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A few Introductory remarks

* Thanks to the organizers for the wonderful conference!
* |t has been a pleasure to finally meet everybody again in person

 and even more on such a special year as the 10th anniversary year of
the Higgs Boson discovery

* Excellent talks, YSF talks especially impressive, great discussion sessions...
 Cannot make justice of all talks, but will pick-up topics/highlights that either
* friggered discussion (controversial?), or
* caught my attention (and thus a likely biased selection)

* Apologies to all speakers that | will not properly represent in my talk...



Events / 3 GeV

Status of Higgs physics
10-years after discovery

 Joday >30 times more statistical power

 Better detector performance in almost all
areas despite significantly more
challenging conditions
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We also had two truly msplrlng “historical perspective” talks!
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The Higgs boson Turns 10: CMS’ Journey
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The Genesis of ATLAS -

The long journey to the Higgs boson discovery A.be,t_Luw;‘:*_z'nﬁi;‘:;‘;t;?;bi’;g s
translating freely Peter Jenni: translating freely Tejinder Virdee:
“These are difficult times, but you have to fight “*Not everything will go according to plans, you need
if you want to reach your objective” to be ready for the unexpected and adapt your plans”

 We are deeply indebted to Peter and Tejinder’s leaderships, who made
two marvelous detectors such as ATLAS and CMS become a reality.

 And we should remember these words when we will be fighting for the next collider!



Higgs decays to bosons -
highlights




H— vy

Toni Séulac » Better than 10% uncertainty
CMS > Observed — +io (stat @ syst) on gluon fusion

H— vy, 137 b (13 TeV)
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 Many more differential distributions, including double differential:
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H = vy
 ATLAS and CMS analyses went * And still: every iteration brings
already through a lot of optimization Improvements beyond statistics.

Ruggero Turra  E.g. use of “D-optimality” in ATLAS:
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| Siyuan Yan
* Updated ATLAS mass measurement Leading uncertainties Impact (MeV)
- Goal: claptunng dlepéndencnes t?etween M4, Dnn Statistical +186
and oi Into a 2D likelihood function

S ot o Muon momentum scale +28

P & — P S(m4l DNN, O;, mH) . i S(DNN‘mH) o S(O'i) ___________________________________________________________________________________________________________________
~ P S(m41 DNN’ O;, mH) i b s(DNN | mH) Electron energy scale +19

A oA ..
b b ( el L ) Signal-process theory +14

* 50% reduction iIn muon momentum scale systematics, but negligible impact since
measurement still dominated by statistical uncertainties:

my = 124.99 £ 0.18 (stat) £ 0.04 (sys) GeV

Currently most precise measurement:

0.11% (CMS Run-1 + partial Run-2,

o .
(0.14% uncertainty) H-vyy+ H— Z2)




Higgs decays to fermions
or ttH production - highlights



VH,H - bb

New results from CMS

Christina Reissel

ignal strength:
19) With observed (expected) significance of 3.30 (5.20)

138 fb' (13 TeV)
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VH,H - bb

New results from CMS

Christina Reissel

* Inclusive signal strength:
u =0.58 "2 with observed (expected) significance of 3.30 (5.20)

* This will matters! Kappas would be significantly increased if used in Higgs combination.
* Quite some discussion on Monday: many cross-checks (e.g. diboson) already performed.

 Same taggers as previous result, boosted region added pT(H)>250 GeV

138 fb”' (13 TeV - Run 2)

Eur. Phys. J. C 81 (2021) 178
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VH,H - bb

ATLAS combination of resolved and boosted

EPJC 81 (2021) 178 PLB 816 (2021) 1304
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Giuseppe Callea

ATLAS Preliminary Vs=13TeV, 139 fb”
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e Best-fit,observed

m Resolved (EPJC 81 178)
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Linear parameterisation
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Parameter value



VH, H — bb(/cc)

