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Vector Boson Scattering at the LHC J@
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Vector Boson Scattering (VBS) realises at LHC when two partons from the interacting
protons radiate EW vector bosons that scatter (interact) with each other

Interaction p.o.v. ‘

Theory p.o.v. Experimental p.o.v
. Pure EW processes at the LO O(ay,) » Several interactions may happen » VV scattering: six fermions in the final
when two V-bosons scatters state = two from initial state, four from
 Rare processes with production x V-boson (W,Z) decay

decay cross sections of O(0.1-10 fb)

* Vy scattering: four fermions in the final
state and a photon — two fermions
from initial state, two from V decay

» Higher order corrections known
only for some final state topologies

o Small impact from NLO-QCD

o Sizable contributions from NLO-EW
at high energy O(710%)

e Main features:

o Jets from initial state partons have
high mjand An;; (VBS-jets)

o No hadronic activity in the VBS-jets
rapidity gap

« Sensitive to parton-shower models

\_ )
Vector bosons TGC / QGC
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VBS is an important and model independent probe of the
Electroweak Symmetry Breaking (EWSB) mechanism

V-boson interactions with the Higgs field regularises the
VBS cross section at high energies cancelling diverging
terms from bosonic couplings

A delicate equilibrium between different interactions and
their interference results in a finite cross section
prediction along the VBS mass spectrum

Presence of new physics may distort the VBS scattering
kinematics and be detected as an energy-growth of the
differential VBS cross-section

This hypothetical behaviour is independent from the
underlying new physics =& model-agnostic probe

—

VBS role in the EWSB

SUSY2023
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e CMS in Run2 recorded ~140 fb-1 of pp collisions

e—

VBS results & measurements

« VBS observed in several final states

 Measured fiducial cross-sections agree,
within uncertainties, with SM predictions

» First differential cross section g:ii
measurements and 1D-2D unfolded o

distributions

* Indirect search for new physics
along the VBS spectrum

tri-Boson
3

o Effective field theory paradigm
introducing operators that can modify
TGC, QGC, HVV, etc.

o 95% CL upper limits on strength of
EFT dim-8 or dim-6 operators
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VBS in CMS: state of art

VBS Analysis
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Leptonic VBS WW* — 2|*2v m
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* Final state: 2 same-charged leptons (u,e) + Ermiss

e Simultaneous ML fit across 5 regions. NLO EW+QCD

* Golden channel: among the VBS processes is that corrections included for the W=W= and WZ VBS processes

with highest S/B — negligible QCD-induced bkg

 Fiducial inclusive and differential cross section in SR from
a 2D fitto m(jj)-ml(ll) distributions

* Dominant non-prompt lepton bkg » Search for aQGCs in dim-8 EFT from a fit to the mr(WW)
estimated from data distribution. Strong sensitivity to T0, T1, T2, S0, S1, MO, M1

e Leptonic VBS WZjj, ZZjj when at least one
lepton is out of acceptance or not identified

CMS 137 fo” (13 TeV) 137 fo (13 TeV)
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Leptonic VBS WiW: — 2|:2v

* Final state: 2 same-charged leptons (u,e) + Ermiss

 Golden channel: among the VBS processes is that
with highest S/B — negligible QCD-induced bkg

« Dominant non-prompt lepton bkg

estimated from data

e Simultaneous ML fit across 5 regions. NLO EW+QCD
corrections included for the W+W=and WZ VBS processes

SUSY2023

N0

 Fiducial inclusive and differential cross section in SR from
" a 2D fit to m(jj)-mli(ll) distributions

o Search for aQGCs in dim-8 EFT from a fit to the mr(WW)

distribution. Strong sensitivity to T0, T1, T2, S0, S1, M0, M1

e Leptonic VBS WZjj, ZZjj when at least one

lepton is out of acceptance or not identified

 QCD-induced W=W=, W/Z, ZZ + jets
estimated from dedicated CRs

Constrain the leptonic WZ

VBS via a simultaneous fit /]\
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\ Leptonic VBS W:Z — 3ltv rm
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* Final state: 3 leptons (l,e), two compatible with on-

shell Z-boson decays, and Etmiss | _ . . .
* Simultaneous ML fit across 5 regions as described in the

