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We explored the possibility that Higgs coupling to new physics violates flavor universality. In particular,
we parametrize such models with dimension-six effective operators which modify the coupling between the
first generation quarks, Higgs boson, and Z boson. Through the use of boosted Higgsstrahlung events at
both the HL-LHC and potential future hadron colliders, as well as existing ATLAS data for background
estimates, we projected constraints on the scale of new physics as a function of the Wilson coefficient. The
high energy Zh process will provide unique information about these class of operators, and the sensitivity is
competitive with the LEP electroweak precision measurements. We include different scenarios of the
overall systematic uncertainties and the PDF uncertainties when presenting the projected sensitivities. We
also discuss the constraints from flavor changing neutral currents to these flavor-violating models and the
complementarity of the exotic Higgs decay to the Zh process.
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I. INTRODUCTION

The Standard Model (SM) is often perceived as complete
with the discovery of the Higgs boson in 2012 [1,2]. Below
the electroweak (EW) scale, the predictive power of the SM
is immense. It provides a mechanism for elementary
particles to obtain masses and accurately predicts the rates
of particle scattering. However, many puzzles remain to be
explained. These include the origin of the electroweak scale
and the flavor structure of the SM. These puzzles indicate
the existence of new physics (NP) beyond the Standard
Model (BSM).
For any BSM model, once all massive BSM particles

above the EW scale have been integrated out, their effects
will be encoded in the Wilson coefficients of higher-
dimensional operators involving SM particles. In a flavor-
universal theory, there is one dimension-5 operator and 59
dimension-6 operators up to Hermitian conjugation [3].
For most processes accessible at colliders, the leading order
correction to the SM is dimension-6.

The Higgs doublet is present in a large number of these
operators. Hence, the constraint on the new physics scale,
ΛNP, is typically associated with processes involving either
the Higgs or the longitudinal modes of the massive gauge
bosons. These constraints can be obtained from future
Higgs factories, where very clean measurements can be
performed. Even in the scenario of cancellations among
operators, it is still possible to probe new physics up to
Oð10Þ TeV [4–14].
In many of these existing studies and analyses of the

Higgs physics at current and future colliders, they tend to
focus on universal theories. Especially those involving
electroweak precision observables (EWPO). However, in
general, most BSM theories have couplings in which the
third generation and the first two generations can be
considerably different. These include models such as
supersymmetry, composite Higgs, as well as quark flavor
models [15–24].
The constraints from LEP measurements on such new

physics scenarios are rather weak. By comparison, the high
center-of-mass energy at the Large Hadron Collider (LHC)
leads to an enhancement of the new physics effect which
scale with a higher power of energy compared to the
background [25–31]. This can be further enhanced at future
hadron colliders at higher energies, such as the 27 TeV high
energy upgrade to the LHC [31,32], and a pp collider in a
100 km tunnel with possible beam center of mass energy at
37.5 TeV [33,34] and 100 TeV [33,35,36]. Moreover, the
hadronic initial states imply good constraints on light-quark
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operators by virtue of high statistics from the parton
distribution function (PDF). Hence, these hadronic col-
liders are the best place to search for flavor universality
violations. In particular, for operators which modify the
couplings between the first generation of quarks associated
with the Higgs boson.
In this work, we will focus on probing flavor nonuni-

versal theories. We will present results involving the first
generation up-type flavor operators, which generally has
the best sensitivities at proton-proton colliders. The result
can be extended to other operators via the appropriate
parton luminosity rescaling and also possibly via the final
state selection.
The structure of this paper is as follows: in Sec. II, we

will introduce the new physics scenario we are considering
in this paper. In Sec. III, we will present the projected
constraints at both the High Luminosity (HL) LHC and
potential future hadron colliders. The possible existing
constraints from flavor physics will be discussed in Sec. IV.
The complementarity of this study with exotic Higgs decay
will be discussed in Sec. V and lastly, we will conclude.

II. FLAVOR NONUNIVERSAL SCENARIO

The flavor nonuniversal operators in the Warsaw basis
associated with the first generation are listed in Table I [3].
These operators can be classified using the so-called

high energy primaries associated with a given diboson
process [29,37]. These are the coefficient of the term in the
relevant diboson process’s signal-to-background ratio with
the largest energy scaling behavior. Hence, these are the
primary observable in the high-energy limit. So if one
wishes to constrain new physics using a diboson process at
a hadron collider in a general EFT setup, the leading results
in new physics constraints should be associated with one of
the operators in Table I.
TheWilson coefficient ofOHu is the high-energy primary

associated with fRf̄R → Wþ
LW

−
L and fRf̄R → ZLh. There

are existing studies in both of these channels, though only the
WW channel has been studied in the flavor non-universal

