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LHC is over!
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2011,7 TeV, 6.1 fb™
2012,8 TeV, 23.3 fb™’
2015,13 TeV, 4.3 fb™
2016,13 TeV, 416 b
2017,13TeV, 49.8 fb™
2018,13 TeV,67.9fb™
2022,13.6 TeV,41.5fb™"
2023, 13.6 TeV, 32.7 fb™
2024,13.6 TeV, 1222 fb™"
2025, 13.6 TeV, 125.7 fb™"

2026, 13.6 TeV, 33.1 fb™' /

/

/
| e— ) W 1 L 1 ! 1 1 L
oMV o2 o\ gV oD o\® o\ T o\® \®
Date
25fb™tat 7 & 8 TeV 138 fb™t at 13 TeV

2020 902\ o022 o023 o2t 02 020

308 fb~ at 13.6 TeV

— 12 data taking years — Run 2 analyses done; 0.5 ab! recorded; Run 3 analyses in progress

— Next stop HL-LHC: 3 ab-! with more powerful detector and trigger 2



CMS,
| Strengthened frontiers & diverse data sets
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Strengthened frontiers in Run 3

-

( Standard model

Precision - QCD, electroweak & top - Higgs
properties

-

.

Search frontiers

Energy - luminosity - long lifetime - low mass -

anomaly detection - trigger-less data taking

Spectroscopy - fragmentation - CP violation -
Rare decays

-~

&

Heavy- & light-ion physics
Medium response & quark—gluon plasma -
ultra-peripheral collisions

P
Detector, technology & algorithms

Physics performance - Machine learning -

__ Statistical techniques

Explore >1,500 CMS physics papers [7]

Run 3: Diverse data
BT T
326 fb1 22-26

low-PU 13.6 2 fb™ p=5 26

high-PU 13.6 u=150 25
pp 2.4 3.5pb™ 26
pp 5.36 483 pbt 24

PbPb 5.36 =8 nb™? 23-26
pO 9.62 46.5 nb™t 25
e]e) 5.36 9.0 nb™t 25

NeNe 5.36 0.90 nb™* 25


https://cms-results.web.cern.ch/cms-results/public-results/publications/

—~~ Run 2 legacy: Higgs boson measurements
=§\ \\
A )\ \\
CMS 138 fb~' (13 TeV) 51 o' (7 TeV) + 19.7 fb' (8 TeV) + 138 fb' (13 TeV)
> il AL I A SN B
£ |> 100k o Observed t 4 }—e—]
E E T 68% CL (stat & syst) ] CMS Total Stat Syst
[ | 95% CL (stat @ syst) 1
« 10— SM prediction _ Tot Stat Syst
° E < 125.38 GeV ] ATLAS H—4/ 7+8+13TeV —e—| 124.94+ 0.18 (+ 0.17+ 0.03 ) GeV
EJE' ! psw = 0.12 ] Phys. Lett. B 843 (2023) 137880
X 1072k Ak 20 L 3 CMS H
E Al 2 spiong Quaks 3 —41 7+8+13TeV [ 125.08+ 0.12 (+ 0.10+ 0.05 ) GeV
I |_|\_- s Phys. Rev. D 111 (2025) 092014
103}, el ] ve]ld ] |-? ATLASH-yy 7+8+13TeV Fe={ 125.22+0.14 (+0.11+ 0.09 ) GeV
FE -F.Hggé) 3 Phys. Lett. B 847 (2023) 138315
3 W A R CMSHoyy 7+8+13TeV e 125.06+0.14 (£0.09+0.11) GeV
: This Work
1 ..5 | :I 1 LI I\l 1 1 LI I\l 1 I L I\Il
E : 1.1 - : 1 1 1 1 | L 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
= i [ 1 122 123 124 125 126 127 128
° 4ol | * o] m, (GeV)
o 'l | * T Comprehensive Run 1+2 Higgs mass combination in yy channel
© b - a
T i | a — My (yy) = 125.07 + 0.09 (stat) + 0.11 (syst) GeV [HIG-24-007]
: [ | II\I\l 1 | ] II\I\l 1 ] \. | II\Il 1 | . . . . .
0-5510—1 100 10 102 Cross sections/couplings/2HDM constraint combination [HIG-21-018]

Particle mass (GeV)

Higgs mechanism over

a

3 orders of magnitude

— 32 kinematic regions encompassing ggH, VBF, WH, ZH: p =1.014 *0-955_ ..

