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The High Luminosity LHC program
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PHYSICE

Current schedule:

- Recent update
extends Run3, shifts
and extends LS3.

- Start of HL-LHC
data taking foreseen
in 2030



Challenges/opportunities of HL-LHC
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Phase-ll Upgrade in a nutshell (CMS & ATLAS)

*taken from DIS24 Arnab’s talk

® Detectors with improved granularity and
timing capabilities to mitigate increase in PU
conditions (x3 current LHC Runs)

= New silicon tracker to cope with the higher
dose expected (x10!)

NEW
MIP Timing detector
precision timing for

pileup mitigation

= Additional muon chambers

NEW

Inner Tracker, coverage

®  On-detector electronics, the entire trigger and umr;::rilglﬂ& reduced
data acquisition system, will undergo a
complete overhaul to address the larger event
size and acquisition rate
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https://lpsc-indico.in2p3.fr/event/3268/contributions/7448/attachments/5316/7977/ArnabPurohit_DIS2024_Final.pdf

Phase-ll Upgrade in a nutshell (CMS & ATLAS)

ATL-UPGRADE-PUB-2025-001

New and upgraded forward

= Detectors with improved granularity and and luminosity detectors
timing capabilities to mitigate increase in PU Sl FriT Trigger & DAQ upgrades
conditions (x3 current LHC Runs) chambers &
electronics

= New silicon tracker to cope with the higher

dose expected (x10!) gzzuﬂﬂg
e Timing Detector
= Additional muon chambers (HGTD)

"  On-detector electronics, the entire trigger and

data acquisition system, will undergo a Calorimeter

electronics
complete overhaul to address the larger event upgrade

size and acquisition rate
New all silicon Inner Tracker (ITk)

ATLAS

EXPERIMENT
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European Strategy for Particle Physics Update - HL-LHC Input

RS ATL-PHYS-PUB-2025-018
@ = 5 CMS-HIG-25-002 )/

past

= Few physics benchmarks in which HL-LHC will L /)
dominate the state-of-the-art for decades 31st March 2025
: . arXiv:2504.00672
= Center-of-mass-energy of 14 TeV, two luminosity Highlights of the HL-LHC physics projections

scenarios: intermediate 2 ab, nominal 3 ab? by ATLAS and CMS

. 1 2 .
= Method: scale yields from Run 2 analyses The ATLAS" and CM5” Collaborations

= Scenario “S2” with reduced systematic uncertainties | | 41¢ Higgs self-coupling studies “S3”considers Run

= Experimental uncertainties reduced according to the 3 advancements

origin
_ _ o ® Scenarios based on the best available knowledge
=  Theoretical systematic uncertainties halved

= Negligible contributions from limited Monte Carlo — advancements can exceed expectations

simulation event counts

17.09.25 Paola Mastrapasqua | Future Physics Prospects at HL-LHC 6


https://arxiv.org/pdf/2504.00672

Outline of this talk

1. Precision Higgs Physics and Rare decays 3. Searches for a BSM heavy scalar
= Constraint on charm yukawa coupling " |nterplay with precision measurements
= Observation of H - uu/Zy 4. Precision measurment of myand my,,
2. Higgs self-couplings = EW vacuum stability
= HH observation and trilinear self-coupling 5. Top quark studies
measurment

m  Rare process: 4 top cross section measurement
= HHH searches and quartic self-coupling

constraint = EFT bounds from top processes

®  Constraining BEH potential and a first order
phase transition
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1) Rare Higgs decays: H - uuand H - Zy

arXiv:2504.00672
- : : r S [ %]
= Expected indipendent observation from both experiments of these two rare H—Zy | H— pp
i i ici 0 0 ATLAS 21 13
channels, with coupling precisions 3% (k) and 7% (kz,) Dbl | OMS - 5
. . . . . . ATLAS+CMS 15 7.1
= H — pupu first test of Higgs interaction with 2nd generation — expected 30% ATLAS - o
impr. on dimuon mass resolution due to detector upgrade 3ab"' | CMS 19 7.0
ATLAS+CMS 14 59
CMS Projections
E [ '-\.' T rorT '_I T ‘_' ] ‘GST""I""I"" “"I""I""‘f
N 14— ATLAS Preliminary Uncertainty scenario ] > H - Zy, /s = 14 TeV 1
g ~ Hopp, (5=14TeV o man 2 syst - et :
§ 12 :— Extrapolation from Run 2 —© - No syst. —: }E’ 5: ®
= - N S |
5 - . D 4l ]
o 10— - 4
5 1 g :
- ) R _
6 - ol % Observed | ]
I ] i ® Expected
4__. I T T ,_' 1;... T T T T
1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
ATL-PHYS-PUB-2025-014 Luminosity [f5"] CERN-CMS-NOTE-2025-007 L (fo™")
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1) Higgs coupling to charm quark

