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<R Introduction
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* Vector Boson Scattering (VBS), i.e. VV — VV scattering, with IV being any vector boson, is a purely electroweak
(EW) process which allows to probe the spontaneous symmetry breaking mechanism of the Standard Model (SM)

MAIN FEATURES:
* Rare processes (cross sections of the order of few fb)

* Indirect portal to the Higgs sector of the SM

* High sensitivity to beyond SM effects and anoumalus gauge
couplings (aTGC/aQGC)

EXPERIMENTAL SIGNATURE:
* 2 VBSjets with large pseudorapidity gap (Anjj) and invariant

mass (m;;)

* Little QCD activity between VBS jets

decay products '

n

e Decay products centrally emitted with respect to VBS jets

Vv
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Overview

* Since the Higgs boson discovery, the CMS collaboration has dedicated a huge effort in EW precision physics, in
particular to the measurement of several VBS modes

* | will be focusing on the most recent VBS results by the CMS collaboration

AT PP S AT

WV (= £vqq) 1.90%933 x 103 Semi-leptonic
O Wy 23.5%77 Lepton + photon 138
Ly 5.21 +0.76 Leptons + photon 137
® Wiw*(- v fv) 1441983 x g4y Hadronic tau + lepton 138
®@ W W (-282v) 10.2 + 2.0 Leptons 138
WiW=*(-> 2£2v) 3.83 + 0.74 Leptons 35.9
Wiw*(—> 2£2v) 3.93 + 0.57 Leptons 137
WEWE (= 2£2v) 0.32%5:42 Leptons 137
WZ(= 3¢v) 1.81 + 0.41 Leptons 137
ZZ (> 44) 0.33%913 Leptons 137
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https://www.sciencedirect.com/science/article/pii/S037026932200572X?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032017
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.072001
https://cds.cern.ch/record/2867989?ln=en
https://www.sciencedirect.com/science/article/pii/S0370269322006293?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via%3Dihub#se0080
https://doi.org/10.1016/j.physletb.2020.136018
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via%3Dihub#se0080
https://www.sciencedirect.com/science/article/pii/S0370269320307954?via%3Dihub#se0070

VBSWEIW=T - 1, v, fv
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VBS with a 74, lepton

* First VBS measurement with an hadronically decaying tau (z) in the final state

tau decays

* The signal reconstruction is based on the presence of:

> 2 VBS jets
» 2 same-charged leptons (one being a t;, lepton)
miss)

> Imbalance on the total transverse momentum (pT

Th jet

QCD wiw+

W:t

q
About 95% of background events in the signal ¢
region comes from jets mis-identified as leptons .
q %
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<% Analysis strategy
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 The search for the VBS WW* — 1, v_£v process relies on the full Hadronic riger UETHT)

1 loose €/1;,

Run 2 data set collected by the CMS experiment (138 fb™1) Veto on adiionl ¢

PSS < 50 GeV
mr(£,pFes) < 50 GeV

Leptonic trigger

* Signal candidates are selected exploiting the kinematic topology of 11,14 @)

pr(7) > 30 GeV

the final state (77 £% + pJ'™sS + 2 jets) and through VBS-specific il

Veto on additional loose 7,

requirements (mjj > 500 GeV) e

Yes

Same sign £ — 7, pair

e Control regions (CRs) are added to the signal Yes No

extraction procedure in order to constrain the
normalization of fake leptons, tt pair
production and opposite-charged leptons it

Signal Region

Veto on loose b-tagged jets

my; > 500 GeV

PSS > 50 GeV

1+ medium b-tagged jets

e The DeepTlau algorithm is employed to
efficiently reconstruct prompt 7 leptons against
non-prompt ts, jets, electrons and muons
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https://iopscience.iop.org/article/10.1088/1748-0221/13/10/P10005

<R Results
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* A Deep Neural Network (DNN) is trained to obtain an observable which is capable of discriminating the VBS
signal against other backgrounds, and therefore it is used as fitting variable to extract the signal

138 fo” (13 TeV) 138 fb” (13 TeV)
rrrrprTTTrTrT rrrrrrTrTTTTTTT

% 5 ichhs I 4 Data I- QCD ssWW VBS é " ? cwl|s o 4 Data I- QCD ssWW VBS
H i E Preliminary z Triboson o "F Preliminary z Triboson
e The DNN output template from SR and CRs is “ [ - Iy o .
E a: " Y E o . y
. . . 10* ;_ Slgnal Region tt dilep. Nonprompt Leptons 10 i_ Slgnal Region tt dilep. Nonprompt Leptons
simultaneously fit to data to extract the signal O vsovss 77 s Sy v O cwsinves 7 S e v
10° | *E

strength parameter defined as U = 6,55/ sy

« Signal strength parameters are extracted in two | }
cases, one where just the EW W*W contribution

