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What is VBS?

 subset of EW processes in which VV pair is radiated from two initial
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Why study VBS?

* massless gauge fields in the EW sector gain longitudinal degrees of
freedom due to EWSB

* longitudinal VVs exhibit interesting high-energy behaviour
 at high energies scattering amplitude becomes constant

* the cross-section decreases linearly - scattering of longitudinal VVs =
scattering of Goldstone bosons of the EWSB

* if there is no Higgs boson or even if its coupling to the VV differ from
SM values --> cross-section diverges

* VBS enables
 precise study of Higgs couplings

 studying the non-Abelian structure of EW sector by probing the quartic
vertices (WWZZ, WWZy, WWyy and WWWW)



BSM physics in the EFT approach

Class Definition

Os0=(D;®)D,®] x [(DF®) D' ]

Scalar
b ; : (@) 1= " T " X v tpv
* some BSM phenomena can be described insaloeonly thesealarfeld 0%~ r) Dl v DL
- Orp = Tr[W,, WH'] x Tr[W,g, WP
in the EFT approach O T V] T
f Od " Orp= Tr[Wa}t Wl‘ﬁ] xTr[Wﬁ WV"‘]
1 ensor (W0, X Bxp
® EFT Lagra nglan ELFT - ESM + Z Z involve only the field strength tensor g;i ir{x}u xfﬁ% 5 g ng
d>4 i Or7 = Tr[Way,, W] x By, B*®
* dim-8 operators lead to anomalous Ors = BB x Byg Bt
. c T9 = Dau X Dgy
quartic gauge couplings (aQGCs) e
¢ VBS IS SenS|t|Ve to aQGCS! involve theﬁI'\e/;ziX:tC:ength tensor gﬁig"zgﬁ; >>: {Egig%gig
. . and the scalar field OM:4 _ (Dy(D)Jr@ﬂuquD 5 Eﬁv
* effect of aQGC is to enhance production Ois = (D42 v
. . M7 = U Bv
xs for large boson scattering energies Onar Oun " Oros Ora. o, [
c; 12 o:_\\lz‘.i’ (;‘\'[ olrlz 02.4 e ._g "E;
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Summary of recent VBS measurements at

CMS

12
2017 same-sign WWijj 35.9 1t observation (5.50 observed; 5.70 expected) JOL L=y Pstievlet

0.081801
2017 fully leptonic Z2Zjj 13 35.9 observed significance 2.70 (1.60 expected) 10'1016/J1'gh0y25(|)etb'2017
2018 Z1Z1jj 14/27 3000/15000 projections for HL-LHC and HE-LHC conditions CMS-PAS-FTR-18-014
. .. 1%t observation (6.80 observed; 5.30 expected) of EW  10.1016/j.physletb.2020

2013 WWij and Wzj 13 137 WZ production with 2 jets 135710
2020 Wyjj 13 138 1t measurements with the full Run2 data 10.1103/PhysRevD.105.

052003
2020 fully leptonic ZZjj 13 137 1t evidence (40 observed; 3.50 expected) 10.1016/]1.??:;/;I2etb.2020
2020 same-sign W W, jj 13 137 first measurement of the polarized WW production 10.1016/]1.52(;/;'8&'0.2020
2021 Zyjj 13 137 1%t observation (9.40 observed; 8.50 expected) cds.cern.cghz/gr;ecord/275

2021 opposite-sign WW 13 138 15t observation (5.60 observed; 5.20 expected) arXiv:2205.05711



/yJjj channel

* signal: EW production of Zyjj

* backgrounds: QCD-induced production of Zy, Wy and tty, diboson

processes (WW/WZ/ZZ) and single
t quark production

* signal significance and fiducial
cross-section calculated using the
ML fit on the 2D (m;;, An;;) distribution