— Couplings follow the mass-proportional SM pattern

Part of Run 2 legacy: 2" generation lepton-couplings [HIG-19-006]

4


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-24-007/index.html
https://cds.cern.ch/record/2955243
https://arxiv.org/abs/2009.04363

CMS/ | , LT
— | Higgs coupling to charm [H1G-24-018] OAW
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A\ \\ —
CMS Supplementary 138 fb~' (13 TeV) CMSSimuation  13Tev - . _ 1381 (13TeV)
EP 107ko oo | 2 AT cms t Opsenved GB% expectad
¥> : *  arXiv:2509.22535 W i E | —b Jets & effciencies (%) (B3 10% 0.2% 0.02% ) I Median expected 95% expected
g | oo g e i i
B 0 E_ |  95% CL (stat & syst) All ki >0 —E § Ség gg i
é- |> E —— SM prediction . é;v E %0_610 ol B1 10% 2.2% 0.2% i oL i
% 02k i psw = 0.12 £ [38%|37%6.0% | cE)E'é }2 b
E : Leptons Quarks E 6.“ ;“1]2;;: %g;r; %6;;@ B0 10%.6.9% 0.0% ’
: g oo [ |
10_35_|J |Ve|| V;;l”r”d"(:l-_E Obs. 6.6
= Force carriers Higgs boson ] _ — i oL
_/ : 0.27 C2 5.6% 13% 0.6% Ui Exp 23
10-4=ﬂ| LI A Lol L1 ||§}|:I> = Sy i Obs. 35 _— ; _——
S .:“‘_,:' P g2 l.g% w‘:?f g.él?é | 0 10 20 30 40 50
1 .5 i | T 1 I:I I :\l T 1 LI I\l T I L \Il T | 0-0 il i 0-2 n L n 014 L 076 2 i L “O‘jfa " " I 10 95% CL upper limit On pﬁH(H_’cE)
= | : 11r | ParticleNet discriminant pg.c
n I : E 1 . . . .
2 4ol - ol ﬂ | — 2nd quark generation: H—cc; considered infeasible at the LHC
o g : T | )
;;:G I : 1 * - ! | — ctagging and QCD backgrounds
ogbe . ivi oo 0 1 — ParticleNet (AGCNN) separates b, ¢, and light jets, enabling a
T : 0 1 2 .
10 : 10 10 10 dedicated ttH(H—cc) Run 2 search [HIG-24-018]

Particle mass (GeV)

Coupling meas. combination

— 138 tb! at 13 TeV: u(ttH(H—cc)) <7.8 (8.7 expected) at 95% CL
— Combining with VH (H—cc): [k < 3.5 (2.7) obs. (exp.) [HIG-21-008]

— Expect further improvements with attention-based algorithms °


https://cds.cern.ch/record/2944183
https://cds.cern.ch/record/2944183
https://cds.cern.ch/record/2809290
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OggrF + ver(HH) [fb]

ATLAS+CMS
Up=0.8"09 - [HIG-25-014]

— Run 2 + Run 3 combination 0.3 ab-!
— w(HH—bb1T) < 4.0 (3.0 exp) x SM at 95% CL

Combined
Expected (u=0): 3.0
Expected (u=1): 3.9
Observed: 4.0

< HH duction: Run 2 to Run 3
w production: kun 2 to kun 5 [HIG-25-008] OAW
\ ]
104¥ T T T T T T T T T T T T T T T T T T T T T T T T T T T 110fb_1 (13-6 Tev)
i :II;AFSI an2d CMS ; E"pemeg i;“ ‘g 106§‘CMSPrelfmInary ¢ Data —ggF HH - bbtt (SM) x 2.6 MM Drell-Yan = Single H ™ Fakes
I un xpected 20 . . -
e 13Tev —— Observed (95% CL) | T 105? E 777 Uncertainty ——VBF HH - bbtt (SM) x 2.6 Wit I Others
| — ATLAS T Expacted (95% CL) 104 VBF o % Resolved 1b1j = Resolved 2b
105L — cwms E== Theory prediction E - _ ‘3 = = = : = P =
E o Combined ¥  SM prediction 102k = E Z . K ' . = . » . = - =
3 7] o 1 1 [l 1
, @| g ,
_________ 102} Sk
10']
102 109
107"
1072
10"~ g |
@ 2}
= 1)
g KA re - H 8 OE I I Il Il Il L Il 1 i 1 1 L + L L ]
¢ e 0 5 10 15 20 25 35 40 45 50 55 60 65 70 75 80
RN . ) ) B Bin number
g “H — K, is the SM test because we little is known PUSpetopen o 00 12 el
K, =¥ =1 —e— Observed ----- edian expected (u=f
1 1 Ky=wy=1o edian expected (u=
about the Higgs potential L Medin oxpoid (1=
g ’m B H . . 95% exzected
Kt — Interference with top Yukawa coupling .
ty éa Tgivd (1=0):5.3
_ —() +0.9 xpected (1=0):. .
g TEOo - H ATLAS+CMS Run 2 HHH 0.8 0.7 gzp;?v:i };:51):6.2 ]
Kt — CMS results with partial Run 3 data BTy
in many channels (4b, 2b2y, 2b212v) Expocted (1=1): 45