T | +
is measured, and the other one where EW+ | . . .\ ro — E S— — g e
QCD W*W+ are scaled together in the fit procedure | .7 | __-__|l_j _:
Significance [#0] (expected) * Results are largely dominated by the statistical
(expected) HAEXD uncertainty of collected data and this measurement
1063 1060 will benefit from the ongoing LHC Run 3
EW 2.7 (1.9) 1.44+3¢3(1.00%3:€
e This analysis will be complemented by the addition
+0.60 +0.57
EW + QCD 2.9 (2.0) 1. 43_0.54(1'00—0-51 of EFT interpretation (before journal submission)
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VBS Wy — {vy

Phys. Rev. D 108 (2023) 032017



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032017

QM’S _
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EW Wy

* The signal reconstruction is based on the presence of:

> 2 VBS jets
> 1 high-pr and well-isolated lepton (either e or u) + 1

high-pr and well-isolated photon (y)
> Imbalance on the total transverse momentum (p'T’"SS)

Jets mis-identified as either photons or leptons constitute another
source of background (W + jets and top quark processes)

\ 4

The fraction of fake objects entering the signal region is
estimated with a data-driven technique

12/09/2023 HIGGS HUNTING 2023

Events / bin

Data/exp.

section

and

VBS WYyjj fiducial + differential cross
measurements

aQGCs

interpetretation using CMS Run 2 data

QCD Wyjj production is the dominant

background of the analysis (interference
with EWK Wyjj taken into account)

py in QCD Wyjj CR

138 fb' (13 TeV)
" Data M ew wy
arre protons I TOP, V., Zy QCD Wy
[ misiD photon [l Double MisiD
MisID lepton Stat ® syst

Y| < 1.444

——
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Data/exp.

CMS

138 fb'' (13 TeV)

=
—*— Data

FEndcap photans - Top, WV, Zy
=2 [ misiD photon [Jill Double MisID

MisID lepton

B Ew wy

QCD Wy

Stat @ syst
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1 i s
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<R Cross section measurements
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|
|
FIDUCIAL CROSS SECTIONS . FIDUCIAL & DIFFERENTIAL CROSS SECTIONS
* mj; vs my, distribution is fit to data in both the SRand CR | * Several variables unfolded at the generator-level
|
* Observed 6.0 ¢ for the EW Wyjj process (6.8 o expected) : e Out-of-fiducial signal events are treated as background
CMS 138 fb' (13 TeV) CMS 138 fo™' (13 TeV) I 1
wole | = Deta B £ Wy in fiducial o - Daa e CMS 138" (13 TeV) CMS 13817 (13 Tev) CMS 18 (3 TeV)
- I =W Wy outfiducial [ Top, WV, Zy E I =W Wy out fiducial [ Top, WV, Zy | b — Obs. (stat® syst) | 2 — Obs. (stat® syst) | " —— Obs. (stat® syst.) ]
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. f 1) stat @ syet c 2505— 7 sate syst I ¢ TEEWLOWyMGs | @ TE T EW(LO) Wy MG5 im; S EWLO)Wy G5 3
E 600 _—mh [30, 80) GeV : my, =[80, 130) GeV : my, =[130, =) GeV E 200:_n-\V <[30, 80) GeV' Em" (80, 130) GeV : my, <[130, x) GeV I _z,_ 04 - 0 7: éz-j C - % oos ;_ _—
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L 100F- I ) ‘ ‘ ] ) ) ) Bl E . . .
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§19 g1 . : (oo, P (G ey
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m v m Tev) L T I B ] Eo .
| s *'F P E c 01 L 3 - E -
1 < wf | “ E_ :': _: 0 3 3
ol = 23.5 £ 2.8 (stat) "} (theo) "3 (syst) fb | e e i *’
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Events / bin

EFT Interpretation

VBS processes are particularly sensitive to aQCGs, therefore the EW Wyjj signal is suitable to constrain EFT
dimension-8 operators (SM-BSM interference term included in the signal definition)

Because BSM physics is expected to enhance the VBS production in the high-energy regime, the invariant mass
of the Wy system (mw,,) is used to extract limits on EFT operators

