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Recent Standard Model
Measurements at the CMS experiment
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Standard Model

Standard Model of Elementary Particles Quantum field theory based on gauge

three generations of matter interactions / force carriers ro u .
(fermions) (bosons) g p -

: . = O SU(3)c x SUR2)L x U(1)y

mass = =2.16 MeV/c? ~1.273 GeV/c? ~172.57 GeV/c? ~125.2 GeV/c?
charge | % % % 0 0
spin | % U Y2 C Y2 t 1 g ’ 0 H .
> , It’s widely successful:
up charm top gluon higgs
2 2 2 ® describes three of the four fundamental
=4.,7 MeV/c ~93.5 MeV/c =~4.,183 GeV/c 0 . .
” - ” b Ly Interactions
_
down strange | bottom photon | ® cxplains vast majority of experimental
: 2 : : 2 observations
~(0.511 MeV/c ~105.66 MeV/c =1.77693 GeV/c ~91.188 GeV/c
- @ I'® I'® || @
electron muon tau Z boson |
<0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c? ~80.3692 GeV/c?
Voo | V| Vo |0 W
electron muon tau

neutrino neutrino neutrino W boson
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Standard Model of Elementary Particles
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L eaves open questions:
imited precision agreement at high energy
nature of dark matter
origin of neutrino0 masses
Mmatter-antimatter asymmetry
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Standard Model of Elementary Particles
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Look for new physics to answer open
questions:

® Direct searches — new particles/decay
| " ® Precision tests of the SM

higgs look for deviations from predictions

A A A A A

new
physics?

L eaves open questions:
imited precision agreement at high energy
nature of dark matter
origin of neutrino0 masses
Mmatter-antimatter asymmetry
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Large hardon collider (LHC)

e Located in the French-Swiss border
e 27 km circumference

e ~175m underground

 QOperating since 2008

* Superconducting magnets to
accelerate protons up to 7 TeV




>, | Large hardon collider (LHC)

e Located in the French-Swiss border
e 27 km circumference

e ~7175m underground

 QOperating since 2008

* Superconducting magnets to
accelerate protons up to 7 TeV

e CMS and ATLAS: Two general purpose experiments
 |LHCb: Flavour (b) physics (main interest)
 ALICE: Analysis of ion-ion collisions (main interest)
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Large hardon collider (LHC)

e Located in the French-Swiss border
e 27 km circumference

e ~7175m underground

 QOperating since 2008

* Superconducting magnets to
accelerate protons up to 7 TeV

N e CMS and ATLAS: Two general purpose experiments
 |LHCb: Flavour (b) physics (main interest)
TS  ALICE: Analysis of ion-ion collisions (main interest)

« Completed two data-taking periods Run 1 and Run 2 at \/_ = 7(8) and 13 TeV
 Run 3 data-taking at \/E = 13.6 TeV is ongoing
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LHC — luminosity and pileup Run 2

Integrated luminosity Is the integral of instantaneous luminosity
measured by the Beam Radiation Instrumentation Luminosity
system insides the tracker

L= |Zdt N=L- o

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
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LHC — luminosity and pileup Run 2

Integrated luminosity is the integral of instantaneous luminosity e concurrent proton-proton interactions in the same
measured by the Beam Radiation Instrumentation Luminosity bunch crossing

system insides the tracker  number of simultaneous collisions obeys the
Poisson statistics at fixed instantaneous luminosity

L= |Zdt N=L- o

CMS Average Pileup

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC | | |
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protons are not elementary objects
pp collision = collision of two “garbage cans” full of quarks and gluons (a.k.a. partons)

\0. 4‘./7
o e
— Elastic ® —
~10mb
\‘. ../
o :::::E EEECD
O o —
~ Double diffractive
small
irb:::::: | ggg
— Inelastic
~/0mb

@, 0
Diffractive
~10mb

\.’ \ .’ /

-
—  Diffractive

~10mb

main physics
studies

.\

LHC — proton-proton interaction

!

partoi/ parton?2

Stuff

Hard collision: _

e hard scattering of two partons

e quark/gluon showering + hadronization

e underlying event (UE) = remnants of protons
e this factorization is approximate (!)

Other types of scatterings:

Monte Carlo
Generators

* Double-parton scattering (two hard scatterings within a

single proton-proton collision)

e Diffractive scattering (scattering induced by strong force,

but with no net color transfer)
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—  The Compact Muon Solenoid (CMS)

* The detector can directly detect only “sufficiently stable” particles with lifetimes long enough
to exit the beam pipe and enter the detector: (cT)y > 2 cm, where y = E/m

* The list of “stable” particles are really limited including;:

o ei, “i, v
 Some neutral and charged hadrons ni+,K+, K, n, and p

Om m 2m im
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
-~ = = - Neutral Hadron (e.g. Neutron)
----- Photon £

P —"

N L

Silicon
Tracker

&, TN

...
’’’’’’

Electromagnetic

}l "] Calorimeter

Superconducting

Hadron
Solenoid

Calorimeter

Iron return yoke interspersed
with Muon chambers

Transverse slice
through CMS



Compact Muen Solenoid

. CMS detector

* Layered structure for different
particle reconstruction

12



CMS detector

» |ayered structure for different
particle reconstruction

 Measure momentum and charge of
charged particles

silicon
tracker

13



» |ayered structure for different
particle reconstruction

« Measure momentum and charge of
charged particles

e Collect and measure photon and
electron

CMS detector

electromagnetic
calorimeter
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Layered structure for different
particle reconstruction

Measure momentum and charge of
charged particles

Collect and measure photon and
electron

Collect energy of hadrons

CMS detector

/////
hadronic ////// /

calorimeter //
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CMS

CMS detector

O Information from all sub-detectors
combined to reconstruct particles muon

chambers
O The particle-flow (PF) algorithm hits in the cells in the hits in muon
link the single objects with tracker calorimeter detectors
geometrical requirements on the ‘ ‘ +

extrapolated trajectories and tracker tracks| |calorimetric clusters muon tracks

create blocks to reconstruct and _ _ _ _
identify particle candidates PF algorithm is the base of the physics analysis




CMS

SM is everywhere, spanning distinct pp-collision

processes with probabillities different by 1014, as
measured at LHC as of today

What do we mean by SM measurements and why do
we do them at LHC?

 Fundamental constants: as, top quark mass, W mass
* Deviations may be a signal for new physics

One cannot possibly search for BSM physics without
understanding SM background

O Calculations of all SM processes have finite precision

O Some are particularly hard to calculate and need
benchmark measurements

O Some are not rigorously calculable at all (e.g., parton
fragmentation and hadronization, underlying event,
double parton scattering, parton density functions,
exotic bound states of quarks, hadron decays)

Why SM measurements

Standard Model Production Cross Section Measurements
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Status: June 2024

ATLAS Preliminary
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L HC collision

Workflow for data analysis

L 7-trigger

Fast
readout

100 kHz

Full
readout

Offline data
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Workflow for data analysis
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L HC collision

Fast
readout

L 7-trigger

100 kHz

Full
readout

High-level trigger

. ’.:"[
| Ay A
.

