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The Standard Model – 
       first time ever!
• Quantum mechanical
• Relativistic
• Renormalizable
• Perturbatively unitary
to exponentially high scales,
perhaps to the Planck scale!
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(A). The Higgs Magic



• Particle mass hierarchy

Higgs Yukawa couplings 
as the pivot for all !

• Patterns of quark, 
neutrino mixings

• New CP-violation 
sources?
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whale

tiger

hawks

Mosquito

• Tiny neutrino masses!

The Higgs Blemishes
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mH ≈ 126 GeV 

Question 1: The Nature of EWSB ?
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Fully determined at the weak scale:
v = (

p
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In the SM:

24

It is a weakly coupled new force, 
underwent a 2nd order phase transition.

Is there anything else?

You are here

<|Φ|> =

Three Types of Masses in SM
MW,Z versus mH versus mf : 

  

The good, the bad, and the ugly
(1). MW,Z : the good! 

<latexit sha1_base64="+KuN/LkI8fDU6V0xqaj580Xn9BE="></latexit>
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BSM: easy to break SU(2)L gauge sector: 
• Fundamental scalars (SUSY)
• Dynamical breaking (TC, composite …)
• Non-linear realization (or even “Higgsless”)

  

•  All calculable and predictable à e.g. CDF MW

In the SM:

à MW, MZ = g v/2  predicted, and:
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In the SM, all fixed:

(2). mH: the bad! 
<latexit sha1_base64="voNAiVdaM3mH0RUSMFSwWL4q2W4="></latexit>
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BSM: easy to construct a scalar model / potential, 
but model-parameters quadratically sensitive to a 
new physics scale: (M2

SUSY,  M2
comp,  …)

<latexit sha1_base64="tvb2m4obafqgbdQ3wjmnyLe47FI="></latexit>
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partner analysis remain valid. We discuss our findings and conclude in Section 5.

2 General Argument: Top Partners, Naturalness, and

the Higgs Couplings

The starting point of our analysis is a single Higgs doublet H with the SM tree-level potential

V (H) = �µ
2|H|2 + �|H|4. (1)

This hypothesis is the simplest interpretation of the LHC discovery consistent with all other

experimental data. In particular, there is no evidence in the data of H mixing with other scalar

fields, and the constraints on such mixing are now quite stringent. In the SM, the measurements

of the Higgs vacuum expectation value (vev) and mass provide precise values for the parameters

in the potential:

µ = 90 GeV,� = 0.13. (2)

How natural are these parameters? To address this question, we need to consider quantum

corrections to the potential (1). At the one-loop order, these corrections are conveniently given

by the Coleman-Weinberg (CW) formula
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where the sum runs over all particles in the model, and gk and Fk is the multiplicity and fermion

number of each particle, respectively. For example, for a gauge-singlet complex scalar, g = 2 and

F = 0; for a gauge-singlet Dirac fermion, g = 4 and F = 1. Here h/
p
2 is the real part of the

U(1)em-neutral component of H; in the SM vacuum, hhi = 246 GeV. The one-loop correction to

the Higgs mass parameter is given by

�µ
2 ⌘ �

2
VCW

�h2
|h=0. (4)

In the SM, the largest contribution to the CW potential comes from the top quark, since the top

Yukawa is the strongest coupling of the Higgs:

�µ
2 = �3y2t

8⇡2
⇤2 + . . . , (5)

where ⇤ is the scale at which all loop integrals in VCW are cut o↵. Since we expect ⇤ � MEW, the

quantum correction to µ from the top loop is unreasonably large, and would require fine-tuning

if no new physics is present. If the theory is weakly coupled at the TeV scale, the only way to

2

Not seeing other states nearby, we do not understand mH 
à “Little hierarchy problem” !

Quadratically sensitive to the new physics cutoff scale.
à “Naturalness” or “Large hierarchy problem” ?