* unfolded differential cross-section
also measured

Common selection

Control region

EW signal region

Fiducial volume

aQGC search region

p?’& > 25GeV, |7#2| < 2.5 for electron channel

p-fruz > 20GeV, |7**2| < 2.4 for muon channel
pt > 20GeV, 77| < 1.444 or 1.566 < |57| < 2.500
ph? > 30GeV, [pi2| < 4.7
70 < my <110GeV, mz, > 100 GeV

AR, AR, ARy, > 05, AR, > 0.7

Common selection,
150 < my < 500 GeV

Common selection,
77* < 24, A(Pz,),ljj >1.9

Common selection,

Common selection,
py > 120GeV




/yjj channel (cont’d)

. . o c C.M,S Preliminary 137 fb! (13 Tev) c 9MS Preliminary 137 b (13Tev)
observed significance 9.40 § ol Jwmern v, § wl Jwmeon  Ww; W &
t t S 180 ™ S 300 - TTyi [ B _f
reported (8.50 expected) “ W e e Mo e
f id o e 2'5<'A"u'<“'5§ §  as<hn<e — 2°°:?/4////, 2.5 |<45E 4.5</an |<6 IAn 6
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/yjj channel (cont’d)

* [imits imposed on aQGCs in the EFT approach
* most stringent limits on the neutral-current operator T9

MS Prelimina 137 fo" (13 TeV
95% CL exclusion limits for Fy,, . and Fy, ,. , parameters c C | | Y I | (| )

Operator coefficients Expected [TeV~*] Observed [TeV~*] Freeze all syst. [TeV~*] Unitarity bound [TeV] f ~Data non-prompt .

Fro/ AF 125,128 115.8, 16.0 152,154 11 L2 4 WvBs zy Other bkg. -

Fyn /A 28.1,27.0 35.0,34.7 338,333 12 o BlacDzy  — Frg=047Tev* 3

Fopp/ A -5.21,5.12 -6.55 , 6.49 -6.32,6.23 1.4 kT — F;4=0.91 TeV* -

Fys/ A% -10.2,10.3 -13.0,13.0 124,125 1.6 ’

Fpia/A* -10.2,10.2 -13.0,12.7 125,123 1.4 10F -

Fus/ A -17.6,16.8 222,213 214,204 1.8 : .

Fpie/ A* 25.0,25.6 -31.7,32.0 -30.4,30.8 1.1 B ]

For/ A 447 ,45.0 -56.6 ,55.9 -54.3,53.8 1.3 1 VN

Fro/A* -0.52,0.44 -0.64,0.57 -0.62,0.55 1.4 -

Fr /A -0.65,0.63 -0.81,0.90 -0.78,0.77 1.5 u

Fry /A% -1.36,1.21 -1.68,1.54 -1.63,1.48 1.4 i

Frs/A% -0.45,0.52 -0.58 ,0.64 -0.55, 0.62 1.8 107 &

Fre/A* -1.02,1.07 -1.30,1.33 1.25,1.29 1.7 g |

Fr7/A* -1.67,1.97 -2.15,2.43 -2.06 , 2.36 1.8 0.15-04 0.4-06 0.6-0.8 0.8-1.0 1.2-00

Frg/ A -0.36,0.36 -0.47,0.47 -0.46,0.46 15

Fro/A* -0.72,0.72 -091,0.91 -0.88 , 0.88 1.6 m,, [TeV]




Opposite-sign WWjj channel

* signal: EW production of 2 OS, leptonically decaying Ws

* background: QCD-induced production of the W+ W ~jj,
reducible bkg. from tt production, DY+j and W+j production

 more challenging than WEXW# because of OS bkg from tt prod.

