A
A
72

—~

N /
////
@

==
/

WEL TEOR BN/ SCATFTERTNG
RESULTS IN CMS

Yacine Haddad
On behalf of CMS collaboration

(*) Supported by US NSF PHY-2011848 and PHY-1707666



THE STANDARD MODEL IN CMS

Electroweak

VBF & VBS

10.07.22

‘Compact Muon Solenoid

//g

7 TeV
8 TeV
13 Tev
7 TeV
8 TeV
13 TeV
7 TeV
13 TeVv
7 TeV
8 TeV
7 TeV
8 TeV
13 Tev
7 TeV
8 TeV
13 TeV
7 TeV
8 TeV
13 Tev
13 Tev
wWww 13 Tev
wwz 13 Tev
wzz 13 Tev
277 13 Tev
WVy 8 TeV
Wyy 8 TeV
Wyy 13 TeV
Zyy 8 TeV
Zyy 13 TeV
VBF W 8 TeV
VBF W 13 TeV
VBF Z 7 TeV
VBF Z 8 TeV
VBF Z 13 Tev
EW wv 13 TeV
ex. yy-»WWsg TeVv
EW qqWy 8 Tev
EW qqWy 13 TeV
EW os WW 13 TeV
EW ss WW 8 TeV
EW ss WW 13 TeV
EW qgZy 8 TeV
EW qgZy 13 Tev
EW qqWzZ 13 TeV
EW qqZZ 13 TeVv
tt 7 TeV
tt 8 TeV
tt 13 Tev
te—ch 7 TeV
te—cn 8 TeV
te—ch 13 TeV
tw 7 TeV
tw 8 TeV
tw 13 Tev
ts—ch 8 TeV
tty 8 TeV
tty 13 TeV
tZq 8 TeV
tZq 13 TeV
ttz 7 TeV
ttz 8 TeV
ttz 13 TeVv
ty 13 Tev
ttw 8 TeV
tw 13 Tev
tttt 13 TeVv
ggH 7 Tev
ggH 8 TeV
ggH 13 Tev
VBF qqH 7 TeV
VBF qqH 8 TeV
VBF qqH 13 Tev
VH 8 TeV
WH 13 Tev
ZH 13 Tev
ttH 8 TeV
ttH 13 TeV
tH 13 Tev
HH 13 Tev

JHEP 10 (2011) 132
PRL 112 (2014) 191802
SMP-15-004

JHEP 10 (2011) 132
PRL 112 (2014) 191802
SMP-15-011

PRD 89 (2014) 092005
PRL 126 252002 (2021)
PRD 89 (2014) 092005
JHEP 04 (2015) 164
EPJC 73 (2013) 2610
EPJC 76 (2016) 401
PRD 102 092001 (2020)
EPJC 77 (2017) 236
EPJC 77 (2017) 236
Submitted to JHEP
JHEP 01 (2013) 063
PLB 740 (2015) 250
EPJC 81 (2021) 200

PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRL 125 151802 (2020)
PRD 90 032008 (2014)
JHEP 10 (2017) 072
JHEP 10 (2021) 174
JHEP 10 (2017) 072
JHEP 10 (2021) 174

JHEP 11 (2016) 147
EPJC 80 (2020) 43
JHEP 10 (2013) 101
EPJC 75 (2015) 66

EPJC 78 (2018) 589
Submitted to PLB

JHEP 08 (2016) 119
JHEP 06 (2017) 106
SMP-21-011

Submitted to PLB

PRL 114 051801 (2015)
PRL 120 081801 (2018)
PLB 770 (2017) 380
PRD 104 072001 (2021)
PLB 809 (2020) 135710
PLB 812 (2020) 135992

