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Credits and more info

 CERN web pages: https://timeline.web.cern.ch/origins

« CERN 70 years: https://cern70.cern/

 LEP EW Working group http://doc.cern.ch/archive/electronic/cern/preprints/phep/phep-2005-041.pdf
* 10th year Higgs celebrations https://indico.cern.ch/event/1135177/timetable/

« LHCP 2024

 ALICE: https://indico.cern.ch/event/1253590/contributions/5814443/attachments/
2869212/5025926/20240603 ALICE highlights LHCP.pdf

 LHCb: https://indico.cern.ch/event/1253590/contributions/5814444/attachments/2868729/5021987/LHCbArtusoLHCP24f.pdf
« CMS: https://indico.cern.ch/event/1253590/contributions/5814450/attachments/2869480/5023453/LHCP2024-CMS-wa.pdf
 ATLAS: https://indico.cern.ch/event/1253590/contributions/5814445/attachments/2869555/5023791/LHCP_atlas_hgray.pdf
ICHEP 2024-

 ALICE: https://indico.cern.ch/event/1291157/contributions/5958022/attachments/2901068/5087468/
nj_ICHEP24 ALICE Highlights.pdf

 LHCDb: https://indico.cern.ch/event/1291157/contributions/5958029/attachments/2901092/5096981/ICHEP2024-YasmineAmhis.pdf
 CMS: https://indico.cern.ch/event/1291157/contributions/5958001/attachments/2901064/5087563/CMSHighlights.pdf

 ATLAS: https://indico.cern.ch/event/1291157/contributions/5957999/attachments/2901060/5087458/2024 07 22 ICHEP.pdf
« CMS W mass seminar: https://indico.cern.ch/event/1441575/
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The current LHC detectors

LHC experiments:
2 multipurpose detectors:

=y O  ATLAS and CMS with accurate silicon
| U (0 trackers, strong magnetic field, almost
o e L full coverage electromagnetic and

Y g A R, hadronic calorimeters and muon
chambers surrounding them

e 2 dedicated detectors:

e LHCDb for b quark physics: accurate

forward tracking to tag long lived
particle

e ALICE: designed for heavy ions
collisions with accurate particle
identification enabled by a large time
projection chamber
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\
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LHC performance so far (Run1-3)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2024
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CERNCOURIER |z
high-energy physics

Physics v | Technology~ | Community~ | In focus @ Magazine

HIGGS AND ELECTROWEAK | FEATURE

Electroweak precision at the LHC

9 September 2024

Geared for discovery more so than delicacy, the LHC is defying expectations by
rivalling lepton colliders for precision. Guillelmo Gomez-Ceballos and Jan
Kretzschmar identify five measurements of the electroweak interaction where

the LHC experiments are pushing the boundaries of our knowledge.

SM Precision Physics

Please check the recent CERN Courier article for more details!

CE?W
\
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The journey started long ago

» Gargamelle
0 HPWF
The combined measurements of rates of e
neutral current and charge current events e “n %0
for neutrino and anti-neutrino beams in SM: 0.4 7
: . . - - . . 0.4 T 0.1 \
first indirect indication of the existence of W | o3—¥ Salam-Weinberg

2|

and Z boson as well as of their mass:

B T 1 - 37 GeV N 0.2
Mw = \/§G sin Ow ~ sin Ow ~ 70 GeV a-(g)MD
£ )
This happened much before the direct .
discovery of W and Z bosons and guided 0 0.2 0.4 0.6
the CERN future accelerator path. R
o))
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Today’s measurements of the weak mixing angle

« Using forward-backward asymmetry AFB of DY (leptons) using the full 13

TeV data
* sin20 extraction by fitting mass and rapidity dependence of AFB, strong
dependence on mass because of the axial-vector interference
* Most precise measurement of sin20 at hadron colliders (similar to LEP)
* Allows also to constrain PDFs

Measurements

Direct

Indirect
Detenminations

SLD. A

PRI 86 (2001) 1162
LEP combination, A "

Phys. Rept. 427 (2006) 257
ATLAS 7TeV

JHEP 09 (2015) 049
LHCb 7 and 8 TeV

JHEP 11 (2015) 190
Tevatron combination

PRD 97 (2018) 112007
CMS 8 TeV

EPJC 78 (2018) 701

ATLAS 8 TeV prelminary
ATLAS-CONF-2018-037

CMS 13 TeV preliminary
CMS-PAS-SMP-22-010

LHCb 13 TeV preliminary
This analysis

P —— D R ——

Electroweak Fit (J. Halleret al)
EPJC 78 (2018) 675

Electroweak Fit (J. de Blaset al)
PRD 106 (2022) 033003

CMS 59 fb' (2018, 13 TeV)
=0T L L
< [ uu o Fit (CT182)
- — Data
0.2
My do  4na? |3 o I
FZ = COS Oy deosd 33 {8?{(1 + COS 9)+.Bcos,9‘ | j
' 5 g 2 N2\ {f q\2 a\2 N = | @0;
A= G20 + 200, 6y Re or(s) + () = (64)°) () + (62)°) e i
3
B = 3 9394 (QiQqRe (x(s)) +247g x(s)F’) - |
(s) 1 ) o 005F
X\S§) = 5 ' L : I i
: 2 — 2 . 5
sin” Ow cos= Oy s —m7 + 1l zmy G Of . A S p—— #wj
= 5 :
_005F
0 20 40 60

lyl-m bin

0.228 023 0.232

o P
SN &
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W-mass:
Hadron colliders taking the baton

A key parameter of the SM!

Once LEP crossed the di-boson production threshold,
it had the cleanest environment for its measurement.

Hadron colliders deemed unsuited for such a precise

measurement given the theoretical and experimental
uncertainties.

First Tevatron and later LHC proved this statement

wrong!

A striking tension between CDF and LHC+EW

DStat.Unc. i :
constraint has fuelled many BSM interpretations. ATLAS 204 St G, - t6Mey
80200 BOéOO | 80<l100
m,, [MeV]

Why?

0.233

. lept
SiN%0atr

0.232

0.231

~ 68% and 95% probability contours

Fit without M,,,, sin®(6,), and m_
Fit without M,, and sin®(0_,)

Full Fit

Experimental measurements

Fit without M,,, sin*(6¢), m , and T

I 1 1 3

80.25 80.3 80.35

Mw [GeV]

Overview of m,, measurements

80.2

80.4

arXiv:2403.15085

LEP Combination
Phys. Rep. 532 (2013) 119
m,, = 80376 = 33 MeV

DO (Run 2)
Phys. Rev. Lett. 108 (2012) 151804

CDF (Run 2)
Science 376 (2022) 6589

LHCb 2021

JJJJJJ (2022) 036

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110

ATLAS ! = e =

_______________________

® Measurement

e = smy, = 32MeV

5’"1!’ = 9.4 MeV

= 5., =19 MeV

CE/RW
\
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W-mass:
Hadron colliders taking the baton

After a decade-long analysis recently CMS produced a new
result (actually two) with the most precise measurements
at the LHC:

* Nominal theory-dependent fit
» Exploit state-of-the-art improvements in theoretical QCD and EW
calculations and uncertainty modelling, and in-situ constraints from data
* Helicity cross section fit: trading reduced theory unc. in for larger stat. unc.
» Standard theoretical uncertainties parametrised in terms of helicity cross
section terms and corresponding variations binned in momentum and

16.8 fb™! (13 TeV)
T T T

rapidity

Events/GeV

i j i T
CMS Preliminary

1 \ . b - |
WD, e || 1 | .
’ 1S I || . e
. e { k1
! | Ik 1 : I | :
i

x108 16.8 b~ (13 TeV)
> S e A A T T T T
8 7_ CMS Postfit Data E
P - Preliminary W* - pv
*GE) 6 Nonprompt
AT 5 Z/y* = g/t _
W# > v
4 Rare
3
2
1
0
: AL B B T BEER
8 1.002F === mwz=9.9MeV Pred. unc. N
o [ } ! } !
1,000 et gedopece: *iff*TT—+ T
A maass e
O 0.998} :
IR RS R U N R R RS S RS S SRS N
30 35 40 45 50 55
| - pr(Gev)
Postfit (p~, n*) enrolled distributions
' e, A, Hatw S, . Postfit

X2 /ndf = 2694.8/2879 (p = 99%)

t

Data

B W pv
I Nonprompt Bl Rare

7/t - pptt
W* 5 v i

2
D ition for db d’c 3 d*c > I > S rooof o e e T T
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W-mass:

Hadron colliders taking the baton
Systematics:

“Global’:

a rearrangement of uncertainties that tries to separate the
stat. component of the systematic unc.

