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Probing charm Yukawa coupling through ch associated production
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At present, the study of the charm-quark Yukawa coupling at the Large Hadron Collider mainly focuses
on the Higgs decay processes. Such signal suffers from overwhelming QCD background and derives its
sensitivity primarily from the V' associated production channel. In addition, sensitivity to a possible CP
phase in charm-quark Yukawa at the hadron collider is not discussed. We investigate the charm-Higgs

associated production signal that contains a potentially detectable interference term between cch Yukawa
coupling mediated diagrams and ggh coupling mediated diagram. Such an interference term is sensitive to
the relative CP phase between contributing diagrams. High dimensional kinematic information is exploited
by machine learning techniques to separate the different contribution, and sensitivity on the coupling is
derived. Assuming a real k. modification framework, the 16 bound of —5.6 < k. < 5.6 (HL-LHC) and
—1.51 < k. < 1.62 (FCC) are achieved. When allowing for CP phase in the charm Yukawa, a combined 1o
bound of 0.32 < |k | < 1.69, =77° < a < 77° (HL-LHC) and 0.70 < |k.| < 1.29, —=55° < a < 55° (FCC)
can be achieved on the magnitude and CP phase of the coupling, respectively.

DOI: 10.1103/PhysRevD.111.053003

I. INTRODUCTION

Since the discovery of the Higgs boson by ATLAS [1]
and CMS [2], determining the properties of the Higgs
boson has been a crucial task at the Large Hadron Collider
(LHC). Current constraints from Run 2 LHC data show that
coupling strengths between all third-generation fermions
and the Higgs boson deviate by no more than 20% from
the Standard Model (SM) predictions [3—8]. At the High
Luminosity (HL-)LHC, it is expected that the precision of
the third-generation Yukawa couplings will be measured
to within 5% [9-11]. It is worth noting that in general a
complex CP phase can be introduced in Yukawa couplings
in the presence of new physics contribution. Currently,
LHC data put bounds on the top and tau Yukawa coupling
CP phase of (11737)°, (91]8)° [12], respectively. At the
HL-LHC, constraints are expected to reach |a,| < 36°[13],
|| < 23.4° [10] for top and bottom, and |a,| < 8°[11,14]
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for tau at 20 confidence level. Measurements of Yukawa
couplings in the second generation remain challenging,
among which the muon Yukawa observation is the most
promising. The current observed upper limit on h — uu
decay rate is 2.2 times the SM prediction [15], signifying an
O(1) muon Yukawa coupling measurement in the near
future. The allowed range of the charm Yukawa coupling is
measured to be 8.5 times that of the SM at 95% confidence
level from ATLAS [16] or 1.1 < k., < 5.5 from CMS [17].

With the accumulation of data at the HL-LHC, extensive
exploration on the charm Yukawa coupling are expected.
Following the x framework, constraints on possible rescal-
ing of SM couplings are described through «; = g;/g?™.
We compile here a representative list of proposals and
prospected bounds on charm Yukawa coupling in Table I
under the HL-LHC dataset. Among them, the Higgs rare
decay channel H — J/yy offers a small but clean signal in
detecting the charm Yukawa coupling at the LHC [18-20].
A current constraint of x./k, € (—=133,175) [21,22] is
already performed using this signal with 139 fb~! data
at /s = 13 TeV. A future reach of 0.32 < Ke/k, < 1.53
assuming a 10% precision on the decay branching is
targeted for example at FCC [20]. Similarly, the 7 — c¢ +
J/w decay provides another exclusive hadron decay
channel to further constrain the coupling [23]. Precision
measurement of the differential distribution of the Higgs
from inclusive Higgs production are claimed to constrain
the light quark Yukawa coupling as well [24,25]. With
current Run 2 data, k. € (—4.46,4.81) is achieved [26,27],
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TABLE L

The table summarizes representative proposals and prospective constraints on the charm Yukawa

coupling at the HL-LHC and FCC-hh, while the last three rows include constraints from related studies on future
hadron-electron collider, electron-positron collider, and muon collider.