scenario [38,39]. For the operators Oð1Þ
HQ and Oð3Þ

HQ, the
contribution to the WW channel is enhanced relative to
Zh due to the inclusion of the t-channel diagram. As a result,

one can expect more stringent constraints on the Wilson
coefficients of these operators from the WW process.
To determine the overall reach in the parameter space of

nonuniversal models through Zh production, we focus on
the contribution of OHu. The result of the other operators
can be parametrized and derived in a similar manner.
To begin, the effective Lagrangian with dimension-6

operators involving up type quarks is

L ¼ LSM þ cHu

Λ2
ðiH†Dμ

↔
HÞðūR;igijγμuR;jÞ; ð1Þ

where i, j are flavor indices. For now we focus on the
scenario in which the only nonzero coupling is guu ¼ 1.
Moving to the mass eigenstate basis, we get

L ⊃
cHu

Λ2
ðiH†Dμ

↔
HÞðū0R;iU†

R;ijgjkγ
μUR;kluR;lÞ; ð2Þ

where UR is the unitary matrix which, alongside UL,
diagonalizes the mass matrix. Due to the small charm
fraction in the parton distribution functions and the typical
smallness of the off-diagonal terms of the rotation matrices
in most flavor models, we expect their contributions to be
negligible. Hence, we will neglect the contribution from the
off-diagonal terms for the Zh process. Moving to the EW
broken phase, we have

iðH†Dμ

↔
HÞ ⊃ −

g
2cw

ðvþ hÞ2Zμ: ð3Þ

This interaction term gives us the relevant Feynman rules
for Zh:

ð4Þ

where cw and sw (in later text) denote cos θw and sin θw of
the Weinberg angle θw with s2w ≃ 0.23, and g is the SUð2Þ
gauge coupling.

III. DETAILED ANALYSIS

To obtain projections on the sensitivities, one million
pp → Zh events were generated in MG5_AMC with the

TABLE I. The set of operators with an energy-enhanced
contribution to the pp → Vh; VV amplitudes.

Operators

OHu ¼ ðiH†Dμ

↔
HÞðūRγμuRÞ

OHd ¼ ðiH†Dμ

↔
HÞðd̄RγμdRÞ

Oð1Þ
HQ ¼ ðiH†Dμ

↔
HÞðQ̄γμQÞ

Oð3Þ
HQ ¼ ðiH†σaDμ

↔
HÞðQ̄γμσaQÞ
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operator implemented using a UFO file generated in
FEYNRULES [40–42]. The Wilson coefficient normalized
with a NP scale of 1 TeV, cHu=Λ2

TeV, was varied from −1
to 1 in increments of 0.1. The data were then scaled to match
the number of expected events for a given integrated
luminosity. Next, the signal was split into bins of
150 GeV, matching roughly the energy resolution of the
Zh system invariant mass over a large range. The number of
signal events as a function of the Wilson coefficient was
obtained by interpolation.
The SM background under 3 TeV was estimated using

the 2017 ATLAS search on heavy resonances to Zh final
state [43]. Above the 3 TeV threshold, the background was
modeled by fitting the tail of the data to an exponential
function, equivalent to a fixed selection efficiency for high
invariant mass regions of the background.
Our signal Z and hwith subsequent decays into dileptons

and bb̄ were multiplied by the corresponding decay
branching fractions respectively, to match the final state
of the ATLAS search. A pT > 300 GeV cut and a jηj < 2.5
cut were applied to the Higgs. A universal cut efficiency
was then imposed on the signal events to match the number
of Standard Model events computed in the ATLAS search.
A binned likelihood test was performed by defining the

significance, Z, of each bin as a function of the Wilson
coefficients, e.g., cHu=Λ2

TeV for signal and background
numbers of events of s and b, as

Zi ¼
�
2

�
ðsþ bÞ ln

�ðsþ bÞðbþ δ2bÞ
b2 þ ðsþ bÞδ2b

�

−
b2

δ2b
ln

�
1þ δ2bs

bðbþ δ2bÞ
���

1=2
; ð5Þ

where δb is the uncertainty [44]. The 2σ constraint up to a
given center-of-mass energy,

ffiffiffî
s

p
, was computed by adding

the significance of bins with mZh <
ffiffiffî
s

p
in quadrature and

solving for
P

i Z
2
i ðcHu=Λ2

TeVÞ ¼ 4.
When calculating the sensitivities for future hadron

collider, signal events were obtained in the same manner
as the HL-LHC calculation. For the background, a differ-
ential rescaling was performed by computing the ratios of
the parton luminosity at each mass bin using MANEPARSE