| s | 6

95% CL limit on o{pp = HH) / ©

8 10 12 14

Theory


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-014/index.html

CMS

Stairway to discovery
1 I

ANl

31014—9 v e - 136'I!'eV(L<!5fb‘1) ‘
= fire.  precision ' .
— 108 mE 13TeV (L<138fb™") |
© douy @ | a1 8TeV (L<19.67b7")
- : A :
c 10 ?Zc}:t:v onv | v 7 TeV (L<5fb)
O o . i}
= 108} o EA e | | mEm 5.02 TeV (L<302pb 1) |
8 | TNPCE . measurement on 2.76 TeV (L<231nb™")
o 10°F et ag o ., 95% CLlmitat -
N &y oty e © 13 TeV (L<138fb")
n Ay B Wy @ Theory prediction
9 3 fecren ® &Y Avwrw o W fiw : .|
o 103 oy wioS%gT 08 g observation
ZH | i f é
C il g 2 § |
o 10% ol i i o5 -
VBF Z wwz o {iH twz wWw ;
“— wzz tty tH ty o X - Zyy
S 10} A g BEs o
'8 oMo @&l
o 1f 2q * vy T B
— ew :
H + E H .
ol -1 ﬁ ;W " ;
10 QCh vy W # t WW ggH Vy VBF VH VVV fiX tgH X HH ewexxrfl Vyy ew
y4 WZ VBFH Vv Wy WW . WWy WV

Y4

Ly

— Run 2 legacy complete; From precision measurements on SM candles to rare processes.

new physics
BSM - or SM

— J#luminosity scaling does not dominate sensitivity! The stairway’s rungs are theory/experimental interplay.



Events/GeV

1.0

0.8

0.6}

- My, =80360.2 +9.9 MeV (Run 2 legacy)
— Systematic accuracy: muon scale & PDFs
— PDFs profiled to 4.4 MeV, 11 MeV unprofiled

W boson measurements

W mass measurement

[Nature 652, 321-327 (2026)]

x107 16.8 fb~! (13 TeV)
A A L A B
. CMS Postfit { Data |
- x2Indf = 35.4/30 - Wiy
- (p=23%) B Nonprompt
e Z/y* - pp/tt

W 5 v

_ = mw+9.9MeV

R T N T A
45 50

L1
55

pr (GeV)

CMS Preliminary

Run2+Run3, 446 fb™’

Events / GeV

—_

- HP region

@Multijet
—W-3h* (BR=5x107)
2 8ys. + stat. unc.

b BLLER #0557 ML TITr[rrrr[rr

T
i
T

o Ne o N W A OO N o®

Data / Exp.

60 80

ity

L 1
160 180 200

SRR ‘—\{\i\\{\—\«}\
ﬁ\ﬁ*mj j

m,.. [GeV]

Search for W—3h [smP-25-011]

CMS Preliminary

—e— Observed
- --- Median expected
I 68% expected
[ 95% expected

1 1 |

— Full Run 2 + Run 3 data set: 446 fb™!
— B(W—3h) <2.4 x 107 (95% CL)

— B(W+ — 31*) ~ O(107-107) from PYTHIA
— No dedicated calculation

107
95% CL on BR(W — 3h")

— Accurate predictions for the exclusive decay would

access a QCD probe at HL-LHC


https://cds.cern.ch/record/2965920/files/SMP-25-011-pas.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-002/
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Triple-ditferential Z+ets cross section (sur-2s.01

5
23| ‘ {“1/
2.0 r—i/x 7 J\
L 4 leading jet
1.5/, () (v
4L
10| ==
L4 )L h h
0.5|— —
Y y ¥ i ya
NHNEE
0060 05 1.0 15 20 25 Yb
1 1
y = §|}lz —yjet| Yo = §|yz +yjet|

— Unfolded in p«(Z), y;, and y*

— Constrains parton density distributions — See tomorrow’s talk by Cedric Verstege

1022

_ /fb/GeV x X
S

104

10!

