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What’s next?

Guardian



Perhaps?

A. El-Khadra Aspen Winter, 25-31 March 2018

Introduction

6

T. Blum et al. (arXiv:1311.2198) 

Experiment vs SM theory

Fermilab g-2 experiment: 
reduce exp. error by a factor of 4 
first result with “Brookhaven level” 
statistics expected in early 2019. 

  

J-PARC experiment: 
completely different experimental 
method (ultra-cold muons)  
expect measurement at 0.3-0.4 ppm 
level 

A. El-Khadra Aspen Winter, 25-31 March 2018

Summary of recent HVP results

36

L. Lellouch @ HVP KEK 2018 (for BMW collaboration)
Comparison

 640  660  680  700  720  740

BMWc + FV + IB
BMWc + FV
BMWc (L=6fm)
RBC/UKQCD 18
HPQCD 16
ETM 14

Jegerlehner 17
DHMZ 17
KNT 18

RBC/UKQCD 18

No new physics

aµ
LO-HVP . 1010

LQCD (Nf≥2+1)
Pheno.

Pheno+LQCD

“No New Physics” scenario: = (720 ± 7)⇥ 10�10

BMWc ’17 consistent w/ “No new physics” scenario & pheno.

Total uncertainty of 2.7% is ⇠ 6⇥ pheno. error

BMWc ’17 is larger than other Nf = 2 + 1 + 1 results
! difference w/ HPQCD ’16 is ⇠ 1.9�

Laurent Lellouch KEK, 12-14 February 2018

After a long wait, new results from Fermilab soon!

Personal note: my first ambulance chasing paper, 2001

\



We are here. 

Still about 10 times amount of data to come.


Most immediate question:

How to fully realize the potential of the LHC?

  

Coming back from dreamland



As data accumulates

2 TeV, e.g. pair of 1 TeV gluino.
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Progress on direct search will 
become slower, harder
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Fig. 28: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the per-production-mode cross sections normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty due
to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncertain-
ties in S2 (with YR18 systematic uncertainties) on the per-production-mode cross sections normalised to
the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement, the
total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertainties are
indicated by a blue, green and red line respectively. In addition, the numerical values are also reported.

bined ATLAS-CMS extrapolation range from 2 � 4%, with the exception of that on Bµµ at 8% and
on BZ� at 19%. The numerical values in both S1 and S2 for ATLAS and CMS are given in Table 37
where the the breakdown of the uncertainty into four components is provided. In projections of both
experiments, the S1 uncertainties are up to a factor of 1.5 larger than those in S2, reflecting the larger
systematic component. The systematic uncertainties generally dominate in both S1 and S2. In S2 the
signal theory uncertainty is the largest, or joint-largest, component for all parameters except BRµµ and
BZ� , which remain limited by statistics due to the small branching fractions.

The correlations range up to 40%, and are largest between modes where the sensitivity is domi-
nated by gluon-fusion production. This reflects the impact of the theory uncertainties affecting the SM
prediction of the gluon-fusion production rate.

2.7 Kappa interpretation of the combined Higgs boson measurement projections23

2.7.1 Interpretations and results for HL-LHC
In this section combination results are given for a parametrisation based on the coupling modifier, or
-framework [42]. A set of coupling modifiers, ~, is introduced to parametrise potential deviations from
the SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production
process or decay mode j, a coupling modifier j is defined such that,

2
j = �j/�SM

j or 2
j = �

j/�
j
SM. (6)

23 Contacts: R. Di Nardo, A. Gilbert, H. Yang, N. Berger, D. Du, M. Dührssen, A. Gilbert, R. Gugel, L. Ma B. Murray, P.
Milenovic
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At the same time, great potential 
for precision physics! 



Future Colliders

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)

Likely to get a precision machine first!



For the coming couple of decades:

Most of the progresses at the colliders 
will be made on precision measurements.  



This talk:

- Brief summary of current approaches with implications 
to new physics searches. 


- More focus on some promising future directions 
(personal perspective)



Importance of precision measurement

- New physics are needed to address Standard Model’s 
open questions: such as origin of EWSB, flavor, CP, etc.


- Even though we have a lot of ideas, we likely don’t have 
the right one. No confirmation of any of the proposed 
models. 


- We need experiment! 


- Great window for new physics:  important players in the 
EWSB, flavor of SM, such as W/Z/Higgs and top. 



What to measure? 

- Precision measurement = coupling measurement

Yes, but too narrow.


- Kinematical distributions, especially on the tails.


- Rare decays. 

Also important part of the properties of known 
particles. 



What to measure? 

- Precision measurement = coupling measurement

Yes, but too narrow.


- Kinematical distributions, especially on the tails.


- Rare decays. 

Also important part of the properties of known 
particles. 

Both can benefit a lot from large statistics



Precision from coupling measurement

- In new physics searches from precision measurement, we are 
going after deviations of the form


- Take the Higgs coupling. 


LHC precision: ≈5% ⇒ sensitive to MNP ≈ TeV


MNP < TeV will also be covered by direct NP searches at the 
LHC. Precision measurements are complementary.


Beyond the LHC, 1% or less precision can be achieved.

� ' c
v2

M2
NP

MNP :  mass of new physics

c: O(1) coefficient



Precision from high energies at LHC

- Coupling measurement at low energy have significant systematic 
error. 


- Effect of new physics grow with energy. 


Beneficial to measure at higher energy E > mZ,W,h if systematics 
does not grow as fast 

δσ
σ

< δsystematic ⊕
1

N

δσ
σ

∼
E2

Λ2
∼ δsystematic

probing higher NP scales 𝝠 

Measurement limited by: 

δσ
σ

∼
v2

Λ2
∼ δsystematic



Examples of high energy → precision
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

amplitude growth can be smoothly saturated at that scale, or display a resonant peak that

one could more e↵ectively see by dedicated resonance searches. In no case it will display the

growing with energy behavior predicted by the EFT, making our search strategy ine↵ective.

Accurate experimental measurements that are sensitive to relatively small BSM e↵ects, still

performed at high energy such as to exploit the enhancement as much as possible, are needed

in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high-energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3

WL ZL  at high energies

Franceschini, Panico, Pomarol, Riva, Wulzer. 1712.01310

See also: Farina, Panico, Pappadopulo, Ruderman, Torre. 1609.08157;  D. Liu, LTW. 1804.08688



EFT ≠ everything

- EFT is a great tool, applying broadly to cases where heavy 
new physics can be integrated out.


- However, it is important to keep in mind the there are cases 
where EFT does not cover. 


- Obviously, not applicable in direct production of new physics 
particles. 


- Even in the cases of precision measurements, there are 
important exceptions. 



EFT ≠ everything

- Modeled with an EFT operator: M∝ En, n=1, 2…


- However, there can be important exceptions.

Focus on scattering with SM 
external states



EFT ≠ everything

- Light particle
Amplitude will deviate (soften) from the prediction of the contact 
EFT operator. 

16
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FIG. 3: Contours of the mixing parameter sin2 ✓ (solid blue line) and of the enhancement of the

triple-Higgs coupling (dashed green line) given by Eq. (29) in the msinglet–�h plane. Blue shaded

region denotes 2� exclusion due to gluon fusion channel. The orange shaded region represents

the region consistent with a FOEPT. The region excluded up to 2� confidence level by Higgs

precision measurements is shaded in red. The constraints coming from mW are shown by magenta

(short-dashed) lines. In the top-left panel we present results for �hs = 0.5, while in the top-right,

bottom-left and bottom-right panels we present results for �hs = 1, 2, 4 respectively.

Similarly, for vc = 0, one obtains

tan2 ✓(vc = 0) '
m2

h

3�hsv2
(36)

For example: light singlet scalar for first 
order EW phase transition. 

Huang, Joglekar, Li, Wagner, 1512.00068



EFT ≠ everything

- Strongly coupled, broad resonance, continuum, …

In this case, the amplitude can be a general form factor: f(q2)

Figure 11: Spectral densities for additional exotic top partners.

0 2 4 6 8 10

0.00

0.01

0.02

0.03

0.04

p [TeV]

�
(p
)

� = 1 TeV

1/R' = 2.81 TeV

v/f = 0.3

y = 1.75

y�

Figure 12: Spectral densities for the remaining top partner quantum numbers. The figure
contains ten overlapping spectral densities corresponding to components that are continuous
across the IR brane.

with M1 = 2, we can make these peaks as wide as 2 TeV. This effect is depicted in Fig 14 in
a toy model with a single bulk fermion.

Without a Higgs VEV, four of the 20 fermions, tL,R and bL,R, would have zero modes. The
Higgs VEV lifts these to mt and mb, as shown in the inverse Green’s functions for t, b and b0

in Fig. 13.

– 18 –

Csaki, G. Lee,  S. Lee, Lombardo, Telem, 1811.06019  

e.g.: top partner as a continuum



Bottom line: 

- These new physics may not be easy to discover directly. 
Precision measurement could be the main (only) window.


- In addition to energy dependence, we need to measure as 
a broad range of kinematical distribution as possible.  



Where to look?

- Dynamics of the Standard Model: Electroweak

W, Z, h, top 


Here, I focus on some examples for h and top. 


- Approximate symmetries: 

Flavor, CP.  Examples with h and top. 


- Sum rules, positivity. 

Brief overview.



Higgs



All eyes are on the Higgs

Current precision: 10(s)% 

A few Percent by the

 end of the LHC 

Expected relative uncertainty
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Fig. 28: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the per-production-mode cross sections normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty due
to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncertain-
ties in S2 (with YR18 systematic uncertainties) on the per-production-mode cross sections normalised to
the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement, the
total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertainties are
indicated by a blue, green and red line respectively. In addition, the numerical values are also reported.

bined ATLAS-CMS extrapolation range from 2 � 4%, with the exception of that on Bµµ at 8% and
on BZ� at 19%. The numerical values in both S1 and S2 for ATLAS and CMS are given in Table 37
where the the breakdown of the uncertainty into four components is provided. In projections of both
experiments, the S1 uncertainties are up to a factor of 1.5 larger than those in S2, reflecting the larger
systematic component. The systematic uncertainties generally dominate in both S1 and S2. In S2 the
signal theory uncertainty is the largest, or joint-largest, component for all parameters except BRµµ and
BZ� , which remain limited by statistics due to the small branching fractions.

The correlations range up to 40%, and are largest between modes where the sensitivity is domi-
nated by gluon-fusion production. This reflects the impact of the theory uncertainties affecting the SM
prediction of the gluon-fusion production rate.

2.7 Kappa interpretation of the combined Higgs boson measurement projections23

2.7.1 Interpretations and results for HL-LHC
In this section combination results are given for a parametrisation based on the coupling modifier, or
-framework [42]. A set of coupling modifiers, ~, is introduced to parametrise potential deviations from
the SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production
process or decay mode j, a coupling modifier j is defined such that,

2
j = �j/�SM

j or 2
j = �

j/�
j
SM. (6)

23 Contacts: R. Di Nardo, A. Gilbert, H. Yang, N. Berger, D. Du, M. Dührssen, A. Gilbert, R. Gugel, L. Ma B. Murray, P.
Milenovic
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1902.00134



Implications of Higgs coupling measurement

Composite Higgs
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SILH2b-HL/HE /
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Fig. 34: The constraints of table 44 are interpreted as lower bounds on the new physics scale m⇤ for
a given coupling g⇤ of the strong dynamics, see (17). The blue lines define lower bounds on m⇤ from
current EW precision tests for two different assumptions on the UV dynamics (see text). The grey region
identifies the unphysical regime ⇠ > 1.

from precision EW data [244] and encoded in the oblique parameters (with U = 0)

bS = (1 � c2
V )

g2

96⇡2 ln
m⇤
mZ

+ bSUV (18)

bT = �(1 � c2
V )

3g02

32⇡2 ln
m⇤
mZ

+ bTUV.

Note that these include 1-loop effects within (8) as well as contributions from heavy particles of mass
⇠ m⇤ that we parametrised via bSUV = m2

W /m2
⇤ and bTUV. The blue dot-dashed line refers to scenarios

in which additional violations of custodial symmetry are negligible, bTUV = 0, whereas the blue dashed
line to the more natural expectation bTUV = ⇠3y2

t /(16⇡2
). Precision EW data already exclude a sizeable

portion of parameter space. However, as our plot clearly illustrates, these indirect bounds significantly
depend on unknown physics at the cutoff scale m⇤. Hence, a direct probe of the Higgs couplings provides
a more robust and model-independent assessment of a given CH scenario.

