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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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The Higgs Magic



• Particle mass hierarchy

Higgs Yukawa couplings 
as the pivot for all !

• Patterns of quark, 
neutrino mixings

• New CP-violation 
sources?

3

whale

tiger

cat

Mosquito
(not an animal!)

• Tiny neutrino masses!

The Higgs Blemishes



mH ≈ 126 GeV
v = (

p
2GF )�1/2 ⇡ 246 GeV
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You are hereIn the SM:

mH ≈ 126 GeV 

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

p
2GF )�1/2 ⇡ 246 GeV

m2
H

= 2µ2 = 2�v2 ) µ ⇡ 89 GeV, � ⇡ 1
8
.

In the SM:
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It is a weakly coupled new force, 
underwent a 2nd order phase transition.

Is there anything else?

You are here

<|Φ|> =

The Higgs Inquiries

MW,Z versus mH versus mf :
(1). MW,Z : 

(2). mH:
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BSM: easy to break SU(2)L gauge sector: 
• Fundamental scalars (SUSY)
• Dynamical breaking (TC, composite …)
• Non-linear realization (mH à , or “Higgsless”)

BSM: easy to construct a scalar model, but model-parameters 
quadratically sensitive to a new physics scale:

∞

(M2
SUSY,  M2

comp,  M2
PL …)
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The Higgs Inquiries
(3). mf :
In the SM:

<latexit sha1_base64="lLMT9e+Pdhq1dNckFxiDte0CeMw="></latexit>

LY ⇠
X

f

mf f̄f(1 +H/v)

<latexit sha1_base64="Wf3tvH3k9/5TL8Whem1r5TIxHlk="></latexit>

Yf =

p
2 mf

v

• Vastly different hierarchical masses
• Neutrino masses: Dirac vs. Majorana?
• Weak interactions with ad hoc flavor mixings

and the CPv phase(s)

Giulia Zanderighi’s talk

Higgs is responsible for our existence! 
But is Ye fixed by me? i.e., new physics modification?
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The Higgs Inquiries
(3). mf :

Q’s:
• Minimal Flavor Violation?

Why the flavor mixing aligned with 
the SM Yukawa form?

In the SM:
<latexit sha1_base64="lLMT9e+Pdhq1dNckFxiDte0CeMw="></latexit>
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X

f

mf f̄f(1 +H/v)
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Yf =

p
2 mf

v

Exploring flavor physics is complementary & rewarding,
Measuring Higgs Yukawa couplings is indispensable:

The smaller the coupling is, the more sensitive to deviations!   

BSM: much harder to accommodate
• Generate multiple mass scales
• Avoid FCNC
• Avoid Excessive CPv
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The Higgs Pursuits
<latexit sha1_base64="AFOmrnJrH9b17gCCGZ1PrxJkaMs="></latexit>

f =
Yf

Y SM
f

Seeking for deviations from the SM:

• 2HDM:
G.C. Branco et al., arXiv:1106.0034.
Other extensions, See talks by Ian Lewis, Heidi Rzehak, Tania Robins …

• SMEFT: a linear representation:

• HEFT: a non-linear representation:

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

⇤2
⇠ O(a few%)

The scale is at ! ~ 4" v ß close by 
the deviation can be sizable:

and perhaps flavor changing Hà !" !
new CPv phases in Yukawa …

the target!

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

! �f ⇠ Y1
H

v
⇠ O(1)

<latexit sha1_base64="yZe49856PQR7JucBtoq+2TyNp/g="></latexit>

u,d =
cos↵

sin�
,

sin↵

cos�
(Type I, II, L, ...)

TH, D. Marfatia, PRL 86, 1442 (2001);
Harnik, Kopp, Zupan, arXiv:1209.1397.
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The Higgs Pursuits
Snowmass Energy Frontier summaries

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

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

Future colliders are complementary

Higgs couplings@LHC: talk by Stefano Rosati

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

Sensitivities to Yukawa couplings at Higgs factories

Symbols of sensitivities:

Higgs couplings@LHC: Stefano Rosati et al.