 Second best VBS process studied at LHC after previous slide

leptonic VBS W=W= Fiducial inclusive and differential cross section from a fit to
Backgrounds: a BDT discriminant trained to enhance S/B

Search for aQGCs in dim-8 EFT from a fit to mr(WZ2)
distribution. Good sensitivityto TO, T1, T2, SO, S1

 Dominant QCD-induced production of a WZ

pair + 2-jets
 Non-prompt lepton bkg estimated from data _o¢cms 137" (13Tey) e 1378(13Tev)
§ B Vy —¢- Data N re) . - CMS Vy ¢ Data 7]
. . ® i I Wrong sign N\ Bkg. unc. | ~ 10° | I Wrong sign 2\ Bkg. unc. —]
 QCD and EW induced ZZ + jets from a 5 150 B Other bkg. mekwz 7 W Otherbkg.  ENEWKWZ
. . o 150 i I wz 1 I — f,/A*=2.9TeV* g Wz ]
control region in data _ 22 : S sl —f/A =20 TeV* [ 22 N
B Nonprompt | 1] B Nonprompt _
B B tvx | o B tvx .
100 — — i
Variable Definition L AN i E
mj Mass of the leading and trailing jets system R O it 2 22 b mmm fmamamaty 22 ~ T b
An; Absolute difference in rapidity of the leading and trailing jets PhyS. Lett. B 809 (2020) 1 3571 O
Ag; Difference in azimuth angles of the leading and trailing jets —
p’Tl pr of the leading jet >
p’T2 pr of the trailing jet
ik Pseudorapidity of the leading jet 10°°
W — nZ| Absolute difference between the rapidities of the Z boson . gl |
T T and the lepton from the decay of the W boson =
. (i Zeppenfeld variable of the three selected leptons: D
Zy (1—1,2,3)  _ B 2 0]
‘ z; = |ng, — (1 + 1) /2.|/ An =
z3, Zeppenfeld variable of the triple-lepton system 0
ARjy 7 The AR between the leading jet and the Z boson | | |
= ; Transverse component of the vector sum of the bosons _1 0.5 0 05 1
PP |/ Eipr and tagging jets momenta, normalised to their scalar pr sum BDT score
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* Final state: 3 leptons (l,e), two compatible with on-

shell Z-boson decays, and Etmiss | _ . . .
* Simultaneous ML fit across 5 regions as described in the

 Second best VBS process studied at LHC after previous slide

leptonic VBS W=W= Fiducial inclusive and differential cross section from a fit to
Backgrounds: a BDT discriminant trained to enhance S/B

Search for aQGCs in dim-8 EFT from a fit to mr(WZ2)
distribution. Good sensitivityto TO, T1, T2, SO, S1

 Dominant QCD-induced production of a WZ

pair + 2-jets
 Non-prompt lepton bkg estimated from data _o¢cms 137" (13Tey) o 1377 (13TeY)
§ B Vy -¢- Data | Vy ¢ Data )
. . ® i I Wrong sign N\ Bkg. unc. | Wrong sign 2\ Bkg. unc. —]
* QCD and EW induced ZZ + jets from a S 150 I8 Other big. mewkwz Otherbkg.  EEWK WZ
: : o i Wz | f.,/A*=2.9 Tev* Il Wz —
control region in data I 2z i fo/A' =20 Tev* [ 22 -
B Nonprompt | Nonprompt _
N B tvx B tvx N
100 — ]
Variable Definition N B
mj Mass of the leading and trailing jets system - -
Anj Absolute difference in rapidity of the leading and trailing jets
Ag; Difference in azimuth angles of the leading and trailing jets
p’Tl pr of the leading jet
p’T2 pr of the trailing jet
ik Pseudorapidity of the leading jet
W —nZ| Absolute difference between the rapidities of the Z boson . . - . [ S S—— VE—
T T and the lepton from the decay of the W boson '
22 (i =1,2,3) Zeppenfeld variable of the three selected leptons:
b o z; = |ng. — (m + 1) /2.|/ Ay
z3, Zeppenfeld variable of the triple-lepton system
ARjy 7 The AR between the leading jet and the Z boson
= ; Transverse component of the vector sum of the bosons _ _
lpT' |/ i Pt and tagging jets momenta, normalised to their scalar pr sum BDT score
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VBS WiW* and W<Z: results
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* Inclusive and differential cross section measurements performed for both W=W= and WZ VBS processes

