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Higgs boson

AThe addition, still measuring:
Amass: knowri statistically limited!
Awidth, Yukawa couplings

AThe shape of the Higgs potential:
V(@) = 12410+ A(919)? |
AWays to measure; -

AHH and HHH productionchallenging at the LHC

Abut precision measurements of single H give
Information on the potential

Higgs
potential
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Legacy Run 2 STXS 1.2 combination by CMS

CMS Preliminary 138 fo! (13 TeV)
I I I g 103} o Ob [d = SM Id' i g!
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production and decay modes: ¥ A e L
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AH selfcoupling constraints: N s
All, $[-3.34, 9.55k from STXS _ mﬁg i J $ i
All,0[-1.2, 7.5 from H + HH : Jpasaladslis jﬁ;ﬁm ] fr-ghed
ASMEFT interpretation: [h 1 I
A probe mass scale up &0 TeV SIS AR LA A BT E LR R0
Ain highpr (V) in VH regions

WH lep ZH lep ttH |tH

A not confirmed by ATLAS B 5
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Higgs boson properties: width

Use interference between off K S f f
New approach with a neuradetwork optimised
for each tested signal strength value S

Evidence for ofshell H production at 3.7(2.4)pbgexp)
@ (19 §)- As

Obgexp)3
A similar result by CMS

T T T Tyt

TATAS

" Vs=13TeV, 140" ,f;’

:_._ H*—>WW—lvlv /___i

: ' __ Expected / __i"l

5 -~ Expected stat-only /! ,
- i — Observed / ~

i --- Observed stat-only .

off-shell

shell

| ThaY% | YR ATAS, . — Obsnsai —~
et ’ —-—~ Exp NSBI g
10 42 only —-— Obs Histogram —

Exp Histogram

Hofi-shell
First attempt to do the same measurement
In WW final state:
A Similar sensitivity!
A Obs(expp 180 8(1® §)- A6
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DrHIggs production

> T T I T T T T I T T 1 l 1 1 T T I T _ 1 1 cMs Pre,‘im"nary 138 fb,‘l 13 T V - - .
S 8 ATLAS — Combined —— bbyy T s New projections are better than 6 years ago:
L _ —— Multilepton —— bbbb | —e— Observed == 68% expected . e - H
[ VS=13TeV, 126—140fo™ LN e | Median expected = 95% expeced thanks to significantly improvedtagging
. bbil + EY bbttT i B
6_HH combination _ WWyy I~
i — Obs.95%CL % Bestfit(43,092) |  oes@e:o6 | performan cel
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L T oo G120 ) Observation is within the HLHC reach!
I r:jt_____"::: T N EZ: (szp.): 31 (26)
L i !,’l ’_.——-----::::__:'_ ---- 2 Multilepton [~ m 12 . .
| i [ T~ Obs. (Exp.): 22 (2 a
2_ e e e e e TN - B p? “e B | c ATLAS + CMS Projections ESPPU 2026
AN =0 NN BOWW E 10l  V5=14TeV,3ab™! per experiment |
B R Ny VooV ] . c SM HH production (k; = 1)
Of o S N ri - Db o
[T \ ‘\____\_\__“:: _________ ’,‘// i i Obs. (Exp.): 8.4 (5.6) ' o
L RN - bbb n © 8T . welelile
r ‘\\ e - - // b Obs. (Exp.): 3.4 (5.3) E mm bbyy
2 - 1 8B | = 6l bbrt
PRI [N S S T T ' h-—l ‘‘‘‘‘ +"'\'_T‘—T I 1 05. (Exp.): 7.5 (4. 4‘3 mm Combined
-5 0 5 10 15 Combined T
KA Obs. (Exp.): 3.5 (2.5) | N . I - I 4t
1 10 100 '
95% CL limit on o(pp — HH) / cswory
2 -
o H . .
-~ A The most sensitive channels: i I
H s ~ o~ A ~ o~ N P~ o~ :
H 7 L] 9 7 L] L] L] L] ] 2020
A ooy aof oot T o
5 __on o - (
A The limit is at 3.5 SM .
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Higgs boson: coupling to charnttid

