sections.

Displaced vertex reconstruction at L1 is likely not possible with high efficiency and

so we assume that no explicit c-tagging will be possible at L1. At the HLT, we assume

offline-like c-tagging. Flavor tagging does degrade with pile-up, but detector upgrades are

expected to compensate for pile-up (Fig. 6 in Ref. [63] and Fig. 19a in Ref. [64]).

The probability for jets faking photons depends on how well-isolated photon candidates

are required to be. Very stringent isolation requirements result in a purer sample of prompt

photons at a cost of signal efficiency while loose requirements result in many fragmentation

photons originating from jets. In our study, we follow the performance evaluation by

ATLAS [63], and assume that the fake photon rate would be

ϵj→γ = 2.5 (0.7)× 10−4, (2.4)

for a hard-scatter (pile-up) jet.3 This false positive rate corresponds to an isolation criterion

that requires the sum of the transverse energy from the calorimeter within a cone of size

Rc = 0.2 centered around the photon candidate ER<Rc
T to be

ER<Rc
T < 6 GeV. (2.5)

We further assume the misidentified photons carries 75% of the jet transverse momenta.

3In our simulation, we define hard-scatter jets as jets close to a truth level jet with ∆R < 0.3.
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2.3 Trigger Design

Currently, the L1 trigger has a maximum rate of 100 kHz, while HLT has a maximum

rate of 1 kHz. After the HL-LHC upgrades [65, 66], the trigger rates at L1 and HLT are

expected to be about 1 MHz and 10 kHz, respectively. Therefore, it is vital to make sure

the event rates of the processes are within the capacities of both the L1 trigger and the

HLT.

For the L1 trigger, we required the two jets and a photon with transverse momenta

pTj > 27 GeV, pTγ > 20 GeV, (2.6)

and well-separated in the central region

|η| < 2.5, and ∆R > 0.4. (2.7)

Pile-up jets are rejected by requiring

rc > 0.2. (2.8)

To suppress the QCD background and put the L1 trigger rate under control, we make use of

the fact that the three final state objects come from the Higgs resonance decay. Therefore,

we also require the invariant mass of the three trigger objects at L1 to be

90 GeV < Mjjγ < 160 GeV. (2.9)

As the two jets come from the Higgs decay and do not tend to have rather high transverse

momenta, they are often not the two leading jets at L1. Therefore, we require the two

candidate jets must be among the 5 hardest jets in each event.

The the corresponding trigger rate is listed in the first row of Table 2. The trigger rate

is calculated using the instantaneous luminosity

L = 5× 1034 cm−2s−1 = 5× 10−5 fb−1s−1 (2.10)

at the HL-LHC [67]. We note that the most dominant contribution at L1 comes from the

QCD multi-light-jet production with a jet-faked photon. As shown in Table 2, the trigger

proposed above would occupy less than 1% of the total bandwidth, and thus is plausible

to implement as part of the HL-LHC trigger menus of ATLAS and CMS.

3 Analyses

3.1 Cut-based Analysis

To gain physical intuition, we start with a simple analysis that uses only thresholds on

various kinematic quantities (“cut-based”). In addition to the trigger requirements as

before, we select the signal events with a basic threshold on the leading jet

pmax
Tj > 40 GeV. (3.1)
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Figure 1: The c-jet tagging e�ciency (colored scale) as a function of the b-jet and l-jet rejection as obtained from
simulated tt̄ events. The cross, labeled as working point, WP, denotes the selection criterion used in this analysis.
The solid and dotted black lines indicate the contours in rejection space for the fixed c-tagging e�ciency used in
the analysis and two alternatives.

Jets in simulated events are labeled according to the presence of a heavy-flavor hadron with pT > 5 GeV
within �R = 0.3 from the jet axis. If a b-hadron is found the jet is labeled as a b-jet. If no b-hadron
is found, but a c-hadron is present, then the jet is labeled as a c-jet. Otherwise the jet is labeled as a
light-flavor jet (l-jet).

Flavor-tagging algorithms exploit the di�erent lifetimes of b-, c- and light-flavor hadrons. A c-tagging
algorithm is used to identify c-jets. Charm jets are particularly challenging to tag because c-hadrons have
shorter lifetimes and decay to fewer charged particles than b-hadrons. Boosted decision trees (BDTs) are
trained to obtain two multivariate discriminants: to separate c-jets from l-jets and c-jets from b-jets. The
same variables used for b-tagging [66, 67] are used. Figure 1 shows the selection criteria applied in the
two-dimensional multivariate discriminant space, to obtain an e�ciency of 41% for c-jets and rejection
factors of 4.0 and 20 for b-jets and l-jets. The e�ciencies are calibrated to data using b-quarks from
t ! Wb and c-quarks from W ! cs, cd with methods identical to the b-tagging algorithms [66]. Statistical
uncertainties in the simulation are reduced, by weighting events according to the tagging e�ciencies of
their jets, parameterized as a function of jet flavor, pT, ⌘ and the angular separation between jets, rather
than imposing a direct requirement on the c-tagging discriminants.

Data are analyzed in four categories with di�erent expected signal purities. The dijet invariant mass, mcc̄,
constructed using the two highest-pT jets, is the discriminating variable in each category. Categories are
defined using the transverse momentum of the reconstructed Z boson, pZ

T (75 GeV  pZ
T < 150 GeV and

pZ
T � 150 GeV) and the number of c-tags amongst the leading jets (either one or two). The pZ

T requirements
exploit the harder pZ

T distribution in ZH compared to Z + jets production. Background events are rejected
by requiring the angular separation between the two jets constituting the dijet system, �Rcc̄, to be less
than 2.2, 1.5 or 1.3 for events satisfying 75  pZ

T < 150 GeV, 150  pZ
T < 200 GeV or pZ

T � 200 GeV.
The signal acceptance ranges from 0.5% to 3.4% depending on the category. A joint binned maximum-
profile-likelihood fit to mcc̄ in the categories is used to extract the signal yield and the Z+jets background
normalization. The fit uses 15 bins in each category within the range of 50 GeV < mcc̄ < 200 GeV, with

4

Operating Point ϵc ϵb ϵj

I 20% 33% 0.13%

II 30% 33% 1%

III 41% 50% 3.3%

Table 1: Representative operating points for the c-tagging efficiency (ϵc), the b-jet mis-tag

rate (ϵb), and the light jet mist-tag rate (ϵj).

conclusions and outlook in Sec. 5.