* only recently first NLO calculation fpr the
EW production of W*W ™ become available
* selection: 2 OS leptons with m;; > 50 GeV,

p¥ > 30 Gev, p"? > 25(13)Gev,
pFtes > 20 GeV, at least 2j with pr > 30 GeV

m;; > 300 GeV and An;; > 2.5



Opposite-sign WWjj channel (cont’d)

e deep neural network (DNN) used to separate VBS signal from QCD-
induced and tt backgrounds

* for optimization, 2 models built: for the region with low (Z;; < 1) and high
(Z;; > 1)values of the Zeppenfeld variable

° ObserVEd (eXpeCted) Signal % 105EIM+SData IIIII His';gsl | fl\llr?p?(;f:t:;‘]l(’]?-‘re\/_f) % CM+SDIata IIIII Hislagsl | fl\llfp?(;:'\t:’(-1l(131-e%
Significance 5.60 (5.20_) Lﬁ 104; xvl;:dﬁ jegs QCD-induced WW E_ Li 10j: :\\/I/\L/lltib:S:n /:S;S QCD-induced WW E

e fid. xs 10.2 + 2.0 fb in | 1
agreement with the SM " Eﬁ
prediction 9.1 + 0.6 fb
511(.)5 % Unce:talriltle llllll _la_+—$¢a‘ k;JH— %11051:5lul Hainties l l ?

DNN output DNN output



Fully leptonic ZZjj channel

5 > 7GeV vl > 5GeV

e <25 |nl* < 2.4

* signal extraction based on the MELA R 0 <050m

|d.] <1em

discriminant (Kp) s17ipl <4

1D passed

* performance checked against the BDT

pr > 30 GeV In| < 4.7
AR(j,1/) > 04

e 77 selection used to measure signal ot candidates 1D pessed
significance, total fid. xs and aQGC search -1 prefro conecior

60 GeV < my; < 120 GeV

7 candidate tight lepton pair (e*e~ or u*p™)
: 1St eVi d e n ce fo r t h e EW p rOd u Ct i O n require pair of non-overlapping Z bosons
Of t h e fu I Iy Ie pto n i C ZZ c h a n n e I AR(n, ¢) > 0.02 between each of the four leptons

pr(li) >20GeV  pp(ls) > 10 GeV
* measured EW signal significance 4o 00 > 06
(3.50- expected) QCD suppression cut

ZZ selection

my > 180 GeV
"smart" cut

* measured EW and EW+QCD sig. strength nclusive 22 22 sleton + 1 > 10GeV

a g re e Wit h S M eX p e Ctat i O n loose VBS selection ZZ selection + mj; > 400GeV + |An;,| > 2.4

tight VBS selection ZZ selection + m;; > 1 TeV + |An;;| > 2.4




Fully leptonic ZZjj channel (cont’d)

* cross-section measured in 3 fiducial regions o CMS e TR (13 TeY)

ﬂ- El TTT
o = 3
| | o - ]
SM o [fb] Measured o [fb] Heap obs D B 7
o
ZZjj inclusive c 103 —— Data _
7777777777777777777777777777777777777777777777777777777777777777 o 10°=  m.>100 GeV =
LO: 0.275 + 0.021,,. T = ii i Z_+X =
EWK NLO QCD: 0.278 + 0.017s, 0.3370 70 oo 10010 50 o) 1.217947 u [ ]ttZ, wWZ 7
NLO EWK: 02420015 102 99 - 2Z )
EWK+QCD 5.35 + 0.5L, 5.29703L (1040 | gt0.18 (+000) 0997013 = g9 - Z2Z E
... ______________\VBSsignalenriched(loose) | n B EW 2Zjj ’
LO: 0.186 + 0015”1 0.078 0.023 0.45 0.40 —
EWK NLO QCD: 0.197 + 0.013;, 0'200t0.067 EJ—ro.m:s)) I'OOJ—ro.:ss EJ—roA35; 1-081L8:§g 10 g
EWK+QCD 1.21 + 0.09;, 100701 (oroe) 1007012 (01 0.8319:13 =
________________________ VBS signal-enriched (tighy | 15
LO: 0.104 = 0.008;,. ‘ _ 5 (10, =
EWK+QCD 0.221 £ 0.014, 0.20700% 0 03) 1007051 Forao 0921939 101
1 1 EIIIIIIIIIIlIIIIIIIIlIlIIIIIIIIIIIIIIIIIIIIIIIIII
* SM predictions extracted from generated events _ et
. (®)] E =
in MC samples I
p = 2F 8-
8 1E i
. . . CDU O = ) ) ) ’_é_: ) .:;‘: :—Q—‘ ) ) )
» for EWK, theory predictions at NLO included 0 0.1 02 03 04 05 06 07 08 09 1