The SILD
The dominant interactions of the dilaton (still denoted by h) to the SM are derived from an EFT with
non-linearly realised EW symmetry, where the Nambu-Goldstone bosons eaten by the W±, Z0 are en-
capsulated into the unitary matrix ⌃, which transforms as ⌃ ! Uw⌃U †

Y under SU(2)w ⇥ U(1)Y . The
powers of the singlet h are fully determined by the approximate conformal symmetry. Neglecting possi-
ble (small) sources of custodial symmetry breaking, one identifies the dominant interactions: [242]

LSILD =
v2

4
tr[Dµ⌃

†Dµ
⌃]

✓
1 +

h

fD

◆2

�

X

 =u,d,l

m  ̄L⌃ R

✓
1 +

h

fD

◆1+� 

(19)

+
g2
s

16⇡2 �sG
a
µ⌫G

aµ⌫ h

fD
+

e2

16⇡2 �e�µ⌫�
µ⌫ h

fD
+ · · · ,

where the dots refer to operators that impact negligibly our analysis. In the unitary gauge, the first
operator in (19) describes the main coupling between h and the EW vector bosons. The couplings to

78

LHC direct search

δ ≃
g2

*

m2
*

v2

Coupling deviation: 



Higgs self-coupling
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Fig. 89: Summary plot for the different expected constraints on the Higgs boson self-coupling � at
HL-LHC and at HE-LHC. The dashed lines correspond to uncertainties on the values, when any.
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50% level measurement at HL-LHC



Higgs self-coupling
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Fig. 89: Summary plot for the different expected constraints on the Higgs boson self-coupling � at
HL-LHC and at HE-LHC. The dashed lines correspond to uncertainties on the values, when any.
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A. Long  /  July 28, 2016  /  KITPC Workshop 

(+�&+!,!.!,!�+ '� �'-* 
�!���*�&, (*'('+�� 
��
�� �'&�!�-*�,!'&+)

Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 

�*�&�� = �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 0
�$-� = “+,*'&�$1” �!*+, '*��* ( �+� ,*�&+!,!'&, .(��)/�� > 1.3
�*��& = .�*1 +,*'&�$1 1��, �'-$� ��,��, ��+ �, ��
��HL-LHC

Singlet model with 1st order 
EW phase transition

Huang, Long, LTW, 1608.06619

50% level measurement at HL-LHC



“Higgs without Higgs”
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FIG. 3. LEFT: HL-LHC (3000 fb
�1

) sensitivity on modifications of the top quark Yukawa �yt from the process in Fig. 2

(shaded bands), and from measurements of Higgs couplings (95%C.L., dashed grey lines); B controls additional backgrounds

(for B = 1 the analysis includes a number of background events equal to the SM signal); the dashed purple line corresponds to

1� results for the � 2` categories (which have the smallest backgrounds). CENTER: same, but for modifications of the Higgs

trilinear ��. RIGHT: 1� reach for modification of the Higgs-�� and Z� rates, using high-E measurements (green,pink,brown

bands correspond to leptonic,semileptonic, and also hadronic final states) or Higgs couplings (black error bars).

expectation in each bin (so that for B = 1 we add
an irreducible background equal to the SM signal in
each channel), and show the estimated reach in the
left panel of Fig. 3. The dashed grey lines compare
our results with those from HC measurements [29].
For illustration we also show results that focus on
channels with at least 2 leptons with a dashed pur-
ple line: here the backgrounds are much smaller. The
large number of events left in the zero and one lepton
categories makes it possible to extend the analysis
to higher energies, where not only the e↵ects of the
energy growth will be enhanced, but also the back-
ground reduced; a dedicated study is needed to as-
sess more precisely the acceptances of these hadronic
channels.

This mode of exploration also appears well-suited
for high-energy lepton colliders like CLIC. Indeed,
the processes in the second line of Eq. (4) have a
lower threshold for production than the t̄th final state
that is usually considered to measure the top quark
Yukawa. Moreover, the final state in Eq. (4) is pro-
duced in vector boson fusion, whose crossection in-
creases with energy, while t̄th production proceeds
via Drell-Yan, which decreases with energy.

The Higgs self coupling. Measurements of the
Higgs self-coupling have received enormous atten-
tion in collider studies. In the di-Higgs channel at
HL-LHC precision can reach �� 2 [�1.8, 6.7] at
95%C.L. [30] using the bb̄�� final state. Here we pro-
pose the processes of Eqs. (5,6) with VBS scatter-

ing topology and a multitude of longitudinally po-
larized vector bosons, see the second row of Tab. I
as well as Fig. 1. The modified coupling ��, or
the operator O6, induces a linear growth with en-
ergy w.r.t. the SM in processes with jjhVLVL final
state (Tab. I), and a quadratic growth in processes
with jjVLVLVLVL. For the former, the same-sign
W±W±hjj with leptonic (e, µ) decays is particularly
favourable for its low background: two same-sign lep-
tons (2ssl) and VBS topology o↵ers a good discrim-
inator against background, allowing for h ! b̄b de-
cays. For illustration we focus on this channel in
which the SM gives NSM ' 50 events. Backgrounds
from tt̄jj enter with a mis-identified lepton, but it
can be shown that they can be kept under control
with the e�ciencies reported in [31] and with VBS
cuts on the forward jets. A potentially larger back-
ground is expected to come from fake leptons, but
the precise estimation is left for future work.

The results—shown in the center panel of Fig. 3—
are very encouraging: this simple analysis can match
the precision of the by-now very elaborate di-Higgs
studies. There are many directions in which this ap-
proach can be further refined: i) including the many
other final states in Eq. (5), both for the vector de-
cays and for the Higgs decay ii) including the E2-
growing jjVLVLVLVL topologies of Eq. (6), iii) tak-
ing into account di↵erential information. Moreover,
the process of Tab. I grows only linearly with energy
w.r.t. the SM amplitude with transverse vectors in
the final state, but it grows quadratically w.r.t. the

Deviation of the Higgs coupling parameterized by EFT operators. 
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colliders,

t : pp ! jt+ VLV
0

L
(4)

(e+e� ! ll + {tbWL, tbZL, ttWL, ttZL})

� : pp ! jjh+ VLV
0

L
, (e+e� ! llhVLV

0

L
) (5)

pp ! jj + 4VL, (e+e� ! ll 4VL) (6)

��,Z� : pp ! jj + V 0V, (e+e� ! llV 0V ) (7)

V : pp ! jj + VLV
0

L
, (e+e� ! llVLV

0

L
) (8)

g : pp ! W+
L
W�

L
, ZLZL, (e+e� ! lljj) (9)

where VLV 0

L
⌘ {W±

L
W±

L
,W±

L
W⌥

L
,W±

L
ZL, ZLZL}

(similarly 4VL a generic longitudinally polarized fi-
nal state) and V (0) any (longitudinal or transverse)
vector, including photons, while l denotes either a
charged lepton `± or a neutrino, depending on the
final state. To help visualize our discussion in terms
of HC, Fig. 1 shows a diagram exhibiting E-growth
in unitary-gauge. Notice that the amplitudes associ-
ated with the modified couplings grow quadratically
with energy E2 (with the exception of Eq. (5), see
later).
In the following paragraphs we explore these pro-

cesses in turn and provide a first estimate of the
potential HwH reach at the HL-LHC in comparison
with the reach from Higgs couplings measurements.
Our results are based on leading order (LO) Mad-
Graph simulations [23], where the Higgs couplings
have been modified using FeynRules [13] and checked
against the model of Ref. [24].

FIG. 2. Process sensitive to the top Yukawa, Eq. (4). The

boosted single top and the forward jet tag the event. The anal-

ysis is binned in the number of leptons, from the vector boson

decays.

The top Yukawa. Modifications of the Yukawa
coupling of the Higgs boson to top quarks is reput-
edly di�cult to measure on the h resonance [25];
however, an anomalous top quark Yukawa induces

a quadratic energy growth in the five point ampli-
tude A(bVL ! tVLVL) involving a bottom quark, a
top, and three longitudinal bosons. This amplitude
leads to a process with a final state consisting of a
top quark, a forward jet and two longitudinally po-
larized vector bosons, see Eq. (4) and Fig. 2. Notice
that these have a smaller energy threshold compared
with the tth final state used in HC measurements.2

The top carries a large transverse momentum pt
T

due to the hardness of the process, which makes it a
good discriminator. We consider two categories, for
pt
T

> 250(500) GeV. A forward jet with |⌘j | > 2.5,
pj
T
> 30 GeV and Ej > 300 GeV is required.
The signal is classified by counting the number of

extra leptons reconstructed in the event. The follow-
ing table shows the number of signal events at the 14
TeV HL-LHC with 3000 fb�1, for pt

T
> 250/500 GeV,

Process 0` 1` `±`⌥ `±`± 3`(4`)
W±W⌥ 3449/567 1724/283 216/35 - -
W±W± 2850/398 1425/199 - 178/25 -
W±Z 3860/632 965/158 273/45 - 68/11
ZZ 2484/364 - 351/49 - (12/2)

The categories with two or more leptons have small
background. For the hadronic modes—which domi-
nate the 0 and 1 lepton channels—the largest source
of background comes from t̄tjj ! tWbjj where the
b quark gets misidentified as an ordinary jet and the
two lowest rapidity jets reconstruct a W/Z-boson.
After applying the event topology selection cuts—
the required forward jet, the invariant mass of the
two lower rapidity jets reconstructs an EW gauge bo-
son mass, and a boosted top—the cross-section is 470
fb (22 fb) for pt

T
> 250 GeV (> 500 GeV), roughly

80 (20) times that of the signal. However, in or-
der to fall into the signal region, the b quark must
be misidentified as a regular jet and the pair of lower
rapidity jets must mimic a hadronically decaying vec-
tor. The b misidentification rate is order 10% for a
90% light jet acceptance [27]. Vector boson tagging
techniques [28] can identify a hadronically decaying
vector with a 102 background rejection for a 40%
signal e�ciency. A conservative estimate of the com-
bined e↵ect of these cuts brings the background to
comparable or smaller size than the signal.
We broadly parametrize this and other back-

grounds by a uniform rescaling B of the SM signal

2
See also Ref. [26] that studies thj final states which exhibits

linear E-growth with modifications of the top-Yukawa.
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The measurement of Higgs couplings constitute an important part of present Standard Model
precision tests at colliders. We show that modifications of Higgs couplings induce energy-growing
e↵ects in specific amplitudes involving longitudinally polarized vector bosons, and we initiate a novel
program to study these very modifications of Higgs couplings o↵-shell and at high-energy, rather
than on the Higgs resonance. Our analysis suggests that these channels are complementary and, at
times, competitive with familiar on-shell measurements; moreover, they o↵er endless opportunities
for refinements and improvements.

I. INTRODUCTION

The precise measurement of the Higgs boson cou-
plings to other Standard Model (SM) particles is
an unquestionable priority in the future of particle
physics. These measurements are important probes
for our understanding of a relatively poorly mea-
sured sector of the SM; at the same time they o↵er
a window into heavy dynamics Beyond the Standard
Model (BSM). Indeed, it is well-known that the ex-
change of heavy states (with masses beyond the di-
rect collider reach) leaves imprints in low-energy ex-
periments, in a way that is systematically captured
by an E↵ective Field Theory (EFT).

There are a number of similar ways in which
one can parametrize modifications of Higgs cou-
plings (HC): via partial widths 2

i
= �h!ii/�SM

h!ii
[1],

via Lagrangian couplings in the unitary gauge ghii [2,
3], via pseudo observables [4], or via the e↵ective field
theory L =

P
i
ci Oi/⇤2, consisting of dimension-6

operators [3, 5]. In particular, the operators

Or = |H|
2@µH

†@µH Oy = Y |H|
2 LH R

OBB = g0 2|H|
2Bµ⌫B

µ⌫
OWW = g2|H|

2W a

µ⌫
W aµ⌫

OGG = g2
s
|H|

2Ga

µ⌫
Gaµ⌫

O6 = |H|
6 (1)

with Y the Yukawa for fermion  , can be put in
simple correspondence with the s, as they modify
single-Higgs processes without inducing other elec-
troweak symmetry breaking e↵ects.

