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iagrams in which two Vector Bosons interact,

iving either one or two Vector Bosons in the

nal state, are among the rarest processes
measured.
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Why is VBS so charming?

* EW sector of the Standard Model is based on SU(2); ® SU(1)y
symmetry group. The non-abelian nature of the group results in self-
interaction of the gauge bosons (triple and quartic gauge couplings,

). VBS processes exhibit both types of interaction.

* VBS processes are strictly related to in SM and
precise measurements of VBS can probe the nature of the Higgs
sector

* Powerful instrument to search for using
model-independent approaches
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VBS topology in proton-proton collisions

1_
q F
VBS contributes to EW-induced diboson production at F
tree level 0(04). =
At LHC interactions from VBS are characterized by: -
9 9
* Presence of two vector bosons in the central part of
the detector: ENDCAP BARREL ENDCAP

* Two forward-backward with high dijet invariant
mass and large pseudorapidity separation.

Typical observables in VBS measurements at LHC are
cross sections in detector fiducial regions. b



Recent results in CMS

CMS results for VBS processes at \/E = 13 TeV and integrated luminosity of 138 b~

Fully-leptonic (\’ Fully-leptonic n

“ P ° | o0
olarized ssWW | ZZ to 4Lj .
Production xsec of \ Observation and fiducial ssWW with hadr.'tau osWW
| longitudinally polarized W xsec, limits on EFT@dim8 Xsec measurement, 2D limits Observation and xsec
| | | on EFT@dim6+dim8 (?)
Phys. Lett. B 812 (2020) 136018 Phys. Lett. B 812 (2021) 135992 ‘ Phvs. Lett. B 841 (2023) 137495
i ) CMS-PAS-SMP-22-008 | B

Zvii Semi-leptonic

" Observation and differential | WVjj
~ xsec, limits on EFT@dim8

Observation and differential

Observation and xsec xsec, limits on EFT@dim8

| Phys. Lett. B 812 (2021) 135992 | Phys. Lett. B 834 (2022) 137438

Phys.Rev.D 108 (2023) 032017
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The analysis selects final states with two OS leptons: ete™, utu~, e*u*.

Sources of background:

5

Top pair production makes the measurement quite challenging.
Studied in a dedicated CR (~95% pure sample #7)

Drell Yan is one of the leading backgrounds in ee and puu categories
(~01% wrt 64% in eu), comes from different sources

Non-prompt (data driven)

QCD-induced WW, Higgs, multiboson

C. Carrivale, DIS2024 - 9/4/2024

EWK production of a pair of opposite-sign Ws and
two jets, with both W decaying leptonically.

Opposite-sign WW VBS

Events where at least one jet
comes from a pileup vertex

_ > .

Events where both jets are
enerated in hard interaction
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SR is split in two regions to optimize the signal significance, based on
centrality of dilepton system with respect to the tagging jets, quantified

. 1
by Zeppenfeld variable Z;, = 5 [+ 11— (g + 1) |-

All categories are fit to data using a maximun likelihood fit and different
discriminating variables:

A feed-forward deep neural network (DNN) for eu

* Different variables in different regions for ee and uu:

mjj € [300;500] and | An;| € [2.5:3.5]  bin |
n.events | mjj > 500and |An;| € [2.5;3.5] bin 2
| mjj € [300;500] and | Ar;| > 3.5 bin 3
my; mjj > 500 and | A;| > 3.5 bing 4-8
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EW osWW production cross section is measured in two different fiducial

volumes:

* Inclusive volume (no tau veto, outgoing partons with p; > 10 GeV and
mqq/ > 100 GeV)I 0}

Fiducial volume similar to reconstructed SR: 6, .

Opposite-sign WW VBS

=99+ 20 b,

= 10.2 = 2.0 b,

Objects Requirements
ey, ee, L (not from T decay), opposite charge
pTdresse‘” =pt+ Y pF if AR, ¥) <0.1
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ptt > 30GeV, my, > 50GeV
pl >30Gev
AR(j,£) > 0.4
Jets At least 2 jets, no b jets
In| <4.7
mj; > 300GeV, |Anji| > 2.5
pr“‘SS prT]rllss > 20GeV
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EWK production of Wy +2jets

EWK production of W, ¥ and two jets, with W boson
decaying in the leptonic channel.

