Sanjay XK. Swain (NISER)
PEAah 0SS Dend H0 WETEenE On Eeﬁd[f Of tﬁ“e CMS CO[[OLE OYOltiOTL

AR v e fexmEe

ndian Institute of Technology Hyderabad (??C 2024, IITj{ydéTaﬁad; Oct 14-1 8, 2024)

..l Recent Results from CMS

B~

2R

hard |
W amew=gog

|
YIE I

.
"/

i
l_ 1)
—_‘lz’ y

Ay




I 1 I 1 I 1 ms' Js ( ~| ( -
7 TeV, 45.0 p|:1)_1 1 CMS rliic-np daisTrivintion B 2024 (13.6 TeV): <p= =57 |
S TeV 2347 = No of proton-protonm 22301 =
13TeV, 4300 collisions for every == ot o
ev, . -

2017 (13 TeV): <ps = 38
. TaV): <y =

13 TeV, 49.8 fo" bunch crossing —2015 (13 TeV). 51 - 14

13 TeV, 67.9 fb™ B 2012 (8 TeV): <ps = 21

13.6 TeV, 41.5fb™ 2011 (7 TeV): <p= = 10

13.6 TeV, 32.7 fb™!

13.6 TeV, 121.4 fby

—y
()]
o
T
4]

o136 TeV) =800mb |

(&)
o
I

o P13 TeV] = 80.0 mb

Recorded luminosity (fo™"/1.0)

oiP(8 TeV] = 73.0mb

Total integrated luminosity (fo™)

o T TeV| =71 5mb |

50
N N N
NN NS REAINC RN \000

® o & &
Date (UTC) Mean number of interactions per crossing

/TM@ LHC Mas PY‘DV‘d@d W\ore +Vlaw 3qo _W—" da+a Showall Total Exotica  Standard Model Supef\symmelry Higgs Top  Heavy lons

B and Quarkonia

Detector Performance

1316 collider data papers submitted as of 2024-09-12

out of which CWS recorded ~260 fo' ( G3%0)
v’ We have now 13.6 TeV collision energy, however
moving to higher lumivosity leading +o more
pile up is an experimental issue. Will require
detector upgrade (also +o survive Fill ~4000f1)
v CMS produced wore than 1400 papers (o
physics data analysis, hardware, etc.)
v' The following slides provide a few recent
results (can ot cover all) from CWMS collaboration.




* The precision measurement of W mass

very impor+ant for SM interval consistency. ] F withon R B
s O [T 1] Fit without M
m\ZN_ ( A3 mW) S A 1 [T Fun Fit
m2, V26 = A% i

* The EW global fit results in the W-mass
+o be 0353 + @ MeV, more precise tham
the direct experimental measurement
v’ The world average: 30364.2 £ 13.3 WMeV
v’ In 2022 CDF measured the mass of
W mass to be 504335 + 4.4 MeV
(~ Fo discrepaney withh SWM prediction)

v Ts there vew physics? Possible BSWM in LEP combination
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v'The W mass measurement relies on the leptonic decays of W boson, W — By

v The CMS experiment uses muon decay chawvel of W as it provides better
experimental precision

v Due to presence of neutrivo, one can ot fully reconstruct W boson, so the

W-mass is measured indirectly using +ransverse P! of muon (sewsitive to m,, via
Jacobion peak), or +ransverse mass (m1) = N EETTTwhere Ad is the
atimuthal angle between lepton and +he missing P+ due to neutrivo.

v' In high laminesity conditions of LHC, using W is not preferred as the
resolution of P1"** degrades due to large vumber of pp collisions (pile-ups)
whew two proton bunches cross each other.

v’ CMS measures W mass by fitting three distributions: (i) muon travsverse
momentum, (ii) muon psendo-rapidity, n, and (iii) muow charae, 4*; usivg

template shapes for signal and backaround processes



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

C

my (MeV)

Events/GeV

Data/Pred.

Mz — Mz~ =

T 16.8 fb-1 (13 TeV)
el R L
- CMS { Data 1
1.0 Preliminary N Z/y* > ppitt
i Bl Other i
0.8} Postfit ]
[ x?/ndf ]
06| =15/24 (p =92%) B

1.00}

1.01} —

T ‘ T T T T | T T T T I T T T T ‘ T T T T
Pred. unc.