The well-established method for testing HC is, of
course, to measure processes in which a Higgs boson
is produced on-shell.

In this letter we initiate a novel program to test
the very same Higgs couplings, o↵-shell and at high-
energy, via their contributions to the physics of lon-
gitudinally polarized gauge bosons. We will show

HC HwH Growth

t Oyt ⇠
E2

⇤2

� O6 ⇠
vE
⇤2

Z�

��

V

OWW

OBB

Or

⇠
E2

⇤2

g Ogg ⇠
E2

⇤2

TABLE I. Each e↵ect (left column) can be measured as an

on-shell Higgs Coupling (diagram in the HC column) or in a

high-energy process (diagram in the HwH column), where it

grows with energy as indicated in the last column.

that this program is potentially competitive with on-
shell measurements. Moreover—and perhaps equally
important—this program contains numerous avenues
for refinements and improvements: it can benefit
maximally from accumulated statistics, from im-
proved SM computations of di↵erential distributions,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
and from dedicated experimental analyses. Further-
more, given the complexity of the final states, we ex-
pect advanced machine learning techniques [12–14]
could drastically improve our simple cut and count
analysis. Additionally, in the context of a global pre-
cision program, the high-energy aspects that we dis-
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proved SM computations of di↵erential distributions,
from phenomenological analyses aimed at enhancing
the signal-over-background (see, for instance, [6–11]),
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etc.

This leads to high energy excesses: ∝ E1 or E2

Complementary to the “standard” Higgs coupling measurement, 
could be competitive. 
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Figure 19: Impact of the prospective µtH/(tt̄H+tW H) determination of the proposed tH

analysis with 3 ab≠1 of data [the green areas indicate the 1 ‡ precision] on the currently
allowed ranges of ct (top panels), c̃t (middle panels), as well as on the (ct, c̃t) parameter
plane (bottom panels). The figures contain the fit results of the 5D parametrization shown
in Fig. 13 (right panels) and Fig. 8 (bottom right panel), respectively. We assume the
future µtH/(tt̄H+tW H) measurement to be consistent either with the SM (left panels) or the
CP-mixed 2 benchmark scenario (right panels).
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Figure 1. Constraints on (T f

R
, T

f

I
), f = ⌧, b, from µ

ff̄
(blue), de (yellow) and YB (red). Solid lines

represent bounds, dashed red lines represent iso-YB curves within the bound. Regions allowed by

all constraints are highlighted in green. Left: ⌧ -lepton source, right: b-quark source.

alone allows Y (b)
B

 0.33Y obs
B

, the de constraint is stricter on T
b

I
, leading to

Y
(b)
B

 0.04Y obs
B

. (6.2)

3. �t

The constraints on (T t

R
, T

t

I
) are presented in Fig. 2. The constraint on T

t

I
from µggF+tth

is three orders of magnitude weaker than from de. Thus, while the former by itself would

allow for Y (t)
B

⇠ Y
obs
B

, the latter restricts it:

Y
(t)
B

 0.02Y obs
B

. (6.3)

The right plot presents a zoomed-in version of the figure to illustrate the strength of the

EDM constraint, reducing the collider ring to two strips, one around the origin, and a

narrow one around T
t

R
' �0.5. The latter translates to ⇤/

p
X

t

R
' v, thus the EFT

assumptions might not be fulfilled in this particular region of large negative T t

R
whereas the

cuto↵ scale is well above v in the strip around the origin. The calculation of Y (t)
B

is a↵ected by

larger uncertainties than in the ⌧ - and b-cases due to the less suppressed higher-dimensional

terms and the non-negligible higher-order e↵ects in the VEV-insertion approximation [35].
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for single species and for combinations of two fermions. In Section VII we summarize and

present our conclusions.

II. DIMENSION-SIX COMPLEX YUKAWA TERMS

We consider the following dimension-four and dimension-six Yukawa-type Lagrangian

terms for the third-generation fermions (similarly to Refs. [13, 17], but allowing also for a

real part of the dimension-six term):

LYuk = yfFLFRH +
1

⇤2
(Xf

R
+ iX

f

I
)|H|

2
FLFRH + h.c. (2.1)

Here FL is the SU(2)-doublet field containing F = t, b, ⌧ , FR is the corresponding SU(2)-

singlet field, H is the Higgs doublet field, and ⇤ is the mass scale of new physics. Without

loss of generality, we take yf to be real. Substituting in the unitary gauge

H =
1
p
2
(v + h), (2.2)

leads to the following mass term and h-Yukawa couplings:

Lf =
yfv
p
2

"
1 +

v
2

2⇤2

X
f

R
+ iX

f

I

yf

#
fLfR +

yf
p
2

"
1 +

3v2

2⇤2

X
f

R
+ iX

f

I

yf

#
fLfRh

+
3v

2
p
2⇤2

(Xf

R
+ iX

f

I
)fLfRhh+

1

2
p
2⇤2

(Xf

R
+ iX

f

I
)fLfRhhh. (2.3)

We define the ratio of the dim-6 to the dim-4 contribution to a fermion mass as our useful

coordinates to be used in the following:

T
f

R
⌘

v
2

2⇤2

X
f

R

yf
, T

f

I
⌘

v
2

2⇤2

X
f

I

yf
. (2.4)

Thus the coe�cients of the mass and Yukawa terms in Eq. (2.3) have the following values:

mf =
yfv
p
2

⇣
1 + T

f

R
+ iT

f

I

⌘
, �f =

yf
p
2

⇣
1 + 3T f

R
+ 3iT f

I

⌘
. (2.5)

Once we add the dimension-six terms, we are no longer in the basis of real fermion masses.

To have mf real in the mffLfR term, we transform fR ! e
i✓ffR by ✓f which satisfies

tan ✓f =
T

f

I

1 + T
f

R

. (2.6)

Then, in the mass basis with a real value for the mass,

mf =
yfv
p
2

q
(1 + T

f

R
)2 + T

f2
I
, (2.7)
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Figure 3: Exemplary Feynman diagrams for tt̄H, tH and tWH production.

contributions proportional to the top-Yukawa coupling (see upper middle diagram of Fig. 3)
and proportional to the electroweak gauge couplings (see upper right diagram of Fig. 3).1
Similar to tH production, also tWH production receives contributions proportional to the
top-Yukawa coupling and to the electroweak gauge couplings (see bottom diagrams of Fig. 3).
Experimentally, tWH is challenging to distinguish from tt̄H production. At next-to-leading
order in the five-flavor scheme or at leading-order in the four-flavor scheme, tWH and tt̄H

production even interfere with each other (see [39] for a detailed discussion). The distribu-
tions of the Higgs transverse momentum in tH, tt̄H and tWH production o�er additional
sensitivity to the CP-nature of the top-Yukawa coupling. Measurements of these shapes are
not yet possible but are expected to become feasible in the future. STXS bins for the tt̄H

Higgs pT -shape have been defined already [48].
In addition to the processes discussed above, also the Higgs decay mode into a photon and

a Z boson, four leptons, as well as four-top-quark production [41,49] can be used to constrain
the CP-nature of the top-Yukawa coupling. With the current experimental precision, these
processes are, however, not competitive to the processes discussed above (but may become
relevant after the high-luminosity upgrade of the LHC). Therefore, we do not include them
into our analysis.

3 E�ective model description

For our analysis, we use a model similar to the Higgs-characterization model defined in
Refs. [7, 37, 50]. The top-Yukawa part of the Lagrangian is modified with respect to the SM,

Lyuk = ≠
y

SM
t

Ô
2

t̄ (ct + i“5c̃t) tH, (1)

where y
SM
t

is the SM top-Yukawa coupling, H is used to denote the Higgs boson field and t

to denote the top quark field. The parameter ct rescales the CP-even coupling with respect
to the SM prediction (ct = 1). The CP-odd coupling of the Higgs boson to top quarks is

1In addition to the t-channel tH contributions, shown in Fig. 3, there is also a s-channel contribution
mediated by a W boson. The s-channel contribution is an order of magnitude smaller than the t-channel
contribution [38]. Therefore, we neglect it in the present study.
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Tau as source of CP violation. 


Combined constraints from Higgs measurement, EDM, 
and the requirement of electroweak baryogengesis.


With current LHC data. HL-LHC will improve. 

Top as source of CP violation. 


Floating a set of other parameters. 
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Figure 19: Impact of the prospective µtH/(tt̄H+tW H) determination of the proposed tH

analysis with 3 ab≠1 of data [the green areas indicate the 1 ‡ precision] on the currently
allowed ranges of ct (top panels), c̃t (middle panels), as well as on the (ct, c̃t) parameter
plane (bottom panels). The figures contain the fit results of the 5D parametrization shown
in Fig. 13 (right panels) and Fig. 8 (bottom right panel), respectively. We assume the
future µtH/(tt̄H+tW H) measurement to be consistent either with the SM (left panels) or the
CP-mixed 2 benchmark scenario (right panels).
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alone allows Y (b)
B

 0.33Y obs
B

, the de constraint is stricter on T
b

I
, leading to

Y
(b)
B

 0.04Y obs
B

. (6.2)

3. �t

The constraints on (T t

R
, T

t

I
) are presented in Fig. 2. The constraint on T

t

I
from µggF+tth

is three orders of magnitude weaker than from de. Thus, while the former by itself would

allow for Y (t)
B

⇠ Y
obs
B

, the latter restricts it:

Y
(t)
B

 0.02Y obs
B

. (6.3)

The right plot presents a zoomed-in version of the figure to illustrate the strength of the

EDM constraint, reducing the collider ring to two strips, one around the origin, and a

narrow one around T
t

R
' �0.5. The latter translates to ⇤/

p
X

t

R
' v, thus the EFT

assumptions might not be fulfilled in this particular region of large negative T t

R
whereas the

cuto↵ scale is well above v in the strip around the origin. The calculation of Y (t)
B

is a↵ected by

larger uncertainties than in the ⌧ - and b-cases due to the less suppressed higher-dimensional

terms and the non-negligible higher-order e↵ects in the VEV-insertion approximation [35].
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for single species and for combinations of two fermions. In Section VII we summarize and

present our conclusions.

II. DIMENSION-SIX COMPLEX YUKAWA TERMS

We consider the following dimension-four and dimension-six Yukawa-type Lagrangian

terms for the third-generation fermions (similarly to Refs. [13, 17], but allowing also for a

real part of the dimension-six term):

LYuk = yfFLFRH +
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(Xf

R
+ iX

f

I
)|H|

2
FLFRH + h.c. (2.1)

Here FL is the SU(2)-doublet field containing F = t, b, ⌧ , FR is the corresponding SU(2)-

singlet field, H is the Higgs doublet field, and ⇤ is the mass scale of new physics. Without

loss of generality, we take yf to be real. Substituting in the unitary gauge

H =
1
p
2
(v + h), (2.2)

leads to the following mass term and h-Yukawa couplings:
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We define the ratio of the dim-6 to the dim-4 contribution to a fermion mass as our useful

coordinates to be used in the following:

T
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Thus the coe�cients of the mass and Yukawa terms in Eq. (2.3) have the following values:
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I

⌘
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1 + 3T f
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+ 3iT f

I

⌘
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Once we add the dimension-six terms, we are no longer in the basis of real fermion masses.