Channel Machine Bound

Higgs differential HL-LHC —0.6 <k, <3.0(20) [24]
h — ccy HL-LHC k.| < 6.3(20) [28]

hh — ccyy HL-LHC —4.8 <k, <4.6(20) [35]
pp = qqhy(h = ct) HL-LHC k.| < 13(20) [36]

pp = VVej HL-LHC -24 <k, < 1.77(20) [29]
h—J)y+ ce HL-LHC k.| < 2.4(20) [23]

pp — ch HL-LHC k.| <2.6(20) [40]

pp — Zh(h — c¢) HL-LHC k.| <2.5(20) [34]
h—Jjy+y FCC-hh 0.32 < k./x, < 1.53(20) [20]
e p - vhj(h - cc) LHeC |x.| < 1.18(20) [37]
emet = Zh(h — ct) CEPC 0.98 < k, < 1.02(20) [38]

Wru™ = up (y7,)h(h — ct)

Muon collider

0.94 < k, < 1.06(16) [39]

and an order one reach is expected at the HL-LHC. Other
proposals include the & — c¢y decay where the electro-
weak loop contribution is non-negligible [28] and asso-
ciated production of charm quark with diboson processes
pp — VVceX [29]. All these could offer contributions to
probing the charm Yukawa coupling, awaiting real simu-
lations to be performed and realistic bounds to be achieved.
Note that the 4 — J/w + y and the Higgs differential signal
give asymmetric bounds on a real x, modification, which
come from sizable interference term that could be extrapo-
lated to meaningful bounds on possible CP phase of the
coupling at HL-LHC and FCC. The Vh (h — cc) channel
allows for a direct probe of the Higgs decay to a pair of
charm jets [17,30-33]. A prospects of |k.| < 2.5 is pro-
jected from current Run 2 data and offers a realistic
estimate for HL-LHC reach [34]. Other processes involving
the Higgs decay to a pair of charm jet also contribute,
such as the Higgs pair production hh — ccyy [35], and
the vector boson fusion pp — qqhy(h — cc) [36]. All
the production modes collectively improve bounds on the
decay branching and therefore improve bounds on magni-
tude of charm Yukawa coupling. Much more precise
determination of the branching ratio are expected to be
obtained at future facilities such as the Large Hadron
electron Collider (LHeC) [37], future lepton collider such
as the Circular electron positron collider (CEPC) [38], or a
high energy muon collider [39]. The prospected bounds are
all summarized as in Table I.

The ch associated production process probes the coupling
from the production side and tags the charm jet in the final
state exclusively. An early analysis from Ref. [40] estimates
a sensitivity to the charm Yukawa coupling from the produc-
tion rate as a function of the coupling. It however lacks a
study in Higgs decay nor simulation with realistic effects. It
also neglects contribution from the interference term which
could become detectable with future data. To achieve an

realistic sensitivity and understanding of the channel moti-
vates the work of this study. Building upon the foundation of
the literature [40], we further conduct event simulation and
analysis, provide a more realistic conclusions. Moreover, we
consider a possible CP-odd component of the coupling and
its probe through relevant collider signals.

The remaining content of the article proceeds as follows.
In Sec. II, we introduce the chosen signal and all relevant
backgrounds, provide the details for data simulation, and
define a set of observable. In Sec. III, we present event
distributions of signal and background. We then analyze
and categorize the simulated data with Boosted Decision
Tree (BDT) and interpret the optimization with shapley
values. In Sec. IV, we translate the categorization (con-
fusion matrix) to constraints on the charm Yukawa cou-
pling and possible CP phase at the HL-LHC and FCC-hh.
We combine complementary collider constraints as well as
bounds electron dipole moment (EDM) measurement.
Finally, in Sec. V, we conclude. A derivation and the
numerical dependence of the modified ggh and yyh
effective coupling as functions of the modified charm
Yukawa coupling is given in the Appendix.

I1. SIGNAL AND BACKGROUND

Treating ggh as an effective vertex G, G*" ®, the leading
order (LO) contribution to the signal comes mainly from
two types of diagrams. The first type involves the charm
Yukawa coupling, depicted in Figs. 1(a) and 1(b), whose
amplitude is proportional to y.. The second type involves
the ggh effective coupling, shown in Fig. 1(c). With a
dominant top loop contribution, such diagram involves
minimal dependence on light quark Yukawa, which is
summarized in the Appendix and can be considered almost
backgroundlike. Moreover, these two types of Feynman
diagrams exhibit interference effects. Within the total cross
section, we designate the [M1 + M2|* contribution from
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FIG. 1.

The leading-order contribution Feynman diagrams for pp — hc. Diagrams (a) and (b) depict typical diagrams involving the

cch Yukawa coupling, while diagram (c) illustrates contribution mediated by the ggh effective coupling. The corresponding ¢ diagrams

are implied and not explicitly shown.

the first two diagrams as cch, which is proportional to y2.
The |M3|? term is designated as ggh, which is mostly
independent of y.. The interference term, 2Re[(M1 +
M2)*M3] is designated as int and is proportional to y..
In the SM, the predicted contribution from ggh diagram is
significantly larger, by about an order of magnitude,
compared to cch and the int term. This implies that while
the signal ch has a sizable total cross section, its sensitivity
to v, is suppressed. Additionally, if the coupling contains a
CP phase angle, it shows in the interference part and affects
the cross section as well.