LHCDb results Laura Buonincontri _
%A 4.5 ‘é s 11
O LHCDb preliminary - LHCDb preliminary
e ]: 1s=8TeV a) = 1: \s=8TeV b)
* Main limitation for LHCb: S 2 5 3
limited acceptance / R
non-hermetic coverage . -
* BUt: ;) ' 30 100 120 | 40 - | 60 ‘(;)).ZA — ‘(;3‘ A“().-l 0.5 0.6 0.7
ng (Oey] uGB(W+bb vs V+H)
* Access to complementary D
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region of phase space il SRR e e
W/Z+H’ x 50 s 4
« Excellent vertex — ot -
reconstruction/PID I WacE
Bt )
. |
 B-tagging performance e ? ] @ z-

).2 0.3 04 0.5 0.6 0.7
currently comparable to uGBI(tt vs V+H)
ATLAS/CMS, state-of-the-art o
Machine Learning tools Upper limits on Yukawa

being currently implemented couplings: yb<7 beM’ v°<80 ycsm
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e Measurements in 9 STXS bins for both e First ever unfolded differential measurement
ATLAS and CMS: in this channel by CMS for several observables:

Giuseppe Callea Christina Reissel ;515 70v)
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* Provides one of the most precise measurements at pT(H) ~ 300-400 GeV.
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ttH, H — multi leptons

Brendon Bullard

CMS result updated to full Run-2, ATLAS still partial Run-2 (36 fb-1)

* ttW modeling problems:

NLO+NNLL 592132 fb  [2001.03031
NLO+FxFx 2. M 2108.07826
ATLAS (36 fb~") 8704190 fb [1901.03584
CMS (36 ) A0 S 7T 02647
CMS (138 fb~') 868 +65fb  [2208.06485

e cross-section underestimated by MC

 ATLAS observes some mismodeling in differential
prediction, and charge asymmetry

Strong effort by ATLAS, CMS and theory in LHC Higgs WG to improve description of ttW (and
ttbb) background(s) (e.g. see comparisons in LHCHWG-2022-003)

ATLAS presented a first measurement of charge asymmetry in ttW events

4 t
. N(Ay > 0) —N(Ay <0)

; D tcctorle el ( Aﬁ. (.tiW ;= —‘(*)w..123 _ 6.13628.1:%;)”:& O.YOSHIW(syst‘.;)
© N(AZ > 0) + N(AZ < 0)’ T T

A§=|yf+|_|)’f—| ik L ‘
Expected: AL(tTW)pc = —0.084 *30 (scale) + 0.006 (MC stat.)

No discrepancy with MC prediction . &ﬁ(tﬂi}jﬁ = —0.112 + 0.170 (stat.) = 0.055 (syst.) |
fourd b bl e 4 s

Expected: AL (tfW)pc = —0.063 T4 005 (scale) + 0.004 (MC stat.)


https://cds.cern.ch/record/2812088

Higgs combination



10N

ajd

INa

the comb

19

luded

INC

Most channels are

Adinda de Wit
(CERN Symposium for

10th anniversary)




But which channels are not yet included?

Analyses Integrated lumi (fb™) ggH | qqH | VH ttH & tH
o . .
Bob Cousins

H(ZZ—4l) 138 X X X X

H(WW) 138 X X X X

H(Zy) 138 X X

H(bb) 36(ttH) 77(VH) 138(agH) X X X X

H(1T) 138 X X X X

ttH multilepton(tt. WW. and ZZ) | 138 X

H(uu) 138 X X X

H(invisible) 138 X X X

 Main missing channels:
 VH, H — bb with full Run-2 (NVEWW but not included in combination yet)
e ttH, H — bb will full Run-2



But which channels are not yet included?

ttH tH agqF VBF WH ZH
Yy 139 139 139 139 139 139
e ATLAS zz* (4) 139 139 139 139 Paolo Francavilla
WWw* 139 139 36.1 36.1
bb 139 incl. boost: 139 126 139 139
T 139 139 139 139
ttH multilept 80
cc 139
MU 139 139
Zy (inclusive) 139
inv 139 Z(IH: 139