— Complementary to jet cross sections

138 fo~! (13 TeV)

CMS Preliminary
B ' ! T T
. —4— Data

NNLO(PDF4LHC21 40) ". ". ", Tals
10° 10" 10° 107 102 |

| 7 x NP xEW

i e
. 10" {5 |
| ;n\_

107

— — ,
Voo o 28 0 O
[ I I +H0.0 |

v L] L 2
10" 102 108 10" |
] »
102 105 1017 |
10% 10° |

s ¢ @

A
50 100

200

500 1000
p% / GeV

Relative uncertainty

OAW

CMS Preliminary 138 fb~! (13 TeV)
| 0.0< Yo < 0.5— Total - PUJetID
-l 0.0<y"<0.5__ pata stat. Background |
T Unfold stat. = Muon eff. ]
— JES + JER e PileUp
—— Lumi
1071 E
1072
103F i -
| L
50 100 200 500

— Bulk uncertainty: 1.5%

— Run 2 lumi uncertainty 0.73%
[LUM-20-001]

— Precise qq luminosities


https://cds.cern.ch/record/2955688/files/SMP-24-010-pas.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/LUM-20-001/index.html

CMS\\ . ° e
> Photon mediated lepton scattermg swr-26.00s) OAW
yA \\
A\ 1T W
CMS preliminary 446 fb™' (13-13.6 TeV
— Probe QED partonic structure: y-induced £*£* scattering 2 o T Yot @E@w ]
— 446 fb' at\s =13 and 13.6 TeV S - vy [T Nonprompt -
= 25;_ I Il scattering [ | Total unc. _;
p g 20 :_ e*u*: 2 tracks, 3 tracks | |=1—f
- ptus: 2 tracks, 3 tracks |c10t|=1 ]
8 15 P =
2 10 -
i
g 3
oS
£ 4" Obs.-bkg. [T1Bkg.unc. — Il scattering _
2 E
P LLJ n 1 z
— Signal: Same-sign e*u* and y*u* pairs scatter in y exchange 0 02 04 G 08 P
— Elastic+single-dissociative: quiet multilepton vertex Zp. |/ Zp_
— <4 tracks and small p; balance, simulated with SFGen [PRD (104) 073002] — First observation of scattering between
— Categories e, purp® pEut, wrptu’ leptons radiated from the incoming protons
— Systematics: Nonprompt/PU, survival probability at low N, - 540 (ppratd.0o) 0

[Eur.Phys.].C 80 (2020) 10]

— Protons are not tagged


https://cds.cern.ch/record/2967320/files/SMP-26-008-pas.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.073002
https://inspirehep.net/literature/1808863

CMS/ | ... . LT
—~~ Diffraction at hard scales [smp-26-015) OAW
\\\\ ) \\ ——
— New CMS analysis: tagged p +jets/W/Z 22" e
— CMS Precision Proton Spectrometer o meenes cMs i masnets
— +/-220m from the central detector PPS PPS

— PPS acceptance 3% < £ <13%

| 1/ p (tagged)

- £=1-p'/p — proton momentum loss

— Exploit low-PU run <u>=5, L=2 fb'
— 20% tagging etficiency, purity 1-2%

p > 3 p’ o 1 E.‘.MS‘ Preliminary 2.04 f-! (136 Te\/z ” CMS_Preliminary 2.04 fo-1 (13.6 Tev) Chamel AS
E Multjet selecion | 5 1} W boson selection Multijet  -0.59 & 0.03
i1 o in —— —
¥ I — w -0.22 £ 0.01
ot - Y4 -0.13 £ 0.03
10 inclusive 102} — Egléjs:\.z'e
—— PPS-z . .
i . . — Rapidity gap & tagged proton
W/Z/jets §§ :;_— "'1’:';':":';‘;‘;‘:‘:‘;'}'ﬂ'ffl'lii*f"‘ ‘-‘--‘--‘--‘--‘-f-:ii E :::)" CE v Ty T e T T e.Sta-bI]-Sh COhereIl.t COlOI'-
ool g F e . singlet QCD at high scales
é e t+ ............ 1 "*l" 1::, -i,',,‘,1!,?,',,‘,.;,-,9,!,11‘*,,,, P ——
> d sof || T N o Talk by Elisabetta Manca
~ -4 2 2 4 - - 2
° Multijet rapidity yjets i 1 ’ L;ading Lepton n 11