As a first attempt for a realistic simulation and analysis of
the ch associated production signal, we chose the diphoton
decay channel of the Higgs. The observed final states are
cyy, where c is a c-tagged jet that originates from a ¢ or ¢
quark.1 With this final state, the dominant irreducible
background contribution is from the QCD-QED processes.
Additionally, there are fake background such as byy, jyy
(j=u,d,s,g) where the jet is mistagged as a c jet.
Following the c-tagging strategy (¢ — 41%,b — 50%,
J = 3.3%) from Refs. [41,42], the cross sections of byy
and jyy contribute less than 25% compared to that from cyy.
Therefore, we do not include them in the full simulation of
background events. When we define our signal to be
inclusive with additional jets in the final states, contribution
from the process pp — Wh — cjyy become non-negligible.
The main distinction is that this electroweak background
contains two relatively hard jets with their invariant mass m.;
peaked around the W boson mass, whereas for the signal a
second jet is mainly from higher order radiation which is
soft. In the detailed simulation below, we include both the
dominant irreducible QCD-QED background, and this large
electroweak background Wh.

A. Simulation and kinematic cuts

The leading-order events for both signal and background
are generated using MG5@MCNLO v3.5.3 [43], and the

'"The alternative ¢ quark involving processes are always
implied and included, which is not to be explicitly repeated in
the following.

parton-level events are showered and hadronized using
Pythia8 [44]. Detector simulation is performed using
Delphes [45]. We use NNPDF31 lo as 0118 [46] for
simulations at both the HL-LHC with a center-of-mass
energy of 14 TeV and the FCC-hh with a center-of-mass
energy of 100 TeV. For the input parameters, the mass of
the Higgs boson are set at M, = 125 GeV, and the pole
mass of the charm quark as m, = 1.3 GeV. The charm
Yukawa coupling at the Higgs mass scale is set according to
the running mass m.(M;) = 0.81 GeV. The renormaliza-
tion and factorization scales are set at M, as in Ref. [47].

As performed in the default Delphes setting with HL-LHC
and FCC-hh Delphes parameter card, Jets are reconstructed
using the anti-kt algorithm with AR = 0.4. Then the
simulated jet flavor is assigned by identifying with the
heaviest flavor parton in the vicinity AR < 0.5 of the center
of the jet. Afterwards we estimate the realistic tagging
efficiency with an overall rescaling following the tagging
strategy discussed above. Note that this universally per-
formed jet flavor definition can become problematic when
going beyond the current LO + PS simulation because of
infrared singularities induced by the emission of flavored
quark-anti-quark pairs of negligible energy. Recent dis-
cussion and efforts on extensions of the algorithm with IRC
safe jet flavor association can be found in Refs. [48-52]. In
the final event selection, at least one charm-tagged jet is
required to satisfy || < 2.5, |pr..| > 20 GeV. We also
require two photons in the final states according to detector
configuration defined with corresponding HL-LHC and
FCC Delphes card. Additionally, to improve the efficiency of
event generation, we require the following: 115 GeV <
m,, <135 GeV (HL-LHC), 118 GeV < m,, < 132 GeV
(FCC-hh). We leave additional signal and background
classification to BDT analysis with input observables to
be defined in the next section. We summarize the cross
section and corresponding event numbers after these basic
selection cuts in Table II. Notably, the cross section
contribution from interference of the cch and ggh diagrams
is negative.

We would also like to add a note on correction from next
leading order (NLO) contributions. The NLO introduces a
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TABLE II. The total cross sections and corresponding number
of events for the two types of background cyy, Wh and the three
types of signal ggh, cch, int contributions. Full detector simu-
lation, flavor tagging strategy, and basic selection cuts are applied
at the HL-LHC and the FCC-hh, respectively.

14 TeV 100 TeV
Channel o (fb) 6ab~' # c (fb) 30 ab™! #
cyy 73.2 439,387 897.59 269,279,58
Wh 0.052 314 0.31 9,258
ggh 0.046 276 0.94 28218
cch 0.0033 20 0.067 2,023
int —0.00033 -2 —-0.0074 -223

new set of diagrams involving gg, cq, cc, and cc initial
states, leading to a significant enhancement to the LO cross
section. So far, the NLO simulation is available for the cch
mediated diagrams at MG5@MCNLO. The ggh NLO simu-
lation can be obtained using available calculation of the
h + j@NLO process from MCFM [53,54]. For the interfer-
ence term, the calculation is done in Ref. [47], with the
code not publicly available. In our simulation, we thus stay
with the LO calculation at parton level using MG5@MCNLO
and include only the QCD real radiation shape effects
with parton shower. While we differ such involved study
including NLO correction to future work, we would expect
a better sensitivity on the charm Yukawa coupling with
improved statistics after including the full NLO correction.
The methodology and overall conclusion we obtain here
with LO simulation should however remain the same.

