o~ AUSTRIAN lM."/
OAW g NN — HepayY

INSTITUTE OF HIGH ENERGY PHYSICS

Highlights from the CMS Experiment

(& the CMS data analysis group at HEPHY)

R. Schéfbeck(HEPHY Wien)
recent HEPHY results

\J 4

https://hephyanalysissw.qgithub.io



https://hephyanalysissw.github.io/

("')AW « | HC data taki Nng ']“"m...J/

SCIENCES //‘ HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

LHC HL-LHC

st | (EVETS| AT oo OG0 S oo

13 TeV

energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation v
7 TeV “_ev button collimators interaction inner triplet HL-LHC
—— R2E project regions Civil Eng. P1-P5 pilot beam radiation Emit installation

2022 | 2023 2024

204 | 205 | e | o | o s | s | oy | s | e [
510 7.5 x nomnal Lumé
ATLAS - CMS -
experiment upgrade phase 1 ATLAS - CMS
d

DOAMPIS ominailom  2Xmomnallumi  AUCE.LHCh ) 2xnomnslum b

75% nominal Lumi / upgrade

A 2024 excellent year for data taking

EEUé)\ 1511315i EU& whut éi5 iEU.& mjr%*wBISApp-operations:
PR SRS S s SN L(2024)=122/fb, tot. 331/fbpE Uwa ht w3

1]

CMS — 2010,7TeV,450pb E : E E . . . _ :
U —anrwen L Run 2 . Run3 i A Run 1l until mid 2026; HL -LHC until 2041

w| | —amiTevesnt mid-2026! A 1347 collider-data papers

)

2016,713 TeV, 416 o™
—— 2017,13TeV, 49807 :
— 2018,213 TeV, 679107 =
: — 2022,13.6 TeV, 41.5fb™" =
60} 5 — 2023,53.6 TeV, 32.7fb" &
: — 2024,13.6 TeV, 1222fb'

7 Runt,
il NN A //

AN N SRS AT S N PP N R S

Date (UTC)

o)
(=}
T

H discovery this talk

Total integrated luminosity (flo™

(=)

SEEEREEEERERE

2012 2024



) . - - CMS |
Aaw <= Higgs boson mass, widths & couplings
SCIENCES
|
I
cMs 138 o (13 Tev) CMS 138 b~ (13 TeV) cms . 138®7(13TeV)
250 [T T LR R 2l ) E>|9 TE m,=125.38 Gev Wz
i '”f'“g';’t‘; i 18: — 4 on- and off-shell + 2¢ 2 off-shell E - P, =375% O
mf 22 v (3.8 )| = Bxpected 5 107 3
> - =gg+—)>(ZZ 2y N 151 42 on- and off-shell glr X
L | [ v E o
A - D " pem
> < S S u
2 A
Sl I SR o, 0 (I [
"l | ' BbEOR O
501~ 4 ¢ & - L] S S :
N AR RLICAPRRR. @ 1:23-} o ' :
o aon? ++++¢¢¢ AL A I AU g 1.0f e derenn — *f .................... 100 ‘H'f_
70 80 90 100 110 120 130 140 150 160 170 g g-g?ﬂ, R T s
m,, (GeV) DT R 10 10°

M is a free parameter

A Ingredient to couplings,
BR, width, EWPO, M,,,
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A Best single-channel
measurement in 4
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125 040+ 120 MeV (0.09%)
Fully driven by statistics

HL -LHC: go below 30 MeV!

4 =3.0MeV + 2.0-1.7 MeV (exp. 4.1 MeV)
from ratio of on/off -shell production (3.8 ) A Searched forin VH @

Particle mass (GeV)

H cc?!

A ML improvements in
charm tagging (gNN)

A Obs. (Exp.) 95% CL
1.1< <55 ( <3.5)


https://arxiv.org/abs/2409.13663
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A VH is a weak-sector BSM probe
- Use the SMEFT as

- Include all symmetry

preserving field monomials
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known SM
particles

known SM
q) symmetries
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2 0 2
¢ (weighted using sin(2 ©)sin(28))

A SMEFT =|M ¢y + G Mgyl 2= SM +¢ linear + ¢ 2 quadratic
- Linear term: Interference! Boost into rest frame; 9 helicity functions
fi = frr = sin’ ©sin” 0, fu = fir = cospsin Osin b,
fo= f;LT = cos O cos f5 = fET = ¢0s (@ sin © sin # cos © cos #

fa = fir = (1 +cos’ ©)(1 + cos’ ), +4 more

A Triple angular observables integrate out unles®
(Ingredient #1) we keep suitable products Y CP sensitivity ,
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A 48 features

