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Higgs physics to answer key questions

Origin of EWSB?

. e o Thermal History of - Higgs Portal

What is the origin of the EW scale?
aiscovery o DOSON Nas sharpenec

the big open questions and given us a unique Y @ Yy
handle on BSM phVSlCS. or Composite? Baryogenesis
-

Origin of Flavor?

» Why the My<<KM 0 hierarchy problem?
» What are the implications for Naturalness?
» Can we uncover the origin of BSM physics from precision measurement of Higgs

properties (couplings, width, ...). Elementary vs composit? One Higgs? More?
» Can we measure the shape of the Higgs potential —— Higgs self coupling(s)

» Can Higgs properties give us insights on flavor and vice versa?

» Couplings to heavy flavors (bottom, top, ..)
» Couplings to light quarks and leptons

see C. Wagner’s talk




The LHC era: exploring the TeV scale

AT
¢ o

LHC / HL-LHC Plan

Higgs physics has been at the core
— e ___ of the LHC physics program

. LS2 13.6 TeV 13.6 - 14 ToV

» Run 1: Higgs discovery
» Run 2: Higgs couplings
» outperformed expectations

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY e PROTOTYPES > Ru n 3 tO H L' LH c

HL-LHC CIVIL ENGINEERING:

s S i = » Higgs precision program

We are only here

Many years of HL running ahead of us

see C.A. Florez Bustos’s

-» 2-fold increase in statistics by the end of Run 3 and E. Monticelli’s talks

-» 20-fold increase in statistics by the end of HL-LHC!
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m from discovery to precision physics

™
ATLAS

Run 1: Vs = 7-8 TeV, 25 fb™, Run 2: {s = 13 TeV, 36.1 b

—_—

Run 1 H—4/

Run 1 H-yy
Run 2 H—4/
Run 2 H-yy

Run 1+2 H—4/
Run 142 H-yy

Run 1Combined
Run 2 Combined

Run 1+2 Combined

ATLAS + CMS Run 1

T I T T T T T T T T T T T T T T T
~~Total [ |Stat. only
Total  (Stat. only)
124.51+0.52 ( +0.52) GeV

H——e———  126.02+0.51 ( +0.43) GeV

124.79 + 0.37 ( + 0.36) GeV
124.93 + 0.40 ( +0.21) GeV
124.71+ 0.30 ( + 0.30) GeV
125.32 +0.35 (£ 0.19) GeV
125.38 + 0.41 ( + 0.37) GeV

124.86 +0.27 (£ 0.18) GeV
124.97 +0.24 (£ 0.16) GeV
125.09 +0.24 (£ 0.21) GeV
TR BT
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1 I 1 I 1 1 I
125 126 127

128
m,, [GeV]
CMS
Run 1: 5.1 fb™' (7 TeV) + 19.7 fo™ (8 TeV) — Total |:| Stat. Only
2016: 35.9 b (13 TeV)
Total (Stat. Only)
Run 1 Hoyy —_— 124.70 + 0.34 ( + 0.31) GeV
Run 1 H—> ZZ— 4l — 125.59 + 0.46 ( + 0.42) GeV
Run 1 Combined —_— 125.07 £ 0.28 ( £ 0.26) GeV
2016 Hoyy —— 125.78 + 0.26 ( + 0.18) GeV
2016 H—> ZZ— 4l 125.26 £ 0.21 (£ 0.19) GeV
2016 Combined 125.46 £ 0.16 (£ 0.13) GeV
Run 1 + 2016 125.38 £ 0.14 (£ 0.11) GeV
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M, promoted to EW precision observable

| [ITJ HL-LHC projections
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Stress-testing the SM

; - 68% and 95% probability confours
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m zooming in on couplings to probe the TeV scale
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et [ariaspeiminay S _
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» HL-LHC projections from partial Run 2 data (YR):  * cueninsua

» 2-5 % on most couplings B

> < 50% on Higgs self-coupling. :

> Full Run2 results drastically improve partial Run *
2 results: better projections expected 0



Standard Model Production Cross Section Measurements ;' [z
T T

_1
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Wy Data &
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WEWEjj EWK - 38
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1.8 2.0 272 2.4
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What is the path forwar
beyond the HL-LHC?