CMS 138 fb' (13 TeV)
10¢k —— Data B eww,

- - Top, WV, Zy QCD Wy

Muonevents 8 MisiD photon  [JJf] Double MisiD
10° MisID lepton % Stat @ syst

— Fy /A" =8 TeV*

—
o
(S

10

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

Observed limit

Ubound

—5.1 < fyo/A*<5.1
TN < fiyi /N <74
—1.8 < fua/A* <18
—25< fus/AN* <25
—33 < fia/A* <33
=34 < fys/A* <36
—13 < fy7/A* <13
—0.43 < fro/A* <051
—0.27 < fr,/A* <031
—0.72 < fra/A* <0.92
~0.29 < frs/A* <031
—0.23 < fr¢/A* <0.25
—0.60 < fr7/A* <0.68

5.6 < fao/A* <55
—7.8 < fuy/A* < 8.1
—1.9 < fya/A* <19
=27 < fus/A* <27
—3.7 < fua/A* < 3.6
-39 < fus/A* <39
—14 < fu7/A* < 14
—0.47 < fro/A* <0.51
031 < fr/A* <0.34
—0.85 < fro/A* < 1.0
—0.31 < fr5/A* <0.33
—-0.25 < fre/A* <0.27
—-0.67 < fr7/A* <0.73

1.7
2.1
2.0
2.7
23
2.7
22
1.9
2.5
2.3
2.6
29
3.1

HIGGS HUNTING 2023

limit
derived for each operator
(following the formulation
discussed here)

Unitarity bound

Most stringent limits to
date on aQGCs parameters



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032017

VBSW W™~ — 2°2v

Phys.Lett.B 841 (2023) 137495



https://www.sciencedirect.com/science/article/pii/S0370269322006293?via%3Dihub

(R VBS WTW ~

Istituto Nazionale di Fisica Nucleare

« The EW W*W ~jj production plays a special role among VBS processes, as the Higgs boson prevents unitarity
violation of W, W; — W, W, scattering

* Nevertheless, this process poses several experimental challenges, mainly because of the large tt background
contamination that enters the signal selection

* The CMS collaboration has recently published the first observation of this process in the fully leptonic final state
(Run 2 data), and this was confirmed by the ATLAS collaboration as well, although two different strategies have
been pursued (see Todd’s talk)

EWW*tw- QCD WHw~

e The signal reconstruction is based on
the presence of:
» 2 VBS jets
» 2 opposite-charged leptons
(either e or u)
» Imbalance on the total
miss)

transverse momentum (pT
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https://indico.ijclab.in2p3.fr/event/9063/contributions/28433/attachments/21730/30795/ATLASVBS.pdf

<% Analysis strategy
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ep/pe ee/pp

e Signal candidates are selected in two SRs: oCcMs " 138M"(13TeV) s CMS 138 o' (13 TeV)
. . re . . E 5[ —+-Data Higgs Nonprompt ] % ; o D‘ata‘ INanprr.ninpiI B MLIJII:ibc:sonI E
» eu final state (dominated by tt pair production) S TE  wboson Wov  comdcerww 3 g R S — e
. . . [ [twandft  —VBS N Al [Ioy1Pujet [ Jtwand —vBS J
»> ee/uu final state (DY + jets events discarded o' <l 3 YEgr 3 mye 300GV Z,<1 ]
: : L ] A EP e *
by ImpOSIng mf{ > 120 GeV) 10 % % 10° E_é é /;:Z\é Pm= 500 750 1000 1500 2000Gev §
10°E E - E‘ i . . : ]
E — = 0CE ; i ; =
. — _ _ 10E e + 1 R T e =
* Main background processes (tt,DY » ttt=/¢7¢7) 1 S o :
H . 1= —= 10 : !
are constrained through dedicated CRs, I e
YW tian e PR S SR R S .
QCD W™ W™ jj normalization is measured from SRs 3 s T 515; ety :
§ost Y B et
Fit variable S B R R B Bins
, EMS___ 1ef'(3Tev) o CMS  138HI(13TeV)
— DNN L mieson Hov  obmeswt 1 8 L mam e B ]
w g tWandtt = VBS E w 104 ?% [IoY1PUjet [ |twand — VBS -
0t = Fzd o3 m; > 300 GeV 2> 1 3
1 : Fse s an >33 .
W+W_ VBS SR 10?’%— —§ 10° ?é (.Y: ;:E Emuzso;o 70 0w 1500 zooancevig
1 E o e e [
i mjj £ 7 e : :
Z 15 E [JUncertainties E = 14 E &gUncertainties 3
! . e
Zpp = E |(77191 + 77{’2) - (nh + 7/’J'2)| S 08 E E 566 E e
0 0.2 0.4 0.6 0.8 1 0 1 2 3 4 5 6 7 8
DNN output Bins
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<R Results
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 The EW W*W™ production cross section is measured in two fiducial volumes, one more inclusive and one
closer to the region defined by kinematic requirements applied in the preselection