JHEP 08 (2016) 029
JHEP 08 (2016) 029
Accepted by PRD

JHEP 12 (2012) 035
JHEP 06 (2014) 090
PLB 72 (2017) 752

PRL 110 (2013) 022003
PRL 112 (2014) 231802
JHEP 10 (2018) 117
JHEP 09 (2016) 027
JHEP 10 (2017) 006
Submitted to JHEP
JHEP 07 (2017) 003
Submitted to JHEP

PRL 110 (2013) 172002
JHEP 01 (2016) 096
JHEP 03 (2020) 056
PRL 121 221802 (2018)
JHEP 01 (2016) 096
TOP-21-011

EPJC 80 (2020) 75

EPJC 75 (2015) 212
EPJC 75 (2015) 212
Nature 607 60-68 (2022)
EPJC 75 (2015) 212
EPJC 75 (2015) 212
Nature 607 60-68 (2022)
EPJC 75 (2015) 212
Nature 607 60-68 (2022)
Nature 607 60-68 (2022)
EPJC 75 (2015) 212
Nature 607 60-68 (2022)
Nature 607 60-68 (2022)
Nature 607 60-68 (2022)

CMS preliminary

ttp://go.web.cern.ch/go//LSN

18 pb~!-138 fb~! (7,8,13 TeV)
»  O(W) = 9.5e+07 fb 36 pb~?!
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= 0(Zy) = 1.9e+05fb
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i 0(ZZ) = 1.7e+04 fb
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After the LHC run2, several VBS channels are
now well established and provide stringent
constraints on BSM theories, especially in the
context of Effective Field Theory (EFT

PAVIR RS
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VBS MEASUREMENTS AT CMS

Major effort undertaken to investigate VBS processes in CMS with full Run-ll dataset
Inclusive cross-section measurements

Differential cross-section of various variables

Indirect search for New Physics within the EFT framework

Plethora of results with full Run-ll dataset are coming out
Observation of leptonic OS WW VBS (CMS-SMP-21-00, Submitted to PLB) Y
Evidence of semi-leptonic WV VBS (CMS-SMP-20-013, Submitted to Phys. Lett. B) W
Observation of Zy scattering (PRD 104 (2021) 072001) Y
Observation and measurement of Wy VBS (PLB 811 (2020) 135988, CMS-PAS-SMP-21-011) *
PPS yy to VV in hadronic decay (CMS-PAS-SMP-21-014, more details on A. Bellora’s talk)
.... many results are already out and more are coming. [click here] to find out
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WHAT IS VECTOR BOSON SCATTERING (VBS)
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VBS IN CASE OF ANOMALIES

It the is perturbed ...

2

. . 8
iMpiggs 1 am s + 1

any deviations signal new physics independently of the theory considered

(model-independent way) and hints on the scale of new physics

@LHC (including PDFs)
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CMS Experiment at the LHC, CERN
Data recorded: 2017-Sep-24 20:50:54.545792 GMT
»Run/ Event / LS 303832/ 1614954638 / 1543

VBS SIGNATURE @LHC

Signal: Six fermions in the final state __—

neutrino inferred as an energy imbalance

in transverse plan to beam A\
"Missing Transverse Energy” _— T

Large separation angle

\ (pseudo-rapidity) Low QCD activity
+ between tagging jets between tagging jets

spls
W/

-
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CMS-SMP-21-001, Submitted to PLB