2 Trigger Considerations at HL-LHC

We focus on the leading Higgs production channel, gluon fusion, followed by the radiative

decay

gg → h → cc̄γ. (2.1)

The signal is thus characterized by an isolated photon recoiling against two charm-tagged

jets with a three-body invariant mass near the Higgs resonance. The energy of the two

charm jets will be limited by the Higgs boson mass, and the photon tends to be soft and

collinear with one of the charm quarks. Due to the large collision rate (40 MHz), enormous

inelastic cross-section for pp → central activity, and limitations in hardware, most collisions

at the LHC are discarded in real time. The trigger system is a key challenge for recording

physics processes with relatively soft final states such as h → cc̄γ. The rest of this section

explores the impact of triggering on the h → cc̄γ analysis in the context of the HL-LHC.

2.1 Signal and background processes

Tagging jets originating from charm quarks (c-tagging) is challenging, but important for

suppressing backgrounds originating from light Quantum Chromodynamic (QCD) jets and

from b-quark jets. Encouragingly, a recent study from ATLAS [19] has shown very promis-

ing c-tagging results. Based on the ATLAS result, three c-tagging working points listed in

Table 1 are studied for the h → cc̄γ search.2

One of the dominant backgrounds from the h → cc̄γ search is QCD di-jet production

associated with a photon, where both jets are (mis-)tagged as c-jets. Similarly, QCD

3-jet production also contributes to the background if one of the jets is mis-identified

as a photon. In addition to these hard-scatter background processes, one or more of

the tagged objects could come from an additional nearly simultaneous pp collision (pile-

up). Many sophisticated pile-up mitigation techniques have been proposed [38–47] which

can significantly reduce the contamination from pile-up both in the trigger and in offline

2We choose the c-tagging working points aiming at the rejection for the largest background of the QCD

light-jets production for given c-tagging efficiencies.
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analysis. However, no method can eliminate all of the pile-up and all methods perform

worse (if even applicable) at the trigger level. Since pile-up conditions will be extreme at

the HL-LHC (typically 200 pile-up collisions), their contribution to the event rate must be

taken into account.

Current and future upgrades of the ATLAS and CMS trigger systems [48, 49] will

allow for multi-object requirements using offline-like information. In order to have a high

efficiency, (relatively) low rate trigger for h → cc̄γ, we propose a new approach which

requires two jets and one photon in the central region with invariant mass near the Higgs

resonance.

2.2 Simulation Setup

Since the cross section for Higgs bosons is much smaller than for multijet production, the

trigger rate is dominated by background. In order to estimate the trigger rate, the following

background processes are simulated using MG5aMCNLO [50], including up to one additional

jet matched using the MLM prescription [51]:

pp → jγ and pp → jj. (2.2)

The parton shower and hadronization are simulated with PYTHIA6.4.28 [52], and a

fast detector simulation is implemented using DELPHES3 [53] with the detector card

delphes card ATLAS PilUp.tcl. Pile-up is modeled by mixing µ = 200 minimum bias

events simulated using PYTHIA with the hard-scatter processes.

The ATLAS and CMS trigger systems consist of a hardware trigger (L1) and a software-

based high-level trigger (HLT). While the HLT jet resolution is very similar to offline, at

L1, the momentum resolution for jets is much worse than offline due to the coarser detector

granularity and reduced information available for the reconstruction algorithms. The event

rate will have a significant contribution from events with low transverse momenta that

fluctuate high, since the pT spectrum is steeply falling. In order to model the L1 jet

resolution, a normal random number is added to each jet energy with a mean of zero and a

standard deviation of 13 GeV. This additional resolution is estimated from the trigger turn-

on curves in Ref. [54] as follows. Consider a jet trigger that requires a L1 pL1T > X GeV.

The distribution of L1 jet pT given the offline jet pT should be approximately Gaussian

(ignoring effects from the prior) with a mean µ and standard deviation σ. Suppose that

Pr(pL1T > X|poffline
T = Y ) = 50%. Since the mean and median of a Gaussian are the

same, it must be that for poffline
T = Y , µ = X. From Fig. 31a in Ref. [54], this procedure

gives the relationship poffline
T ∼ 2.5 × µ that is nearly independent of pT . Now, suppose

that the same L1 trigger pL1T > X GeV is 99% efficient at poffline
T = Y GeV. This means

that the 3σ tail of the Gaussian with µ ∼ Y/2.5 is at X. Therefore, σ ∼ (Y/2.5 − X)/3.

Once again using Fig. 31a in Ref. [54], this procedure gives σ ∼ 5 GeV, approximately

independent of pT . Translating this 5 GeV back to an offline-scale results in 5× 2.5 ∼ 13

GeV. Some degradation in this resolution will occur between the LHC and the HL-LHC, but

a significant amount of the loss from pile-up will be compensated by gains in performance

due to detector upgrades.
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Figure 1: Distributions of (a) the smaller value of the separations between the candidate

jets and the photon; (b) the three-body invariant mass of the two candidate jets and the

photon. Signal (blue solid) and background (red dashed) are both normalized to unit area.

Figure 1a shows the normalized distribution of the smaller value of the separations between

photon and jets. As the photon in the signal process comes from final-state radiation, it

tends to be close in angle to one of the jets. Therefore, to optimize the signal significance,

we further require the smaller one of the separations between the candidate jets and photon

to be

∆Rmin
jγ < 1.8. (3.2)

We quantify the sensitivity using a profile likelihood fit to the three-body invariant mass

in the range

60 GeV < Mjjγ < 160 GeV, (3.3)

as shown in Fig. 1b, with bin widths of 5 GeV, in two event categories. The two categories

are defined as having either 1 or 2 of the Higgs candidate jets c-tagged.