Simultaneous treatment of b, c, light jets

Simultaneous measurement tiH(cc/bb),ttZ(bb/cc)
Lessons fronttbb/ttcc measurements incorporated

o b jets
] OCMS Simulation Preliminary 3TeV
ol T T T T T |O°‘ ‘Oo‘ﬁfk@l TN
& | tHH-cO) events, B4 39% 0.17: 0.01%
o pr > 25 GeV, |n| < 2.4
5 | — bijets & efficiencies (%) B3 10% 0.2% 0.02%
8 o8k — c jets & efficiencies (%)
T udsg jets & efficiencies (%) |B2 9.2% 0.7% 0.1%
3 |
@
o
] B1 10% 2.2% 0.2%
a 0.6 |
Lo |co |ct {
13.8% | 3.7% | 6.0% il
22% |15% |16% \
71% |19% |8.2% BO 10% 6.9% 0.5% I
0.4 -
il
il |

|

Il

T
0.2r C2 5.6% 13% 0.6% gl -
A% C3 1.7% 12% 0.4% ,
S Z// 1 e ——

'8.0 0.2 04 0.6 0.8 1.0

ParticleNet score PB-C

Impact of the fullhadronic channel is the same
assemileptonicand better than doubldepton!

CMS Preliminary 138 fb~! (13 TeV)
- 1 - - - T - T T 1 T T 1 L L B
Expected (stat @ syst) +1 SD (stat) Expected
-+ Observed (stat & syst) B +1 SD (syst) I Observed
MitH(H-bb) = 0.91 fggg (t812é syst, + 0.14 stat)
4,
Combined . — —= _4.45
3.0
A
i C K
3.2
SL EE‘— _3.5
1.9
o : -
. | L " L . L L L . | . L L L | PRI R N N
0.5 1.0 15 20 0 2 4

M ttH(H - bb) Significance

A ttH(bb) signal strength is compatible with 1
A ttH(cc) I ] M 3.0: reached HLHC projection!

D
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Rare and exotic Higgs boson decays

Unusual decays demand innovative ideas!

Invisible and undetected Y R 505
. ATLAS Preliminary R
(BSM) allows for new H deci |, . | ™5™ e -
L i 89.51b"
ATLAS (5= 13TeV,245-79.8 10" Foy -EszZ:ir : I 22824:;023”38292
my, = 125.09 GeV, |y, | <25 H L oo B t2c 3281 e _
68% CL: —— — lV_\_ P © Observed r : 1 : oho o
95% CL: P K, <1 — H_>(p'y — ..3.}.\ SM + 1o I ?3:90292018:127 ] TO reCOVGr SenSItIVIty tO bOOStE[dUS,
o= 88%  Pg, =96%  pg, =95% i - . .
- e H-Jhyy - B - new muon removal technique is developed
X = : 555: 5 % : A.F n H-w(2S)y - z I g&%ggczom) 781 - ATLAS
v o S __‘"'__ _ H-T(1S)y - 7% 139" _
K[ - 4.5..-; //::é EPJCBB’{iUESJ 781 Run 1 E=8TEV
IS - H-T(2S)y |- /7!/ I;Sﬁ;’;’tzozmm - Run2: s-13TeV
K, | e 2 - = 2HDM+S Type-III, tanP = 5
s ——— | H-oY(@S)y 139 fb :
K i : <=~ expected +1c
L - 10"°10° 10® 107 10°10° 10* 10° 102 107" 1 _ | seenes
Ko _ ?—o—:— i 95% CL Upper Limit on Branching Fraction E E PRDsz-;m?ws:uuz "
S 4 I . | -
B, | o A variety of searches: ok RO o
inv . . -
5, - A evidence forZ,1 1 *, > > : :
- - A combinations of ATLAS and CMS .| New sensitivity! |
BSM [rxieradssaaiasidss— E 3
H'r{v(l i 'i'jlll S R N A UL On more rare Channels ‘I’. L1 | é L1 5! Ll |1|0| PRI BRI

-5 -1 05 0 05 1 15 2

Pacmeerae o Ty gbSEG 8SHNE Ftf GKSas akZdA R GdNy A
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D.5 Q9 Vv {i

Many more rare H decays are out there!