(M2
PL …)

The value itself doesn’t matter much ~ EW scale
  à Not too light (vacuum stable), not too heavy (unitarity). 

mH= √2 𝛍 = (2λ)1/2 v = 125 GeV  

But quantum corrections:

à λ ≈ 0.13;

MW,Z versus mH versus mf :

Note: the quadratic mass corrections are NOT experimentally observable!
⚠
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(3). mf: not governed by the gauge couplings

<latexit sha1_base64="lLMT9e+Pdhq1dNckFxiDte0CeMw="></latexit>
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<latexit sha1_base64="Wf3tvH3k9/5TL8Whem1r5TIxHlk="></latexit>

Yf =

p
2 mf

v

• Couplings are fixed by the masses:

Higgs is responsible for our existence! 
• Atoms/chemistry/biology
             governed by Ye ~ me:
   

• Yt / mt :  not too large for vacuum stability!

MW,Z versus mH versus mf :

⚠

• Technically “natural” against quantum corrections:
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(3). mf: the ugly!
MW,Z versus mH versus mf :

• Vastly different hierarchical masses
• ad hoc flavor mixings and the CPv phase(s)
• Neutrino masses: Dirac vs. Majorana? 

BSM: much harder to accommodate!
• Generate multiple mass scales
• Avoid FCNC
• Avoid Excessive CP violation 

• Why the flavor mixing aligned with 
      the SM Yukawa form?
      à Minimal Flavor Violation (MFV)
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(B). Yukawa Couplings: 
(1). Generate flavor hierarchies  

• Horizontal flavor symmetry: Froggatt-Nielson mechanism
     SM fermions charged [qi , ui , di ] under U(1)FN symmetry 
     broken by <𝜙>/M ~ 0.2

• Warped extra-dimension:
Yukawa couplings determined by
the overlapping with the Higgs brane.
à dual to (partial) composite model.

• Radiative generation of mf :
The 3rd generation @ tree-level
Light generations by new particle loops ~ 1/16𝜋2 ~ 10-2. 

Froggatt & Nielsen (1979) 

Randall & Sundrun (1999); Huber & Shafi (2001);
Agashe et al. (2005) 

S. Weinberg (1972) 
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(2). The Higgs sector extension
• 2HDM (MSSM): well-motivated

(tan𝛽 = v2/v1;  𝛼 the neutral Higgs mixing)

For a review, see, i.e., G.C. Branco, M. Sher et al., arXiv:1106.0034 …

Decoupling/
Alignment limit:

𝜅’s à 1

H. Haber & Y. Nir (1990)

Talks in HPNP2023:
Pilaftsis; Haber; Takeuchi;
Yagyu; Ferreira; De Curtis;
Song; Dey; Kartayama;
Heinemeyer; Muta; Ivanov; 
Sakurai  … … 

• Plus a singlet S (NMSSM): 
  more mixing & flavor physics, connect to dark sector

• Add a triplet 𝜱 (Type-II seesaw): 
𝝓±±, 𝝓±, 𝝓0 ; connect to neutrino Majorana mass



11

(3). SMEFT
SM Effective Field Theory: a linear representation

<latexit sha1_base64="kKyhZhLCmMcR+15fsA0ZaISlJVk="></latexit>
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! �f ⇠ Y1
v
2

⇤2
⇠ O(a few%) for 𝛬 ~ 2 TeV!

<latexit sha1_base64="+sZ9wZuG9j0pRa4Au+6uNJ6lOjc="></latexit>

! mf =
vp
2

X

n=0

Y f
n
v2n

⇤2n

Yukawa coupling deviates from the mass relation!
At the dim-6 leading order:

  

This is the immediate target @ LHC!

SM-like Higgs 𝜱
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(4). HEFT
Higgs Effective Field Theory: a non-linear representation

LY ~

• The scale for new dynamics is at 𝛬 ~ 4𝛑 v 
     à close by! The deviation can be sizable:

<latexit sha1_base64="3AuKVGAvgHdYkor9/Vf1VQ2KCl0="></latexit>

! �f ⇠ Y1
H

v
⇠ O(1)

<latexit sha1_base64="Hzm7xASb3iEQosiw7JFun32LREA="></latexit>
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• Multiple Higgs couplings may be sizeable!
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In the absence of the new physics discovery:
• Exploring flavor physics is complementary & rewarding.
• Measuring Higgs Yukawa couplings is indispensable:
     the smaller the coupling is, the more sensitive to deviations!   

