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Status of data taking

Collisions to restart in April 2024
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Vector Bosons Measurements @CMS

A snapshot

Overview of CMS

CMS preliminary

Cross

section

results

3ub~1-138 b1 (2.76,5.02,7,8,13,13.6 TeV)

- Jet 77eV  PRD 90 (2014) 072006 o(jet) = 4.2e+09fo  mm
14 7TeV  PRD 84052011 (2011) oly) = 4e+07 fo =
w 2.76 TeV PLB 715 (2012) 66 o(W) = 3.5e+07 fb =il
w 5.02 TeV SMP-20-004 o(W) = 6.8e+07 fb |
w 7TeV  JHEP 10 (2011) 132 o(W) = 9.5e+07 fb &
w 8TeV  PRL112(2014) 191802 o(W) = 1.1e+08 fb i
. w 13TeV  SMP-20-004 o(W) = 1.9e+08 fb 1l
I n g e z 2.76 TeV JHEP 03 (2015) 022 0(z) = 8.9e+06fb  [i
) z 5.02 TeV SMP-20-004 0(Z) = 2e+07 fb |
z 77TeV  JHEP 10 (2011) 132 0(2) = 2.9e+07 fb 4§
z 8TeV  PRL112(2014) 191802 0(Z) = 3.4e+07fb  #
z 13TeV  SMP-20-004 0(Z) = 6e+07 fb 1|
z 13.6 TeV SMP-22-017 0(Z) = 6e+07 fb 1
wy 7TeV  PRD 89 (2014) 092005 o(Wy) = 3.4e+05 o mitfn
Wy 13TeV  PRL 126 252002 (2021) o(Wy) = 1.4e+05fb
zy 7TeV  PRD 89 (2014) 092005 o(Zy) = 1.6e+05fb &
zy 8TeV  JHEP 04 (2015) 164 o(Zy) = 1.9e+05fb
Ww 5.02 TeV PRL 127 (2021) 191801 o(WW) = 37e+04 b «ll
ww 7TeV  EPJC 73 (2013) 2610 o(WW) = 52e+04fb il
. ww 8TeV  EPJC 76 (2016) 401 o(WW) = 6e+04fb Wl
ww 13TeV  PRD 102 092001 (2020) o(WW) = 1.2e+05f0 W
D I - b O S O n wz 5.02 TeV PRL 127 (2021) 191801 o(Wz) = 6.4e+03 fo I
wz 7TeV  EPJC77(2017) 236 o(Wz) = 2e+04fo il
wz 8TeV  EPJC77(2017) 236 o(WZ) = 2.4e+04fo @l
wz 13TeV  JHEP 07 (2022) 032 o(WZ) = 5.1e+04fo i
zz 5.02 TeV PRL 127 (2021) 191801 0(zz) = 5.3e+03 fo I
zz 7TeV  JHEP 01 (2013) 063 0(zZ) = 6.2e+03 b
zz 8TeV  PLB 740 (2015) 250 0(2Z) = 7.7e+03 b il
zz 13TeV  EPJC 81 (2021) 200 0(ZZ) = 1.7e+04 o
A% 13TeV  PRL 125 151802 (2020) o(VW) = 1e+03fb [N
www 13TeV  PRL 125151802 (2020) o(WWW) = 5.9e+02 fo  mijiEilllia
wwz 13TeV  PRL 125 151802 (2020) owwz) = 3e+02 fo (NN
c wzz 13TeV  PRL 125 151802 (2020) owzz) = 2¢+02 fo NG
8 wvy 8TeV  PRD 90 032008 (2014) o(WVy) < 3.1e+02 fb
'.é., WWwy 13TeV  SMP-22-006 oWwy)=6fo =i
Wyy 8TeV  JHEP 10 (2017) 072 o(Wyy) =4.9f>  mie=iin
Wyy 13TeV  JHEP 10 (2021) 174 a(Wyy) = 14 fb *.
Zyy 8 TeV JHEP 10 (2017) 072 o(Zyy) =13fb  pmm
Zyy 13TeV  JHEP 10 (2021) 174 ozyy) =5.4f W
VBF W 8TevV  JHEP 11 (2016) 147 O(VBF W) = 42e+02 fo  miffm
VBF W 13TeV  EPJC 80 (2020) 43 o(VBF W) = 62e+03fb
VBF Z 77TeV  JHEP 10 (2013) 101 o(VBF Z) = 1.5e+02 fo i
VBF Z 8TeV  EPJC 75 (2015) 66 O(VBF Z) = 1.7e+02fb s
VBF Z 13TeV  EPJC 78 (2018) 589 o(VBF Z) =5.3e+02fb i
EW WV 13TeV  PLB 834 (2022) 137438 o(EW WV) = 1.9e+03 fo  mijjiils
ex.yy-»WW 8TeV  JHEP 08 (2016) 119 olex. yy-wWw) =22 o =SSN
EWqgWy 8Tev  JHEP 06 (2017) 106 O(EW qgWy) = 11 fb  mueeie
EWqgWy  13Tev  PRD 108 032017 o(EW qqWy) =24 fo  mijjie
EWos WW 13TeV  PLB 841 (2023) 137495 o(EWos WW) =10fo  nijj
EWssWW 8TeV  PRL114 051801 (2015) o(EW ss WW) = 4 fo i —
EWss WW 13TeV  PLB 809 (2020) 135710 O(EW ss WW) = 4 fb  weiily
EWqaZy  8Tev  PLB770(2017) 380 o(EW qqZy) = 1.9 o sl
EWqggZy  13TeV  PRD 104 072001 (2021) o(EW qqZy) =52fb =i
EWqggWZ 13 TeV  PLB 809 (2020) 135710 o(EW qaWz) = 1.8 fb =il
EWqgZZ 13 TeV  PLB 812 (2020) 135992 o(EW qqZZ) = 0.33 fb

