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Diboson production




Diboson production

e  Measurement of the cross section of di-boson production processes including | gy U
o  vector boson scattering (VBS) : . : Zf"\ } {:
- valuable precision tests for the electroweak sector of the SM Dedicated talk by
- triple and quartic gauge couplings (TGC, QGC) involved C. Carrivale today
o -
©  double parton scattering (DPS) a *
- allows precision tests of initial and final state radiation, and multi-parton interaction w
¢ " v
o  central exclusive production (CEP) processes e.g. pyyp — pVVp " V
- yy—VV VBS processes involved as well, including yyVV QGCs
e  The cross section measurements allowed to achieve more stringent constraints on SM deviations coming from anomalous

gauge couplings (aTGC, aQGC) interpreted in the context of the SM-effective field theory (SM-EFT) framework.
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First measurement of opposite-sign WW(+jets)
production at \'s = 13.6 TeV

W+W_ inC IUSive CMS Run 3 data (2022 only) —L = 34.8/fb

x10° 34.8 b (13.6 TeV)
T T T

34.8 b (13.6 TeV)
T

e Importance of OS-WW production § [ows  Elewewm  om § 5 oo o
.. . . - Preliminary — S > Prelminary — N vx:'""t
o  Sensitive to vector boson self-interactions o B B ] § ST EE. B
. w - wz w - wz
o  Test for perturbative-QCD & electroweak | i m=
predictions 20} .
Final state studied | | . .
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-001/index.html

First measurement of opposite-sign WW(+jets)
production at \s =13.6 TeV

W+W_ inC luSive CMS Run 3 data (2022 only) —L = 34.8/fb

Observable Expected Observed CMS Prelimi‘nary ‘ ‘ r
gfﬁf ;riictl? ) 0 648220%1354((03(1)'1252) 009) 0 6408i1?6j51365((033’1§52) 009) g —— PPNNLOQCDx NLO EWK (MATRIX)
1et fraction 0.256 + 0.013(0.008,0.010)  0.243 - 0.013(0.009, 0.010) z S pp NNLO-QCD:2 NLO EWK (MATRD)
> 2det fraction  0.096 % 0.011(0.008,0.008)  0.119 = 0.011(0.008, 0.008) = PP NLO (MATRIX) :
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-001/index.html
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o 700 CMS Preliminary 138 fb' (13 TeV)
(p1) + E 7 —4-Data [ _JNonprompt  []Charge misid.
q 0 < . W
i} Ewz Wy WDoPS W
[Ezz [Jvw [ Rares

[ Total unc.

mwizy

‘% 7:]:‘% =
~ Simplest theoretical model:
frO I | l DP S W 2 parton-parton interactions

AN RRRLN ALY RRRRY RRRRY ALY

72 v A and B entirely uncorrelated
q/(lﬂ) v O_DPS _n OA0B
Measurement of Double Parton Scattering AB 2 oot s 5
(DPS) in WW channel for: £
8 15
1
° Exploring internal transversal Inter-parton correlation introduced via 0.5 10 20 30 0 50
structure of colliding protons double-PDT's (dPDE) e
. . gp Two different BDT classifiers trained to
— information about PDFs .
: separate the signal from the WZ and
First dPDF-based MC 1 back d
e  Paramount goal: DPS as a bkg. generator for DPS events: non-prompt fepton backgrounds
(contribution increasing with Vs) 5 2
First observation of DPS WW production
Measured (expected)_inclusive cross section Significance observed (expected):
0.16 £ 0.02 (stat.) 6.2 (6.7) S.D.
+ 0.02 (syst.)
+ 0.02 (model) pb

%§ | CMS—SMP—21-013 | PRL 131 (2023) 091503
| e e
} The CMS Collaboration DIS2024 Cristiano Tarricone



https://cms.cern.ch/iCMS/analysisadmin/getcfile?comment=9346
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pVVp

WW/ZZ Central Exclusive

Proton fractional momentum loss:

5 — Prom —P
pnom
Main bkg.: diffractive PU CMS-TOTEM simuiation (13 TeV)

Production (CEP) 5 > — data-driven method S =5
Defined two SRs: = g
P . . a 20 O
-inm -y plane: § region 2 @
WW/ZZ CEP (pp—pVVp) o[1-my/m |>1.0 .
O|y -y |>05 —0.25
- pp V! ;-

) Measuremen“t of forward (1ptact) _PUpasasig p: Oregion % 10
protons possible in CMS via the P Requirement on acoplanarity ~ °°- .
Precision Proton Spectrometer (PPS) oa=|l-Ag /x| <0.01 3 ;

. . J] C I 1 | 1 1 1
— access to the full kinematics of the TAHE T 0E 08 o4 08 0 02 o4 °
ts! 1 - m(WW)/m(pp)
events! .. . .
) Limits on the fiducial cross section:
PPS Roman Pots containing Detectors
- e (0.04 < £ < 0.20, m > 1000 GeV)
1 N D1 v ™™ . > - & g +34
N i — opwwp < 67(53775) fb opzzp < 43(62733) b
. 2500 - 100 ﬂ{‘ (13 TeV) Coupling Observed (expected) Observed (expected)
L o000 £ CMS-TOTEM| —— e G- imit 95% CL upper limit ~ 95% CL upper limit
£ xpected 95% CL limit E N B N
. 8 1500 E I Expected 95% CL limit + o No clipping Clipping at 1.4 TeV

e  Secarch for VBs decays into single large - ‘\\ Expocted 95% OL imit = 20 o7 660 (600) TV 708 (762) Tev 3

jets % 5032 i [faa /A% 2455 (214.8)Tev-4 306.8 (306.8) TeV

U sool \\ |fuma/ A% 8(9.0) Tev~* 11.9 (11.8) TeV —*

. . Ng>-1000 - |fus/ A% 73.0 (64.6) TeV™ 91.3 (92.3) Tev *

e  100/fb of data (PPS in physics status) e Fr/all 360 (29) TV 435 (429) Tev—
g : Ifus/AY  67.0 (58.9) Tev— 83.7 (84.1) Tev