'*H--ﬂ%'r}----'

60

T 12
my, (GeV)

—2.2 +4.8MeV

L ‘ L L L
70 80 90 100

PDG __

mw = 80360.2 £ 2.4 (stat) £ 9.6 (syst)

8><106 16.8 fb~' (13 TeV)
L N T T ]
% . CMS Postfit t Data
5 Preliminar WSy
% 6 B Nonprompt
4 Lﬁ 5 BN Z/y* > pp/it
u e WEs Ty
W+ 4 Bl Rare
3
2
1
0
. T T T T ]
V g 1.002F === mMw+9.9MeV Pred. unc. *
= B
' 1.000 :
©
O 0.908}
30 3 a0 4 0 55
pr (GeV)
CMS Preliminary
T | T |: ~ T T
my in MeV : P
— 80376 + 33 : | > { —
— 80375 + 23 ! ° | —
! N £
oo D1
\ ! = i) ,
— 80354 + 32 | |L | —
| 80366.5 + 15.9 e _
— |
— 2+ 9. : o —
80360.2 + 9.9 ;JI-.—| —— EW fit
\ -
! | | L | | | I
80300 80350 80400 80450

80360.2 = 9.9 MeV



v'Several checks have been performed and constrains e e Impact M2V)

ov the kinvematic variable applied Muon momentum scale
Muon reco. efficiency 3.0
v As cross check, an alternate analysis approach 15 W and Z angular coeffs. 3.3
Higher-order EW 2.0
developed to reduce the sensitivity to theoretical g EERE 2.0
PDF
inputs +o my, measurement. => m,, is extracted Nonprompt background
. ) . : : Integrated luminosity
simultaneonsly with W angular distribution. The MC sample size
: . : : Data sample size
procedure is based on spin-1 particle decaying +o Total trteertzirty

Nominal Global

2.3
3.0
1.9
0.8

leptons in +erms of helicity states. el PR 3.

v First measurement of W mass from the CWMS experiment
v Most precise at LHC
v Agreement with SWM and other experimental measurements, except CDT one

v Future measurements, with better precision would be very important.


https://cds.cern.ch/record/2910372

v Higgs discovery has been one of the spectacular successes of SM

v Precision test of its mass and width is very important, e.g. the Higgs coupling
to vector bosons strongly dependent on Higas mass.

v' The recent measurement from CMS with 2016 data, using H—4l, results in
my to be 125.26 + 0.21 (x019) GeV

v’ The width (in SM) is predicted to be 44 MeV corresponding +o m =125 GeV

v The CMS experiment also measured the width to be, I'yy = 3.2424 _, - WMeV

(Nature Physics 1%(2.02.2),1324)
V' The result is vow updated by CMS experiment using full Run-2. data (132 fv)

The current precision

Inclusive Run 2: 138 fb (13 TeV) ~—Total | |Stat. Only Is ~M2.0 MeV (D.DQ‘%).

¢ Data Run 1: 5.1 fb' (7 TeV) + 19.7 o' (8 TeV)
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https://www.nature.com/articles/s41567-022-01682-0

v The SWM predicts the Higas width to be 44 Mev
(corresponding to lifetime of 1.6 x 10722 sec) at
my =125@GeN. Remember the similar parameter

S — SNV (vidth) for EW vector boson (W and 2) ~ 2GeV
1780100, 55 o§00 300
SasnS
v The standard procedure to obtain the Hings width is oo 7z ~ BT =
by comparing the on-shell and off-shell Higas production -
Parameter Observed Expected TggrHr—ZZ ™ (2my)?
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arXiv: 2408420663 (submitted +o PRR)
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off-shell
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https://arxiv.org/abs/2409.13663

(H-3bb, 4l decay modes are considered)
v'This production has vot been directly
explored in LHC.

v' The SM cross section o, is expected to be very small, <5fb at 14TeV collision
energy (beyond current experimental reach). However new anomalous nteractions
(HZy , Hyy) way enhavce such production.