OBSERVATION OPPOSITE SIGN WW VBS

-1 1
» 2 opposite-sign leptons, 2 jets and moderate missing pmlssw 16 S . 1sefbr(sTey) o GEMS 1387 (13TeV)
[= = —4— Data Nonprompt . |Multiboson 3 I - —4— Data Nonprompt . Multboson 3
) — . ] () — N . -
* Lepton-tlavour-based event categories S B R At I T I S = (AP e WA
' t 253 3 m;; > 300 GeV Z; <1 - §§§ x m, > 300GeV  Z,> 1 -
* eu: background dominated by tt Lo Bl A >33 : SN 90 A, >33 :
1032 vi v i = 103 vi A v i —
. ; S 2; E‘g Eij: 50:0 75:0 100:0 15():0 20():0GV E E § gi EH: Ernjjz 50;0 75;0 100;0 150;0 200;OGeV E
» ee/uu: background mostly dominated by DY mman BN S SU IR L s s I I :
. AU =0 R R D == D N R 1 S E
* Deep Neural-Network (DNN) selection based on 8 lepton/ [ 1 #8i + + + — F
- 10 = — s o § i W ——
jets kinematic variables exploited in the eu region
« Control Regions to estimate main backgrounds o 14 Fm ] T e B e
= 1.2 — 3 = 1.2 — 3
% 1 W&N\N&NNN\”W’W\\QH \\\\W A R % ) él m\ww\mN\N@W\\\\\\\\\\W\\\\\\\\m -----

 tt, tW and Z — ee/uu estimated with simulations seee §%ee

0 1 2 3 4 5 6 7 8 0 1 2 3
. Bins Blns

* data-driven for and Z —» 1t = ¢

CMS supplementary 138 fb” (13 TeV)
% 10° —|+— Data | Hiégs Nolnprompt | _§|
* Observed (expected) significance & [ oo B - achindceaww
of 5.6 (5.2) First Observation .. 10° asho1
10° -

:
J |
|

* Lepton-flavour dependent signal extraction ° Measured Fiducial cross-sections £ —
» eelpp: Fit bins in my, An;,, Zeppenfeld® variables Inclusive: 99 £ 20 pb (theory: 89+ 5 pb) = o E
_ « Tight: 10.2 £2.0 tb (theory:9.1 = 0.6 pb) 102 -
» eu: fit DNN score distributions S 15 | [Uncenantes
. . . . % . 51 2_ ~~~~~~~~~~~~~~~~~~ mmx\\\\\\w \\wgw_i
* Largest systematic uncertainties: theory, b-jet veto - 7000 2600 3000

I

CMS,/! 1 |
o 5 10.07.22 Yacine Haddad (yhaddad@cern.ch) (*) Zyp = 5 | Zy +Zy |, were Z, =1, — 5(77]'1 +n) 7
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CMS-SMP-20-013, Submitted to Phys. Lett. B

EVIDENCE OF SEMI-LEPTONIC WV VBS

* Signature:

« AW boson decays leptonically and V boson hadronically. g q _/~
* Two decay regimes of the hadronic V boson: Resolved and Merged —p V%' W L _<& '
 DNN model trained to separate signal and background v ¢ JJ\/J g
* Main background is W+jets estimated from a data-driven 7, 4
\/;94 LL/\.
¥ e

=
o o O\ \
 Signal extraction 9

» Fit the DNN output distributions in boosted and resolved categories

CMS L=138fb™* (13 TeV) CMS L =138 fb* (13 TeV)
o o e . g2 Z 100F 4-pata www 4 2 1k 4-pam weww -
. FIrSt e‘"dence Of thls flnal state o @ 100 [N oY -VBF-V,Vy,VBS-Z(ll)V(jj)_i % 107? Bl oY I VBF-V, Vy, VBS-Z(I)V(j) -
. . . . (o -Zc; ; Nonprompt - Top - -Zo ;_ Nonprompt - Top _§
° COmblﬂed Slgna| Slgﬂlflcaﬂce: 440 (51 eXp) e W+Jets VBS-W(M)V(jj 1o b T Wi ets VBS-W()V(jj ]
. 10' = A\ Syst ? Y Syst. §
* Observed EW signal strength: 10
__ _obs; _SM __ +0.19 i
ppw = 6°%/6™ = 0.85 + 0.12 (stat) *019 (syst)
* Measured fiducial cross-section : _ES ]
® 13 g
1.9+0.5 pb (€Xp6Ct6d 2.2 pb) % S A, e Wi i oo [ O | q
| | | DNN. resolved | | | DNN boosted

CMS,/ |
| 10.07.22 Yacine Haddad (yhaddad@cern.ch) 3
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EVIDENCE OF SEMI-LEPTONIC WV VBS

* Signature:
* AW boson decays leptonically and V boson hadronically. 9 /
.