2500 375 —250 —125 0 125 250 375 500 fus/AY 4909 (4296) TV 6137 (613.7) Tev—
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https://link.springer.com/article/10.1007/JHEP07(2023)229

Z(—vv)y

Z(—2v)+y

— suitable to detect anomalous Neutral Triple
Gauge Coupling (aNTGC) as an excess or a deficit
relative to the SM production

q v

z)7*
q

Note: clean final state signature with high
branching fraction (2 times the charged lepton
signature)

. Parameter | Expected | Observed

New CMS result! HT < 10° | (-2.8,2.9) | (-34, 3.5)
¥ 7

| CMS — SMP — 22 — 009 | hy x 10 (-5.9,6.0) | (-6.8,6.8)

hs <108 | ((1.819) | (2.2,22)

hf x 10" | (-3.7,37) | (-4.1,4.2)
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Triboson production




Tri-boson production

Aug 2023 CMS Preliminary
e Measurement of the cross section of tri-boson : ! ' d
CMS measurements vs. 7 TeV CMS measurement (stat,stat+sys) ]
pTOdUCtlon processces Theory 8 TeV CMS measurement (stat,stat+sys) o
o  valuable precision tests for the electroweak T e
VWV I 1.0240.21+0.14 137 fb"
sector of the SM WWW e 1164030028 137 fb"
. -1
o novel observation of very rare processes Wz e 0090012043  1ar 1o
. wzz = . E 218+1.47+049  137fb"
©  TGCs and QGCs involved Wy (SR 1.30£0.22£0.29  138fb"
Wy e 1.03+0.29+0.34  19.4fb"
. . Wyy e 0.73+0.10+0.22 137 fb"
e Like VBS analyses, tri-boson processes vy ., BB EBATH0AE 8.4 I
measurements allow to achieve more stringent 2y | 091+0.09+0.11  1371b"
. . . . 4 6 8
llmltS on aTGCS al’ld aQGCS lnterpl‘eted mn the All reSLRtS at: 2 Production Cross Section Ratio: o / o,

http://cern.ch/go/pNj7 exp theo

SM-EFT context.
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CMS

137 b (13 TeV)

% 1004 Same-sign/3 leptons 4/5/6 leptons Data and prediction
‘ / \ / \ / ) | : : ¢+ Data + stat. uncertainty
o 807 i N Background + systematics
60 . Triboson signals
] g3 BWWW @k, =1.150%)
Observation of the combined electroweak 403 Z8 BWWZ @, = 086435
. . ] & WZZ (= 22415
production of three massive vector bosons VVV 20 :zzz (LZW 0.0 )
(ApI'. 2020) (3)_ ______ 5| Bkg. in same-sign / 3 leptons
E 2] : [DLost / three leptons
WEWEWT v 0y ' 20 - 1 .Charge mismeasurement
Wﬂ:wiw? Ei Ei Ech’rq P 2 . OWW*+jj / iw
vVLVvVALewv 3¢ So - — S [ONonprompt leptons
W:EW:EZ Ei’\) Ei’\) Eiﬁi 4 E -1 L1 TR RN N N T TN T TN T AN TR T T S 1 .Y - Iepton
W7 7 [l o ) eeepupeeepppreceppn 2 1 0 AB 12345 2 2 | Backgrounds in 4/5/6 leptons
_ _ _ 1J m-out  me-in  #SFOS  ppitins Z+enBDTbins 2 T 0zz [twz [JOther
+pF pxpF pEp+ ] i o O
227 rrre et 6L Same-sign dilepton 3 leptons 4 leptons a @ @iz @wWz
o CMS 137 fo'' (13 TeV)
Observed (expected) significance : : e BDT total stat
Simultaneous fit with 4 signal strengths: Combined - ¢+ Sequentialcul 4 5p +028 4021
WWwW 3.3 (3.1)S.D. : :
WWZ 3.4 (4.1) S.D. WWW | —— 1.15 938 0%
Wiz 1.7(0.7) 8.D. wwz | | —e 0.86 4% 33
777 0.0 (0.9) S.D. e i
Wzz E E ® 2.24 "5 2
— Combined fit for VVV:  5.7(5.9) S.D. 22z | . ; Allowed SlsT—|
Y Gy
§ f
CMS | cMs—sMP-19-014 | PRL125(2020) 151502 Signal strength u
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-014/index.html

\ / w w
Z(W) v w vy w v,

Analysis strategy

Y Y
a 2vy) a Y q ¥
e  Measurement of Vyy fully leptonic channels B sty CMS 187 1" (13 Tev)
. S —— Data 5 E —— Data
o Wyy can be produced via QGC S Z2wWn 2 0F Zoeenny Zey
. . = [ Misid. electrons = 2505 [ Others
o Zyy does not involve QGCs (in the SM) 2 .ot S oot [ Misid. jets
: 150
100;
e vy can also be produced via ISR/FSR S0
g 150 k] 155 ‘
. . . . i | y 1 1
e  Data-driven method for major bkg.s estimation: % | I % 08E s
. . © 1 © Y
o Jets misid. as y — CR : V+yloose a Pricevl & Pr 1G4l
Process eveYY UV Y'Y
o Flectrons misid. as e.o 7v — eey [e Misid. jets 918 23 (stat) £ 180 (syst) 1441 4 27 (stat) 4= 280 (syst)
V. e8 &Y u [ YY] i Misid. electrons 669 + 28 (stat) £ 34 (syst) 107 & 9 (stat) £ 7 (syst)
—subtract Zy — eey (MC) before computing FR Others 217 + 11 (stat) + 20 (syst) 286 = 11 (stat) = 25 (syst)
Total backgrounds 1804 4 38 (stat) 4= 180 (syst) 1834 4= 30 (stat) £ 280 (syst)
. Expected signal 248 £ 6 (stat) £ 17 (syst) 500 £ 8 (stat) &= 33 (syst)
o QCD: ty, tty, ttyy, VVy — from MC Total prediction 2052 = 38 (stat) = 180 (syst) 2334 = 31 (stat) = 280 (syst)
Data 1987 2384
; ; : Process eeyy HHYY
[ ) -
Systematlcs from data' driven background estimated by Viisid, jefs T i) £9(ysD S5 L5 (eta) £ 77 (5550
inverting lepton isolation and applying same strategy Others 6+ 1 (stat) + 1 (syst) 11 42 (stat) + 1 (syst)
Total backgrounds 48 £ 4 (stat) £ 9 (syst) 109 + 6 (stat) & 27 (syst)
Expected signal 68 £ 2 (stat) = 5 (syst) 157 & 3 (stat) £ 11 (syst)
Total prediction 116 =+ 4 (stat) &= 8 (syst) 266 + 6 (stat) &= 23 (syst)
. | Data 110 272
cMs, | 10 00
CMS —-SMP-19-013 JHEP 10 (2021) 174
\ 12
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-013/index.html