Reference

... to which we should add a unique
spectrum of SM measurements and
- BSM direct searches!
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Xjw; 200207546
79, 884 (2019
Bae e
Egﬁcgégb%%% 2019) o Overview of CMS EXO results
EPJC 7é( 2173 (2012 CMS preliminary 36-140 fb~! (13 TeV)
D ad) 57008 String resonance " 1911.03947 (2)) 137 fbo1
JHEP 03, 128 22013§ Zy resonance " 1712.03143 (21 + 1y; 2€ + 1y; 2 + 1y) 36 fb~!
Eﬁgps&(zgg 67) 21 01 ‘23)05 Higgs  resonance. " 0723125 1808.01257 (1) + 1y) 36 fb!
" Color Octect Scalar, k2 =172 " oS3 1911.03947 (2) 137 fo~!
PRD Sy g22é3,§§2‘ 3) Scalar Diquark " S 7I571911.03047 (25) 137 b7
PRD 93, 112002 (2016) t\:‘&O, pseudoscalar (scalar), g%, x BR($~2!) > = 0.03(0.004) M 1911.04968 (3¢, = 41) 137 fb!
PRD 87;’1 12003 {20 3; i+ 4, pseudoscalar (scalar), g, X BR($-+21) > = 0.03(0.04) " [ 0A0BE034  1911.04968 (34, = 41) 137 b1
EPJC 77,563 (2017)
JHEP 01, 048 gso& 50;1 9 quark compositeness (qd). nuunn = 1 . 1803.0803 (2)) 36
. quark compositeness (1), nunn = 1 N 36 b~
'J:%%ng 1 - 17 2% 30(1250)‘ 9 qua$ compositeness m) s A ;g :g*:
quark compositeness (1) nuss = Ao 1812.10443 (20) -
EE T, 555;531 3 Excited Leton Contact Iteracton p 0325611 200108521 20+ 2) 771
'J; ?&%%11 1 %g :) ) u(gg 5 Excited Lepton Contact Interaction " 02507 2001.04521 (2 + 2J) 77 fot
EPJC 77, 474 (2 ; (axial-Jvector mediator (xY), g my=1Gev " T T 18 171202345 (2 1) + Ep) 36 fb!
553077757 r(gg? 23‘ z (axial-vector mediator (ad), o me=1Gev " | i 0.5-28 191103947 (2)) 137 fbt
JHEP 02,091 (2014) scalar mediator (+1/0), 9o = 1, don = 1.my = 1 GeV. " 20297 190101553 (0,1t + = 3) + E) 361
PRD 93, 112002 (2016, E pseudoscalar mediator (+4/tf), g5 =1, gow =1, my =1 GeV “ <03 190101553 (0, 1¢ + = 3 + EF™") 36 bt
PRL 115, 031802 15),) Scalar mediator (fermion portal), A, = 1,m, =1 GeV. " SLAN 1712.02345 (= 1) + E§=) 36 fb!
EPJC 77, 646 (20 : complex sc. med. (dark QCD), m, GeV, cTy,, =25 mm " <1547 1810.10069 (4)) 36 fb~?
E'hgl}?%% ((2%2‘0 “%57 41 H Baryonic 7., gq = 0.25, gow = 1, my = 1 GeV. " <197 1908.01713 (h + EF=5) 36 fb!
PRL 123, 161801 2019) Z'—2HDM, gz = 0.8, gon = 1, tanf =1, m, = 100 GeV' M N 0.5-32  1908.01713 (h + EF™*) 36 fb!
PRD 96, 012007 (2017) vector mediator (qd). gq =0.25. gow = 1,my =1 GeV. " 0:35-07 | 1911.03761 (= 3j) 18 fb~!
PLB 793 92019) 169 Leptoquark mediator, =1, B=0.1, Ayou = 0.1, 800 < Mg < 1500 GeV 03-06 | 181110151 (1u+1j+EF™) 77 b=t
PRD 93, 092004 (2016)
S804 108120 RPY stop to 4 quarks " O 08E052)  1608.0312¢ (2); 4) 36 fb~?