= Latest projections include recent improvements in b-/c-jet tagging techniques driven by Machine Learning
= 1.6 sigma signficance expected for ATLAS+CMS, constraining |k.| < 1.5 at 95% C.L

= This include only VH, but recent analysis at Run 2 prove ttH can provide a more stringent constraint!

- T
%1.4—ATLASPreIiminary —&— Baseline = K S I I I I
e \‘;’1”_ H1 :TC\C, projection Baseline + MCstat scaled 8 [ ‘gjﬁij’fgﬂ;’}ﬁ?
£ $= e —— Run 2 syst. § [ VH.H-ccprojecon W  Baseline h
5 1.2 "g 20r Baseline + c-tagging efficiency scaling |
2 > | ]
3 3 I
B 10 B 15 -
=1 2l
> >
a i
08 Lol y -
06 g :
04 | | | | | L 4
1000 1500 2000 2500 3000 00 e
Integrated luminosity [fb™'] c-tag efficiency at fixed b- and /-mistag rates [%)

ATL-PHYS-PUB-2025-012
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2) Di-Higgs boson physics

= Direct probe of the Higgs trilinear
coupling (k3) and of the Brout-
Englert-Higgs (BEH) potential

® Characterized by a very small

cross section, g(ggHH) ~ 37 fb1

= Benefit from the increased luminosity, ~ 105 HH
events with 3 ab? of lumi

= Projections in scenario S3 include significant
advancements in jet and tau tagging from Run 3

= Expected observation already with 2 ab-1 from
ATLAS+CMS

HH statistical significance

12
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arXiv:2504.00672

ATLAS + CMS projections ESPPU 2026

Vs =14TeV, 3 ab~! per experiment
SM HH production (k3 =1)

wum bbbb
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https://arxiv.org/pdf/2504.00672

2) Di-Higgs boson physics

= A precision on k3 below 30% can be achieved with 3 ab1in S3 scenario (previous projections reported 50%!)

= The coupling VWWHH (k) can be accessed via VBF HH studies — expected ~13% precision with 3 ab? in the
S3 scenario using only 4b channel

o ' ) ' ' ’ — 20.0 T T T - -
o
- H H "-J
3 ATLAS +CMS Projections ESPPU 2026 = ATLAS +CMS Projections ESPPU 2026
< 20t Vs =14 TeV, S3, 3 ab™! per experiment 9 175 VS =14 TeV, 3ab™! per experiment
o~ All other couplings fixed to SM i Boosted VBF HH - bbbb
I 68% CL k3 €[0.74,1.29] | 15.0 All other couplings fixed to SM
15 12.5 0
Combination —— S2,68% CL K5y €[0.87,1.16]
—— bbrtT~ ——— 53, 68% CL k2 €[0.90,1.13]
- 10.0
— bbyy
101 —— bbbb s
Multilepton ’
5.0F
S N" N S AN N e o CL|
_____________________ 2.5
____________________________________________________ 3 _E—_
%5 o ,' . . .' : . . 0057 0.8 0.9 1.0 1.1 1.2 13

arXiv:2504.00672
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2) Constraining the BEH potential

1.2
ATLAS + CMS = Projected limits on k3 are used to derive constraints on
N
O] Pl PPl 2020 er experiment .— BSM scenarios with deformations of the SM BEH
0.8F — sMm SMEFT 6 i potential that allow a strong First Order Phase Transition
~~- SMEFT 6, kI'" = 1.66 oS . :
S ol SMEFT 8, KT = 1.69, K" =5.4 1oy (FOPT), explaining matter-antimatter asymmetry
< 0.6r _.. Log. Potential, k" = 1.57 r:kerPoc?/:lta—iqtég] __,-‘?'
Exp. Potential, k3" = 1.99 Ty =  With 3 ab? potentially able to exclude all FOPT scenarios
0.4r
across the four tested alternative potentials (main
0.2 assumption: large energy scale of New Physics)
le—6
0.0L".: E : ‘ [ ‘ [ . .
. . . . ATLAS + CMS = Unique opportunity to
. rojections ESPPU 2026