A 6 BSM effects

up to x8 sensitivity
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Systematic
optimality?


https://inspirehep.net/literature/2802606
https://inspirehep.net/literature/2087945
https://inspirehep.net/literature/1891548
https://arxiv.org/abs/2411.16907

Oaw - Steps to precision: Top quark pairs 4
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- Solve kinematic equations

- 4 solutions - 100x smearing and
Likelihood -weighted average
[JHEP 02 (2019) 149

Exquisite precision Y All purpose tool

10% systematics on energetic quantities & diff. x-sec

<5% on angles & in ratios

[Phys. Rev. D 100, 072002 (201P) .
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https://arxiv.org/abs/1811.06625
https://arxiv.org/abs/1907.03729
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Top quark pair ¢ steps to precision
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- Example: spin-correlation matrix in the tt rest-frame (sernreutnereta.

Arbitrary units

Truth distribution
$  x%-based unfolding

l:] Likelihood-based unfolding

1l el
7 8 9 10

Bin number

1508.05271

- Transform observables so that dependence idinear (or simple known)

1
=

do  __
dcosp

2(1—=Dcos ¢)

D =-1/3Tr[C] =(Cn*+G+Gud/ 3

- Experimentally, need determine a slope in the unfolded distribution

- Curvature regularization constrains the 2 " derivative; regulator Y E Y %2 fit

- ATLAS lab-frame SC meas. later understood via scaleunc.
- Much smaller theory/modeling uncertainties in the rest frame
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https://arxiv.org/pdf/1508.05271
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https://arxiv.org/pdf/2406.03976
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Interpret with caution! Nevertheless: a new research program for the future.
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https://arxiv.org/pdf/0812.0919
https://arxiv.org/abs/2411.18962
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https://arxiv.org/pdf/2503.22382
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- The low-mass signal is an

experimental feat

-?2. xI UEUDPOOE
QCD enhancement over
fixed -order predictions

- Theory is actively developed

- BRGY wpD2x10V
[2412.1852F
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Simulation with Eur. Phys. J. C 85 (2025) 157

- Quality of the predictions & modeling will improve

- ?200wl0T 1 Ova weaEPOUT OUUU? we

--+. OwbOUI Ui TUI OE1l OWOEUET POT OQwod
- New techniques needed for the experimental challenge
- | think a rich subfield will develop, to be explored together
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https://arxiv.org/abs/2411.17955
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https://arxiv.org/abs/2411.18962
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https://arxiv.org/abs/1008.4884
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(1,8)

- LowMT-VEFJet . £ rTT I
A Systematicsfree analysis of 8 WC with 18 § ) aeminal THeZiy _ .Eff,e.c.t.s, on I.'m',t.s :
features shows ~x5 sensitivity gain ol 2] ]
ML4EFTR. Ambrosio, J. Hoeve, M. Madigan, J. Rojo, V. Sanz g f
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A Very steep learning curve! e
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https://arxiv.org/abs/2211.02058
https://arxiv.org/abs/2406.19076
https://www.fwf.ac.at/forschungsradar/10.55776/PAT7453824
https://arxiv.org/pdf/2410.02867

AW <z Four top quark production
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A Complex final state 2o
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A Observation in 2023

a =13.4+1.0 1.81b
[Phys. Lett. B 847 (2023) 138290

Tas Preliminary Mt

10f M

138 th™ (13 TeV)
—

- CMS ¢t Data Background
Total unc.

-S. 1.5 i | + T T

e ped

@ 05 ™ [ P

S A -0.5 0 05
Iogm(SfB)

CMS Preliminary

W
~—7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

CMS Preliminary

138 fb' (13 TeV)

2 :
= + Expected <
00000 . = e | i
3 ==x2s.d.
Y (@]
. ""I'_I"\\ (&)
[ .--< :Iu:
% > -
~ . - o) -10
Y o
O 20
(N
00000 > O -

138 b (13 TeV)

L L LA RN L R

——

ol = 13.47141b

——
arXiv:2212.03259 o
-
E H
xpected :

-e— Observed '
T P T T P

4 3 2 -1 0 1 2 3

../ o
O

IIII|HIIlIIIIIIIITIIIIIIHHIIIII
Expected

0.8c . Observed

0.00

3.00

P 5 50

410

.10

4.90
5.50

4 01234567

Significance

-10 0 10 20 30 40

Re(ct

CP-even t-H coupling

A/ UOEI UUwWOEWROAY | E ws:
A Probe forces among top quarks
A Color singlet/octet, different
chiralities, CP-even and odd
A (Pseudo-/) Scalar & vector
mediator resonances
A Yukawa-coupling modifications
probe indirect effects from H
A Equal BSM footing with EFT
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https://www.sciencedirect.com/science/article/pii/S037026932300624X?via%3Dihub

éAW == CMS global EFT fit ;MS
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A With M, and M, known,
the SM iIs over-constrained
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A Lack of consistency would

be a sign of BSM
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A Highly binned measurement in p( ), <( ), g
A Difficulty: In -situ constraint of PDFs, p-p3 A WEEOBDE UE
validation Z, modeling (helicity fractions, scales, non -pert.)