Offline data

* The list of “stable” particles are detected

e &%, U, V; some hadrons 1i£,Ks, K, n, and p

Reconstruction

® [artice FHow algorithm



CMS, 2

Workflow for data analysis

LHC collision L1-trigger High-level trigger Offline data
40 MHz 100kHz RO AR \
Fast Full
readout readout

* The list of “stable” particles are detected
e &%, U, V; some hadrons 1i£,Ks, K, n, and p

Reconstruction |dentification & Calibration
® [artice FHow algorithm ® [-nergy correction
® [fficiency calibration
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Workflow for dat lysi
L HC collision L7-trigger High-level trigger Offline data
40 MHz 100 kHz
Fast Full
readout readout
* The list of “stable” particles are detected |
e ex, i, v; some hadrons mi£,K=, K, n, and p s T
0] - H—=Z7 D.ataI
S Wazz -
S 20" mon - D)
i 200 * =Z+X . S " g :Rn;r?"‘

0 80 100 130 200 300 400 500
m,, (GeV)
Reconstruction |dentification & Calibration Data analysis
® Partice Flow algorithm ® Fnergy correction * MC simulation preparation

® [Sackground estimation

® [fficiency calibration o Systematics and etc

HIGG

S '1 I "‘i
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Data analysis — the cross-section

CMS 138 b (13 TeV)
S0 oy pam - ecorded
S : ecorde
NIEUIE! 53“3”;'2 e - Observed events tearated Detetctor Analysis
> aq—ZZ, Zy* ] . o
£ ook : (Poisson statistics) J acceplance
>
LLl

=§3722’ " Ium|n03|ty selection

200[ ? B Z+X - k efficiency
x g

o : N — g QQ[ € 6 Production

Cross section

100

50

0 130 200 300 400 500
m,, (GeV)
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Data analysis — the cross-section

CMS 138 b (13 TeV)
Sy 4 paa Recorded
S - ecorde
o L —swa Observed events "~ Detetctor Analysis
- a9q—ZZ, Zy* ] : "
% ok E (Poisson statistics) J acceptance
>
LU

=§3722’ " Ium|n03|ty selection

200[ ? B Z+X - k efficiency
x g

o : N — g QQ[ € 6 Production

Cross section

100

50

0 130 200 300 400 500
m,, (GeV)

Events after Estimated

selection ~~ number of
\, N N background
events
mea. tot bkg

7S FAe
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W W
o (62
o o

Events / 4 GeV

200

150

100

50

compared to

the model asei’;p' — O..

Data analysis — the cross-section

130

138 b (13 TeV)

¢ Data
— Signal
[ ]9qa—ZZ, Zy*
B 9927, Zy~
B EW
I Z+X

Interesting physics

Hard collision with showering + hadronization

Detector response

200 300 400 500
F
m,, (GeV)

Convert to physics quantities

25
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125

Events after Estimated
selection ~~ numberof e the analysis result is a statistical estimator: it
N . — N background comes with its expectation value, uncertainty and
mea tot bkg events covera
L WOt DRg ge

7S FAe

related uncertainties is the data analysis

* understanding all the terms on the right and the
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W mass — Motivation

Through the Higgs mechanism, electroweak symmetry breaking (EWSB) gives mass to @ @
the W= and Z bosons and provides their longitudinal polarization states
* The precise Higgs mass measurement provides the complete set of inputs needed to over-
constrain the SM EW sector
* Precision measurement of the mw boson mass provides a stringent test of EWSB and its
interplay with Higgs physics

Phys.Rev.Lett. 129 (2022) 27,271801

- 68% and 95% probability contours
: : : Fit without M, , m, a dm
SM does not predict mw but relationship to other parameters E without M. and m |
W
* Possible BSM particles can modify relation i Full Fit
Experimental measurements
Ar ~ Miop? H Ar ~ In(mpy)
m V2G ) 1 — Ar YV LY Y SO, VUR, VURA 8
b -
&
mw can be determined indirectly in EW global fit =
* Prediction: Amw SM = 6 MeV more precise than direct measurements
« Call for direct measurements to over constrain SM and find cracks 15017 | |

80.3I II I80.4I II I80.5
Mw [GeV]
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W mass — Introduction

Overview of m, measurements

""""""" | ol |
. . . LEP Combinat :
At pp colliders mw is one of the most challenging measurements I P e 82 G011 ATLAS N
| o | o \s=7TeV,46f": |
Measurement possible from partial information: mt or pt(£) e R o i Rt
] ] Phys_.(Reld.r]Lett}108(2012)151804 E-. ® -
W cannot be fully reconstructed in leptonic channel due to Mo R ' ' =
neutrino CDF (Run 2)
. L - . 50434 O MBY
mw Is sensitive to 0.1% level variations in templates ’
. . C : .
Extreme control needed over all experimental and theoretical JHeF 01 (02 020  m e =
aspects 3 |
0t 1.6'.8.&.)_1 |(1|3|TIeV) é:rr.lfgy;fg:g%zcvwﬂo @ Measurement - @ mm
(%5 8 B CMls | . lwt - p\)l__ i ) Stat. Unc. .
Z Y ATAS Smaton B 3 g | SmulatonPrelmnary i ATLAS 2024 W Total Unc. 5 1
o 0.08E 'S=7 TeV, pp— WX — Amy=-50 MeV 5 J>j ] | m,, = 80367 + 16 MeV I SM Prediction :-: -
% 0.07 - Am,=+50 MeV—g _________________________ I | i
§ 000 E 80200 80300 80400
S 0.4 =
Z 0.03 —E mW [MeV]
0.02 —g
o CDF Run 2 results in significant tension with SM and all
S 40 E © 1.001} ! ! ! ! I
g WLy 8 other measurements
E 0_99%. ........... o s e e + ..... ‘ _E 81000
=~ 30 32 34 36 38 40 42 44 46 48 50 Qo R ; _ _ _ _ _ ]
eVl 2ol =" 1 This tension highlights the importance of independent
a5 30 35 40 45 50 55

o+ cevy and precise W-boson mass measurement as
stringent tests of the electroweak sector
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W mass — Measurement strategy

Muons can be measured best, using muon kinematics only
with per mille precision required

» Straightforward single muon selection: track quality
criteria, loose transverse impact parameter cut, and
iIsolation