H— Z+ 7 | | :
H=Z+n | H— o+ /Yy |
i H— 1Y+ /0 :
H—7Z+)p" | / | / E
Ho Z+w | H — J/¢ +¥(28) i
HZ+1f i H — J/¢ + T(18) |
’ :
HoZ+0¢ i B Theoretical BR H— L'(2S) + L‘(ZS) - = ;heoretilcal BR
1 I Current limits ! urrent limits
H—=7Z+7n | HL-LHC 14 TeV, 2x3 ab~! H — B* + BF | HL-LHC 14 TeV, 2x3 ab!
¢ I —— FCC-ee, N{H)=1.9 x 106 C ¢ | —— FCC-ee, N(H)=1.9 x 10°
H— 7+ -]/!.f»‘ i === FCC-hh, N(H)=2.8 x 101 H — B*i + B*:F | === FCC-hh, N(H)=2.8 x 10'
! |
H = 7 + (29) ; H — T(1S) + T(1S) |
H—Z+m, | H — T(25) + T(29) |
H— Z+T(1S | i
= 2+1(15) | H — T(39) + T(39) i
H— 7+ 7T(2S) : |
! H — T(mS) + T(nS) I
H— Z+ Y(39) : - ; ! -
. - 0 5] 10 15 20
| 0 D 10 15 -|og(s|3)| -log(BR)

And many others are listed and classified! 10
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Top quark



Top quark mass by ATLAS and CMS

ATLAS+CMS Run 1 combination:

0.2% relative precision!

ATLAS+CMS

............ ATLAS+CMS combined
e stat uncertaimy
total uncertainty
ATLAS
dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+jets 8 TeV
all-jets 8 TeV
combined
CMsS
dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+jets 8 TeV

Vs=7.8TeV
total

stat
m, + total (+ stat + syst) [GeV]

173.79+1.42 (+0.54 + 1.31)
17233+ 1.28 (+ 0.75+ 1.04)
175.06+ 1.82 (+ 1.35+ 1.21)
172.99+ 0.84 (+ 0.41+ 0.74)
172.08+0.91 (+ 0.39+ 0.82)
17372+ 1.15 (+ 0.55+ 1.02)
172.71+ 0.48 (+ 0.25+ 0.41)

172,50+ 1.58 (£ 0.43+ 1.52)
173.49+1.06 (+ 0.43+0.97)
173.49+1.41 (£ 0.69+ 1.23)
172.22+0.95 (+0.18+ 0.94)
172.35+0.48 (+ 0.16 + 0.45)

all-jets 8 TeV 172.32+0.62 (£ 0.25+ 0.57)
single top 8 TeV 172.95+1.20 (£0.77 + 0.93)
Jy 8 TeV 173,50+ 3.14 (+ 3.00+ 0.94)
secondary vertex 8 TeV 173.68+1.12 (£ 0.20+ 1.11)
combined 172,52+ 0.42 (£ 0.14 + 0.39)
ATLAS+CMS LHCtopWG
dilepton 172.30+0.59 (+0.29+ 0.51)
lepton+jets 172.45+0.36 (+0.17 + 0.32)
all-jets 172,60+ 0.45 (+ 0.26+ 0.36)
other 173.53+0.77 (+ 0.43+ 0.64)
T combined 172.52 + 0.33 (+ 0.14 + 0.30)
R B R B Lo
165 170 175 180 185

m, [GeV]

New methods with Run 2 data:
using merged topg 0.3% precision!