My, = 80 360.2 9.9 MeV [Nature subj [press releaske

A Important uncertainties:

Scale ofp;(4.8MeV), PDF (4.4 MeV)
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https://arxiv.org/pdf/2412.13872
https://home.cern/news/press-release/physics/cms-experiment-cern-weighs-w-boson-mass

oaw <z CMS upgradesfor HL-LHC A

SCIENCES 7//‘. HEPHY
Improved muon coverage and trigger :Z: sgcriﬁ?gri;::lonmeters
increased RPC coverage (1.5 < |n| < 2.4) can reconstruct showers in 30
new electronics - CMSTDROL9
[CMSTDRO16]__

HEPHY TrackerHGCalgroup

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

[CMSTDRO20]

HEPHY TrackerHGCalgroup

New inner tracker
all silicon tracker

N
Y SN

- Upgrade to trigger and DAQ
4 layers of pixels :
- L1 rate increased to 750 kHz
5 layers of strips L1: CMSTDR021] .. :
coverage to |n| < 4 [CMSTDRO014] [ ] High Level trigger rate to 7.5 kHz

[DAQ/HLT: CMBDR022] Track information at L1
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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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Aaw <= M, from track -based energy correlators )/HEPHY

A In traditional analyses, we
A a) predict Smatrix elements  Syi = (fout|im) = 07i + i (2m) 6 (ps — pi) My
A b) sample from |[M| 2c) compute observables (e.g. peak position) d) compare with data

A New paradigm: Energy correlators (EEEC) [2201.0839p

A#11 DO W?PEEOOUDPOI U1 Ur wEl OOUWEOWUXxEUDES " =8pUaw
En) = llmr/ dt n' Tp;(t,r )

A Compute the expectation of the operator product

(W[E (M) E(N2) E(N3)|T)

=Y H[ Pa(j))fS(Q)(ﬁo(j)_ﬁj)]

0'(—: 33 1 ,,./_/'/

EEEC (ﬂl, No, ?‘Lg)

A This is an experimentally trivial representation of the data: triplets! \

A The energy correlator is parametric in the directions!
For example, can compute an arbitrary Lorentz-invariant substructure observable

i
- o - . . 11 11,k #”M] B koo ey Z?{j pz pj‘ [pz pj pjpz}
dﬂ1..+dﬂmEEEC(ﬂ.1,.”,’ﬂ.],n:g,“.,ﬂ?,.”nm,“-ﬂm]71-1 R L] v o Thm - Mim - S ==
N . v Z -(p'-p'] 20
ky times ka2 times kny times 1<] t J



https://inspirehep.net/literature/2015392

daw <z M, from track -based energy correlators ¥

SCIENCES 7//" HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

A Tr_ack-based M, measurement Hord scatter
with the double - and triple -
energy correlator with ,

A?PDPOwxUPOEDxOI w0l 10
A FWF Project with UNIVIE & DESY ™"
structure

[PAT2312224

Top decay Hadronization

A Several aspects understood:

A Which correlators to use, how &
where to integrate

A Calibration on M , [2311.0215F

_@
. r L Particle Detector Experimental
Soft physics UE contamination lovel Unfolding level P
level level

uncertainties

T T T T T T ] T T T T ] T T T T

n i)p — tfl(lfl) — T(¢)

A Feasibility study [ 2407.1290D 2.5 500 < prjes < 525GeV - --- Tw(¢) X 10
L 2
A Next steps: B G~ 45 G ~ 3.5 M2

{P'I'.jet )2

-

A Unfolding of triplet kinematics

Integrated EEEC
b

1.5
A 3D or 5D?Unbinned -ML? L
A Realworld demonstration 1.~
A Uncertainty projection 0.50
A Run l1+111: 500 MeV NI ,
A HL-LHC: 300 MeV 0 0.2 0.4 0.6 0.8
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https://www.fwf.ac.at/forschungsradar/10.55776/PAT2312224
https://arxiv.org/pdf/2311.02157
https://arxiv.org/pdf/2407.12900
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