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-26-015/index.html

CMS, -

— | Gluon spin correlations within jets [smP-25-006) QAW

> \\\
‘\\\\ \
A\ T

| I—
0 s MS . Bun3 347f (136TeV)
— Select p, > 700 GeV AKS jets, CA declustering § Ol qategoy 0%, o B -
Ll>J score > 0.6 — HERWIG 7 mqg

— Observable: Ap between successive splitting planes
— Run 3 (2022): 34.7 fb! at Vs = 13.6 TeV

— Corr.on  munmatched
----- Corr. off rest

— “No correlations” is distavored by 6.8c;

o 12F
oL ° E
S e E
o> 5 0.9¢

oo [&) 08 E ‘ ‘ . . . ‘ ‘ . . E

0 n/5 215 3w5  4n/s n

CMS Run 3, 34.7 fb ' (13.6 TeMf)

> 04r : : ‘ : .

; C &%= Data N

= 0.3-—PYTHIA 8 corr. on —

- — HERWIG 7 corr. on n 7

O-ZE =

— ML isolates g—qq splittings, where the modulation is largest 0.1 ; , ; -

— Pythia within unc. (Collins—-Knowles: adds modulation to the opening angle) -

— Herwig (=spin density matrix) predicts stronger effect

w10 /5 3m10 2nBs w2 12

— One step towards precision of boosted hadronic Higgs decays S oS
- (p-


https://arxiv.org/pdf/2603.03689v1

CMS, : : .o
— | Dead cone etfect in b jets from tops [smpr-25-008] QAW

\\
LA

)
A ) \\
i P CMS 59.8 fo'' (13 TeV)
— Quark mass suppresses collinear gluon radiation = 1502 | 098 (13 TeV)
within 0 < m,/E_= 0, — the dead cone 3 - uds, POWHEG+HERWIG 1
: : : : = Lo b, POWHEG+HERWIG
— Harder fragmentation, fewer intrajet constituents = 3' (nominal) EG+HERWIG .
\-é L E_ *:__ -------------------------- - (r;'lassless ke;nel) _E
£ - — Massless emission 3
5 0 55 ==/ probabilities are highep
Z% TP F40<jetp <80 GeV i; and disfavoured .
Dead cone = E P (AR) = (1N )dN, /din(R/aR) .
. C R=0.4, In(k /GeV) > -1 ]

S
— Top quark pairs in ep decay channel S
. ]
— Backwards traversing angular-ordered CA =
. : 0.25 T T
clustering history JE [-Total - Stat -Model
(3]
— measures the angular emission density of b jets =)
oRS §
— A massless parton shower is disfavored by 4.3cin ~ *~ e ——
the most sensitive p; range | . In(R/AR)
3x107" 2x10™ 107! 3x10° 2x107
AR

More collinear 13



https://cds.cern.ch/record/2957860/files/SMP-25-008-pas.pdf

CMS,

- ~| Dead cone of charm quarks in PbPb [HiN-25-013]

\
\\\\

CMS Prehmmary

OAW

PbPb 1.7 nb +pp 301 pb’ (5 02 TeV)

— Does the medium induce radiation that fills the dead cone s 18 w =
heavy (charm) quark? BT 16 ‘%_.P_.._J.ﬁt_?..F_'P.'_:’_P_.Q_.3.9?./9.HUF%QQ?Q__._(?% _____ 2% .. .
Of a Y q y _; rab -s,$—|nc|US|ve PbPb, 0-30%, Untagged=(16.2+ 0.1)% _
— QGP medium can not resolve angular structure below a T Late-ky, k, > 1 GeV, we'|< 186, pIEt <[ 120) GeV ]
decoherence angle 1.2 B
1:_// ............... e l
- N :
_ (would-be) 0.8 ZZ S e W