Achieving percentage/sub-percentage level!

https://arxiv.org/pdf/2209.07510.pdf
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The Higgs Pursuits

(1). yt: The most wanted!
The current LHC sensitivity:

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

t = 0.35+0.36
�0.34 (ATLAS)

(G. Di Gregorio, ICHEP 2022)

talks by Giulia Zanderighi; Judith Katzy

Future lepton collider sensitivity:

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

<latexit sha1_base64="XUYa8hjsunjjtt4Vjd7N/4rZAj8=">AAACEXicbVDLSsNAFJ34rPEVdelmsAiuSlKKiquimy4r2Ac0pUymk3boJBNmbsQS8hVu/BU3Im4s+AX+jUnaTVvP6nDOmbnnXi8SXINt/xobm1vbO7ulPXP/4PDo2Do5bWsZK8paVAqpuh7RTPCQtYCDYN1IMRJ4gnW8yUPud56Z0lyGTzCNWD8go5D7nBLIpIFVdYG9QPFPotgwTcwGdj2isI99FyeuCjCVcdYkHOn0DpspNgdW2a7YBfA6cRakjBZoDqyZO5Q0DlgIVBCte44dQT8hCjgVLDXdWLOI0AkZsaRokuLLTBpiX2Y9ZAi4UJdyJNB6GnhZMiAw1qteLv7n9WLwb/sJD6MYWEjng/xYYJA4Pw8ecsUoiGlGCFU8a4jpmChCITtivrqzuug6aVcrznWl9lgr1+8XRyihc3SBrpCDblAdNVATtRBFb+gDfaOZ8Wq8G5/G1zy6YSzenKElGD9/pd2b/g==</latexit>

Hf̄f couplings :
Much work has been done, many great talks, 
I will discuss some ideas.

#

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
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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.

HL-LHC@3 ab-1 on new physics scale:

ttH coupling @ high scales:

��� ���� ���� ���� ���� ����

���

���

���

���

���

���

μ [���]

� �
[μ
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��
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��� �����-����
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1. Yukawa yt(Q) RGE running:
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In Fig. 8, we illustrate the m

ZZ

T
distribution for the

full gluon fusion gg(! H
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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
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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 ! ``⌫⌫
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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.

3. Composite form factors:

95% sensitivity @LHC

Higgs off-shell: talks by Pascal Vanlaer, Michiel Jan Veen

t(p) t(p)

H(q = p+ p)

Γ(p2, p2, q2)
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The Higgs Pursuits
(2). 2nd generation yc: The real challenge!
The current LHC sensitivity:

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

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

Hbb, Hcc: talks by Susan Dittmer, Alessandro Calandri; 
Marco Stamenkovic, Miha Muskinja

https://arxiv.org/pdf/2209.07510.pdf
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The Higgs Pursuits
Higgs production rate is high: #H@LHC ~ 50 M /ab !

Need new ideas!
• VBF à H+! :

B. Carlson, TH, I. Leung, aXive:2105.08738

• H à J/" via fragmentation:
Ø Enhanced from the fragmentation
Ø Direct coupling to charm

Note: BR(H à J/!+") = 2.8x10-6

Ø Dominated by VMD

TH, A. Leibovich, Y. Ma, X.Z. Tan: aXive:2202.08273 (and talk by Ma)

Hcc: talks by Alessandro Calandri; Marco 
Stamenkovic
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The Higgs Pursuits
(3). 2nd generation y#: The next hope! 

The current LHC sensitivity:

HL-LHC sensitivity projection: BR(Hà!!) < 10%
(assuming the SM width)

Model-independent measurement 
at a muon Higgs factory:

Barger, Berger, Gunion, Han: https://arxiv.org/abs/hep-ph/9504330;
TH, Z. Liu: https://arxiv.org/abs/1210.7803; 
M. Greco, TH, Z. Liu: https://arxiv.org/abs/1607.03210

Observation:  ATLAS: 2.0#;  CMS 3.0#
Talk by Stefano Rosati, P. Lenzi

https://arxiv.org/abs/hep-ph/9504330
https://arxiv.org/abs/1210.7803
https://arxiv.org/abs/1607.03210


15

The Higgs Pursuits

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.

Model-independent measurement 
off the resonance: High energy option

• To enhance the Yukawa coupling effects, multiple 
Higgs/Goldstone boson production more beneficial.

• Due to the energy-dependence, higher energy 
collider preferred. 
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At 30 TeV:  #$!~ 1% - 4%, corresponding to % ~ 30 TeV – 100 TeV.

https://arxiv.org/abs/2108.05362
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The Higgs Pursuits
(4). 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

https://arxiv.org/abs/1607.03210


• The fermion sector involves multiple scales;
numerous mixing parameters, CP phase(s)
à rich physics, but least predictive!

• Exploring flavor physics is complementary & rewarding,
measuring Higgs Yukawa couplings is indispensable
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• SMEFT sets a target:

Conclusions:

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

�f ⇠ Y1
H

v
⇠ O(1)

• Many well-motivated models lead to characteristic
signatures to look for:
flavor violating decays, invisible decays, 
more Higgses, neutrino connection … 

More work to do & lots of fun!