To have mf real in the mffLfR term, we transform fR ! e
i✓ffR by ✓f which satisfies

tan ✓f =
T

f

I

1 + T
f

R

. (2.6)

Then, in the mass basis with a real value for the mass,

mf =
yfv
p
2

q
(1 + T

f

R
)2 + T

f2
I
, (2.7)
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Figure 3: Exemplary Feynman diagrams for tt̄H, tH and tWH production.

contributions proportional to the top-Yukawa coupling (see upper middle diagram of Fig. 3)
and proportional to the electroweak gauge couplings (see upper right diagram of Fig. 3).1
Similar to tH production, also tWH production receives contributions proportional to the
top-Yukawa coupling and to the electroweak gauge couplings (see bottom diagrams of Fig. 3).
Experimentally, tWH is challenging to distinguish from tt̄H production. At next-to-leading
order in the five-flavor scheme or at leading-order in the four-flavor scheme, tWH and tt̄H

production even interfere with each other (see [39] for a detailed discussion). The distribu-
tions of the Higgs transverse momentum in tH, tt̄H and tWH production o�er additional
sensitivity to the CP-nature of the top-Yukawa coupling. Measurements of these shapes are
not yet possible but are expected to become feasible in the future. STXS bins for the tt̄H

Higgs pT -shape have been defined already [48].
In addition to the processes discussed above, also the Higgs decay mode into a photon and

a Z boson, four leptons, as well as four-top-quark production [41,49] can be used to constrain
the CP-nature of the top-Yukawa coupling. With the current experimental precision, these
processes are, however, not competitive to the processes discussed above (but may become
relevant after the high-luminosity upgrade of the LHC). Therefore, we do not include them
into our analysis.

3 E�ective model description

For our analysis, we use a model similar to the Higgs-characterization model defined in
Refs. [7, 37, 50]. The top-Yukawa part of the Lagrangian is modified with respect to the SM,

Lyuk = ≠
y

SM
t

Ô
2

t̄ (ct + i“5c̃t) tH, (1)

where y
SM
t

is the SM top-Yukawa coupling, H is used to denote the Higgs boson field and t

to denote the top quark field. The parameter ct rescales the CP-even coupling with respect
to the SM prediction (ct = 1). The CP-odd coupling of the Higgs boson to top quarks is

1In addition to the t-channel tH contributions, shown in Fig. 3, there is also a s-channel contribution
mediated by a W boson. The s-channel contribution is an order of magnitude smaller than the t-channel
contribution [38]. Therefore, we neglect it in the present study.

5

So far, this relies mostly on rates and other non-CP violating observables.


CP violating kinematics limited by statistics, should be pursued at HL-LHC. 



Higgs exotic decay

- Going through Higgs portal.
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Fig. 114: Projected 95% C.L. limit in the (, BRinv) plane inferred from Higgs rate measurements
(green regions) and direct invisible Higgs searches (black dashed line) at the HL-LHC and LHeC. We
show results for the two future HL-LHC scenarios S1 [with Run 2 systematic uncertainties] (top left)
and S2 [with YR18 systematic uncertainties] (top right) (see text for details), as well as for the LHeC
(bottom left) and the combination of LHeC and HL-LHC [S2] (bottom right). The light green area
shows the limit from Higgs rates obtained by assuming no new physics contributions to the loop-induced
Higgs couplings to gluons and photons,  = g = � , whereas for the dark green area g and � are
marginalised free parameters.

Tab. 78 we summarise the lower limits on the Higgs signal strength of channels with SM final states,
2

(1 � BRinv), as well as the upper limits on the invisible Higgs decay rate, BRinv, assuming SM Higgs
coupling strengths ( ⌘ 1), for the four future collider scenarios and for the two global fit scenarios.
Note that these results do not strictly require the additional Higgs decay mode to yield an invisible final
state.

These results are compared in Fig. 114 with the prospective future limits from direct searches for
invisible Higgs decays (see Section 6.2.1). At the HL-LHC, assuming scenario S1 (S2), direct invisible
Higgs searches are more sensitive than Higgs rates if deviations from the SM Higgs couplings are small,
� ⌘ 1 �  . 2 (1)%. For larger suppression of the Higgs couplings the Higgs rates will provide the
strongest constraint. In contrast, if we allow for an enhancement of the Higgs couplings,  > 1, the
invisible Higgs searches will provide the strongest constraint (besides other bounds on the Higgs total
decay width, see Sec. 5).

192

Invisible width etc will constrain the Higgs BRexotic  to be less 
than a few percent 

Still leave plenty of room to exotic decays. 

λH†H𝒪exotic
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Fig. 114: Projected 95% C.L. limit in the (, BRinv) plane inferred from Higgs rate measurements
(green regions) and direct invisible Higgs searches (black dashed line) at the HL-LHC and LHeC. We
show results for the two future HL-LHC scenarios S1 [with Run 2 systematic uncertainties] (top left)
and S2 [with YR18 systematic uncertainties] (top right) (see text for details), as well as for the LHeC
(bottom left) and the combination of LHeC and HL-LHC [S2] (bottom right). The light green area
shows the limit from Higgs rates obtained by assuming no new physics contributions to the loop-induced
Higgs couplings to gluons and photons,  = g = � , whereas for the dark green area g and � are
marginalised free parameters.

Tab. 78 we summarise the lower limits on the Higgs signal strength of channels with SM final states,
2

(1 � BRinv), as well as the upper limits on the invisible Higgs decay rate, BRinv, assuming SM Higgs
coupling strengths ( ⌘ 1), for the four future collider scenarios and for the two global fit scenarios.
Note that these results do not strictly require the additional Higgs decay mode to yield an invisible final
state.

These results are compared in Fig. 114 with the prospective future limits from direct searches for
invisible Higgs decays (see Section 6.2.1). At the HL-LHC, assuming scenario S1 (S2), direct invisible
Higgs searches are more sensitive than Higgs rates if deviations from the SM Higgs couplings are small,
� ⌘ 1 �  . 2 (1)%. For larger suppression of the Higgs couplings the Higgs rates will provide the
strongest constraint. In contrast, if we allow for an enhancement of the Higgs couplings,  > 1, the
invisible Higgs searches will provide the strongest constraint (besides other bounds on the Higgs total
decay width, see Sec. 5).
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λH†H𝒪exotic

We do need a small coupling, which can come from 
integrating out new physics at around 10 - 100 TeV. 

Plausible!



Hadron collider

- The “ultimate” Higgs factories
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33 TeV > 500 million
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Higgs at ee Higgs factories

Hadron collider good for rare but clean signal

In principle, can be sensitive to BR ≈ 10-7 



Higgs exotic decay scenarios

- Flavor changing decays (especially leptonic)


- ALPS


- Extended Higgs sector


- Dark sector, long lived particles (LLP)


- …



Some possible channels

Simple, Great sensitivity from the LHC

With MET, less lepton

More hadronic



Some possible channels

Simple, Great sensitivity from the LHC

With MET, less lepton

More hadronic
More challenging, but worth pursuing! 



LLP 

- h →XX, X long-lived
J. Liu, Z. Liu, XP Wang, LTW 2005.10836

Using the pointing capability of CMS HGCAL

Best sensitivity ≈ 10-7, can reach c𝛕 ≈ 103  m with BR ≈ 10-3

In addition, precise timing could also help. 

Of course, great to have dedicated detectors such as MATHUSLA. 
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FIG. 1. The projected sensitivity for Higgs decays to long-lived particles with VBF trigger (left

panel) and a displaced track trigger for the ggF channel (right panel) at the HL-LHC (3 ab�1) as a

function of proper lifetime of X using our proposed HGCAL LLP search. We consider two scenarios

of the displaced track trigger. The solid line on the top of the shaded region corresponds to the

reach with a trigger requirement of HT > 100 GeV, while the solid line on the bottom of the shaded

region is obtained without such additional requirement. The existing limits for BR(h ! XX) from

ATLAS Run 2 searches based on prompt VH [80] (dotted), the muon spectrometer [18] (dashed),

the calorimeter [14] (dot-dashed), with integrated luminosity of 36 fb�1, and the CMS search based

on displaced vertex in the tracker system [13] (long dashed) with integrated luminosity of 132 fb�1,

are also shown for comparison. The numbers on di↵erent colored lines indicate the mass of the

LLP in units of GeV for the corresponding searches.

XX) ⇠ O(10�4) with a lifetime of c⌧X ⇠ 0.1–1 meters, while for the ggF channel it is

about BR(h ! XX) ⇠ O(10�5–10�6) for similar lifetime. Alternatively, for an LLP with

c⌧X ⇠ 103 meters, the HGCAL based search should be able to probe BR(h ! XX) down

to a few ⇥10�4(10�2) in the ggF (VBF) channels, respectively.

The paper is organized as follows. In Sec. IIA, we discuss the signal model and the trigger

considerations for the signal. In Sec. II C, we describe signal and background generation. In

Sec. III, the distributions of kinematic variables are discussed, and the corresponding cuts

are applied. Finally, we show our results in Sec. IV and conclude in Sec. V.



Top quark



Top quark

Figure 13. 95% and 68% CL bounds on top operators from a global fit to the full data set
from Tabs. 5 and 6. We show the results including all uncertainties (red) and with theoretical
uncertainties reduced by a factor of two, �th/2 (blue).

color structure of operators from jet radiation.

Looking at the quark chirality, we observe that the bounds on operators with left-

and right-handed tops are similar in strength. Charge-symmetric tt̄ observables do not

distinguish between these operators at high energies, see Eqs. (2.10) and (2.12). The

charge asymmetry is sensitive to the top chirality, see Eq. (4.18), but still leads to equal

bounds on the magnitude of LL and RL operators due to its small SM contribution.

Regarding di↵erent light quark flavors, operators with up quarks are better constrained

than operators with down quarks. This reflects the parton content of the proton, which

leads to an enhanced sensitivity of tt̄ observables to up-quark operators over down-quark

operators, see Eq. (4.8).

Let us now turn our attention to the bosonic operators. The strongest bounds are

obtained for the dipole operators OtG and OtW . For OtW the bound does not change

compared to the single top fit (see also Fig 14), because it is dominated by the precise

measurements of W helicities in top decays. From our global fit, we obtain at 95% CL

⇤
p
CtW

2 [�0.38, 0.47] TeV . (6.1)

– 34 –

Brivio, Bruggisser, Maltoni, Moutafis, Plehn, 

Vryonidou, Westhoff, Zhang, 1910.03606
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Figure 4. Prospects for the precision of the Wilson coe�cients in future high-luminosity operation
of the LHC and at a high-energy e+e≠ collider. Assumptions on the operating scenarios and details
of the uncertainty estimates are given in text. The solid section of the bars represents the individual
constraints, where each parameter is fitted in isolation, the full length indicates the marginalized
constraint in a ten-parameter fit. The complete covariance matrices of the fits that are presented
in this figure are available in Appendix C.2.

LHC observables (see Figure 1). This limits the correlation in the global fit. In the bottom-
quark sector, the sensitivity is dominated by the Rb measurement, giving rise to a strong
correlation and considerably larger di�erences between individual and marginalized limits.

Adding the e+e≠
æ b b̄ data at

Ô
s = 250 GeV provides an improvement for the

pure bottom-quark operators by an order of magnitude. The top-quark operators improve
somewhat as well, due to a reduction of the correlation with the bottom-quark operators.

Finally, we consider the ILC500 scenario. At this energy, the sensitivity to the bottom-
quark operators is very similar to that at

Ô
s = 250 GeV. As the bb̄ production cross section

decreases with the center-of-mass energy, the addition of the 500 GeV data does not provide
an important improvement on the bottom-quark coe�cients limits.

On the contrary, the addition of the e+e≠
æ t t̄ data leads to a very pronounced

improvement of the constraints on the top-quark operator coe�cients, by one or two orders
of magnitude. The direct access to the Z/“ tt̄ vertex provides very tight constraints. Also
the bounds on C1

ÏQ
/�2 and C3

ÏQ
/�2 are expected to improve by an order of magnitude.

The combination of high-precision constraints on the two linear combinations (C1
ÏQ

+C3
ÏQ

,
that a�ects bottom-quark pair production, and the di�erence, C1

ÏQ
≠ C3

ÏQ
, that a�ects

top-quark pair production) finally lift the degeneracy that a�ects the LHC/LEP/SLC fit
of section 4.

– 17 –

Durieux, Irles, Miralles, Penuelas, 

Perello, Poschl, Vos, 1907.10619

Based on the full suite top quark measurements

Constraints on dim-6 top quark related operators

tt̄, tW/tZ, tt̄W, tt̄Z, . . .

Using inclusive rates as well as differential information

Impressive reach at HL-LHC, a factor of a few improvement 
beyond Run 2



Top and Higgs

- Strongest coupling to EWSB. 


- Root of the naturalness problem.