Measured cross sections and exclusion limits at 95% C.L.
See here for all cross section summary plots
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CMS-PAS-20-004

Single Boson production cross-sections
Standard Candles

6 298 pb™' (5.02 TeV) 201 pb™ (13 TeV)
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m Production cross section 0 = N°°/ (A€ L)
m N°PS = observed events, A = acceptance, € = efficiency, £ = integrated luminosity

mIss

m Z boson fully reconstructed from 2 charged leptons, W boson partially from lepton + pT

= Measurement in low-PU data: (Npy) = 3 — better p® resolution
m Fitting signal strength of MC predictions to data, backgrounds from MC or data sidebands
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CMS-PAS-20-004

W & Z production at 5 & 13 TeV

- -1 - -1
CMS Preliminary 298 pb™ (5.02 TeV) CMS Preliminary 201 pb™ (13 TeV)
“*+NNPDF3.1 *NNPDF4.0 Measured = unc “*NNPDF3.1 “*NNPDF4.0 Measured = unc
| Measured | Measured
CT18 <= MSHT20 Theory = unc (NNPDF3.1) CcT18 “MSHT20 Theory = unc (NNPDF3.1)
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e Special runs with low instantaneous luminosity, N(PU)=3, taken at different energies to measure W and Z
production cross section

e 5TeV results agree well with the predictions (using NNPDF3.1)

e 13 TeV results (right) show a cross section about 5% higher than expected, not covered by uncertainties
(mostly = Lumi)
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Z production cross section at 13.6 TeV

First measurement with early 2022 data

5.04 b (13.6 TeV)