Results: nominal

My, = (80360.2 T+ 9.9) MBV

LEP combination
Phys. Rep. 532 (2013) 119

DO
PRL 108 (2012) 151804

CDF
Science 376 (2022) 6589

LHCDb
JHEP 01 (2022) 036

ATLAS

arxiv:2403.15085, subm. to EPJC

CMS
This Work

CMS Preliminary

menvey M
| 80376 + 33 |_;_._| _
| 80375 + 23 |;_._| _
| 804335 + 9.4 : ——
| 80354 + 32 |_IL_| _
| 80366.5 + 15.9 pi_._| |
- 80360.2 + 9.9 |JI_._| o EW fit
80300 80350 80400 80450
my (MeV)

Impact (MeV)

Source of uncertainty Nominal Global
inmy | Inmy | InNmy | inmy

Muon momentum scale 5.6 4.8 5.3 4.4
Muon reco. etficiency 3.8 3.0 3.0 2.3
W and Z angular coeffs. 4.9 3.3 4.5 3.0
Higher-order EW 2.2 2.0 2.2 1.9
py modeling 1.7 2.0 1.0 0.8
PDF 2.4 44 1.9 2.8
Nonprompt background — 3.2 — 1.7
Integrated luminosity 0.3 0.1 0.2 0.1
MC sample size 2.5 1.5 3.6 3.8
Data sample size 6.9 2.4 10.1 6.0
Total uncertainty 13.5 9.9 13.5 9.9

Helicity fit

CMS Preliminary (13 TeV)

Main result l |—l—| l
R T

Agy % 0.5, Mgy X2 s

Ag, x0.5,Ag,. x5 | i. |

Helicity Fit e

Ag, x1,Ag,,.. %2 |_:._|

Ag, x 1,Ag,.. %5 —do——

Do, x 2N, x 1 _H!

Ag, x 2, %2 —l

Ag, x 2,0, x5 _ﬁ!

80260 80(|31 0 80:|360 804|f1 0 80460
my (MeV)

ABOUT

News : Press release : Topic: Physics

Voir en frangais

CMS experiment at CERN weighs in
on the W boson mass

The eagerly awaited result is the most precise measurement of the W mass made at
the LHC so far, and is in line with the prediction from the Standard Model of particle
physics

17 SEPTEMBER, 2024

The CMS experiment at CERN is the latest to weigh in on the mass of the W boson - an elementary particle that,

along with the Z boson, mediates the weak force, which is responsible for a form of radioactivity and initiates
the nuclear fusion reaction that powers the Sun.

CE/RW
\
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Lepton Universality in W decays at the LHC

Recent result from ATLAS: W decays to

electrons and muons from top-pair events

o2X improvement on single-experiment
precision

Nature Phys. 17 (2021) 813

| I | | | I I I | | I | | | I | I | I | | | I

ATLAS —a— LEP (Phys.Rept. 532 119)| «
§ ATLAS - this result x

Is=13TeV, 139 b Statistical Uncertainty N
: Systematic Uncertainty y

—e— Total Uncertainty 2

e —
I R R i TR N AN TR NN S (N N TR SN AN TN SO S S SN SR
0.98 1 1.02 1.04 106 1.08 1.1

R(t/w)=B(W-—-1v)/B(W—-uv)

ATLAS
LEP2 : -
e*e’'—>WW, /s=183-207 GeV :
ATLAS iy
pp—W, Vs=7 TeV, 4.6 fb” ;

LHCDb o N
pp—W, Vs=8 TeV, 2 fb 5
CMS .
pp—tt, Vs=13 TeV, 36 fb”

PDG average

ATLAS (this result)
pp—tt, Vs=13 TeV, 140 fb”

|
0.92

i | | |
0.98 1 1.02
B(W—uv)/B(W—ev)

| ] | ] l | l
0.94 0.96

CE/RW
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https://www.nature.com/articles/s41567-021-01236-w

LHC and the measurement
of the strong force

Several techniques used: jets
production, ttbar and W/Z cross
sections and asymmetries in
Transverse Energy-Energy

Correlations “
1 dY 1< 1 Ut pEA EA
— = a b
Before LHC TEEC= & deoss = W AZ:: Acos¢ a; EZ)?
0.5 At the LHC pairs in Acosp
April 2012
| — 0-1 6 [ | I | | | I | | I | | | | | | | I_
o (Q) v T decays (N3LO) ) i _ DO R D& incl. i |
. Jet
” 5"’ — A TLAS " g)'(\icf;agjgw . arXiv:12(Z)S7F.i4957 H o arXiv:0911.2710 -
0.4 i A DIS jCIS (NLO) — CMS M CMS CMS incl. iet —
0 Heavy Quarkonia (NLO) 0.14 B : arXiv:1412.:13633 Y arXiv:13olja.72498 v arXiv:1609.053:£1 ]
O €+€_ JGI\ & ShapeS (res. NNL.O) » ‘ ATLAS R _
e Z pole fit (N3LO) _ W a,XiV:1805_04§;’} + IEE%Z);E%V _
N pp — jets (NLO) 0.12H . TEEC8TeV
0.3 + B arXiv:1707.02562
- ' e TEEC13TeV
0.10_ Y .v;‘ 4 | —
i f 1PV Rdu _
0.2 } i 1T _
0.08— NNLO pQCD; MMHT 2014 (NNLO) <} [ —
- (M ) =0.1175 *> " (TEEC Global) Y .
01| 0_05— \\\\\ a(m) =0.1179 = o 0009 (PDG 2022) | —
_QCD aq(M/) O 1184+OOOO7 1 | | 12 1 1 1 | 1 | 1 1 I 3 | |
‘ 10 10
100
" QIGeV] Q [GeV]
(iE/RW 12
NL S
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LHC and the measurement  [raion o andwiz cross
of the strong force Transvorse Energy-Energy

Correlations

Less than one year ago, ATLAS made public the most precise determination from a single experiment:
better than 1%. It rests on the foundation of the Z pT studies needed for W mass.

do/de [pb/GeV]

Ratio

| | ! |
80 -@- Hadron Colliders
~ pp = Z, \s=8TeV § 1 B O ATLAS -@- Category Averages PDG 2022
B g Preliminary -@- Lattice Average FLAG 2021
B g 1o -@- World Average PDG 2022
60— o 8- ATLASZp_8 TeV
— 10—4
— 0 3 ATLAS ATEEC - 0.1185 = 0.0021
— 1077 A
40— I : 3 CMS jets @ 0.1170 = 0.0019
= 1‘;‘_‘1‘11 BTeY'?f’ﬁf;; T W, Z inclusive ® 0.1188 + 0.0016
i S ftinclusive | T & 0.1177  0.0034
20 "=== aym,)=0.108 T t decays o 0.1178 = 0.0019
— a4(m_) =0.118 QQ bound states »- 0.1181 + 0.0037
— as(mz) =0.128 PDF fits @ 0.1162 = 0.0020
1 2 _.-; R R R R R . e"'e‘ jets and shapes . 01 171 +* 00031
- ."N.. e ————— Electroweak fit [ = @—— 0.1208 = 0.0028
~ . ———
1t PP e — atice | 4& 01184 +0.0008__
08l———TrrhrTmmemmmees Worldaverage ________ | _______ [ - 01179 = 0.0009
0 5 10 15 ATLAS Zp_8 TeV o 0-1183 = 0.00p9
0.115 0.12 0.125 0.13
p_[GeV] o (m)

E

» K

CE/RW
\

>\ Luca Malgeri - Overview of recent LHC results

13



Bonus SM results (if time allows)

@)
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The LHC as a photon collider

First observation of yy—T1T In pp collisions:

CMS Preliminary 138 b (13 TeV)

® Observed —68% CL —95% CL
5.30 obs (6.50 exp.) A AR
, OPAL
CMS 138 fb™ (13 TeV) Pl==p> ELLL' - P PLB 431 (1998) 188
£ [} Observed MZN* &> wr [1Zi* — eelups 2 — 7t
q>) 2000 —_] Excl. bkg. Bl VV + tt I Jet mis-ID _— L3 ‘
L " [Jyy =t  Uncertainty i Y PLB 434 (1998) 169 |
1500 - [ T
B zrr‘\ DELPHI ®
1000 :— P2 = - Pl EPJC 35 (2004) 159
E ATLAS Pb+Pb ——
500 :_ PRL 131 (2023) 151802
Constraint on
. m CMS Pb+Pb °
%’ anomalous magnetlc PRL 131 (2023) 151803 5
. moment of the T lepton: 1
" .
[= This result e o
L%J aT : O b 00091_3.883% | | | | | | | | | IE | | | | | |
' -0.1 -0.05 0 0.05
(x5 better than LEP) C2
(iE/RW 15
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TOP as a quantum lab: entanglement

ATLAS: Nature 633, 542—-547 (2024)

CMS: arxiv:2409.11067

The study of polarization and spin correlations in ttbar
events is used to detect QM entanglement at high

energy. A world first!