» Selected events are about 90% W — puv

 Nonprompt background from data-driven estimate

 Mostly from B and D decays with smaller contribution
from 1t or K decay-in-flight

* Prompt backgrounds from simulation with all relevant
corrections/uncertainties

e W -1V, Z = yy (mostly with one muon out-of-
acceptance), Z = T T, top, diboson
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W mass — Measurement strategy

do

dp3 dm dy dcos 0* do*

N—— ———

W differential Decay angles
Cross section from muons

in
3 dO’UL
167 dp3 dm dy

N

Unpolarized
Cross section

W rest frame

7
{(1 + cos? 6%) + Zfli(pT’ m, yz
i=0 ~

Angular coefficients
encode W polarization

: \PZ'(COS 0", gb*z]

N

Spherical harmonics
encode W decay

CT18X
CT18A
CT18Z
CT18
MSHT20
NNPDF40
NNPDF31

Theoretical and experimental uncertainties are important
for extracting mass results

 PDFs are a key challenge, with precision measurements
showing strong PDF dependence

* Different QCD effects are relevant at different ptV regions
and translate to prt+ spectrum

* Fixed order, resummation, non-perturbative

* Angular coefficients provide a factorized description of W
production and its theoretical uncertainties

 Muon momentum scale calibration

 Muon efficiency and etc.

DDDDDDD

%1500— 13TeV,pp - W
% B my4<p, m, Q<m:1/2<p /u, 1 /Q pn/Qs<2
Ren B NLL+NLO resummed
-1 - N B NNLL+NNLO resummed
CMS | 138 b (2016-2018, 13 TeV) 571000 i
— L - Bl N*LL+N*LOa resummed
............................................................. | P —O—A4 :
......................................................... U e Al 500
_____________________________________________ —e— O A% (no-prof)
——— | .
.......................... I_l A}’:VB CT187 « N
.......................... e eeeeceece... R ... .......iiiiiieeeee.. 1 :
—— z
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA  FEUTRTTRR USRS RRRRRRRRRS o
| —— | . 2 9
0.23 0.232 > ) 0.234 o
SIN"0
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mw extracted from profile likelihood fit to 3D muon pr-n-charge distribution (minimal sensitivity to PU)

Events/bin

Data/Pred.

W mass — Measurement strategy

e pt binning chosen as a compromise between sensitivity and good statistical behaviour

 Thousands of bins and systematic variations optimized Tensorflow-based fitting framework

x10° 16.8 fb! (13 TeV)
: T L ‘[ T L L ‘|' T L T T 1 I T T T L T I :
;5o CMS Preliminary o b Mke MR e ¢ Data m=  Nonprompt _
. y 7 L . " O e ) S 2 905 ’ '’
B 4 . , . /. ~ ) ' ’._ ) ! ‘E " A p , 1 - g f . ) . ]
.25} . o baas heas A ”|| s AT I NI ORI S 77 Uncertainty W Z 3
- y :. ¢ b 2t e "'I,'"; e 4 ) _- ol '. "o ._‘ ‘ . o 4 wir’ 2,
:. y . ’ : "' g ' K. »s L - . | ! ) : I ! ! ! ',! .!I '!! !' i if . 4 A - Wi _) p v W* _) TV .
1.00 5 pad . . ) '! L . ! ' f "' ‘ .. l' ‘e -, ""'
D e + AR ' . : B Rare
0.75 -
0.50 ]
' . )t b
I s G Y s : , B o . " A, ‘r'_;;‘” ,_4:;';"“ _':i _ ;;;-r;.' -"x SRR e Vo _phia proo prrong o e . " ‘
0.00 n N N ' - = — —— ~ ot byl s _‘;ﬂ’ T ~ e et et - T et T - e p— aeeeenenstiin e e e S— — o =
1.05 e, /l,’, - - L e "N | T L 3 LI T | T T T ’ ) . T T l' T . o L I
Y.
) 4 ¥ v / ‘r " ‘/_’z
1'00 V. A 4 » b v A A - e 4 A % ¢ » /3 p ‘s A ,/ % y ) ) R, n.,A v . (": fon /~: 4‘./,' » f;' “r f /"’l,’, f.‘{, "".4"‘ ﬁ
e SE '*”'".'-‘ % e e % 27 % "/’»‘(' i VPRY ST IRy : 4> SV AP IRET PV Y A RIS D »,'(;’.f“’/«f 23S WYY ¥ ;J..";{,"’.» *":'3..7(,”,'"’ ' /" %%, ‘/‘r,r'.r-‘;z/f
0952 . : ] o . | , L o . . , I . . . " : i\ 1
0 200 400 600 800 1000 1200 1400

Enabling feature of the measurement: Systematic variations in W pr, rapidity, decay angles from

QCD uncertainties, PDFs, have a different effect on the muon kinematics as compared to a change in

mw PDF and boson pt modeling uncertainties are strongly constrained in-situ by the data

Thousand work are done here, details seen its publication

30
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W mass — Results

mw = 80360.2 & 9.9 MeV CMS . ,

_ mw in MeV
Source of uncertainty Imp NCE (e} EF'{S?Y(? (ZV\()%%I(O;I;[OM | 80353 +6
Nominal Global o
LEP combination 80376 + 33 T L —
Muon momentum scale 4.8 44 Phys. Rep. 532 (2013) 119
« o DO .
Muon reco. efficiency 3.0 2.5 PAL 108 (2012) 151804 80375 + 23 —_—
W and Z angular coeffs. 3.3 3.0 CDF 804335 + 9.4 —
Higher-order EW 2.0 1.9 ECII_T&CS 376 (2022) 6589 o
\ - .
pr modeling 2.0 0.8 JHEP 01 (2022) 036 80354 + 32  jreefped
PDE 1.4 2.8 ATLAS 80366.5 + 15.9 ——]
Nonprompt background 3.2 1.7 arXiv:2403.15085
Integrated luminosity 0.1 0.1 %Iglfork 80360.2 £ 9.9 T
MC sample size 1o 3.8 l | 1 | 1 | l |
Data sample size 2.4 6.0 80300 80350 80400 80450
Total uncertainty 9.9 9:9 my (MeV)

» Recent CMS measurement is the most precise at the LHC, approaching quoted CDF precision,
compatible with SM prediction and other measurements

* Exploits strong in-situ constraints to reduce PDF/QCD uncertainties
* Clear tension with CDF measurement



e spin 1/2, charge 2/3
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Top mass — Motivation