RPV squark to 4 quarks " S OES0721 1806.01058 (2) 38 o
RPV gluino to 4 quarks " A OA=TATI 1806.01058 (2)) 38 b
RPV gluinos to 3 quarks SIS 191010092 (6) 36707
ADD () HLZ, ngp =3 " 1803.0803 (2) 36
ADD (yy, #) HLZ, nep =3 " 181210443 (2v, 20) 36 fb~!
ADD Gy emission, n =2 " 1712.02345 (= 1+ %) 361071
ADD QBH (jj), neo. " 1803.0803 (2j) 36 fb~?
/ADD QBH (ep), nep =6 M 1802.01122 (ep) 36 fb!
RS Grelyy), kil =0.1 " 1809.00327 (2y) 36 fb~!
RS QBH (j), " 1803.0803 (2j) 36 fb~!
RS QBH (ep), neo=1 " 1802.01122 (ep) 36 fb~?
non-rotating BH, My = 4 TeV, neo = 6 " 1805.06013 (= 7j(L, v)) 36 fb~!
SpILUED, u= 4 Tev " IO =29 1803.11133 (1 4+ EF™) 36 fo!
RS Gre(qd. 9g). kiFfpi=0.1 " N, 1911.03947 (2)) 137 b7
excited light quark (qy), M 1711.04652 (y +j) 36 fb~!
M [ ELE Y 171104652 (v +)) 36 b
" 191103947 (2) 137 fo1
" 025391 161103052 (y +26) 361
excied muon, s " B OSE38 1 1811.03052 (y + 20) 36 b1
" YMSM, [Venl? = 1.0, [Vyul? =1.0 M 0.001-1.43  1802.02965; 1806.10905 (31(, e); = 1j + 2£(u, e)) 36 bt
25 VMSM, VeI Venl? + [Vil?) = 1.0 " 0.02-16 1806.10905 (2 1j+p+e) 36 fb~!
3 Type-Il seesaw heavy fermions, Flavor-democratic " .88 1911.04968 (31, = 41) 137 fh;l
- Vector like taus, Doublet Ll 0.12-0.79 1905.10853 (3¢, 241, =17 +2/) 77 fbo~
Scalar LQ (pair prod.), coupling to 1% gen. fermions, B = " i <140 181101197 e +2)) 36 b~
scalar LQ (pair prod.), coupling to 1% gen. fermions, f=0.5 " ! <127 1811.01197 (2e +2j;e+2j +Ef™) 36 fb~!
‘E scalar LQ (pair prod.), coupling to 2" gen. fermions, " H H <153 1808.05082 (2 +2j) 36 fb~*
Scalar LQ (pai prod., coupling to 2 gen. fermions, " ©08-15 181110151 (Lu+ 1+ EPT) 77107
g scalar LQ (pair prod.), coupling to 2" gen. fermions, " ! <129 1808.05082 (2R + 2j; W + 2] + Ef'™) 36 fb~!
scalar LQ (pair prod.), coupling to 31 gen. fermions, " i <102 = 1811.00806 (27 +2j) 36 fb~!
scalar LQ (single prod.), coup. to 3 gen. ferm., f=1,A=1 " i <074 1806.03472 (2T+b) 36 fb!
Zp, narrow resonance " 1912.04776 (20) 137 fo!
2o, narrow resonance M . o102 1912.04776 (24) 137 fbo~!
ssM Z(qa) " S =29 1911.03947 (2)) 137 fo-1
Z'(qa) " 1905.10331 (1j, 1y) 36 fb!
Superstring Z, " 02416 2103.02708 (2, 20 140 fbot
LV Z, BR(ey) = 10% " 180201122 (ew) 36 b
Leptophobic Z " I D0S=045  1909.04114 2) 78 b1
SSM Wr(tv) " 1803.11133 (£ + EP') 36 fb!
SSM Wi(rv) " O 044180711421 (T4 EF) 36 fb!
SSM W(qd) " [ OIS EG 1911.03947 (2]) 137 fo~t
LRSM Wa(tNe). My, = 0.5My, " 180311116 (20 + 2)) 36 b~
LRSM Wa(tha), My, = 0.5Myy, " 1811.00806 (27 + 2j) 36 fb~!
Aigluon, Caoron, cot8 =1 " e 191103947 2) 137