ATLAS

Direct top quark mass measurements

l+jets, 7 TeV, 4.6 b
Dilepton, 7 TeV, 4.6 fo’’
All jets, 7 TeV, 4.6 fb
Dilepton, 8 TeV, 20.3 fb™
All jets, 8 TeV, 20.3 fo'!
I+jets, 8 TeV, 20.2 fb e
Comb., 7+8 TeV, < 20.3 fb™
Leptonic inv. mass, 13 TeV, 36.1 fb™
I+jets boosted (this result), 13 TeV, 140 fo

. Total uncertainty

l+jets boosted

m, + total (stat. + syst.) [GeV]
172.33 +1.27 (0.75 + 1.02)
173.79 £ 1.42 (0.54 + 1.31)
1751+ 1.8 (1.4 +1.2)
172.99 + 0.84 (0.41+ 0.74)
173.72 £ 1.15(0.55 + 1.02)
172.08 £ 0.91 (0.39 + 0.82)
172.71 + 0.48 (0.25 + 0.41)
174.41+ 0.81 (0.39 £ 0.71)

.

172.95 + 0.53 (0.27 + 0.461

162 164 166 168 170 172 174 176

178 180 182 184

m, [GeV]
12
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Quantum entanglement in top pairs

The first observation of Spin correlation ()
an e_nta’ng!(‘ed quantum state | aras bom
at higha od (Jijets) /5 =13TeV, 140 '
CMS 138 fb™' (13 TeV) 0.2}
_35 - Data O
O 22p t stat, total unc. e o®
"‘_ 2 Powheg+P8 { 3 —03f
QO - — Powheg+P8 2 e———
— 1.8 - Ag i " S A S 5
+ - O _04f . ]
s 16F | —-— Limit (Powheg + Herwig7) |
S - ---- Limit (Powheg + Pythia8) |
n 14 ———————— ® B Theory Uncertainty
r . -0.5¢ @ Dat 1
4 4 HF 1 SR I 194(4.1)c ¢ ® Founeg+ Pythia8 (hva) |
g [3.5(4.4)5 16.7(5.6)c W Powheg * Herwig? (nva) |
1 C d Separablle states | ~06 340 < mg < 380 380 < my < 500 my > 500
pT (t) <50 GeV m(ﬂ_j) > 800 GeV Particle-level Invariant Mass Range [GeV]

|cos(0)| < 0.4

Differential cross section parameterized by the top
polarization vector P and the spin correlation matrix C

Entanglement observed at the production threshold
Tensions with MC generators 13
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Magic In top pairs seen by CMS

Magic is a property of quantum states designed to quantify
the potential computational advantage over classical states.

138 fo™' (13 TeV) 138 fb™' (13 TeV)
[aY] — od [— .
= 4 oMms j Daa = 4 oMms § Dua Both entanglement and magic
1.oF Preliminary stat, total unc. 1.oF Preliminary stat, total unc. .
= Powheg+H7 = Powheg+H7
0.8E MG5+P8 0.8E MG5+P8
. S MiNNLO+P8 . e MiNNLO+P8
0.6~ 0.6 ‘ o
0.4-— 0_4'_ ___________ Y
0.25— T 3 0.2 lcos(6)l <0.4
D | | | 0'_ | | |
300-400 400-600 600-800 > 800 300-400 400-600 600-800 > 800
m(tf) [GeV] m(tf) [GeV]

M2 = —|0g2

~ 1+ ZIEn,k,r[(P;} + 13;4)] + Zi,jEn,k,r CJ
1+ ZIEn,k,r[(Pr? + P?)] + Zi,jEn,k,r C

2
i

where P¢ top polarization coefficients,
Cc¢ their spin correlation coefficients,
defined in previous page

14
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Toponiunm,(tt) observation by CMS