 Heaviest elementary particle in the SM

~172.57 GeV/c? . .
e short lifetime: T~5x10-25 s « A-1QCD: ” [ * Used in SM consistency checks
decays before it fragments = observe % 3 « Special interplay with the Higgs boson
‘naked” quark ‘o » Yukawa coupling O(1), vacuum stability, quartic coupling
) BR(_t - Wb) = 99.8 % | P  Cosmological consequences: Universe lifetime
* Main production mode: t-channel single
top and tt productions i i Phys. Rev. D 97, 056006 (2018)
b
q q q q 9\_ s-channel t 178
g t
» t-channel v tW
b w 176 Meta-stability
b t |
) q' - t |
9 b b t P 174
S
"alljets"™ 46% ’ '
172
e W' q |
THjets 1 veivp,: Vz, 6' 170.'
: g
168
)&2 u+jets 15% e!- H: T!- ¢_7
“v"e";e Hiets 5% Vo, Vi Ve, G 122 124 126 128

"dileptons” "lepton+jets’

pole

my,
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Compact Muon Solenoid

Top mass — Overview

ATLAS+CMS Preliminary My SUMMary, Vs = 1.96 -13 TeV  May 2025
LHCtopWG
-------- LHC comb. (Feb 2024), 7+8 TeV LHCtopwa [1] | e |
total stat

statistical uncertainty
total uncertainty

my,, + total (stat + syst + recoil) [GeV] JL dt Ref.

LHC comb. (Feb 2024), 7+8 TeV 172.52 + 0.33 (0.14 + 0.30) <20fb'  [1]
World comb. (Mar 2014), 1.9+7 TeV 173.34 + 0.76 (0.36 + 0.67) 871" [2]
ATLAS, l+jets, 7 TeV 172.33 + 1.27 (0.75 + 1.02) 46t"  [3]
ATLAS, dilepton, 7 TeV p—i 173.79 + 1.42 (0.54 + 1.31) 461" [3]
ATLAS, all jets, 7 TeV - = 1751+ 1.8 (1.4+1.2) 461" [4]
ATLAS, dilepton, 8 TeV 172.99 + 0.84 (0.41+ 0.74) 20.3fb" [5)
ATLAS, all jets, 8 TeV — 173.72 + 1.15 (0.55 + 1.02) 20.31b"  [6]
ATLAS, l+jets, 8 TeV 172.08 + 0.91 (0.39 + 0.82) 20.2 b, [7]
ATLAS comb. (Feb 2024) 7+8 TeV 172.71 + 0.48 (0.25 + 0.41) <20.3fb"[1]

ATLAS, leptonic inv. mass, 13 TeV =
ATLAS, dilepton (*), 13 TeV b

174.41+£0.81 (0.39 £0.66 £ 0.25) 36.1fb" [8]
17221+ 0.80 (0.20£0.67+0.39) 139" [9]

ATLAS, boosted, 13 TeV 172.95 + 0.53 (0.27 + 0.46) 140 fo'' [10]
CMS, l+jets, 7 TeV 173.49 + 1.07 (0.43 + 0.98) 491" [11]
CMS, dilepton, 7 TeV } 1725+ 1.6 (0.4 + 1.5) 491" [12]
CMS, all jets, 7 TeV { 173.49 + 1.39 (0.69 + 1.21) 35" [13]
CMS, l+jets, 8 TeV 172.35 + 0.51 (0.16 + 0.48) 19.7 fb [14]
CMS, dilepton, 8 TeV 172:22 T (0.18 7% 19.7 1" [15]
CMS, all jets, 8 TeV 172.32 + 0.64 (0.25 + 0.59) 19.7 fb™! [13]
CMS, single top, 8 TeV 172.95+1.22 (0.77 7)) 19.7 b [16]
CMS comb. (Feb 2024), 7+8 TeV 172.52 + 0.42 (0.14 + 0.39) <19.7 o' [1]
CMS, all jets, 13 TeV 172.34+0.73 (0.20 ') 35.91b" [17]
CMS, dilepton, 13 TeV 172.33 £ 0.70 (0.14 + 0.69) 35.91b" [18]
CMS, single top, 13 TeV 17213 Y77 (0.32 *79) 35.91b" [19]
CMS, boosted, 13 TeV 173.06 + 0.84 (0.24) 138 o' [20]
CMS, l+jets, 13 TeV 171.77 + 0.37 (0.04) 36.3fb" [21]

[1] PRL 132 (2024) 261902 [8] JHEP 06 (2023) 019 [15] PRD 93 (2016) 072004

[2) arXiv:1403.4427 [9] ATLAS-CONF-2022-058  [16] EPJC 77 (2017) 354

[3] EPJC 75 (2015) 330
[4] EPJC 75 (2015) 158
(5] PLB 761 (2016) 350
[6] JHEP 09 (2017) 118
[7] EPJC 79 (2019) 290

-
-
-
r
I l l l l I = l I

* Preliminary

[10] arXiv:2502.18216 [17] EPJC 79 (2019) 313
[11] JHEP 12 (2012) 105 [18] EPJC 79 (2019) 368
[12] EPJC 72 (2012) 2202 [19] JHEP 12 (2021) 161
[13] EPJC 74 (2014) 2758 [20] EPJC 83 (2023) 560

[14] PRD 93 (2016) 072004  [21] EPJC 83 (2023) 963
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= NNLO+NNLL, PDFALHC21 (pp)

B NNLO+NNLL, PDF4LHC21 (pp)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
My, = 172.5 GeV, ocs(Mz) =0.118 £ 0.001

—
o
w

Tevatron comb. (1.96 TeV,<8.8 fb™) [1]

ATLAS comb., ee, uu, ey, l+jets (5.02 TeV, 257 pb™) [2
CMS comb., ey, l+jets (5.02 TeV, 302 pb™) [3]
LHC comb., LHCtopWG, eu (7 TeV, 5 fb™) [4]
LHC comb., LHCtopWG, epu (8 TeV, 20 fb") (4]
ATLAS, en (13 TeV, 140 fb™)) [5]

CMS, ep (13 TeV, 35.9 fb™) [6]

ATLAS, l+jets (13 TeV, 139 fb™) [7]

CMS, I+jets (13 TeV, 137 fb™) [8]

ATLAS, eu (13.6 TeV, 29 fb™) [9]

CMS, ee, u, ew, l+jets (13.6 TeV, 1.21 fb™) [10]
[1] PRD 89 (2014) 072001 [6] EPJC 79 (2019) 368

—

Inclusive tt cross section [pDb]
|

—
o
N

L X gl g | & L 2 S

]
10 — [2] JHEP 06 (2023) 138 [7] PLB 810 (2020) 135797 —

: [3] JHEP 04 (2025) 099 [8] PRD 104 (2021) 092013 :
— [4] JHEP 07 (2023) 213 [9] PLB 848 (2024) 138376 ]
— 5] JHEP 07 (2023) 141 [10] JHEP 08 (2023) 204 ]
1 I | | | I | | 1 I 1 1 | I | | | I | | 1 I
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* Direct measurement: m: is extracted by comparing the
distribution of a reconstructed mass-sensitive observable with
its Monte Carlo (MC) prediction