B. Observables

To perform interpretable and full analysis on the simu-
lated events, we need to construct a complete set of physical
observables. First considering the degrees of freedom
involving a three particle final state, we have six observ-
ables assuming momentum conservation. E,,, denotes the
invariant mass of the cyy final state system. 7. and ¢, are
the rapidity and the azimuthal angle of the outgoing charm
jet. cos(6,,) is the polar angle of the outgoing photon with
the leading transverse momentum. The angle between the
cg — ch interaction plane and the Higgs decay plane in the
center of mass frame is denoted as A¢. m,, is the invariant
mass of the two leading p; photons. Additionally, the
momentum along the beam direction of the cyy system
D,—an encodes the PDF asymmetry of the incoming
partons. The transverse momentum pz_,; and azimuthal
angle ¢, of the cyy system, as well as the scalar sum of
transverse momenta H; of all observed final states, are
defined to account for showering effects. To effectively
reduce the Wh background contribution, we also include an
observable m,;, the invariant mass of the charm jet and the
hardest p7 jet identified without a flavor tag. In all, we
choose an overcomplete set of observables for a final state
of cyy + X, inclusive with additional jets. By calculating

the correlation matrix among the observations, we find that
most correlations are negligible, with only E.,,, Hr, pr—_au»
and m,; showing high levels of correlation at the level of
about 30%. This is reasonable to expect, as they all relate
to the overall energy scale of the collision event, yet
provide marginally additional information for distinguish-
ing between signal and background processes.

III. pp - ch AT FUTURE COLLIDERS

As mentioned earlier, we categorize contribution to the
total cyy cross section into three types of ch signals and two
types of non-Higgs backgrounds, an overall five categories.
The physics goal is to evaluate the sensitivity to both the
magnitude and a possible CP phase of the charm Yukawa,
we aim to distinguish the cch and int contribution from all.
Thus we must address the challenge of optimizing a multi-
class discrimination based on multiobservable inputs. We
use the BDT algorithm implemented in XGBoost [55] in
our analysis. We include the overcomplete set of observ-
ables as inputs to the BDT training, to ensure all physics
information known at the simulation level are exploited. In
recent years, interpretable machine learning has gained
significant popularity in high-energy physics and offered
additional insights and understanding in collider signal
analysis. Therefore, we use shapley values [56] in the
analysis to dissect the optimization results quantitatively.
The efficiency of this approach are demonstrated in
Ref. [10]. After training the BDT model, we calculate the
shapley values based on the BDT network, and then interpret
the averaged absolute shapley values for each observable
(|S,|) as their importance in making the optimized categori-
zation. The larger the |S,| value of a certain observable, the
greater its contribution to distinguish different signal and
background channel contributions. We show the main
analysis results at the two collider settings in the following.

A. HL-LHC

The importance ranking of the observables is shown in
the first panel of Fig. 2. In order to understand the
importance ranking obtained from the BDT analysis, we
also include the differential cross section distributions of
the top most important observables in the rest of Fig. 2. In
the importance ranking plot, we show the mean of absolute
shapley value |S,| representing different channels with
different colors. The length quantify the contributing
importance of that observable from distinguishing that
specific channel.

Taking m,, as an example, since the diphoton from the
three signal channels as well as the Wh background are
all from the Higgs decay, their invariant mass distribution
has the same shape peaking at the Higgs mass, while
the background cyy exhibits a relatively flat distribution.
This observable naturally plays the most important role in
distinguishing these two types of contributions. In the |S,|
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FIG. 2. Based on simulated events at the HL-LHC and the BDT categorization analysis, shapley importance ranking and the
differential distributions of the top most important kinematic variables for each channel are shown.

shapley importance ranking, the score of m,, from cyy is
the highest, while the scores for the other three channels
are similar. The m,; distribution from Wh channel has an
expected wide peak below the W boson mass and distin-
guishes the channel from the others effectively. As
expected, m,; importance ranking has dominant contribu-
tion from the Wh channel. For the observable 7., we
observe that it has distinctive shape for the cch and Wh
channels from the others. The cch contribution exhibits a
relative plateau and small dent at small absolute values,
while the others all peak at the center. Additionally, the
sharpness of the peak differentiates Wh from the rest of the
channels. It thus offers high distinction power for cch and
Wh in the importance ranking. Similar features can be
observed and understood in the importance ranking for the
other observables as well.

