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Higgs as a
tool for discovery
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deviation from Standard
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deviation from Standard

Deviations in Higgs couplings in BSM models
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For new physics around TeV-scale,
typically few-% deviations in Higgs couplings*
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LHC is doing fantastic job In
In exploring Higgs properties

H(125) looks SM-like

current coupling
precision >> 1%

blind to few-% modifications

or %y

+/-20% «
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predicted Higgs coupling precisions: HL-LHC + e*e” (Lc)

'.a_g' ? Model Dependent EFT / k Fit {FBSM=D & no anom. hZZ/hWW coupl.)
';' 6 [~ LCC Physics WG B HL-LHC arXiv:1902.00134
o S S1: CMS, S2: ATLAS&CMS
HL-LHC < B I et okoon
~100 M Higgs E 5 —_ -------------------------------------------------------------------- dark/light: S1/52 -
+ILC250 § ¢
~0.5 M Higgs g 3
+ ILC500 3
- = -
2 M Higgs $ 4 1 %
E |
T 0

Z W b 1 g ¢ v u t A

- HL-LHC will struggle to reach 1% coupling precisions
- HL-LHC + e*e  Higgs factory can achieve ~1% or better
— resolve signs of new physics



Higgs productlon |n electron posﬂron collisions

associated
Higgs production

ZZ & WW fusion

Higgs studies can start at 250 GeV
full set of Higgs measurements:
require ~1000+ GeV

top quark Yukawa
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Cross-section

proton collider

Pp/pp cross sections
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ATLAS T T

EXPERIMENT
http://atlas.ch

Higgs @ LHC Higgs @ e+ e-
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thanks to its simple & clean experimental environment
an electron-positron collider

can achieve significantly improved Higgs precision
even with a rather small number of produced Higgs

10



How to build such a e+ e- Higgs factory ?

(beam energy)*
POWET [0SS ~ ==-mmmmmmm e
(particle mass)* (ring radius)?

beam energy and particle mass* decided

to control required power, need large radius ring

* see later for p collider 11



FUTURE
CIRCULAR

COLLIDER £S5 | : ; Large rlng
: | josy, FCCee, CEPC

~Future T = _
SiCircular o A * radius ~ 100km / 211

Collider =~ . .
* multiple IPs / experiments

[see next talk P. Azzi]

or

e D) “ Linear collider

ILC, CLIC, C?

Electron Accelerator

e oo _ i * radius ~ infinite
Beam Delivery System//
;ﬁ:%ﬁegr?s%stem 2R $20km .
e — Deteclt‘ors (‘J:;ﬁ&n'ﬂgﬁ:)) approx. 20 km in length . .
* beam po larization
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Schematic illustration of ILC



Linear collider : different accelerating technologies

ILC : superconducting RF acceleration

e+ bunch

Damping Rings IR & detectors compressor | | |

/ F drive beam accelerator
€- source

CLIC : 2-beam acceleration

drive beam accelerator
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Low energies - Circular collider All projects propose to operate at
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Cross-over around Higgs threshold region 14



Physics highlights
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| Higgs-strahlung

o
arxiv:2106.15438 FCC-ee Simulation (Delphes)
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6000
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Higgs decay to invisible final states

Higgs-strahlung sensitive to any Higgs decay:
e.q. |nV|S|bIe flnal states ~ dark matter ?
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Top quark

top quark EW couplings

mass & width from threshold scan benefit from being above threshold
5‘07 L I T ! | ! I ! ! J ! I S ﬁ']_‘loz T T T T T T T T 1
o  ttthreshold - QQbar_Threshold NNNLO ] : LEP/SLC + LHC Run 2 + HL-LHE 81 + HL-LHC 82 +ILC250 +ILC500
=06 [ ISR + CLIC LS 90% Charge E O O O O O
:‘; [ — default - thS 171.5 GeV, I, 1.37 GeV — 10 :
, - m, variations 0.2 GeV e P
+CD0'5 - — I, variations + 0.15 GeV ...L__J__lj,. 1 I
(N =N
04 i ‘
- 107"
03F : ‘
B I simulated data points 1072
02 100 fb ' total 5 . ‘
E 107 |
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oL v v ] Wilson coefficients of various CP-conserving couplings
340 345 350
- s [GeV] o arXiv:1907.10619
Bmtop (MS) ~ 20 MeV (stat.) / 70 MeV (total) "o
Much closer to “pole mass” 18