* Indirect measurement: experimental observables of
production, such as the total cross-section, are compared to
fixed-order calculations performed in well-defined mass

schemes (pole mass, MS, etc.)
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CMS Run2 Direct Measurements

-------- ATLAS-CMS Runl Comb.: 172.52 + 0.33 GeV
ATLAS-CMS Runl Comb. stat. unc. £0.14 GeV

{1 Lepton+jets, hybrid ideogram

1All-jets, hybrid ideogram

1 Dilepton

1Single top quark

172.25 £ 0.08 (stat) £ 0.62 (syst)
Eur. Phys. J. C 78 (2018) 891

172.34 £ 0.20 (stat) £ 0.70 (syst)
Eur. Phys. J. C 79 (2019) 313

172.33 + 0.14 (stat) +3:68 (syst)
Eur. Phys. J. C 79 (2019) 368

172.13 + 0.32 (stat) 359 (syst)
JHEP 12 (2021) 161

|Lepton+jets boosted, S 172.60 = 0.40 (stat) + 2.40 (syst)
XCone jet mass, 35.9 fb™ { Phys. Rev. Lett. 124 (2020) 202001
|Lepton+jets boosted, —— 173.06 = 0.24 (stat) = 0.80 (syst)
XCone jet mass, 138 fb™ Eur. Phys. J. C 83 (2023) 560
164 1fl36 168 1%0 1}2 1%4 1%6 1%8 180
m; [GeV]
50><1o3 36.3 fio! (13 TeV) %103 36.3 fio! (13 Tev)
% CMS | -I’[iI correct -Slnglet % 45 _IclMls o -ItiI correct -Slnglet
5 mm tt wrong m W+jets 5 40F mm tt wrong mm W+jets =
_[ + jets [t unmatched mmZ+jets 1 -0+ jets []tt unmatched g Z+jets ]
LO 40_ ¢ Data 1 QCD multijet O 35 ¢ Data —1QCD multuet—
— - wy, Uncertainty ] Diboson . — : 7, Uncertainty ] Diboson -
% 30: / [ 30F 7 e
- N 7 B - 5 7 m9%" =172.5 GeV 1
o ! % = 172.5 GeV o 29F X t =
> >
LL] L]
O O .
= =
I I - WWW
(qv] | | (qv) 05 T [T L T T
0 100 200 300 400 O 100 200 300 400
treco [GGV] flt [GeV]

b/ L ewt/q
t ” Ve,Vu, VTJ a'
E . ve,vu’v’“ q,

Top mass — direct measurement

Most precise measurements from direct reconstruction of
top decays in f+jets events

Exactly one lepton of p or e

At
At

east four AK4 jet
east two b-tagged jet

More than 95% of events
are tt signal events

Kinematic fit is used to evaluate the compatibility of an event

with the tt hypothesis

momenta of the lepton and of the four leading jets, missing Er,

and the resolutions of these variables as inputs

34

— The mass of top quark decaying leptonically or hadronically is

obtained with better resolution

The hadronically decaying top mass reconstructed from jets

causes worse resolution

Both experimental and theoretical uncertainties are carefully

evaluated



CMS

39

Top pole mass — Indirect measurement

 Similar tt phase space selection

More than 90% of events are tt signal
events

e Differential cross sections are

measured and compared to fixed-
order predictions calculated for
different values of the top-quark
pole mass

CMS 35.9 fb™' (13 TeV)
- unl Comb.: mP® =173.4*18 Ge > | I | ! '
CMS Run?2 Indirect Measurements ATHASCHS ot Comd A Bet 8 - e Data ]
o 80000 Wit signal
linclusive tE (CT14) o 170.6 = 2.7 (tot) = - ff other
JHEP 09 (2017) 051 ~ 60000— _ _
[7 i B Non-it |
- : N\
tInclusive tt (CT14) i 173.7 233 (tot) ® 40000 ~JSyst. unc.-
Eur. Phys. J. C 79 (2019) 368 L
20000
. 2 1.2 AR %
1 Differential tt +j€t (CT18) % * 172.13 +1.43 (tot) ""“' 1 S NNAANANNNNNN \z\. &t\i N
JHEP 07 (2023) 077 o 0.8- o . e
164 166 168 170 mtl[éze\/] 176 178 180 500 ' 1000 1500—
M(tt) [GeV]
-1
CMS 35.9 fb! (13 TeV) CMS 35.9 fb™' (13 TeV)
AN I I I I | I I I I | I I I I : T T T T [ T | | T | | T | | T | T | T |
] [N;;1 JM(tE),y(tt)], dof = 23, data and PDF unc. ] £ 0.2 550mm 400<M(tf) 500<M(tf) 300<M(tf) s00<M(h .. 500<M(th)
| ™ = Am™°/ GeV PDF D2 ] ] %’ <400GeV | <500GeV <1500GeV <400GeV <500GeV | ! <1500GeV
300H S 171.05 + 0.70 CT14 [ 28] — g Nie,=0 Ne=0 |8 Ng=0 Nie:>0 N;:>0 42 1 N0
- -5 171.12 +- 0.68 MMHT2014 [ 34] . 5 0.15 4. I 'L '
|-~ 170.81 +- 0.68 NNPDF31 [ 33] ] - 7l
|| -7 170.83 +- 0.66 HERAPDF20 [ 28] 0.1 '-;
200 < 170.95 +- 0.66 ABMP16 [ 21] ]
(| <+ 170.38 +- 0.66 JR14 [ 23]
|4 171.17 +- 0.67 CJ15 [ 27] , 1 .
i / 0-05 lllllllll _
'j D T [ N e e [ e [ > N I T T T T T
100, / ) ;
: \H ' : | 1
& o 1.4}
- N 1w 12 o
- ’ - 1 —
0 | | | | | | | | o 0.8t 'd" -3 ;
170 175 0.6} .
| - .
mP°* [GeV] 1 2

1 o Data, dof=23

NLO CT14
a,=0.118
m{)ole=

— 172.5 GeV, %?=61

---167.5 GeV, ¥2=87

{-=177.5 GeV, y?=144

Best-fit:

mP°'® = 170.5 £ 0.8 GeV
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Top Production at threshold

CMS 35.9 fb™ (13 TeV)

5 ' I ' I ! | ! | ! | ! | ! | ! | ! | ! | ! | ! |

E 0.2 oovd T 200emad | 500<M(ff) | 300<M(ff) | 400<M(th | 500<M(fh) | © Data, dof=23

= () (tt) (tt) (tt) (t) |.. (tt)