* Two decay regimes of the hadronic V boson: Resolved and Merged J\%\/\r

 DNN model trained to separate signal and background \;%'7
“f
» Signal extraction

* Main background is W+jets estimated from a data-driven

- Fit the DNN output distributions in boosted and resolved categories CMS 138fb'1(13TeV)
3.; 24: AL II-I--I--l€|38I°/<I>(I3I_|elxlpelc’ieljI_I
. 2-2;_ — - 95% CL expected_;
« EWK+QCD WV tit on the same observables o 6% G
. . . 1.8 ) -
* Fiducial region at parton level: 1 N :
-/ ~ -
— — 14 /7 .- /T_-.—N —]
° I h - E \ ::/ ""“-- -w‘:‘:.,...’ \ \ E
» Signal strengt Pt AN
— N N + : =
— +0.20 —_— +0.20 0-8p NN\ et e ’ S -
y :uEW+QCD — O°97_().22 (ObS) — 1-0_0022 (EXP) 0.6f- \\\ ............ el /l E
0.4F C::___,// —
0.2f- -
ol L L L L
CMS,/ | 0 05 1 15 2 25 3
| 10.07.22 Yacine Haddad (yhaddad@cern.ch) Moco Q
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OBSERVATION Wy VBS

u
» Leptonic V-boson decays combined with isolated photons
W Wt
» Final states: evy + 2jets and uvy + 2jets
» Signature: large di-jet mass and large 7; separation 7 Y
between the VBS tagging jets
: : U U
» Data-driven method for background estimate: u 7
- | fi. h N 138 fb” (13 TeV)
¢ emp ate It non-prompt p Oton g - CMS .VBSWyinfiduciaI .VBSWyoutfiduciaI .Top,VV,Zy ]
o __|ght—|oose methOd: non-prcmpt |ept0n j;i 250:_Preliminary QCD Wy MisID photon .DoubIeMisIDE
: MislD lepton —e— Data %Stat@Syst :
200 :_M,Y c[30,80)GeV ! M, <[80,130) GeV : M,, <[130, inf) GeV _:
150
100
 Signal extraction 50
 Simultaneous 2D (mj- — mf},) fit in signal region and 1D (mj-) in control region
* Limits on EFT dim-8 operators + Fiducial and differential cross section 7

1500,600] [600,700] [700,7000] [T000,n [500,600] [600,700] [700,1000] [T000,n7] [500,600] [600,700] [700,7000] [7000.n]

M, [GeV]
1 10.07.22 Yacine Haddad (yhaddad@cern.ch) 10
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OBSERVATION Wy VBS

» Leptonic V-boson decays combined with isolated photons

» Final states: evy + 2jets and uvy + 2jets

» Signature: large di-jet mass and large 7; separation
between the VBS tagging jets

» Data-driven method for background estimate: u Y
138 fb' (13 TeV)

- ” = 300
« Template fit: non-prompt photon 5 hems | e [uswossscs e
® __|ght—|oose methOd: non-prOmpt IeptOn j;i 250:_Preliminary QCD Wy MisID photon .DoubIeMisIDE

: MislD lepton —e— Data %Stat@Syst :

o oo __M,Y e [30, 80) GeV : M, <[80, 130) GeV { M, e[130, inf) GeV _|

- Observed (exp) significance of 6.0 (6.8) .. ™ = = -
 Measured Fiducial cross-sections 150
o opw = 19.0732 = 1973 (stat)t 9 (theo)*5o(syst) fb -
| | | | oF
* OEW+QCD = 903(1) = 903:2 (stat)f%g (theo)ﬂg(syst) fb -

.