After understanding the importance of observables in
differentiating different contributing channels, we proceed
to use the trained BDT model to predict and classify the
simulated data. Since this analysis involves five channels,
we present the predictions of the BDT using a 5x5
confusion matrix. The element at position (i, ) in the
matrix represents the number of occurrences of the “real

(simulated)” ith event type being predicted within jth event
category. The confusion matrix for HL-LHC is presented
in Table III. We choose a commonly used significance
formula (6 = Ng/+/Ng + Np) to represent the correspond-
ing “signal” strength within each predicted category. In the
confusion matrix, we define it as

TABLE III. Trained BDT classification (confusion matrix) of
the five channel contributions at HL-LHC with an integrated
luminosity of 6 ab™! (ATLAS + CMS). The right-most column
provides the total number of events expected from each true
channel in the SM. The last row shows the expected significance
for the corresponding channel.

Predicted no. of events at HL-LHC

Channel cyy wh qggh cch int Total
cyy 389,531 22,373 10,194 9582 7707 439,387
wh 91 193 13 7 10 314
ggh 131 31 77 25 12 276
cch 12 2 2 3 1 20
int -2 0 0 0 0 -2
o; 623.93 1.28 0.76  0.031 0

J
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FIG. 3. Based on simulated events at the FCC-hh and the BDT categorization analysis, shapley importance ranking and the differential
distributions of the top most important kinematic variables for each channel are shown.

T (3.1)

LN

At HL-LHC, the predicted number of events for the cch
and int channel is small given the limited cross section.
The significance obtained for the cch channel is 0.03¢. For
the int channel we lose sensitivity for the phase angle.
Based on this, we can still provide a constraint on a real
modification of charm Yukawa k., which is calculated in
the next section.

B. FCC-hh

As in the case for the HL-LHC, we conduct the same
event simulations and analysis scheme for the future
collider scenario FCC-hh, considering 100 TeV pp colli-
sion with 30 ab™! integrated luminosity. At the FCC-hh,
the cch and int channel have many enhanced statistics, not
only due to the increase in accumulated luminosity but also
because of the increase in the cross section. From Table II,
it can be observed that the cross sections of c¢yy, cch have
increased by approximately 18, ggh by approximately 20,

and int by approximately 11 times compared to the
HL-LHC. After training the BDT model, we generated
the |S,| importance ranking and event distribution plots for
the five most important observables, which are shown in
Fig. 3. The basic features remain similar to the HL-LHC
where the top two most important observable remain m,,
and m; in helping to distinguish the dominant background
process cyy and the electroweak background Wh. Notably
at the FCC-hh, better prospected detector resolution recon-
structs a narrower Higgs mass peak from the diphoton
invariant mass, making m,, much more effective in dis-
tinguishing between signal and background and much
larger importance ranking score. The resulting confusion
matrix from BDT optimized classification and the obser-
vation significance achieved for each channel are summa-
rized in Table IV. Compared to the results in HL-LHC, the
number of events in all categories increased significantly,
especially with the events in the int category beginning to
be discernible. The significance of the cch channel reaches
0.50, and the int channel reaches 0.060. Although their
significance levels do not reach 1o, we derive constraints
on the modified space of charm Yukawa coupling.
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TABLE 1V. Trained BDT classification (confusion matrix) of the five channel contributions at FCC-hh with a
luminosity of 30 ab~!. The right-most column provides the total number of events expected from each true channel

in the SM.

Predicted no. of events at FCC-hh
Channel cyy wh ggh cch int total
cyy 22,748,500 1,056,348 781,197 1,005,789 1,336,122 26,927,958
wh 1282 6061 526 482 871 9258
ggh 5994 2949 11478 4338 3459 28218
cch 529 221 311 516 446 2,023
int —64 =30 =23 —42 —64 —223
o 4768 5.87 12.88 0.51 0.055

J

IV. CONSTRAINTS ON THE YUKAWA
COUPLING

Given the analysis above, we utilize the event counts
of the two signal categories from the confusion matrix
obtained to constrain the Charm-Yukawa coupling. To
investigate a possible CP-violating term in the Yukawa
sector, we use k. to describe the CP-even part and £, the
CP-odd part. Alternatively, we can use |k.| and the phase
angle a to describe the complex Yukawa coupling. Note
that the sensitivity we get on the CP phase depends on
sensitivity achievable to the interference term between cch
and ggh with the latter assumed to be SM.

In addition to our probe of CP phase through the
interference term, direct probe of the CP structure in the
fermion-Higgs coupling by constructing CP-sensitive
observable is done in Refs. [57-68]. Such observable
construction are so far limited to probe the top and tau
Yukawa couplings where the polarization information
could be retrieved through their decay kinematics. With
the accumulation of LHC data and the expectation of
increased event rate, the CP-structure information for
bottom and charm Yukawa couplings may be probed with
the help of jet substructure observable. This however is
beyond the scope of current study and we leave for future
exploration.