0.1 1.0 10.0
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). mass scale [TeV]

Moriond 2021



Beyond the HL-LHC: Precision and Energy

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.

4 Direct Searches

Depends on
collider
environment

W

Future
multi-TeV
colliders
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Higgs coupling measurements and direct searches
will complement each other in exploring the
1-10 TeV scale and beyond.
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Limits

In a simplified picture:

New physics at tree level:
SNsm™ 82ssm E2/M?

New physics at loop level:
Snsm™ 1/16m2 x g2g5\ E2/M?

Direct and Indirect Limits

¢ Indirect Bounds .
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Beyond the HL-LHC: proposed future colliders

LEPTON COLLIDERS
- Circular e+e- (CEPC, FCC-ee)
- 90-350 GeV

» strongly limited by synchrotron radiation
above 350- 400 GeV

- Linear e+e- (ILC, CLIC, )
- 250 GeV —>1TeV
* Reach higher energies, and can use
polarized beams
. pHp-
- 3-30 TeV
HADRON COLLIDERS
» 75-200 TeV (FCC-hh)

Vs (GeV)

PROJECT READINESS IS VERY DIFFERENT

A /t FCC-hh
100 TeV
Multi-TeV O27k)
colliders
MU(} *
3-30 TeV * HL-LHC
P 14 TeV
§I O(170)
§| K ILCC/CUC —_ [Higs Factores
Q O(5)
s 9k ILC/C3/CLIC/CEPC/FCC-ee
. 250-380 GeV
Q‘§ O(1)

>

#Higgs bosons (millions)



Snowmass 21:

Higgs-boson factories EF Benchmark Scenarios

(up to 1 TeV c.0.m. energy)

Collider Type NG P[%] Lint Start Date Multi-TeV colliders
- + -1 .
e /e ab™" /IP | Const. | Physics (> 1 TeV c.o.m. energy)
HL-LHC pp 14 TeV 3 2027
ILC & C3 ee 250 GeV | £80/ £ 30 2 2028 2038
350 GGV :f:80/ + 30 0.2 Collider Type \/g P[%] Eint Start Date
. R o .
500 GeV :i:80/ + 30 4 . € /6 ab /IP Const. l Ph}’SlCS
1 TeV | 480/ 420 8 HE-LHC  pp 27 TeV 15
CLIC ee 380 GeV |  £80/0 1 2041 | 2048 FCC-hh  pp 100 TeV 30 2063 | 2074
CEPC ee Mz 50 2026 2035 | SppC pp | 75-125 TeV | | 1020 | | 2055 ||
2Mw 3 LHeC ep 1.3 TeV 1
240 GeV 10 FCC-eh 3.5 TeV 2
360 GeV 0.5 CLIC ce 15 TeV | £80/0 2.5 2052 | 2058
FCC-ee ee Mz 75 2033 2048 3.0 TeV +80/0 5
2Mw 5 j-collider _pp 3 ToV 1 2038 | 2045
240 GeV 2.5 10 TeV 10
2 Miop 0.8
p-collider — pp 125 GeV 0.02

Timelines are taken from the Collider ITF

| Snowmass EF wiki: o oui e report (arXiv: 2208.06030)
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https://arxiv.org/abs/2208.06030
https://snowmass21.org/energy/start

Japan

China

CERN

USA

ri=

LHC

5 years

Bl Pproton collider
B Electron collider
E  Muon collider

EEEEN Construction/Transformation
Preparation / R&D

2038 start physics
ILC: 250 GeV
2 ab?