NP model frequently has top partners. Regulate 
the UV behavior of the top loop. 

h

top

top

h

top

top



Top and Higgs

h

top

top

Coupling measured (mostly) on-shell. 

For a model independent search: 

poke around anyway we can, putting top/Higgs off-shell.

h → γγ, gg Top off shell, should have some sensitivity

h

top

top

For example:

New physics can in principle be very strange, not even 
particles. 

N. Arkani-Hamed
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Figure 7: Four-lepton invariant mass distribution for the gg ! 4` process at the LHC
14 TeV (left) and 27 TeV (center) for the SM (black) and Quantum Critical Higgs with
� = 1.3 and µ = 400 GeV (red) and µ = 700 GeV (green). We show the signal ratio
between the QCH model and the SM in the bottom panels. Right: 5� (blue) and 2� (red)
bounds on the conformal symmetry breaking scale µ. We show results for the 14 TeV LHC
(dashed) and the 27 TeV HE-LHC (solid), assuming � = 1.1.

5 Weakly Coupled Scenario: RG Evolution

The energy-scale dependence of coupling and mass parameters is a fundamental prediction
in quantum field theory. The specific form of this running depends on the particle spectrum
and their interactions in the underlying theory. The best example thus far is the running
of the strong interaction coupling strength (↵S), that has been experimentally probed over
a broad energy range, being in excellent agreement with the SM prediction of asymptotic
freedom. Including data ranging from tau-decays, deep-inelastic scattering, decay of heavy
quarkonia, measurement of jet shapes at e

+
e
� colliders, electroweak precision fits, to the

present day hadron collider data from the Tevatron and the LHC, the value of ↵S has
been determined in the energy range of around 2 GeV to more than 1000 GeV [46]. Such
measurements are not only crucial to test the SM predictions across many orders of mag-
nitude in energy scale [46], they also furnish some of the most model-independent bounds
on new states with color charge running in the loop, independent of their decay proper-
ties [47, 48]. It has also been suggested that the determination of the scale-dependence of
electroweak gauge couplings using future precision measurements of the Drell-Yan process
at high-energy hadron colliders can probe the presence of new particles charged under the
SM electroweak interactions [49].

Studying the energy scale dependence of the Higgs couplings under the renormalization
group evolution can also hold clues to new states coupled to the Higgs sector in particular,
and the SM particles in general. A first target would be the Higgs coupling to the top
quark. Let us begin with a review of the SM Yukawa coupling and then go on to discuss
different weakly-coupled beyond SM extensions. In the SM, the dominant contribution
to the RG running of the top Yukawa is from QCD corrections, and a sub-dominant but
important contribution stems from the top Yukawa itself. There are two reasons for the
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Figure 1: Representative set of Feynman diagrams for gg ! ZZ production in the SM :
involving the Higgs boson (left) and the SM fermion box diagram (right).

with invariant mass Q
2
> 4M

2
Z

[23]. Thus we will focus on the clean final state with four
charged leptons

pp ! h
⇤
! Z

(⇤)
Z

(⇤)
! 4`. (2.1)

It is illustrative to separate the contributions to the gluon fusion production of Z boson
pair as

d�

dm4`
=

d�tt

dm4`
+

d�tc

dm4`
+

d�cc

dm4`
, (2.2)

where �tt corresponds to the Higgs signal contribution, �tc to the signal and box diagram
interference, and �cc to only the box contribution. We show in Fig. 2 the full m4` distribution
in the SM, and also individually for each of its components. Remarkably, the gg ! ZZ

process displays a substantial destructive interference that is larger in magnitude than the
contribution from the Higgs signal diagram alone, for the full off-shell m4` spectrum. This
feature is important in understanding the subsequent results in the new physics scenarios.

It was pointed out in [23] that off-shell Higgs production can be utilized to determine
the Higgs boson total width – a method already adopted by the ATLAS and CMS collab-
orations [24]. This process is also sensitive to a new color singlet with couplings to top
quarks and Z bosons, thus appearing as a new resonance in the mZZ profile. Additionally,
it can probe new colored particles with couplings to the Higgs boson, resolving the long-
and short-distance Higgs-gluon interactions [25]. The latter feature results in bounds on
the top-Higgs Yukawa coupling which are complementary to those from pp ! tt̄h [26].
Although there are several final states for the Higgs decay that can be examined, it has
been observed that the ZZ final state is optimal � it not only leads to a large interference
with the continuum ZZ process above MZZ > 2MZ as discussed earlier, but also gives
rise to a clean four-lepton final state, thereby reducing the experimental systematics on the
background estimate [27].

We now briefly describe our LHC analysis framework adopted in the subsequent sections
for studying the pp ! ZZ process in the SM and different BSM scenarios. We consider the
gluon fusion production of the Higgs boson through heavy quark loops, gg ! h

⇤
! ZZ,

and the associated two major backgrounds processes

qq̄ ! ZZ and gg ! ZZ. (2.3)

The first background arises at the tree level, dominating the event yield, while the second
contribution leads to crucial interference effects with the Higgs signal in the off-shell regime.
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Off-shell Higgs.

Modification of Higgs propagator and top Higgs coupling, 
parameterized by 𝝻 and 𝝙.
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bounds on the conformal symmetry breaking scale µ. We show results for the 14 TeV LHC
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5 Weakly Coupled Scenario: RG Evolution

The energy-scale dependence of coupling and mass parameters is a fundamental prediction
in quantum field theory. The specific form of this running depends on the particle spectrum
and their interactions in the underlying theory. The best example thus far is the running
of the strong interaction coupling strength (↵S), that has been experimentally probed over
a broad energy range, being in excellent agreement with the SM prediction of asymptotic
freedom. Including data ranging from tau-decays, deep-inelastic scattering, decay of heavy
quarkonia, measurement of jet shapes at e
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e
� colliders, electroweak precision fits, to the

present day hadron collider data from the Tevatron and the LHC, the value of ↵S has
been determined in the energy range of around 2 GeV to more than 1000 GeV [46]. Such
measurements are not only crucial to test the SM predictions across many orders of mag-
nitude in energy scale [46], they also furnish some of the most model-independent bounds
on new states with color charge running in the loop, independent of their decay proper-
ties [47, 48]. It has also been suggested that the determination of the scale-dependence of
electroweak gauge couplings using future precision measurements of the Drell-Yan process
at high-energy hadron colliders can probe the presence of new particles charged under the
SM electroweak interactions [49].

Studying the energy scale dependence of the Higgs couplings under the renormalization
group evolution can also hold clues to new states coupled to the Higgs sector in particular,
and the SM particles in general. A first target would be the Higgs coupling to the top
quark. Let us begin with a review of the SM Yukawa coupling and then go on to discuss
different weakly-coupled beyond SM extensions. In the SM, the dominant contribution
to the RG running of the top Yukawa is from QCD corrections, and a sub-dominant but
important contribution stems from the top Yukawa itself. There are two reasons for the
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where �tt corresponds to the Higgs signal contribution, �tc to the signal and box diagram
interference, and �cc to only the box contribution. We show in Fig. 2 the full m4` distribution
in the SM, and also individually for each of its components. Remarkably, the gg ! ZZ

process displays a substantial destructive interference that is larger in magnitude than the
contribution from the Higgs signal diagram alone, for the full off-shell m4` spectrum. This
feature is important in understanding the subsequent results in the new physics scenarios.

It was pointed out in [23] that off-shell Higgs production can be utilized to determine
the Higgs boson total width – a method already adopted by the ATLAS and CMS collab-
orations [24]. This process is also sensitive to a new color singlet with couplings to top
quarks and Z bosons, thus appearing as a new resonance in the mZZ profile. Additionally,
it can probe new colored particles with couplings to the Higgs boson, resolving the long-
and short-distance Higgs-gluon interactions [25]. The latter feature results in bounds on
the top-Higgs Yukawa coupling which are complementary to those from pp ! tt̄h [26].
Although there are several final states for the Higgs decay that can be examined, it has
been observed that the ZZ final state is optimal � it not only leads to a large interference
with the continuum ZZ process above MZZ > 2MZ as discussed earlier, but also gives
rise to a clean four-lepton final state, thereby reducing the experimental systematics on the
background estimate [27].

We now briefly describe our LHC analysis framework adopted in the subsequent sections
for studying the pp ! ZZ process in the SM and different BSM scenarios. We consider the
gluon fusion production of the Higgs boson through heavy quark loops, gg ! h
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and the associated two major backgrounds processes

qq̄ ! ZZ and gg ! ZZ. (2.3)

The first background arises at the tree level, dominating the event yield, while the second
contribution leads to crucial interference effects with the Higgs signal in the off-shell regime.
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contribution from the Higgs signal diagram alone, for the full off-shell m4` spectrum. This
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quarks and Z bosons, thus appearing as a new resonance in the mZZ profile. Additionally,
it can probe new colored particles with couplings to the Higgs boson, resolving the long-
and short-distance Higgs-gluon interactions [25]. The latter feature results in bounds on
the top-Higgs Yukawa coupling which are complementary to those from pp ! tt̄h [26].
Although there are several final states for the Higgs decay that can be examined, it has
been observed that the ZZ final state is optimal � it not only leads to a large interference
with the continuum ZZ process above MZZ > 2MZ as discussed earlier, but also gives
rise to a clean four-lepton final state, thereby reducing the experimental systematics on the
background estimate [27].

We now briefly describe our LHC analysis framework adopted in the subsequent sections
for studying the pp ! ZZ process in the SM and different BSM scenarios. We consider the
gluon fusion production of the Higgs boson through heavy quark loops, gg ! h
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The first background arises at the tree level, dominating the event yield, while the second
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Top FCNC: e.g. from compositness

- \

The hierarchy of scales

⇤b

⇤s

⇤d

energy scale decoupling
operators

OdR , OQL1

⇤u OuR

OsR

OcR , OQL2

OtR , OQL3⇤t ⇠ ⇤ir

⇤c

ObR

High scale suppresses flavor 
effects

Main flavor effects from top

✦ small contributions to FCNC’s
✦ negligible EDM’s

✦ unavoidable if top is composite!

Panico and Pomarol, 1603.06609

g*yt

ΛIR
Q̄3RγμQ3RH†DμH

For example:

t → hq(q = u, c)



Top FCNC

- Not quite in the interesting region for many models yet. 


- But, certainly worth keep-going

Summary of LHC limits on FCNC
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Flavor changing neutral currents

Many theories which include new physics
at a scale ⇤ well above LHC energies
predict enhanced flavor changing

neutral currents, giving rise to
potentially observable tHq vertices

FCNC is forbidden at tree level in SM
and highly suppressed in loop corrections
(t ! Hc = 3⇥ 10�15)

Such vertices can appear on the decay

side in tt̄ production

Also can appear in non-SM tH single-top

production
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Testing sum rules, positivity



EFT, amplitude, dispersion 

EFT Amplitude

Alternative representation.


More direct connection 
with observables. 


Many works in recent years:

Shadmi, Weiss. 1809.09644

Ma, Shu, Xiao. 1902.06752

Aoude, Machado. 1905.11433

Durieux, Kitahara, Shadmi, Weiss. 1909.10511

Franken, Schwinn. 1910.13407

Falkowski. 1912.07865

Durieux, Machado. 1912.08827

Bachu, Yellespur. 1912.04334

Durieux, Kitahara, Machado, Shadmi, Weiss. 2008.09652



EFT, amplitude, dispersion 

EFT Amplitude Dispersion relation

Follows from general principles of QFT.


Leading to sum rules, positivity  bounds. 


Connection between  IR measurement and 
UV completion

Adams, Arkani-Hamed, Dubovsky, Nicolis, 
Rattazzi, 2006

+ a lot of recent activities



Sum rules, positivity…

δg ∝
c

M2n
1,2

=
dnA(s, t = 0)

dsn
s=0

≃ ∫
∞

0

ds
π

1
sn (σ(ab → X1) + ( − )nσ(ab̄ → X2)) + . . .