* Inclusive W=W= sensitive to systematic uncertainties, while WZ one mostly limited by statistics

Process

EW WEW=

o B (fb)

3.98 + 0.45
0.37 (stat) £ 0.25 (syst)

Theoretical prediction
without NLO corrections (fb) with NLO corrections (fb)

3.93 £0.57

4.34 +0.69

3.31 +0.47

3.72 +£0.59

Theoretical prediction

Phys. Lett. B 809 (2020) 135710

497 +0.46
EW+QCD WZ 0.40 (stat) + 0.23 (syst) 4.54 +0.90 4.36 +0.88
3.15+0.49
QCD WZ 0.45 (stat) + 0.18 (syst) 3.12+0.70 3.12 +0.70
CMS 137 fb' (13 TeV) CMS 137 fb' (13 TeV)
S L L I O L B B B I S oots L O O
QO 00081 - e pata — o | ——e—— Data |
Q) - o - O] MADGRAPH5_aMC@NLO+Pythia8 without NLO corr.
B | MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. | B R MADGRAPH5_aMC@NLO+Pythia8 with NLO corr. m
o, e MADGRAPH5_aMC@NLO+Pythia8 with NLO corr. — o, ~ B EW Wz 7
:= 0.006 — = B N
£ E - E o001 |
o ol | o B |
T Ll Unfolded W=W= | [[E | Unfolded W=Z -
O 0004 | | — © - -
] * ..... | 0.005 |— I | —
D —— - I |
o e b P b
| I | I | | : I I I I |
> d.5F = > d.5F
oS oS ° -
2|8 1} 2|8 1T
— 3 . = i ]
05F | | | | E 0.5 | | | | E
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
m; [GeV] m; [GeV]

Upper limits on dim-8 EFT operators

Observed (W=W=) Expected (W=W=) § Observed (WZ) Expected (WZ) Observed Expected
(TeV ™) (TeV™) (TeV %) (TeV ™) (TeV ™) (TeV™?)

fro/A* [-1.5,2.3] [-2.1,2.7] [-1.6, 1.9] [-2.0, 2.2] [-1.1, 1.6] [-1.6, 2.0]

fr1/A* [-0.81, 1.2] [-0.98, 1.4] [-1.3, 1.5] [-1.6, 1.8] [-0.69,0.97] [-0.94, 1.3]
fro/ A [-2.1,4.4] [-2.7, 5.3] [-2.7, 3.4] [-4.4, 5.5] [-1.6, 3.1] [-2.3, 3.8]
fvo/ A [-13, 16] [-19, 18] [-16, 16] [-19, 19] [-11, 12] [-15, 15]
v/ A* [-20, 19] [-22, 25] [-19, 20] [-23, 24] [-15, 14] [-18, 20]
fve/ A* [-27, 32] [-37, 37] [-34, 33] [-39, 39] [-22, 25] [-31, 30]
famz/ A* [-22, 24] [-27, 25] [-22, 22] [-28, 28] [-16, 18] [-22, 21]
foo/ A? [-35, 36] [-31, 31] [-83, 85] [-88, 91] [-34, 35] [-31, 31]
far/A* [-100, 120] [-100, 110] [-110, 110] [-120, 130] [-86, 99] [-91, 97]
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* Inclusive and differential cross section measurements performed for both W=W= and WZ VBS processes
* Inclusive W=W= sensitive to systematic uncertainties, while WZ one mostly limited by statistics

Theoretical prediction Theoretical prediction
without NLO corrections (fb) with NLO corrections (fb)

3.98 =0.45
037 (stat) + 0.25 (syst) 3.93 £0.57 3.31 +0.47 .