Not in Kinematic (NO STXS)
Only for Kinematic (ONLY STX
Only for floating kc

K models with Binv & Bu

 Main missing channels:
e VH, H = WW with full Run-2
e ttH, H — multi lepton [performing ttW measurement program]

 Additional modes for H — invisible



But which channels are not yet included?

ttH tH agF VBF WH ZH
'A% 139 139 139 139 139 139
e ATLAS zz* (4) 139 139 139 139 Paolo Francavilla
WWwW* 139 139 36.1 36.1
bb 139 incl. boost: 139 126 139 139
T 139 139 139 139
ttH muiltilept 36.1
cc 139
MM 139 139
Zy (inclusive) 139
inv 139 Z(ll)H: 139

® /n most cases there are
Not in Kinematic (NO STXS)

Only for Kinematic (ONLY STX “gOOd 7 r eaS On S Why
Only for floating kc C M S O r ATL A S

K models with Binv & Bu
_ o may be late??
 Main missing channels:

e VH, H = WW with full Run-2
e ttH, H — multi lepton [performing ttW measurement program]

 Additional modes for H — invisible



Overall signal strength

H Discovery (up to 10.4 fb™' at 7-8 TeV) ?a“ﬁ?o Monti

u=0.87 £ 0.23 [dominated by stat.]

Run 1 comb (up to 24.8 fb~" at 7-8 TeV)
U= 1.00 + 0.13 [+0.08/-0.07 (theory) + 0.07 (exp.) + 0.09 (stat.)]

This combination (up to 138 fb™! at 13 TeV)
u = 1.002 £ 0.057 [i 0.036 (theory) + 0.033 (exp.) + 0.029 (stat.)j

ATLAS
Paolo Francavilla

1 =1.05+0.06 = 1.05 + 0.03 (stat.) +0.03 (exp.) = 0.04 (sig. th.) + 0.02 (bkg. th.).

 Both ATLAS and CMS measure 1 within an uncertainty of 6%.

* Notice also exp and theory sys errors went down by ~x2 since Run-1



Production and decay modes

observed with

CMS 138 fb™' (13 TeV) 5 P CMS 138 fb™' (13 TeV) Fabio Monti
, > | dbDIio iviontl
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Parameter value Parameter value

* All measurements by ATLAS and CMS compatible with SM prediction.

 Both ATLAS and CMS see a first hint of Zy (CMS: 2.70, ATLAS: 2.20),
compatible with SM expectations at the 1-1.50 level.

Maxime Gouzevitch



Simplified Template Cross Sections (STXS)

Paolo Francavilla

ATLAS Run?2

C_ombingd results
) * m * 2ot dn‘ferent!al in STXS

i o g TufT] Evfg granularity shows
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 But again, no sign of a
discrepancy with the SM.
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Coupllngs in kappa framework and BRinv,und

CMS Fabjg Menti,
® QObserved B +1 sD (stat)
== +1 SD (stat @ syst) +1 SD (syst)
— 12 SDs (stat @ syst)
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Parameter value

Paolo Francavilla

* Full Run-2 precision

(with most channels):

5 %

® KZ,KW
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. K,k =~ 10%
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@ 95% CL
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®
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Combination of ATLAS
and CMS will improve this!

 Reminder: we cannot directly measure the total width at the LHC, thus we need
an additional assumption to determine BRung, €.Q.

|y | < L



EFT interpretation in STXS framework

Alexander Held

Beyond kappa framework (SMEFT):

Ci ~d=6
ESMEFngSM-l_ZF@l 4 ...

Down to 32 parameters with
flavor + CP assumptions.