X1,2 NP particles with masses M1,2

Schematically

δg shift in low energy coupling

n = 2, dim-8  → positivity

n = 1, dim-6  → sum rules

More relations

(also include t ≠ 0)

Remmen, Rodd 2010.04723

Bellazzini, Miro, Rattazzi, Riembau, Riva, 2011.00037

Arkani-Hamed, Huang, Huang, 2012.15849

…



Precision vs direct search
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Figure 2: A schematic plot on the interplay between precision measurements and direct
searches. For simplicity, we assume only two new particles X1 and X2 with masses
M1 and M2 and some universal couplings to SM. They each contribute to one of the
cross sections in the sum rule, with ‡(ab æ X1) and ‡(ab̄ æ X2). The symmetry in
Eq. (4.2) corresponds to the diagonal line, where the contribution to A(ab æ ab) from
dimension-6 operators vanishes, while the plus (minus) sign denotes the region in which
this contribution is positive (negative). Contributions to A(ab æ ab) from dimension-8
operators are proportional to 1

M
4
1

+ 1
M

4
2
, as illustrated by the orange contours.

electroweak symmetry breaking. More specifically, with the parameterization

L = g2

c2
W

Zµ

Q

a
ÿ

f=u,d,‹,e

f̄L“µ(T3 ≠ s2
W

Q + ”gLf )fL +
ÿ

f=u,d,e

f̄R“µ(≠s2
W

Q + ”gRf )fR

R

b + ... ,

(4.15)
where s2

W
and c2

W
are shorthands for sin2 ◊W and cos2 ◊W and ◊W is the weak mixing angle,

the 7 equations in Eq. (3.10) and Eq. (3.11) equal to 4
v2 ◊{gLu, gRu, gLd, gRd, gL‹ , gLe, gRe},

respectively. The scattering processes at high energies (with v π E π �), such as the
Higgsstrahlung process at hadron or lepton colliders (pp æ V h and e+e≠

æ Zh), o�er
a more direct probe of the corresponding amplitudes. The properties of the full model,
on the other hand, can be probed by direct searches at high energies. Di�erent from
the EFT parameters that are subject to the sum rules, the direct search bound can be
applied to individual particles, and are thus complementary to the bounds from precision
measurements. This complementarity is illustrated schematically in Fig. 2. For simplic-
ity, we assume in Fig. 2 that the full theory contain only two heavy particles, X1 and
X2, with masses M1 and M2 and some universal couplings to SM. They contribute to the
cross sections ‡(ab æ X1) and ‡(ab̄ æ X2) in the sum rule for the forward amplitude
Ã(ab æ ab). As such, the contributions to Ã(ab æ ab) from dimension-6 operators are
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=
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= ∫
∞

0

ds
sπ (σ(ab → X1) − σ(ab̄ → X2))

X1,2 mass: M1,2

J. Gu, LTW, 2008.07551
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Ã(ab æ ab). As such, the contributions to Ã(ab æ ab) from dimension-6 operators are

19
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M2
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=
dA
ds

s=0

= ∫
∞

0

ds
sπ (σ(ab → X1) − σ(ab̄ → X2))

X1,2 mass: M1,2

Cancellation can occur for dim-6 
contribution. Possible to 
implement a symmetry.

Cancellation not possible for dim-8. 
due to positivity.

Adams, Arkani-Hamed, Dubovsky, 

Nicolis, Rattazzi, 2006

J. Gu, LTW, 2008.07551



Precision vs direct search
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Figure 6: A more specific example of the schematic plot of Fig. 2 for the ”gLb sum rule in
Eq. (5.11) with realistic bounds from current and future experiments (all at 95% CL). Note
that the axes are scaled linearly with 1/M2. The diagonal line corresponds to ”gLb = 0,
while the plus (minus) sign denotes the region in which ”gLb is positive (negative). The
relevant Yukawa couplings (as in Eq. (5.9)) are assumed to be one for simplicity.

and bL are in the same SU(2)L doublet, the measurement of the ZbLb̄L coupling provides
very stringent constraints on many new physics models that has extended top sectors.
However, as mentioned in Section 4.2, it is possible to impose a symmetry that makes
the amplitude in Eq. (5.11) vanishes, and protects the ZbLb̄L coupling to be SM-like even
with the presence of new physics. To illustrate this, we present in Fig. 6 the interplay
between precision measurements and direct searches for the sum rule in Eq. (5.11), which
is a refined version of Fig. 2 with realistic bounds. For simplicity, we assume the cross sec-
tion ‡tL „

≠æF
≠ 1

3 (‡tL „
+æF

5
3 ) is generated by a single heavy quark with mass M1/3 (M5/3),

and the relevant Yukawa couplings are set to one. The constraints are shown in the
(M1/3, M5/3) plane. The bounds on ”gLb from current and future Z-pole measurements
are taken from the global fitting results in Ref. [61]. The bounds from searches of heavy
quarks are taken from Ref. [62].14 The bounds from precision measurements are gener-
ally more constraining than the ones from direct searches, except for the region near the
diagonal line as a result of the sum rule. This can be realized without tuning model pa-
rameters by imposing the symmetry on the amplitude as in Section 4.2. A common setup
in composite Higgs models is to impose a PLR parity in addition to the SU(2)L ◊ SU(2)R

14We take the bounds from QCD productions which are more robust. We also assume the bound on
the charge 1/3 quark is similar to the one of the charge 5/3 quark.

26

J. Gu, LTW, 2008.07551

New fermions with charge 5/3 and 1/3

Agashe, Contino, Da Rold, Pomarol, hep-ph/0605341



Probing dim-8?

- Dim-8 operators have positivity bound. 

Stronger limit on the parameter space.  


Could be a cleaner test of general properties 
(Unitarity, locality, analyticity) of UV completion.


- Unfortunately, typically, dim-6 will dominate a 
process. Hard to see the effect of dim-8.

Adams, Arkani-Hamed, Dubovsky, 

Nicolis, Rattazzi, 2006. + many. 



Seeing dim-8

- Dim-6 =0

Could be symmetry or some accidental cancellation. 


Unlikely to work for the generic case. 


Need to identify special channels (an example later).



Seeing dim-8

- Dim-6 =0


- Different growth with energy 

dim-6: E2 vs dim-8: E4


Be mindful that E4 piece is (E/𝝠)2 smaller.


Also need to disentangle the (dim-6)2 


Still, possible in some cases, useful to pursue. 



Seeing dim-8

- Dim-6 =0


- E2 vs E4


-  Different kin. Distribution: 

Alioli, Boughezal, Mereghetti, Petriello, 2003.11615

Some dim-8 operators can give 
l=2 partial wave amplitudes 



Tests at the LHC

Bi, Zhang, Zhou, 1902.08977

Exp limit based on CMS PAS SMP-001 

Experimental bound assumes dim-8 dominates. 


Green region from theoretical bounds on the coefficients of 
the operators. 



The ff →γγ channel

- Effect from dim-6 operator either vanishing or 
suppressed.


Due to the nature of the amplitude and the 
experimental constraints. 


- SM × dim-8 interference is the leading channel. 


- Positivity bound on dim-8 leads to prediction

σ(e+e− → γγ) > σSM(e+e− → γγ)

J. Gu,  C. Zhang,  LTW, 2011.03055



At hadron collider, harder, but in principle possible. 

More work needed!

3

Collider reach.— To estimate the reach at future lep-
ton colliders, We perform a simple binned analysis in the
range cos ✓ ⇢ [0, 0.95], with a bin width of 0.05, and con-
sider only statistical uncertainties. We expect the largest
background to be the Bhabha scattering (e+e� ! e+e�),
with a cross section of almost 2 orders of magnitude larger
than e+e� ! ��. Assuming a su�ciently small rate
(⌧ 1%) for an electron to be misidentified as a photon,
this background is negligible since both electrons need
to be misidentified as a photon for an event to be se-
lected. The cut on the minimal production polar angle
(cos ✓ < 0.95) is also very e↵ective in removing the beam-
strahlung and ISR e↵ects. As a validation of our analysis,
we apply it to the LEP 2 run scenarios and find a very
good agreement with the result in Ref [30] (with a . 10%
di↵erence in the reach on ⇤).

To illustrate the interplay between the measurements
and the positivity bounds, we show the ��2 = 1 con-
tours in Figure 1 for collider scenarios CEPC/FCC-ee
240GeV and ILC 250GeV, with their details summa-
rized in Table I. According to Equation 7, if the beams
are unpolarized (Pe� = Pe+ = 0), only the combination
aL + aR is probed, leaving a flat direction aL = �aR. It
can be lifted by having multiple runs with di↵erent beam
polarization, as for example at the ILC. Clearly, for the
purpose of testing positivity, beam polarization would be
desirable, because it allows for testing the sign of aL and
aR (or left/right-handed polarized cross sections) individ-
ually. Without beam polarization, one could still probe
the positivity of aL + aR (or the total cross section).

On a di↵erent ground, assuming that the SMEFT has a
UV completion consistent with the QFT principles, pos-
itivity bounds can be used to resolve the degeneracy be-
tween aL and aR by constraining both simultaneously,
even without beam polarization, as clearly illustrated in
Figure 1. We emphasize that this is a general feature
that are also applicable to many other processes, such as
the 4-fermion [12] or the Higgs ones [31]. Positivity thus
provides important information for future global SMEFT
analyses, complementary to the experimental inputs.

High energy lepton colliders can probe these operators
even further. The reach on ⇤ scales with the energy E
and luminosity L as

⇤2

⇤1
=

✓
E2

E1

◆ 3
4
✓
L2

L1

◆ 1
8

, (9)

assuming all other variables, such as beam polarizations,
are the same for the two scenarios 1 and 2. The energy
enhancement E4/⇤4 on the dim-8 contribution is slightly
o↵set by the decrease of SM cross section with respect to
energy, resulting in an energy dependence with power 3/4
for the reach on ⇤.

In Figure 2, we show the 95% CL reach on ⇤8 ⌘ v/a
1
4

for various collider scenarios, where a = aL, aR is de-
fined in Equation 1 and 2. ⇤8 corresponds directly to

FIG. 1: ��2 = 1 contours for CEPC/FCC-ee 240GeV and
ILC 250GeV. The green shaded region is allowd by the pos-
itivity bounds. See Table I for the run scenarios. Scales are
amplified by a factor of 104.
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FIG. 2: The reach on the scale of the dim-8 operators ⇤8(⌘
v/a

1
4 ) as a function of the center-of-mass energy

p
s from the

measurement of the e+e� ! �� (or µ+µ� ! ��) process.
The band covers 1 � 5 ab�1 and various beam polarization
scenarios. The circles represent the best reach for each collider
scenario listed in Table I. The LEP2 [30] reach is also shown,
assuming a SM central value for the measurements. For linear
colliders, the triangle (square) shows the reach from aL (aR)
in a simultaneous fit of the two parameters.

the scale of new physics which modifies the e+e� ! ��
amplitudes. When positivity is violated, ⇤8 indicates the
scale of the new physics which generates this violation,
analogous to the � parameter of Ref. [12]. The band in
Equation 3 covers integrated luminosities of 1 to 5 ab�1

and various beam polarization scenarios, and is consis-
tent with Equation 9. We also show best reach for the
collider scenarios listed in Table I from any linear com-
binations of aL and aR. For circular colliders, only the
combination aL + aR is probed. For linear colliders, aL
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Conclusion

- The next stage of the LHC will make great 
progress in precision measurement, opening new 
windows to new physics. 


Higgs, top, W/Z, flavor and CP violation. 


- I emphasized

Detailed measurement of all kinematical 
distribution, high energy tails + others. 


Huge potential in rare decays. 


New non-trivial tests: such as positivity and other 
relations. 
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Dimension 8 operators? (current work, JG, C. Zhang and L.-T. Wang)
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! Positivity bounds resolve the
flat direction between aL and
aR for unpolarized beams.

! Best reach still from high
energy colliders.