- Signal extraction i
» Simultaneous 2D (mj- - mf},) fit in signal region and 1D (mj-) in control regiongz. .

* Limits on EFT dim-8 operators + Fiducial and difterential cross section &

1500,600] [600,700] [700,7000] [T000,n [500,600] [600,700] [700,1000] [T000,n7] [500,600] [600,700] [700,7000] [7000.n]

M, [GeV]
21 10.07.22 Yacine Haddad (yhaddad@cern.ch) 11
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OBSERVATION Wy VBS

138 fb' (13 TeV) 138 fb' (13 TeV) 138 fb' (13 TeV)
< n | ] = _ | _] = 0.7~ | =
| 7, ] / v
é 0.06 __CMS /%/ EW/(LO) Wy MadGraph e § B CMS /%/ EW/(LO) Wy MadGraph ] § E CMS /%/ EW(LO) Wy MadGragh E
E E Pre/iminary —e— Observed result (stat.® syst.) E E 0.4 - Pre/iminary —e— Observed result (stat.® syst) _| E 0.6 :_ Pre/iminary —e— Observed result (stat.® syst.) _:
= 0.05— - S+ [ ] o ]
'Z ) — Observed result (syst.) — & B Observed result (syst.) ] <1 05— Observed result (syst.) —
- . S . —~ F ]
© 0.04F ] 5 0.3 B ] © - ]
< 0.04— = T - < 04 % —
0.03— ] 7_/////// Wy Y 7 ~ ] .
- . ool- G /4 ] 0.3 -
O 02 7_// /////////////// __ : : : :
el WLl Yl ] B ) , _ 0o s
- = B e, _ il N
0.01 — SIS I l SIS, s 01— — N TS ]
L WP2220, 22222277 B i 01— —
: : — — - i, /]
oF- = - oo - * L
- 3 O— — 0— —
-0.01— —] B i - :
u - _ ] -0.1— =
- = o 3
o o 16 o 22 {
> x x
w w 12 , W 14
R s { /////////////////,I//////// R /S v SSSS S SSSSSSSSSSSSSSSSSS S S R _/ /////// { ////////////////// S LSS LSS SIS LSS SIS { ////////////////// S LSS LS SIS
-ES- -oa 0.8 -oa 0.6 {
o - O 04F O
[500.0,700.0] T [700.0,10000] ____ [1000.0,1500.0] [1500.0 5] 0 [30.0,55.0] ' [55.0,80.0] ' [80.0,110.0] ' [170.00] -1 [25.0,50.0] ' [50.0,90.0] ' [90.0,170.0] ' [170.0,0]
lep1
m, [GeV] P [GeV] P! [GeV]
Expected. limit Observed. limit bh

5.1 < fuo/A* <51 =56 < fp/A* <55 17

L . e B g o

- . N . . . - =y s Ay S O

» Ditferential cross-section in various kinematic variables o <§ﬁ§f,\4 P i <§ﬁ§f,\4 i
33 < fau/A* <33 37 < fau/A* <36 2.3

e full set available [here] BVt Y B e

: . 4 4 - -13 At<13 -14 A4 20

»+ aQGC dim-8 limits forfM,O_7/A 'fT,O—Z/A andfT,5—7/A -0.432%7//A4 20.51 —0.472?}407///\4 20.51 1.9
. . . 4 4 027 < fr1/A* <031 —031< fr;/A*<034 25
World best limits fOffM,2_5/A ,fT,5_7/A 072 < frp/A* <092 —-085< fr,/A*<10 23

O P e e G e S R

N0

023 - fi NG 005 005 = £ JNE - 0278 99
21 10.07.22 Yacine Haddad (yhaddad@cern.ch) 0.60 < fr7/A* <068 —0.67 < frn/A* <073 3.1 12
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OBSERVATION Zy VBS -