500 GeV
4 ab?

20km tunnel

40 km tunnel

31km tunnel

SppC: 75-125 TeV, 10-20 ab-!
[

2035 start physics

CepC: 90/160/240 GeV

100km tunnel [EFRYZPT ot

HL-LHC (14TeV, 3 ab™)

3.6TeV, 450 fb")

2048 start physics

100km tunnel, installation 350-365 installation
GeV 1.7

ab?

FCC-ee: 90/160/250 GeV
-150/10/5 ab!

Original timeline from ESG
Updated during Snowmass 2021
(see EF Report)

FCC hh: 100 TeV = 30 ab™!

2048 start physics

CLIC: 380 GeV 1.5TeV
1.5ab? 2:5¢abiL

29 km tunnel

3 TeV

11 km tunnel 5 abl

holding

50 km tunnel

2020

2030 2040 2050 2060 2070

IVIiuuIl cuilnuer

2080

Proposals emerging from Snowmass 2021 for a US based collider

2040 start physics
CCC: 250 GeV

CCC

5 years 8 km tunnel

2 ab?

550 GeV 2 TeV
4 ab? =4 ab™

Stage2
10 TeV;
~10ab?

10km & 16.5 km tunnels

. RF upgrade
Muon Collider

2045 start physics

muC:Stagel
13 years 4km & reuse Tevatron ring 3 TeV

Note: Possibility of

OR 4km+6km km ring 125 GeV or 1 TeV at Stage 1

2090

Renewed interest in lepton colliders:
need supporting R&D in near future

AEEEE IS TEEEEEEEE EEEEEEEEY: DT I EEE I EEEEE EEEE.

2020

2030 2040 2050 2060 2070

2080

2090




Beyond the HL-LHC: projections for Higgs couplings

LHC
e T e S S—

2030 2040 2060
H couplings to: O(5-15)% O0(0.1-1)% O(1)%o
H self-coupling to <O(50)% 0(20)% O(1)%

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



Ac/o_SM [%]

Reach of future colliders for Higgs couplings: a closer look

Q T T
100 - Based on full Run 2 dataset analyses > G O
<@ 3
o m
N wn
10 N 6' >
- © T O
) = HL-LHC O s s
5, 11 = ILC/C3-250 + HL-LHC L. 3 L3
§ m CEPC240 + HL-LHC Inltlal Stages Of future S g" 3
84 # CLIC 380 + HL-LHC e+e- machines o g :
mFCC-ee +HL-LHC b o) 8
A =
0.01 - ) m
hzz hww hbb htt hgg hce hyy hyz hup htt -8 M
K_hXX "_':._
100 - = HL-LHC
¥ ILC/C3-250 + HL-LHC
- ¥ ILC/C3-500 + HL-LHC
® ILC/C3-1000 + HL-LHC
B CEPC240 + HL-LHC .
1. scepezso+viie  Final reach of all
CLIC 380 + HL-LHC .
. i considered
B CLIC 3TeV + HL-LHC
0.1 = FCC-ee + HL-LHC future colliders
B FCC-hh + FCC-ee/FCC-eh
hzz hww hbb htt hgg hyy hce hup htt hyz I(tot) B 1(125) + HL-LHC
0.01 - = u(10TeV) + HL-LHC

K_hXX



Constraining BSM via global EFT fits

1
Leg = Loy + P Z C;0; +hec. | + O(A_4)

F(_ ng’son ﬁ top_EW ﬂ

(c Ch,
e C’HWB C(HD Cll 1) "
CHB C (3) (1) CHQ CtW
C He Hl Hl C
HW Cg) Cg) CH C}y tB
CHG k ! ! “ Cg’;
e | 2 EWPO .
Con Ce Cgq; C4 G5, Coa
Crn Co C5 C3  Co
(Cor 2
Higgs