The expected 95% CLs [68] upper limit (approximately at a 2σ-level) on the signal

strength in the absence of systematic uncertainties is found to be4

µ < 106, 88, 86, (3.4)

for operating points I, II, III with a luminosity of 3 ab−1. If the BSM physics significantly

modifies the charm-Yukawa coupling, which can be parametrized using the κ-scheme,

yBSM
c = κc y

SM
c , (3.5)

then the number of signal events would approximately scale as

Nsig ≃ κ2cN
SM
sig,QED. (3.6)

4In principle, one-loop electroweak processes also contribute to h → cc̄γ, as discussed in [37]. However,

it can be safely neglected given the hypothetically large Yukawa coupling yc accessible here and the absence

of interference between the QED radiation and EW contributions.
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2.3 Trigger Design

Currently, the L1 trigger has a maximum rate of 100 kHz, while HLT has a maximum

rate of 1 kHz. After the HL-LHC upgrades [65, 66], the trigger rates at L1 and HLT are

expected to be about 1 MHz and 10 kHz, respectively. Therefore, it is vital to make sure

the event rates of the processes are within the capacities of both the L1 trigger and the

HLT.

For the L1 trigger, we required the two jets and a photon with transverse momenta

pTj > 27 GeV, pTγ > 20 GeV, (2.6)

and well-separated in the central region

|η| < 2.5, and ∆R > 0.4. (2.7)

Pile-up jets are rejected by requiring

rc > 0.2. (2.8)

To suppress the QCD background and put the L1 trigger rate under control, we make use of

the fact that the three final state objects come from the Higgs resonance decay. Therefore,

we also require the invariant mass of the three trigger objects at L1 to be

90 GeV < Mjjγ < 160 GeV. (2.9)

As the two jets come from the Higgs decay and do not tend to have rather high transverse

momenta, they are often not the two leading jets at L1. Therefore, we require the two

candidate jets must be among the 5 hardest jets in each event.

The the corresponding trigger rate is listed in the first row of Table 2. The trigger rate

is calculated using the instantaneous luminosity

L = 5× 1034 cm−2s−1 = 5× 10−5 fb−1s−1 (2.10)

at the HL-LHC [67]. We note that the most dominant contribution at L1 comes from the

QCD multi-light-jet production with a jet-faked photon. As shown in Table 2, the trigger

proposed above would occupy less than 1% of the total bandwidth, and thus is plausible

to implement as part of the HL-LHC trigger menus of ATLAS and CMS.

3 Analyses

3.1 Cut-based Analysis

To gain physical intuition, we start with a simple analysis that uses only thresholds on

various kinematic quantities (“cut-based”). In addition to the trigger requirements as

before, we select the signal events with a basic threshold on the leading jet

pmax
Tj > 40 GeV. (3.1)
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to be
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as shown in Fig. 1b, with bin widths of 5 GeV, in two event categories. The two categories

are defined as having either 1 or 2 of the Higgs candidate jets c-tagged.

The expected 95% CLs [68] upper limit (approximately at a 2σ-level) on the signal

strength in the absence of systematic uncertainties is found to be4
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modifies the charm-Yukawa coupling, which can be parametrized using the κ-scheme,
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c , (3.5)
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4In principle, one-loop electroweak processes also contribute to h → cc̄γ, as discussed in [37]. However,

it can be safely neglected given the hypothetically large Yukawa coupling yc accessible here and the absence

of interference between the QED radiation and EW contributions.
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• Event selection

 11

Working Signal Background Background S/
√
S +B

Point (QED) events event rate [Hz] [10−2]

Level-1 (L1) No Tag - - 9.55× 103 -

I 269 3.37× 108 5.62 1.47

1 c-tag II 349 5.18× 108 8.63 1.54

III 401 8.83× 108 14.7 1.35

I 29 1.14× 107 0.191 0.878

2 c-tags II 66 2.23× 107 0.371 1.42

III 126 5.79× 107 0.966 1.66

Table 2: Expected numbers of events of the signal and background, and event rates, in the

range of 100 < Mjjγ < 140 GeV at the HL-LHC with L = 3 ab−1. The first row gives the

event rate at L1, with only the requirements in Sec. 2 applied. Systematic uncertainties

are not accounted for in the significance calculation in the last column.

Then the above upper limit can be translated into

κc =
√
µ < 10.4, 9.4, 9.3. (3.7)

The expected numbers of events and event rates, in the range of 100 < Mjjγ < 140 GeV,

are summarized in Table 2, for different event categories and c-tag working points described

in Table 1. The third column shows the numbers of events for h → cc̄γ through QED radi-

ation. The signal-to-background ratio S/B is between 10−5 to 10−6. As the background is

dominated by QCD multi-jet processes, it is likely that the background would be estimated

using data-driven techniques. The resulting systematic uncertainties may not be small, but

would likely be comparable to or smaller than the large relative statistical uncertainty on

the signal. We also note that, although we aimed to optimize the light-jet rejection, the

yields of the background process h → bb̄γ due to mis-tagging is about 1.5− 3 times larger

than those of h → cc̄γ for different c-tagging working points, comparable to the previous

studies.5

3.2 Machine Learning Analysis

In order to study the benefit from a more complex analysis approach, a boosted decision

tree (BDT) is trained to distinguish the Higgs signal from the multi-jet background. The

5For reference, the background rates for h → bb̄ in the V h(→ cc̄) searches presented in Ref. [19] and

Ref. [22] are 5 − 10 and 1 − 5 times higher than the signal h → cc̄, respectively, where different c-tagging

working points are used.
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Figure 1: Representative Feynman diagrams of h → ff̄ 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 → ff̄γ. 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 → ff̄ 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 1: Distributions of (a) the smaller value of the separations between the candidate

jets and the photon; (b) the three-body invariant mass of the two candidate jets and the

photon. Signal (blue solid) and background (red dashed) are both normalized to unit area.

Figure 1a shows the normalized distribution of the smaller value of the separations between

photon and jets. As the photon in the signal process comes from final-state radiation, it

tends to be close in angle to one of the jets. Therefore, to optimize the signal significance,

we further require the smaller one of the separations between the candidate jets and photon

to be

∆Rmin
jγ < 1.8. (3.2)

We quantify the sensitivity using a profile likelihood fit to the three-body invariant mass

in the range

60 GeV < Mjjγ < 160 GeV, (3.3)

as shown in Fig. 1b, with bin widths of 5 GeV, in two event categories. The two categories

are defined as having either 1 or 2 of the Higgs candidate jets c-tagged.