Vyy

Results: SM & aQGCs

Measured cross section:

oWy = 13.6371 3 (stat.

Z(W)

Z(W)

Example of BSM
diagram affected
by aQGC

07yy = 5.417 038 (stat. Y§ 50 (syst. )+0.06 (PDF+scale)

CMS 137 b (13 TeV)
W(ev)yy .u_ 0.23 *0% (stat.) jgis (syst.)
3 +0. +0.23
W(uv)yy | —0.74 o1l (stat.) o (syst)
i +0. +0.22
W(lv)yy | = 0.73 *319 (stat.) o (syst)
47770 1 2 ; ;

3 4 5
Signal strength p

Z(ee)yy

Z(upyyy

Z(lyy

CMs

404 (syst. )+ 0.08(PDF +scale).

3.1S.D

4.8S.D

137 fb' (13 TeV)

0.73 +0.18

-0.17

<= 1.06 701

-0.11

0.10
-+ 09177¢

+0.12
(stat.) o1 (syst.)

(stat.) tglg (syst.)

+0.11
(stat.) Wi (syst.)

1152

JHEP 10 (2021) 174
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Events / bin

Data / Pred.

Events / bin

Data / Pred.

1200CMS 137 o' (13 TeV) - CMSs 137 fb” (13 TeV)
1000 WE ey \?V?{t? é b \?VaYti
[ Misid. electrons ‘2 1000 [ Misid. electrons
800 [ Others g 800 [ Others
soog = 300 Tev 600 i 00 Tev
— fy/A* = — fyg/A* = 100 TeV
400 400 7
200 200
e ] S 15
1 " X 1 Py
0.5 — 05F
0 50 100 150 200 250 300 & 0 50 100 150 200 250 300
priGeV] 8 P! [GeV]
CMS 137 b (13 TeV) CMS 137 b (13 TeV)
% Zeeyy —+ Data 5 F  Zo uuyy —+ Data
. Zyy < 140 Zyy
60 [ Others T 120 [ Others
50 O Misid jets 2 100 CMisid-jets
2 — fr/A* =10 TeV & — /A" =10 TeV
30 60_
208 <7777 408 7777
10E- Y 208 i
e | B . i
0.5 4 — 05
0 50 100 150 200 250 300 S 0 50 100 150 200 250 300
pr(Gevl 8 Pl [GeV]
Wy (TeV ) Zyy (Tev)
Parameter  Expected Observed Expected Observed
fma /A [-57.3,57.1] [-39.9,39.5] — —
fuz/A* [—91.8,92.6] [—63.8, 65.0] — —
fro/A*  [-1.86,1.86] [-1.30,1.30] [-4.86,4.66] [—5.70,5.46]
fri/A* [-238,238] [~1.70,1.66] [-4.86,4.66] [—5.70,5.46]
fra/A*  [-5.16,5.16] [-3.64,3.64] [-9.72,9.32] [—11.4,10.9]
frs/A* [-0.76,0.84] [-0.52,0.60] [-2.44,252] [-2.92,2.92]
fre/A*  [-0.92,1.00] [-0.60,0.68] [-3.24,3.24] [-3.80, 3.88]
fr7/A* [-1.64,1.72] [-1.16,1.16] [—6.68, 6.60] [—7.88,7.72]
frs/A* — — [-0.90, 0.94] [-1.06, 1.10]
fro/ A* — — [—1.54,1.54] [-1.82,1.82]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-013/index.html

WWy

Analysis strategy

e  Measurement of WWy with fully leptonic final state
sensitive to:
o  TGCs, QGCs
o  Higgs-gauge couplings
o  Higgs-light quarks couplings

e  Data-driven method for estimating bkg. processes
containing a prompt lepton/photon
o) Zy
o  ttbart+y
o  single-top

e  Control Regions to validate the bkg. estimations:
o SSWWwy
o Topy
Main difference to SR selection:
— m "V >10 GeV cut not applied in the CR

PRL 132 121901

| CMS - SMP—22-006

- WWy
W Nonprompt y |

Prefit SR
W(= ev JW(— By )y

10[+44t

NPSTLITE ST

s 100

i

138 b (13 TeV)

150

imy, €(150250] | m, e (2505)

Wy Wy N
Bvw [ Noaprompt | =
W Top Nonprompt y
~+Data  Stat ® Syst
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.121901

WWy

Results
Process Signal region SSWW+vy CR  Topy CR
WWo 25404473 12402 12.8427
QCD Vv 1667138 122422  12.6+12 o . o
vV 367435 249417 20403 E"tra"tﬁ"r}‘lt"fiﬂtss f‘r’gfﬁgf"\‘g&ngs with
Top 32754322 24406  2433.5+85.2 gt Y v

Nonprompt / 1229497  196.6+13.6  39.8+10.7
Nonprompt Y 409.9 £31.7 19.9+1.6 793.2462.1 Profile likelihood ratio test statistic built in
Expected 1318+43 257+14 3294+57 bins of AR (found to have good

Observed 1330+46 259420 3287459 !