. . _ — q(EMs_____ 187 (18Tey)  _,CMS 187 0" (13 TeV)
» Leptonic heavy-boson decays combined with isolated > F i Daa(stat@syst) 1 3 { Data(stat ®syst) -
phOtons % 10 - EW Zy MadGraph i % 107" EW Zy MadGraph =
= F A . [ syst unc. E = 2 - ] syst. unc. .
. . = B . 7 - 10" & ' 55
 Final state: £¢y + 2jets T 102k R 4 5  , - < | <655
: . . o - . S 10°%L . i 5 .
» Data-driven estimation non-prompt background 10k $ d 3k . :F - 1 :
E - o 10 | 2.5 <|An, | <45 P |45< jAn. | <6 : _
g AR o 4 K E
. e e 3 $ i B o E
- Signal extraction: 5 $$ ------------------------- i ---------------- { 8§ Zs * . i

i ) a O T -

» 2D fitin (m; — my,) distributions 50 100 150 200 250 300 350 400 050881522 05048122 082
pl [GeV] m. [TeV]

» .o First Observation 9.4 sigma (8.5 exp) and strongest
constraints on dim-8 EFT operators (T8,T9)

Inclusive and differential fiducial cross section Coupling Exp.lower Exp.upper Obs.lower Obs. upper Unitarity bound

: : Favo/ A% —125 12.8 —15.8 16.0 1.3

measurements of Zy VBS (EW andEW+QCD contributions) P os - ey t o

Fan/ A —5.21 5.12 —6.55 6.49 1.5

_.ems 197 16" (13 TeV) cms 197 1" (13 Te, Puo/A 102 103 B0 130 18

S100F T TREWZy sstw | 5 F mewy ST Ty Faa/ A* ~102 10.2 ~13.0 12.7 1.7

2 | ey B QcD zy 7/ Stat @ Syst | 2 150y B QCD zy 7 Stat ® Syst 1 Fvs/ A4 —17.6 16.8 —22.2 21.3 1.7

5 Y endear Nonpromp ] &R sy Nonpromp ¥ - Fuy /A 447 45.0 —56.6 55.9 1.6

it 1 a4 - ] Fro/ A —0.52 0.44 —0.64 0.57 1.9

L8 25<|mn |<45 45<|an <6 jan|>4 100E 1 255 Am|<4s5i | 45<n|<6  jAn|>T Fr1/A* —0.65 0.63 —0.81 0.90 2.0

- ’ ] Fry/ A* ~1.36 1.21 —1.68 1.54 1.9

j ” z/// so- Frs/A* —0.45 0.52 —0.58 0.64 2.2

A Vi E Fre/ A* ~1.02 1.07 ~1.30 1.33 2.0

| e —_____ = B N e SO S Fry/ A% —1.67 1.97 215 2.43 2.2
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* Good agreement with SM so far ..

* A Oy 2 Ogeotrend (not yet significant)

seen in the VBS measurements

» Underlines the importance of
modelling all diboson+2 jet QCD
contributions with the best possible

accuracy

» A very challenging task but theory
literature on the subject has increasea
IN recent years
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7 TeV CMS measurement (stat,stat+sys)
8 TeV CMS measurement (stat,stat+sys)
13 TeV CMS measurement (stat stat+sys)
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0.91+£0.02 £0.09
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VBS MEASUREMENTS AT CMS

* VBS are challenging processes to study

* Low yields and in most cases large irreducible backgrounds advanced ML
technigques are a must

* A growing need for modelling QCD diboson processes (with extra 2 jets) with best
possible accuracy

e VBS measurements at LHC
* Among the rarest SM processes ever measured

» Evidence/Observation and first cross-section measurements made possible with
the full LHC 13-TeV data

* Access to the elusive quartic gauge couplings

* Full set of Run 2 results + LHC Run3 data essential toclarify global picture

3/§ 10.07.22 Yacine Haddad (yhaddad@cern.ch)

15


mailto:yhaddad@cern.ch