Spin entanglement is inferred from the observable D
(based on decay leptons angle). The entanglement is
expected to be significant around the ttbar threshold.

The limit of separable states is D~-1/3.

b
-0.1 §ol
0 ATLAS
|
Q O
= é
3 -03
o
O
g
a 04 0 —.— Limit (POWHEG + HERWIG 7)
---- Limit (POWHEG + PYTHIA 8)
O s Theory uncertainty
-0.5 @ Data
¢ ® POWHEG + PYTHIA 8 (hvq)
B POWHEG + HERWIG 7 (hvq)
-0.6
340 < m,; < 380 380 < m,; < 500 m,; > 500

Particle-level invariant mass range (GeV)

CMS

LHC experiments at CERN observe
quantum entanglement at the
highest energy yet

The results open up a new perspective on the complex world of quantum physics

18 SEPTEMBER, 2024

138 fb' (13 TeV)

1 Separab
3.5(4.4)c

le states 1
1.6(2.8)c

— — — — — — — — —

i Data

stat, total unc.
Powheg+P8
- Powheg+P8
Powheg+H7
-- MG5+P8
MINNLO+P8

pT(t) <50 GeV

m(tt) < 400 GeV

CE/RW
\
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https://www.nature.com/

Higgs story at the LHC

Main production: ggH, VBF, VH, ttH
Main decay: YY, ZZ, WW, v, bb

o%%5uale, - H
PP
:::.:.:::::::{... ,:'."-‘:‘:.‘.. gg H , VBF ttH
*110 years : : YY, L7, WW TT

of Higgs Research|’«
lat GERN

<
th indico.cern.ch
. 4 Juvly 2022 in English:https://webcast.web.cern.ch/event/i1135177 1 1
| on Q 9 @ g en frangais : https://webcast.web.cern.ch/event/i1166633 - 1 - -
' LR s :

|
|
STXS stage0,1

width, lifetime, fiducial xsec

mass, Spin CP, anomalous couplings
’ 4

VH
bb

80 fb-‘T

P
e

l

Ly
Dalitz lly

©Meng Xiao

CERN
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Higgs: status and questions

The discovery of the Higgs boson was a
gigantic milestone.

It completes the Standard Model parameter set.

It is the ONLY fundamental scalar (i.e. with no
intrinsic spin) that we know of.

It is ESSENTIAL to measure all properties of the
Higgs boson up to the ultimate precision:

 does it “couple” as expected? (the strength of
the coupling is what gives particles their mass!)

Ratio to SM

CMS 138 fb-! (13 TeV)
LI I I 1 L LI 1 1 LI I 4
S | | I
e my = 125.38 GeV W Z.®
*
1071 F E
b
102 F T .Y E
- "‘ lst 2nd 3I'd ;
///f v N[ 1276 ) ftm.lc\ Mass: eV/c®
AT AN NN
{ fdA.aM\ (" osm (bua ) 0 ) i
|| S T E E
- \\ down J \ strange / \ bottom \%uon ) /
1 0—3 - o8 ) (o Y (o Y (o o)
: "‘.' Cll ) )
i h \&e cctron ) \ muon ) \ au J E phot 8 / z-
g (<22 N[ o) <i55m) (" 804G ) 912G i_‘.
" Ve 1;(2J Vﬂ 1; VT 1/2 W*Il [Z ﬂ ;’
L K&eneutrinn) \# neutrino / \ 7 neutrino . \ W boson_J \ 7 boson Rj
10—4 - FERMIONS GAUGE BOSONS
-0 o 1al ] L1 1 paal
1 .4 _l I I LI I LI I v -
12F | 1.05 * -
| 25 C—— }+ ----------------- 100{';
0.8F 0.95F E
C L1 Lol L1 1 1
0.6 » 2
10 1 10 10

Particle mass (GeV)

cﬁﬁy
\
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Higgs: two “recent” highlights

1) second generation couplings

Search for H->uu in VBF category

137 b (13 TeV)

Use advanced

CMS-HIG-21-008
Phys. Rev. Lett. 131
(2023) 061801

Search for H->cc in VH events

138 b (13 TeV)
IIIIIIIIIIIII

CMS

1 I 1 1 || 1
—e— Observed

----- Median expected

— T T B 68% expected
CMS Combined i = 11977, . S s 95% expected
: — Gombined best it — machine learning B
VBF-cat. W= 1_36_+o.69 --=-=- SM expectation ° Combined
B v E 68% CL i tECh n Iq ues. Expected 7.60
95% CL e e s Observed 14.4
ggh-cal. | - u=0637 my - 125,38 GeV Sensitivity to |
o _ Merged-jet
) +. < X . Expected 8.75
fiH-cat. | w=232'2% H % cc <10x SM Observed 16.9 |
B - . . " Resolved-jet
VH-cat, | =548 - _ 120 C|V||S S/mulalt/on l?rel//mlnar}{] | 13.9 TeY Expected 19.0
L - '% | tt events, pr > 20 GeV, |n| < 2.4, €,=70% : Observed 13.9
B | E c jet rejection
% 100 udsg jet rejection 4104 OL
L | 1 Ll 1 = | " E ted 12.6
4 ) 0 4 6 3 o 80__ Run 1 | Run 2 : Run 3 . O)E)ps?a?veed 183
Best-fit u ; § x29 410° ]
: i 1L
CMS-HIG-19-006 60} . ; = Expected 11.5
JHEP 01 (2021) 148 33 1102 Observed 19.1 ]
(pp) =1 197941 (stat)+0‘17 (syst) - 2L
pARp) = 1.19_0. 39 —0.16 \PY ; . it Expected 143
20_ E 8 | i Observed20'4 R PR T T N TR T MO T T S S N SRR
I x1. [
. . (o : X0 i 5 10 15 20 25 30 35 40
bs. (exp.) significance: 3.0 (2.5) o A N d | c
O ( P ) 9 ( ) 0—Cswi ng rgacsv DeepJet PNET — Upart 10’ 95% CL limit on u _
VH(H — ¢C)
C\E?W 19
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008

Higgs: status and questions

The discovery of the Higgs boson was a
gigantic milestone.

It completes the Standard Model parameter set.

It is the ONLY fundamental scalar (i.e. with no
intrinsic spin) that we know of.

It is ESSENTIAL to measure all properties of the
Higgs boson up to the ultimate precision:

 does it “couple” as expected? (the strength of
the coupling is what gives particles their mass!)

* is it really a scalar?

19.7 b (8 TeV) + 5.1 fb' (7 TeV)

wn 0.14
e

0.12

0.1

Pseudoexperimen

IIIIIIIIIlIIIIIIII|='

gg— X(2h2)—> 27

— Observed

L1 1-7"-L-=1..J Ll

0

'2 X In(LIP / LO+)

CE/RW
\
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Higgs: status and questions

The discovery of the Higgs boson was a
gigantic milestone.

It completes the Standard Model parameter set.

It is the ONLY fundamental scalar (i.e. with no
intrinsic spin) that we know of.

It is ESSENTIAL to measure all properties of the
Higgs boson up to the ultimate precision:

 does it “couple” as expected? (the strength of
the coupling is what gives particles their mass!)

e is it really a scalar?

 does it decay in invisible particles (dark
matter)?

O\wimp-nucleon [CM7]

1074

10743 |

107%

107%

1074

This region of interaction
probabillities is excluded

--------

Higgs Portal Other
ssiite Scalar WIMP
wam Majorana WIMP i

experiments
DarkSide-50—]
LUX n
PandaX-ll __
XenoniT —

10 10°

10°
Mye [GEV]
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Higgs: status and questions

The discovery of the Higgs boson was a
gigantic milestone.

It completes the Standard Model parameter set.

It is the ONLY fundamental scalar (i.e. with no
intrinsic spin) that we know of.

It is ESSENTIAL to measure all properties of the
Higgs boson up to the ultimate precision:

 does it “couple” as expected? (the strength of
the coupling is what gives particles their mass!)

e is it really a scalar?

 does it decay in invisible particles (dark
matter)?

 does it couple to itself as foreseen?