_ +1.1 . +1.2 . . : -
o(17y) = 8.8+ 0.5(stat) "y5 (syst)pb = 8.8 1 pb A Explains multiple tensions én rat the
threshold in previous measurements
CMS 138 fb~! (13 TeV) CMS 138 fb~1 (13 TeV)

| Do =X Unc 't Data mm X Unc. A Spin correlation tension at low mass, seen|t
x10 er .
- <360 Gev > TTienii leam<i ATLAS, can be due to this unaccounted sta
-;-:! . 6] 10 *e,
Q ~
i’ 8 Y

2! o | " 2. L (rouneg + i)

LI>J sl ® T ‘[;I::ry Uncertainty

1 ¢ 2 i
O — @) : ‘ . . 830 < me <380 380 < my <500 > 500
@ 0 L H . @ . Particle-level Invariant Mass Range [GeV]
+ 1.1} Postfit (FO pQCD + BG + n;) + Postfit (FO pQCD + BG + n)
& @)
@) . .
S ﬂ b; A contemporary particle physics textbook:

1.0
E o Owing to its large mass, the lifetime of the top quark is very short. Consequently,
o o the top pairs produced in the process qq — tt do not have time to form bound
© gl N oln)=8.8%13pb | ; 0.9/~ Nuolnd = 8.8%14pb states, such as those observed in the resonant production of charmonium (cc) and
E -1 0 1 § 400 700 1000 1300 bottomonium (bb) states (discussed in Section 10.8). Because |Vip| > |Vis| > |Vidl,
Chel myi [GeV]

to be updated!

Analytic mass reconstruction in dilepton final state (exploit known masses)

Simultaneous fit of mass,, (helicity),c,,, 0 Kandidness 0 15
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ttV measurements by ATLAS and CMS

ATLAS

s =13 TeV, 140 fb™

NLO+NNLL
Sherpa
FxFx
NNLO

1| | N — l I — l N — | I - | 1

Bl ATLAS- this result
2 CMS (JHEP 07 (2023) 219)

Stat. + Syst. Stat. only

400 500

600

700 800 900 100

S(tfW) [fb] A No smoking gun so far

Many efforts to study these and

related processes:

A Inclusive and differential cross
section measurements for

A Q@F
A @+J :,ON

A EFT analyses for many channels
A Highmass@b/b, mm, + 10 GeV

A Inclusive measure@V cross section higher
than expected both for ATLAS and CMS
A Tension decreases with the latest theoretical
computation but still present

Differential@ measurement

. (CMS Preliminary ________ 1381fb" (13 TeV)

8 [ ¢ Data 88 Uncertainty

o S0 (tight W Nonprompt 1

§ sol Postfit [l Diboson Conversions

w P X Il Other

S

e

a ™

g P Lt

S 04T g2 e 20 o4 28 32

Ayt per category

RegionD: & f n 2 23< ¥ Q Ge¥
Region G:& f n 2 25> #A Ge¥

16
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\] '\I\f" Complementarity
|V A _ e
ﬁl.r‘( Bk < (F01)
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- mzlm\/lm‘\rmé
Colliden
Multiscale probes
Inspired by M. Vally C
wel 1L mj
i Many observables & techniques
M Necd are available
A field in constant evolution 18
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Many observables under spotlight

Orange: theoryunc; blue: experiment

B(B* = K*tutp~) [1.1,6.0]
B(Bt — K*ete ) [1.1,6.0] —
B(B* — K*vi) -

B(B] — ¢ptp~) [1.0,6.0] 7
B(BY — ¢ete) [1.1,6.0]
B(B] = ptp~)

B(B" — p*p)

PYB" = K" ™) [2.5,4.0]
Pi(B® — K*0ut ) [4.0,6.0]
Ry [0.1,1.1]

Ry [1.1,6.0] -

Ry [1.1,6.0] —

Ry [0.1,1.1] 1

Ry [1.1,6.0]

R+ [0.045,6.0]

Rierr [1.1,7.0]

Ryx [0.1,6.0] =

R, [1.1,6.0]

Muon g — 2 (WDP)

Muon g — 2 (BMW) —

R(D)