.

discrimination power) and mTH

-

Measured fiducial cross section:

Process 0up Pbexp.(obs.) Yukawa couplings limits exp.(obs.)
o = 6.0 £ 1.0(stat) + 1.0(syst) & 0.9(theo) fb ut — H+y —euy  0067(0.085)  [x,] <13000 (16000)
dd - H+1v — euy 0.058 (0.072) 4| <14000 (17000)
p=1.31£0.17(stat } £ 0.21(syst) 5.6(4.7) S.D. s > H+q —epy  0049(0.068) x| <1300 (1700)

cc > H+7y—euy  0067(0.087)  |x.| <110(200)

CMS [ oms—smp-22-006 | PRLI32 121001
15
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.121901
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See here for all cross section summary plots.

Overview of CMS cross section results

CMS preliminary

3ub~?-138 fb~* (2.76,5.02,7.8,13,13.6 TeV)
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1.0e+12 14

1.0e+
August 2023

e  Most of the recent results achieved by the CMS Collaboration on di-boson, and tri-beson production processes

including the most recent constraints on SM deviations coming from anomalous couplings in multi-boson processes

were also reported

e  Di-boson: precision era — NNLO.

Good agreement with MC predictions

e  Triboson: some processes already measured —need for higher sensitivity with future analyses

The CMS Collaboration
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TORUN3 ANALYSES

Stay tuned

AND BEYOND for Run 3

and beyond!

Thank you!
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\ Vector Boson Sqattering in CMS

e

e

cMS,/ |

Aug 2023
T

CMS Preliminary

Theory

— —

qaW
qqW el

CMS EW measurements vs.

T T
7 TeV CMS measurement (stat,stat+sys)

— =

8TeV CMS 1t (stat,stat+sys)

13 TeV CMS measurement (stat stat+sys)

0.84+0.08+0.18
0.91 +£0.02 +£0.09
0.93+£0.14+0.32
0.84 £0.07 £0.19
0.98 £0.04 £0.10
085 +012+018

— e

19.3 fb!
35.9 fb”!
5.0 b

19.7 o'
35.9 fb;‘

Plethora of results achieved with 17440004074  19.71b"
. . " 1.77+0.67+0.56 19.7 fb’
full Run-2 dataset and still coming out: 2 ol :}” { 0.80£0.110.15 13817
1.12+0.15+0.17 138 fb"
0.69+0.38+0.18 19.4 fb!
1.20£0.11 £ 0.08 137 fb™!
1 1 - _ _ _ 1.48 £0.65+0.48 19.7 fo!
o Observation of leptonic OS-WW VBS 5.6 (5.2) S.D. |_CMs-sMP-21-001 | Toet sols Jsapn
1.46 £0.31 £0.11 137 fb™
o Evidence of semi-leptonic WV VBS 4.4 (5.1) S.D. | CMS-SMP-20-013 | 1.19£038£013  137fb"
0 2 3 4
. Allresulisat: Production Cross Section Ratio: ol
o Observation of Zy 9.4 (8.5) S.D. [ CMS—SMP—20-016_| Mecamenigohhiz PR SR T e
Aug 2023 CMS Prellmlnary
o  Observation of Wy VBS 6.0 (6.8) S.D. | cms-smp-21-011 | i Ty oprgtir B 5°ZZ imf"f”'s e sttt
; : v = 1.06+0.014012 50"
o  Evidence of fully leptonic ZZ 4.0 (3.5) S.D. [ cms-—smp-20-001 | Vi, ouom) - 1160035013 80"
Y, (NLO th) re 1.01£0.00£0.05 137 fb’
p A . ; Zy, (NLOth,) i 0.98+0.01+£0.05 5.0fb"
. many results already out and more are coming. 7y faos) - OSBL00I L0068 550
WW+WZ H——H 1.01 £0.13+0.14 4.9 b
ww —o— 1.24+0.18+0.09  0.302 fb"!
ww o 1.07 £0.04 £0.09 4.9 b .
ww i 1.00 £0.02 £0.08 19.4 fb’
3 ww - 1.00 £0.01 £0.06 35.9 fb™!
Several VBS channels are now well established wz o 057+020£004 0302 fb"
. . wz Hio-H 1.05+£0.07 £0.06 4.9 b
and enable stringent constraints on BSM Wz b 102:0.04£007 196 "
: : . . . 7z ' o 1.36£059£0.12  0.302 fb"
theories — Effective Field Theory (EFT)|  VBS cross sections: % - 067013007 4o
Y74 H&H 0.97 £0.06 +£0.08 19.6 fb”!
trend o' > a'th 7z o 1.04£0.02+0.04 137 b"
exp.~ theo. L 1‘ : : !
Dedicated talk by C. Carrivale today (not yet significant) L Production Cross Section Ratio: G / Gpe,
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/VBS.html

\ Vector Boson Scattering in CMS

Constraints on anomalous quartic gauge couplings (aQGCs)

Events / bin

CMS 137 fb (13 TeV)

f I T
0% ¢ Data Nonprompt Y E
MEW Zy |ST,TTy, WV 3
WQaCDZy  _f sa*- 047 Tev* |

107

—Fg/A*=0.91 TeV* 3

Zy analysis:
Strongest limits

for dim.8
operators T8-9

0.15-0.4 0.4-06 06-0.8 0810 1.0-1.2 12

onstralmng on aQGCs: typical procedure
Dimension-8 EFT op.s

mg,, sensitive to deviations from SM
Maximume-likelihood fit profiling the N3

syst. unc.