O\wimp-nucleon [CM7]

1074

10743 |

107%

107%

1074

This region of interaction
probabillities is excluded

--------

Higgs Portal Other
ssiite Scalar WIMP
wam Majorana WIMP i

experiments
DarkSide-50—]
LUX n
PandaX-ll __
XenoniT —

10 10°

10°
Mye [GEV]
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Higgs: two “recent” highlights

[ [ [ [ g BT p H
2) Di-Higgs (self interaction) >
H /
t,b -~ @K
Kt,b \
fundamental component of the SM . .
i
V(b)) = Lm2. 0% + /A /2mud® + L A3 - —e— Observed limit (95% CL)
(¢) = ymp ¢~ + VA/2myu¢® + A ATLAS Prelminary Expected limit (95% CL)
Vs =13 TeV, 126—140 fb (MuH =0 hypothesis)
CR— SM _ [ Expected limit +10
rHEERliE Oggr + ver (1) =32.8 b [ Expected limit +20
. . Obs. Ex
Recent new combination from ATLAS . - au
includes all improvements to classical S o T T T T T b+ EP } L L
] x °[ ATLAS Preliminary oombne g o
- - _ - 1 - Multilepton = i
channels plus the multi-lepton and bb# [ ooty eotiont LT T it | Muliepton|— + 7 y
+ ETmiSS decay ChanHEIS. i —— Obs. 95% CL o Bestfit(ft.g, 0.92) :
] ) i ) I —-== Exp. (SM) 95% CL ¢ SM prediction y ozl 53 8 1
It is the most stringent limit to date. - 2000 '
Similar results also from CMS. byl } T
bbbttt |- } 5.9 3.3
Inclusive o \‘\::::_‘ --------- 1 Combined|- , , 1 , 1 , &9 . 2'4,
O/OSM < 2.9 (2.4) at 95% CL i l_15l L (1) L l~~,—-g-1—-—l L 110, L % ol : 151 L 1101 L1 1151 L 1201 L 1251 Ll 1301 L 1351 L 1401
KA 95% CL upper limit on HH signal strength uyy

ERN
%) :

>\ Luca Malgeri - Overview of recent LHC results



Higgs: two “recent” highlights

2) Di-Higgs (self interaction)

fundamental component of the SM

V(p) = smi¢? + VA/2myd® + ;A

Recent new combination from ATLAS
includes all improvements to classical
channels plus the multi-lepton and bb#

+ ETmiss decay channels.
It is the most stringent limit to date.
Similar results also from CMS.

Inclusive
o/osy < 2.9 (2.4) at 95% CL

Kav

Higgs
potential

Higgs field

" HH combination

1 1 ] 1] -I
C ATLAS Preliminary ~ — Combined = bbyy
" Vs =13 TeV, 126—140 fb™!

Ll I I 1 I I l 1 1 I 1 I 1

—— Multilepton = bbbb |
bbt*T™

—— bbll + EMiss

—— Obs. 95% CL + Best fit (4.3, 0.92)
-==- Exp. (SM) 95% CL 3% SM prediction

g 000) , H
t,b /
/
H /
t,b - — @K
Kt,b \
\
t,b by
g 7000 H

Triggering updated projections for HL-LHC
ATL-PHYS-PUB-2024-016

E! 8 | ! v v L] 1 . 1 ) 8
< [ ATLAS Preliminary —#— Nosyst. unc. 1
i rd" e —a=— Baseline 17
o | - 1@ TeVv —%=— Baseline, MC scaled
© | HH-bbt T” -
% 6L Run2| ot - # - MC scaled 16
L= un -egacy projection Theo. unc. 50% -
c | Assuming SM -
o | —4— Run 2 syst. unc. ‘
D 5¢ S
4+ 14
3l 13
2t 12
1 i 1 ) ) . . 1 . A ) ) 1 . A A A 1 ) ) ) . 1 ] 1
1000 1500 2000 2500 3000

Integrated Luminosity [fb~?]

CE/RW
\
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A walk into history:
only few years ago the projected estimations where much worse!

It's 2 56 with half lumi now. It’'s 3.50 with current projections.

Rare decays/ H—pu "y~ and H—J/py Higgs Self Cgupling Projections

Probes Higgs coupling to 2 generation quarks/leptons CMS extrapolations fronh Run-2 analyses:

_ -
H—)IJ"‘“ §1010 A.tLisTS\i,mUIaﬁon Preliminary PUB-2013-014
D BR(H—>|J+H')=22X1 0-4\i % 12: [ Lot = 30001 m- . m =125 GeV T Median gkpected Z-value Uncertainty
> Combined Run-1 anqyu S28xSM - £ v S Channel E(:FMI;HSllt msyr Only | ECFA16S2 | Stat. Onl Egli:la(f l;;)n O;tyrt T):ll
= ¥ | Stat. Only tat. Only at. Only
» Expect significance @ ~20 with 300 fb-1 : e
an o Wi anne s ¢ — HH — T7bb 5.2 3.9 0.39 0.53 2.6 1.9
® Improved tracker resolution not accounted for . 8g — gg — l‘)/b‘g;b ‘;-8 ‘218 8‘312 84; ;é %g
(~30% improvement on mass resolution) e R &8 7 T 0 ‘ ' © ' '
\ . + 80 100 120 140 160 180 200
» Also specific channels like ttH, H—-p - m,, [GeV]
. ATLAS simulations (HH—bbbb is Run-2 extrapolation)
ATL-PHYS- .
= PUB-2015-043 H—-J/ Yy (coupllng to charm quark) Channel Expected lifit in p Significance Limits on A/A,,, at 95% CL
o) = ATLAS Simulation -
Sob T o » BR(H—=J/py)=2.9x10° in SM Full Full | Stat. Full Syst Stat. only
% 7005— o Data (Bkg. Ony) » ATLAS Run-1 limit at 95% CL.: BR(H—>J/L|JY)<1 5x10-3 SYSt SYSt Only - .
@ F [ Background . . . ' . g} "
oE S oty > Multivariate analysis for HL-LHC projection gg—HH—YYbb [el-5017.00: 1.050 -0.8<NAg,<7.7
» With 3000 fb! will have just 3 signal events 99 —HH ~TTbb [elez0isois 4.3 -4<NAg, <12
(3 and 1700 background events i g9~ HH - bbbb)| eeanieces| 5.2 | 1.5 -3.5<NA,,<11 | 0.2<NA,,<7
: . - o . + 6
100:—' & Y o EXpeCted limit at 95% CL.: BR(H—>J/L|JY)<(44 -12)X1 0 HHH — thadt|epbbbb Pllﬁ\gzg:ggﬁ 0.350
60 80 100 120 140 160 180

Typical presentation in 2017
C\E\/R;\D, ' ' 25
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Higgs studies where nobody expected to happen (LHCDb)

Complementary phase space, completing the SM picture

Final (ambitious!) goal: search for bb,cc Higgs decays in di-jet events.

*step 1: first measurement of cc di-jet differential cross section at a hadron

collider (JHEP 02 (2021) 023)

* step 2: improve b- and c-tag efficiency and regression using modern

techniques (inspired by CMS DNNSs)

ATLAS

Bl \Muon
B HCal
B Cal
Bl Tracking

CMS

LHCb

- 2<n<))

~
1.0 -
| ],
Stay tuned! =
N
e
2 0.8
5 102 = T I ' ' ' ' e 4 T - . . : , O
3 - ~ LHCDb ¥s=13TeV —4— LHCb data 13 TeV >
> i —&— pp — bb-dijet data 3.5 C@NLO Ld:i 0.6 —
8 10 & —4— pp — cc-djjet data 3 aM . NL RN
= s | ' pp — bb-dijet aMC@NLO — = Pythia 8
'8 - pp — ce-dijet aMC@NLO 25
= — — pp — bb-dijet Pythia 8 ‘ 0.4 -
o) S:§ 1 — == pp — cc-dijet Pythia 8 = LHCDb Simulation Preliminary
ke
1.5
=T ® 02 T ——— ROC b Vs ¢ curve (area = 0.86)
10" I f 1E "k g e S - - ROC b Vs q curve (area = 0.94)
C o— " - - - , —— ROC ¢ Vs q curve (area = 0.83)
1 05 - Ry ROC bc Vs q curve (area = 0.92)
3 0.0 + ! | |
107 _— 0! : * 0.00 0.25 0.50 0.75 1.00
50 100 150 50 100 150 ) ) ) . |
m,; [GeV/cZ m,; [GeV/c?] mistag (FPR)
c@
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Searches for new physics

@)
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B(H—ss)

More and more models being tested

Extending phase space to hidden sectors, usually producing long-lived particles:

*unprecedented challenges on the reconstruction algorithm:

* Higgs used as a portal

* SUSY searches (including EW and Strong production) are now excluding NP below the 1 TeV scale