= <400GeV | <500GeV <1500GeV <400GeV <500GeV | | <1500GeV NLO CT14

3 N, =0 Nio=0 -iF- N=0 N,>0 N,o>0 T N0 ocs=|0.118

S 1 Ik I I ;!-— | oo

2 $l-, — 172.5 GeV, x?=61

™ -
j ---167.5 GeV, %2=87
5 {-=177.5 GeV, y2=144

o
E e s
.¢._ __________
A 5
1 2
ly(tt)l

The excess of data is apparent in the low 71; region!
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Top Production at threshold



=z
]
€
S
=
o
3
=1
3
$]

Top Production at threshold

Two Higgs Doublet Model (2HDM)
Dy, O

0600 066

neutral neutral

CP-even CP-odd charged
* simplest extended Higgs model
_ Scenario 1b |  If couplings are Yukawa-like: strongest couplings

~ 50 Vs =13 TeV

> 3l | - to top quarks

Q )5 ___’ scale uncertainty _ . .

im | 2HDM + SM | * ma, My > 2mM¢: decay to top quark pairs
gﬁim _ PRD 95 (2017) 095012

Y

1 -

\2 LSQQQQ\E\ /'t/

| 400 500 600 700 800 900 1000 1100 1200 1300 39999
Mtf [GGV]




2 Top Production at threshold

QCD predicts SM tt (quasi)bound states close to the tt
threshold in non-relativistic (NR) QCD calculations (the

prediction was made even before the top quark discovery) D, O
1, 2
3.5 e T S ——
EPJC 60 (2009) 375 ; 14 | EPJC 60 (2009) 375 : O O O O O O O O
3 [ | s : neutral neutral
Ny 2 99 ~ 'S, ; CP-even CP-odd charged
3 s
Q 2 3 i
= 8 08 [ gg — 'S,/ ]
= color-octet = [ :
B B 06 =
© 1 — color-singlet \‘,_ ° 04 | 45 = 35,18 _
0.5 ‘J LHC s = 14 TeV ‘ 0.2 — LHC Vs = 14 TeV ‘
C i [ :

O ||||||||||||||||||||||||||||||||||||||||||||
335 340 345 350 355 360 365 370 375 38 °335 340 345 350 355 360 365 370 375 380
M [GeV] M [GeV] LSQQQQ
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Compact Muon Solenoid

Top Production at threshold

New unobhserved SM phenomenon?

QCD predicts SM tt (quasi)bound states close to the tt

threshold in non-relativistic (NR) QCD calculations (the

prediction was made even before the top quark discovery) D, O
T 1, 2

- -
- ~ -~

e pseudoscalar color-singlet toponium n;: W B
1So[1] spin-0, CP-odd 6 - ’,T

| EPJC 60 (2009)
] neutral neutral

w
()]

3
charged

> =
g 2 O [
= g 08 -
= s color-octet = _
B ~ 06 B
T S I

1 color-singlet Z

qq — S,

o
o

LHC Vs = 14 TeV

LHC Vs = 14 TeV ] 02 |

0
335 340 345 350 35 360 365 370 375 38 °335 340 345 350 355 360 365 370 375 380

M [GeV] M [GeV]

0%
o



2 Top Production at threshold

QCD predicts SM tt (quasi)bound states close to the tt
threshold in non-relativistic (NR) QCD calculations (the

prediction was made even before the top quark discovery) D, O
1, 2

35 e e 1N e e i17""’ .......
] »w . EPJC 60 (2009) 375 . O O O O O O O O

EPJC 60 (2009)
o _
- neutral neutral
e 18] . charged
N 99— 'S, : CP-even CP-odd J
> >
G 8 |
8 8 08 1 99— 'Sy :
= color-octet = i ]
E 1.5 3 0.6 - =
g : | 1 3 '
1 _ color-singlet - 04 _ a9 _)381[8] —
0.5 ‘J LHC Vs = 14 TeV 1 02 | LHC Vs = 14 TeV -
- ' [ ]

"33 340 a5 30 355 360 366 370 375 38 °335 340 345 350 355 360 365 370 375 380
M [GeV] M [GeV] LSQQQQ — t
Approximating tt bound states: \\ /
m(ny) = 2m¢ - 2 GeV = 343 GeV |~

o simplified model JHEP 03 (2024) 099
® generic particle with direct couplings  |T(nY = 2lt= 2.8 GeV

to gluons and tops, mass and width 39999" s
from fit to NRQCD
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Top Production at threshold

138 fb~1 (13 TeV)

tt

¢ Data mm tX

Other

Unc.

me < 360 GeV

¢

——
- Postfit (FO pQCb + BG + ny) 1

Y

— Ny, o(ny) =8.8%12pb

-1

0

Chel

1

=
o
N

Events / GeV
-
<

Ratio to FO pQCD + BG
o -
0 o

CMS 138 fb~! (13 TeV)
¢+ Data mEE tX Unc.
tt Other

— N, o(n)=7.5+1.8pb

200

400

600 800
Mppy [GeV]

* An excess is observed (>50) with respect to the model of
only non-resonant tt production from perturbative QCD

 Compatible with the formation of a 1Sp[1] toponium quasi-

bound state nt

« Measured cross section of o(ny) = 8.87]- pb based on a

simplified model inspired by NR QCD

JH(425, 3%)

CMS 138 fb~! (13 TeV)
1.5 No tt bound states
WA\
.JI_"\_
Y \= Expected
h I ii —— Observed
1.0 - Il: il n
“ T
HEl
iVl
i\l
r i\\ 'l’.,
05 B \ “\/J: 7
_ L % Best fit
\l _i — =10
e 220
‘| j —— *+30
0.0 . l L. I . . l
0.0 0.5 1.0 1.5
JA(365, 2%)

JH(425, 3%)

42

138 fo~* (13 TeV)

-
Ul
' I

=
o

0.5

Including S.! tt bound state n;
PRD 104, 034023 (2021)

Expected
| —— Observed

% Best fit
+lo
+20
- *30

0.0 —
0.0

pseudoscalar (scalar) case

1.5
JA(365, 2%)

Incorporating quasi-bound state nt, eliminating the need for
additional exotic pseudoscalar or scalar boson

Exclusion limits at the 95% CL are set on the coupling
strength between top quarks and new bosons, covering
mass ranges of 365-1000 GeV

 Coupling values as low as 0.4 (0.6) are excluded for the



CMS

. Compact Muon Solenoid

Top couplings — with bosons

t-Z coupling in tZq and ttZ

e, I

Ve, Vy

t/%

Rare process tWZ

CMS 138 b (13 TeV)
¢ Data
800w tzg Wz . 7 iX
200 Nonprompt Multiboson I WZ Vy

V/////} Unc.