v\ CWMS primarily focused production mechanisims generated by the effective Hzy and
Hyy vertices(Fig shown on top left). These conld be generated by heavy particle
v loop leading +o EFT operators. Measure cross section and constraiv

the operators.

oleq = vH) _ (B 2)? + @) +00982ﬂ) +0.0982 (&)
f

=180.3 fb




v' Look for H-decay +o b-pairs/ 4-leptons

v’ Select one photon + high P+ jet (high P+, 3200G¢V,
dramatically reduces won-resonant backarounnds)

v Fit the jet+ mass distribution, search for H,,
sigual bump

No significant excess seen
CMS Preliminary 138 fb (13TeV)' YH 6\/6\4“’5 .lv' Gi‘t’ll]GY' OMQWWGIS

—— Observed, float all

cE));pecte(jj, float_ aNII - TM 6 y.H PrOnd+iOVI 0r055
S sectiov is constrained to be
5.7 fv at G577 CL

The production of H->4
Was used to check Yukawa
coupling of Higas with
lighter quarks.
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https://cds.cern.ch/record/2911152
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https://arxiv.org/abs/2409.06444

Motivation | Top-down Theory IR LLP Scenario v’ Several BSM theories tries to explain hierarchy
e problem, dark matter, baryogenesis, von-zero
neutrino masses, etc.

A : => No BSWM found ill date
m | v’ Most BSWM searches focus on heavy states that

’ﬂ\ ' [ prowmptly decay to high energy Vvisible particles

such as jets, leptons, photovs ete.

v A generic and much less explored alternative is

that BSM shows up as new Long Lived Particles

:hy*gh'dg s | E Eiﬁ”k (LLPs) decaying to SM particle at sowme

ERESM  \nacroscopic distance away from production points.
w55 A~ Blll © Scveral such displaced signatures (showw on the
SR left figure) are being searched at+ LHC
v' The lifetime of the LLPs are i geveral free

T ; s Pay‘avy\@-[—@y‘s O-F +Hhe model (caw live Up +0 1D7w\)‘

dijet photon

Dy%e v CMS searched for low mass LLPs (< DGEV)
2 ctore ' 4 &
P produced with 34.7fb (2022) Run-3 data.

conversion out of time decays

displaced
vertex




v Siguature is exotic decay of 125 GieV Higas (H) to two
long lived neutral scalars(S) which further decay to

Pair of SWM fermions (dquark pairs or tau lepton pairs)
v Look for di-jets with displaced vertex, reconstructed
using the displaced tracks associated with jets

34.7 b (13.6 TeV)

e

| 10x better limit

95% CL upper limits

—— Observed

./'H-SS
S > bb
mg = 15 GeV

CMS, disp. jets ] 107

PRD 104 (2021) 012015 i

132 o' (13 TeV) 3 ‘

CMS, Z + disp. jets

o JHEP 03 (2022) 160 |
117 b (13 TeV)

107

CMS, Z + disp. jets
o JHEP 03 (2022) 160

10° R 117 107 (13 TeV) E

0%+ vl
10° 1 10°
T, [mm] T, [mm]

v The observed data events are consistent with backgronnd

expectation (o sigwificant excess).

v Limit ov masses are set at 5% CL.

v' The measurement also set the lower limit on
top quark partver mass within fraterval twiv
Higgs and folded SUSY model +o be 250 GeV

and 250 eV, respectively.

CMS-EXO-23-12
(submitted +oRep on Prog v Phys)
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https://cds.cern.ch/record/2910430

* Rare decays of hadrows is one of the most prowmising place +o look
for new physics beyond SWM,

* Easy to see even the simall NP effects against smaller SW

contributions.
* Tw particular, the FCNC (Flavor Chavging Newtral Current) processes, which are forbidden at
tree level, are preferred.
* D0 —ppuis one such process and the goal is o measure its branching fractiow
« Compared to "b — s” (B, meson decays), rare charm decays mediated by “c — n” tramsitiov, are

not explored much.

