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Higgs physics to answer key questions
Thermal 

History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?

The discovery of the Higgs boson has sharpened 
the big open questions and given  us a unique 

handle on BSM physics.

What is the origin of the EW scale?

Ø Why the MH≪Mplanck hierarchy problem? 
Ø What are the implications for Naturalness?
Ø Can we uncover the origin of BSM physics from precision measurement of Higgs 

properties (couplings, width, …). Elementary vs composit? One Higgs? More?
Ø Can we measure the shape of the Higgs potential Higgs self coupling(s)
Ø Can Higgs properties give us insights on flavor and vice versa? 

Ø Couplings to heavy flavors (bottom, top, ..)
Ø Couplings to light quarks and leptons see C. Wagner’s talk



The LHC era: exploring the TeV scale

We are only here

Many years of HL running ahead of us

➔ 2-fold increase in statistics by the end of Run 3
➔ 20-fold increase in statistics by the end of HL-LHC!

Ø Run 1: Higgs discovery
Ø Run 2: Higgs couplings

Ø outperformed expectations
Ø Run 3 to HL-LHC

Ø Higgs precision program

Higgs physics has been at the core 
of the LHC physics program

see C.A. Florez Bustos’s
and F. Monticelli’s talks



from prediction to discoveryRun 1
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from discovery to precision physics
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Stress-testing the SM

A recent challenge: CDF new MW measurement
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zooming in on couplings to probe the TeV scaleRun 2

Ø Couplings to W/Z at 5-10 %
Ø Couplngs to 3rd generation to 10-20%
Ø First measurements of 2nd generation 

couplings

Ø HL-LHC projections from partial Run 2 data (YR):
Ø 2-5 % on most couplings 
Ø < 50% on Higgs self-coupling.

Ø Full Run2 results drastically improve partial Run 
2 results: better projections expected

k=gX/gX
SM = 1+Dk

Dk ∝ v2/LBSM
2

Precision on Dk

reach for LBSM
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… to which we should add a unique 
spectrum of SM measurements and 
BSM direct searches!

What is the path forward
beyond the HL-LHC?



Beyond the HL-LHC: Precision and Energy

New physics at tree level:
δηSM~ g2

BSM E2/M2

New physics at loop level:
δηSM~ 1/16π2 × g2

BSM E2/M2

Higgs coupling measurements and direct searches 
will complement each other in exploring  the 

1-10 TeV scale and beyond.

New physics can be at low as at high  mass scales, 
Naturalness would prefer scales close to the EW scale, but 
the LHC has already placed strong bounds around 1-2 TeV.

In a simplified picture:



Beyond the HL-LHC: proposed future colliders   

Multi-TeV
colliders

Higgs Factories



Higgs-boson factories 
(up to 1 TeV c.o.m. energy)

Multi-TeV colliders 
(> 1 TeV c.o.m. energy)

11

Timelines are taken from the Collider ITF 
report (arXiv: 2208.06030)Snowmass EF wiki: https://snowmass21.org/energy/start

Snowmass 21: 
EF Benchmark Scenarios

https://arxiv.org/abs/2208.06030
https://snowmass21.org/energy/start
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Renewed interest in lepton colliders:
need supporting R&D in near future



Beyond the HL-LHC: projections for Higgs couplings

From C. Vernieri – Snowmass 21 EF Workshop - Brown U. - March 2022



Initial stages of future 
e+e- machines

Final reach of all 
considered 
future colliders

Reach of future colliders for Higgs couplings: a closer look
From

 Snow
m

ass 2021 EF
Higgs Topical G

roup Report
arXiv:2209.07510

Based on full Run 2 dataset analyses



Constraining BSM via global EFT fits

GGI - Tea Breaks - 9 June - On Line                                                             Fabio Maltoni 

Global fits: EWPO+H+EW+Top
Global fits

• Already now and without a dedicated experimental effort there 
is considerable information that can be used to set limits:


•Fitmaker [Ellis et al. 2012.02779]

•SMEFiT  [Either et al. 2105.00006]

•SFitter [Biekötter, Corbett, Plehn, 2018] +  [Brivio et al., 1910.03606]  (separated)

•HEPfit [de Blas, et al. 2019]

•  30+ operators, linear and/or quadratic fits, Higgs/Top/EW at 
LHC, WW at LEP and EWPO.