2.0 [45] and the NNPDF23_NLO PDF set [46] yielding a
background estimate for

ffiffiffî
s

p
< 14 TeV. As the effective

theory is only well-defined for energy scales below the
cut-off, our constraints are physically meaningful if ŝ < Λ2.
Hence, only bins with ŝ < Λ2 will be used in calculating
the sensitivities.
For the uncertainty used in our analysis, a 5% universal

systematic and statistical uncertainty was assumed.
However, it should be noted that for bins with larger
invariant masses, the theoretical uncertainty from the
choice of factorization scale increases. This increase of
uncertainty can be estimated by performing the analysis

with the factorization and normalization scale set to be 0.5,
1, and 2 times m2

T , where, mT is the transverse mass of the
system. We show the sensitivity to the new physics scale
with these different choices of the scales in Fig. 1. The scale
dependence of our sensitivity as discussed earlier, grows
with center of mass energy, up to roughly 3% with the Zh
center of mass energy at 4 TeV.
To take the scale dependence into account, we assumed

the per bin PDF uncertainty is Gaussian and defined it as:

δPDF;i ¼
1

2

�����n
Q2

m2
T
¼1

i − n
Q2

m2
T
¼0.5

i

����þ
����n

Q2

m2
T
¼1

i − n
Q2

m2
T
¼2

i

����
�
; ð6Þ

where ni is the number of events in the ith bin after
imposing the appropriate cuts. This was added to our
systematic uncertainty linearly.
The 95% C.L. sensitivity for the benchmark Wilson

coefficient, cHu ¼ 1, including the PDF uncertainties, are
given in Fig. 2. Constraints on new physics scales up to
about 3.3 TeV can be obtained for HL-LHC, 7.3 TeV for
HE-LHC, 9.2 TeV for a 37.5 TeV FCC-hh, and 17.8 TeV
for a 100 TeV FCC-hh.
For regions of parameter space beyond our benchmark

point, we redid the calculations with different values of
cHu. The regions of parameter space that can be probed are
given in Fig. 3. For comparison, the constraints from a
corresponding lepton collider were also included in the
plot. The LEP constraints were obtained by looking at
the shift in gZ;uR induced by our operator and fitting to the
number provided in Ref. [47]. The CEPC projections were
obtained from Ref. [14], assuming flavor universality. This
assumption will result in a more optimistic estimate as the
EWPO will also receive contributions from the other
generations. In addition, we also include the reach from
pp → WW for HL-LHC by translating the constraint on
gZ;uR into a constraint on cHu=Λ2 [38]. From the figure, we
can see that Zh production is indeed competitive to other

Q2/mT
2=2.0

Q2/mT
2=1.0

Q2/mT
2=0.5
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4.0

MZh (TeV)

Λ
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%
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eV
)

HL–LHC 3 ab–1 , cHu=1

FIG. 1. The effects of changing the scale factor on the
constraints from HL-LHC with a reference value of cHu ¼ 1.
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direct and indirect probes over a large range of param-
eter space.
To ensure that neglecting dimension-8 operators is well

justified, its contribution must be small relative to the
dimension-6 operators. First, we can compute the change in
the invariant matrix element in powers of ŝ.

ΔjMj2
jMSMj2

¼ s4wc2w
e2ð32s4w−24s2wþ9Þ

�
144

c2w
e2

c2Hu

Λ4
ŝ2þ96

cHu

Λ2
ŝ

�
;

ð7Þ

where e is the electric coupling constant around 0.3.
Noting that the coefficient of thequadratic piece is an order

of magnitude larger than the linear piece, the contribution
from jOd¼6j2 will dominate once cHuŝ=Λ2 ≳Oð0.1Þ.
Given the same suppression of Λ4, the contribution from
dimension-8 operators should be estimated as well.
As dimension-8 operators do not generate any new

vertices which contribute to Zh production at tree-level,
they contribute by modifying the vertex factors in Eq. (4).

So one can estimate the leading contribution by taking the
linear piece in Eq. (7) and replacing

cHu → cHu þ
X
i;j

aici;j
pi · pj

Λ2
; ð8Þ

where the i, j indices denote the different legs in the
Feynman diagram and ai is some Oð1Þ number.
So, in models where the Wilson coefficients of the

dimension-8 operators are less than or comparable to
the dimension-6 operators, the leading contribution from
dimension-8 are estimated to be smaller than dimension-6
and dimension-6 squared. In cases where dimension-8
operators Wilson coefficients being larger than dimension-6,
one should view our constraints as those on a given linear
combination of the Wilson coefficient of dimension-6 and
dimension-8 that can be absorbed into the dimension-6
operators. For instance, dimension-8 operators derived with