* In the inclusive phase space, a minimal parton level selection is applied: the two outgoing partons are required
to have pr > 10 GeV and an invariant mass mg,, > 100 GeV

Objects Requirements

Oinct =99 + 20 fb ep, ee, sy (not from 7 decay), opposite charge
" pfresedt = ph 4+ 37 1t i AR(C, ;) < 0.1
Oincd = 89 15 fb @LO Leptons 4~ 95 GeV, p > 13 GeV, pf < 10 GeV
In| < 2.5
* The selection applied in the "exclusive" phase space is shown in P > 30 GeV, my > 50 GeV
the table and mimics the SR
ph > 30 GeV
AR(j.0) > 0.4
. =10.2 + 2. ,
Ofid 10.2+2.01b Jets At least 2 jets, no b jets
theo _ n| < 4.7
Ofia = 9-11 0.6 fb @LO mg > 300 GeV, |Ang| > 2.5

* The statistical significance with respect to the background-only 7™ P > 20 GeV
hypotesis is 5.6 o (5.0 o expected)
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(N Conclusions

Istituto Nazionale di Fisica Nucleare

VBF W 8 TeV JHEP 11 (2016) 147 mllE  o(VBF W) = 4.2e+02 fb 19 fb~?
VBF W 13TeV  EPJC 80 (2020) 43 B o(VBFW) =6.2e+03fb |36 fb~!
VBF Z 7 TeV JHEP 10 (2013) 101 mllEm o(VBF Z) = 1.5e+02 fb 5 fb~!
VBF Z 8 TeV EPJC 75 (2015) 66 mjl= o(VBFZ)=17e+02fb 20 fb~?
VBF Z 13 TeV EPJC 78 (2018) 589 B o(VBFZ) =53e+02fb 36 fb!
EWWV  13TeV  PLB 834 (2022) 137438 ol o(EWWV) =19e+03fb 138 fb~!
ex. yy »WW8 Tev JHEP 08 (2016) 119 S o(ex yyoWW) =221b 20 fb~1
EW qqWy 8 TeV JHEP 06 (2017) 106 wtlE  o(EW qgwy) = 11 fb 20 fb™1
EW ggWy 13 TeV PRD 108 032017 s O(EWqqWy) = 24 fb 138 fb~?
EW os WW 13 TeV PLB 841 (2023) 137495 Bl o(EWos Ww)=10"b 138 fb~?!
EW ss WW 8 TeV PRL 114 051801 (2015) S  o(EWssWW) =4fb 19 fb~!
EWss WW 13TeV  PLB 809 (2020) 135710 wfll  O(EW SsWW) =4fb 137 fb~1
EWqaZy 8 TeV PLB 770 (2017) 380 e o(EWqeZy) =1.9fb 20 fb™!
EWqgZy 13TeV  PRD 104 072001 (2021) i o(EWaqgZy)=52fb 137 fb~?!
EWqgWZ 13TeV  PLB 809 (2020) 135710 sl 0(EW qqWZ) = 1.8 fb 137 fb~!
EW qqZZ 13 TeV PLB 812 (2020) 135992 Bl o(EWqoZz) =033 b 137 fb~1

* The CMS collaboration has been very prolific in the context of EW precision physics throughout the years, and
the VBS mechanism is an exceptional tool to push the SM to its far range of validity

* Most of VBS analyses are still statistically limited, therefore they will greatly benefit from the new data that
are being collected by the LHC, opening the path to differential measurements and combinations among

different channels

* Alot of work s still in progress, so stay tuned for upcoming results!
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BACKUP
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DNN input variables

VBSWIW= - 1,v £V

M;;

MT (f ->mlss)

2

2
Mfr = ( \[Mrh{» +Pf,0t pm‘”) — |Br.epe + BT

miss ) >MIss

oT—(PTrh+PT€+P |PTrh+PT£ +pr

|2

Pr,j;» Prt,jy» PT 1y PT#

PT,ty (track)
PT.Th

12/09/2023
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VBS jet pair invariant mass