Main backgrounds sources are:

* W+jets
* Top quark processes with jet misidentified as photon 26000 [arormmaors MITo, W, 21 [ QCDWY
L%’SOOO 5 MisID photon [ Double MisiD
_ MisID lepton Stat ® syst
* Top, VV, Zy 100 [ E
Scale factors for non-prompt photons are extrapolated in a loose-y Control 2000 |
Region and are applied in the Signal Region. Discrimination relies on the o0 |
photon o, , an observable that quantifies the lateral extension of the shower. :

Data/exp
00O =N
(@) mmoo

40 60 80 100 120 140 160 180 200
p. [GeV]



Measurement of EW Wy production rate is extracted using a binned likelihood fit to a 2D
distribution in m, and m;;. The observed (expected) significance is 6.0 (6.8) o.

The purely EW (uocp =1) and EW+QCD W fiducial cross section is measured in a fiducial
region as ¢/'¢ = Ha, where o, is the cross section calculated with MadGraphg at LO in

g
QCD.

EWK production of Wy +2jets

138 fb™ (13 TeV)

CMS

In

Barrel photons

(00}
o
o

III|III|III|III|I

Events /b

m, €[30, 80) GeV

Signal L= 00BS/0OSM

Cross Section [fb]

EWK+QCD Wy 0.98101%

EWK Wv 0.88101%

|||||||||||||||||||

—e— Data B EW Wy in fiducial |

B EW Wy out fiducial [ Top, VV, Zy
QCD Wy MislID photon

B Double MisID MisID lepton
Stat @ syst

m, €[80, 130) GeV m,, €[130, x) GeV

23.5

-2.8(stat) "1 (th) 75 (stat)
-2.0(stat) 2> (th) T 15 (stat)

Data/exp.
00O ==
ONO LW,

113 -

All the results are in agreement with SM predictions.

C. Carrivale, DIS2024 - 9/4/2024
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EFT interpretation

Constraints on anomalous quartic gauge couplings for EF T@dim§8
operators are extracted @95%CL via likelihood scan approach.

* One operator at the time (other EFT couplings set to zero)

* my,, distribution built in the VBS phase-space region to enhance
sensitivity to aQGC

(8)
fi " A®
Lerr = Lsm H Z —['\4 Ok
-i.

Events / bin

EWK production of Wy +2jets

CMS 138 b7 (13 Tev)  CMS 138 fb' (13 TeV)
S Z | —— Obs. 2ANLL
B Top, WV, 2y QCD Wy 2

| Muon events

—
o
w
TTT

— Fy, /A" =8 Tev™*

MisID photon [l Double MisiD

MisID lepton Stat @ syst 10 _ — Obs. 95% CL interval

[0.15,0.4] [0.4,0.6] [0.6,0.8] [0.8,1.0] [1.0,1.5] 4 2 0 R S—

My, [TeV] Fuo/A* [TeV™]
Expected limit Observed limit Ubvound

—5.1< faro/A* <51 =56 < fayo/A* <5.5 1.7
—T71< far1/A* <74 —7.8 < far1/A* < 8.1 2.1
—1.8< fao/A* <18  —19< fya/A* < 1.9 2.0
—2.5 < far3/A* < 2.5 —2.7 < far3/A* < 2.7 2.7
—3.3 < fM,4/A4 < 3.3 —3.7 < fM,4/A4 < 3.6 2.3
-3.4< fus/A* <36  —39< fus/A*<3.9 2.7

—13 < fu7/A* < 13 —14 < fypr/A* < 14 2.2
—0.43 < fro/A* < 0.51 —0.47 < fro/A* <0.51 1.9
—0.27 < fr1/A* <031 —-031< fr1/A* <034 2.5
—0.72 < fr2/A* < 0.92 —0.85< fra/A* < 1.0 2.3
—0.29 < fr5/A* <031 —-031< fr5/A*<0.33 2.6
—0.23 < fre/A* <025 —025< frg/A* <027 2.9
—0.60 < fT,7/A4 <0.68 —-0.67< fT,7/A4 < 0.73 3.1
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EWK production of same-sign W boson pairs with a
hadronically decaying T in the final state.

