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What is the nature of the TeV scale?

\\A
massless vectors

chiral symmetry,
marginal Yukawas internal symmetries SM QFT external symmetries massive, light fermions

auge + Higgs systems .
gaug ggs sy massive vectors + scalars

The SM 1s extremely restrictive - by accident....

e.g. [Sakharov " 67]
» baryon-number conservation, GP, custodial isospin, ...

» trouble in theory land.: strong CP, Higgs naturalness, ...




What is the nature of the TeV scale?
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What is the nature of the TeV scale?
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“mostly 1€V scale collider phenomena today




Higgs coupling deviations (@ HI-LHC?

» perturbativity has been a huge success story !

» trust it one more ttme ? (then there are many options...)

Electroweak
baryogenesis
Baryogenesis!

Sakharov Conditions

1.) Baryon number violation
2.) C and CP violation X
3.)

departure from equilibrium X

Bubble Wall —>

e.g. [Morrissey, Ramsey-Musolf " 12]




Higgs coupling deviations (@ HI-LHC?

» perturbativity has been a huge success story !

» trust it one more ttme ? (then there are many options...)

Electroweak
baryogenesis

Baryogenesis! \

STOLWPT N

liges) Soeigr
Exotics + Mixing EXLENSIONS
+ well-defined decoupling

VIEIINPIOVEG |
Eligassoeigr CH i
concrete and robust predictions,

e.g. [Atwal, Burridge, Costa, etal. ~25] : :
especially for future lepton machines




Higgs coupling deviations (@ HI-LHC?

» standard approaches using effective potentials at finite temperature

“strong enough” for

_ vp(Tp)
fp— prp

X
i
|
|
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Te Te

= |

many publicly available | [BSMPT]
y codes/approaches [CosmoTransition]

electroweak
scale

é. ! Higgs mass

v LHC data tells us that we are SM-aligned
y» SFOEWPT tells us that new physics has large impact

h £
caveat: non-perturbative BSM effects . ;
e . e ponol NediSiates need to e Holl



Where are these exotic states?

» large interference effects of Higgs “signal” with QCD background

[Gaemers, Hoogeveen * 84]
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» top resonance searches in Higgs sector extensions with narrow
width approximation inadequate!




Where are these exotic states?

» for instance 2HDM + current Higgs signal coupling fits ~ [Anishactal. *25]

CP-even heavy scalar H

pp — H/A — tt

O
CP-odd scalar A @

» large modifications of on-shell pheno - #iere is a chance to miss this




back to 2HDM: Higgs signal strength sensitivity ?

» for instance 2HDM + current Higgs signal coupling fits ~ [Anishaetal. *25)
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Higgs signal strength sensitivity ?

for instance 2HDM + current Higgs signal coupling fits ~ [Anishactal. “25]
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Higgs signal strength sensitivity ?

for instance 2HDM + current Higgs signal coupling fits ~ [Anishactal. “25]
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Higgs signal strength sensitivity ?

but alignment without decoupling cannot hide forever | [Anishactal. *25]

Vs =240 GeV -

800




No reason to be so pessimistic....

HIL-LHC could reveal %-level coupling deviations

..back in business big time/
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No reason to be so pessimistic....

HIL-LLHC could reveal %-level coupling deviations
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» Which (WBF) collider concept prepares us best ?

T
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Unitarity for discovery

» Unitarity restoration is only efficient with scalar and vector resonances

2 3 : [Weinberg " 67]...
sum rules for longitudinal vector boson scattering e a o

[Birkedal, Matcheyv, Perelstein * 04]
[CE, Harris, Spannowsky, Takeuchi * 15]
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/ Higgs coupling deviation

pheno determined by unitarity,

gauge symmetry, and convergence
16



Unitarity for discovery
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What is the nature of the TeV scale?

chiral symmetry,
marginal Yukawas

auge + Higgs systems .
gaug ggs sy massive vectors + scalars




No reason to be so pessimistic....

HIL-LHC could reveal %-level coupling deviations
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collider probes
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collider probes



collider probes

|~ 71 LO Uncertainty (u € [0.5,2]Q)
1~ B NLO Uncertainty (u € [0.5,2]Q)
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100?

| [CE.Naskar, Sutherland “23] \&# )
10  -05 0.0 0.5 1.0 1.5 2.0 |
Rav
kx € [—3.5,11.3], Koy €[0.0,2.1] e.g. [ATLAS + CE " 23]

What do these mean if SM(EFT) can’t accommodate them?




gauge-Higgs quartics are dangerous...

.................................. SMEFT
» high scale unitarity requirements {  x, —cosa 3 Hi= csxHrsinxd,

Hy =—sinxy H; + cos x Hy,
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Scattering = Gurvature

- ..SMEFT
: . : i ng/e[ mzxmg
»high scale unitarity requirements {  xp =cosa  § = o
= Koy = cos o =
> L e
m mW o 9
e AW Wah o — A0Wsh  Wa b

: V'8

“Physics must :
not depend on linked to sectional curvature of EWSB manifold

coordinate choices”

[Alonso etal. " 16]
[Alonso, CE, Naskar, Rahaman et al. * 25]

» Goldstone-equivalence: relation probes scalar EWSB manifold

24



» high scale unitarity requirements

2

S

“Physics must
not depend on
coordinate choices”

Scattering = Gurvature
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. SMEFT

Hy = cosyx Hs + sin y Hy,
Hy =—siny Hg; + cos xy Hy,

WA W)~ AWk Weh) < ke sl

linked to sectional curvature of EWSB manifold

compact Lroups

1—&%20,

RS foy o

[Alonso etal. " 16]

MCHM
SO5)/50(4) ~ 5*

IiV:\/l— ,

Koy =1 — 257

[Alonso etal. " 16]

[Alonso, CE, Naskar, Rahaman et al. * 25]
» Goldstone-equivalence: relation probes scalar EWSB manifold
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Scattering = Gurvature

- OMEFT
. - : = ng/e[ mzxmg
» high scale unitarity requirements L Y Hi= cosxH, +sinxH
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“Physics must
not depend on

coordinate choices”
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[Alonso etal. * 16] Rav =1 — 25 9
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charting phenomenological possibilities

highly non-standard
e.g. CHM-Dilaton

0.2

Ky

» radiative correcitions possible using “HEFT™
v lots of interesting physics/technical advantages

» indirect sensitivity at precision ee machines

0.900 0925 0.950 0975 1.000 1.025 1.050 1.075 1.100

HL-LHC (13 TeV, 3 ab™1!)
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Georgi-Machacek Model
Higgs-Dilaton Mixing

K = Koy

SM

|CE, Naskar, Sutherland * 23]

[Buchalaetal. 17

[Herrero, Morales " 21

[Anishaetal.
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[Alminawi, Brivio, Davighi " 23, * 26

]
]
]
]



Summary

» no new physics so far, but LHC has alot of headroom for sensitivity

» clear BSM opportunities for HL-LHC and beyond rcc-ce/mucColy ..

» holistically-informed & directed effort for discovery-led physics
model-(in)dependent techniges, ML, ....

» only limited insights into the electroweak scale (& flavour!) so far
v ...we could be in for a surprise!

v direct relevance for other phenomenological arenas

relation with electroweak

BSM momentum (non-)perturbative baryogenesis, cosmology...

dependencies... electroweak symmetry breaking