The expected 95% CLs [68] upper limit (approximately at a 2σ-level) on the signal

strength in the absence of systematic uncertainties is found to be4

µ < 106, 88, 86, (3.4)

for operating points I, II, III with a luminosity of 3 ab−1. If the BSM physics significantly

modifies the charm-Yukawa coupling, which can be parametrized using the κ-scheme,

yBSM
c = κc y

SM
c , (3.5)

then the number of signal events would approximately scale as

Nsig ≃ κ2cN
SM
sig,QED. (3.6)

4In principle, one-loop electroweak processes also contribute to h → cc̄γ, as discussed in [37]. However,

it can be safely neglected given the hypothetically large Yukawa coupling yc accessible here and the absence

of interference between the QED radiation and EW contributions.
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2.3 Trigger Design

Currently, the L1 trigger has a maximum rate of 100 kHz, while HLT has a maximum

rate of 1 kHz. After the HL-LHC upgrades [65, 66], the trigger rates at L1 and HLT are

expected to be about 1 MHz and 10 kHz, respectively. Therefore, it is vital to make sure

the event rates of the processes are within the capacities of both the L1 trigger and the

HLT.

For the L1 trigger, we required the two jets and a photon with transverse momenta

pTj > 27 GeV, pTγ > 20 GeV, (2.6)

and well-separated in the central region

|η| < 2.5, and ∆R > 0.4. (2.7)

Pile-up jets are rejected by requiring

rc > 0.2. (2.8)

To suppress the QCD background and put the L1 trigger rate under control, we make use of

the fact that the three final state objects come from the Higgs resonance decay. Therefore,

we also require the invariant mass of the three trigger objects at L1 to be

90 GeV < Mjjγ < 160 GeV. (2.9)

As the two jets come from the Higgs decay and do not tend to have rather high transverse

momenta, they are often not the two leading jets at L1. Therefore, we require the two

candidate jets must be among the 5 hardest jets in each event.

The the corresponding trigger rate is listed in the first row of Table 2. The trigger rate

is calculated using the instantaneous luminosity

L = 5× 1034 cm−2s−1 = 5× 10−5 fb−1s−1 (2.10)

at the HL-LHC [67]. We note that the most dominant contribution at L1 comes from the

QCD multi-light-jet production with a jet-faked photon. As shown in Table 2, the trigger

proposed above would occupy less than 1% of the total bandwidth, and thus is plausible

to implement as part of the HL-LHC trigger menus of ATLAS and CMS.

3 Analyses

3.1 Cut-based Analysis

To gain physical intuition, we start with a simple analysis that uses only thresholds on

various kinematic quantities (“cut-based”). In addition to the trigger requirements as

before, we select the signal events with a basic threshold on the leading jet

pmax
Tj > 40 GeV. (3.1)
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Figure 1a shows the normalized distribution of the smaller value of the separations between

photon and jets. As the photon in the signal process comes from final-state radiation, it

tends to be close in angle to one of the jets. Therefore, to optimize the signal significance,

we further require the smaller one of the separations between the candidate jets and photon

to be

∆Rmin
jγ < 1.8. (3.2)

We quantify the sensitivity using a profile likelihood fit to the three-body invariant mass

in the range

60 GeV < Mjjγ < 160 GeV, (3.3)

as shown in Fig. 1b, with bin widths of 5 GeV, in two event categories. The two categories

are defined as having either 1 or 2 of the Higgs candidate jets c-tagged.

The expected 95% CLs [68] upper limit (approximately at a 2σ-level) on the signal

strength in the absence of systematic uncertainties is found to be4

µ < 106, 88, 86, (3.4)

for operating points I, II, III with a luminosity of 3 ab−1. If the BSM physics significantly

modifies the charm-Yukawa coupling, which can be parametrized using the κ-scheme,

yBSM
c = κc y
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c , (3.5)

then the number of signal events would approximately scale as

Nsig ≃ κ2cN
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sig,QED. (3.6)

4In principle, one-loop electroweak processes also contribute to h → cc̄γ, as discussed in [37]. However,

it can be safely neglected given the hypothetically large Yukawa coupling yc accessible here and the absence

of interference between the QED radiation and EW contributions.
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Figure 1: Representative Feynman diagrams of h → ff̄ 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 → ff̄γ. 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 → ff̄ 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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Working Signal Background Background S/
√
S +B

Point (QED) events event rate [Hz] [10−2]

Level-1 (L1) No Tag - - 9.55× 103 -

I 269 3.37× 108 5.62 1.47

1 c-tag II 349 5.18× 108 8.63 1.54

III 401 8.83× 108 14.7 1.35

I 29 1.14× 107 0.191 0.878

2 c-tags II 66 2.23× 107 0.371 1.42

III 126 5.79× 107 0.966 1.66

Table 2: Expected numbers of events of the signal and background, and event rates, in the

range of 100 < Mjjγ < 140 GeV at the HL-LHC with L = 3 ab−1. The first row gives the

event rate at L1, with only the requirements in Sec. 2 applied. Systematic uncertainties

are not accounted for in the significance calculation in the last column.

Then the above upper limit can be translated into

κc =
√
µ < 10.4, 9.4, 9.3. (3.7)

The expected numbers of events and event rates, in the range of 100 < Mjjγ < 140 GeV,

are summarized in Table 2, for different event categories and c-tag working points described

in Table 1. The third column shows the numbers of events for h → cc̄γ through QED radi-

ation. The signal-to-background ratio S/B is between 10−5 to 10−6. As the background is

dominated by QCD multi-jet processes, it is likely that the background would be estimated

using data-driven techniques. The resulting systematic uncertainties may not be small, but

would likely be comparable to or smaller than the large relative statistical uncertainty on

the signal. We also note that, although we aimed to optimize the light-jet rejection, the

yields of the background process h → bb̄γ due to mis-tagging is about 1.5− 3 times larger

than those of h → cc̄γ for different c-tagging working points, comparable to the previous

studies.5

3.2 Machine Learning Analysis

In order to study the benefit from a more complex analysis approach, a boosted decision

tree (BDT) is trained to distinguish the Higgs signal from the multi-jet background. The

5For reference, the background rates for h → bb̄ in the V h(→ cc̄) searches presented in Ref. [19] and

Ref. [22] are 5 − 10 and 1 − 5 times higher than the signal h → cc̄, respectively, where different c-tagging

working points are used.
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Figure 1: Distributions of (a) the smaller value of the separations between the candidate

jets and the photon; (b) the three-body invariant mass of the two candidate jets and the

photon. Signal (blue solid) and background (red dashed) are both normalized to unit area.