Events / 23.33 GeV

1.52— R

Data/Pred.
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(&)]

0 50 100 150 200 250 300 350

CMS Preliminary
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T -l (X mVW(Y)  mXxy ] W ggob (X V(Y mxy - o . L
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0 01020304050607 0809 1
tWZ output node
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plings — with bosons

t-Z coupling in tZq and ttZ

q q
W 7
b t

Rare process tWZ
Backgrounds are:
Nonprompt ¢ (jet — )
ttZ, tZg
WZ, VV(V)
Xy, t(t)X

138 fb' (13 TeV)
> :
Q C ¢ Data
O 800w tzq twz . 7 X
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0 1
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CMS Preliminary

138 fb' (13 TeV)

c n ) _
2)[GeV: S 2s000F - Data B Vy+jets [ tly—2/ Tltyq
e C : :
P fé’ - misID Others Nonprompt <> Uncertainty
_ _ - D 20000 1y +jers SR channel tty - Data/Prefit
t-v coup"ng N tvq and ttv - - AR(Ly)E (0.4,1.2] | AR(Ly)E (1.2,2.0] | AR(Ly)E (2.0,2.8] | AR(ly)€E (2.8,%)
15000 —
Backgrounds are: : . i .
10000 — Lo e
— ===
[ ] : ==
 Nonprompt ¢/y (jet — £/y) o - . .
—_—]
|
 Double nonprompt |
D
e tWy, W T
tWy, Wy N s |
. s 0 1/0 1/0 1/0 1
2y, Z+|ets 8
BDT score
200 fb™ (13 TeV and 136TeV)
200fb (13TeVand136TeV 200fb (13TeVand136TeV) 0 240 T T T T =
@ 700 T ] 2 I AN B I I ] - - CMS EWZ @iz Wz+j 7
c [ CMS W2 Wz wzi | E 400F- CMS Wz miz WZij o 220F B WZ+b @Nonprompt WtZq 3
o 6001 SR, tWZ WWZ+b WNonprompt MtZq ] o C SR, 1z WWZ+b M Nonprompt MtZq L|>.| 200 - SR {OX W) Xg
I - t(t)X VV(V) Xy ] W 350E t(t)X VV(V) Xy c D . Postfi =
5003_ ¢ Data 7 Postfit unc. = E ¢ Data 7 Postfit unc. 3 180 = ¢ Data 77 Postfit unc. =
: 1 800- E 160 =
7 = - ] 140§ =
,,,,,,,,, : 120 =
B 100 J
E 80
. 60
40F
- 20F
0 0 Bt
S 12f 1 £ 12 1 QT 7
8 1 3 14//4444%// 47/%%%ZW///{//m'//////7//////////////////7 = °f ]
st | B S A
O ogf | | | | | | 41 B osf | | | | | N S . f ]
03 04 05 06 07 08 09 1 03 04 05 06 07 08 09 1 0.8¢ E

tWZ output node

ttZ output node

0 01 020304050607 0809 1

tWZ output node

44



3
]
]
]
2
5
=

5

Diboson production — Motivation

Manifestation of gauge boson couplings at the LHC: production of final states with boson pairs (W,Z,y)

v

e L T

s-channel - channe/ u-channel gluonic-channel

Prediction of the non-abelian SM gauge structure:
Couplings between gauge bosons

Measuring the coupling between the gauge bosons tests a
central part of the SM

Deviations could hint to new physics
Complementary to direct search for new physics

45



CVS, . . . 46

Diboson production — Introduction

Manifestation of gauge boson couplings at the LHC: production of final states with boson pairs (W,Z,y)

e L T

s-channel - channe/ u-channel gluonic-channel

Three-boson-vertex from s-channel
Charged couplings WW.Z and WWy allowed in the SM
Neutral couplings ZZZ, ZZy forbidden in the SM
Gluonic-chanel from neutral diboson (W+W-,ZZ,2y, vy)
Important NLO QCD correction
Anomalous couplings tend to manifest in:
Cross section enhancement
Enhancement at high pr of two vector bosons
Production angle
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Diboson production - Results

Diboson production has been widely measured at the LHC by
CMS and ATLAS ver a wide range of center-of-mass energy

The massive diboson (WW, WZ, ZZ) has accurate predictions
including higher-order corrections

® provide stringent tests of the Standard Model
® serving as a precision benchmark for electroweak interactions and

background modeling for rare processes

Data/Pred.

CMS | . 1386"(13TeV)
= R s Data+stat. unc. 3
K .. e Stat. ®syst.unc. 7
N —— MG5 aMC@NLO
I . - 4- - POWHEG i
B -..i... "ANNLO+PS
1073:_ il n + X E _:
; T .
- i T
107 E
= pp—ZZ B _
1075:— f —
: I L I L I L L L I :
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Triboson production — Motivation

* Direct measurement of gauge boson self-coupling and precision test of SM

q '
\ 1

q
* Finely balanced cancellations between QGC, TGC, Higgs amplitudes is needed to preserve
unitarity at high CM energies

 Any anomalous HVV, QGC and TGC coupling can disturb the balance and create large cross-
sections at high energies

 Complementary to vector boson scattering measurements
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Triboson production — Introduction

* Direct measurement of gauge boson self-coupling and precision test of SM

q
Vi

daZ g«ecay mode

Leptonic final states are proper channels considering background
components and reconstruction efficiency/resolution but with limited statistics

1. SM process that produce multi-leptons but one is lost estimated by
o W/, /Z where a lepton is not detected normalizing MC
= W decay mode o W/ // where /=TT to data
! 2. Vy events where the photon is misidentified as an electron
34.0% /e o D Fully estimated
3. Nonprompt leptons originating from hadronic jets

7 in-situ using
@ 4. Nonprompt photons originating from hadronic jets data

ud
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Triboson production — Results

CMS Preliminary January 2026
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Compact Muon Solenoid
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TGC: Triple gauge couplings

QGC: Quartic gauge couplings

VBS production — Motivation

Multiboson couplings:
e T(Q)GC: WWZ, WWy, WWZ2y, WWyy, etc.
e BSM TGC: ZZ2y, Zyy, etc
e BSM QGC : Z2y, ZZZ2y, Zyyy, etc

M Test SM for the electroweak sector

M Provide platform for anomalous couplings
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VBS production — Motivation

TGC: Triple gauge couplings  QGC: Quartic gauge couplings Multiboson couplings:
: : q q e T(QGC: WW/Z, WWy, WWZy, WWyy, etc.
e BSM TGC: ZZy, Zyy, etc

W V
e BSM QGC : Z2y, ZZZ2y, Zyyy, etc
V

. ™ Test SM for the electroweak sector

q q ™ Provide platform for anomalous couplings
WW* — WW*
The Higgs boson contribution cancels exactly the E2 g 10°F T

dependance of the cross section at high energy in ° ' Uads

,/',WL W, no Higgs

massive VBS only 1021

Important process to investigate electroweak symmetry
breaking (EWSB)