Signal strength per STXS bin parameterized
as function of Wilson coefficients
(SMEFT, Warsaw basis)

28 (linear) combinations of parameters
are found to which the data are
sensitive

* No significant impact from other parameters
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results (using linear model)
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Search for additional scalar
DOSONS




Search for additional scalar bosons
A whole suite of new results by ATLAS and CMS

CMS (Yiwen Wen ) ATLAS (Xiaotong Chu )
-IEE-_M_ Xoyy -/ ttH/A-4top -/
MSSM b — Tt arXiv:2208.02717 WH (-WW) -/

oty ——
2HDM/MSSM : VH 'H -4l H-leptons+b-jets

4 ux
X — YH — bbyy CMS-PAS-HIG-21-011 ©HT-ZW-31+y A-ZH(-bb) -/
+ .
NMSSM + TRSM X — YH — bbbb arXiv:2204.12413
Singlet scalar Vo, ttd, ¢ — li/xt CMS-PAS-EXO-21-018
local o
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Search for rare and BSM decays




Search for rare decays - new results

Yuan-Tang Chou Maxime Gouzevitch

H — vy vda (ATLAS) H—- AA — 4y (CMS)

* Analysis made possible by novel DNN based
reconstruction of merged photons (arXiv:2204.12313)

* Probe ma<1.2 GeV (merged) or ma>15 GeV (resolved)

136 fb™ (13 TeV)
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Search for rare decays - new results (ll)

Olivier Davignon

H — invisible (CMS) * New combination with all main production modes:
1 4.9 fb (7 TeV), 19.7 i (8 TeV), 140 b (13 TeV)
o u | | | I - . . .
EE_(% 095_ CMS Preliminafy 95%CLupperIimits_E ® COmblned Ilmlt:
Q T C —8— Observed .
\8 0_83— - ©- Median expected —f BR<1 5% @ 95%CL
> b Ml opmnd 1 (8% expected!!)
E 0.65— 0.26 (0.30) 049 (0.32) =
LI | * Both ATLAS and
= 05— o — .
» VBF most sensitive mode .3 i CMS have slight
: 021 (.10 excesses In
 Updated with combination “E o the VBF analysis.
of VBF and MET triggers, CESCe

and improved bkg estimate ]

» Limit: BR<18% (10% exp) ;i
(ATLAS: <15% (10% exp)) VH(had)+ttH(hac) NEW

VBF-tag
ggH-tag



Search for rare decays - new results (lll)

Antonio De Maria

H — et/ ut (ATLAS)

» Just released for Higgs Hunting!

Maxime Gouzevitch

(CMS)

* Limits comparable to

full Run-2 CMS results:

ATLAS Preliminary — Observed ATLAS Preliminary — Observed
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CP-structure of Higgs couplings

o Sakharov conditions require C and CP violation as
necessary (but not sufficient) condition for baryogenesis

* CP violation in CKM sector is very small! (talk by M. Carena)

e Due to lack of time, will focus
on coupling to fermions;




Measuring CP inH — Tt de

 Measure angle between decay planes

Higgs rest frame

CP 2 =2
Kl*+ [Ryl
CMS Simulation 13 TeV
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Marco Sessini, Andrea Cardini
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CP-odd hypothesis
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CP-odd hypothesis
excl. at 3.40 (2.10 exp)
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Measuring CP in ttH/tH production

Andrea Cardini

 H— yyand ZZ

-2Aln L

10

CMS 137 fb' (13 TeV)
I I 1 1 ] I I I 1 I 1 I I 1 ] 1 I I I
i — Observed Expected |
— ggH(4l) — ggH(4l)+ttH(41)

— ggH(4l)+ttH(yy+4l) .

95% C.L.

e \..68% C.L.

------
- - -
-------------
-----------
__________
------

)3 95 0 05 1

Hit
fCP

CP-odd excluded
at 3.20 (2.70 exp.)