—~ 0.2t SMEFT6 HH-driven Vs =14TeV, 53, 3 ab™! per experiment .
< 20 Uncertainty 20 Uncertainty < address questions on

0.1r o Uncertain " 16 Uncertain —~ . .
¥ rodncetamy T dofheerany 5 the origin of the
| 0 —— >| _
~ L universe
~ -0.1 S -1
> > in = SMEFT 6 HH-driven

02 e 0B 10 L4 LE Le T emsmeises Qe
¢  arXivi2504.00672 ¥ TtTTUWTTY O
0.980 0.985 0.990 0.995 1.000 1.005 1.010 1.015 1.020
¢
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2) Triple Higgs boson production

H o arXiv:2504.00672
"u ,W - ,.:‘ !q- 300_ AN L R I N L L B B B ]
- Ofeeae H oy . ATLAS+CMS .
) | Projections ESPPU 2026 I
*H N ----H 200 ~
- Vs =14 TeV Expected 95% CL “Unitarity
| 3ab”perexperiment  _ oo oced big. unc ¥ SM -
_ _ - HHH- 6b ’ i
= Direct access to the quartic self coupling (i4) 100~ -
= Tiny cross section (o(ggHH) ~ 0.079 fb1) N I
o ]
= Projections based on the 6b channel (ATLAS Run 2 analysis)
= Expected limit on HHH cross section for the S3 scenario is ~100}- .
86 times the SM expectation . :
= With this precision, ATLAS and CMS will start excluding —200" PRSUISY SRV SRV SRS P S
portions of the region allowed by the unitarity limit Ky
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3) Searches for a BSM heavy scalar

arXiv:2504.00672
S2 scenario (14 TeV)
= C ; ; T T ; - —
m  Search for a heavy scalar, S, extending the = . ATLAS+CMS Spin 0, Gluon fusion production
) I E Projections ESPPU 2026 Narrow Width Approximation E
Higgs sector L L 95% CL upper limit .
T 102 B Teel Expected )
. . E - o
= Projections based on CMS full Run 2 results "}’ E ggéo 3
g 1 .
for the search S - HH in the channels 2 .ol i
— = = — = E 3
bbbb,bbyy,bbtt o g ]
= Possibilty to exclude a significant region of the 1'5_ 1 RRET TN 3
- 3ab” perexperiment 0 N\ 00000000 T Teae- ]
model parameter space 107" - -~ - 139" (CMS-only, 13 TeV) -
= Other signatures, S —» ZZ and ttS - tttt, are - Real singlet (b, = 100 GeV, 6 = 0.2) .
-2
also explored 10 F 2705 ——a=10 E
L L | L L
3x107" 1 2

3 4
mg [TeV]
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3) Interplay between precision measurement and direct searches

2
b
V(®,8) = — 4|8 + Ay |®[* + b8 — %SSQ + %s*‘ + %@FSE + 533"3 + %1|@|23.

ms = 300 GeV, b3 =0 GeV, by =0.25

= Minimal extension of the SM, featuring a real singlet ©
scalar S coupling to SM via the Higgs portal !

®  Despite the simple model, rich phenomenology °

= HL-LHC projections of ATLAS+CMS direct searches ’ |
and precision measurements proved powerful in 4
excluding model parameter configurations that would 3

allow a strong FOPT

= |t show the complementarity of measurements and
searches

-0.25-0.20-0.15-0.10-0.05 0.00 0.05 0.10 0.15 0.20 0.25

arXiv:2504.00672
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4) my , my,, and the EW vacuum stability

= Projection of m,,, measurments from tt+jets
events

= Achievable precision on m,,, of 200 (600) MeV
with (without) profiling of the uncertainties

= Projection of my measurment from H —» ZZ — 4¢
(with £ = e, u)

= Precision of 38 (26) MeV with ATLAS (CMS),
hence a combined precision on my, of 21 MeV

= With the full HL-LHC dataset, ATLAS+CMS may be
able to make a conclusive statement on the
stability of the vacuum