(C). Higgs Couplings @ Colliders 
theories in practice  

• Seek for more Higgs bosons:

• Flavor Changing Neutral Currents: 
          H à tc, tq; & 𝛍𝛕 , e𝛍, e𝛕 !
& possible new CPv phases in Yukawa …

Cheng & Sher, PRD (1987);  G.W.S. Hou, PLB (1992); 
TH, D. Marfatia, PRL 86, 1442 (2001);  Harnik, Kopp, Zupan, arXiv:1209.1397.

• Continue to search for  
      Z’ , W±’ , T’ in light of FN, L-R, composite H, etc.
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(1). The most-wanted:  yt

The current LHC sensitivity:

<latexit sha1_base64="tA21nvwwqgdohtetXoYv7RhnvbQ="></latexit>

t = 0.35+0.36
�0.34 (ATLAS)

(ICHEP 2022)
Also, see Sanmay Ganguly & Xiaohu Sun

Future lepton collider sensitivity:

EF04 report: https://arxiv.org/pdf/2209.08078.pdf

𝛿

https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Farxiv.org%2Fpdf%2F2209.08078.pdf&data=05%7C01%7Cthan%40pitt.edu%7C2d1ae4bb612d42029adf08dabdbb1689%7C9ef9f489e0a04eeb87cc3a526112fd0d%7C1%7C0%7C638030908791509196%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=hcWnzrhCH6IeOdANzlR0iuh3s8pcF%2B5vg3kWVMU2oqU%3D&reserved=0
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D. Goncalves, TH, S. Mukhopadhyay, 
arXiv:1710.02149 (PRL, 2017); arXiv:1803.09751; 
D. Goncalves, TH. I. Leung, H. Qin, arXiv:2012.05272;  
R. Abraham, D. Goncalves, TH, S.C.I. Leung, H. Qin, 
arXiv:2012.05272. 

2. Off-shell probe of EFT operators: 

6

�H/�SM

H ⇤EFT ⇤n=2
Composite

H
⇤ ! ZZ ! ``⌫⌫ 1.31 0.8 TeV 1.5 TeV
H

⇤ ! ZZ ! 4` 1.3 (68% CL) [33] 0.55 TeV [34] 0.8 TeV [18]

Table I. Comparison of the sensitivity reaches between H
⇤ ! ZZ ! ``⌫⌫ in this study and H

⇤ ! ZZ ! 4` in the literature as
quoted. All results are presented at 95% CL except for the Higgs width projection derived by ATLAS with 68% CL [33]. We
assume that the Wilson coe�cient for the EFT framework is given by ct = v

2
/⇤2

EFT . Besides the H ! 4` channel, Ref. [34]
also accounts for the H ! �� final state with a boosted Higgs analysis.

as

�(q2/⇤2) =
1

(1 + q2/⇤2)n
, (8)

where q
2 is the virtuality of the Higgs boson. For n = 2, it

is a dipole-form factor and corresponds to an exponential
spacial distribution. Building upon Ref. [18], we study
the impact of this form factor on gg ! H

⇤ ! ZZ process
now with the complementary final state `

+
`
�

⌫⌫.
In Fig. 8, we illustrate the m

ZZ

T
distribution for the

full gluon fusion gg(! H
⇤) ! ZZ process. We show

the Standard Model (black) and the form factor scenario
(red). We assume n = 2 or 3 and ⇤ = 1.5 TeV for the
depicted form factor scenarios. The di↵erences between
Standard Model and form factor cases become larger
when the energy scales are comparable or above ⇤ due to
the suppression of destructive interference between Higgs
signal and continuum background. Thus, we perform the
same BDT procedure introduced in Sec. II followed by a
binned log-likelihood ratio test in the m