August 2023
1 1 I

1

ofpp ~» Z+X) x B(Z -» I'') (60 <« m, < 120 GeV)
DYTurbo NNLO QCD + q_resummation (NNPDF 3.1)
N JHEP 03 (2015) 022
0.298 = 0.015nb (2276 TeV)
CMS-PAS-SMP-20-004 (Preliminary)
0.669 + 0.014 nb (5.02 TeV)
JHEP 10 (2011) 132
0.974 + 0.044 nb (7 TeV)
PRL 112 (2014) 191802
1.152 004 nb (8 TeV)
CMS-PAS-SMP-20-004 (Preliminary)
2.006 = 0.038 nb (13 TeV)
CMS-PAS-SMP-22-017 (Preliminary)
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CMS-PAS-22-017

| * Preliminary calibration for muon

efficiency, muon momentum
scale and luminosity

e Excellent agreement with NNLO
oredictions for Z/y* — £7¢~

with 60 < M(£¢) < 120 GeV

suggest the 13TeV result was
an outlier.

(CrotB) measured = (2.010 £ 0.001 (stat) 4= 0.018(syst) + 0.046(lumi) + 0.007(theo) ) nb,
(C1otB) predictea = (2.018 £ 0.012(PDF) *{33 (scale)) nb,
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CMS-PAS-19-007

Z decays to 4 leptons (e,u) CMS-EX0-18-008

R a re p ro C e S S CMS preliminary CMS preliminary
197071 (8TeV) +138fb ! '(13Te'V) 19771 (8TeV) + 138fb-! (13TeV)
% ¢ Data 50 | — Thlb work observed ‘
q /)~ g 300 Z— 4k + + ; ~==This work expected
8 et Background CMS direct search observed
8 : Y e CMS direct search expected
5 200F B .: 0, .
- | | |
150 | : | e
7" [v* | ¢ ’ |
7 100 | ! A ] | z o
£+ ' ¢ ¢ ¢ :
50 " ® q ut
o:'fn... .............. S 10-2} o
O S — [ M
_ > 15} - | %Ww
7 = Tl T 05} | EXO SEARCH
R e e e 88 90 92 94 95 %8 100 BT 102
mye (GeV) my (GeV)

» Select events with 4 ¢ or i with 80 < M(4¢) < 100 GeV
e Minimize uncertainties by normalising to Z — 2¢ proces

e Result: B(Z — 47) = (4.67 = 0.11(stat) = 0.10(sys?)) X 107°, expected (4.70 = 0.02) x 107°

e Reinterpretation in term of limits on couplings and mass of new light gauge boson U (motivated by
g-2 anomaly) does exclude lare part of the favoured region
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Search for Z decays to 4 leptons (u, 7)

3rd gen tighter connection with

NP | 138 fb™" (13 TeV)

Events / GeV
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e Search for Z’' boson in the process: Z — 7

, Systematics cancel if we evaluate the ratio
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CMS-PAS-22-016

138 b’ (13 TeV)
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Di-Boson Measurements
crucial tests of the Standard Model (SM)

* Vector boson self-interactions are fundamental prediction of SM resulting from

non-Abelian nature of the SU(2)xU(1) gauge theory
e Di-boson processes are important backgrounds for Higgs measurements and NP searches
e Anomalous triple and quartic gauge boson couplings (aTGC and aQGC) would imply New Physics