CMS 138 tb! (13 TeV)
C
Syt —— Data Wewwy
g B op. WV, 2y QCD Wy
Muon events "
S '
cMs 138 o (13 Tev) 2 I isioproton [l Double MisiD
4 MisID lepton 7 Stat ® syst
z ——— Obs. 2ANLL 7
&2 — Fy/A*=8Tev*
10 - —— Obs. 95% CL interval

CMS - SMP-20-016

m,, [TeV]

Coupling Exp. lower Exp.upper Obs.lower Obs. upper Unitarity bound
Fvo/A* —125 12.8 —15.8 16.0 13
Fur/ A —28.1 27.0 —35.0 34.7 15
R/ A -5.21 5.12 —6.55 6.49 15
Fus/ A -10.2 10.3 -13.0 13.0 1.8
Fua/ A -10.2 10.2 -13.0 12.7 1.7
Fus/ A -17.6 16.8 -222 21.3 17
Fvz/A* —44.7 45.0 —56.6 55.9 16
Fro/A* —0.52 0.44 —0.64 0.57 1.9
Fri/A* —0.65 0.63 —-0.81 0.90 2.0
Fra/ A* —~1.36 1.21 ~1.68 1.54 1.9
Frs/A* —0.45 0.52 —0.58 0.64 22
Fre/ A* —-1.02 1.07 -1.30 1.33 2.0
Fr7/A* -1.67 1.97 -2.15 2.43 2.2
Frg/A* —0.36 0.36 —0.47 0.47 1.8
Fro/ A* —0.72 0.72 —0.91 091 1.9

F U
" 1 " h fl L PR
0 0

4 2

2 4
F /A% [TeV]

CMS - SMP -21 -011

Expected limit Observed limit Upound

5.1 < fM,O/A4 <5.1 —5.6 < fM,O/A4 <55 1.7
7L< frua /A <74 —78< fu/A* <81 2.1
18 < fup /AP <18 —19< fy,/A* <19 2.0
25 < fys/A <25 =27 < fys/A <27 2.7
B33 < fya/A <33 =37 < fya/A* <36 23
BA< fys/A <36 —39< fys/A* <39 2.7
-13 < far/A* < 13 —14 < fyr/A* < 14 2.2
043 < fro/A* <051 —047 < fro/A* <051 19
027 < fr1/A* <031 —031< fr;/A* <034 25
072 < fry/A* <092 —085< fr,/A* <10 23
029 < frs/A* <031 —031< fr5/A* <033 26
023 < fre/A* <025 —025< frs/A* <027 29
0.60 < fry/A* <068 —0.67 < fr,/A* <073 3.1

[0.15,0.4] [0.4,0.6] [0.6,0.8] [0.8,1.0] [1.0,1.5]
my, [TeV]

Wy analysis:
Among the best

limits for fM
4
fT,5—7/ A °

2



. CMs ‘ 1381'(13Tev) ~ CMS _ 138 fb" (13 TeV)
< 10° ; —4-Data Higgs Nonprompt ; c E —4-Data lHiggs ll\lonprompt I %
g E Multiboson 1] DY QCD-induced WW 3 <I>.) 105; Multiboson ] DY QCD-induced WW -
W B U waned —ves B E . wandii  —ves E
‘N;—F‘N;_ 10% 7, <1 3 10"? Z,5 1 E
10°E 10°E -
OS-WW+2jets — VBS study crucial in 10 —
investigating the EWSB mechanism il £ 3
107 e | | ] I 107 :_ | ] | | _:
Anal!sis Strateg!: % 1.51 — [ Uncertainties - 4~++“q§+‘}+ % 1.51 — [[JUncertainties et
-  Signal region splitted in 2 regions basing on the g o8 n = - o #  80 = = " ” E
centrality of the // system wrt the tagging jets ' ' ' DNN output ' ' ' DNN output
=>  Ttbar control region (1nveﬂed b-veto) Zeppenfeld variable Use of a DNN to separate : :
=  Drell-Yan control region 1 . Signal extraction based on a
Zy = 5|Ze, + Zy, | VBS signal from ttbar and . . o
2 . binned maximum likelihood fit
— 138 167 (13 ToV) t where Z, =n, — %(le1 +nj,) QCD-induced WW bkg.s
% 70000 +Da‘|a ‘ Nonpror‘npt ‘ Multib‘oson B
°>’ E 2 zjj QCD-induced WW [T] DY no PU jets E
LI 600001 by 1 pujet|  tWand i — VBS E L. . . . .
sao00t. 3 Definition of a fiducial volume close to First observation of the EW production
ook, R Ay IR 1am, > IDYCR the reconstructed SR of a OS—-WW pair (fully leptonic decay) in
30000 E Objects Requirements association with 2 jets
20000; E ey, ee, py final state, opposite charge
i ] pr =Py + Sipf i AR(L, 1) < 01 Measured (expected)
10000~ = Leptons p? > 25GeV, p? > 13GeV, pyTB < 10GeV . .
: : 1 ] < 2.5 fiducial cross section:
S 11 Durcenainies E proe > 30GeV, my > 50 GeV 10.2+£2.0 b
Sosk ; s § pr > 30GeV (9.1 £0.6 tb)
: AR(j,0) > 0.4
) Nb' of events in the Jets At least 2 jets, no b jets o
‘C 2 differtent CRs | < 47 Significance observed (expected):
mj > 300GeV, Ay > 2.5 5.6 (5.2) S.D.
| cMs—smp-21-001 MET P S 20GeV 21
\



INFN

TORINO

/7

SM evidence and aQGC limits

q

e 77 electroweak production (fully leptonic channel)

associated with a jet pair ) c SEMs ___  emsTy
o) r -+ Data
5 10% [ z+X
. . . .o € F ttz, vz 28
e  Irreducible dominant bkg.: QCD-induced ZZjj prod. § o Mi100GeY e Constraining on aQGCs
T M g9—2Z -> Dimension-8 EFT op.s
B EW ZZjj

-> m used
-> Maximum-likelihood fit
profiling the syst. unc.