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

August 2023 Vs =13 TeV
Model Signature  [£a:r [ Mass limit Reference
T T T T T T Ll Ll l T Ll Ll L} T
3, G—¢%) Oeu  2-Bjets EM™s 140 1.85 ¥))<400GeV 2010.14293
2 7. 3-9 mono-et  1-3jets EMs 140 | [8x Degen] 0.9 m(;;ﬁl(f)\;fFSGzV 2102.10874
"§ 22, 8—qa¥) Oe,u 26jets EPS 140 | g 23 m(¥})=0GeV 2010.14293
ATLAS Prelimi March 2022) 13 TeV, 36-139 fb”' Hidden S 125 GeV 3 - — o
refimin ary ( arc ) e ’ - | en eCtO r, n]_l - e B 2 gogaWiL teu  26jets _ 140 |z 2.2 m(F})<600GeV 2101.01629
1 — T T T T T T T T = T T T T g T P T T o1 T T Qi g-qq(tOV" ee, 2jets  EPS 140 |z 2.2 m(¥})<700GeV 2204.13072
=0 ,, ; i3 Selected ATLAS result § nrm e
— = - ’;"_ \ ~ . 'Y - : e eC e reS u S -S SSe,u 6 jets 140 F 4 1.15 m(z)-m(t})=200GeV 2307.01094
- ‘ - - < P U miss = =0
— = PR . - — . . = AN 0-1e,p 3b E 140 |z 2.45 (¥})<500GeV 2211.08028
— - ~ - b 4 ' - H Ry e "?" - — 950/0 C L O bse rved I I m ItS 88 &= SSe,u 6 jets r 140 F4 1.25 m(iz)-m(/\."}):SOOG:V 1909.08457
| - = - - - — biby 0en 2b  E™S 140 | By 1.255 m(E)<400GeV 2101.12527
- - 3 - by 0.68 10 GeV<Am(b, X})<20GeV 2101.12527
— = - - — Searches: 25 Byby, By—b¥2 — bhi Oeu 6b  Ep= 140 |B Forbidden 0.23-1.35 Am(E3,£4)=130GeV, m(¥})=100GeV 1908.03122
- - -1 5 S 2t 2b E7 140 b, 0.13-0.85 Am(¥2,X1)=130 GeV, m(¥})=0GeV 2103.08189
z = —.=— Muon System (2 Vix Only), 139 fb R Olen =liet BB 140 |7 125 mi)-1 GeV 2004.14050, 201203799
1 0_1 sk LEEEELEEEEEEEEEEE R TS WOl SRR Bl SEREAEEEEEEEEY ¥ AL EEEEY / AEREY Y LEEEERERE - -—_ arXiV' 2203 00587 @ g i, 'J*Wb/{’? 1eu 3jets/1 b E‘;““ 140 i Forbidden 1.05 m(¥})=500 GeV 2012.03799, ATLAS-CONF-2023-043
— - - — . . - § g ify, i =T by, 151G 127 2jets1b EMe 140 |j Forbidden 1.4 m(#1)=800 GeV 2108.07665
— = = - === Muon System (1 Vix + 2 Vix), 36 fb 2L i iioel e k) Qem  2c. B %1 | oss MG =0Gev 180501648
- - - — ’ g T 1 o 1.€)" 1)= :
| - = ] Phys Rev. D 99 (201 9) 052005 i1y, - 109, B —Z /Wi 1-2e,p 146 EPS 140 |7 0.067-1.18 m(¥3)=500GeV 2006.05880
| = = — . Calori meter, 1 39 fb-1 iy, h—h +Z Sepu 1b E';-"“ 140 I Forbidden 0.86 m(i‘,’)=360 GeV, m(ﬂ)-m(«\"’?): 40 GeV 2006.05880
- - . 7500 via Wz Multiple ¢/jets EXss 140 | @S 0.96 (¥2)=0, wino-bi 2106.01676, 2108.07586
- - - —_ arXiv:2203.01009 ] 12y ee, pp > 1 jet Ef"“ 140 if/ii 0.205 m(¥y )-mu??;ls IGeV, 3:231,.23 1911.12606
- - - iV} via Ww 2e,pu Ems 140 | ¥ 0.42 m(¥})=0, wino-bino 1908.08215
- - —_— Trac ker+M uon SYStem! 36 fb TR via Wh Multiple ¢/jets Eps 140 | ¥/¥  Forbidden 1.06 m()=70 GeV, wino-bino 2004.10894, 2108.07586
1 0_2 —- 2 = — Phys. Rev. D 101 (2020) 052013 B Xiki via ly /v 2eu Ep 140 B 10 m(E5)=0.5(m(E yem(@h) 1908.08215
— - - — -1 @ T 27 ERs 140  [EUFRGFRCI034 048 m(¥1)=0 ATLAS-CONF-2023-029
— - - 3 ........ Tracker (LRT) 139 fb WS 7 plig, 78] 2eu Ojets E™s  q40 |7 0.7 ?)= 1908.08215
— - - L] T {LrLR, (-8 » , Kiiss 4 . L ME)=0 !
- - - — ee, >1ljet Ej 140 |7 0.26 m(@)-m(¥})=10 GeV 1911.12606
— = O JHEP 11 (2021) 229 1 A, A-hG[2G Qe 235 Epe 140 i 055 0.94 BR(Y] — hG)=1 To appear
[ - " - e jets s 140 ! BR(Y] — ZG)=1 2103.11684
— E - - _Q —_ - @ TraCKer (b'tag), 36 fb Oeu =2largejets E‘?f“ 140 | & 0.45-0.93 sng, _.zc';;=1 2108.07586
o : z CU JHEP 10 (201 8) 031 Zeu 22jets  EF 140 A 0.77 BR(Y] — ZG)=BR(Y] — hG)=0.5 2204.13072
B g i -1 Direct ¥1.¥; prod., long-lived X7 Disapp. trk 1 jet EM™ss 440 | ¥F 0.66 Pure Wi 2201.02472
p - : 0 -- .. Monolet, 139 fb rect X1 X, prod., long-lived X} 1sapp } T "-/l* 0.21 Puret::ieggs::g 2201.02472
1 0—3 | - ATL-PHYS-PUB-2021-020 g g Stable ¢ R-hadron . pixe: g:gx Ep 40 | 2.05 ) 2205.06013
— - — : : : E Metastable g R-hadron, g—qg¥ pixel X EF' 140 g [*(&) =10ns] 2.2 m(¥})=100 GeV 2205.06013
— - ) — '.' - H% |nV, 7'8'1 3 TeV Comblnatlon §’§_ 72, 266G I Displ. lep E{,‘"“ 140 & 0.7 r[(i) =0.1ns 2011.07812
e - — ~ ) B 0.34 &) =0.1 2011.07812
L - - ATLAS-CONF-2020-052 pixel dE/dx EPS 140 : 0.36 Tr(?) =10 :: 2205.06013
| E _ XTI X —ze—tet 3eu 140 Pure Wino 2011.10543
- XL IS - WW/zeeetvy 4ep Ojets  EFss 140 m(E})=200 GeV 2103.11684
— D = — LLP masses: 8, 59971, X} — qqq >8 jets 140 2.25 Large 17, To appear
. - S T i), A - ths Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
- - & if, i—>bX1, X7 — bbs >4b 140 m(¥;)=500 GeV 2010.01015
1 0—4 L Toul ool pa ol g0 |||||l L1l |||||l ra vl el ponl = . 5_8 Gev . 1 5_20 Gev D 25_35 GeV 2:::2:2; 2o 2]et:;2b gg: SR s :;:gg;;:l
-5 _4 -3 _2 _1q 2 3 1u DV 136 BR(f: —qu)=100%, cos,=1 2003.11956
1 O 1 O 1 O 1 O 1 O 1 1 0 1 O 1 0 X R3], 20, —tbs, i —bbs 12e,u  26jets 140 Pure higgsino 2106.09609
40Gev [ 4560 Gev [JAny
m 1 1 1 1 1 1 1 1 l 1 1 L L L
CT [ ] *Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

ATL-PHYS-PUB-2023-025

CERN
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B(H—ss)

More and more models being tested

Extending phase space to hidden sectors, usually producing long-lived particles:
*unprecedented challenges on the reconstruction algorithm:

* Higgs used as a portal

* SUSY searches (including EW and Strong production) are now excluding NP below the 1 TeV scale
» Exotica high mass scalars and vectors limits well above 1 TeV