Higgs couplings

Vff couplings Higgs couplings

Vif couplings

EW + Higgs

precision reach on effective couplings from SMEFT global fit

B HL-LHC S2 + LEP/SLD M CEPC Z,0,/WW,/240GeV,, | MILC 250GeV, M CLIC 380GeV,
(combined in all lepton collider scenarios) | ll CEPC +360GeV, M ILC +350GeV;,+500GeV, | Ml CLIC +1.5TeVy5
Free H Width MILC +1TeVg  VwGiga-Z | I CLIC +3TeVs

Il MuC 3TeV4 DwIFCC-ee
W MuC 10TeV 4o
W MuC 125GeV, 0,+10TeV 4o

1 no H exotic decay Il FCC-ee +365GeV, 5 subscripts denote luminosity in ab™', Z & WW denote Z-pole & WW threshold
107"
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EFT connects different processes with large correlations: pattern of

coefficients give insights on underlying BSM model
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Interplay with top-quark

Parameter HL-LHC | ILC 500 | FCC-ee | FCC-hh
‘i /5 [TeV] 14 05 | 036 | 100
precision measu rements T ———— Y T 3 T
Top mass m; (%) 0.10 0.031 | 0.025 -
Left-handed top-W coupling C’gQ (TeV~2) 0.08 0.02 0.006 —
Right-handed top-W coupling Cyy (TeV=2) | 0.3 0.003 | 0.007 -
Stress testing the SM and Right-handed top-Z coupling C;z (TeV~2) 1 0.004 | 0.008 -
lori nomal lin Top-Higgs coupling Cyy (TeV~2) 0.1 0.6
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Coupling deviations from SM [%]

Disentangling models from EFT patterns
The “inverse Higgs” problem
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Snowmass 2021: ILC white paper (arXiv: 2203.07622)

Examples to illustrate the different patterns of Higgs coupling deviations from different BSM models



The case of e*e" Higgs factories
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Reach for light fermion Yukawa couplings: highlights
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arXiv:2203.07535
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The case of a Muon Collider
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Reach for Higgs self-coupling

collider Indirect-h hh combined
HL-LHC 100-200% 50% 50%
ILCas50/C3-250 49% — 49%
ILCs00/C>-550 38% 20% 20%
CLIC3gg 50% — 50%
CLIC1500 49% 36% 29%
CLIC3000 49% 9% 9%
FCC-ee 33% — 33%
FCC-ee (4 IPs) 24% — 24%
FCC-hh - 2.9-55%  2.9-5.5%
u(3 TeV) - 15-30% 15-30%
©(10 TeV) - 4% 4%

ATLAS and CMS HL-LHC updated
FCC-hh updated arXiv:2004.03505

Added MuC reach:
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arXiv:2203.07256
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Higgs precision reach of Future Colliders: a summary
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Extended Higgs sectors - direct BSM portal
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Towards higher precision and higher energies



zooming on couplings, a little more ...
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Theory has come a long way
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Beyond total rates

Events/GeV

104 5 : L
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Energy

Need SM precision calculations at differential
level both at lower energy, where rates are
where rates are small
but effects of new physics may be more visible.

large and at
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... exploring boosted kinematics and off-shell signatures

CMS Simulation

Top pair + boosted Z/H
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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



... deploying new techniques to interpret complex signatures

The case of bbH production including QCD+EW corrections
The extraction of y, seems lost

“RIP Hbb” (Pagani et al., arXiv:2005.10277)

ratios oly;)  _ INLOgep+mw o(yy) o(y?)
o(y;)+o(k%) INLO, o(yg)+o(y?)+o(yvyt) o (yy)+o(yi)+o(ypy)+o(k7)
(Yo vs. kz) (Yo vs. yt) (Yo vs. Kz and yy)
NO CUT 0.69 0.32 0.28
N;, > 1 0.37 (0.48) 0.19 0.14
Nj, =1 0.46 (0.60) 0.20 0.16
Nj, > 2 0.11 0.11 0.06

®

®
I

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

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




Summary

e 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.

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

e 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).

e 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.

o 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.