Jiayin Gu (顾嘉荫) JGU Mainz

Towards v2.0 of the CEPC EFT fit
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CP violation
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Figure 19: Impact of the prospective µtH/(tt̄H+tW H) determination of the proposed tH

analysis with 3 ab≠1 of data [the green areas indicate the 1 ‡ precision] on the currently
allowed ranges of ct (top panels), c̃t (middle panels), as well as on the (ct, c̃t) parameter
plane (bottom panels). The figures contain the fit results of the 5D parametrization shown
in Fig. 13 (right panels) and Fig. 8 (bottom right panel), respectively. We assume the
future µtH/(tt̄H+tW H) measurement to be consistent either with the SM (left panels) or the
CP-mixed 2 benchmark scenario (right panels).
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future µtH/(tt̄H+tW H) measurement to be consistent either with the SM (left panels) or the
CP-mixed 2 benchmark scenario (right panels).
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), f = ⌧, b, from µ

ff̄
(blue), de (yellow) and YB (red). Solid lines

represent bounds, dashed red lines represent iso-YB curves within the bound. Regions allowed by

all constraints are highlighted in green. Left: ⌧ -lepton source, right: b-quark source.

alone allows Y (b)
B

 0.33Y obs
B

, the de constraint is stricter on T
b

I
, leading to

Y
(b)
B

 0.04Y obs
B

. (6.2)

3. �t

The constraints on (T t

R
, T

t

I
) are presented in Fig. 2. The constraint on T

t

I
from µggF+tth

is three orders of magnitude weaker than from de. Thus, while the former by itself would

allow for Y (t)
B

⇠ Y
obs
B

, the latter restricts it:

Y
(t)
B

 0.02Y obs
B

. (6.3)

The right plot presents a zoomed-in version of the figure to illustrate the strength of the

EDM constraint, reducing the collider ring to two strips, one around the origin, and a

narrow one around T
t

R
' �0.5. The latter translates to ⇤/

p
X

t

R
' v, thus the EFT

assumptions might not be fulfilled in this particular region of large negative T t

R
whereas the

cuto↵ scale is well above v in the strip around the origin. The calculation of Y (t)
B

is a↵ected by

larger uncertainties than in the ⌧ - and b-cases due to the less suppressed higher-dimensional

terms and the non-negligible higher-order e↵ects in the VEV-insertion approximation [35].
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for single species and for combinations of two fermions. In Section VII we summarize and

present our conclusions.

II. DIMENSION-SIX COMPLEX YUKAWA TERMS

We consider the following dimension-four and dimension-six Yukawa-type Lagrangian

terms for the third-generation fermions (similarly to Refs. [13, 17], but allowing also for a

real part of the dimension-six term):

LYuk = yfFLFRH +
1

⇤2
(Xf

R
+ iX

f

I
)|H|

2
FLFRH + h.c. (2.1)

Here FL is the SU(2)-doublet field containing F = t, b, ⌧ , FR is the corresponding SU(2)-

singlet field, H is the Higgs doublet field, and ⇤ is the mass scale of new physics. Without

loss of generality, we take yf to be real. Substituting in the unitary gauge

H =
1
p
2
(v + h), (2.2)

leads to the following mass term and h-Yukawa couplings:
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"
1 +

v
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We define the ratio of the dim-6 to the dim-4 contribution to a fermion mass as our useful

coordinates to be used in the following:

T
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X
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Thus the coe�cients of the mass and Yukawa terms in Eq. (2.3) have the following values:

mf =
yfv
p
2

⇣
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f
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+ iT

f

I

⌘
, �f =

yf
p
2

⇣
1 + 3T f

R
+ 3iT f

I

⌘
. (2.5)

Once we add the dimension-six terms, we are no longer in the basis of real fermion masses.

To have mf real in the mffLfR term, we transform fR ! e
i✓ffR by ✓f which satisfies

tan ✓f =
T

f

I

1 + T
f

R

. (2.6)

Then, in the mass basis with a real value for the mass,

mf =
yfv
p
2

q
(1 + T

f

R
)2 + T

f2
I
, (2.7)
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Figure 3: Exemplary Feynman diagrams for tt̄H, tH and tWH production.

contributions proportional to the top-Yukawa coupling (see upper middle diagram of Fig. 3)
and proportional to the electroweak gauge couplings (see upper right diagram of Fig. 3).1
Similar to tH production, also tWH production receives contributions proportional to the
top-Yukawa coupling and to the electroweak gauge couplings (see bottom diagrams of Fig. 3).
Experimentally, tWH is challenging to distinguish from tt̄H production. At next-to-leading
order in the five-flavor scheme or at leading-order in the four-flavor scheme, tWH and tt̄H

production even interfere with each other (see [39] for a detailed discussion). The distribu-
tions of the Higgs transverse momentum in tH, tt̄H and tWH production o�er additional
sensitivity to the CP-nature of the top-Yukawa coupling. Measurements of these shapes are
not yet possible but are expected to become feasible in the future. STXS bins for the tt̄H

Higgs pT -shape have been defined already [48].
In addition to the processes discussed above, also the Higgs decay mode into a photon and

a Z boson, four leptons, as well as four-top-quark production [41,49] can be used to constrain
the CP-nature of the top-Yukawa coupling. With the current experimental precision, these
processes are, however, not competitive to the processes discussed above (but may become
relevant after the high-luminosity upgrade of the LHC). Therefore, we do not include them
into our analysis.

3 E�ective model description

For our analysis, we use a model similar to the Higgs-characterization model defined in
Refs. [7, 37, 50]. The top-Yukawa part of the Lagrangian is modified with respect to the SM,

Lyuk = ≠
y

SM
t

Ô
2

t̄ (ct + i“5c̃t) tH, (1)

where y
SM
t

is the SM top-Yukawa coupling, H is used to denote the Higgs boson field and t

to denote the top quark field. The parameter ct rescales the CP-even coupling with respect
to the SM prediction (ct = 1). The CP-odd coupling of the Higgs boson to top quarks is

1In addition to the t-channel tH contributions, shown in Fig. 3, there is also a s-channel contribution
mediated by a W boson. The s-channel contribution is an order of magnitude smaller than the t-channel
contribution [38]. Therefore, we neglect it in the present study.
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Figure 6: A more specific example of the schematic plot of Fig. 2 for the ”gLb sum rule in
Eq. (5.11) with realistic bounds from current and future experiments (all at 95% CL). Note
that the axes are scaled linearly with 1/M2. The diagonal line corresponds to ”gLb = 0,
while the plus (minus) sign denotes the region in which ”gLb is positive (negative). The
relevant Yukawa couplings (as in Eq. (5.9)) are assumed to be one for simplicity.

and bL are in the same SU(2)L doublet, the measurement of the ZbLb̄L coupling provides
very stringent constraints on many new physics models that has extended top sectors.
However, as mentioned in Section 4.2, it is possible to impose a symmetry that makes
the amplitude in Eq. (5.11) vanishes, and protects the ZbLb̄L coupling to be SM-like even
with the presence of new physics. To illustrate this, we present in Fig. 6 the interplay
between precision measurements and direct searches for the sum rule in Eq. (5.11), which
is a refined version of Fig. 2 with realistic bounds. For simplicity, we assume the cross sec-
tion ‡tL „

≠æF
≠ 1

3 (‡tL „
+æF

5
3 ) is generated by a single heavy quark with mass M1/3 (M5/3),

and the relevant Yukawa couplings are set to one. The constraints are shown in the
(M1/3, M5/3) plane. The bounds on ”gLb from current and future Z-pole measurements
are taken from the global fitting results in Ref. [61]. The bounds from searches of heavy
quarks are taken from Ref. [62].14 The bounds from precision measurements are gener-
ally more constraining than the ones from direct searches, except for the region near the
diagonal line as a result of the sum rule. This can be realized without tuning model pa-
rameters by imposing the symmetry on the amplitude as in Section 4.2. A common setup
in composite Higgs models is to impose a PLR parity in addition to the SU(2)L ◊ SU(2)R

14We take the bounds from QCD productions which are more robust. We also assume the bound on
the charge 1/3 quark is similar to the one of the charge 5/3 quark.
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Flavor violating Higgs decay
Table 82: Same as Table 79 but for flavour-violating up-type Yukawa couplings. In the SM, NFC and the
tree-level MSSM the Higgs Yukawa couplings are flavour diagonal. The CP-violating ̃ff

0 are obtained
by replacing the real part, <, with the imaginary part, =. All the other models predict a zero contribution
to these flavour changing couplings.

Model ct(tc)/t ut(tu)/t uc(cu)/t

MFV
<
�
cum

2

bV
(⇤)

cb

�
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2

p
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v
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�
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2
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⌘

O
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⇤
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⌘

O
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⇤
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⌘

GL2 ✏(✏2) ✏(✏2) ✏3
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Table 83: Same as Table 82 but for flavour-violating down-type Yukawa couplings.

Model bs(sb)/b bd(db)/b sd(ds)/b
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�
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tons (it is possible that any of these coincide, as in the SM where H = Hu = Hd = H`) [640, 641].
The neutral scalar components of Hi are (vi + hi)/

p
2, where v2

=
P

i v
2
i . The dynamical fields hi

are a linear combination of the neutral Higgs mass eigen-states (and include hu and hd). We thus have
hi = Vhih+ . . ., where Vhi are elements of the unitary matrix V that diagonalises the neutral-Higgs mass
terms and we only write down the contribution of the lightest Higgs, h. NFC means that there are no
tree-level Flavor Changing Neutral Currents (FCNCs) and no CP violation in the Yukawa interactions
qq

0 = ̃qq
0 = 0 , ̃q = 0.

There is a universal shift in all up-quark Yukawa couplings, u = c = t = Vhuv/vu. Simi-
larly, there is a (different) universal shift in all down-quark Yukawa couplings and in all lepton Yukawa
couplings, see Tables 79 - 81.

Higgs sector of the MSSM at tree level. The MSSM tree-level Higgs potential and the couplings
to quarks are the same as in the type-II two-Higgs-doublet model, see, e.g., [659]. This is an example
of a 2HDM with natural flavour conservation in which vu = sin � v, vd = cos � v. The mixing of hu,d

into the Higgs mass-eigen-states h and H is given by hu = cos ↵h + sin ↵H , hd = � sin ↵h + cos ↵H ,
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Many (all?) new physics models predict deviations, both flavor 
diagonal and flavor off-diagonal, in Higgs Yukawa couplings.  

Table 84: Same as Table 82 but for flavour-violating lepton Yukawa couplings.

Model ⌧µ(µ⌧)/⌧ ⌧e(e⌧)/⌧ µe(eµ)/⌧
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q
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2
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where h is the observed SM-like Higgs. The up-quark Yukawa couplings are rescaled universally, u =

c = t = cos ↵/ sin �, and similarly the down-quark Yukawas, d = s = b = � sin ↵/ cos �.
The flavour-violating and CP-violating Yukawas are zero97. In Tables 79-81 we limit ourselves to the
tree-level expectations, which are a good approximation for a large part of the MSSM parameter space.

In the alignment limit, � � ↵ = ⇡/2 [380, 661, 662, 663, 664, 665, 666], the Yukawa couplings
tend toward their SM value, i = 1. The global fits to Higgs data in type-II 2HDM already constrain ��↵
to be not to far from ⇡/2 [667, 668, 669] so that the couplings of the light Higgs are also constrained to
be close to their SM values. Note that the decoupling limit of the 2HDM, where the heavy Higgs bosons
become much heavier than the SM Higgs, implies the alignment limit while the reverse is not necessarily
true [661].

Flavorful two-Higgs-doublet model. In [642] a 2HDM setup was introduced in which one Higgs
doublet couples only to top, bottom and tau, and a second Higgs doublet couples to the remaining
fermions (see also [670, 671, 672, 673]). Such a 2HDM goes beyond NFC and therefore introduces
FCNCs at tree level. However, the Yukawa couplings of the first Higgs doublet to the third generation
fermions preserve a U(2)

5 flavour symmetry, only broken by the small couplings of the second Higgs
doublet. This approximate U(2)

5 symmetry leads to a strong suppression of the most sensitive flavour
violating transitions between the second and first generation.

The non-standard flavour structure of this “flavourful” 2HDM scenario leads to flavour non-
universal modifications of all Higgs couplings. To be more precise t 6= c = u, b 6= s = d, and
⌧ 6= µ = e. CP violation in Higgs couplings can arise but is strongly suppressed by small fermion
masses, see Tables 79 - 81. Also potentially sizeable flavour violating Higgs couplings involving the
third generation fermions arise, see Tables 82 - 84. As in all 2HDMs, the Higgs couplings approach their
SM values in the alignment limit, � � ↵ = ⇡/2.