CMs preliminary March 2024

String resonance
2y resonance

Wiy resonance

Higgs y resonance

Color ctact Scalar, k2 =172

Scalar Diquark

£+ ¢, prevdoscalar (scalar), g}, x BR{$-20 > =0.03(0.004)
i+ 9, preudoscalar (scalan), gJ x BRI$-20 > =0.03(0.04)
po+Zy=X

F9. M =0 02Mx. 9| Y} merged diphoton par

Wy Ressnance leptoaic

SUER Offine. To = 3 GeV, me =3 GeV. Brid'=mn) = 100% 250 OMS-PAS-EXO {{SUEPOF

TLAS Preliminary (March 2022) 13 TeV, 36-139 fo! Hidden Sector, m, = 125 GeV Srelmdiet 2 RS e

05781 2l
Q3580171203143 2n + 1y 2e )= 1y!
0509 (1§ + 1yl

05317 1911 03947 (2
05175 1911 03947 (2§

0150075 1911 04968 (3, = &)

010803541911 04968 (3¢, = &)
D616 O1S-PAS

12 OMS-PAS-EXO-2.

03200

PR+ 1L pp+ )

2y
S-EXC-21-017 (L4 pF™2 +v))

15802106 1 ¢
I 0723251808 01257 (14 1y)

)

FExxFxxxxzzzxxx

L 11 I;IIIII LI IIlIlI LILIL IIIIII LILIL Illq LI lllll'l LI} IQIIIII LI lIlIlI LILIL] IIIIII - 1 T T TILLL quark compositeness (M), nura = 1 Kisn DO24021030270% (21)
. - < - — quark compasiteness (), nusa= — 1 Kowm I PUSE0 210302708 (2)
. - ~ - r Excited Lepton Contact Interaction » . )
) - ~ N ‘ - Excited Loptor. Contact Interaction ” X 52 )
— - - —
_— - L - A ) - — vector medior{g). gq= 025, gone= 1,m =1 Golf " oaso'm:zc': =3j
- -y Ny T e T T e e e T - o . . vectormedistor (1), g, = 1,g=00Lm,>1TeV » 0271922103 02708 (2e,2p)
_— - - — rv I m I {asisl-hvector mediator g, g = 025, gon= 1,my =1 GeV " 8 191103347 (2j)
- i - o {axidl-jvector mediator (7). go= g =1my=1GCeV " I Q0295 210713021 {= }j +p§"
. - - — {13 Fvector megiator 4, LG =0.1m; > Muasl2 " 024042
- o - " 00-0291901.01533 (0, 11 = =2+ p7™)
- & - ~. GOS0 2107 1069210, 1 + zIJp;‘~',
- - a ” B05210713021 (2 1j 4 pP'=)
— = - — Searches: : ,
- - i ” 00:0.3190101553 {0, 144 =2j+ p{iil
: : -1 H " 005082 210710892 (0, 1t + i + p7'™)
- - —  — u on ys em x n y H complex sc. med. {derk " Q0154 1810 10063 (4]
1 - - ) Baryonic Z, ge = 025, " DOLE 190801713 (h+ p7=)
|~ f—— = . gesssssssslas .L S e 2 mediator (dark QC). Maye ” LIS 211211125 (2§ + 5
— - - — arXIV.2203.00587 Z - 2HOM, g7 = 08, gon = 1.tan " 0531 190801713 (h + 3™
L - - — Leptoquark medistor, 8=1 8= 01. Axcar =01, 800 " 0306 1811 10151 (1p +1j4 p7=)
_— - - — -1 axonlite partide, - =12 Tol- » 05220 045 PAS £X0-21.007 (pp + vy
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A single highlight on searches: new strategies!

Since Run2 of the LHC, new data taking strategies have been employed to optimize data taking and
explore region of phase space (intensity frontier) deemed inaccessible in a typical tiered trigger

system.

Example here taken from CMS but
techniques used, mutatis mutandis, by

other Collaborations:

. PARKING (3.5 Kz

- delayed availability for analysis

L%, .2« NORMAL "

N
L
=
-
™
l
y
-
Q
R,
O
O

2.5 KHz)

normal availability for analysis

(20 knx)
SCOUTING

reduced data format
normal availability for analysis

R2RRRR2RR2R

Data flow for a typical 2018 data-taking scenario

~100 kHz

Full detector
information and
online resolution

Standard data stream:
~1 kHz, ~ 1000 MB/s

Parking data stream:
~ 3 kHz, ~ 2000 MB/s

Scouting data stream:
~5 kHz, ~ 40 MB/s

reconstruction

.

Prompt offline

v

r

-

1

Delayed offline
reconstruction

w

r

-

No offline
reconstruction

Data reconstructed and stored on disk

CE/RW
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A single highlight on searches: new strategies!

CMS 17.6 fb' (13.6 TeV, 2022)
. - . %J B J couting Dimuon Events
VS EXD 2500 - -K“: N (aka. Trlgger Level Analysis): 2 0E . B o pposie sir
SCOUTING & use bandwidth to store very low £ 0 S— "
thresholds reconstructed information i S

reduced data format (dimuon, d|'Jet) and drop raw data. 107 -, Iy/‘\&

bl |NCreases acceptance rate and extends o o
. rigger Selection
search window towards low masses. ———— Any muon Lt agorithm

———— 2u,p_>4GeV, 0S,AR< 1.2

10° 0
“, p > 45 GeV,0S,AR< 1.2
— 2u,p > 15/7 GeV A
10° ———— 2u,p_>45GeV, Inl <2, 0S, m(2u) >7 GeV \
————— 2u,p_>45GeV, Iyl <2, 08,7 <m(2u) <18 GeV \N

Search for low mass dimuon Search for long lived particles Y Y R Y

1 10 102

resonances decaying in two muons m.. [GeV]

187 fo (standard triggers) and 96.6 fb” (scouting triggers) (13 TeV) CMS 076437 1" (13 )+ 567 " (136 TeV Search fOF RPV glumos in multijet final states

R: = ' ' ' ' ‘ o - 95% CL observed exclusions
= - CMS = s-<\ 1 — 3 95% CL Upper Limit . 102 T 1 1 T 1 — ?
L - ‘ A Dpisplaced leptons E CDF (PRL 107 042001)
102 & — T - 3 | BX-—>ee)=B(X —=un=05 > T V/S=1.96TeV,3.2fb"
— — | my = 50.0 GeV 3 _
= 90% CL observed limit 4 T 1 0:I = g =  Eur.Phys.J.C82(2022)2 S 10 1  CMS(Phys. Lett. B 718 329)
™ eeesess 90% CL median expected limit — E - ’ = — Dimuon scouting ~ ] VS =7TeV,5.0fb"
- T . . - ~ 3 1 B(X - pu)=0.13, m_ =40 GeV 2 I
I  68% confidence interval for expected limit — | JHEP 04 (2022) 062 o 1 g ATLAS (JHEP 1212 086)
1 0*‘ —— 95% confidence interval for expected limit — 1 0‘2 == = — Displaced dimuon 3 V'S =7TeV, 4.6 fo!
- LHCb (90°/o CL) [arXIV191006926] = E E B(X = pu) =0.13, mx =40 GeV CMS (Phys. Lett. B 730)
- Electroweak fit constraints (95% CL) [JHEP 02 (2015) 157) B B o]  AevE2A0214401 107" 4 7 V/S=8TeV, 194 fo-!
T Pl 3 - Z + displaced jets ]
= = 1077 E- = X - bb, m, =55GeV ATLAS (Phys. Rev. D 91 112016)
— X —
1 0_5 E 9  JHEP 03 (2022) 160 10-2 ] VS =8TeV, 20.3 fo~!
= 3 1~ )':'Sp'::e" "”’ss o ] ATLAS (Phys. Lett. B 785 136)
- — ,m_= e S _
S 1074k = Phys. Rev. D 104 (2021) 1 . V'S =13 TeV, 36.1 fb-'
B - o =| = MS Clusters 10 CMS (Phys. Rev. D 99 012010)
- 2 4  X-»tr,m, =55GeV i VS =13TeV, 35.9 fb-! [Scouti
106 &= — B § - arxw:24(r)2’fo1898 Il \\ l, PP — 09,9 —qqq € [Scouting]
- p— _5 L ] -4 .
H : : : = 1077 E = = MS Clusters 10 R, . . 4 ATLAS (arXiv:2401.16333)
= scouting triggers | standard triggers | = n d X —bb, m, =55GeV / Resolved final state 3 V'S =13 TeV, 140 fo!
1 1 1 1 1 1 1 L 1 -1 2 3 4 5 6 7 arXiv:2402.01898 - i ]
11 20 30 40 50 100 200 10" 1 10 10° 10° 10" 10° 10° 10 . Ll CMS (CERN CDS 2866497)
. H - inv 10—5 | L P | | 1 | 1 1 | 1 P | | — 1 .
m, (GeV) ct, [mm] 70 100 200 400 700 1000 2000 V'S =13 TeV, 128 fb™" [Scouting]
D X Eur. Phys. J. C 83 (2023) 933 Gluino Mass [GeV]
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A single highlight on searches: new strategies!