Same-sign WW with hadronic tau

o)

Same-sign WW is the golden channel for VBS studies due to good separation

138 b (13 TeV)

° o¥ o ° _sﬂ 108§"'|""|""|""| """" I""I""I""I""'?

between EWK and QCD components and full availability of NLO corrections. g i CMS + o e ves
L = Preliminary =

o’ E St tx)Z( géw Z/y + jets EE

Main backgrounds sources in SR are: wE fiCR NonpramarLoptons
- f? B EW ssww VBS 2 Stat. + Syst. Unc. ;

* events containing nonprompt leptons g 3
from QCD-mediated multijet, W+jets, _ | 0f E

: : QCD-enriched region Non-prompt CR E E

hadr. and semi-leptonic tt (95%) E ;
Opposite-sign CR 10—2:E | | ?

o kL 0 ot e
217 jes 0% —
S 1 = ]

* Dileptonic tt production (1%) e
3 o — — =

oF _

C. Carrivale, DIS2024 - 9/4/2024 0 01 02 03 04 05 06 07 08 09 1

SM DNN output



2 Same-sign WW with hadronic tau

* ¢ significant observables are combined in a single ML discriminator (DNN)
138 b (13 TeV)

to separate signal and background. Two dedicated transverse masses are BT T
5 10E -y zz Triboson E

defined: A WX v E
= Signal Region :’fvczj”ep [C\l)fn” (2/y + jets) 5

104 . prompt Leptons -

2 . 2 le miSS 2 _q-l — 2 3% B EW ssww VBS W Stat. + Syst. Unc. %

M2y = (/M2 + 322 + p)* — |57 + 5| g

102=E =

2 = . : 2 o7t o 7|2 0k w

M;, = (pr +pr +p7)” — DT + D7 + Dyl _—

—_
o

* Measurement of purely EW ssWW signal strenght («ocp=1) and EWK+QCD _

ssWW signal strenght:

Data / Pred.

OF - PredfitUnc. - Post-fit Unc. ]

Signal i =oops/osym Significance [o] S
EWK ssWW 1.44'_*'8‘22 2.7 (1,9 exp) o_ 07 02 03 04 05 06 07 08 09 1
) SM DNN output
EWK+QCD ssWW 1.4310-29 2.9 (2.0 exp)

12 C. Carrivale, DIS2024 - 9/4/2024



EFT interpretation

Constraints on bosonic dim6 and dim8 EFT Wilson coefficients are derived via O O — (o i
likelihood scan approach. Both 1D and 2D limits are extrapolated S o0 = (¢9)lle'9)
| | 9| Opp = (p'D"¢) * (¢' Dyp)
First analysis considering pairs of different dimension operators in 2D scan. = Ouw = W W
= |

Same-sign WW with hadronic tau

tikyxr v j k
Ow =X W“ Wlf)JW:

N Oso = [(D,®)!D,®] x [(D'®)!D"®
- Os1=[(D,®)'D"®] x [(D,®)'D"®
LEF‘T — LSI\[ OS,Z _ _(D#Q)TD,,q)_ % (DV(I))fD;l(I)

9 0 hr ] o [ t 8
(- Oﬂ'f,() = Tr Wpuw‘uu X (D 3‘1’) Do
= _ | x [P _
_ 2 01‘,{‘1 — Tr :W“VWV,B: x :(D}_-](I))TD#(P:

Q
o {+3 , v

* 1D limits consider one operator at the time _g Om L [(1? #‘I’_) Wﬁ"l_) A@J o
Oro = Tr[W,WH]| x Tr[W,sW
* 2D limits couple operators that give similar contributions to the WW — WW Ory = Tr[Wa, WH x Tr[ W, W
scattering amplitude and that have a similar ratio between quadratic and linear terms. s A
& P 9 Ors = Tr _WQ,IW“'J_ x Tr|Wg, W™

13
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Same-sign WW with hadronic tau

EFT interpretation

Wilson coefficient

68% CL interval(s)

Expected

Observed

95% CL interval

Expected

Observed

(1)
i

(1)
Cqq
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164,177
—27.6,25.8
—15.9,16.1
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Summary

* Many analyses performed with full Run2 datasets and more to come

* The exploration of Effective Field Theory interpretations is gaining importance in VBS field

— Recent studies shown a high sensitivity to dim6 EFT operators and this would allow
VBS processes to be integrated into the landscape of global EFT interpretations

