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The Higgs at 10

Is it elementary? |s its mass protected by a symmetry?

Phenomenological description of a more microscopic dynamics
like the Ginzburg-Landau theory of superconductivity?
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[https://europeanstrategyupdate.web.cern.ch]

European Strategy Update 2020

1. Major developments from the 2013 Strategy
a) (...) The successful completion of the high-luminosity upgrade of
the machine and detectors should remain the focal point of
European particle physics, together with continued innovation in
experimental techniques. (...)

3. High-priority future initiatives

a) An electron-positron Higgs factory is the highest-priority next
collider. For the longer term, the European particle physics
community has the ambition to operate a proton-proton collider at
the highest achievable energy. (...)

b) Innovative accelerator technology underpins the physics reach of
high-energy and high-intensity colliders (...) high-field magnets,
high-temperature superconductors, plasma wakefield acceleration
and other high-gradient accelerating structures, bright muon beams,
energy recovery linacs.
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Future lepton colliders
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Future lepton colliders
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Taking the SM to higher dimensions

NP NP . . .
e Py - using established bricks
(fields and symmetries)
} - organised by relevance
i (operator dimension)
dims | nT
"H’n(‘?:if'SMEFT"T(‘*:‘T”
dim6y _n - full coverage of heavy new

SM [ ] physics (finite operator set)
]

systematic strategy through a global approach
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Isolating patterns of new physics
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array of sensitive observables
precise measurements
precise SMEFT predictions

— correlate deviations
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Global Higgs prospects



An order of magnitude improvement

[Higgs@FC '19]
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Higgs trilinear loops

- NLO sensitivity (finite and gauge-invariant NLO EW subset)
- dominated by ete™ — hZ at threshold
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. oy [Di Vita, GD, Grojean, Gu, Liu, et al. '17]
Higgs trilinear loops
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Correlations with single-Higgs couplings require two +/s.
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[GD, McCullough, Salvioni '21, '22, '22]

Models with large 03 /0y ?

j (cos ) are radiatively stable
for pseudo-Nambu-Goldstone bosons of SO(N + 1) — SO(N).
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Naturally features O(1%) Higgs deviations,
but yields @(100%) self-coupling modifications.
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[GD, McCullough, Salvioni '21, '22, '22]

Models with large 03 /0y ?
Gegenbauer potentials GN"1/2(cos #) are radiatively stable

for pseuq |, SO(N).
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Naturally features O(1%) Higgs deviations,

but yields @(100%) self-coupling modifications.

Gauthier Durieux — Higgs Hunting — Paris — 14 Sept 2022 9


https://arxiv.org/abs/2110.06941
https://arxiv.org/abs/2202.01228
https://arxiv.org/abs/2209.00666
https://inspirehep.net/authors/1273362
https://indico.ijclab.in2p3.fr/event/7779/timetable

[GD, McCullough, Salvioni '21, '22, '22]

Models with large 03 /0y ?

Gegenbauer potentials GV"1/2(cos #) are radiatively stable

for pseud |, SO(N).

M [TeV]

Naturally features O(1%) Higgs deviations,

but yields @(100%) self-coupling modifications.
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Higgs trilinear self-coupling [Higgs@FC '19]

Higgs@FC WG September 2019
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Higgs trilinear self-coupling [Higgs@FC '19]
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[Higgs@FC '19]

Higgs trilinear self-coupling
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Cross-sector interplay



Higgs-diboson interplay

- ete” — WTW~ crucial for Higgs precison

[de Blas, GD, Grojean, Gu, Paul '19]

Benefiting from optimal observables

- used at LEP already [Opal, L3, ALEPH, DELPHI]

- ILC studies ongoing [Karl PhD Thesis '19]
[sec. 10.2 of Snowmass input]

- Sensitivity driven by high energies (240, 365 GeV)

requires good forward detector coverage

- Also sensitive to Vff couplings

dependence often unduly neglected
[GD, Grojean, Gu, Wang '17]
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Higgs-EW interplay

contamination
1 from 15 EW coupling
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New EW measurements required for Higgs precision.
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Higgs-EW interplay