HLT trigger rate [kHZz]

CMS-EXO-23-00 -
: PARKING 3.5 KHz,

~  delayed availability for analysi

a.k.a. delayed reconstruction:

store raw/low-level reco at high rate to
be reconstructed during shutdowns/
opportunistically.

2022 (13.6 TeV)

0 0]
o

8¢ 180 o

- - Parking + Prompt - =
7;_ eNS —Pileupg ------ Config. change _;70 é) Initiated for flavor
6 - . 6o physics studies, now
5 & used to extend
JF E physics reach also in
3_ E high pT physics (di-
2 - Higgs as example)
OE%, TG B T D LTS TS RRNTRRE SO A
18:00 21:00 00:00 03:00 06:00 09:00

Time [UTC]

Trigger Efficiency

Trigger Efficiency

1.6
1.4

1.2

0.8 |
0.6
0.4 |
0.2f

1.8
1.6
1.4
1.2

0.8 |
0.6 |
0.4 F

0.2

CMS Simulation Vs =13, 13.6 TeV

- HH — 4b Run 3 2023 HH parking
K, =1 —#— Run 3 2022 HH standard

— —&— Run 2 2018 standard

n ——

> 4 jets, p_> 30 GeV, nl<2.5

I-lllIlllllllllIllllllllllllllIllllllllllllllll[l

200 300 400 500 600 700 800 900 1000
R
MR [GeV]

CMS Simuiation Vs = 13.6 TeV

HH— 2b2tha 4y HH OR T,, OR pT'“i”-triggers
- K, =1 .

- HH 2023 parking

- =2jets, 22T,

- P> 20 GeV, Inl < 2.5,
2 loose b-tags,

2 loose t-id

—e— 1, triggers standard

—y p’T“‘“-trigger standard

V- . L ] | 1 ] ) | ) L ] | 1
400 600 800 1000

mPece (GeV)
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Heavy lons recent result(s)
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LHC as QuarkGluonPlasma lab

The flow studies through multi-particle correlations can tell

us something about the “fluid”:
e |s it a perfect liquid ?

e Collective flow driven or initial state?
 Does it behave differently depending on particle type?

The upgraded ALICE detector now allows to measure with
precision the elliptic flow of rare particles like anti-3He:

off-central
heavy-ion

&) collisions

1000 11 ALI-PREL-570414
s F i % % E -l S B BN BN A B B
_ g 90 & W §  ALICEPerformance W m o .
e are they formed directly at the freeze- & ., % ® § rorrEesew 1 3050 ALICEPreliminary RUN 3 E
. X g 2T B O %X.' c_osT i - Pb-Pb, ys,, = 5.36 TeV =
out of the deconfined partons and 2 oof % . 0.25(= .20% FTOG centrality -
inherit the flow directly from them R 0.20F- E
600 20 -
(Blast-wave model)? " : g
500;— 0.15— s
e or are they formed at a later stage by 400F- : .
- = 010_— ]
coalescence from anti-protons and - 3 :
anti-neutrons and they inherit the flow 200j Y 0.05(~ *Fe, n| < 0.8 e
from the these particles (coalescence ;i 0.00 s UIGMD - Goaleseance 3
mOdel)? 100:—6’ —~— Blast-wave .
N i 1 ———O -0.05 1 1 . . T T
107 1 10 2 3 4 5 6 7 8
p/|z| (GeV/c) p. (GeV/c)
9) y
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Flavour Physics: a couple of highlights
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LHCDb leads the precision rally of the CKM matrix!

» Unitarity matrix: triangles in the complex plane ZZ LHCb

* Use multiple measurement to constrain them in [V, Vi Vo le=\ . ] } :

the hope of a SM crack: Vem ~ | —|V,, V.. N o] 1] l 5

. | Thler b ) kbl -t

- CKMfitter 2023 (indirect) WA: y = (66.37 9) &

- HFLAV 2024 WA: y = (66.412
024 (direct) WA: 7 = (66.473) LHCB-CONF-2024-004

0.7 — — P 0' ':F' i'+'_
- | - O LHCb W B 5 DFK*ntn A

l~ % — | _ Preliminary 8N B, — DTK*

05 = — ().8 |- Summer 2024

04 (sé’lcﬂf‘?ff 5.35) _E

1= m

0.3 A\ —; 0.6 I All Modes

0.2 _E

0'0.0_4l | '-Q2 — 0.0 — 0.2 — 0.4 — 0.6 — 0; I 10  Beeeeeeereeeeee.. . SRR s e ‘2 g A

P
LHCD recently presented new results and a new combination 0.2

based on B decays with a precision in par to the WA:

0.0

7/ — (64.6 i 2.8)0 20 40 60 30 100 ;2[8]

CERN
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but LHCb also keeps the hope for NP alive

In the recent years LHCb (and others) kept the ezcitement up with a series of (B —D"1°v.)
puzzling measurements: Rp. = B —D"uv)
« B—K*uu angular modeling (a.k.a. Ps’) e

« LFV anomalies (B—K*uu/B—K*ee, B—D*1v/B—D*uv)

» some of them faded with time but the R(D) puzzle remains strong P *é Eo,—-—DéK;?;’*
« arecentresult on R(D*) and R(D**) by fitting simultaneously g2, m2miss and E* (D) = ‘_" \"

iIn BY decays:

A O%\MI T T T T " T T ' " 65%CLFontours ' -
LHCB PAPER-2024- 007 SO _— .
— ~ & - 4 ~
E 0:: 0.35 = LHCbH B =
A R(D™) = 0.249 + 0.043 + 0.047 . Bellell N -
— 025 = — B - =
R(D**) = 0.402 + 0.081 + 0.085 N =) By -
= 0.15 O 3
° F1GeVc - using Isospin symmetry: b \l\LHCb" —
P B—=D't v ;:0,03;12'.44;({2'(li.S(;cVSI'c"' LHCh 2@ - R(D) — 0.335 i 0.052 : \V ‘
e R(D*) = 0.279 + 0.019 ; :
B—=DX.X z 002 E 0.2  4HFLAV SM Prediction R(D) =0.342 +0.026,,, w—
] gc:r)nlt):*:‘r‘r;i/srlb v ooss ; _ _ - R(D) = 0.298 +0.004 R(_D"(‘))i—-go.287 +0.012,,, -
B 5 —D'u-v 3 oo 3 Compatible with SM but also o g e— | Do) ~35% ;
B —s Dkt~ 60.005 E . . 1 1 1 [ I 1 1 1 1 1 1 1 1 1
Bty with previous measurements, 0.2 03 0.4 0.5

0 1000 2090
E,[MeV/c?]

so the 3.30 tensions remains! R(D)

CERN
O .
- : .
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Conclusions

*The LHC is a discovery machine that does unexpectedly well on precision physics
(rivalling lepton colliders):
top mass, W mass, Z mass (in future), sin20, Higgs, strong coupling constant, etc.

CMS Preliminary
' | ' HE | '

* After the Higgs discovery and in absence of observed new S, e
physics, the overconstrained SM is our most powerful tool to  &*""  |[..... Fﬁ .
get hints of where to look next. e . :

hard but worth it! G/ PSR U —

L | L |I L | L |
80300 80350 80400 80450
my (MeV)

sCompared to Physics TDR (2007) and Upgrades TDR (2015) we have results that are at
least a factor two and up to a factor 10 better than expectations (and some that where not
even expected!):
when planning for the future we need to take the brain factor into account:
simproved calibration techniques
eoptimization from machine learning and Al
smart data taking modes

CERN
\/w .
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© 141
LHC as QuarkGluonPlasma lab E | AUCEPL-P g, m27eTer s
(3 10:‘ . ® s ?
LHC was designed to also collide heavy ions (Pb+Pb, S 8 rLLES
Xe-Xe and p+Pb) at high energy. 6 .A'\;suming .
al .' To = 1fm/c
The density of the colliding “material” is so high to replicate the g0’ . 3
situation just after the big-bang when an exotic state of matter was 21. lllll ° B 12.5=1 GeV(fm e
created: the quark-gluon plasma (QGP) (CERN announcement in 0 50 100 150 200 250 300 350(,(}0 )
2000!) o
Energy and temperature conditions for the formation of QGP: ?3 O b (- 276 Tov
33 - A;exf (3-511/ Ieﬂ stat 1 40%° MeV
e, = (0.42+0.06) GeV/fm’ critical energy S e

N —Aexp(p /T
T« =239 + 25" + 7°° MeV

<

T.=(156.5+1.5) MeV critical temperature

1079

For comparison Old but .