44

EFT connects different processes with large correlations: pattern of 
coefficients give insights on underlying BSM model

EW + Higgs 
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Stress testing the SM  and 
exploring anomalous couplings 
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Disentangling models from EFT patterns

bb cc gg WW tt ZZ gg µµ

C
ou

pl
in

g 
de

vi
at

io
ns

 fr
om

 S
M

 [%
]

20-

10-

0

10

20

: Composite example-1 + 500 GeV, 4 ab-1ILC 250 GeV, 2 ab

ILC precisions from full EFT fit

model predictions

additional scalar singlet
(mS=2.8 TeV, max mixing)

2HDM-II
(MH=600 GeV, tanb=7)

Composite Higgs
(f=1.2 TeV)

The “inverse Higgs” problem

Snowmass 2021: ILC white paper (arXiv: 2203.07622)

Examples to illustrate the different patterns of Higgs coupling deviations from different BSM models
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● Studying ZH with Z going to leptons and neutrinos
● κs< 7.14 at 95% c.l..

arXiv:2203.07535

● Electron Yukawa at FCC-ee (s-channel H)
● κe< 1.6 at 95% c.l.

arXiv:2107.02686

Reach for light fermion Yukawa couplings: highlights

https://arxiv.org/abs/2203.07535
https://arxiv.org/abs/2107.02686
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Improvement wrt. HL-LHC

H,

● Many stages/upgrades:
○ 125 GeV on-Higgs resonace
○ 3 TeV
○ 10 TeV
○ >10 TeV (14, 30, … TeV)

● Lepton collider
○ Cleaner environment → precision

● … but high energy
○ Pushing  the EF → discovery

● Competitive/complementary to ~100 TeV hadron collider
● Contained size

○ Mμ~ 200 me → reduced synchrotron radiation (x 1.6 x10-9)
● New physics regimes

○ E > ΛEW
○ EW radiation

The case of a Muon Collider

Snowmass 21 EF Higgs TG Report 
(arXiv:2209.07510) &
MuC Forum Report
(arXiv:2209.01318)



● ATLAS and CMS HL-LHC updated

● FCC-hh updated  arXiv:2004.03505

● Added MuC reach:

arXiv:2203.07256

Reach for Higgs self-coupling

https://arxiv.org/abs/2004.03505
https://arxiv.org/abs/2203.07256


Higgs precision reach of Future Colliders: a summary



Extended Higgs sectors: 
2HDM, extra singlets, …

Higgs and flavor:
probing anomalous 
Hss coupling

arXiv:2203.07261
arXiv:2203:08206

arXiv:2203:07535

Extended Higgs sectors - direct BSM portal

https://arxiv.org/abs/2203.07261
https://arxiv.org/abs/2203.08206
https://arxiv.org/abs/2203.07535


Towards higher precision and higher energies



PROJECTIONS FOR HIGGS COUPLINGS

S. Dawson

62

ILC250 ILC500
kg 1.1 1.0
kW 1.8 0.4
kZ .38 0.3
kg 2.2 0.97
kb 1.8 0.60
kt 1.9 0.80

Uncertainties in % with 2 ab-1
CLIC350 GeV, 

1 ab-1
3 TeV, 
5 ab-1

kg - 2.3
kW 0.8 0.1
kZ 0.4 0.2
kg 2.1 0.9
kb 1.3 0.2
kt 2.7 0.9

CLIC, uncertainties in %

Large theory errors 
at HL-LHC Energy critical at e+e- machines; negligible theory error

zooming on couplings, a little more …HL-LHC

Generically: 
Dk/k ~ O(v2/L2)

Improved systematics 
probes higher scales

Theory could become main 
limitation

Theory need to improve modeling and interpretation of LHC events, in particular when new 
physics may not be a simple rescaling of SM interactions

For new physics at 1 TeV
expect deviations of O(6%)



Theory has come a long way
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[See also Ebert, JM, Stewart, Tackmann, ����.����� for details]

• Observe excellent perturbative convergence & uncertainty coverage
• Crucial to consider every variation to probe all parts of the prediction

• DivideH ! �� branching ratio B�� out of data [LHC Higgs Cross Section WG, ����.�����]
• Data are corrected for other production channels, photon isolation e�ciency
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Several backgrounds also know at 
NLO QCD+EW or improved NLO (+NNLL)
(e.g. W/Z+j, ttbb, ttW, ttZ, ttg, …)

LHC Higgs WG

Anastasiou et al. [1502.06056]

Kulesza et al. [1812.08622]
Bliss et al. [2102.08039]



Beyond total rates
INDIRECT SEARCHES

S. Dawson 48

Precision calculation at low energy where rates are large or
Small deviations at tails of distributions