Simultaneous fit also with
CP-even and CP-odd ggF

Ricardo Goncalo Neelam Kumari

* H— vy * H— bb

5 2FT 1' - S ";41:L/'tS' F;reiirr;in'alr)'l """""" 1l - EI
= - — o - 4 £ - 1l 35 =
% 1.5 2 il mmm XM 4 9 V5 =13TeV, 139 fb"" 111389 c<\11
& - & 1 X 2= =3
1:_ IIIIIIIII 30 .......... _: 8 | _:30
0sf = s - 125
0 < = ; 1 -
—-05F - O — —:20
e e e i L 145
- ATLAS : 1B f =
-1.55 {5-13Tev, 139 b = i 1=
& = - 1110
_2 I 1 | | 1 I | 1 1 | I 1 | 1 1 I 1 | 1 l I | 1 l 1 I l 1 l | l 1 | I = |
-15 -1 -05 0 0.5 1 1.5 2 -2 & Bestfit a=11" k=083 ]
i estfitt =11, k;=0. |
KtCOS(OL) - Y% SMCP-even: a=0,k;=1 - >
i CP-odd: a=90",k,=1 i
/
e CP-odd excluded at 3.90 ki COS o
(2.50 exp.) » New CP sensitive variables
defined

* ttbb background modelling
challenging! (e.g. 4F vs 5F)



Probing the Higgs boson
self-coupling

[G. Salam, Nature 607, 41-47 (2022)]

An alternative
potential

I 2 3 I 4
Standard Model V(¢) ~ VO T EmH + AvH” + Z/IH

» Shape of Higgs potential crucial e.q.
to understand whether EW baryogengesis
may explain matter anti-matter asymmetry
Current in our Universe [talk by M. Carena]

experimental
knowledge

Higgs field value
In our Universe




e Main search modes:

bb WW 18 7z YY
bb
wWwW 25% 4.6%
T 7.3% 27% | 0.39%
ZZ 3.1% 1.1% | 0.33%
YY 0.26%
[K. Leney]

 Full Run-2 results from
both ATLAS and CMS

Combined

ATLAS

Obs. Exp
4.2 57
4.7 3.9
54 8.1

—— QObserved limit

Expected limit
(UyH =0 hypothesis)

[ Expected limit £10
1 Expected limit £20

ATLAS Preliminary
Vs =13 TeV, 126—139 fb
Ogot . ver(HH) =32.7 fb

Lo e e e e e e g

10 15 20 25 30

95% CL upper limit on HH signal strength Liyy

ATLAS: o/og,, < 2.4 (2.9), obs (exp)

Search for HH - latest combinations

Zhe Yang

Marcel Rieger

bb ZZ
Expected: 40
Observed: 32

Multilepton

Expected: 19
Observed: 21

bb yy

Expected: 5.5
Observed: 8.4

bb Tt
Expected: 5.2

Observed: 3.3

bb bb
Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

CMS

Nature 607 (2022) 60

CMS 138 fb™' (13 TeV)
LI ) I ) ) L 1 1 I L | I L) L L) L L ) I
K, =K =1 —e— Observed ~ ----- Median expected
Ky = Kpy =1 855 68% expected
----- 95% expected
L1 1 1 1 L1 l L L1 l
1 10 100
95% CL limiton o(pp = HH) / o
Theory

CMS: o/o,, < 3.4 (2.5), obs (exp)



e Main search modes:

bb WW 18 7z YY
bb
wWwW 25% 4.6%
T 7.3% 27% | 0.39%
77 3.1% 1.1% | 0.33%
YY 0.26%
[K. Leney]

 Full Run-2 results from
both ATLAS and CMS

bbbb

Combined

ATLAS

Obs. Exp.
4.2 5.7
4.7 3.9
5.4 8.1

l.lllllllllll
0 5

—— QObserved limit

Expected limit
(UyH =0 hypothesis)

[ Expected limit £10
1 Expected limit £20

ATLAS Preliminary
Vs =13 TeV, 126—139 fb
Ogot . ver(HH) =32.7 fb

------------------------------------------

[ TR WO R N SR N N N

| | L

10 15 20 25 30

95% CL upper limit on HH signal strength Liyy

ATLAS: o/og,, < 2.4 (2.9), obs (exp)

3) combination with single-H

Search for HH - latest combinations

Zhe Yang

Marcel Rieger

bb ZZ
Expected: 40

Observed: 32

Multilepton
Expected: 19
Observed: 21

bb yy

Expected: 5.5
Observed: 8.4

bb Tt
Expected: 5.2

Observed: 3.3

bb bb
Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

CMS

Nature 607 (2022) 60

CMS 138 fb” (13 TeV)
L J | L L L 1 1 I L | I L) L L) L L ) I
K, =K =1 —e— Observed ~ ----- Median expected
Ky =Koy =1 855 68% expected
----- 95% expected

1) X5 improv.