A. Constraints on a real charm Yukawa

First we assume that charm Yukawa coupling remains
real and the SM Lagrangian only changes in the charm
Yukawa sector with a k. rescaling:

me
LD —k.,—cch. (4.1)
v
Here, «. is a real number representing the deviation of
the modified charm Yukawa from the SM value, and
v = 246 GeV is the SM vacuum expectation value. The
Lagrangian corresponds to the SM when . = 1. Under our
assumption, the correction for cch is proportional to x2,

while the correction for int is proportional to x.. The
correction for ggh has a very minor dependence on k. as

well, whose numerical form is derived and included in the
Appendix.2 The respective y-square deviation from the SM
by probing the three different signal channel can thus be
calculated from the confusion matrix as

1 2

(4.2)

Here N;; are the confusion matrix elements from the SM
prediction. When j takes the value of 4 and 5, it represents
the number of events in the cch and int columns of the
confusion matrix, respectively. We plot the significance
curves as a function of k. in Fig. 4. Notably, the dominant
signal contribution is from k2, hence the mostly symmetric
shape of the significance. Given limited sensitivity to the
interference part, the probe gives bound region of —5.6 <
kK. <5.6 (HL-LHC) and -1.51 <k, < 1.62 (FCC-hh,
slightly asymmetric) with 1o significance.

B. Constraints on a CP-complex charm
Yukawa coupling

When including possible CP phase in the charm Yukawa
coupling, we consider a modified SM Lagrangian as
follows:

LD —%|KC|E‘(COS(Z+ iys sina)ch. (4.3)
When |«.| =1 and a = 0, it returns to the SM. Here |x.|
denotes the rescaling of the overall magnitude of a CP-
complex charm Yukawa coupling, and « the CP phase.
Alternatively, we can also parametrize in terms of the CP
real and imaginary part of the coupling with k. = |x.| cos @
and k. = |k.|sin a. The phase angle « does not affect the
cch channel contribution that is always proportional to y2,
but it introduces a factor of cos « in the y,. dependent int

*For the Higgs decay, we assume a SM decay branching ratio
to photons, where a correction from k. affects the deviation at
most at subpercentage level, see the Appendix.
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FIG. 4. The expected significance for a deviation from the SM as a function of k. by combining significance from the two signal
channels as defined in Eq. (4.2). Panel (a) shows the expected significance at the HL-LHC (ATLAS + CMS, 6 ab™!), and panel

(b) represents the significance at the FCC-hh (30 ab™!).

channel contribution. Such dependence arises from the
relative phase between the modified cch diagram and the
ggh diagram, with the latter mostly remain SM. Therefore,
the chi-square deviation as a function of the charm Yukawa
modification factors are now defined as follows:

1
1= m (Nyjlxe|* + (1.01|x,| cos a — 0.01x,|?

—0.001|k.|*sin’a)Ns; — Ny; — Ns;)>. (4.4)

Next we attempt to compare constraints on a CP-
complex charm Yukawa coupling from this c/ study with
other collider signals. As discussed in the introduction, the
Zh,Zh(h — c¢ channel offers a competitive probe of the
charm Yukawa coupling with realistic data and collider
simulation. At the HL-LHC assuming 3 ab~! integrated
luminosity and 14 TeV center of mass energy, ATLAS
prospects an upper limit of piz(,_z) < 6.3 [34] with 26.
At FCC-hh assuming 6 ab~! integrated luminosity and
100 TeV center of mass energy, constraints of |«.| < 2.1 at
20 are expected from Vh(cc) analysis in Ref. [31]. To
compare with our study, we rescale the two bounds above
to |x.| < 1.69 for a 6 ab™! luminosity at the HL-LHC and
0.47 < k.| < 1.33 for a 30 ab™! luminosity at the FCC-hh
at 1. Additionally, indirect constraints from the precisely
measured Higgs production and decay rate such as gg — h
and i — yy have sensitivity in the charm Yukawa coupling
through the quark loop contribution. The charm quark loop
contributes at LO mostly through interfering with the
dominant top loop (and W loop for yyh) diagram. The
relative CP phase between diagrams thus affects the size of
the interference directly. We include in the Appendix the
dependence of k,, and K,, on k. and K, after integrating
the quark loop contribution as function of the modified
Yukawa coupling. The projected constraints on k, and «,
from the corresponding production and decay rate meas-
urement can be directly mapped to bounds on the charm