Ev
en

ts
/G

eV

Energy

SM process
EFT regime

Renormalizable 
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… exploring boosted kinematics and off-shell signatures 
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Pointing to the need for precision in modelling signatures from tt+X processes in regions where 
on-shell calculations may not be accurate enough
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… deploying new techniques to interpret complex signatures
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�(y2b )+�(y2t )+�(ybyt)+�(2
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(yb vs. Z) (yb vs. yt) (yb vs. Z and yt)

NO CUT 0.69 0.32 0.28
Njb � 1 0.37 (0.48) 0.19 0.14
Njb = 1 0.46 (0.60) 0.20 0.16
Njb � 2 0.11 0.11 0.06

Table 4: Fraction of the cross section scaling as y
2

b
for different phase-space cuts. The first

column is based on the results from our calculation in Tab. 2. The second column is based
on results from Ref. [55]. The third column is based on the numbers in the first and second
column. Details are explained in the text.

to specific Higgs couplings:

LOQCD =) O(y2
b
) , (16)

NLOMS

1
|yt=0 =) O(y2

b
) , (17)

NLOMS

2
=) O(y2

b
) , (18)

LO3 =) O(2

Z
) , (19)

NLO3 =) O(2

Z
) , (20)

NLO4 =) O(2

Z
) , (21)

where adopting the -framework notation [101] we denote the HZZ interaction as Z . Relations
(16)–(21) also imply

NLOQCD =) O(y2
b
) , (22)

NLOQCD+EW =) O(y2
b
) , (23)

NLOall � NLOQCD+EW =) O(2

Z
) . (24)

Clearly, as also pointed out in Sec. 2.2, the NLOMS

2
and NLO4 terms involve contributions

that depend on additional couplings and that can even not depend at all on yb and Z , respec-
tively. However, one can understand from the discussion of Sec. 3.2.1 that the numerical impact
of NLOMS

2
and NLO4 terms, and therefore of such contributions, is negligible w.r.t. the other

perturbative orders involved in the calculation. Moreover, as it will become more clear in the
following, taking into account a more realistic and more complex coupling structure in a given
perturbative order would make our argument even stronger. In other words, relations (16)–(24)
are devised for simplifying the discussion, but our conclusions do not depend on them.

For the same Njb
categories of Tabs. 2 and 3, in the first column of Tab. 4 we report the ratio

of the NLOQCD+EW and NLOall predictions, here denoted as �NLOQCD+EW
and �NLOall

. Both of
them are our best predictions for respectively the O(y2

b
) cross section, denoted in the following

also as �(y2
b
), and the sum of it with the O(2

Z
) cross section, denoted in the following also

as �(2

Z
). Via the ratio �NLOQCD+EW

/�NLOall
we can determine the fraction of the measured

cross section that actually depends on yb. Once again, we remind the reader that the case
“NO CUT” is purely academic, since the signal from inclusive ggF Higgs production exceeds
the one of Hbb̄ production by a factor of 100. Thus, one needs to tag at least one b-jet and
we already know that also after that the ggF+bb̄ contribution is large, so we should at least
suppress the ZH and VBF topologies, which yield �(2

Z
). The category Njb

� 2 has very small
rates (see Tab. 2) and the lowest �NLOQCD+EW

/�NLOall
ratio, due to the large contribution of the

ZH topology, therefore it is not expected to be the best option in order to gain sensitivity on

16

The case of bbH production including QCD+EW corrections
The extraction of yb seems lost
``RIP Hbb’’  (Pagani et al., arXiv:2005.10277)

A kinematic-shape based analysis based on game theory 
(Shapley values) and BDT techniques opened new possibilities
“Resurrecting Hbb with kinematic shapes”
(Grojean et al., arXiv:2011.13945)

New techniques will open the possibility of turning problematic  
processes into powerful probes of the quantum structure of the SM. 



● The Higgs discovery has been fundamental in opening new avenues to explore physics beyond the
SM and the Higgs-physics program ahead of us promises to start answering some of the remaining 
fundamental questions in particle physics.

● Collider physics remains as a unique and necessary test of any BSM hypothesis.

● Many new directions have been explored during the Snowmass 2021 exercise, building on previous 
studies (ESG), and have indicated the need to explore the TeV scale beyond LHC reach by pushing both 
precision (Higgs factories) and energy (multi-TeV colliders).

● Increasing the accuracy on SM observables (Higgs, top, EW) could allow to test higher scales: a factor 
of 10 in precision could allow to test scale in the 10 TeV and beyond.

● Direct evidence of new physics will boost this process, as the discovery of the Higgs boson has 
prompted us in this new era of LHC physics.

Summary