Figure 1a shows the normalized distribution of the smaller value of the separations between

photon and jets. As the photon in the signal process comes from final-state radiation, it

tends to be close in angle to one of the jets. Therefore, to optimize the signal significance,

we further require the smaller one of the separations between the candidate jets and photon

to be

∆Rmin
jγ < 1.8. (3.2)

We quantify the sensitivity using a profile likelihood fit to the three-body invariant mass

in the range

60 GeV < Mjjγ < 160 GeV, (3.3)

as shown in Fig. 1b, with bin widths of 5 GeV, in two event categories. The two categories

are defined as having either 1 or 2 of the Higgs candidate jets c-tagged.

The expected 95% CLs [68] upper limit (approximately at a 2σ-level) on the signal

strength in the absence of systematic uncertainties is found to be4

µ < 106, 88, 86, (3.4)

for operating points I, II, III with a luminosity of 3 ab−1. If the BSM physics significantly

modifies the charm-Yukawa coupling, which can be parametrized using the κ-scheme,

yBSM
c = κc y

SM
c , (3.5)

then the number of signal events would approximately scale as

Nsig ≃ κ2cN
SM
sig,QED. (3.6)

4In principle, one-loop electroweak processes also contribute to h → cc̄γ, as discussed in [37]. However,

it can be safely neglected given the hypothetically large Yukawa coupling yc accessible here and the absence

of interference between the QED radiation and EW contributions.

– 7 –

2.3 Trigger Design

Currently, the L1 trigger has a maximum rate of 100 kHz, while HLT has a maximum

rate of 1 kHz. After the HL-LHC upgrades [65, 66], the trigger rates at L1 and HLT are

expected to be about 1 MHz and 10 kHz, respectively. Therefore, it is vital to make sure

the event rates of the processes are within the capacities of both the L1 trigger and the

HLT.

For the L1 trigger, we required the two jets and a photon with transverse momenta

pTj > 27 GeV, pTγ > 20 GeV, (2.6)

and well-separated in the central region

|η| < 2.5, and ∆R > 0.4. (2.7)

Pile-up jets are rejected by requiring

rc > 0.2. (2.8)

To suppress the QCD background and put the L1 trigger rate under control, we make use of

the fact that the three final state objects come from the Higgs resonance decay. Therefore,

we also require the invariant mass of the three trigger objects at L1 to be

90 GeV < Mjjγ < 160 GeV. (2.9)

As the two jets come from the Higgs decay and do not tend to have rather high transverse

momenta, they are often not the two leading jets at L1. Therefore, we require the two

candidate jets must be among the 5 hardest jets in each event.

The the corresponding trigger rate is listed in the first row of Table 2. The trigger rate

is calculated using the instantaneous luminosity

L = 5× 1034 cm−2s−1 = 5× 10−5 fb−1s−1 (2.10)

at the HL-LHC [67]. We note that the most dominant contribution at L1 comes from the

QCD multi-light-jet production with a jet-faked photon. As shown in Table 2, the trigger

proposed above would occupy less than 1% of the total bandwidth, and thus is plausible

to implement as part of the HL-LHC trigger menus of ATLAS and CMS.

3 Analyses

3.1 Cut-based Analysis

To gain physical intuition, we start with a simple analysis that uses only thresholds on

various kinematic quantities (“cut-based”). In addition to the trigger requirements as

before, we select the signal events with a basic threshold on the leading jet

pmax
Tj > 40 GeV. (3.1)
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Figure 1: Distributions of (a) the smaller value of the separations between the candidate

jets and the photon; (b) the three-body invariant mass of the two candidate jets and the

photon. Signal (blue solid) and background (red dashed) are both normalized to unit area.

Figure 1a shows the normalized distribution of the smaller value of the separations between

photon and jets. As the photon in the signal process comes from final-state radiation, it

tends to be close in angle to one of the jets. Therefore, to optimize the signal significance,

we further require the smaller one of the separations between the candidate jets and photon

to be

∆Rmin
jγ < 1.8. (3.2)

We quantify the sensitivity using a profile likelihood fit to the three-body invariant mass

in the range

60 GeV < Mjjγ < 160 GeV, (3.3)

as shown in Fig. 1b, with bin widths of 5 GeV, in two event categories. The two categories

are defined as having either 1 or 2 of the Higgs candidate jets c-tagged.

The expected 95% CLs [68] upper limit (approximately at a 2σ-level) on the signal

strength in the absence of systematic uncertainties is found to be4

µ < 106, 88, 86, (3.4)

for operating points I, II, III with a luminosity of 3 ab−1. If the BSM physics significantly

modifies the charm-Yukawa coupling, which can be parametrized using the κ-scheme,

yBSM
c = κc y

SM
c , (3.5)

then the number of signal events would approximately scale as

Nsig ≃ κ2cN
SM
sig,QED. (3.6)

4In principle, one-loop electroweak processes also contribute to h → cc̄γ, as discussed in [37]. However,

it can be safely neglected given the hypothetically large Yukawa coupling yc accessible here and the absence

of interference between the QED radiation and EW contributions.
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Working Signal Background Background S/
√
S +B

Point (QED) events event rate [Hz] [10−2]

Level-1 (L1) No Tag - - 9.55× 103 -

I 269 3.37× 108 5.62 1.47

1 c-tag II 349 5.18× 108 8.63 1.54

III 401 8.83× 108 14.7 1.35

I 29 1.14× 107 0.191 0.878

2 c-tags II 66 2.23× 107 0.371 1.42

III 126 5.79× 107 0.966 1.66

Table 2: Expected numbers of events of the signal and background, and event rates, in the

range of 100 < Mjjγ < 140 GeV at the HL-LHC with L = 3 ab−1. The first row gives the

event rate at L1, with only the requirements in Sec. 2 applied. Systematic uncertainties

are not accounted for in the significance calculation in the last column.