Yukawa coupling modification. The projected 1o sensitiv-
ity at the HL-LHC (ATLAS + CMS combined, 6 ab™") for
k4 (0.8%), k, (1.3%) are derived from the projected bounds
on the production cross section and decay branching
ratios 6, (1.6%), BR(h — yy) (2.6%) from Figs. 28-29
of the HL-LHC projections study [11]. The CP-phase
contribution to the total cross section comes in through the
dependence on |k, |* + [&,,|*. These bounds on k,, are
dominated by inclusive Higgs measurements assumed to
have no additional Yukawa coupling or New Physics (NP)
dependence other than the k. considered. At FCC-hh, the
expected sensitivity from a global « fit to k,, k, are about
0.49%, 0.29%, respectively, taken from Table 3 of Ref. [69]
including experimental and theory uncertainties.

Taking all these collider signal into consideration,
constraints on the complex charm Yukawa are shown in
Fig. 5, with HL-LHC on the left and the FCC-hh in the right
panel. Reading from the plot, the most stringent constraint
on the magnitude of the charm Yukawa comes from the
measurement of the Zh, h — c¢ (yellow region) process
as expected. Being proportional to |k.|> + |.|?, it does
not allow for the determination of the CP phase a.. It
nevertheless probes the charm Yukawa contribution
directly by identifying the charm jet in the final state as
in our study. Bounds from our ch analysis (green) are
comparatively weak at the HL-LHC, but improved signifi-
cantly at the FCC-hh since the large center of mass energy
at the FCC significantly increased the cross section of the
ch process. In the plot, we also show the combined
constraint achieved from our ch study and Zh,h — cc
as “charm combined.” Improvement to the bound by
including the ch study is about percent level, and slightly
shift the bound from the center. The indirect constraint from
gg — h (purple region) production rate measurement offer
sensitive probe to a large CP space. There the charm loop
contributes through interfering with the dominant top
loop at percent level, which is reachable for the Higgs
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FIG. 5.

(a) and (b) show the 1o sensitivity contours in the (., ) space at the HL-LHC (ATLAS + CMS, 6 ab~!) and the FCC-hh

(30 ab™!), respectively. All other parameters except for the charm Yukawa coupling are fixed to their SM values. The green region
represents constraint from this ch study, the yellow region from Zh, h — cc¢, while the red region “charm combined” represents the
bound from the two signals combined. Additionally, we show the purple and light gray contour regions that are indirect bounds from
charm loop contribution to gg — h and h — yy inclusive Higgs production and decay measurements, respectively.

production through gluon fusion. Similar sensitivity are to
be reached for h — yy (light gray region) decay rate
measurement, whereas the charm loop generates a even
minor contributions. The indirect constraints from gg — h
offers a complementary probe of the CP structure of the
charm Yukawa coupling.

Reading off from Fig. 5, the study from the ch channel
alone give symmetric bounds of |k.| < 5.6 at the HL-LHC
and a slightly shifted bound of —-1.50 <k, < 1.61,
—1.57 < K. < 1.57 at the FCC. While the bound from
Vh,h — cc signal offers the best sensitivity, it is improved
from 0.47 < k.| < 1.33t0 0.52 < |x.| < 1.28 at the FCC,
by about 12%. After combining with the Higgs inclusive
production and decay rate measurement gg — h and
h — yy, a marginal constraint of 0.32 < |x.| < 1.69,
—77° < a < 77° at the HL-LHC and 0.70 < |«.| < 1.29,
—55° < a < 55° at the FCC-hh can be achieved.

C. Bounds from EDM

EDM measurements at low energies provide constraints
on CP-odd components of the quark Yukawa couplings.
Recent update from ACME [70] puts an upper bound
on electron EDM (eEDM) at |d,| < 1.1 x 107* ecm (at
90% CL). Currently, the constraints on the charm Yukawa
from eEDM are strongest compared to those from the
neutron or other hadronic EDMs [71]. The latest constraints
on the charm Yukawa from eEDM are &, < 0.18 (at 1o)
from Eq. (4.42) in Ref. [72]. The complementary con-
straints imposed by eEDM and the results of this work are
shown in Fig. 6. As expected, the EDM results sensitively
constrain the CP-odd component of the charm Yukawa,

FCC-hh and eEDM (k,, K)

this study : ch
charm-combined
collider-combined
eEDM

FIG. 6. The lo sensitivity contours are plotted in the (x.,&,)
space while fixing all other parameters to their SM values for
FCC-hh (30 ab~!). The green and red contours correspond to
interpretations of ch and charm-combined constraints, respec-
tively. The dark purple contour represents the collider-combined
constraints. The blue contour represents the constraints from the
eEDM measurement.

while the collider results probe the overall magnitude more
precisely. It should be stressed though that, despite the
seemingly stringent constraints from EDMs upon the
CP-odd component, multiple flavor Yukawa couplings
could contribute through the loop. Therefore, the probe
of CP-odd term at collider processes where the charm
flavor is exclusively identified such as in this study plays an
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irreplaceable role. In addition, eEDM bounds rely on the
assumption of a nonvanishing electron Yukawa coupling
with the Higgs, which is hardly possible to test exper-
imentally and may very well not hold under NP models. In
this light, hadronic EDM measurements offers weaker yet
complementary tests on the CP-odd component of the
quark Yukawa couplings.