VBS are rare processes, Run3 has started relatively recently and some time is required to carry

out precision measurements. Hope for results to come soon!
2000008
Loading....
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Uncertainty source Value
QCD-induced WTW™ normalization  5.3%
tt scale variation 5.1%
VBS signal scale variation 5.0%
tt normalization 4.9%
b tagging 3.5%
Trigger corrections 3.3%
DY normalization 2.9%
Jet energy scale + resolution 2.6%
Unclustered pmiss 2.4%
QCD-induced WtW~ scale variation  2.1%
Integrated luminosity 2.0%
Muon efficiency 2.0%
Pileup 1.8%
Electron efficiency 1.5%
Underlying event 1.3%
Parton shower 1.0%
Other <1%
Total systematic uncertainty 13.1%
Total statistical uncertainty 14.9%
Total uncertainty 19.8%

Opposite-sign WW VBS

Uncertainties and yields

Process SReu Zy <1 SReu Zy > 1 SRee-puu Zy <1 SRee-uu Zy >1
DATA 2441 2192 1606 1667

Signal + background 2396.8 £+ 98.5 2239.6 +106.0 1590.4+49.4 1660.5 +-43.6
Signal 169.1 £+ 20.2 69.91+ 8.4 98.0 £ 6.5 38.3+2.5
Background 2227.7 +96.4 2169.7 £ 105.6 1492.4 +48.9 1622.1 +43.5
tt 4 tW 16294+ 71.4 1452.5 4+ 69.5 767.8 £14.5 642.5 +13.2
WW (QCD) 327.0+61.6 409.3 +=77.3 111.1 £ 16.6 121.5+17.3
Nonprompt 107.0+ 18.4 109.9 +-16.4 30.0+4.9 32.0+4.2

DY no PU jets — — 259.54+27.3 408.3 +17.1
DY + 1 PU jets — — 222.7 +33.3 337.4+32.9
DYTTt™ 69.21+4.6 102.0 £ 5.8 — —

Multiboson 67.7 £ 6.6 75.6 7.3 60.9 £+ 3.8 60.1 4.8

Zj] 1.0+0.2 0.4+0.0 40.51+4.2 20.3+1.3
Higgs 26.6 1.5 20.1£1.0 — —

16
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EWK production of Wy +2jets
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- —— EW(LO) Wy MG5 5 2E —— EW(LO) Wy MG5
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0.04 | = 10 :— H -
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0.00 = 3 0= ] é
: | ! ! E —5_ | g
22 $ 82
[ e —_——
7 10507 [0710] [1015] >15 " T 2530] [3037] [3745 [4565]
m; [TeV] Aﬂjj
Barrel Endcap
EW W1 inside fiducial region 316 =16 90.2 +5.5
EW W1 outside fiducial region 647 +2.0 204+10
QCD Wy 1301 £28 362 +13
top, VV, Zvy 402 +14 933 +72
Nonprompt photon 434 =13 1202 £5.7
Nonprompt muon 134 + 27 45 + 11
Nonprompt electron 189 + 20 86 + 13
Nonprompt photon, nonprompt muon 43070 146=X=34
Nonprompt photon, nonprompt electron 755 +5.5 25.0 £+ 2.0
Total prediction 2960 +43 856 =21
Data 2959 £ 57 849 + 32
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EWK production of Wy +2jets
Discrimination of prompt and non-prompt photons
Estimate of fake photons rate is done knowing fake photons fraction. _ CMS Preliminary 35862 fb™ (13 Ic?Y).
3 140
° c 10 =
prompt photon template and the fake photon template are fit to g B ‘M.,
the data template to get the fake fraction for different photon pT 8 L N
bins g ) _-80
O p=0231 | |
: 1 —
* opyp < 0.01015 (0.0272) in barrel (endcap)* : : 47560
f I il
e One loose muon and no other leptons in muon channel,or one veto electron - C | &
other leptons in electron channel | | 1 1 1 |
e HLT pass 10770006 0.008 0.01 16.01:216.011116.016'6.0153'.b'.oz_o