MZh=Λ95 %
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FIG. 2. The constraints on the scale of new physics including
PDF uncertainties probed by HL-LHC (above) and potential
future hadron colliders (below) using the benchmark point
of cHu ¼ 1.
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FIG. 3. The constraints on the scale of new physics for models
with different values of cHu which can be probed by Higgs-
strahlung at HL-LHC (above) and potential future hadron
colliders (below) using only bins satisfying ŝ < Λ2. For com-
parison, the existing constraints from LEP and the reach from
diboson at HL-LHC was also included for the HL-LHC plot
while a next generation lepton collider reach was included for the
future collider plot.
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additionalH†H insertions to the dimension-6 operators can
be captured by redefining the dimension-6 operators’
coefficients concerning the Zh process considered in
this work. The estimation of the sensitivity to new physics
scale Λ for Wilson coefficient of order unity remains
the same.

IV. FLAVOR PHYSICS CONSTRAINTS

The type of flavor models that we are looking at may
have nontrivial constraints from flavor changing neutral
currents (FCNC). This is due to the presence of flavor-
mixing terms in the Lagrangian in the mass eigenbasis. The
dominant constraint on up-type flavor mixing is through
charm-number violating processes, in particular from
D0 − D̄0 mixing [48]. In order to have a rough estimate
of what region of parameter space has been ruled out by
existing measurements, we computed the leading order
contribution from our operator.
From Eqs. (2) and (3), the operator which directly

contributes to FCNC via D0 − D̄0 mixing is

LΔC¼1 ¼ −
cHuMZv

Λ2
ZμūRγμcRðU†

R;uuUR;ucÞ:

Integrating out the Z propagator gives the effective
operator:

LΔC¼2
eff ¼ 3

�
cHuv
Λ2

ðU†
R;uuUR;ucÞ

�
2

ūRγμcRūRγμcR:

From Fig. 4, it can be seen that at dimension-6, SM
process contributes to the operator ūLγμcLūLγμcL while the
SM-EFT cross terms contributes to operators of the form

ūLcLūRcR. Thus, the leading contribution to the operator
ūRγμcRūRγμcR is the EFTonly term. TheWilson coefficient
of this operator has been constrained in [48] using a global
fit with all possible low-energy dimension-6 operators. As
such, this should be viewed as a conservative estimate of
the current constraint. Assuming that only our operator
contributes to the observables used to derive these con-
straints, we obtain

3

����cHuv
Λ2

ðU†
R;uuUR;ucÞ

����
2 ≲ 5.7×10−7

�
1

1TeV

�
2

: ð9Þ

This gives us a constraint on the Wilson coefficient of
the operator that depends on the flavor model of interest. As
a benchmark model (benchmark theory 1), suppose that
jU†

R;uuUR;ucj ¼ jVudVcdj, we get

Λ=
ffiffiffiffiffiffiffiffi
cHu

p ≳ 11 TeV: ð10Þ

In addition, one could consider constraints from the
operator ūLcLūRcR. The dominant contribution comes from
the bottom quark, so Wilson coefficient is on the order of

∼
v2

M2
Z

M2
b

M2
W

1

16π2
cHu

Λ2
jVubjjVcbjðU†

R;uuUR;ucÞ

≲ 1.6 × 10−7
�

1

1 TeV

�
2

: ð11Þ

The constraints on our Wilson coefficient from this
operator in benchmark theory 1 is Λ= ffiffiffiffiffiffiffiffi

cHu
p ≳ 0.16 TeV,

clearly weaker than the previous one.
These flavor constraints appear to be very strong in a

generic flavor violating theory. However, we can consider
models where the operator under considerations applies to
the first two generations universally, maintaining a Uð2Þ2-
flavor symmetry in the quark sector (benchmark theory 2).
These types of models can be motivated due to the large
mass gap between the second and third generation [23,24].
In this scenario, gij ¼ diagð1; 1; 0Þ. The LHC constraints
are not expected to change by much due to the limited
charm fraction in the large x region. In the mass eigenstates,
we now have

LΔC¼1 → −
cHuMZv

Λ2
ZμūRγμcRðU†

R;uuUR;uc þU†
R;ucUR;ccÞ:

As UR is unitary, the term in the parenthesis is equal to
−U†

R;utUR;tc. Due to the smallness of the corresponding
CKM elements, this quantity is naturally small in most
flavor models. This relaxes the constraints given by Eq. (9)
by a factor of about Oð10−3Þ for a similar benchmark point
and hence relax the constraints on the Wilson coefficient
to be

FIG. 4. A subset of diagrams which contribute to D0 − D̄0

mixing at leading order to illustrate the parametric dependence
for each ΔC ¼ 2 effective operators.
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Λ=
ffiffiffiffiffiffiffiffi
cHu

p ≳ 0.4 TeV: ð12Þ

TheUð2Þ-flavoredquark sectors alsomodifiesΓðZ→cc̄Þ;
which has beenmeasured to about 1.6% accuracy [49]. In the
small charm mass limit, the fractional change in the Z → cc̄
width is given by:

ΔΓðZ → cc̄Þ
ΓðZ → cc̄Þ ≈

2gRΔgR
g2L þ g2R

≈ −0.0615
cHu

Λ2
TeV

ð13Þ

For comparison, constraints for the benchmark flavor
models were plotted on top of the collider constraints. From
Fig. 5, the reach fromWW production is comparable to the
region ruled our by FCNCs for the partial universal theory
(benchmark theory 2). Higgsstrahlung at a 37.5 TeV pp
collider with 15 ab−1 of integrated luminosity is compa-
rable to the region ruled out by existing FCNC measure-
ments for the fully flavor nonuniversal theory (benchmark
theory 1).

V. COMPLEMENTARITY TO
HIGGS EXOTIC DECAY

The Higgs physics exotic decays [50] are also modified
by these operators. The operator OHu directly to h → Zuū
decay through the addition of the two diagrams in Fig. 7.
The first by shifting gR and the second by generating a
contact term.
The shift on the branching ratio was computed using the

same model file with MG5_AMC, shown in Fig. 6 as a
function of the Wilson coefficient over operator scale
squared. We can see the interference term dominance
and generically the shift of the order 10−5–10−6. The future
lepton collider Higgs factories will produce around one
million Higgs bosons in a clean environment. In principle,
the modification can be measured as an exclusive mode,
especially with charm-quark flavor tagging. Furthermore,
in contrast to the H → ZZ�, this channel would exhibit
different kinematic features.
Assuming an upper limit in this channel of 10−5 and

3 × 10−6, we can probe cHu=Λ2
TeV up to order unity and 0.3,

respectively. With a dedicated search, this may further
improve. Although not competitive to the high energy
probes, this channel does provide a complementary probe
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Benchmark theory 2
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FIG. 5. The flavor constraints (unfilled, dotted curves) plotted
on top of the HL-LHC (top) and potential future hadron collider
(below) constraints. Benchmark theory 1 refers to the fully flavor
nonuniversal theory with the choice of jU†

R;uuUR;ucj ¼ jVudVcdj.
Benchmark theory 2 refers to the theory which is universal across
the first 2 generations with a similar choice for the right-handed
rotations.
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FIG. 6. The modifications to the Higgs decays into an on-shell
Z boson and quark anti-quark pairs from the operator under
consideration.

FIG. 7. The additional diagrams contributing to h → Zuū.
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to the same physics and will help reveal the nature of the
underlying physics.

VI. CONCLUSION AND OUTLOOK

By parametrizing the effects of new physics with non-
renormalizable operators,wehave studied the potential reach
of the HL-LHC and future colliders which modify the Z, h,
and quark couplings in flavor nonuniversal models. Using a
binned-likelihood test, we determined that Zh production is
the optimal diboson process to yield constraints on the
dimension-six operator, OHu and OHd, beating the con-
straints from LEP and the WW production at the HL-LHC.
With a detailed analysis, we computed the projected sensi-
tivity of the Zh process on these operators at the HL-LHC,
HE-LHC, and FCC-hh. In comparison with the flavor
constraints and future lepton collider projection, our results
show that the Zh process yields competitive sensitivities.
Depending on the choice of right-handed rotations, a

portion of the parameter space for flavor nonuniversal
models not excluded by existing FCNC measurements can
be tested by the Higgsstrahlung process. For instance,
Higgsstrahlung can exclude a significant portion of the

first 2 generation partial universal theories compared
with what is currently excluded by measurements. This
study also shows the exotic Higgs decay searches at future
Higgs factories are complementary to the high energy Zh
process. Should future measurements establish any devi-
ations in quark couplings, our proposed measurements
will help reveal the flavor nature of the underlying new
physics.

ACKNOWLEDGMENTS

The authors would like to thank Emmanuel Stamou
and Da Liu for helpful discussions. Z. L. and L. T. W.
would like to thank Aspen Center for Physics (Grant
No. PHY-1607611), KITP, Institute for High Energy
Physics (IHEP), KAIST, and Munich Institute for Astro-
and Particle Physics (MIAPP) physics programs for support
and providing the environment for collaboration during
various stages of this work. Z. L. is supported in part by the
NSF under Grant No. PHY1620074 and by the Maryland
Center for Fundamental Physics. L. T.W. is supported by
the DOE Grant No. DE-SC0013642.

[1] G. Aad et al. (ATLAS Collaboration), Observation of a new
particle in the search for the Standard Model Higgs boson
with the ATLAS detector at the LHC, Phys. Lett. B 716, 1
(2012).