— easier to interpret



Higgs self-coupling A

direct sensitivity

Cross sectlons VS. A

— ZHH @ 500 GeV

500 GeV &
1000 GeV

o/ ogy
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Indirect sensitivity
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. FCC ee, from EFT globalflt ‘

—  5/abat240 GeV |

0.02k — +0.2/ab at 350 GeV |

i — +71.5/ab at 365 GeV |

---=- 350 GeV alone 1

----- 365 GeV alone 1

0.01} A=t

N
O 0.00f
8 0.00

-0.01r
-0.02+

_4 -2 0 2 4

FUTURE
CIRCULAR
COLLIDER



HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

ILC

CEPC

CLIC

Higgs self-coupling A

Higgs@FC WG September 2019
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N ...
under HH threshold
................................................................................................
Y
0 10 20 30 40 50

68% CL bounds on «, [%]

di-Higgs single-Higgs
HL-LHC HL-LHC
...... 50%. . ............50% (47%) ...
HE-LHC HE-LHC
______ [10-20]%, .. ... == 50% (40%)......
FCC-eeleh/hh FCC—ee!ehfhh
. 5% & 25% (18%)
LE-FCC JLE-FCC
15% n.a.
. FCC-eh,. ., D FCC-eh,,
...... A7424% . ==tDA .
FCC-eell
- 24% (14%)
|:| FCC-eems
33% (19%)
FCC-ee,,,
............................... 49% (19%).....
ILC, 00 ILC, y0q
10% 36% (25%)
ILC,,, ILC,y,
27% =l 38% (27%)
ILC,,,
_______________________________ 49% (29%)......
CEPC
.............................. 49% (17%) ...
CIJC3000 g CLIC3000
T%+11% 49% (35%)
cuc, ., CLIC, .,
36% 49% (41%)
CLIC,,,
50% (46%)

All future colliders combined with HL-LHC

indirect (di-Higgs) ~20~50 %
direct (single-Higgs) ~10~35 %

|deally test consistency
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Higgs Physics (O rce

o Electron Yukawa coupling via s-channel ee~™ — H under study [unique at FCC-ee]

» Exciting challenges/requirements:

° Higgs mass om;; ~ 3 MeV e e
. 1‘2;— With o, ~ 4 MeV
o Beam monochromatization to reduce o i e eRer SR
A B =

° Continuous adjustment of \/E

o Huge integrated luminosity

— P— 1
125.08 125.085

- - 1
125.09

— " 1
125.095

125.1

o

Extremely sensitive event selection
(e.g. H — ggand H - WW* — £v + 2 jets) monochromatization:

SM with separate ¢ and e~ rings, one can distribute
» Expecty, S 1.6y.", 100 (30)x HL-LHC (FCC-hh) .\ 2nd high energies in opposite way (in x, z, time)

4

non-zero horizontal
dispersion

o Assuming 5\/3 =7 MeV and 16 ab-! (2 years w/ 4 IPs)

° Aggy 2 110 TeV in Higgs-electron coupling —
Vi E-AE

%2E+AE 2E-'AE§
26420 e oap
21
Stéphane Willocg @ Snowmass Agora



ISR Yo

Searches for BSM particle production

Kinematic reach limited by collider energy, N
modest total event rates — very loose triggers, or none
— collect even the softest or most unexpected signatures

soft SM
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% 600 [ sm R 1OB0RTACNI 0 5
c . . .
) [ — simul. data =5 - .
2 >3 e.g. small mass spllttlng SUSY: Xo
00 cover all kinetically-available parameter space
< S 350
: ﬁ r —, — 8Tev 2057, 13 Tev 36 f5 bino-wino|like model |
% ~ gx”' L ATLAS «= I 13 Tev 139 51 higgsino like model
00 250 300 350 400 450 500 300 |- o= == == HL-L HC projection
3 = o
\'s/GeV - ILC ———— 500GeV, 1 TeV any model e
250 — { -~ AN\
12] P P B R B BT i C /
§1200 3 B kXY dM770 E 200 [
C XX T ) ] r
H000F = 1T Mt -166.3+£08GeV | "
- O sm % ] 150 [
800 F — simul. data E E
600 _ & i
woF Neutralinos @ E Gl
- AM =0.77 GeV .
200 | . 50 — i ‘
ok = ; 5 il {3
200 250 300 350 400 450 500 v e NN < 22
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Electro-weak physics

precision EW measurements

orders of magnitude more data than LEP(2) / SLC

In some cases with beam polarisation LR

left- and right- diff tin E-W .