Ko



Fully leptonic ZZjj channel (cont’d)

e - M " (13 TeV
95% CL limits on couplings of operators ¢ gwmww;ld;w‘?ﬂ.“?"‘?)
o f ata ]
T imposed in the EFT framework 3, 10* I Z+X E
0,1,2,8,9 a 10F 4 :
S [ m;>100Gev L% ‘;\22 :
. Unit. limit | Unit. timit | 3} 10°g L1q9—> E
Coupling | Exp. lower | Exp. upper | Obs. lower | Obs. upper (VBFNLO) (Eboli) . [ ] gg—>zz ]
B EW ZZjj T
fro/A* -0.37 0.35 -0.24 0.22 2.9 24 102 3 |=| fro/ A"”= 2TeV™ =
fr,/A* -0.49 0.49 -0.31 0.31 2.7 2.6 = E
fr, /A 0.98 0.95 0.63 0.59 2.8 25 10 T
fry /A% -0.68 0.68 -0.43 0.43 1.8 1.8 B E
Fro /AL 1.46 1.46 -0.92 0.92 1.8 1.8 ’ L - SN I +i
y=— ]
1078 -
10_2 E_I 11 I 11 1 I 11 1 I 11 1 I 11 1 I 1 1 I 11 I_E

0O 200 400 600 800 1000 1200 1400

my, [GeV]



Same-sign W; W, jj channel

e signal: EW production of WLJ—’WJ—F, WLJ—’WTJ—r and WTJ—’WTJ—r (+ 2j)

* background: EW production of WZ, QCD-induced production of WZ,
tt, tW (and other VV), ttW, ttZ, tty, VVV and tZq processes

* signal extracted using BDT

e 2 BDTs trained to separate either
: I/I/LJ—FI/I/Li and WXiWTJ—r processes
: WLJ—rWXi and WTiWTJ—r processes

e 2 ML fits performed to calculate signal
significance

Variable Requirement

Leptons Exactly 2 same-sign leptons, pt > 25/20 GeV
P >50GeV

|myy — my| >15GeV (ee)

Myy >20GeV

pHuiss >30GeV

b quark veto Required

Max(z}) <0.75

m >500 GeV

| Arg >2.5

requirements defining WXW* SR



Same-sign W; W, jj channel (cont’d)

* first, BDT trained to separate WW from
SM backgrounds

e lvariables in table| + m;; and An;;

* next, BDT trained to separate different
polarizations (many variables studied
for BDT training, those in the table used)

e 2 set of results obtained:

* for helicity states defined in the WW c.o.m.
frame

* for helicity states defined in the initial-state
parton-parton frame

Variables Definitions

Ag; Difference in azimuthal angle between the leading and subleading jets
pjTl pr of the leading jet

pj% pr of the subleading jet

p? Leading lepton pr

p? Subleading lepton pr

Ay Difference in azimuthal angle between the two leptons
My, Dilepton mass

4 Dilepton pr

m}/vw Transverse WW diboson mass

z; Zeppenfeld variable of the leading lepton

z, Zeppenfeld variable of the subleading lepton

ARj1 ¢ AR between the leading jet and the dilepton system
AR ¢ AR between the subleading jet and the dilepton system
( p-erl p%) /( p’Tl psz ) Ratio of pr products between leptons and jets
prmiss Missing transverse momentum




fiduc. xs.