Then the above upper limit can be translated into

κc =
√
µ < 10.4, 9.4, 9.3. (3.7)

The expected numbers of events and event rates, in the range of 100 < Mjjγ < 140 GeV,

are summarized in Table 2, for different event categories and c-tag working points described

in Table 1. The third column shows the numbers of events for h → cc̄γ through QED radi-

ation. The signal-to-background ratio S/B is between 10−5 to 10−6. As the background is

dominated by QCD multi-jet processes, it is likely that the background would be estimated

using data-driven techniques. The resulting systematic uncertainties may not be small, but

would likely be comparable to or smaller than the large relative statistical uncertainty on

the signal. We also note that, although we aimed to optimize the light-jet rejection, the

yields of the background process h → bb̄γ due to mis-tagging is about 1.5− 3 times larger

than those of h → cc̄γ for different c-tagging working points, comparable to the previous

studies.5

3.2 Machine Learning Analysis

In order to study the benefit from a more complex analysis approach, a boosted decision

tree (BDT) is trained to distinguish the Higgs signal from the multi-jet background. The

5For reference, the background rates for h → bb̄ in the V h(→ cc̄) searches presented in Ref. [19] and

Ref. [22] are 5 − 10 and 1 − 5 times higher than the signal h → cc̄, respectively, where different c-tagging

working points are used.
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Figure 1: Representative Feynman diagrams of h → ff̄ 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 → ff̄γ. 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 → ff̄ 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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ation. The signal-to-background ratio S/B is between 10−5 to 10−6. As the background is

dominated by QCD multi-jet processes, it is likely that the background would be estimated

using data-driven techniques. The resulting systematic uncertainties may not be small, but

would likely be comparable to or smaller than the large relative statistical uncertainty on

the signal. We also note that, although we aimed to optimize the light-jet rejection, the

yields of the background process h → bb̄γ due to mis-tagging is about 1.5− 3 times larger

than those of h → cc̄γ for different c-tagging working points, comparable to the previous

studies.5
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In order to study the benefit from a more complex analysis approach, a boosted decision

tree (BDT) is trained to distinguish the Higgs signal from the multi-jet background. The

5For reference, the background rates for h → bb̄ in the V h(→ cc̄) searches presented in Ref. [19] and

Ref. [22] are 5 − 10 and 1 − 5 times higher than the signal h → cc̄, respectively, where different c-tagging

working points are used.

– 8 –



Bound on Yukawa Coupling
• Parametrize the modification of charm Yukawa as

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

�Rmin
j�

0.0

0.2

0.4

0.6

0.8

N
or

m
al

iz
ed

to
un

it
ar

ea

h ! cc̄�

pp ! jj�, jjj

h ! cc̄�

pp ! jj�, jjj

(a)

60 80 100 120 140 160

Mjj� [GeV]

0.00

0.01

0.02

0.03

N
or

m
al

iz
ed

to
un

it
ar

ea

h ! cc̄�

pp ! jj�, jjj

h ! cc̄�

pp ! jj�, jjj

(b)

Figure 1: Distributions of (a) the smaller value of the separations between the candidate

jets and the photon; (b) the three-body invariant mass of the two candidate jets and the

photon. Signal (blue solid) and background (red dashed) are both normalized to unit area.

Figure 1a shows the normalized distribution of the smaller value of the separations between

photon and jets. As the photon in the signal process comes from final-state radiation, it

tends to be close in angle to one of the jets. Therefore, to optimize the signal significance,

we further require the smaller one of the separations between the candidate jets and photon

to be

∆Rmin
jγ < 1.8. (3.2)

We quantify the sensitivity using a profile likelihood fit to the three-body invariant mass

in the range

60 GeV < Mjjγ < 160 GeV, (3.3)

as shown in Fig. 1b, with bin widths of 5 GeV, in two event categories. The two categories

are defined as having either 1 or 2 of the Higgs candidate jets c-tagged.

The expected 95% CLs [68] upper limit (approximately at a 2σ-level) on the signal

strength in the absence of systematic uncertainties is found to be4

µ < 106, 88, 86, (3.4)

for operating points I, II, III with a luminosity of 3 ab−1. If the BSM physics significantly

modifies the charm-Yukawa coupling, which can be parametrized using the κ-scheme,

yBSM
c = κc y

SM
c , (3.5)

then the number of signal events would approximately scale as

Nsig ≃ κ2cN
SM
sig,QED. (3.6)

4In principle, one-loop electroweak processes also contribute to h → cc̄γ, as discussed in [37]. However,

it can be safely neglected given the hypothetically large Yukawa coupling yc accessible here and the absence

of interference between the QED radiation and EW contributions.
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Figure 1: Distributions of (a) the smaller value of the separations between the candidate

jets and the photon; (b) the three-body invariant mass of the two candidate jets and the

photon. Signal (blue solid) and background (red dashed) are both normalized to unit area.

Figure 1a shows the normalized distribution of the smaller value of the separations between

photon and jets. As the photon in the signal process comes from final-state radiation, it

tends to be close in angle to one of the jets. Therefore, to optimize the signal significance,

we further require the smaller one of the separations between the candidate jets and photon

to be

∆Rmin
jγ < 1.8. (3.2)

We quantify the sensitivity using a profile likelihood fit to the three-body invariant mass

in the range

60 GeV < Mjjγ < 160 GeV, (3.3)

as shown in Fig. 1b, with bin widths of 5 GeV, in two event categories. The two categories

are defined as having either 1 or 2 of the Higgs candidate jets c-tagged.