__-==="""" Bottom dead cone NS 9 v
————— ﬁV i /, Al
Sl 0.4F = -
Charm ‘————————— - | Decoherence angle 0'2:_ ................................................................................................................................................ _:
Y S o Attt T
—> - ———— z 39;;:;5,5;"5"55;""' """""""""" e H;QE!&"M&&.’LJ;&[“_‘“IL|D$ Med,um%
~"‘~-._~~ | ST — Ei "~ pp (JHEP 05 (2026) 176)[__] Hybrid Vacuum[:| LIDO Vacuum’]|
~~~~~~~~ ‘g 2: ................. \x}e\\] ................................................................................................. _:
TS m—— 2 i | :
- ° i}‘::{:u{ e {:’{::i
— PbPb data: 1.7 nb! at Vsum = 5.02 TeV (2018) R
% 157,, o — 1 ] - +— — Li
— Charm quarks are ldentlfled via DO tags S osz_ﬁﬁl‘ ..... e ‘Il ..... . l_-:f
1.6 1.8 2 2.2 2.4 2.6 2.8 3

In(1/6)

— The small-angle suppression persists: the PbPb/pp
double ratio is consistent with unity

More collinear

Dead-cone
of DY-tagged
radiation

x
Same as

» npp

14


https://cds.cern.ch/record/2965711/files/HIN-25-013-pas.pdf

CMS,
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Top quark pairs in PbPb [HIN-24-021]

— First measurement of tf production in PbPb collisions

— PbPb data: 1.6 nb! at Vs, = 5.36 TeV (2023)

— Dilepton events and b-jet multiplicity separate tf from Drell-Yan and other backgrounds

— New techniques developed

— O(tf) = 3.420>% 5 (stat) "% 45 (Syst) pb

— consistent with nuclear-PDF calculations

— tt/Z sensitive to gluon/quark nPDF ratio

— Can discriminate nPDF sets with more data

electron ID (BDT)
lepton isolation (SoftKiller)
Jet energy scale calibration

Heavy-flavor jet identification (UPart)

Events

o5 CMS PbPb, 1.58 nb™ (s, = 5.36 TeV)  CMS PbPb, 1.58 nb~!(v/sun =5.36 TeV)
1 I I | 1 ‘ 1 | I I I | 1 1 1 | 1 I T I 1 | 1 | 1 | I I T } T T T T I T T T T I T 1 T T I T T i T l T T T T l T T
i - i nNPDF + aig + my
L e ¢ Data i Total
oo Centrality:0-10% ] ézl ;Yglt(e_t)oi?:;?lis__ EPPS21_nlo (NLO)
i i EPPS21_nlo (NNLO)
- B ww 7
u Nonprompt (data) ] nNNPDF10_nlo (NLO) |
151 - i — NNNPDF10_nnlo (NNLO)¢
C i nNNPDF30_nlo (NLO)
0 b jets 1bjet : >2bjets 1 | mNNPOF30 rio (NNLO)

|

|

|

|

|

|

10 | |
| |

I |

5 | |

1

T 25 Ji S L 25 i > 7 %
5035 B e 0S8 S 8 X e 858G s,gj,;/s

Discriminator output

TUJU21_nnlo (NNLO)
NNPDF30_nlo (NLO)
CT18_nlo (NLO)

CT18_nnlo (NNLO)

I Total unc.
Statistical unc.

0 1 2 3 4 5
6(PbPb — tf + X) [ub]
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https://arxiv.org/abs/2604.27091
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| Top quark pairs - steps to precision
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1. Spin-correlation matrix in the tt rest-frame semreutneret at, 1508052711

A

CMS Preliminary

35.9 7" (13 TeV)
—— -

[*] § 0.7 . Unfoided Data  NLO.SM
=l | — POWHEGV2 + PYTHIA8 -~ NLO, uncorrelated 1
© | - MG5_aMC@NLO + PYTHIAB [FxFx] ]
W— :'," ~ b
it cos 6
< t
— +
/ / W
-1 0.5 0 : 0.5 1
Rest-frame cose
1 do __ 1 _ _
7 dcosg — 2(1 —Dcos@)  D=-1/3Tr[C] = -(C,,+C,+Cy)/3

— Systematic description replaced earlier ad-hoc measures

— Transform observables so the parameter enters linearly
— Experimentally: slope of the unfolded distribution
— Curvature regularization: 2"d derivative; regulator — o — x? fit
— Much smaller theory/modeling uncertainties than in the lab frame

2. Enables quantum tomography in top quark pairs [TOP-25-017]
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https://arxiv.org/pdf/1508.05271
https://cds.cern.ch/record/2951662
https://cds.cern.ch/record/2951662