[de Blas et al '19]
[Higgs@FC '19]
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Gauthier Du

[Vryonidou, Zhang '18; + GD, Gu '18]

—tOp |nterp|ay [Jung, Lee, Perells, Tian, Vos '20]
. Higgs
Diboson
EWP_O } [GD, Gu, Vrionidou, Zhang '18] [vrionidou, Zhang, '18]
[Zhang, Greiner, Willenbrock '12] N . lsee also Boselli et al ‘18]
e ¢ w . - h
oy~ 29 b
" _
€ w 7

CC 240GeV

[l CC 240GeV + HL-LHC

+ |l CC 240/350/365GeV

B CC 240350365Gev + HL-LHC

circular collider with unpolarized beams

240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab
light shade: marginalized over top parameters

solid shade: all top parameters set to zero

T

EREmERLL
P

noete — tt
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Top-quark uncertainties can impede Higgs precision!
ete™ — tTt measurements required at two c.o.m. energies!
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https://arxiv.org/abs/1804.09766
https://arxiv.org/abs/1809.03520
https://arxiv.org/abs/2006.14631
http://arxiv.org/abs/1201.6670
http://arxiv.org/abs/1809.03520
http://arxiv.org/abs/1804.09766
http://arxiv.org/abs/1805.12027
https://inspirehep.net/authors/1273362
https://indico.ijclab.in2p3.fr/event/7779/timetable

[GD, Gu, Vryonidou, Zhang '18]

Higgs-top interplay

0.04 : : N
A N Higgs@ete™ b 517{
0.02 A top @ LHC .
i —— joint loop fit
S S — +top@efe
& 0.00107C S pacte - e o
T ~
! i h--- t
| N o ,
—0.04 1 I '2 [.) ‘2““1. lim}, Ay? = 14 CiB
CtB e~ 4 7

Higgs@e™e™ helps improving top coupling precision.
Higgs precision is however contaminated by top uncertainties.

Top@e'e™ is needed to achieve the full potential of Higgs@e'e™.
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Theory predictions



SMEFT at one loop

- pp — jj (9999) [Gao, Li, Wang, Zhu, Yuan
- pp — tt (qgtt) [Shao, Li, Wang, Gao, Zhang, Zhu
- pp— W [Dixon, Kunszt, Signer '99] [Melia, Nason, Réntsch, Zanderighi '11] [Baglio, Dawson, Lewis '17, '18,
[Chiesa, Denner, Lang

EWPO (top) [Zhang, Greiner, Willenbrock

- top decays [Zhang '14] [Boughezal, Chen, Petriello, Wiegand
- top FCNCs  UFO [Degrande, Maltoni, Wang, Zhang '14] [GD, Maltoni, Zhang
- pp — tt (chromo-dipole) [Franzosi, Zhang '
h— vy, W, ~Z [Hartmann, Trott '15] [Ghezzi, Gomez-Ambrosio, Passarino, Uccirati '15] [Dawson, Giardino
[Dedes, Paraskevas, Rosiek, Suxho, Trifyllis '18] [Dawson, Giardino '18] [Dedes, Suxho, Trifyllis

- h— ff [Gauld, Pecjak, Scott '15, '16] [Cullen, Pecjak, Scott '19,
S pp—tf [Zhang "16] [de Beurs, Laenen, Vreeswijk, Vryonidou
- pp— ttZ, gg — ZH [Réntsch, Markus Schulze '14] [Bylund, Maltoni, Vryonidou, Zhang
- pp — ttH, gg — Hj, HH [Maltoni, Vryonidou, Zhang '
- pp— HV [Degrande, Fuks, Mawatari, Mimasu, Sanz '16] [Alioli, Dekens, Girard, Mereghetti '
- Z, W poles [Hartmann, Shepherd, Trott '16] [Dawson, Ismail, Giardino '18, '18,
- pp—h [Grazzini, linicka, Spira, Wiesemann '16] [Deutschmann, Duhr, Maltoni, Vryonidou
- pp — tjiZ, tjh [Degrande, Maltoni, Mimasu, Vryonidou, Zhang
- pp — jets (triple gluon)  UFO [Hirshi, Maltoni, Tsinikos, Vryonidou