M Unitarity preservation visible in massive VLV scattering L WowM=120 Gev N
= | 111111 | 111\1‘11a

I Probe the nature of EW symmetry breaking 0 e s
M. Szleper, arXiv:1412.8367  Eo (GeV)
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VBS production — Introduction

o (fb) per bin (m , 1Ay I): aZo

Irreducible background

« EW process: O(a4) for stable V, O(a®) with decays

« QCD process O(asza2 ) for stable V, O(a52<14 ) with decays

« Non-vanishing interferences between EW and QCD contributions O(a,a3 ) for
stable V, O(a,a° ) with decays

e Gluonic channels for neutral final states

quark

;

non-perturbative

A

/ ®
_—
c — °
lg /J‘c-l-
ey

.
u—_— 0
S T
O

T — K+
C

c -

Reducible background due to mis-ID of final state particlesg )

Nonprompt y in Vy+jets

Nonprompt £ in VV+jets or Vy+jets

Electron misidentified photon

35§ High mj and An;
3 to suppress QCD
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Compact Muon Solenoid

CMS Preliminary January 2026
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VBS production — Results

LHC has obtained observation of VBS VV and Vy (leptonic
channel, V =W, or 2)

e CMS VBS ZZ has reached the observation from the
combination of ZZ(42) and ZZ(2£2v)

e Differential cross sections provided as functions of interesting
observables

The QCD cross section is usually measured together with the
VBS signal

* Better control of the main background normalization

* New constraints on QCD modeling in extreme phase space
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Compact Muon Solenoid
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A remarkable breadth of physics results

Higgs boson discovering Study of Yukawa coupling (( ) (( )

&

Run-2

N | SUSY H Observation 31 generation Run-2 Run-3
atura searcnes Evidence 2nd generation . :
Exclude large part of parameter space _ o _ Precision thSICS
Shift to precision physics Higgs boson physics (
Probing QGP Mw, Mtop, SIN20), Run-3

top quark physics
Observation of VBS Searches

Heavy flavour physics
Ultra-rare decay Bs—= p"p-

LHC status and prospect

High-Luminosity LHC

The Phase2 Upgrade of CMS

Towards the HL-LHC
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LHC status and prospect
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The SM theory overview
The introduction of the LHC and CMS
The workflow of the CMS physics analysis
The recent highlight of CMS SM results
W boson and top quark mass

* Top-gauge boson coupling production

* Diboson and triboson productions

* VBS production

The status and prospects of physics from

LHC collisions

Summary
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With the ongoing Run 3 and the future HL-LHC, we are entering an era where precision and rare-process
measurements will play an increasingly central role in particle physics, and where we expect to
achieve a new generation of representative results
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Production cross section, o (fb)
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CMS

a,b

partonl

Stuff

the production cross-section

Stuff

parton?

Beam axis

Time

long distance

/d$1d$2dq}FS fa(mla :uF)fb(x27 :uF) 5-pp—>{P} (,UF, MR, MS)S{P}—){H} (MS)

Phase-space
integral

Parton density
functions

Parton-level differential

Cross section

Parton evolution operator

S=1

S = {parton shower}

Inclusive observables

All observables
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ldentification selection

Cut-based photon identification requirements for the tight working point

mgne Dy Variable Barrel (tight WD) Endcap (tight WP)
Piso = 20 _ H/E <0.021 <0.032
b - P, Oinin <0.0099 <0.027
I;, <0.65 GeV <0.52 GeV
/ B I, <0.32GeV + 0.015Er+ <2.72GeV + 0.012E+
= 2.26 X 10°E%/GeV 2.3 X 107°E2/GeV

Yiso < threshold I <2.04GeV + 0.0040E;  <3.03GeV + 0.0037E

Y

-1 1
P ) o e AT CMS Smuaton (13 TeV) 2017
§ - CMS Loose ID, p_>20 GeV . % - CMS Tight ID, p_>20 GeV - e - -
'S 1.05—2015 pp data —e— Data —] 'S 1.05[— 2015 pp data —e— Data ] % 0.35— 7
E B - MC i E B - MC n = B i
W gy g w g — g — O - — BDT-based ID -
- : o SR jan anle ejun-ane aliESS SRt D h= 0-3:_ o Cut-based ID B
0.95 — 0.95 l=8— —e— —0— 8 - -
. - - - E, 0-25:_ B Barrel B
0.9F . - - 0.9F - - O - [ Endcap :
C |oose selections — |h|gh eff_|t<:|ency i - . : - s 92r E
0.85 OW purity - 0.85[- | A — - -
n - e T . ow efficienc - - .
- - - tight selections = oney - 0.15[- -
0sl E 0sl high purity B : :
Moo by by by b b b b b M by by by b Ly Ly v by by Ly — -
(&) 1.04 ;_ ............ _; O 1.04 ;_ ................ _; 01_— —
E 1025_ ................................................................................................................................................... __g E 1025_ ................................................................................................................................................... — - -
s - P = s Qg = _ i
(0 D OB - = ® 0098 ::.__’_—’—_._._._.—'—_’_ ............. e 0.05 ]
(o 0.96 f_ ................ o i e s e = o 0.96 f_ ................ i o e e i e = = i
2 15 -1 05 0 05 1 15 2 2 15 -1 05 0 05 1 15 2 fo b b b b b b b o
Muon n Muon 1 0.6 065 0.7 075 0.8 0.85 09 0.95 1

Signal efficiency



CMS

Diboson production - polarization

* The longitudinally polarization measurement of massive W and Z bosons
N N is a direct way to probe the EWSB mechanism

* Goldstone boson theorem: “At high energy, longitudinal vector bosons are
4 @ @ analogous to goldstone bosons”

+ Helicity: h = T?’T (spin S, momentum p)

Higgs mechanism — Transversal (T): left-/right-handed (h =—/+1)
— Longitudinal (L): spin orthogonal to the momenta (h = 0)
Q - Polarization vectors in the helicity basis:

* For a spin-1 boson travelling along the z-axis, the polarization four vectors are:
W and Z boson

] ] ]
. | LERE S ¥ N RuniRisl :
massive Cilg \/5(07]7 170)9 €L m(pZ70707E) 8—1— \/5(0317170)
........... i ST S Z (.D) Z R TECIEY s e BTN = Z
S.=—1 S.=0 S, =+1
LO ngitu d | 1 | transverse longitudinal transverse

Longitudinal polarization isn’ t present for on-shell massless particles, the photon
can exist in two helicity states 1 = 11 (LH and RH circularly polarized light)

polarization