CMS, -

| Excess in tf production at threshold OAW

—~ < A\

<\
A\ | e
— Observed excess; pseudo-scalar enhancement close to the tf threshold, first in 2¢ events
— Confirmed in single-lepton events using M(tf), B* and the spin observables ci and chan
Dilepton channel [TOP-24-007] Single-lepton channel [TOP-25-002]
CMS 138 fb~1 (13 TeV) CMS 138 fb~ (13 TeV) CMS 138 fb~ (13 TeV) cCMS 138 tb ' (13 TeV)
+ Qata l tX Unc. ) I:'.iata X unc. 4 E{ata l tX Unc. ﬂ ?r I Data o -t'{. - Sdiet T . . Bttt
tt == Other tt == Other tt  mmm Other 5 10 3 _ v
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8 103 . hel 3 han 3 8 103 3 hel < 3 3 han < 3 g 103 . 3 hel 3 han L _”:'5
£ g £ 10°f
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1
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23]
+ 1.1/ Postfit (FO pQCD + BG + 1) + 1.1 Postfit (FO pQCD + BG + n) + 1.1} Postfit (FO pQCD + BG + ) ‘g 1
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— Results favor pseudoscalar n; “toponium”: 8.8, , pb (2¢) and 5.3 £ 0.9 pb (1¢)

3. A theoretical challenge beyond LO; Consistent matching, shower, decay, resummation,... .


https://inspirehep.net/literature/2905701
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-25-002/index.html).

CMS "
— % CMS upgrades for HL-LHC OAW

By
AT
Improved muon coverage and trigger l:";‘a’ Srr:ﬁ;if;mr imeters
increased REC coverage (1.5 < |n| < 2.4) can reconstruct showers in 3D
new electronics —
[CMS-TDR-016] __ CMS-TDR-019

Updates to calorimeter
and trigger

higher granularity
electronics for trigger

New precision timing detector
Timing resolution of 30-40 ps for MIPs
full coverage of |n| < 3.0

[CMS-TDR-020]

New inner tracker

Il sili k
i | :;;gg;[rsif@?sr Upgrade to trigger and DAQ
5| f stri L1 rate increased to 750 kHz
ayers o SPS [L1: CMS-TDR-021] High Level trigger rate to 7.5 kHz

coverage to |n| < 4 [CMS-TDR-014] [DAQ/HLT: CMS-TDR-022] Track information at L1 18



https://inspirehep.net/files/0e509a7ebc799efe1a6a914c9873d16d
https://inspirehep.net/files/8f82fb529d70aed03e77640c3453d3af
https://inspirehep.net/files/7ed947b22660641ced12fd630f40fa84
https://inspirehep.net/files/f96f925080108949b5cc608ebcf43546
https://cds.cern.ch/record/2759072/files/CMS-TDR-022.pdf
https://inspirehep.net/files/06706ccc57cf0fbd95863a67a750bfdb
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The Level-1 trigger at the HL-LHC

Muons

Adapted from A. Meyer (ICHEP26)
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:| The Level-1 trigger today
° Calorimetry

Muons

Adapted from A. Meyer (ICHEP26)






10°F

CMS Preliminary bb 7, 172 b (13.6 TeV)
T T T | T T T | T T T I T T T I T T T | T T T | T T T I T T T I T T T
[ K =ky=%Ky=1  —— Observed ----- Median expected
=— Theory prediction B8 68% expected
¥ SM prediction  ===-- 95% expected

10

95% CL limit on o(pp — HH) x B(bb 1) (fb)

1
C L | 1 1 1 I L 1 1 I 1 1 1 I L L L | 1 1 L I L 1 1

95% CL limit on o(pp — qqHH) x B(bb 1) (fb)

2

— ATLAS and CMS both updated HH self-c

10 12
oupling c

107"

— | Higgs-pair production in bbtt [HIG-25-008]

K, =K =K =1

10°F

10}

CMS Preliminary
T T T T | T T T T I T T T

T I T T T
—— Observed

= Theory prediction il 68% expected -
¥ SM prediction ]

bb 11, 172 b (13.6 TeV)
I T T T T I T T T T I T T T T |
..... Median expected

----- 95% expected

C o
-1.0 -0.5 0.0

onstraints

— 172 fb' at 13.6 TeV: o(HH) < 6.6 (3.9) x SM at 95% CL

— Run2+Run 3: -2.5<kA <94 at 95% CL

0.5| Ll

|1.O| [

|1.5| Ll |2.O| L1 |2.5| Ll 30