Higgs self-coupling [McCullough '13] [Gorbahn, Haisch '16] [Degrassi et al. '16, '17] [Bizon et al. '16] [Kribs et al
[Maltoni, Pagani, Shivaji, Zhao '17] [Di Vita, GD, Grojean, Gu, Liu, Panico, Riembau, Vantalon

EW Higgs & WW (top) [Vryonidou, Zhang '18] [GD, Gu, Vryonidou, Zhang '18] [Boselli, Hunter, Mitov
EW pp — tt (ttZ,tth) [Martini, Schulze '19] [Martini, Pan, Schulze, Xiao
- all QCD and four-quarks ~ UFO [Degrande, GD, Maltoni, Mimasu, Vryonidou, Zhang "
EW pp — (4~ [Dawson, Giardino '21, "
EW QQQQ in gg — h, h — bb, pp — tth [Alasfar, de Blas, Graber "
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https://arxiv.org/abs/1101.4611
https://arxiv.org/abs/1107.4012
https://arxiv.org/abs/hep-ph/9907305
https://arxiv.org/abs/1107.5051
https://arxiv.org/abs/1708.03332
https://arxiv.org/abs/1812.00214
https://arxiv.org/abs/1909.11576
https://arxiv.org/abs/1804.01477
https://arxiv.org/abs/1201.6670
https://arxiv.org/abs/1404.1264
https://arxiv.org/abs/1907.00997
https://feynrules.irmp.ucl.ac.be/wiki/TopFCNC
https://arxiv.org/abs/1412.5594
https://arxiv.org/abs/1412.7166
https://arxiv.org/abs/1503.08841
https://arxiv.org/abs/1505.02646
https://arxiv.org/abs/1505.03706
https://arxiv.org/abs/1801.01136
https://arxiv.org/abs/1805.00302
https://arxiv.org/abs/1807.11504
https://arxiv.org/abs/1903.12046
https://arxiv.org/abs/1512.02508
https://arxiv.org/abs/1607.06354
https://arxiv.org/abs/1904.06358
https://arxiv.org/abs/2007.15238
https://arxiv.org/abs/1601.06163
https://arxiv.org/abs/1807.03576
https://arxiv.org/abs/1404.1005
https://arxiv.org/abs/1601.08193
https://arxiv.org/abs/1607.05330
https://arxiv.org/abs/1609.04833
https://arxiv.org/abs/1804.07407
https://arxiv.org/abs/1611.09879
https://arxiv.org/abs/1808.05948
https://arxiv.org/abs/1811.12260
https://arxiv.org/abs/1909.02000
https://arxiv.org/abs/1612.00283
https://arxiv.org/abs/1708.00460
https://arxiv.org/abs/1804.07773
https://feynrules.irmp.ucl.ac.be/wiki/GGG
https://arxiv.org/abs/1806.04696
https://arxiv.org/abs/1312.3322
https://arxiv.org/abs/1607.03773
https://arxiv.org/abs/1607.04251
https://arxiv.org/abs/1702.01737
https://arxiv.org/abs/1610.05771
https://arxiv.org/abs/1702.07678
https://arxiv.org/abs/1709.08649
https://arxiv.org/abs/1711.03978
https://arxiv.org/abs/1804.09766
https://arxiv.org/abs/1809.03520
https://arxiv.org/abs/1805.12027
https://arxiv.org/abs/1911.11244
https://arxiv.org/abs/2104.04277
https://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
https://arxiv.org/abs/2008.11743
https://arxiv.org/abs/
https://arxiv.org/abs/2105.05852
https://arxiv.org/abs/2201.09887
https://arxiv.org/abs/2202.02333
https://inspirehep.net/authors/1273362
https://indico.ijclab.in2p3.fr/event/7779/timetable