17.09.25
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arXiv:2504.00672
{ ATLAS4+CMS 3 ab~! per experiment
| Projections ESPPU 2026
Instability
my from tt+jet
---- 8 TeV (20.2 fb™1)
Metastability — 13 TeV (363 fb—l)
—— S2 with profiling
"""" S2 without profiling
/’#-é-““)}
L \\___/,}
Stability “v----- -
1248 1250 125.2 125.4 125.6 125.8
16
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5) Rare top quark processes

= Four top quark production recently observed by arXiv:2504.00672
ATLAS and CMS S L ,quLAS+c':M5"

. oy . g 03 :_¥ Projections ESPPU 2026 _:

®  The process is extremely sensitive to new physics ® [ -
S0.25 AL 140 ' [ATLAS only] ]

= The projected experimental precision on the £ g o eory uncertainy fom PRL 131, 211601
process cross section is ~6%, well exceeding g 0.2~ =
theory uncertainties 5 .
§0.15 —

" Four top quark production is sensitive to top E’ - .
yukawa 2 01 -

i — ]

= Can be used to significantly constaint EFT 30050 E
operators linked to scenarios with enhanced % 003, L T .
interactions between third-generation quarks ' Integrated luminosity per experiment (ab™}
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5) EFT bounds from top quark processes

= Possibility to probe EFT operators related to the
electroweak dipole moments of the top quark

= |n processes like tty and ttZ the transverse
momentum distribution of the photon/vector
boson is sensitive to these EFT parameters

®m  Results expressed in terms of limits on the new
physics energy scale A

= Might be the ultimate results for some time (as
FCC-ee might not run at the top pole)

95% Cl limit on A[TeV]

25

2.0

1.5

1.0

0.5

arXiv:2504.00672

I
ATLAS+CMS
Projections ESPPU 2026
tt + Z/y combination
SMEFT, independent limits
Each C; set to 1

LN U D N D I A N N N N DN I N N A B N I B B |

mmm 140fb~ (ATLAS only)
S2, 3 ab™' per experiment
B S2, 2 ab™' per experiment

]

RICyl  S(Cyl
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Bonus: A word on LHCb at HL-LHC & Upgrade Ii

0.7

T T T T T

5 = “Em R Y & JE LN Y SN
0.6 & _Liler 3 o5 :—“2\ - Y . % = EW high
£ = - 3 sin : 4 3 -
05 g I b —; - :__é \ and |g pT
0a -2 O E oe F3 CKM test measurements:
I= s 3 = -
8- o (dedicated talk)
g E 2 « = W mass
0.2 | = 02 [ —]
ol 3 (Vo /] 3 _ )
> ) \ g E = ttcross section
0.004 . -0.2 I 0.0 0!2 == 0.4 — 016 S OTB . : 0.0_ ¥ : ofz — 0.4 — o_ls — ofs . :0 . .
P P = Higgs studies
Dark scalars (BC4) th rough VH
Constraints at 20 )
— BB Xu) production
----- BY = K*%te™ 23 fb!
Searches for B K0 300 7!
o~ -~ BY 5 ¢y 231
new feebly % A | g_ B ¢y 300 fb!
. . NN ‘ ! (ST B R = T I Ap — Ay 23 b1
interacti ng % ! E e Ay A: 300 fb=
a rtiCI eS | Downstream, 1 I .
p - - - Downstreamygp1  — FASER — MATHUSLA - ConStra Ints on
‘ 0 2_ SHiP‘*’*“Z(")P-'g T '1 FASER2 5 : | | ﬂavi? 220 rare decays arXiv:2503.23087
’ ' -02 00 02 04 06 iv"
s [GeV] L arXiv:1808.08865
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Summary
®  Updated physics goals of HL-LHC, testing specific physics
benchmarks

" Provided a more realistic assessment of the HL-LHC physics
reach, including what we learned/are learning in Run 3

= Proved that HL-LHC will leave a lasting impact on the future
directions of High Energy Particle Physics

= HL-LHC will be a brighter torch lighting the path to new physics!

Thanks for the attention!