T=156 MeV 2 1.8-1012 K S
Sun core: 1.5-107 K fundamental 1}| Tsiope = 304 =40 MeV
Sun surface: 5778 K result

10 ‘
P (GeV/c)

ERN
(i/w .
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O 14
LHC as QuarkGluonPlasma lab E | AUCEPL-P g, m27eTer s
. . . G 10, LLLE
LHC was designed to also collide heavy ions (Pb+Pb, S 8l YL
Xe-Xe and p+Pb) at high energy. 6 o’
e-A€E P ) g gy af o Assuming r, = 1fm/c
The density of the colliding “material” is so high to replicate the P B " 3
situation just after the big-bang when an exotic state of matter was 21. o EA B 12,51 GeY(fm L
created: the quark-gluon plasma (QGP) (CERN announcement in 0 50 100 150 200 250 300 350 400
2000!) Noa
Energy and temperature conditions for the formation of QGP: E 10 """ i gt;gspbpb VTsova
SB:, 1 = [ |Data —g
£.= (0.42 + 0.06) GeV/fm’ critical energy 2':;0_ \\t\\ §
T, = (156.5 + 1.5) MeV critical temperature TE \}s\ E
103 ;_(iiiltzle;d?fbéplqcms’ 014909 \t\ _;
~ ---Prompt g:;tl;;ufaz, "PDF: ICTEQ15np) E
For comparison ) it B
T=156 MeV 2 1.8:1012 K Recent result SR S s N E
Sun core: 1.5- 107K 3 oo + f -
Sun surface: 5778 K e 3
p_ (GeV/c)
arXiv:2308.16704
) "
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Massive bosons: where
are they?

500 1000 1500 of @ - JUA1
_ First Level Cut

UA1 and UA2 presented the first UAT 305— ) ,S:V;,,:: -
results in two separate seminars at of ] - ]
CERN on 20 and 21 January 1983. [

. 10
6 candidates for both experiments with 3 3 a
high energy electrons and high missing S N o e o
energy (i.e. neutrinos). ‘g 70 events » ol Second Level Cuts |
The quest for the W boson was over! s W0 E‘ A o e j

3 ° 2
In July of the same year, clear evidence of 5 2 0 |— I 1
the Z boson was also presented. z “ Final Cuts J

4 & Events J
: : 0 :
Carlo Rubbia and Simon van der | 7 n ’502
Meer shared the 1984 Nobel prize. 15 :(:6 40 (GeV) Uncorrected invariant mass cluster pair (GeV/c*)
T

Missing transverse energy

CERN
\/N -
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LEP went far beyond its
energy range

LEP was the perfect complement to the
Standard Model theory.

Nailing down most of its parameters it
predicted what it was inaccessible and
indicated the road to the future:

200

50

}ffii

@

® Tevatron

68% CL

1/ Direct search lower limit (95% CL)

¢ 5

SM constraint -

| | Top quark mass

prediction from LEP:

13.2
172.67 55 GeV

TEVATRON
(discovery)+LHC:

172.69 = 0.30 GeV

1995 2000

IIIIIIIIIIIIIIIII

1990

(5) _
A0y 4 =
— 0.02758+0.00035
: --=- 0.02749+0.00012
- -+« incl. low Q2 data

0 ‘ Excluded

30 100
m,, [GeV]

500

Higgs mass prediction
from LEP:

128 £/5 GeV

LHC:
125.11 £0.11 GeV

CE/RW
\
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Higgs: history of a discovery.... e

@
Summer 2011: drops in the bucket ——— I o

End of 2011: tantalizing hint, the trail begins \ B e e
Summer 2012: discovery! 5o from both experiments B St

End of 2012: confirmation! Measurement era begins

> |||||||| | T T 1T | T T T 1T | T T 1T | T 1 |—: CMS Preliminary ..1101 Spring 2012 ‘g — 7 TeV
8 4500 /s = a -1 - > - U] ! ' ' ' ' ot CMS Prel. C3 )
s=7TeV | Ldt=4.83fb Nov 3, 2011 - 30 - —_ ,[Ldt: 5 b
g = - PRD A5
® 4000 — 1 —] o + Data \lg =7TeV:L=5.1 fb-1 - ATLAS
£ = fs=8TeV | Ldt=20.65f " Dec 9,2012 = O r =126 G ' ' L
s _F : - m,=126 GeV Js=8TeV:L=19.61"
@ 3500 = N ~-F A s=8TeV:L=19. _
- ATLAS Preliminary - — 25 — Zy* L —
3000 [— H—yy channel — ) - ® B z+X
— - -+ -
2500 |— = S 20F ] Z
— - > -
2000 — — B
- - LL _
1500 3 15 : — -
- . o 1 - ol mmer €07 Is=7and 8 TeV
1000 — e - - 10_12 CMS PLB C4 .
- = 10 . iy N o ATLAS PLBAS  1Ldt= 101
500 |— — — It | — 10
- - a® 1
] e S S A T ST SRS S TS S T ST ST S S - 1 - R - COCEEE EEEEEEy s aagemnsis
T 200F - | . S - '\\/\\
é WW °F | E "
I 0 I - 10
a L g - .
| el |1 ! l l . e Is=7and 8 TeV
2000 - 0 - PR
100 TO 20 130 40 150 0 80 100 200 300 400 600 800 1’ (d) Ldt=~ 25
W 10 December 2012
m,, [GeV] o
4| 10" CMS Prel. C5
e —— ATLAS Prel. A7

110 15 120 125 130 135 140 145 150

my, [GeV]
C\E/RW 44
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Overview of m,, Measurements

LEP Combination ATLAS Prellmlnary — o -

LHC taklng the baton from () .......... E 7TV46fb__ _____________________
LEP as SM precision tester! o

arXiv:1203.0293

PPPPPPPPPPPPPPPPPPPP

___________________________________________________________________________________________

LHCb 2022
arXiv:2109.01113

The LHC was intended as a discovery M imal
machine, targeting the Higgs as first goal. et N YW R
It turned out that it is becoming a precision | s E L
ir:‘segsvunrig:firt]ct)rr;acmne challenging LEP on o 50300 50500 B04Gs
LEP +>@: Aok R 0.23221+ 0.00029
Few examples here: M I I B Bt
CDF 2 TeV ——— 0.23221+ 0.00046
measurement of the W mass: ooty . 1 0 23005 1 0.00040
LEP ~004%, LHC ~0020/0 . R S R _ URI
measurement of sin” Hg;f: ocan: sigl. o | T | weeTey i e | oza142: 000106
LEP ~0_120/0, LHC ~0.13% P- If m% CMS 8 TeV i —— | 028101000053
And, as bonus, top quark mass: At B I | DR
Tevatron ~0.37%, LHC ~0.19% e BN SN e
sine.

CE/RW
\
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What’s next?
Short term: High Lumi LHC

A 10-fold increase in luminosity (statistics) of the accelerator with a vigorous upgrade of all detectors to
cope with the new challenges and extend the physics reach. It will run until 2040-2042
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What’s next?
Short term: High Lumi LHC

A 10-fold increase in luminosity (statistics) of the accelerator ATLAS and CMS 3000 fb™' (14 TeV)
with a vigorous upgrade of all detectors to cope with the new
challenges and extend the physics reach. It will run until

HL-LHC prospects

2040-2042 T ATLAS
—e— CMS

We expect to measure the strength of Higgs —e=— Combination

couplings to the percent level (essential for tests

on physics beyond standard model). combined

The Higgs self-coupling, A N o

key parameter of the ST

Standard Model and not t,b  — - @K,

accessible with current AN

statistics, will be measured. ,  |/tb \H

Search for new particles/physics in the high mass
regime will be extended by 20-200% percent
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What’s next?
Short term: High Lumi LHC

A 10-fold increase in luminosity (statistics) of the accelerator
with a vigorous upgrade of all detectors to cope with the new

challenges and extend the physics reach. It will run until
2040-2042

We expect to measure the strength of Higgs
couplings to the percent level (essential for tests
on physics beyond standard model).

. . , H
The Higgs self-coupling, ] NP ,
key parameter of the TR
Standard Model and not t,b  — - @K,
accessible with current AN
statistics, will be measured. ,  |/tb Y

Search for new particles/physics in the high mass
regime will be extended by 20-200% percent
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