ZZ

T
distribution

to fully explore this e↵ect. In Fig. 9, we display the sensi-
tivity reach for the LHC in the Higgs-top form factor. We
observe that the LHC can bound these new physics e↵ects
up to ⇤ = 1.5 TeV for n = 2 and ⇤ = 2.1 TeV for n = 3 at
95% CL. The large event rate for the H

⇤ ! ZZ ! ``⌫⌫

signal results in a more precise probe to the ultraviolet
regime than for the H

⇤ ! ZZ ! 4` channel, where the

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
[GeV]Λ

0

1
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5]
-1

L[
ab

n = 2

n = 3

Figure 9. 95% CL sensitivity on the new physics scale ⇤ as a
function of the LHC luminosity. We assume the form factor
in Eq. (8) with n = 2 (dashed line) and n = 3 (solid line) at
the 14 TeV LHC.

limits on the new physics scale are ⇤ = 0.8 TeV for n = 2
and ⇤ = 1.1 TeV for n = 3 at 95% CL [18].

V. SUMMARY

We have systematically studied the o↵-shell Higgs pro-
duction in the pp ! H

⇤ ! Z(``)Z(⌫⌫) channel at the
high-luminosity LHC. We showed that this signature is
crucial to probe the Higgs couplings across di↵erent en-
ergy scales potentially shedding light on new physics at
the ultraviolet regime. To illustrate its physics potential,
we derived the LHC sensitivity to three BSM benchmark
scenarios where the new physics e↵ects are parametrized
in terms of the Higgs boson width, the e↵ective field the-
ory framework, and a non-local Higgs-top coupling form
factor.

The combination of a large signal rate and a precise
phenomenological probe for the process energy scale, due
to the transverse ZZ mass, renders strong limits for all
considered BSM scenarios. A summary table and com-
parison with the existing results in the literature are pro-
vided in Table I. Adopting Machine-learning techniques,
we demonstrated in the form of BDT that the HL-LHC,
with L = 3 ab�1 of data, will display large sensitivity
to the Higgs boson width, �H/�SM

H
< 1.31. In addi-

tion, the characteristic high energy behavior for the new
physics terms within the EFT framework results in rele-
vant bounds on the (t, g) new physics parameters, re-
solving the low energy degeneracy in the gluon fusion
Higgs production. In particular, we observe that the
LHC can bound the top Yukawa within t ⇡ [0.4, 1.1]
at 95% CL. The upper bound on t is complementary to
the direct Yukawa measurement via ttH and can be fur-
ther improved in conjunction with additional relevant o↵-
shell Higgs channels. Finally, when considering a more
general hypothesis that features a non-local momentum-
dependent Higgs-top interaction, we obtain that the HL-
LHC is sensitive to new physics e↵ects at large energies
with ⇤ = 1.5 TeV for n = 2 and ⇤ = 2.1 TeV for n = 3
at 95% CL. We conclude that, utilizing the promising
H

⇤ ! Z(`+`
�)Z(⌫⌫̄) channel at the HL-LHC and adopt-

ing the Machine-Learning techniques, the combination of
a large signal rate and a precise phenomenological probe
for the process energy scale renders improved sensitivi-
ties beyond the existing literature, to all the three BSM
scenarios considered in this work.

ttH coupling @ high scales:

��� ���� ���� ���� ���� ����

���

���

���

���

���

���

μ [���]

� �
[μ
]

��

����

��� �����-����

��� �����-����

1. Yukawa yt(Q) RGE running:

3. Composite form factors:

95% sensitivity @LHC

t(p) t(p)

H(q = p+ p)

Γ(p2, p2, q2)

CMS/ATLAS: arXiv:2202.06923; 2304.01532
• 3.6𝜎/3.3𝜎 observation for off-shell Higgs signal
• SM width bound:  3.2+2.4

-1.7 / 4.5+3.3
-2.5 MeV

(See Sanmay Ganguly & Xiaohu Sun)
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Test the 2nd generation couplings:
The current LHC sensitivity:

EF01/02 report: https://arxiv.org/pdf/2209.07510.pdf

HL-LHC sensitivity projection: a factor of few from SM

(2). The real challenge:  yc

(See Sanmay Ganguly & Xiaohu Sun)

https://arxiv.org/pdf/2209.07510.pdf
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• H à J/𝜓 + 𝛾  
     à 𝜇+ 𝜇- + 𝛾

for Higgs coupling to charm

Note: BR(H à J/𝜓+𝛄) = 2.8x10-6

Ø Dominated by VMD  𝛄*àJ/𝜓,
     not H cc coupling.