2) x5 improv.
(boosted 30x improv.)

L1 llllll Illl
1 10 100

95% CL limit on o(pp — HH) / O heory

CMS: o/o,, < 3.4 (2.5), obs (exp)




HH — bbtTt

Valeria d’Amante

59.7 fb' (13 TeV)

0 5 10 15 20 25 30
95% CL limiton o(pp > HH) / o

CMS
o . -
..g 10 E? bb ‘Ch’ch SXposted Vor X IS0 EXBoslee gg"F HH XS CIMISI T [lJ'Illd;er lSl\l/I laésu{nPtllan T T 1 T tl)b:c'tl, 13l8l flb j (13 -ll-elvl)
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- I Others ® Data Ky = Koy = o
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10 e sin— N R e o5 oxpecied o/osm < 5.2 (3.3 exp.
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10 —
. 2016 o ATLAS:
10 Expected: 11
_ o/osm < 4.7 (3.9 exp.)
1 — 201 7
—— Expected: 12
107" Observed: 9.5
107 2018
Expected: 8.2
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&) E
2 15F |
3 1B Combined
T E Expected: 5.2
o 0.5 Observed: 3.3
0 = 1 I L1 1 1 I 11 1 l l l 1 l 11 1 1
S 35
S

Theory

* New trigger strategy, new DNN, New Flavor and Tau Tagging (DeepTau, DeepFlavor)

 Factor 5 improvements with respect to the previous result (factor ~2.5 beyond
statistics)



HH — bbbb boosted

(13 TeV)
3 15""]""I""I""I""I""l""l """
qc) - CMS
() | Simulation Preliminary
%5 4 A-1|_ H—bbvs. QCD multijet il
- 10 E 500 <p?”" <1000 GeV, ™"l <2.4
5 p St R For the same signal
9 - — DeepAKS8 - .
D 2| - Deepaxemp efficiency, Particle Net
S ParticleNet has a 2x better
B ParticleNet-MD . .
m % Deop AKB.0DT (5% background rejection
10-3k % Dmepanironrien "y power compared to other
e standard Jet taggers
104 L o 1

0 01 02 03 04 35 O|6ﬁ07 08
ignal emicienc
0 y Irene Dutta

* New ParticleNet tagger to separate
merged jets from H to bb from QCD

GNN (Graph Neural Network) based
on low level PFlow/b-tagging info

New method to avoid mass distortion
(X to bb sample with flat mass)

But very challenging calibration! (docum.)

Events/ 10 GeV

Data / pred.

138 fb* (13 TeV)

20E_CMS Preliminary
185_ $ Data . HH (u = 3.5) QCD, ggF H, VBF H
16 _:_— . tf+jets V+jets, VWV . VH
14— .
12 = ttH Total unc. B DT BI n 1
2 Yields in [110.,140.] GeV
0= Bk9641+ 2.17
811
611
A Bk
I
O _______________________________ p— >
¥ ——— - .
1.5 : 4 , - g o o
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.M., [GeV]

* Fit to merged jet mass (in bins of
BDT of HH vs ttbar and multijet)

* Result:
o/osm < 9.9 (5.1 exp.)
(~1.40 excess over SM)


https://cds.cern.ch/record/2805611/files/DP2022_005.pdf

Determination of k) from single Higgs

* Dependence of single-Higgs production on k) through EW corrections
recently derived in STXS binning, except for ggH (LHCHWG-2022-002)

 Both ATLAS and CMS applied it to their latest combination:

Alkaid Cheng Fabio Monti
10 I | | | | I | | | | I | | | | | 1 | | | o 1 4 -1
i ) ) i . i I I I | I | | | | I | | I | I | | | | I | | | | I | | | | CMS 1 38 fb 1 3 TeV
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HH + H i - Expected SM —— 68% CL HH i
- : K) generic - - ° - :
I HH + H K, only: Y i . 959 OL HH i : + 2 SDs
6l 95%: K) € [-0.4,6.3] - ¥¢ SMprediction : + SM
- HH + H k) generic: o7 BestfitHH+H - pp — HH -
B 95%: Ky € [—1 .3, 61] d=F=""" - Direct search -
. \ - :
QERo > - '
41— 95% — I } i :
. / - ;
. / _
/ —
i . pp — H
2 : Indirect interpretation
NN\ S 08% __ i
0 l | | | |l I | | | | I 1 | | | 5
5 0 5 10 15 10 15 20

* Only small improvements, but allows determination of k) with other kappas.
* Single-Higgs constraint dominated by ggH rate, i.e. theory uncertainty important!


https://cds.cern.ch/record/2803606/

» Several additional
non-SM diagrams:
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» Different approach:

Interpretation using HEFT EFT

Alexander Held

* Constrained using combination
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use of 18 HEFT benchmarks in CMS [Ram Krishna Sharmal]



Biggest challenge ahead?

 Low mHH events drive sensitivity to kj

Liza Brost

do
dmun

* Reduce trigger/reconstruction
thresholds / maximize efficiency to increase
low mpH efficiency

* Especially challenging towards HL-LHC!

200 300 400 500 600 700 800
muH [GeV]



Prospects for future



Schedule towards High-Lumi LHC

LHC HL-LHC

T BT | T R N TS

., B 52 136 Tev 13514 Tov
e ——— e ———————————

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation : _ -
7 TeV 8 TeV button collimators interaction i , inner triplet 5 Hlt' :thP

R2E project regions Civil Eng. P1-P5 pilot beam radiation limit instaliation

2011 2012 2013 2014 2015 2016 2017 2018 2019 2022 2023 2024 2025 2026 2027 mm""“l“
5to 7.5 x nominal Lumi
experiment grade phase 1 ATLAS - CMS /
beam pipes HL upgrade

nominal Lumi 2 x nominal Lun1= ALICE - LHCb | 2 x nominal Lumi

75% nominal Lumi l / upgrade
/m 190 fb! 450 fb! 1 3000 fb"
luminosity JEIVIE{ &

TODAY ~20 years
from now

« Seems like a long time, but building the next collider may well require more than
20 years! We need to start now... (and, with Peter Jenni’s words, “fight for it”!)



Emmanuel Perez, Suat Donertas e What can HL-LHC achieve?

S= ev,  per experiment
(s = 14 TeV, 3000 fb™' per experi

llllllllllllllllllllllllllll

Total ATLAS and CMS » Single-Higgs couplings
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Beyond HL-LHC

Many possible colliders, community needs to converge on 1 (27) options

Lepton collider provide lower cross-sections, but a very clean environment and
excellent resolutions / particle identifications

European Strategy Update 2020 | | * Gauthier Durieux
100

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 *—T' 10
the highest achievable energy. (...)

o [ab]

e,

=,
=t |

But many options available for a *

lepton collider 0.1
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Prospects at future colliders - single-Higgs

102} | [E==ri B HL+HELHC HL+IL%ZE :t:gt:g?:go Etiiggzzg :10-1 .
| o werrm WAL Alucm o | * |arge improvements everywhere
| except where stat. unc. Dominates
L Seah bttt | 11 R et | Sutett  dehd  fatm LU _ _
? * Improvement not only quantitative
-l E- - e e e.g. e+e- colliders allow for
| BRIk, Bt model independent access to
couplings
vt T AL
| . oy X B(H — XK) ~ 9guzz X JHXX
: L'y

off  _eff ff  ooff .eff _eff

|mprovement wrt HL LHC

0691z Ok, Az

T H — ZZ* provides I Gauthior Dur
6912 6Ky /\z



Prospects at future colliders - self-coupling

Snowmass, Meenakshi Narain

collider Indirect-hsm hsmhsm  combined
HL-LHC (24] 100-200% 50% 50%
ILC250/C"-250 [14, 17 49% - 49%
ILCs00/C"-550 [14, 17 38% 20% 20%
ILC100/C*-1000 [14, 17] 36% 10% 10%
CLICsg0 [19 50% — 50%
CLIC1500 (19 49% 36% 29%
CLIC3000 [19 49% 9% 9%
FCC-ee [20] 33% — 33%
FCC-ee (4 IPs) [20] 24% — 24%