Clf/A*=2Tev*

e MELA (Matrix Element Likelihood Approach)
discriminant used to extract the signal (performance
checked vs. BDT w/28 inputs variables)

o CMS aelasTey  First evidence of the EW ZZ

<
g '+ Date production (41jj final state)
@ Erz{z),(vvz 0 200 400 600 800 1000 1200 1400
e Observed (expected) signal m, [GeV]
e strength:
sirenglh. 1047 10.43 Coupling Exp. lower Exp. upper Obs.lower Obs. upper Unitarity bound
pew = 1.217077(1.007033)  —7,/A7 —0.37 035 ~0.24 022 24
fri/A* —0.49 0.49 —0.31 0.31 2.6
o fr2/ A -0.98 0.95 —0.63 0.59 25
Significance observed fra/ A —0.68 0.68 —043 0.43 1.8
B4 s.-d M (expected): Fro/ A% -15 15 092 0.92 18
Qo 2F
g Jptie = f*\«1»-*"%4;&*1 i - 4.0 (35) S.D.
o 0 01 02 03 04 05 06 0.7 08 09

Ko

CMS — SMP—20— 001 |
22
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Wy

aQGC limits

First observation (May 2020) of the EW Wy production (ljj+MET final state) combining 8 Constraining on aQGCs

TeV & (2016) 13 TeV center-of-mass-energy data collected by CMS -  Dimension-8 EFT op.s
> my used
Combined observed (expected)_significance: 5.3 (4.8) S.D. -  Maximum-likelihood fit
| CMS — SMP — 19 — 008 | profillng the Syst. unc.
Improvement of constraints on aQGCs No statistically significant
CMS 138 fb' (13 TeV) SM deviation is observed
c
CMS — SMP — 19— 008 \| CMS—SMP-21 011 | 5o Moo Weoow oMs 15w (3Tey
o Top, WV, Zy Qcb Wy a4
Parameters Exp. limit s. limit  Upound Expected [imit Observed limit Upound L%  Meonevens g wisio photon [l Doube MisiD %2 L~ Obs.2aNLL
fmo/AY [-81,80] [-7.7,76] 1.0 BI1< fauo/ AT <51 =56 < fyo/A* <55 17 10°E MisD lepton 77 Stat @syst b obe. 95% L inerval
faa/at =122 [-11,11] 12 T1< fua /AP <74 =78< fy/A* <81 21 ; Rt -o eV 9%
fua/At (28,28 [-27,27] 13 18 < fua/AP <18 —19< fu,/A* <19 2.0 : 8
fua/At[-44,44] [-40,41) 15 25 < ;ﬁim‘* <25 —27< %im‘* <27 27 o
fua/AT - [250,500 [-47,47] 15 B3 < fyua/ A <33 37 < fy4 /AP <36 23 WL
fM,5§24 [[—_81.2, ?63]] [[—_712 3-57]} 13 BA< fus/A <36 —39< fys/At <39 2.7
%?/M (-21,20]  [-19,19] 13 A3 < fyp /A <13 1< fp/AT <14 22 °F
Futo/ A4 [_0.6’0_6] [_0.6’0.6] 14 043 < fro/A* <051 —047 < fro/A* <051 19 LR S S N
VI HP 0a 027 < fr/A* <031 —031< fr/A* <034 25 [0.15,0.4] [0.4,0.6] [0.6,0.8] [0.8,1.0] [1.0,1.5] Fug A [TeV')
fM,l/A4 [-04,04] [-03,04] 15 072 VA < 092 085 < P At = 10 " P LToV]
fwa/At [-10,12] [-10,12) 15 072 < fra b 85 < fra , S : The m, distribution for muon events satisfying a
fms/A* [-05,05] [-04,04] 18 029 < frs/A* <031 —031< fr5/A* <033 26 W .
- 4
‘, fM' N 0204 [-0304] b 023 < fro/At <025 —025< f JAY <027 29 selection used to set constraints on the aQGC
C M S 6/ by b ’ P LW parameters. The last bin includes overflow.
fuz/A* [-09,09] [-08,09] 18 0.60 < fr;/A* <068 —0.67 < fr;/A*<073 3.1
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CMS 138 b (13 TeV) CcMS 138 fb” (13 TeV)
— 21— S ‘ : ’ 1 5 f ‘ ‘ ]
CMS SMP 21 011 8 osl —«— Obs. result (stat® syst) | &2 —«— Obs. result (stat® syst) |
£ J—Obs. result (syst.) : £ 1k J—Obs. result (syst.) B
Fos | = o es b 1
: . S EW(LO) Wy MGS5 b I °°F EW(LO) Wy MG5 g
138 b (13 TeV) CMS 138 fo'' (13 TeV) S ool i 1 el i 3
T = T T 3 “F B e 1
-= 2000 E —'— s | s 9
o —+—Data - EW Wy Qo ——Data - EW Wy ] = ] < 04 F -
P 5 1800 ] 02 [ ! a £ —.— ]
£ 6000 Frarerprotens Il Top, WV, 2y [ QCD Wy 2™ Fescappnotons Il Top, W, 2y [ QCDWy ] E == ] oz |- e .
o [ misiD photon [l Double MisiD 9 1600 [ wmisiD photon [l Double MisID 7 o[ — o[ ——
LLI 5000 : LW 1400 ) ] L . . ] E . L . Bl
MisID lepton MisID lepton Stat ® syst g 2 5.8
4000 1200 E Sl g —H— Sl o #
1000 E 8 o4 L) — —4— 5z JE——
3000 00 E [30,55]  [55,80] [80,110] [110.c] [2550]  [50,90] [90,170] [170,e]
E p. [GeV] pl [GeV]
2000 600 - T b
- E CMS 138 fb' (13 TeV) CMS 138 fb' (13 TeV)
F » 400 3 = F T T ] E T T T ]
1000 — - B 8 05 F —— Obs. result (stat®syst.) = —— Obs. result (stat® syst.) —|
E e 200 = g o5t s S ]
£ o] =t = Obs. result (syst.) E E m Obs. result (syst.) E
i 0 L I L 1 - 0 iy o 04 - E E
g 2 7 T g 2 ] ; ; | % b B eweo wyves E 5 B evioywymes k|
) H i ) B . o : o3 — e -
£ S s 08 i L i i 5 f ] ; ]
e 24 | St : T ?
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200 E E £ [— ]
i [G V] Y [G V] o i E 01 E
e e 1 p—— ]
pT pT 0 | = =
CMS 138 fb' (13 TeV) CMS 138 fb (13 TeV) s - e - : o
i ' —— Data I EW Wy in fiducal 5 350 ‘ —— Data I EW Wy in fiducial § Nl —— § fe W
% [ EW Wy out fiducial [l Top, WV, Zy % F I EW Wy out fiducial Top, WV, 2y sosf ¥ -
§ - -J’"’"”' Phetors — Qcp Wy [ MisID photon § 300 -Endeepphoton — Qcb wy [ MisiD photon 7 TB0,80]  [80,110] [110,160] [16054] = Ts0.100]  [100190] [190250]  [250]
L Double MisID MisID lepton F Double MisID MisID lepton i1
w b W 250~ m V
r 77/ Stat @ syst = 77 Stat @ syst ug [Ge ] pJT [GGV]
600 —m, =120, 80) Gev ' m, <160, 130) Gev + m, <[130, =) GV 200F-m, <0,60) Gev + m, <[60,130) Gev +m, <0130, =) Gev CMS 138 fb" (13 TeV) CMS 138 b (13 TeV)
r H 3 E H H T~ F T T T = T BE T T T =
L : F H H 2 o2 F —— Obs. result (stat® syst) | = E —— Obs. result (stat®syst.)
: 150 : E £t ] 30 [ E
400— o F H H £ o | 4 3 E E
& H = H H = £ mmmm Obs. result (syst.) k| 2 s s Obs. result (syst.) A
L i 100~ H 2 £ oo |- 3 < E 3
200 E i = F ' EW(LO) Wy MG5 3 T NF - EW(LO) Wy MG5 =
50 E 0.06 — - < 15 ; é
0 0 i e < oo - 10 — — =
g8 g2 - e o —— 1. ==
) Q 77 & R E |
E % S o3 ”Z/ of E 0E 3
o T 07 7, F Bl 3 E
1 ° L Qo5 E . 1 1 5 E . . 3
s T K = T @ R = 7T @ T KR ¥ g @ R = T @ K =7 g ,3 g 53
] S st £3dan &3 S S K £S 3K =S8 R & §H gz ' oy
; - . g% 2% 2&° ERH I : - -5 ¥