eft- and right- are very different in high energy 250 ~ 1000 GeV
radiative returns to Z

Z pole

better detectors

QCD
Clean samples of QCD systems of varying mass:

Quark jets of all flavours

** Gluon jets from Higgs 23



More futuristic possiblilities

many open conceptual and/or engineering issues

24



Energy recovery linacs

Damp Damping

Positron source Detectors
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Damping rings
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MuColl -3¢~ '
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Muon colliders
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Plasma wakefield accelerators

Overcome current limits on - T ———
. . daser wakertrield accelerator
accelerating gradient 30~100 MV/m

laser or particle beam induces wakefield in plasma

wakefield accelerates particle bunch:
1~10 GV/m >> 30-100 MV/m

Example: a laser or particle beam (red) drives a density
wave (blue to yellow) in plasma, accelerating electrons
(white) with fields of order 10 GeV/m

Compact, high energy linac
27



Summary

Higgs is a unigue tool to probe BSM physics
<1% precision to probe TeV-scale models

e+e- Higgs factory can achieve this precision
many other opportunities in E-W, BSM, QCD physics

a few proposals for “short/mid”-term realisation of Higgs factory
— Wwe should realise at least one!

several intriguing ideas for the far future

28
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Precision of Higgs boson couplings [%)]

Model Dependent EFT / k Fit (C__ =0 & no anom. hZZ/hWW coupl.) 3.5 Model Independent EFT Fit LCC Physics WG
~ LCC Physics WG B HL-LHC arXiv:1902.00134 x1/2
— S1: CMS, S2: ATLAS&CMS 3 ® HLLHC enc2so | X 1'!3 ........................... —

B HL-LHC ®ILC250
B HL-LHC ®ILC250 & ILC500
e e darklight: $1/52

B HL-LHC @ILC250 @ ILC500
dark/light: S1*/S2*

N
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—
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Precision of Higgs boson couplings [%]
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Z W b t g c¢ T

arxiv:1903.01629 30



Lumi [10** s'Tem?] / Power [MW]
3

—
<
w

Lumi / AC Power vs Energy of Future e*e” Colliders
wmsmm FCCee, 2 IPs [arXiv:2203.08310]

mmsmm CEPC, 2 IPs [arXiv:2203.09451]

samms CEPC, 2 IPs, lumi up, power priv. com.]
=g [LC baseline [arXiv:2203.07622]

suanr ILC luminosity upgrade [dito]

i ILC250 10 Hz operation [dito]

CLIC baseline [arXiv:2203.09186]

CLIC luminosity upgrade [dito]

107

;
Center-of-Mass Energy [TeV]
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Improvement wrt. HL-LHC !
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Table of parameters (Higgs Factory)

Parameter ILC CLIC c?
COM energy (GeV) 250 380 250
Peak luminosity (10°** cm2s™) 1.35 1.5 1.3
Polarization e"/ e* (%) 80/30 80/0 80/0
Repetition rate (Hz) 5 50 120
Bunch spacing (ns) 554 0.5 5.26
Bunch train duration (us) 727 0.176 0.7
Particles per bunch (1010) 2 0.52 0.63

IP beam size H / V, rms (um) 0.52/0.0077 0.15/0.003 0.23/0.004
Full crossing angle (mrad) 14 20 14
Acceleration technology SRF Two-beam, NC RF Cold NC RF
RF frequency (GHz) 1.300 11.994 5.712
Accelerating gradient (MV/m) 31.5 72 70

Site power (MW) 1 168 ~150
Facility length (km) 20.5 11.4 8

3 41122 S. Belomestnykh | Summary of Snowmass Agora on e+e- linear colliders



Working point Z years 1-2 | Z, later WW HZ tt (s-channel H)
V8 (GeV) 88, 91, 94 157, 163 240 340-350 | 365 my
Lumi/IP (10** cm~2%s7") 115 230 28 8.5 0.95 1.55 (30)
Lumi/year (ab-?, 2 IP) 24 48 6 1.7 02 | 0.34 (7)
Physics goal (ab™') 150 10 5 0.2 1.5 (20)
Run time (year) 2 2 2 3 1 4 (3)
10° HZ + | 10° t§
Number of events 5x 1012 Z 108 WW | 25k WW — H | 4200k HZ (6000)
+50k WW — H

Stéphane Willocg @ Snowmass Agora
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fully hadronic qgqg semi-leptonic qgly, fully leptonic fv l' vy

W mass in ete-
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e W e W ¢ W

B2 = 45.4% 6B¢B;, = 43.9% 9B7 = 10.6%
There are several promising approaches to measuring my at an eTe™ collider:
@ Polarized Threshold Scan Measurement of the WTW ™ cross-section near

threshold with longitudinally polarized beams. Requires dedicated luminosity
well below Higgs threshold; can it not be done well enough in other ways?