Higgs production rate is high: #H@LHC ~ 50 M /ab !
Need new ideas!

Bodwin, Petriello et al. (2013, 2014, 2017); Konig, Neubert (2015) 

à This is no use to probe yc ! 
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Higgs production rate is high: #H@LHC ~ 50 M /ab !
A new idea!

• H à J/𝜓 via charm-quark fragmentation:

   

Ø Enhanced from the fragmentation
Ø Direct coupling to charm!

TH, A. Leibovich, Y. Ma, X.Z. Tan: aXive:2202.08273

Color-singlet (CS)
(leading)

Color-octet (CO)
(sub-leading, ½ of CS)

QED
(sub-leading, ¼ of CS)
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• H à J/𝜓 via charm-quark fragmentation:
TH, A. Leibovich, Y. Ma, X.Z. Tan: 

aXive:2202.08273

Calculating the short-distance decay rates, 
fit the long-distance hadronic matrix elements,
we obtain:

à At the end, should be better than J/𝝍 +𝛾: 𝞳c ~ 50 
à May not beat W/Z+H à W/Z+cc : 𝞳c ~ 3
  Active study/simulation on-going!
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Figure 4: (left) recoil mass spectrum against Z ! µ+µ� for signal e+e� ! Zh and SM
background at 250 GeV [26]; (right) missing mass spectrum for the signal e+e� ! ⌫⌫h, h !
bb and the SM background at 250 GeV [27,28].

All the other couplings (A) or partial decay widths (�AA), e.g. A = b, c, g, ⌧, µ, �,
are then determined as

2
A
/ �AA = �h · BRAA. (10)

As seen above, BRZZ is only measured to 6.7%, so if only the first half of (8) is used,
all Higgs boson couplings (except Z) would have an uncertainty greater than 3%.
BRWW is 10 times larger than BRZZ and so can be measured much more precisely.
For this reason, it is well recognized that in the  formalism the measurement of the
WW fusion cross section �⌫⌫h along with BRWW (using the second half of (8)) is
crucial for measurement of �h and of all A with A 6= Z. The expected precisions
for Higgs boson couplings in the  formalism are given in Table 1. We see that,
at

p
s = 250 GeV, Z is determined very precisely, with accuracy of 0.38%, but

most other A are determined to no better than ⇠ 2% (limited by �⌫⌫h and BRZZ

measurements). An exception is �, which is helped significantly by the fact that the
fit makes use of the expected measurement of BRZZ/BR�� at the HL-LHC.

4.3 Expected precisions for Higgs boson couplings in the EFT formalism

In the EFT formalism, Higgs-Z interaction consists of two distinct Lorentz struc-
tures, shown in (4). As explained in the previous section, (9) is violated by the ⇣Z
terms. Thus, the  formalism is not model-independent, and it is not as general as
the EFT formalism.

However, the EFT formalism allows Higgs boson couplings to be extracted via
a much larger global fit. This fit includes not only the basic observables above but
also additional observables of the reaction e+e� ! Zh, as well as observables of
electroweak precision physics and e+e� ! W+W�. These latter measurements can
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h = (p2e+ + p2e� � p2`+ � p2`�)

2

Pr
ec

is
io

n 
of

 H
ig

gs
 b

os
on

 c
ou

pl
in

gs
 [%

]

0

2

4

6

8

10

12

g(hZZ)
g(hWW) )γγ

g(h g(hbb) )ττ
g(h g(hgg)

g(hcc) Z)γ
g(h

)µµ
g(h g(htt)