SW Prediction: BF(D? — pu) > ~3 X 10713 (Long distance) — PRD 66 (2.002.) 014004
Wost stringent experimental search BF < 2.5 X 1079 at 45 CL from LHCY,

PRL 121, 041204, which is 4 orders of magwitude larger than SWM prediction

* CMS searches for this decay mode using e4.5 o' data collected during 2022-202.3 at the
Center-of-mass energy of 13.6 TeV


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.66.014009
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041804

* Look for PO— ptp- through cascade decay of D+ — DOx

v The extra soft pion reduces the background by orders of
magvitude, althoungh i+ reduces signal yield also.

* Signal yield extracted with 2D fit to: DO(up~) mass and Am (Wps, - Wpp)

o DO -> i is used as wormalization chavmel, which has close kinematics with DP°— pru-

* The viormalization chawvel helps in cancellation of most of the systematic uncertainties

g —Signal efficiency obtained from MC
Npo s i — Signal Vield from data

Full range 139 =123 126185 +£366 22058 207 x40 126751 =355 126752
0.145 < Am < 0.146 GeV 92 £ 81 14044 £ 63 141 +£37 91 +£17 14367 + 81 14412
1.84 <m,, <189 GeV 120 =106 48553 =204 123+£33 55=+=11 48851 =211 48798

64.5 1" (13.6 TeV) 64.5 b (13.6 TeV)

——— Signal + total bkg. fit
.. —— Total bkg. component
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Stat. + syst. uncertainty
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0
=
(2]
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https://cds.cern.ch/record/2905689

v Tu SW, three lepton families have same coupling for electroweak interaction, known as,
-> Lepton Flavor Universality (LFU)
v LFU has been confirmed in leptovic decays of

W and Z boson at per-mil level.

v’ Tw recewt vears, the LFU has been tested in +the
sewmi-leptonic decays of b-hadrons, €.9. R(D*) which has 3.2.6 deviation above SM expectation.
[ Measured R(D*) = 0.295+ 0.014, SM expectation =0.254+ 0.005]
v’ Several BSM models that contains additional particles and won-trivial flaver interactions, cav
give rise to LFU violation.

BB. - Jlyrv
v WS looked for LFU with semi-leptonic decays: RS B, diysl)

BB, — Jlyuv)
v SM prediction for R(J/y) = 0.25%2 + 0.003®. PRL125 (2020) 222003

v’ LHCh measurement: 0. + 0A7F (stat) £ 014D (syst) PRL120,121201 (2012)
v CMS measures R(JNy) with partial/full Run-2 data collected at 13 TeV COM evergy

using t -> u v, v, chauvel, we use 54.7 fb! data collected during 201%

using T=>ntm et (n0) v, chavvels, we use 13% ! data collected during full Run-2


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.222003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
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CMS
Combination

L 1I5 1
Unrolled m(p1) V.S. m(pz) bin ID

s L 1I5
Unrolled m(p1) V.S. m(pz) bin ID

Combined leptonic and hadrovic chawvels:

< 0.49 £+ 0.25 (stat) £ 0.09 (syst

Using full Run-2 data for hadrowic t-dem\{:

Ry

Consistent with SM prediction of 0.25% +0.004


https://arxiv.org/abs/2408.00678

v The partovic structure of protons/vuclei are described by
b parton (duark and gluow) distribution functions (PDFs)

saturation => Expressed v terms of parton momentum fraction( Biorken-x)
and virtuality (Q%). The pdfs are extracted from global data fit.

v’ The UPC collisions are dominated by photons exchange due to
strong EM fields created by ultra-relativistic heavy ions.

v’ Owe of the +wo vucleil breaks up due +o in-elastic hard
scattering and other remaivs intact (Xnow).

i Provides access +o a wide range of X, Q% region down +to low X

no neutrons

in the ZDC (On) v' CMS wmade first measurement of photonuclear
t . . X-section of PP mesons in UPC collisions using
I Rapidity gap in the =
: direction of outgoing photon 1.3% b1 PPl collision data.
c v Twclndes both prompt (c->DP) and
Fully-reconstruct non-prompt (b->DP) decays