Oinin

e missing ET>30GeV o . . _
2D distribution of charge isolation and oy of

e W transverse mass>30GeV

¢ AR, >0.5 photons (D is the good photon region), in other
o 17 >30GeV, || < 2.4 (2.5) muon(ele) regions objects don’t meet requirements for charge
o 25GeV < pl < 4000GeV, 57| < 1.4442 (barrel), 1.566 < |7| < 2.5 (endcap) isolation and Oy

e |M;, — Mz| > 10 (ele)
e Photon pixelseed veto

*



Same-sign WW with hadronic tau

Non-prompt background estimate

tau decays

Hadronically decaying taus are reconstructed with hadrons-plus-strips algorithm and
identified with DeepTau algorithm based on DNN models, and is capable of
discriminating taus from jets, electron and muons using three different classifiers

Reoion 14,1 1y, no additional “loose” ¢
& same-sign (£, 7,) pT>° >50GeV additional requirements
SR v X M;; >500 GeV 138 fb™ (13 TeV)
N 4o T T T T T T T T T T T T T T T
1\_10nprompt CR v X . " . ., g 106 CMS ¢ Data Nonprompt leptons
tt CR X v b-tagged jet (“medium”) o 19 £ Preliminary tf dilep. 0S + (Zi +jets)
QCD-enriched CR | 1 “loose” e, y, or T}, no add. leptons, pT'ss <50 GeV, M1 (¢, pT°°) <50 GeV 10° —— EWssSWWVBS %% Stat. Unc.
103 S .. ® -
102 ....... .”'.... .... ... ..
Non-prompt yield estimated from data CRs by pass-fail method. 10 A i

* QCD-enriched region (data jet-based trigger) is used to perform the first step of
estimate, disjoint from other CRs and SR

215
*  Non prompt region validates the bkg estimate. D 1§
sos5f¢ ..t ot nnl
)
0 0 500 1000 1500 2000 2500
M; [GeV]
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Same-sign WW with hadronic tau

Input variable

Th P v
U pr v
Th !
£y
leading VBS jet pt
subleading VBS jet pt
leading VBS jet mass
subleading VBS jet mass
VBS jet pair A¢
Mj;
Myt
Mol
Mr(Th, 1)
My (4, pr*)
Mz (¢, Ty, pr°)
pE(C 1)
P, o)
P (Th 1)
rel ;
pr (ThsJ2)
Ap(L, jy)
Ap(L, Jp)
Ap(Ty, j1)
Ap(Ty, J2)
PT, leading T4, track / P, Th v
Zeppenteld variable

<A

SSERNENEN

SN N N N N N N N N N N N N NN

v
v

SR NEN

ESRNENENEN

DNN variables and uncertainties
SM DNN dim-6 DNN dim-8 DNN

Uncertainty source +Apu —Au

Theory (PDFE, QCD-scale, ISR, and FSR) +0.157 —0.099
Non-prompt estimation +0.136  —0.125
tt normalization +0.051 —0.023
Prefiring +0.105 —0.059
Luminosity +0.079  —0.092
b-tagging and mistagging +0.007 —0.004
Jet energy scale and resolution, Pile-up jet ID +0.079  —0.097
Pileup +0.152 —0.162
LO-to-NLO VBS corrections +0.043 —0.025
Unclustered energy +0.003 —0.010
Hadronic tau energy scale and DEEPTAU +0.154 —0.152
Charge misidentification +0.006 —0.010
Lepton reconstruction, identification, and isolation +0.005 —0.024
MC statistical +0.324 —0.322
Total systematic uncertainty +0.344 —0.302
Data statistical uncertainty +0.522 0477
Total uncertainty +0.625 —0.564




Next to Leading Order corrections

Table 7: Summary of higher-order predictions currently available for the os-WW channel: at fixed
order and matched to parton shower. The symbols v, v ", and X means that the corresponding
predictions are available, in the VBS approximation, or not yet.

Table 1: Summary of higher-order predictions currently available for the ss-WW channel: at fixed
order and matched to parton shower. The symbols v, v, and X means that the corresponding
predictions are available, in the VBS approximation, or not available yet.

Order O(a’) 0O(asa®) O(as’a®) O (as’a?) Order O (a7) O (asaﬁ) O (a52a5) O (as3a4)
NLO v NLO X v X v
NLO+PS v v X v NLO-+PS X v X v

Table 5: Summary of higher-order predictions currently available for the ZZ channel: at fixed
order and matched to parton shower. The symbols v, v, and X means that the corresponding
predictions are available, in the VBS approximation, or not yet.