V. CONCLUSION

In this work, we study the ch(h — yy) signal and its
probe to the charm Yukawa coupling. We perform full
detector simulation and use BDT method with the calcu-
lation of Shapley values from an interpretable machine
learning framework. We identify and classify the different
types of signal and background contribution, along with
an understanding of the kinematics spanned by the main
collider observables. With the optimized classification
results, we achieve an improved bounds on the charm
Yukawa coupling as well as the CP phase. By combining
with collider signals as well as EDM measurements,
we achieve a prospects for probing the CP-complex
charm Yukawa coupling space at HL-LHC and FCC-hh.
In summary, this work provides the following main
conclusions:

(1) At the HL-LHC, limited by statistics, we reach

gible constraints on the phase. After combining with
the results from Zh, h — cc and Higgs production
rate (gg — h, h — yy), we obtain 0.32 < || < 1.69,
=77° < a < 77° at 1o level.

(2) At the FCC-hh, the significantly increased event
numbers of the ch effectively improved the precision
of constraints. At the lo level, an asymmetric
constraint of —1.51 < «x, < 1.62 is achieved for a
real k.. This improves bound from Vh,h — cc¢ by
about 12%. Combing further with Higgs production
and decay rate measurement we arrive a bound of
0.70 < |k.| < 1.29, =55° < a < 55°.

(3) EDM measurements offer complementary probe to
the charm Yukawa coupling as shown in Fig. 6.
Whereas the eEDM currently gives the most strin-
gent bound on the CP-odd component of charm
Yukawa coupling X, the collider signals give the
best constraint on the overall magnitude. Notably,
collider signals with exclusive charm jet identifica-
tion along with the Higgs resonance signal such as
the 7 — cc and our study of the ch provide more
direct or indisputable probe into the charm Yukawa
coupling space.

(4) Machine learning methods, when combined with
interpretable frameworks, provide valuable insights.
We demonstrate in Sec. III the shape distributions of
different observables along with their corresponding
absolute mean of Shapley values, a well defined

importance measure in the BDT classification
procedure. The contribution of qualitative shape
difference and different correlation patterns among
the complete set of observables can be better under-
stood with the importance measure from the BDT
machine learning process.
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APPENDIX: EFFECTIVE k, AND «,

As described in the text, it is useful to list the numerical
dependence of complex ggh and yyh effective coupling on a
complex charm Yukawa and its modification. Following
the procedure in Ref. [73], the couplings at leading order
contribution are defined as

s h ag h
Ga GHva 4 ¢ Ga G/,wa

ve (A1)

‘Eeff D C(] 12

ah 3ah
LgsDec, ——F S 4§ 2——F P (A2)

The CP-even and CP-odd couplings are defined, respec-
tively, as

cg= Y KA(zy)., &= > RB(rp). (A3
f=t.b,c f=t.b,c
with 7, = 4m7/mj, and
37 1

A(r 1 + (1 — 7)arctan? },

) =3 |1+ (1 = ot
1

B(r) = 7 arctan? . A4

® — (a9

Hence, «, and k,, the rescaling of the effective ggh and yyh
couplings, can be written as functions of «. and &, as
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o = Co _Al) +A(m) + kA7)

M Ar) + Ary) + Alz)

(AS)

3¢ 3 &.B(z,)
2% _2 , A6
T2 T 24, + Aley) + Alz,) (A9)

such that the modifier for inclusive gluon fusion rate is
Hg = |Kg|2 + |’?g‘2:
kg~ (=0.01 +0.01i)k, + (1.01 = 0.017), (A7)

R, ~ (=0.011 4 0.01i)%,. (A8)

Similarly, the hyy effective couplings can be expressed in
terms of x.. In addition to the linear dependence on the
Yukawa coupling, there is also a large constant term in the
CP-even coupling from the leading W and subleading top
contributions at one loop in the SM. We omit here the well-
known analytical forms and show the numerical depend-
ence that matters for this analysis:

k, = (0.997 + 0.0024i) + (0.003 — 0.0024i)x,, (A9)

R, = (0.003 — 0.0024i)%... (A10)
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