Transverse mass between £ and pJss

Transverse mass between the 7, + £ system and pisS

Transverse mass of the three objects, obtained after
projecting them in a reference frame where the 7;, + ¢
momenta has a null invariant mass

pr of leading and sub-leading VBS jet, t;, and ¢

Ratio between the leading track p; associated to the
Tp and pr 4,

18



<% VBSWEW= > 1,v, LV
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CONTROL REGIONS

138 fb™ (13 TeV) 138 fb™' (13 TeV) 138 fb™ (13 TeV)
g2 N B R L ol D B I D K N R B LR LR B R e L TRl LS. B [ s A B e B L I BN A L
OC) 107 CMS + Data Fake Leptons QC,) , CMS + Data Fake Leptons qC_) 10., CMS # Data Fake Leptons
@ 10 r:lri!éminary [ tioiLep Opposite Sign + (Z/y + jets) @ 106 - l:lrﬂmmary | tiDiLep Opposite Sign + (Z/y + jets) @ fo* Erf‘:;mmary [ tiDiLep Opposite Sign + (Z/y + jets)
10° h Other bikgs. B oco ssww ves 10 i Other bhkgs. B oco ssww ves 4 - Other bhkgs. B cco ssww ves
50! —— EWssWWVBS %% Stat. Unc. 10° —— EWssWWVBS %% Stat. Urc. 0 —— EWssWWVBS %% Stat. Unc.
10° B G i Fakes CR : - _—— —r ttbar CR OSCR
’””"””””«”’,/,/‘lll . TR N g ’ ] au',u",,”'nu.,,.u-” s, ..
sy, =
215 ¢ P15 215
e 1 ; L * e 1 L ® (] O | PR RS B % L e 1 ; .
05 \ ; ; ; , , ; 05 , ; ; ; , , ; : 805 | ! ] . i i . i ;
8 0 01 02 03 04 05 06 07 08 09 1 8 0 01 02 03 04 05 06 07 08 09 1 g 0 01 02 03 04 05 06 07 08 09 1
SM DNN output SM DNN output SM DNN output
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<% VBSWEW= > 1,v, LV

UNCERTAINTIES

Uncertainty source +Apu —Au

Theory (PDF, 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 +0.005 —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  —-0.477
Total uncertainty +0.625 —0.564
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<h VBS Wy - fvy

CMS 138 fb™" (13 TeV) CMS 138 fb™ (13 TeV) CMS 138 fb™' (13 Tev)
F T T T B F T T T = 16 F T T —]
C —— Obs. (stat® syst) ] 45 = Obs. (stat® syst.) = o ——— Obs. (stat.® syst) 7
25 — - 40 = é 1.4 :— —:
% 20 i B Obs. (syst.) j % 35 ; mmmmm Obs. (syst.) é ? 1.2 ;_ —. Obs. (syst.) _;
% E e EW(LO) + QCD(NLO) Wy MG5 E % 3.0 z— ] EW(LO) + QCD(NLO) Wy MG5 —z "-':E. 1.0 ;— -—‘--— EW(LO) + QCD({NLO) Wy MG5  —
=15 3 E 25 F ' 3 =08 [ 3
= F ] Tap E N 5
T 10 = I E 3 T 08 —f= 3
5 B ] ™ 15 3 3 © o4 [ 4
< 05 = q W0F . < o E E
C ] 0.5 — o J
00 & L L | — 0.0 E | | _ 0.0 E I I = . . .
L 20 . 20 g 20 * Differential cross section
gl . . i S Sib—————
g o2 g b8 —— 8 — ] measurements unfolded at
0.0 0.0 B
[30,55]  [55,80] [80,110]  >110 [25,50]  [50,90] [90,170]  >170 [30,80] [80,110] [110,160] =160 g enerator | evel
p. [GeV] P! [GeV] m, [GeV]
CMS 138 fb (13 TeV) CMS 138 fb™ (13 TeV) 0 CMS 138 fb' (13 TeV)
F T T T 3 E T T T ] — T T T — ° °
1.2 :— ——— Obs. (stat.® syst.) —: 05 } —s—— Obs. (stal.® syst.) —: E Obs. (stat.® syst.) E hd EW and QCD Contrlbut|0ns
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CONTROL REGIONS
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UNCERTAINTIES OTHER PLOTS

eu/ue VBS SR

Uncertainty source Value , CMSswsemeniay 13807 (13TeV) . CMS suaglementery 138 167 (13 TeV) . CMSsupemeniay 13810 (13 TeV)
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. . I!‘; 1E e B i Ry _gt; 1 * 4_'_9_'_+_‘—f—»—¥——;—i E 15 E EJUncertainties o
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