11
%

14
%

 fit)κ (ATLAS: ATL-PHYS-PUB-2014-016 (2014), Model Dependent -1LHC 3000 fb

 (Model Independent EFT fit)-1 ILC 250 GeV, 2000 fb⊕ -1LHC 3000 fb

 (Model Independent EFT fit)-1 350 GeV, 200 fb⊕ -1 ILC 500 GeV, 4000 fb⊕

-1 ILC 250 GeV, 2000 fb⊕ -1LHC 3000 fb

Figure 5: Illustration of the Higgs boson coupling uncertainties from fits in the EFT formal-
ism, as presented in Table 1, and comparison of these projections to the results of model-
dependent estimates for HL-LHC uncertainties presented by the ATLAS collaboration [24].
Earlier projections for HL-LHC are summarized in [29].
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ILC as the Higgs factory See Junping Tian’s talk

arXiv:1710.07621, LCC, Fujii et al.
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The 2nd generation y𝛍: The next hope! 
The current LHC sensitivity:

HL-LHC sensitivity projection: BR(Hà𝛍𝛍) < 10%
 

• Assuming the SM width,
     but won’t know it better than a factor of 2-ish
• ILC may not improve this much (low rate)

Current search result:  
ATLAS: 2.0𝜎;   CMS 3.0𝜎

Plehn & Rainwater, arXiv:hep-ph/0107180;
TH & McElrath,  arXiv:hep-ph/0201023

(3). A promising channel:  y𝝁
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A muon collider 
Higgs factory:

Resonant Production:

About O(70k) events produced per fb-1

71

(4). Model-independent measurement on  y𝝁

Requirement: Ecm = mH ,  𝜟Ecm ~ 5 MeV,  L ~ 1 fb-1/yr .



Ideal, conceivable case: 
(Δ = 5 MeV,    Γh ≈ 4.2 MeV) 

An optimal fitting could reach 𝛿Γh ~ 0.15 MeV, or 3.5%

23

TH, Liu: 1210.7803; Greco, TH, Liu: 1607.03210
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The 1st generation ye: There is a chance!

Accel. Frontier report:
https://arxiv.org/pdf/2203.06520.pdf

M. Greco, TH, Z. Liu: 
https://arxiv.org/abs/1607.03210

(5). The ultimate test :  ye

https://arxiv.org/abs/1607.03210
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TH, W. Kilian, N. Kreher, Y. Ma, J. Reuter, T. Striegl, K. Xie: https://arxiv.org/abs/2108.05362;
E. Celada, TH, W. Kilian, N. Kreher, Y. Ma, F. Maltoni, D. Pagani, J. Reuter, T. Striegl, K. Xie; to appear.

To enhance the Yukawa coupling effects, 
multiple Higgs/Goldstone boson production more beneficial.
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7+7! ! WWH

At 30 TeV:  𝛿𝜅𝜇~ 1% - 4%, corresponding to 𝜦 ~ 30 TeV – 100 TeV.

(6). High-energy option on  y𝝁

https://arxiv.org/abs/2108.05362
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EF01/02 report: https://arxiv.org/pdf/2209.07510.pdf

Sensitivities to Yukawa couplings at future colliders

Symbols of sensitivities:
Achieving percentage/sub-percentage level!

https://arxiv.org/pdf/2209.07510.pdf


• Higgs couplings to fermions most mysterious: 
  least understood in theory, but rich phenomenology!

• Measuring Higgs Yukawa couplings: indispensable

27

• SMEFT sets a target:

Conclusions:

• HEFT could be close by: 
<latexit sha1_base64="NLkbScFn2/niCt1SLBWZVBaXku8="></latexit>

�f ⇠ Y1
H

v
⇠ O(1)

• Continue to search for more Higgses, Z’, T’ … 

Push for the next discovery for NP from HP!

• Immediate targets on Yukawa couplings: 
     ttH@high scale;  2nd generations H𝜇𝜇 & Hcc !

• Must look for rare Higgs decays: 
     flavor changing, invisible channels …