The expected 95% CLs [68] upper limit (approximately at a 2σ-level) on the signal

strength in the absence of systematic uncertainties is found to be4

µ < 106, 88, 86, (3.4)

for operating points I, II, III with a luminosity of 3 ab−1. If the BSM physics significantly

modifies the charm-Yukawa coupling, which can be parametrized using the κ-scheme,

yBSM
c = κc y

SM
c , (3.5)

then the number of signal events would approximately scale as

Nsig ≃ κ2cN
SM
sig,QED. (3.6)

4In principle, one-loop electroweak processes also contribute to h → cc̄γ, as discussed in [37]. However,

it can be safely neglected given the hypothetically large Yukawa coupling yc accessible here and the absence

of interference between the QED radiation and EW contributions.
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Figure 1: Representative Feynman diagrams of h → ff̄ 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 → ff̄γ. 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 → ff̄ 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 → ff̄γ with electroweak one-loop.

V. top-quark triangle or box with final state radiation (Figs. 2f, 2g, 2h)

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. [28]. 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 [29], and FeynCalc [30] is used to simplify the

amplitudes further. The numerical evaluation of all Passarino-Veltman loop integrals [31]

are performed by LoopTools [32]. And we use Vegas [33] 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 → ff̄ . 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
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• Parametrize the modification of charm Yukawa as

• At 95% CLS and in the absence of systematics
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Figure 2: (a) The distribution of the BDT score normalized to unit area. (b) Receiver

operating characteristic (ROC) curve of the BDT.

BDT is trained using XGBoost [69] with 5-fold cross-validation. The following 13 input

features are used for training:

Mmax
jγ , Mmin

jγ , Mjj , pTγ , p
max
Tj , pmin

Tj , ηγ , η
max
j , ηmin

j , ∆Rmax
jγ , ∆Rmin

jγ , ∆Rjj , pTjjγ . (3.8)

Even though Mjjγ is the most important feature, it is not explicitly provided to the BDT in

order to minimize the bias to the distribution used for the profile likelihood fit in the range

of Eq. (3.3) for extracting the expected upper limit.6 The distribution of the BDT output

on signal and background along with a receiver operator characteristic (ROC) curve are

shown in Fig. 2. The two most important features used by the BDT are pmax
Tj and ∆Rmin

jγ ,

which are also the features used to form the simple event selection in the previous section.

Using a selection based on the BDT, the expected 95% CLs upper limit on the signal

strength in the absence of systematic uncertainties is found to be

µ < 91, 77, 75, ⇒ κc < 9.6, 8.8, 8.6. (3.9)

for operating points I, II, III with a luminosity of 3 ab−1. This is a modest improvement

over the cut-based result by about 10%. Further gains using multivariate approaches may

be possible, but will likely require advances in photon, pile-up, and c-tagging using low-level

information. The distribution of Mjjγ already captures most of the information available

for separating signal and background given that the correct objects are identified.

4 HE-LHC Projection

Given the recent proposal of an energy upgrade (HE-LHC) operating at
√
s = 27 TeV [77]

after the high-luminosity phase (HL-LHC), it would be informative to estimate the potential

6There are many methods for performing this decorrelation using more explicit and even automated

methods [70–76].
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Figure 1: Distributions of (a) the smaller value of the separations between the candidate

jets and the photon; (b) the three-body invariant mass of the two candidate jets and the

photon. Signal (blue solid) and background (red dashed) are both normalized to unit area.

Figure 1a shows the normalized distribution of the smaller value of the separations between

photon and jets. As the photon in the signal process comes from final-state radiation, it

tends to be close in angle to one of the jets. Therefore, to optimize the signal significance,

we further require the smaller one of the separations between the candidate jets and photon

to be

∆Rmin
jγ < 1.8. (3.2)

We quantify the sensitivity using a profile likelihood fit to the three-body invariant mass

in the range

60 GeV < Mjjγ < 160 GeV, (3.3)

as shown in Fig. 1b, with bin widths of 5 GeV, in two event categories. The two categories

are defined as having either 1 or 2 of the Higgs candidate jets c-tagged.

The expected 95% CLs [68] upper limit (approximately at a 2σ-level) on the signal

strength in the absence of systematic uncertainties is found to be4

µ < 106, 88, 86, (3.4)

for operating points I, II, III with a luminosity of 3 ab−1. If the BSM physics significantly

modifies the charm-Yukawa coupling, which can be parametrized using the κ-scheme,

yBSM
c = κc y

SM
c , (3.5)

then the number of signal events would approximately scale as

Nsig ≃ κ2cN
SM
sig,QED. (3.6)

4In principle, one-loop electroweak processes also contribute to h → cc̄γ, as discussed in [37]. However,

it can be safely neglected given the hypothetically large Yukawa coupling yc accessible here and the absence

of interference between the QED radiation and EW contributions.

– 7 –

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

�Rmin
j�

0.0

0.2

0.4

0.6

0.8

N
or

m
al

iz
ed

to
un

it
ar

ea

h ! cc̄�

pp ! jj�, jjj

h ! cc̄�

pp ! jj�, jjj

(a)

60 80 100 120 140 160

Mjj� [GeV]

0.00

0.01

0.02

0.03

N
or

m
al

iz
ed

to
un

it
ar

ea

h ! cc̄�

pp ! jj�, jjj

h ! cc̄�

pp ! jj�, jjj

(b)

Figure 1: Distributions of (a) the smaller value of the separations between the candidate

jets and the photon; (b) the three-body invariant mass of the two candidate jets and the

photon. Signal (blue solid) and background (red dashed) are both normalized to unit area.

Figure 1a shows the normalized distribution of the smaller value of the separations between

photon and jets. As the photon in the signal process comes from final-state radiation, it

tends to be close in angle to one of the jets. Therefore, to optimize the signal significance,

we further require the smaller one of the separations between the candidate jets and photon

to be

∆Rmin
jγ < 1.8. (3.2)

We quantify the sensitivity using a profile likelihood fit to the three-body invariant mass

in the range

60 GeV < Mjjγ < 160 GeV, (3.3)

as shown in Fig. 1b, with bin widths of 5 GeV, in two event categories. The two categories

are defined as having either 1 or 2 of the Higgs candidate jets c-tagged.