A single Higgs doublet with Froggatt-Nielsen mechanism (FN). The Froggatt-Nielsen [646] mech-
anism provides a simple explanation of the size and hierarchy of the SM Yukawa couplings. In the sim-
plest realisation this is achieved by a U(1)H horizontal symmetry under which different generations of
fermions carry different charges. The U(1)H is broken by a spurion, ✏H . The entries of the SM Yukawa
matrix are then parametrically suppressed by powers of ✏H as, for example, in the lepton sector

�
Y`

�
ij

⇠ ✏
H(Li)�H(ej)
H , (148)

where H(e, L) are the FN charges of the right- and left-handed charged lepton, respectively. The
dimension 6 operators in (146) due to electroweak NP have similar flavour suppression,

�
Y 0

`

�
ij

⇠

✏
H(ej)�H(Li)
H v2/⇤

2 [639, 637]. After rotating to the mass eigen-basis, the lepton masses and mixing

97Note that beyond the tree level, in fine-tuned regions of parameter space the loops of sfermions and gauginos can lead to
substantial corrections to these expressions [660].
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- Higgs factories can push these BR to 10-4. 
Impressive reach and complementarity with HL-
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Figure 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC,
CEPC, ILC and FCC-ee. The benchmark parameter choices are the same as in Table 3. We put
several vertical lines in this figure to divide di�erent types of Higgs exotic decays.

From this summary in Table. 3 and the corresponding Fig. 12, we can clearly see the
improvement on exotic decays from the lepton collider Higgs factories. These exotic Higgs
decay channels are selected such that they are hard to be constrained at the LHC but
important for probing BSM decays of the Higgs boson. The improvements on the limits of
the Higgs exotic decay branching fractions vary form one to four orders of magnitude for
these channels. The lepton colliders can improve the limits on the Higgs invisible decays
beyond the HL-LHC projection by one order of magnitude, reaching the SM invisible decay
branching fraction of 0.12% from h æ ZZú æ ‹‹̄‹‹̄ [53]. For the Higgs exotic decays into
hadronic particle plus missing energy, (bb̄) + /ET, (jj) + /ET and (·+·≠) + /ET, the future
lepton colliders improve the HL-LHC sensitivity on these channels by roughly four orders
of magnitude. This great advantage benefits a lot from low QCD background and Higgs
tagging from recoil mass technique at future lepton colliders. As for the Higgs exotic decays
without missing energy, the improvement varies between two to three orders of magnitude,
except for the one order of magnitude improvement for the (““)(““) channel. Being able to
reconstruct the Higgs mass from the final state particles at the LHC does provide additional
signal-background discrimination power and hence the future lepton colliders improvement
on Higgs exotic decays without missing energy is less impressive comparing to those do.
Further more, as discussed earlier, leptons and photons are relatively clean objects at the
LHC and the sensitivity at the LHC on these channels will be very good. Future lepton
colliders complement the HL-LHC for hadronic channels and channels with missing energies.

There are many more investigations to be carried out under the theme of Higgs exotic
decays. For our study, we take the cleanest channel of e+e≠ æ ZH with Z æ ¸+¸≠ and
h æexotics up to four-body final state, further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would definitely improve the statistics and
consequently resulting in better limits. As a first attempt to evaluate the Higgs exotic decay
program at future lepton colliders, we do not include the case of very light intermediate
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All eyes are on the Higgs3.2. FUTURE PROSPECTS 35

Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |kV |  1 is applied, and all future colliders are
combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
e+e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
boson couplings to b-quarks can be measured with an accuracy between 0.5% and 1.0%, a factor
of 2 � 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy of O(1%). The various e+e� colliders
do not differ significantly in their initial energy stages.
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-
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Flavor non-universal effect

4

a corresponding lepton collider were also included in the
plot. The LEP constraints were obtained by looking at
the shift in g

Z,u

R
induced by our operator and fitting to

the number provided in Ref. [47]. The CEPC projections
were obtained from Ref. [14], assuming flavor universal-
ity. This assumption will result in a more optimistic es-
timate 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 g

Z,u

R
into a constraint on cHu/⇤2 [38]. From

the figure, we can see that Zh production is indeed com-
petitive to other direct and indirect probes over a large
range of parameter space.
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FIG. 3. The constraints on the scale of new physics for mod-
els with di↵erent values of cHu which can be probed by Hig-
gsstrahlung at HL-LHC (above) and potential future hadron
colliders (below) using only bins satisfying ŝ < ⇤2. 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.

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.

�|M|2

|MSM|2 = s
4
w
c
2
w

e2(32s4
w
�24s2

w
+9)

⇣
144 c

2
w

e2
c
2
Hu

⇤4 ŝ
2 + 96 cHu

⇤2 ŝ

⌘
,

(7)
where e is the electric coupling constant around 0.3.
Noting that the coe�cient of the quadratic piece is an

order of magnitude larger than the linear piece, the con-
tribution from |Od=6|

2 will dominate once cHuŝ/⇤2 &
O(0.1). Given the same suppression of ⇤4, the contribu-
tion from dimension-8 operators should be estimated as
well.
As dimension-8 operators do not generate any new ver-

tices 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 tak-
ing the linear piece in Eq. (7) and replacing

cHu ! cHu +
X

i,j

aici,j
pi · pj

⇤2
, (8)

where the i, j indices denote the di↵erent legs in the Feyn-
man diagram and ai is some O(1) number.
So, in models where the Wilson coe�cients 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 coe�cients being larger
than dimension-6, one should view our constraints as
those on a given linear combination of the Wilson coef-
ficient of dimension-6 and dimension-8 that can be ab-
sorbed into the dimension-6 operators. For instance,
dimension-8 operators derived with additional H†

H in-
sertions to the dimension-6 operators can be captured
by redefining the dimension-6 operators’ coe�cients con-
cerning the Zh process considered in this work. The
estimation of the sensitivity to new physics scale ⇤ for
Wilson coe�cient of order unity remains the same.

IV. FLAVOR PHYSICS CONSTRAINTS

The type of flavor models that we are looking at may
have non-trivial constraints from flavor changing neutral
currents (FCNC). This is due to the presence of flavor-
mixing terms in the Lagrangian in the mass eigenba-
sis. 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 es-
timate 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

L
�C=1 = �

cHuMZv

⇤2
ZµūR�

µ
cR(U

†
R,uu

UR,uc).

2

IV. The complementarity of this study with exotic Higgs
decay will be discussed in Sec. V and lastly, we will
conclude.

II. FLAVOR NON-UNIVERSAL SCENARIO

The flavor non-universal operators in the Warsaw basis
associated with the first generation are listed in Table I
[3].

Operators

OHu = (iH† $
DµH)(ūR�

µ
uR)

OHd = (iH† $
DµH)(d̄R�

µ
dR)

O
(1)
HQ

= (iH† $
DµH)(Q̄�

µ
Q)

O
(3)
HQ

= (iH†
�
a

$
DµH)(Q̄�

µ
�
a
Q)

TABLE I. The set of operators with an energy-enhanced con-
tribution to the pp ! V h, V V amplitudes.

These operators can be classified using the so-called
high energy primaries associated with a given diboson
process [29, 37]. These are the coe�cient 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.

The Wilson coe�cient of OHu is the high-energy pri-
mary associated with fRf̄R ! W

+
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and fRf̄R !

ZLh. There are existing studies in both of these chan-
nels, though only the WW channel has been studied in
the flavor non-universal scenario [38, 39]. For the opera-

tors O(1)
HQ

and O
(3)
HQ

, the contribution to the WW chan-
nel 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 coe�cients of these
operators from the WW process.

To determine the overall reach in the parameter space
of non-universal models through Zh production, we fo-
cus on the contribution of OHu. The result of the other
operators can be parameterized and derived in a similar
manner.

To begin, the e↵ective Lagrangian with dimension-6
operators involving up type quarks is
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cHu

⇤2
(iH† $
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where i, j are flavor indices. For now we focus on the
scenario in which the only nonzero coupling is guu = 1.
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where UR is the unitary matrix which, alongside UL, di-
agonalizes the mass matrix. Due to the small charm frac-
tion in the parton distribution functions and the typical
smallness of the o↵-diagonal terms of the rotation matri-
ces in most flavor models, we expect their contributions
to be negligible. Hence, we will neglect the contribution
from the o↵-diagonal terms for the Zh process. Moving
to the EW broken phase, we have
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This interaction term gives us the relevant Feynman rules
for Zh:
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where cw and sw (in later text) denote cos ✓w and sin ✓w
of the Weinberg angle ✓w with s

2
w

' 0.23, and g is the
SU(2) gauge coupling.

III. DETAILED ANALYSIS

To obtain projections on the sensitivities, one million
pp ! Zh events were generated in MG5 aMC with
the operator implemented using a UFO file generated in
FeynRules [40–42]. The Wilson coe�cient normalized
with a NP scale of 1 TeV, cHu/⇤2

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 inte-
grated 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 num-
ber of signal events as a function of the Wilson coe�cient
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 expo-
nential function, equivalent to a fixed selection e�ciency
for high invariant mass regions of the background.
Our signal Z and h with subsequent decays into dilep-

tons and bb̄ were multiplied by the corresponding decay
branching fractions respectively, to match the final state
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IV. The complementarity of this study with exotic Higgs
decay will be discussed in Sec. V and lastly, we will
conclude.
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associated with the first generation are listed in Table I
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R,i

U
†
R,ij

gjk�
µ
UR,kluR,l), (2)

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

i(H† $
DµH) � �

g

2cw
(v + h)2Zµ. (3)

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

Z

uRuR

R

= �i
gv

2

2cw

cHu

⇤2

uR

uR

Z

h

R

= �i
gv

cw

cHu

⇤2

(4)

where cw and sw (in later text) denote cos ✓w and sin ✓w
of the Weinberg angle ✓w with s

2
w

' 0.23, and g is the
SU(2) gauge coupling.

III. DETAILED ANALYSIS

To obtain projections on the sensitivities, one million
pp ! Zh events were generated in MG5 aMC with
the operator implemented using a UFO file generated in
FeynRules [40–42]. The Wilson coe�cient normalized
with a NP scale of 1 TeV, cHu/⇤2

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 inte-
grated 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 num-
ber of signal events as a function of the Wilson coe�cient
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 expo-
nential function, equivalent to a fixed selection e�ciency
for high invariant mass regions of the background.
Our signal Z and h with subsequent decays into dilep-

tons and bb̄ were multiplied by the corresponding decay
branching fractions respectively, to match the final state



Higgs-top couplings: FCNC

Bounds on individual operators
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1.5 Individual limits
L=1 TeV

LHC+LEP u
LHC+LEP c
HL-LHC+LEP u
HL-LHC+LEP c
FCC-ee u&c
CEPC baseline
CEPC template fit

FCC-ee: 4f operator limits are not available; 2f slightly better

CLIC: 380 GeV run + polarization, 3~4 times better on 4f

          Larger energy -> better limits  
LHeC: similar limits

[G. Durieux, the CLIC Potential for New Physics, CERN YR, 18]

[H. Khanpour et al. ’14]

[W. Liu, H. Sun 1906.04884]

[H. Khanpour et al. ’14]

�12

Top physics at CEPC 240?

At future Higgs factories, Ecm is optimized for Higgs. e.g. CEPC @ 240 GeV.  
What about top physics?


Instead of producing pairs of on-shell tops, we might:


Study virtual tops 
see talk by G. Durieux 
 

Produce single tops 
i.e. through flavor changing neutral current (FCNC)  
(may cover unexplored parameter space by LHC…) 

Similar results should also apply to FCC-ee 240 GeV run.

�2

[Durieux, Gu, Vryonidou, CZ ’18]

Cen Zhang
Top FCNC

Warsaw basis operators

28 DoFs relevant for ee->tj

Left-handed q

Right-handed q

CP even

CP odd

�4

[B. Grzadkowski et al. 10]
Relevant D.o.F for tops

[Aguilar-Saavedra et al. ’18]

[Aguilar-Saavedra et al. ’18]
[G. Durieux, the CLIC Potential for New Physics, Sec. 3.1.2, ’18]

a=1: tuV/tull 
a=2: tcV/tcll

No interference between 
rows, sufficient to focus 
on 7 parameters at a time