16

WW c.o.m.

Same-sign W; W, jj channel (cont’d)

137 o' (13 TeV) 137 b (13 TeV) -1 N
S Fome Wobertrg 706~ ] £ [om  mohebo B I, CEMS 13710 (13TeV) 4y %
@ 10°F N \\Bkg. unc. ~10°F —WW, \Bkg.unc. 3 ¢ L -+ Expected bkg. only stat i8 i) ;
2 E W, W /W W, — W W ww* E 2 E W W, W W, — W W, Bl 3 | ... Expected bkg. only stat+syst 1 o =

= - T LT W2z 3 c B T LT Wz 1 < 6 : 1 Q@
:>j .t — W, W. -ZZ " :>J’ 10° L — W, W, -ZZ N | - - Expected signal+bkg. HC:) %
10 E 1 Nonprompt E ? I Nonprompt | == Observed . a (@]
Ehsreeinn pERastm W tVx . i F— etk Wtvx i N © S

[ \\.\\ N o .'
z 10 B DN B 4 —___9_5_0(0__9[- ______________________________________________ O 'q_e_—_ .2 '.l:
NN B . ] +— O
. Y ed N ® c
10 2 < 8 S
| Tl 2
U g ©
4 2f cal &8
= E = W FE L R 8 § & -8
5 " t ‘ F 3 ‘ T °al 26
® == s T B —— : N ‘ — =
cou + 1 S 1 : . == = ] 0 \ = | . |© % =
Wik 3 0 0.5 1 1.5 o 9
05 0 0.5 1 A 05 0.5 1 fp] © =
Oy, w, [l =
BDT score BDT score LYV
Process o B (fb) Theoretical prediction (fb) Process o B (fb) Theoretical prediction (fb) EW prod. of S-S WW with
A7 0.42 + Tya7E 0.40 .

Wliwli 0.32i8"51(1) 0.44 + 0.05 o g W]£WI:T: 0.244_“8%g 0.28 = 0.03 at least 1 W, (in WW com

+ o Q_ + * )

WiW3 1.20t§;§6 1.63 +0.18 g © WiWwx  1.4073€9 1.71 +0.19 2.30 (3. 10 expected)
WIiWr 211709 1.94 +0.21 WiW5s  2.03702 1.89 £ 0.21




Prospective studies for the Z; Z; jj production

e starting point: 2016 analysis in the ZZjj channel using 36 fb~?! of data

* projected sensitivity for the HL-LHC (14 TeV c. 0. m. energy, 3000 fb~1) and HE-
LHC conditions 27 TeV c. 0. m. energy, 15000 fb~1)
* luminosity scaling
* energy scaling
* increased acceptance

3

CMS Phase-2 simulation Preliminary (14 TeV)

® w/ Run 2 syst. uncert., g9ZZ 10%
4 w/YR18 syst. uncert., ggZZ 10%
m w/ stat. uncert. only

Significance (o)
N
(9}

* Delphes simulation used to assess the sensitivity to ™
Z;Z; at 14 TeV :

* at HE-LHC condition, first significance 05
observation of the Z; Z; L A LB G a s TR T T

l4o l4o 1000 2000 3000 4000 5000 6000

scattering expected! HE-LHC 520 5.70 Luminosity [}

VBS Z,Z, — 4l




Conclusion

* Full CMS Run2 data analyses brought significant new results:
* first observation of WZjj
* first evidence of ZZjj
* first observation of OS WWijj
* first measurements of longitudinal scattering in the SS WWjj channel
* important test of the EWSB mechanism
* more stringent limits on the aQGC parameters

* ToDo: extraction of the polarisation components in the VVjj channels,
further constraints on the aQGC

* at the HE-LHC conditions the first observation of the longitudinal
scattering in the ZZjj channel expected == significant benefit of further
energy increase for further understanding EW sector of the SM