m. [TeV] [0.5,0.7] [0.7,1.0] [1.0,1.5] [1.50] [25,3.001 [3.0,3.7] [3.7,45] [4.56.5]

< WhEm C m; [TeV] An,




" CMS supplementary 138 fb! (13 TeV) " CMS supplementary 138 fb' (13 TeV)
T T T T T T T T T T -
< 10° E -4 Data Higgs Nonprompt E k< 10 E —+Data Higgs Nonprompt E
q>) 5 E Multiboson ~ [[1] DY QCD-induced WW 3 q>) 5[ Multiboson  [I1] DY QCD-induced WW
o 10 N = w 10°E -
_|_ - E tWandffi ~ =—VBS g E tWandff = VBS
10"%— Z,<1 —é 1()‘?— Z,> 1
W W
102 é_r—\ _é 102 ;!
. c g E E 3 —_—
OS-WW+2jets — VBS study crucial in o =— = 10k
E — ] £
investigating the EWSB mechanism 3 E 1E
10k - 107
N 1072 E | | I | I - 1072 E I I <
Analy51s strategy: S 15 F [DUncertainties i € 15 & [[DUncertainties E
. . . . . . 8 1 . g 8 1 X \
-> Signal region splitted in 2 regions basing on the T osE L - T AR S g st S
centrality of the // system wrt the tagging jets 1000 2000 E 1000 2000 E
-> Ttbar control region (inverted b-veto .
g ( ) Zeppenfeld variable CMS Supplementary 138 b (13 TeV) CMS supplementary 138 fo (13 TeV)
- Drell-Yan control region 1 2 F . T T3 e F ‘ ‘ '
ZZ[ = £ |ZZ + Z[ | qc) 108 c —4- Data Higgs Nonprompt B g 1oL —4-Data Higgs Nonprompt
2 1 1 2 I 0 E Multiboson [ DY QCD-induced WW E o E Multiboson [ DY QCD-induced WW
— _ L . . r tW and tt - VBS ] L tW and tt - VBS
t where Z, = n, — 5(n;, +nj,) 10 <1 10'F -
10°E - 10°E
CMS 138 fb' (13 TeV) CMS 138 o' (13 TeV) 107 E L "
o 10°g T T T E a2 10°F T T T = = — = —_—
c E ~4-Data | Nonprompt [ I Muttiboson 3 c E ~4-Data [ I Nonprompt Muttiboson 3 10 — - 10 —
a>) C Mz ] QCD-induced Ww [I] DY no PU jets | g F [E] [ ]acp-induced Ww [Z] DY no PU jets ]| E E —_—
w 10 [ IoY1pPujet [ Jtwandt = VBS — i 10* :_§ [Ioy1Pujet [ Jtwandtt - VBS - 1 - 1
£39 379 m;> 300GeV Z,<1 3 F50 37 my> 300GeV 7,51 ] E E =
Fesis s an>35 b M- An>35 ] 107 i 107 ==
Bl-v Ti7 T . Lev 988 3 - = =
10 Eguionim=50 750 100 1500 2000Gev J 103§ g4l % im=s0 70 100 1500 200Gev 3 102 - 102
R i E e i B I I I
L T S S S 7 == . —_ 1 Q 15 F [JUncertainties I Q 45 E [JUncertainties E
e —— ———— SR ) TR el T
2| L — E = 4 6 8 4 6 8
10 )= L 4% An, A1
= - 1= ]
o 14 F inti E O 14 F ryamy =
= [[JUncertainties E = [[JUncertainties E
i NSRS . L] S e S
T08E —+— E To08E ot v —
0 06 E 0 06 E
7 2 3 4 5 6 7 T 2 3 4 5 6 7
Bins Bins