[2] S. Chatrchyan et al. (CMS Collaboration), Observation of a
new boson at a mass of 125 GeV with the CMS experiment
at the LHC, Phys. Lett. B 716, 30 (2012).

[3] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek,
Dimension-six terms in the standard model lagrangian,
J. High Energy Phys. 10 (2010) 085.

[4] G. Durieux, C. Grojean, J. Gu, and K. Wang, The leptonic
future of the Higgs, J. High Energy Phys. 09 (2017) 014.

[5] J. Gu, H. Li, Z. Liu, S. Su, and W. Su, Learning from Higgs
physics at future Higgs factories, J. High Energy Phys. 12
(2017) 153.

[6] T. Barklow, K. Fujii, S. Jung, R. Karl, J. List, T.
Ogawa, M. E. Peskin, and J. Tian, Improved formalism
for precision Higgs coupling fits, Phys. Rev. D 97, 053003
(2018).

[7] K. Fujii et al., Physics case for the 250 GeV stage of the
international linear collider, arXiv:1710.07621.

[8] S. Di Vita, G. Durieux, C. Grojean, J. Gu, Z. Liu, G. Panico,
M. Riembau, and T. Vantalon, A global view on the Higgs
self-coupling at lepton colliders, J. High Energy Phys. 02
(2018) 178.

[9] W. H. Chiu, S. C. Leung, T. Liu, K.-F. Lyu, and L.-T. Wang,
Probing 6D operators at future e−eþ colliders, J. High
Energy Phys. 05 (2018) 081.

[10] M. Dong et al. (CEPC Study Group Collaboration), CEPC
conceptual design report: Volume 2—physics & detector,
arXiv:1811.10545.

[11] J. de Blas et al., The CLIC potential for new physics, CERN
Yellow Reports: MonographsVol. 3 (CERN, Geneva, 2018).

[12] F. An et al., Precision Higgs physics at the CEPC, Chin.
Phys. C 43, 043002 (2019).

[13] A. Abada et al. (FCC Collaboration), FCC-ee: The lepton
collider, Eur. Phys. J. ST 228, 261 (2019).

[14] J. De Blas, G. Durieux, C. Grojean, J. Gu, and A. Paul,
On the future of Higgs, electroweak and diboson measure-
ments at lepton colliders, J. High Energy Phys. 12 (2019)
117.

[15] W. Altmannshofer, S. Gori, and G. D. Kribs, A minimal
flavor violating 2HDM at the LHC, Phys. Rev. D 86,
115009 (2012).

[16] M. Low, A. Tesi, and L.-T. Wang, Composite spin-1
resonances at the LHC, Phys. Rev. D 92, 085019
(2015).

[17] W. Altmannshofer, S. Gori, A. L. Kagan, L. Silvestrini, and
J. Zupan, Uncovering mass generation through Higgs flavor
violation, Phys. Rev. D 93, 031301 (2016).

[18] J. A. Evans, D. Shih, and A. Thalapillil, Chiral flavor
violation from extended gauge mediation, J. High Energy
Phys. 07 (2015) 040.

[19] M. Bauer, M. Carena, and K. Gemmler, Flavor from
the electroweak scale, J. High Energy Phys. 11 (2015)
016.

PROBING FLAVOR NONUNIVERSAL THEORIES THROUGH … PHYS. REV. D 101, 035045 (2020)

035045-7

https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1007/JHEP09(2017)014
https://doi.org/10.1007/JHEP12(2017)153
https://doi.org/10.1007/JHEP12(2017)153
https://doi.org/10.1103/PhysRevD.97.053003
https://doi.org/10.1103/PhysRevD.97.053003
https://arXiv.org/abs/1710.07621
https://doi.org/10.1007/JHEP02(2018)178
https://doi.org/10.1007/JHEP02(2018)178
https://doi.org/10.1007/JHEP05(2018)081
https://doi.org/10.1007/JHEP05(2018)081
https://arXiv.org/abs/1811.10545
https://doi.org/10.1088/1674-1137/43/4/043002
https://doi.org/10.1088/1674-1137/43/4/043002
https://doi.org/10.1140/epjst/e2019-900045-4
https://doi.org/10.1007/JHEP12(2019)117
https://doi.org/10.1007/JHEP12(2019)117
https://doi.org/10.1103/PhysRevD.86.115009
https://doi.org/10.1103/PhysRevD.86.115009
https://doi.org/10.1103/PhysRevD.92.085019
https://doi.org/10.1103/PhysRevD.92.085019
https://doi.org/10.1103/PhysRevD.93.031301
https://doi.org/10.1007/JHEP07(2015)040
https://doi.org/10.1007/JHEP07(2015)040
https://doi.org/10.1007/JHEP11(2015)016
https://doi.org/10.1007/JHEP11(2015)016


[20] M. Bauer, M. Carena, and K. Gemmler, Creating the
fermion mass hierarchies with multiple Higgs bosons, Phys.
Rev. D 94, 115030 (2016).