DO — K- 11t

v Observables: PP production as a function of

at least one neutron . . . .
i the ZDG (Xn) P avnd‘n, primarily donble differential
X-section




CMS Preliminary PoPb UPCs 1.38 nb™" (5.36 TeV) CMS Preliminary PbPb UPCs 1.38 nb™ (5.36 TeV)

, q 2<p(D°)<seev _ , ‘ 5<p(D)<SGeV
Global uncert. + 5.05% (D°+ D )/2 Global uncert. £ 5.05% (D% + p° )2

OnXn UPC collisions (N +y) _ OnXn UPC collisions (N +y)
D" K+ & chg. conj. Fit D% Kn* & chg. conj.
—~300 [~ zDC 1 XOR + Jet8

Fit
K K
1<0pT ) 51(309 - I§5—>KK+C C. . T ] - I%’—)KK+C C.
-1.0<y<1. m D’>rr+c.c. : : m D’—nm+c.c.

@3 CMS Inclusive P @ CMS Inclusive P

FONLL (c — D") w/ EMD ) FONLL (c — D) w/EMD [ —
|:| EPPS21 (scale unc.) [ EPPS21 (scale unc ) i, S
EPPS21 (nPDF unc.) g3 EPPS21 (nPDF unc.)

Data/FONLL (u_ = p. = 1) Data/FONLL (i, = p = 1)

Data/ Theory
Data / Theory

0 0
1.68 1.754 1.828 1.902 1. : 168 1.754 1828 1902 1976 2.05
my.,. [GeV] m,.. [GeV]

o s 3 0. : off8 < p, D°)<12GeV
v The cross —section measurement for DO production as S, -£B0s%

a function of P+ and n is performed (+ve rapidity
corresponds o low-x and —ve rapidity to high-x region)
v The results are compared +o theoretical calculations at ’ ;ﬂ

3 EPPS21 énPDF unc. )

next-to-leading order using recent parameterizations of §
nuclear PDFs. §
v Good agreements with data within uvcertainties
v This measurement provides new experimental constrains S PASHTN-2.4-

on uclear matter with heavy quark observables over a

large range of x and Q2.


https://cds.cern.ch/record/2910905
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v Almost all detector part/related electronic to be upgraded +o deal with ntense beam condition

WMuon Detectors
> DTs & CSCs: new FE[BE readout electronics
>TRPCs: vew electronics

> new GEM/IRPC chambers

> extended muon coverage o

|n| =3

Tracker
>all silicon (strips and pixels)
>higher gravmlarity (>2B
chanvels)

>less material

>coverage extended to n| = 4

L1-Trigger
> track trigger at L1 (40 WMHe)
> |atency up o 12.5 Ms

> triggers on long-lived particles
Data acauisition & HLT

> increased HLT output rate

Barrel Calorimeters

> crystal gravalarity readout at 40 Mz
> precise timing for ely > 30 Gev

> ECAL operation at low temperature (10°)
> upgraded laser movitoring system

A WMIP Timing Detector (MTD)

> precision timing on single charged tracks (30 to
|40 ps resolution)

/[>Barrel (BTL): LYSO crystals + SiPMs

| ~ |>Ewdcaps (ETL): Low Gain Avalanche Diodes

Endcap Calorimeter (HGCAL)
>silicon pixels (EM) awnd scivtillators

+ SiPMs (HAD)

> 3D shower reconstruction with precise

Beam Radiation Instrumentation
and Lumivosity (BRIL)

/3 >BCM/PLT refit
>new T2 tracker




V' LHC has provided greater insight and understanding of Standard Wodel of
particle Physics.
v Higas discovery was tremendons success towards it.
v'Wore precision imeasurements are needed ow all the areas: Higas, top, W,
flavor sector, ete. This gives hawdle o look for NP (New Physics) indirectly.
v LHC looks for NP directly also. Absence of NP, SUSY for example so far,
creates more challenges (where and how to find) in future to look for NP.
v However, we will collect 15-2.0 tivmes wore data by 2040, with new upgraded
CWMS detector.
v' Look forward to wonderful years ahead with mawy more new precise
measurements on different SM parameters as well as BSWM searches.
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