| CMS - SMP—21-001 25




100 fb' (13 TeV) CMS-TOTEM 100 fb' (13 TeV)

o 15, CMS-TOTEM Y
b§ ¢ Observed b§ * Observed
p \/ \/ p E , — Expected E ] — Expected
o 10°F o 10°g
z [ +to Expected | F [ +16 Expected
3 L | |+20 Expected | & ol | |+26 Expected
o ()
1 > — = 1 ...
Main bkg.: diffractive PU .-
Important variables for this analysis: — data-driven method L e N AL . - =y
[al¥/AZ (x 107 GeV?)| a¥/A2 (< 107 GeV?)|
Ap; 1 i CMS-TOTEM 1001 (13 Tev,
8P ar SEE = Llge S ) i (13Tev)
& P v/t Ui = 3108y Defined CRs reverting the . Observed
requirement on acoplanarity 10 — Expected
[ +16 Expected

>
g

[ ]+2c Expected

MSTOTEM  sow'wren,, _ OMSTOTEM _ sow'sten \

95% CL limit on 6/6,

5C
; E 18 ; g 2018 18 10755 200 300 200 500
; 1? 16 ; 1:— Regions B+D 16 (ht aZ/A° (x 107 GeV)|
\; F 14 \;‘ E L. 14 o 107 CMS-TOTEM 100 fo” (13 TeV)
! OSE 12 ! 0 5; N 12 b§ + Observed
a OF 10 o OF ] 10 g wl — Expected
\Q'/ F 8 8 F 8 £ 7] +16 Expected
> _05;_ I-6 > _05;_ """ —6 3 ol [ ]+20 Expected
-1 4 1 4 5
15¢ " 1.5t » .
—-1.5E ! 1 el ! 1 L 0 156k v 0 0 N
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 ) .y
107350 200 300 400 500

aZ/A? (x 107 GeV?)|

1 - m(WW)/m(pp) 1 - m(WW)/m(pp)

‘VCMS | | CMS-SMP-21-014 |
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Coupling  Observed (expected)

Observed (expected)

95% CL upper limit 95% CL upper limit
R CMS-TOTEM 1000'(13TeY) . CMS-TOTEM 1006 (13 TeV) NO Chpplng Chpplng at 14 TeV
E 1 o T cews jay /A2 43(3.9) x 106GeV 2 5.2 (5.1) x 1076 GeV >
E 7] +16 Expected é [ +10 Expected |a‘év /A2| (1 4) X 10—5 Gev—z 2.0 (20) % 10—5 GeV—Z
8 .l | |+2c Expected | & ol | |+26 Expected 7 ’ _s5 9
£ £ \ay /A7 9 (1.0) x 107> GeV —
‘ . — aZ/A2| 4.0 (45) x 1075 GeV 2 —
[a}1A% (< 107 GeV)| T ol Coupling Observed (expected) Observed (expected)
oo 100 fb™ (13 TeV) 95% CL upper limit ~ 95% CL upper limit
T o E oM TOTEN — S C No clipping Clipping at 1.4 TeV
g \\ |fao/A* 66.0 (60.0) TevV—* 79.8 (78.2) TeV—*
‘“i B N |fm1/A* 2455 (214.8) TeV*  306.8 (306.8) TeV—*
Ll iiZ‘ég N | fara/ A% 9.8 (9.0) TeV ™ 11.9 (11.8) TeV—*
e Ee 00 |fms/AY 73.0 (64.6) Tev* 91.3 (92.3) TeV 4
Wi 21107 -2 _ _
S baoTeevd fua/AY 360(329)TeV* 435 (42.9) TeV*
|fms/AY 67.0 (58.9) Tev* 83.7 (84.1) TeV *
|far/AY 4909 (429.6) TeV™*  613.7 (613.7) TeV*
| CMS-SMP-21-014
DIS2024 Cristiano Tarricone
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_ . 160 CMS 137 b (13 TeV)
_ q ‘ = E
5 1aob Z(>unyy Data
o ek 2 Zyy
V w w g 12077 I Others
Z(W) ! w ¥ w ¥ = o0 [ Misid. jets
]’V Yol 1 — f/A* =10 Tev*
! 60F
v ¥ E |
a 2(v,) q y a y 40:_ 47
. 20—
e  Measurement of Vyy fully leptonic channels T , ) ) . :
o Wyy can be produced via QGC . . 8 5 . .
. . o v '
o Zyy does not involve QGCs (in the SM) ~ 05f
Z(wW) g o 50 100150 200 250 300
Z(W) v, o Wy (Tev—) , (?rTV[?)eV]
. Yy (TeV™ 7y (TeV™
i Y can alSO be prOduCCd via ISIUFSR Parameter  Expected Observed Expected Observed
¥ fme /AT [-57.3,57.1] [-39.9,39.5] — —
. . . . fuz/A* [-91.8,92.6] [—63.8, 65.0] — —
e  Data-driven method for major bkg.s estimation . , fro/A* [-186,186] [-130,130] [-486,4.66] [-570,5.46]
fri/A* [-2.38,238] [—1.70,1.66] [—4.86,4.66] [—5.70,5.46]
: T (o708 omoe [au el 2920
e  Systematics from data-driven background estimated ?presem?fwi }Zst o oo 100l |ouo6s [a2t s [ams e
: : : : : 1agram atiected by frr/A* [-164,172] [-1.16,1.16] [~6.68,6.60] [~7.88,7.72]
by inverting lepton isolation and applying same 2QGC oA ~ > (090,094] [-106.1.10]
strategy fro/ A — — [-154, 1.54] [-1.82, 1.82]
CMS 137 o' (13 TeV) CMS 137 o' (13 TeV)
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