FCC-hh [25] - 3.4-7.8%  3.4-7.8%

(3 TeV) [23] - 15-30% 15-30%
(10 TeV) (23] - 4% 4%

» Generally, high-energy

options favored

(rate!)

» At ete- determination
through single-Higgs EW
corrections becomes
feasible (~10% prec.)

* Requires two C.o0.M. energies

to disentangle from oH

Gauthier Durieux

0.04 F

0.02
o)
()

—0.02

goar

P(e”,et) = (0,0), Ax? =1, global

5/ab at 240 GeV
+1.5/ab at 350 GeV
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Prospects at future colliders - self-coupling

Snowmass, Meenakshi Narain » Generally, high-energy

collider Indirect-hsm hsmhsm  combined thi()ns favored (rate!)
HL-LHC [24] 100-200% 50% 50%
ILCas0/C3-250 [14, 17] 19% — 19% » At ete- determination
[LCs00/C3-550 [14, 17 38% 20% 20% through single-Higgs EW
ILC100/C3-1000 [14, 17] 36% 10% 10% corrections becomes
CLICsgo [19 50% - 50% feasible (~10% prec.)
CLIC1500 [19 49% 36% 29%
CLIC3000 [19 49% 0% 0% * Requires two C.o.M. energies
FCC-ee [20] 33% = 33% to disentangle from on
FCC-ee (4 IPs) [20] 24% - 24% Gauthier Durieux
FCC-hh [25] : 3.4-78% 3.4-7.8% i il
) 0.02
S
—0.02
Muon Collider option studied in detail at Showmass! P(e~,et) = (0,0), Ax2 = 1, global

—0.04 - | | | | |
-6 -4 -2 0 2 1 6




R&D roadmap towards future

« ECFA Roadmap Document

— farl Jakobs approved and presented to
& & CERN Council in Dec 2021
& & . . (seek approval by end-2022)
@g--\q’b i Q% o 47? o é\\b
o 6\\\@\\ é’\/q,\\\\/ é’ Cf)\o & O o’& o Olé\ S §O "
FSFIE I3 S £ &S  Roadmap includes R&D for
2030 2030-2035 2035-2040 2040-2045 2045 bOth acceleratOrS and

 US Snowmass process just ending

e P5 will now meet and define
priorities on US side

USA

detectors

Meenakshi Narain
550 GeV 2 TeV

Note: Possibility of
125 GeV or 1 TeV at Stage 1

2040 start physics

CCC: 250 GeV
2 ab!

5 years 8 km tunnel

RF upgrade

Muon Colllder 2045 start physics

13 years 4km & reuse Tevatron ring

OR 4km+6km km ring 10km & 16.5 km tunnels

EEEEE EEESEEEEE EEEEEEEEE EESEEEEEYE EEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEE
2020 2030 2040 2050 2060 2070 2080 2090

* Proposals emerged to host CCC or Muon Collider in the US

(and consider hosting ILC)



Concluding...

 \WWe have come a very long way since
the Higgs Boson discovery

* |mpressive suite of results presented
at Higgs Hunting 2022

* Analyses routinely exceed
expectations from simple
luminosity scaling

 Community working or actively
engaged in preparing for the future

 HL-LHC to be ready in a few years

e Discussion and R&D activities
ongoing to define the next collider
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Is Indeed not fully over yet...

...and yes: the “hunt”
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Thank you!

-to the organizers
-to the talk presenters
-to the session conveners
-to all participants