The expected 95% CLs [68] upper limit (approximately at a 2σ-level) on the signal

strength in the absence of systematic uncertainties is found to be4

µ < 106, 88, 86, (3.4)

for operating points I, II, III with a luminosity of 3 ab−1. If the BSM physics significantly

modifies the charm-Yukawa coupling, which can be parametrized using the κ-scheme,

yBSM
c = κc y

SM
c , (3.5)

then the number of signal events would approximately scale as

Nsig ≃ κ2cN
SM
sig,QED. (3.6)

4In principle, one-loop electroweak processes also contribute to h → cc̄γ, as discussed in [37]. However,

it can be safely neglected given the hypothetically large Yukawa coupling yc accessible here and the absence

of interference between the QED radiation and EW contributions.
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Working Signal Background Background S/
√
S +B

Point (QED) events event rate [Hz] [10−2]

Level-1 (L1) No Tag - - 9.55× 103 -

I 269 3.37× 108 5.62 1.47

1 c-tag II 349 5.18× 108 8.63 1.54

III 401 8.83× 108 14.7 1.35

I 29 1.14× 107 0.191 0.878

2 c-tags II 66 2.23× 107 0.371 1.42

III 126 5.79× 107 0.966 1.66

Table 2: Expected numbers of events of the signal and background, and event rates, in the

range of 100 < Mjjγ < 140 GeV at the HL-LHC with L = 3 ab−1. The first row gives the

event rate at L1, with only the requirements in Sec. 2 applied. Systematic uncertainties

are not accounted for in the significance calculation in the last column.

Then the above upper limit can be translated into

κc =
√
µ < 10.4, 9.4, 9.3. (3.7)

The expected numbers of events and event rates, in the range of 100 < Mjjγ < 140 GeV,

are summarized in Table 2, for different event categories and c-tag working points described

in Table 1. The third column shows the numbers of events for h → cc̄γ through QED radi-

ation. The signal-to-background ratio S/B is between 10−5 to 10−6. As the background is

dominated by QCD multi-jet processes, it is likely that the background would be estimated

using data-driven techniques. The resulting systematic uncertainties may not be small, but

would likely be comparable to or smaller than the large relative statistical uncertainty on

the signal. We also note that, although we aimed to optimize the light-jet rejection, the

yields of the background process h → bb̄γ due to mis-tagging is about 1.5− 3 times larger

than those of h → cc̄γ for different c-tagging working points, comparable to the previous

studies.5

3.2 Machine Learning Analysis

In order to study the benefit from a more complex analysis approach, a boosted decision

tree (BDT) is trained to distinguish the Higgs signal from the multi-jet background. The

5For reference, the background rates for h → bb̄ in the V h(→ cc̄) searches presented in Ref. [19] and

Ref. [22] are 5 − 10 and 1 − 5 times higher than the signal h → cc̄, respectively, where different c-tagging

working points are used.
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Figure 2: (a) The distribution of the BDT score normalized to unit area. (b) Receiver

operating characteristic (ROC) curve of the BDT.

BDT is trained using XGBoost [69] with 5-fold cross-validation. The following 13 input

features are used for training:

Mmax
jγ , Mmin

jγ , Mjj , pTγ , p
max
Tj , pmin

Tj , ηγ , η
max
j , ηmin

j , ∆Rmax
jγ , ∆Rmin

jγ , ∆Rjj , pTjjγ . (3.8)

Even though Mjjγ is the most important feature, it is not explicitly provided to the BDT in

order to minimize the bias to the distribution used for the profile likelihood fit in the range

of Eq. (3.3) for extracting the expected upper limit.6 The distribution of the BDT output

on signal and background along with a receiver operator characteristic (ROC) curve are

shown in Fig. 2. The two most important features used by the BDT are pmax
Tj and ∆Rmin

jγ ,

which are also the features used to form the simple event selection in the previous section.

Using a selection based on the BDT, the expected 95% CLs upper limit on the signal

strength in the absence of systematic uncertainties is found to be

µ < 91, 77, 75, ⇒ κc < 9.6, 8.8, 8.6. (3.9)

for operating points I, II, III with a luminosity of 3 ab−1. This is a modest improvement

over the cut-based result by about 10%. Further gains using multivariate approaches may

be possible, but will likely require advances in photon, pile-up, and c-tagging using low-level

information. The distribution of Mjjγ already captures most of the information available

for separating signal and background given that the correct objects are identified.

4 HE-LHC Projection

Given the recent proposal of an energy upgrade (HE-LHC) operating at
√
s = 27 TeV [77]

after the high-luminosity phase (HL-LHC), it would be informative to estimate the potential

6There are many methods for performing this decorrelation using more explicit and even automated

methods [70–76].
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jγ , ∆Rjj , pTjjγ . (3.8)

Even though Mjjγ is the most important feature, it is not explicitly provided to the BDT in

order to minimize the bias to the distribution used for the profile likelihood fit in the range

of Eq. (3.3) for extracting the expected upper limit.6 The distribution of the BDT output

on signal and background along with a receiver operator characteristic (ROC) curve are

shown in Fig. 2. The two most important features used by the BDT are pmax
Tj and ∆Rmin

jγ ,

which are also the features used to form the simple event selection in the previous section.

Using a selection based on the BDT, the expected 95% CLs upper limit on the signal

strength in the absence of systematic uncertainties is found to be

µ < 91, 77, 75, ⇒ κc < 9.6, 8.8, 8.6. (3.9)

for operating points I, II, III with a luminosity of 3 ab−1. This is a modest improvement

over the cut-based result by about 10%. Further gains using multivariate approaches may

be possible, but will likely require advances in photon, pile-up, and c-tagging using low-level

information. The distribution of Mjjγ already captures most of the information available

for separating signal and background given that the correct objects are identified.

4 HE-LHC Projection

Given the recent proposal of an energy upgrade (HE-LHC) operating at
√
s = 27 TeV [77]

after the high-luminosity phase (HL-LHC), it would be informative to estimate the potential

6There are many methods for performing this decorrelation using more explicit and even automated

methods [70–76].
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Summary

• Probing the charm-quark Yukawa coupling in 

• Novel triggering strategy proposed.

• 8 times of the SM value at 2σ level at the HL-LHC .
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