Awg202s 000000000000 CMS Preliminary Aug 2023 CMS Preliminary
CMS measurements 5.02,7, 8, 13 TeV CMS measurements (stat,stat+sys) CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) —+—0—+
vs. NNLO (o) theory o FoH e e Theory 8 TeV CMS measurement (stat,stat+sys) ——e——
vy — 106 « (s)tato - OsyfI 5 50 fb 13 TeV CMS measurement (gtat,sg?ysys) —o—
Wy, (NLO th) o 116 =003+ 0.13 5.01b" aaw — 084008018 19315
Wy, (NLOthy) - 1.01+0.00 £ 0.05 137 fb” aayy ~ 0-91+0.02x0.09 = 35.9 fb
Zy, (NLO th) = 0.98 £ 0.01=0.05 5.0 fb" qqZ — R 093+0.14+032 5010
Zy, (NLOth) - 0.98 = 0.01=0.05 19.5fb" 99 i 0.84£0.07+0.19 19.7fb”
WW+W7Z B 1.01£0.13+0.14 4.9fb" qqZ o 0.98 + 0.04 +0.10 35.9 fb™
WW Foo 1.24 +0.18 £+ 0.09 0.302 fb™ WV e 0.85+0.12+0.18 138 fb™
WW ot 1.07 =+ 0.04 = 0.09 4.91b™ yy—=WW | : ' 1.74+0.00+0.74 19.7fb"
WW - 1.00 = 0.02 = 0.08 19.4fb qgqWy — o — 1,77 £+ 0.67 +0.56 19.7 fb™
WW Ho- 1.00 + 0.01+0.06 35.9 b 1 qgWy ol 089+011+015 138"
WZ —o0— 0.57 +0.20 = 0.04  0.302 fb os WW e 1.12+0.15+0.17 138 fb™
WZ o o oos t o0 49k s WW H——e— 0.69 =0.38 +0.18  19.4fb"
W§ i 102 £004+0.07 13.76]{)@1 ss WW et 120011008 137"
77 0 136+ 0.59 = 0.12  0.302 fb" a9y ' —  148:065:048 19.7f)
7 s 0.97 £013+007 4.91b" q9zy " 120012013 137 o
77 g 0.97 = 0.06 = 0.08 19.6 fb" qqWwz —— 146031011 137 b
77 o 1.04 £ 0.02 £ 0.04 137 fb" qqZZI B | 119038013 137 fb™
All o : 1 - 3. H 4 All results a’?' 1 ; I 2 I '4- >
results at: Production Cross Section Ratio: o,/ 0, http-/lcerm.china/oNi7 Production Cross Section Ratio: 0,/ o,

http://cern.ch/go/pNj7

QCD PRODUCTION

]

Experiment demands O (1%)

theoretical precision

EWK PRODUCTION

10
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https://arxiv.org/pdf/1708.00268.pdf

Di-boson production processes

Theory perspective

q1 q3 q1 h
: . O(a?a’,) QCD
f2 .
o induced process

fa

q2 94 g2

. O(a?) process:
quartic diagrams
+ gauge invariant
diagrams

. Typical Background O(aa?’,) V+ets

ISH
=

11


https://arxiv.org/pdf/1708.00268.pdf

VBS di-boson production

Pure EWK process: small cross section (few fb)

e Experimental selection based on:

* Triggering on boson decay products
e S/B heavily depending on boson decay
e Profit of ML techniques to extract signal

decay products

n

« VBF jets with large Ar]jj and large M ;

12
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CMS-PAS-22-008

VBS ssWW dilepton with tau

First measurement with a 7,_, in the final state

~b64% B +o hadvons qq — W_W_qq g 7’-h f yqu

tau decays

e Large BR but suffering large experimental background:
e ~95% of the events with non-prompt leptons from jets
misreconstructed as e,p, or Th. Data estimate needed
e ~2% are from Z/y*+jets

e 1% from dileptonic tf events

138 b (13 TeV)

Ty L L L B —
S  oF CMS ¢ Data Nonprompt leptons=
o 10 = Preliminary {i dilep. OS + (Ziy +jets) 5
" T m’ ™ + 10° e Other bkgs. I QCD ssWW VBS 5
| ) A n 10* —— EWssWW VBS %% Stat. Unc. -
' , ‘ 3 - -
10 o - —=
U 'P‘(e’$ £ S
1022 T e o -
E ¢¢¢‘¢'{,,/.z/(,,~,/’ E
10 g //4(///////// ’( %
I_I_I_I_l_l—
107!
102
215 ¢
ah) 1E
. © 0.5 E L
©
Jj— T, fake real 7, A O 500 1000 1500 2000 2500 13
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VBS ssWW dilepton with tau

Result

e Simultaneous fit using DNN templates from SR and CRs

e Two separate measurements: with purely-EW signal strength and one
scaling together the EW and QCD ssWW signal strength

o Statistical uncertainty dominates: will profit of Run 3 data!