N

Unpolarized No Beamstrahlung] T T DL

g = 80.20 GoV GENTLE2.0

— m,, = 80.39 GeV
—— my, = 80.49 GeV

o

@ Constrained Reconstruction Kinematically-constrained reconstruction of
WTW™ using constraints from four-momentum conservation and
optionally mass-equality: the LEP2 work-horse. Primarily using semileptonic

WW cross-section (pb)
03]

JllIllJJlJllllLllllIJl\l—

g |
events. Color reconnection assumed to dog fully hadronic - really? C
© Hadronic Mass Direct measurement of the hadronic mass. This can be 4r
applied particularly to single-W events decaying hadronically or to the , -
hadronic system in semi-leptonic W W™ events (especially for qgrv.). r
© Lepton Endpoints The 2-body decay of each W leads to endpoints in the 01;0_"—'_ e T
lepton (or jet) energy at E;, = E,(1+ 3)/2 where 3 is the W velocity. These \'s (GeV)

can be used to infer my. Can use for WW events with > 1 prompt lepton. 36
@ Fully Leptonic Reconstruction Pseudomass method (Apply 5C). G. W. Wilson / Kansas




Updated Prospects Tables

1: Polarized threshold scan

AMy [MeV] | LEP2 | ILC ILC ILC |

v's |GeV] 161 161 | 161 | 161

L [ 0.040 | 100 | 480 | 500

P(e™) [%] 0 90 | 90 80 .

P(e*) [%] [ o 60 | 60 | 30 ] Update Wlth current ”_C run plan
sbatistics 200 24 | 1.1 | - = e

background 20| 09 | mtegrated luminosities

efficiency 1.2 | 09

lminosity 1.8 | 1.2 .
polarization 09 | 04 - ] Halve beam energy uncertalnty (10
svstematics 70 30 | 1.6 5

experimental total | 210 39 |1 19 | 3.0 m _) m)

beam energy 13 04 | 0.4 | 04 p p p p

theory | - |10]10]| 10|

total 210 40 | 22 | 32

Table 10: Current and [)1'1']‘1l|]i]un'_\' ;l:;lj{'i[mit'c] uncertaintics in the measurement cJF,‘f“- at
ete” colliders close to WW threshold.

2: gqlyy :

3: Hadronic mass

Ay [MeV] LEP2 | ILC | ILC | ILC
Vs [GeV] 172-209 | 250 | 350 | 500 AMw [MeV] ILC | ILC | ILC | ILC
£ [~ 3.0 2000 | 200 | 4000 Ve [GeV] 250 | 350 | 500 | 1000
Ple™) [%] 0 80 | 80 | 80 £m 2000 | 200 | 4000 | 2000
Ple™) [%] 0 30 30 30 FP(e™) [%] &0 ] B0 B0
beam energy [ 04 (055 08 P(e*) [%] a0 30 30 30
luminosity spectrium N/A 1.0 14 | 2.0 jet energy scale 30 | 30| 3.0 3.0
“hadronization 13 1.3 1.3 1.3 hadronization 1.5 1.5 1.5 1.5
radiative corrections R 1.2 1.5 1.8 pileup 0.5 0.7 1.0 2.0
detector ellects 10 L0 1.0 1.0 total systematics | 3.4 | 3.4 | 35 3.9
other systematics 3 03 | 03 | 0.3 statistical 075 | 20 | 05 | 05
total systematics 21 23 27 | 33 total 35 | 40| 3.5 3.9
statistical a0 075 | 28 | 0.9 R )
total 36 2.4 10 | 3.4 Table 8: Preliminary estimated experimental uncertainties in the measurement of My at
eTe” colliders from direct reconstruction of the hadronic mass in single-W and WW events
Table 6: Current and preliminary estimated experimental uncertainties in the measurement where one W decays hadronically. Does not inelude WW with ggfey where £ = e, .

of My at eTe™ colliders from kinematic reconstruction in the ggfvy channel with £ = e, p.

Graham W. Wilson ] May 10, 2022
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