R(D*)

R(J /)
R(AS)
)

&

B(B* — Tty

—-6-5-4-3-2-10 1 2 3

Pull in o

Ao fkatios for/se, H
0 Aates

HHangular Aother observables in the
0 [HakHransitions exhibit
tensions with the SM:

Arates and angular observable

0 FAPatios
(back to SM)

; Asome enhancement of

0 MY decays v® MHd

19
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FCNC at LHCb:

more LFU tests and measurements

First LFU tests in new channels or regions: o
A in6 © 0 Jb/bathigh ¢
A ind ©0 “ “ Jblb, and first observation
of the electron decay mode
A found compatible with the SM
_— T ~ 10°
© 301 LHCb kS LHCb )
:a>.) I + Duaof” :0>J * 1[")2::[1?'
S ol S-St BN D S R B
2 | m— i1 2 = Commmnl |
E 40‘_ - E?)Tnlﬁlfi?orm] _ E 100:-
ER E P44t
o @) ]
0—4500 5000 5500 6000 6500 1052I00 S3|00 - 54|00 55|00 5600
m(K*e*te™) [Mevfcz] m(K*p*,u‘) [MCV/6‘2]

Ri(q? > 14.3 GeV2/ch) = 1.08701} +00t

-

1.6

1.4

1.2

1.0

0.8

0.6

0.4

| | |
! —— | i
| HH Ry [PRD 108 (2023)032002) ]
HH Rk (PRD 108 20230320021 i
— HH Ry high ¢? Lrcb-papER-2024-056 -
M Rporr fanXiv2412.1165) Shown today
Ry [arxiv2410.13748] i
B HH Rp++ [PRLI28(2022)191502] N
Ry, [PRL128(2022) 191802
- ) _ Rk HEP0S 2020) 040)
| Sara Celani - LHCb summary —
I 1 1 1 l 1 1 1 1 I 1 1 I 1 1 L 1 | 1 L 1 L
0 5 10 15 20 25

¢’ [GeV?/c?
20
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Where electrons matter

1.0

SM

7<\

—0.5 4

/

. | K/-\\ |

/ A )

0.0 : Y 7 ‘
/

flavio

-1.0 T /

-1.0 —0.5 0

.0

Re(C7/Cr)

T
0.5

1.0

Constraints at 20

— B(B = X4v)
- BY - K*%¢*te~ (LHCD)

B — K*%¢te~ (Belle)
BY — gete~

B - K9r%

BY — ¢y

A) — Ay

Global

Lowg2 region of®° {'Q Q is one of
the most sensitive probes to photon
polarization inw® i [ and G WC:

A6 O 0" QQ remains the best
A newd © %Q Q is closesecond

Input to ESPPU from ATLAS, Belle Il, CMS, LHGb

Experiment ATLAS CMS LHCb Belle 11
Assumed data sample 20.3-99.7fb~! | 116-140fb~* 2-9fb~! 364-1075 fb~*
Flavour-changing neutral current b — sff decays
P{(B° — K*utp=) [1073] 1 390 [41] 100 [42] 111 [43] —

B(B+0 — K+*up)
B(B+° — K+*7%77) [107]

57%, 110% [17]
< 10, < 18 [44]

Flavour-changing neutral current b — sv decays

B(B — Xov; E, > 1.6 GeV)
S(B® — Kn%)
S(B = ¢v)
A(TQ)(B0 — K*%Te™; very low ¢?)
(A — A%)

0.32 [46]
0.10 [47]
0.26 [49]

(16 — 18)% [17]
0.27 [45]

0.76 [48]

N’

& O 07 'Q'Q beats traditionald® i

21
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FCCC: R(D) and others by LHCb

LHCD finds the first evidence for © 'O 1 ’[at 3.5, level

SM prediction is 0.020.02

The measurement agrees with the SM prediction and
IS In line with the assumptions used in the R(D) analyses!
Feeddown rate is of the order of 10%

22