[21] W. Altmannshofer, J. Eby, S. Gori, M. Lotito, M. Martone,
and D. Tuckler, Collider signatures of flavorful Higgs
bosons, Phys. Rev. D 94, 115032 (2016).

[22] M. Bauer, M. Carena, and A. Carmona, Higgs Pair
Production as a Signal of Enhanced Yukawa Couplings,
Phys. Rev. Lett. 121, 021801 (2018).

[23] W. Altmannshofer, S. Gori, D. J. Robinson, and D. Tuckler,
The flavor-locked flavorful two Higgs doublet model,
J. High Energy Phys. 03 (2018) 129.

[24] S. Gori, H. E. Haber, and E. Santos, High scale flavor
alignment in two-Higgs doublet models and its phenom-
enology, J. High Energy Phys. 06 (2017) 110.

[25] M. Farina, G. Panico, D. Pappadopulo, J. T. Ruderman,
R. Torre, and A. Wulzer, Energy helps accuracy: Electro-
weak precision tests at hadron colliders, Phys. Lett. B 772,
210 (2017).

[26] A. Azatov, R. Contino, C. S. Machado, and F. Riva, Helicity
selection rules and noninterference for BSM amplitudes,
Phys. Rev. D 95, 065014 (2017).

[27] S. Alioli, M. Farina, D. Pappadopulo, and J. T. Ruderman,
Precision probes of QCD at high energies, J. High Energy
Phys. 07 (2017) 097.

[28] G. Panico, F. Riva, and A. Wulzer, Diboson interference
resurrection, Phys. Lett. B 776, 473 (2018).

[29] R. Franceschini, G. Panico, A. Pomarol, F. Riva, and A.
Wulzer, Electroweak precision tests in high-energy diboson
processes, J. High Energy Phys. 02 (2018) 111.

[30] X. Cid Vidal et al. (Working Group 3 Collaboration),
Beyond the standard model physics at the HL-LHC and
HE-LHC, CERN Yellow Rep. Monogr. 7, 585 (2019).

[31] M. Cepeda et al. (HL/HEWG2 group Collaboration), Higgs
physics at the HL-LHC and HE-LHC, CERN Yellow Rep.
Monogr. 7, 221 (2019).

[32] A. Abada et al. (FCC Collaboration), HE-LHC: The high-
energy large hadroncollider, Eur. Phys. J. ST228, 1109 (2019).

[33] M. Mangano, Physics potential of a low-energy FCC-hh,
Tech. Rep. CERN-FCC-PHYS-2019-0001, CERN, Geneva,
2019, http://cds.cern.ch/record/2681366.

[34] F. Zimmermann, Fcc-ee design overview. Conference, 2019,
https://indico.cern.ch/event/727555/contributions/3447588/
attachments/1867605/3071651/FCC-ee_Overview.pdf.

[35] M. Ahmad et al., CEPC-SPPC Preliminary Conceptual
Design Report. 1. Physics and Detector, http://cepc.ihep
.ac.cn/preCDR/main_preCDR.pdf.

[36] A. Abada et al. (FCC Collaboration), FCC-hh: The hadron
collider, Eur. Phys. J. ST 228, 755 (2019).

[37] D. Liu and L.-T. Wang, Prospects for precision measurement
of diboson processes in the semileptonic decay channel in
future LHC runs, Phys. Rev. D 99, 055001 (2019).

[38] C. Grojean, M. Montull, and M. Riembau, Diboson at the
LHC vs LEP, J. High Energy Phys. 03 (2019) 020.

[39] S. Banerjee, C. Englert, R. S. Gupta, and M. Spannowsky,
Probing electroweak precision physics via boosted
Higgs-strahlung at the LHC, Phys. Rev. D 98, 095012
(2018).

[40] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M.
Zaro, The automated computation of tree-level and next-to-
leading order differential cross sections, and their matching
to parton shower simulations, J. High Energy Phys. 07
(2014) 079.

[41] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O.
Mattelaer, and T. Reiter, UFO—The universal FeynRules
output, Comput. Phys. Commun. 183, 1201 (2012).

[42] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and B.
Fuks, FeynRules 2.0—A complete toolbox for tree-level
phenomenology, Comput. Phys. Commun. 185, 2250
(2014).