— QCD lever arms: b tagging sets acceptance; ggF HH theory normalisation shapes

KA limits
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https://cds.cern.ch/record/2968133

< Diff alH — 727 — 4% -
S 1fferentia [HIG-25-015] OAW
- <\
i ‘\\\\ \
L L e
CMS Preliminary 171 o™ (13.6 TeV) CMS Preiiminary 171 fo~! (13.6 TeV)
F T < SRR R B
% . I I I I . % [ p-value = 0.84 § Data (stat @ sys unc.) ]
(O 250 |— i — % 100 I Systematic Uncertainty .
o~ C « Data 7 = E — ggH (NNLOPS + JHUGen + Pythia) + xH ]
~ - [ H(125) ] W r — ggH (POWHEG + JHUGen + Pythia) + xH .
_,g 200 — [ qg— ZZ _ % 1011 xH = ttH + VH + VBF (POWHEG + JHUGen + Pythia) _|
o - I 90— ZZ ] 8 Eet ]
W 150}— Hl Ewv 3 i .
E B Z+X . ‘|0_2E =
100 - ; ! f
- }: 10_3:__|_,_,_|—H—|_‘ -
50 — — :
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- 1 ? |
g gd [ e Hp T R
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— Differential H — Z7Z — 44
— 171 fb ' at 13.6 TeV from 2022-24: oy3(H — ZZ — 4£) = 3.11 £ 0.26 fb (SM: 3.05)
— Fiducial pf, jet, dijet and VBF measurements map the production kinematics
— pd! directly tests resummation and the ggF calculation; NNLOPS agrees (p = 0.84)
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https://cds.cern.ch/record/2958220
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W'Wryy
Obs. (Exp.): 95 (54)

bbzZ, 4l
Obs. (Exp.): 33 (41)

YT
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

bbW*W

Obs. (Exp.): 16 (18)
bbyy

Obs. (Exp.): 8.4 (5.6)
bbt*t

Obs. (Exp.): 3.4 (5.3)
bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

188 b (13 Tev)

hate ————r

K =K =K =Ky =1
—e= Observed

------ Median expected :----- 95% expected

g 68% expected

|

| |
10 100
95% CL limit on o(pp — HH) / &

Theory

ATLAS+CMS p;=0.809

[HIG-25-014]

CMS Preliminary
S =

61.9 b7 (13.6 TeV,
R R

Boosted
Expected: 49
Observed: 50

Resolved cat3
Expected: 44
Observed: 35

Resolved cat2
Expected: 26
Observed: 28

Resolved cat1
Expected: 14
Observed: 12

Combined
Expected: 8.7
Observed: 7.4

1D strategy
Moy = 0

BRER R e
—— Observed
—— SM prediction

----- 68% expected
----- 95% expected

Median expected

ol b b o b v b v b a g
80 100 120 140 160 180
95% CL limit on 6(pp — HH) / &

Theory

HH production: Run 2 to Run 3 [HIG-20-011]

— ¥, is the SM test because the Higgs
potential is accessible and largely
unconstrained

— In ggF, the K, triangle and x, box
amplitudes interfere: HH is the direct
handle on the Higgs self-coupling
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CMS Supplementary

62 b (13.6 TeV)
—E S

1b —
Expected: 86.0
Observed: 88.3

=2b
Expected: 29.6
Observed: 26.5

Boosted
Expected: 28.0
Observed: 18.5

Combined
Expected: 18.5
Observed: 12.0

Run 2

Obs. 7.5
Exp. 3.8

Run 3
Obs. 4.4
Exp. 4.4

Combination

Obs. 4.7
Exp. 2.8

—e— Observed === Median expected
B 68% expected

----- 95% expected
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138 fb' (13 TeV) + 62 fb™' (13.6 TeV)
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https://cds.cern.ch/record/2945502
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-25-014/index.html
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SM ~| CMS Phase-2 upgrade for the HL-LHC
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— 3 ab! by 2041, at up to 7.5 x

1034 cm—2 s71

— 5D reconstruction: tracker to
In| =4, 30 ps timing, and high-
granularity calorimetry

— Trigger at 40 MHz: tracks,
vertexing, b tagging and
ParticleFlow pileup
suppression

— New L1 scouting makes the
full collision rate available for
selected low-threshold
signatures