SM at two-loop and beyond

- 2-loop ZH needed for < 1% unc. and possibly achievable

- Partial 2-loop VBF possibly achievable and sufficient

- Off-shell WW production at 2-loop requiring significant effort

- Factorisable NNLO QCD to H — VV* — 4f decay achievable

- N*LO H — gg and mj, dependence at N3LO needed for < 1%
unc. and possibly reachable
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https://arxiv.org/abs/1906.05379
https://arxiv.org/abs/2101.00308
https://inspirehep.net/authors/1273362
https://indico.ijclab.in2p3.fr/event/7779/timetable

[Freitas, Heinemeyer, et al. '19]

SM at two-loop and beyond

- 2-loop ZH needed for < 1% unc. and possibly achievable

( N\
- ¢ +pit thtk, o2
- Partial 2-Ig N Qrpirpr o QTR ‘7 it
P2 ks
Vo o5
=
/
. Offshell | o fy /' QYL tfleth ant effort
Vi t
PV’ \fl
<« <«
- Factorisabl{ ¢ B % 7 achievable
[Song, Freitas '21]

- N*LO H —gg and mj, dependence at N°LU needed for < 1%
unc. and possibly reachable
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Whlzard [Stienemeier, March '21]

4+ _ -

pp — e ven Uy
T
—— LO B
0 —— NLO EW 3

» UFO support for BSM completed

o per bin [pb]

v

ISR & beamsstrahlung,
also for polarized beams

automated NLO QCD
(FKS subtraction, resonance aware)

v

do/dpr g [fb/GeV]

v

Powheg matching to Pythia8 shower

NLO EW developments ongoing | [Bredt et al. '22]
implementing NLL electron PDFs [Frixione et al. '19, '19]
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https://indico.cern.ch/event/995633/contributions/4259945/attachments/2210879/3741639/LCWS-WHIZARD3-Stienemeier.pdf
https://arxiv.org/abs/2208.09438
https://arxiv.org/abs/1909.03886
https://arxiv.org/abs/1911.12040
https://inspirehep.net/authors/1273362
https://indico.ijclab.in2p3.fr/event/7779/timetable

e*e” -HZ-1bb

[Krauss, Price, Schénherr '22]

ete” = Z[utp~|H + Ny 250 GeV

My lGeV]

[Price, March '21]

| Lo
NLO EW

T
[ — Photons++ FSR
[ — YFS++ FSR

—— YFS++ ISR+FSR

Sherpa
» UFO support for BSM
» automated NLO QCD and EW
(CS subtraction)
» mc@nlo matching to parton shower
» YFS resummation of soft&collinear photons
- to be matched to NLO EW .
- ISR/FSR interference planned :
» Beamsstrahlung being implemented -
» Underlying events (e.g. ) planned
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https://indico.cern.ch/event/995633/contributions/4267455/attachments/2210846/3741581/lc2021_Aprice.pdf
https://agenda.linearcollider.org/event/8217/contributions/44683/attachments/35088/54307/aprice-talk.pdf
https://arxiv.org/abs/2203.10948
https://inspirehep.net/authors/1273362
https://indico.ijclab.in2p3.fr/event/7779/timetable

MadGraph e
» UFO support for BSM (also at NLO) .
» automated NLO QCD and EW
(FKS, resonance aware) 15

» mc@nlo matching to parton shower o

> |SR and beamsstrah|ung (from V320) [Frixione, Mattela:r, Zaro, Zhao '21]
- for unpolarised beams
- no spread above partonic beam energy

» NLL electron PDFs

. computed for unpolarised beams [Bertone, Cacciari, Frixione, Stagnitto '19, '19]
- NLO EW being finalised
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https://arxiv.org/abs/2108.10261
https://arxiv.org/abs/1909.03886
https://arxiv.org/abs/1911.12040
https://inspirehep.net/authors/1273362
https://indico.ijclab.in2p3.fr/event/7779/timetable

Higgs at future lepton colliders

After a decade of measurements,
the nature of the Higgs keeps puzzling theorists.

Future lepton colliders would bring an order of magnitude
improvement on Higgs coupling precision.

The Higgs precision programme requires
diboson, electroweak, and top-quark measurements.

SM(EFT) loops become very relevant.

Not covered: exciting challenges and reach of a muon collider.
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