[43] M. Aaboud et al. (ATLAS Collaboration), Search for heavy
resonances decaying into aW or Z boson and a Higgs boson
in final states with leptons and b-jets in 36 fb−1 of

ffiffiffi
s

p ¼
13 TeV pp collisions with the ATLAS detector, J. High
Energy Phys. 03 (2018) 174; Erratum, J. High Energy Phys.
11 (2018) 51.

[44] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011); Erratum, Eur. Phys. J. C 73,
2501 (2013).

[45] D. B. Clark, E. Godat, and F. I. Olness, ManeParse: A
Mathematica reader for Parton Distribution Functions,
Comput. Phys. Commun. 216, 126 (2017).

[46] R. D. Ball et al., Parton distributions with LHC data, Nucl.
Phys. B867, 244 (2013).

[47] A. Efrati, A. Falkowski, and Y. Soreq, Electroweak con-
straints on flavorful effective theories, J. High Energy Phys.
07 (2015) 018.

[48] O. Gedalia, Y. Grossman, Y. Nir, and G. Perez, Lessons
from Recent Measurements of D0—anti-D0 Mixing, Phys.
Rev. D 80, 055024 (2009).

[49] M. Tanabashi et al. (Particle Data Group Collaboration),
Review of particle physics, Phys. Rev. D 98, 030001
(2018).

[50] Z. Liu, L.-T. Wang, and H. Zhang, Exotic decays of the
125 GeV Higgs boson at future eþe− lepton colliders, Chin.
Phys. C 41, 063102 (2017).

WEN HAN CHIU, ZHEN LIU, and LIAN-TAO WANG PHYS. REV. D 101, 035045 (2020)

035045-8

https://doi.org/10.1103/PhysRevD.94.115030
https://doi.org/10.1103/PhysRevD.94.115030
https://doi.org/10.1103/PhysRevD.94.115032
https://doi.org/10.1103/PhysRevLett.121.021801
https://doi.org/10.1007/JHEP03(2018)129
https://doi.org/10.1007/JHEP06(2017)110
https://doi.org/10.1016/j.physletb.2017.06.043
https://doi.org/10.1016/j.physletb.2017.06.043
https://doi.org/10.1103/PhysRevD.95.065014
https://doi.org/10.1007/JHEP07(2017)097
https://doi.org/10.1007/JHEP07(2017)097
https://doi.org/10.1016/j.physletb.2017.11.068
https://doi.org/10.1007/JHEP02(2018)111
https://doi.org/10.23731/CYRM-2019-007.585
https://doi.org/10.23731/CYRM-2019-007.221
https://doi.org/10.23731/CYRM-2019-007.221
https://doi.org/10.1140/epjst/e2019-900088-6
http://cds.cern.ch/record/2681366
http://cds.cern.ch/record/2681366
http://cds.cern.ch/record/2681366
https://indico.cern.ch/event/727555/contributions/3447588/attachments/1867605/3071651/FCC-ee_Overview.pdf
https://indico.cern.ch/event/727555/contributions/3447588/attachments/1867605/3071651/FCC-ee_Overview.pdf
https://indico.cern.ch/event/727555/contributions/3447588/attachments/1867605/3071651/FCC-ee_Overview.pdf
https://indico.cern.ch/event/727555/contributions/3447588/attachments/1867605/3071651/FCC-ee_Overview.pdf
https://indico.cern.ch/event/727555/contributions/3447588/attachments/1867605/3071651/FCC-ee_Overview.pdf
http://cepc.ihep.ac.cn/preCDR/main_preCDR.pdf
http://cepc.ihep.ac.cn/preCDR/main_preCDR.pdf
http://cepc.ihep.ac.cn/preCDR/main_preCDR.pdf
http://cepc.ihep.ac.cn/preCDR/main_preCDR.pdf
http://cepc.ihep.ac.cn/preCDR/main_preCDR.pdf
https://doi.org/10.1140/epjst/e2019-900087-0
https://doi.org/10.1103/PhysRevD.99.055001
https://doi.org/10.1007/JHEP03(2019)020
https://doi.org/10.1103/PhysRevD.98.095012
https://doi.org/10.1103/PhysRevD.98.095012
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1007/JHEP03(2018)174
https://doi.org/10.1007/JHEP03(2018)174
https://doi.org/10.1007/JHEP11(2018)051
https://doi.org/10.1007/JHEP11(2018)051
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1140/epjc/s10052-013-2501-z
https://doi.org/10.1016/j.cpc.2017.03.004
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1007/JHEP07(2015)018
https://doi.org/10.1007/JHEP07(2015)018
https://doi.org/10.1103/PhysRevD.80.055024
https://doi.org/10.1103/PhysRevD.80.055024
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1088/1674-1137/41/6/063102
https://doi.org/10.1088/1674-1137/41/6/063102