Table 3: Summary of higher-order predictions currently available for the WZ channel: at fixed
order and matched to parton shower. The symbols v, v, and X means that the corresponding
predictions are available, in the VBS approximation, or not yet.

Order O(a") O(asa®) O (as?a®) O (ag’at) Order O (a7) O (aSaG) O (a52a5) O (as3a4)
NLO v v X v NLO v v X v
NLO+PS X v X v NLO+PS X v X v

16
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* First evidence for EW production of WV+2jets (V = W,Z) in semi-leptonic channel

* To maximize the efficiency for the signal, different selection requirements are applied depending on jet
pT.Two categories of events, based on recontruction of hadronically decaying V: resolved (2 distinct jets

with dijet mass ~Vmass) or boosted (1 large-radius jet)

* Multivariate ML discriminators optimized to separate signal and bkgs

q.

q
ReESOLVED V I BOOSTED
catecory @ CATEGORY
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WYV semi-leptonic

CMS L=138f"(13 TeV)
, _ Z wf +paa owew
* Measurement of purely EW WV signal strenght (uocp=1) and EWK+QCD WV signal = "m0 mverv.v veszove
. . . . % 10 Nonprompt - Top EE
strenght (EWK/QCD ratio fixed to SM) in a fiducial phase space region. oL Eweses  Iveswenm -
Signal L=00Bs/o0sm Cross Section [pb]
+0.19 +0.53 ) S
EWK WV 0.85 = 0. 12( t t) 0. 17( YSt) 1'90—0.46 § X e - =
0.1 +3.5 g oo 3
EWK+QCD WV 0.97 4 0.06(stat) "0 (syst) 16.4135 T
) CMS 138 o' (13 TeV)
Significance 4.4 o (5.1 o exp.) s o _ﬁiﬁtgz_
* Simultaneous EW and QCD WYV production fit: signal strenghts of two components 1 N S
. / e — .
are left as free independent parameters. N e N
E A e, NN
® ® ° ° o ! \ { :'..EJ ; "o.‘.\ \ B
Agreement with SM predictions within 68% CL AN
i T

PN TN Y U T U W U W U W U T W N W U W OO0 O A
18 c.carrivale, DIS2024 - 9/4/2024 Toes 115 2 25 3



Summary of other results

ZZ to 4L + 2jets

Perturbative order SM o (fb) Measured o (fb)
ZZ7jj inclusive
LO 0.275 + 0.021
EW NLO QCD 0.278 £0.017  0.337917 (stat)FD-53 (syst)
NLO EW 0.24210013
EW+QCD 5.35+0.51 5.2910:30 (stat) £ 0.47 (syst)
VBS-enriched (loose)
LO 0.186 +0.015 +0.070 +0.021
EW NLO QCD 019740013 0180 0060 (ST 07 (SYSt)
EW+QCD 1.21+0.09 1.0019-19 (stat) £ 0.07 (syst)
VBS-enriched (tight)
LO 0.104 + 0.008 10.04
EW NLO QCD 0.108 L 0.007 0.097 ;5 (stat) == 0.02 (syst)
EW+QCD 0.2214+0.014  0.2070:02 (stat) £ 0.02 (syst)

—0.24 < fro/A% < 0.22
—0.31 < fr1/A* < 0.31
—0.63 < fr2/A% < 0.59
—0.43 < frg/A% < 0.43
—0.92 < frg/A% < 0.92

16 C. Carrivale, DIS2024 - 9/4/2024

Most stringent limits to date on FT8
and FTg dim-8 operators.

Polarized ssWW

Process o B (fb) Theoretical prediction (fb)
WiWE 0327055 0.44 + 0.05
WEWZ  3.0670% 3.13 4 0.35
WiWy 1205025 1.63 +0.18
WIWz 211709 1.94 £+ 0.21
Process o B (fb) Theoretical prediction (fb)
WIW;  0.247930 0.28 + 0.03
WEWT 325700 3.32 £0.37
WIWy  1.4070€ 1.71 £ 0.19
WTWg 203702 1.89 + 0.21

WW CoM
frame

p-p CoM
frame

Observed (expected) CL@95% upper limit on xsec for L-polarized
sSWW: 1.17 (0.88) b (WW CoM frame)

EWK production for ssWW (at least one W longitudinally
polarized) lead to observed (expected) significance of 2.3 (3.1) o.