*generated with Al
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Physics Motivation

Big Questions

<&
. - o) s
= Despite striking Standard Model (SM) success, many Big % >
reasons to believe it is incomplete Ideas
= Several big questions unexplained in the SM framework SUsY
Compositeness,
«» What is Dark Matter? Extra dimensions
% Is the Higgs boson solely responsible for Electroweak HEZfréﬁor
Symmetry Breaking (EWSB) and the origin of mass? Top
Partner
% Are fundamental parameters finely tuned? Wiz
“» What is the origin of the matter-antimatter asymmetry? Minimal
Dark Matter
+» Do quarks and leptons have substructure? glggtz?
= Several big ideas - Many Beyond SM (BSM) theories Multiverse

arXiv:1311.0299
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1) Di-Higgs boson physics

2ab ' (52) 3ab” ' (52) 3ab " (S3)
ATLAS CMS ATLAS CMS ATLAS CMS 3 ab-! per experiment (14 TeV)
H H statistical sigmﬁcam.:c < ATLAS+CMS .I
bbr T 3.0f 1.9 3.50 2.4 3.81 2.7 8! projections ESPPU 2026 '
bhyy 2.1 2.0 241 241 2.6 2.6' M s2 i
bbbb resolved 0.9 1.0" 1.0 1.21 1.0 1.3 2 i ! '
bbbb boosted — 1.87 — 2.2 — 2.2 . [ .
Multilepton 0.8 = 1.0' = 1.0' = 3l i 1 i !
bbet 0 0.47 - 0.5' - 0.5" - ol I | _
Combination 3.7 3.5 43 42 4.5 4.5 N I |
ATLAS+CMS 6.0 72 7.6 . i !
4 68% confidence interval E

— : T : -1 _§ i 95%Cl |
bbr T 0.3, 1.8] 0.1, 3.0] | [0.4, 1.7] 0.2, 22] | [0.5, 1.6] 0.3, 2.0] o B e
bbyy 03,207 [0.2 23" | [04, 18" [03 20 | [0.5 1.7]7  [0.4, 1.9] _J
bbbbresolved  [-0.7, 6.3 [-0.6, 7.6 | [-0.5,6.1] [-0.3,7.3)" | [~0.5, 6.1] [-0.3, 7.2]! 2 1012 3 4 5 6 7 8
bbbb boosted - [—0.6, 8.5 — [—0.4, 8.2]" - [—0.4,8.2]" ¢ 12 1 -
Multilepton ~ [—0.2, 4.9]' - [—0.1, 4.7)1 - [—0.1, 4.7 - 4 x/'ERRRRR R { | | SRRRRERR |
bbe* £~ (2.4, 9.3] - (~2.2, 9.2]' - (2.1, 9.1]" - 298 B | ]
Combination (0.6, 1.5] (0.4, 1.7] 0.6, 1.5] [0.5, 1.6] [0.6, 1.4] [0.6, 1.5] 2 -1 0 1 2 3 4 5 6 17 tmg
ATLASTCMS —32% [ +37% —27% [ +31% —26% / +29% E

uncertainty
1 used in the ATLAS+CMS combination
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1) Higgs couplings to SM

arXiv:2504.00672

Vs = 14 TeV, S2, 3 ab’ per experiment

ATLAS+CMS
Projections ESPPU 2026

Uncertainty [%]
Tot Stat Exp Th
1.8 0.7 09 13

1.6 0.7 06 1.3
1.6 0.7 05 1.3
24 08 07 22
34 08 08 3.2
36 12 12 32
1.9 0.8 0.7 1.5

3.0 27 09 1.0

6.8 59 16 3.0

o | Total
= Recent projections for ESPPU (for H - yy/Zy/uu/tt —___ Statistical
and VH — bb) combined with previous projections for — Eﬁzzgmﬂntﬂ'
other channels to extract the Higgs coupling S .
modifiers, K ==
= Precision on K, and kz, improved of 30% wrt iw —
previous projections, while other couplings show Z ==
small changes Ko =
=  Theory uncertainties are still dominant for most :t |
couplings b =
_ K =
=  Reduce them below the 50% assumed in S2 c =
would enhance the precision on the couplings S |
KZT | _ |
0 0.02 0.04 0.6

17.09.25
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5) Diboson scattering

1 I 1 I | 1 I
| ATLAS+CMS
[ Projections ESPPU 2026
L S2

= Independent test of the Electroweak Simmetry
Breaking mechanism

=  Projections based on CMS Run 2 analysis predicts a
combined ATLAS+CMS precision of:

O, w, expected significance [o]

= 2.9%o0onWW

N I R B = 17.5% on W, W, — expected observation with full

|
3
Integrated luminosity per experiment [ab™

1 2 HL-LHC dataset
= 5.9%on WZ
arXiv:2504.00672
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