138 fb' (13 TeV) 138 fb' (13 TeV)

10°k- CMS ¢ Data B QCD ssWw VBS § 10f CMS ¢ Data B QCD ssWw VBS
' . 2z Triboso: ' - 2z Triboson . L
of ie’ri:mmary VX Vy | w - 5?::"’"8’}’ VX Vy | Slgnlflcance [#0-] (ex ected)
Signal Region e Ve Iy + ) Signal Region el 08 +(&y +joto) ( expecte d) U P
10° P tt dilep. Nonprompt Leptons 10° B tt dilep. Nonprompt Leptons ‘ Xp
B EW ssWWVBS % Stat. + Syst. Unc. : B EW ssWW VBS 7 Stat. + Syst. Unc.
10° 10°
....................... +0.63 +0.60
- - EW 2.7 (1.9) 1.4413:82(1.00+0€2
10
1 EW + QCD 2.9 (20)  [|1.43%08%(1.00%327
10
107
: ES B L S R
-~ ’ ’—l—.—‘_'_+ . T ,.1 vy L - - * '_f_i—.—‘_*_ - .‘*T - ‘ ] . .
I — i B I T T S EFT interpretation in progress
oF oF . . ’ . . . . . .
3 of _,_-_-J i 5 r _mm___m B
-2t -2 : . ‘ , S N A
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
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CMS-PAS-22-006

+ 17— + T
WW7y = e v u vy
Just published!

Sensitive to Triple and Quartic-gauge couplings

Unique opportunity to search for the Higgs+photon production obtaining constraints on Higgs
coupling to light quarks

Data driven estimate of non-prompt background(leptons, photons) with specific control regions

(ss WWy and rty respectively) used in the simultaneous final fit
Result obtained with maximum likelihood fit of 2D binned distributions in the (mTww, my,) plane

15



CMS-PAS-22-006

W W=y = ey u*v,y
Result

Process observed with 5.6 s.d. significance

CMS 138 fo”" (13 TeV)
s oo g = 6.0 £ 0.8(stat) = 0.7(syst) + 0.6(th) fb
21000:— Prefit SR Uncertainty
o - W(= ev )W(— pv )y T WWy . O,;, = 461 + O.34(SCCZZ€) + OOS(PDF)fb
Ll 800 © " B Nonprompt v ] th
- " Nonprompt [ -
i VvV |
600_— B tW —
ool mhm ’ .%CD “ E e Targeted search for [y where the W WY is a bkg.
- — thers i : T .
- E e Fitto AR,, and my,y, to extract limits on y,
a 1.5 : ------- s : Process o upper limits obs. (exp.) [fb] x, limits obs. (exp.) at 95% CL :
% 1ol ¢ PR SO W S } i 1| utm > H+v —epv v,y 85 (67) x| < 16000 (13000) '
| I R D N B i ...... f | dd > H+7 = epv v,y 72 (58) xq| < 17000 (14000)
0 100 200 300 400 500 600 70( s5— H-+7 — UV, Y 68 (49) x| < 1700 (1300)
lly[GeV] cc >H+y —>euvy,y 87 (67) k.| <200 (110)

P Azzi -
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The far future of boson physics

HL-LHC & FCC

e Next steps will be to observe the V. V. scattering process that is at the heart of the EWSB.
e Extrapolations have been made for the HL-LHC that show how difficult this will be even with the larger statistics
e During Run3 though, CMS will deploy new triggers and new analysis techniques that should improve the efficiency

o Will need a collider such as the FCC at a 100TeV to be able to observe this process.
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Conisderations

Boson physics is the heart of precision physics at pp collider

e Precisely measuring the properties of the SM bosons allows to
understand the inner workings of the Standard Model.

e This is a challenge also for the theorists to provide higher order corrections

e |[arger statistics and new analyses techniques will allow to reduce the
systematics uncertainties, both theoretical and experimental

e | arge statistics, also due to new trigger strategies, will expand the phase
space that can be explored and reach observation of rare processes

e ...LHC has collected only 10% of its statistics

18




Forward look

Higher precision of EWK measurements

e EFT framework becoming a stronger ally with
increasing number of measurement and their
precision

e EW measurements of boson properties help
improving the sensitivity of an EFT interpretation

10°;
| M VBS-only (current data)
{ MW VV + VBS (current data)

10 mmm VBS-only (HL-LHC)

1015_

95% Confidence Level Bounds

Moving toward a global EFT framework
complementary to direct searches to

8 5 3 8 8 § £ % & 3 E 2 B : % push the reach of the full LHC program
° . ° & & 3 S
i © 3 19
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Invisible Z width '
m Determine invisible width as ' (Z - vo) =B(Z - vo) /B(Z -5 0T47) x T (Z = £747)

ALEPH

L3

OPAL

LEP combined

CMS

: SM :
— e ]
- H—rH =
- H——-H -
s 4 -
— e —
:l I | | | | I | | | | IIl | | | I | | | l:
400 450 500 550
I‘im, (MeV)

450 + 48 MeV

498 + 17 MeV

539 = 31 MeV
o003 =16 MeV

523 4+ 16 MeV
(13 TeV 36.3 fb~ 1)

600

10

2v

ALEPH
DELPHI
L3
OPAL

[ [N, =2984 =0.008

amd

} average measurements, J
error bars increased
by factor 10

86 38 920 92 94

E_[GeV]

cm

m Uncertainties mainly from lepton identification and jet energy scale
m Single most precise measurement of [ (Z — vi7), competitive with LEP combination

m Compatible with Standard Model, no sign of Z decays to unknown light fermions
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Di-Boson Measurements

Pushing theoretical precision

Stolen from M. Wiesemann

Diboson precision measurements at the LHC
D Iy

Diboson Cross Section Measurements Status: October 2023

' L] I L]

I 1 ' I

vy | | RRRRRRN00N00NNN00000000
:’:’::o’o’o'o’ozc Sxvzezoss f:. .
w),_) [ V)’ 20HXHHXHK . v
2 ""fififg ' _ATLAS—Praliminary
—’ * 0. 0.0.0 -
y— ¢ty KRN
>0 .
" mm— Vs =7,8,13,13.6 TeV
Zy-vvy -
. PRRRERRRR
(ww | ﬂ #  moacn
R . | e
:3:1:3:1:§ = " LHC pp V5 = 13.6 TeV
Wz o e “oata
. _ | e
- WZ-vet
LHC pp Vs=13 TeV

X JONOBEL XX XX
OO
Y4 0000008 % ' i - e
25525255 T stat
L J

stat @ syst

- 4( Inclusive (60 GeV <mdf< 200 GeV)

BRKK LHC pp Vs =%
I Iy baa
—ZZ-bvy 000000000 000 0 stat
Pe %00 %% 0% % % %" stat & syst

LHC pp Vs=7 TeV

—-ZZ-4
i  SOHHEES - SDtaatta
WV - £vjj SRR stat & syst
VH | . 0 [
“Hobby t Experiment demands O (1%)
0.6 0.8 1.0 1.2 1.4 1.6 : '

dataltheory theoretical precision_

Marius Wiesemann (MPP Munich) Status of vector-boson pair production at the LHC January 17, 2024 2 2 2
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Invisible Z width

m Measure Z — v in events with large missing pt and jets
= Using observable & = p™S or hadronic recoil (in dilepton events), U > 200 GeV

CMS | | 36.I3 b1 (13 TIeV) CMS 36.3 fb~! (13 TeV)
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. .. § Data
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m /+jets control region — W+jets background prediction
m Signal shape from (Z — ¢17/47) +jets region
m QCD multijet from events where missing pt in direction of a jet 23