4.34 +0.69 3.72 +£0.59

o B (tb)

Process

l EW WEW=

Phys. Lett. B 809 (2020) 135710
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EW+QCDWZ o (tfg N 8'§ foyst) 4.54 +0.90 4.36 + 0.88
3.1540.49
QCD WZ 0.45 (stat) £ 0.18 (syst) 3.124+0.70 3.124+0.70
CMS 137 fb' (13 TeV) CMS
';' | T | T T T T T T | [ I I I ;‘ T T | T T
© 0008 — o paa - o 9015
% i MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. | %
— L mmmmmmeees MADGRAPH5_aMC@NLO+Pythia8 with NLO corr. — = 7]
E::: 0.006 |— | — E=== .
% :_._ Unfolded Wi' Wi' i % i Observed (W=W=) Expected (W=W=) § Observed (WZ) Expected (WZ) Observed Expected
O 0.004 |— — o) ] (TeV™4) (TeV™4) (TeV %) (TeV ™) (TeV ™) (TeV ™)
b T . fro/ A* [-1.5,2.3] [-2.1,2.7] [-1.6, 1.9] [-2.0,2.2] [[1.1,16] [-1.6,2.0]
e i 0.005 — fri/A* [-0.81, 1.2] [-0.98, 1.4] [-1.3, 1.5] [-1.6, 1.8] [-0.69,0.97] [-0.94,1.3]
0.002 |- + — SN s i fro/ A* [-2.1, 4.4] [-2.7,5.3] [-2.7,3.4] [-4.4,5.5] [-1.6,3.1] [-2.3,3.8]
- EEades i | famo/ A? [-13, 16] [-19, 18] [-16, 16] [-19, 19] [11,12]  [-15,15]
B | ................. .‘...| ............. B | fMl/A4 [_20, 19] [_22, 25] [_19’ 20] [_23’ 24] [_15, 14] [_18, 20]
e —— fume/ A2 [-27, 32] [-37, 37] [-34, 33] [-39, 39] [-22,25]  [-31,30]
: : : famz/ A [-22, 24] [-27, 25] [-22, 22] [-28, 28] [-16, 18] [-22, 21]
ol OF | E 2| Of fo/ A* [-35, 36] [-31, 31] [-83, 85] [-88, 91] [-34,35]  [31,31]
QI8 4F Lk eeesbeesnnnsn QT 4F A -100, 120 -100, 110 -110, 110 -120, 130 -86, 99 91,97
2[E 1 [l e 1 || 25 [ | La/at  coowo coono  pnowo  pois fses  bonon
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Leptonic VBS W:iW+: polarized cross-sections

* Final state: 2 same-charged leptons (u,e) + Ermiss

* Goal: use the most sensitive VBS analysis to
measured the polarized scattering components

 Backgrounds: already discussed in Slide 5

» Helicity eigenstates are frame dependent as the
chirality and not the helicity is frame-invariant

 Frame 1: initial parton reference frame
 Frame 2:rest frame of the two W-bosons

* Inclusive BDT trained to separate W=W= from SM
backgrounds

o Signal BDT trained to separate Wt*Wr* from either
Wi =W £ or WrsW £

* Inthe SR a simultaneous 2D fit on the output of these

BDTs is performed

SUSY2023

N0

137 fb” (13 TeV

= Fcoms  MOtherbkg. ¢ Data

s b —ww,  Bkg.unc. | [[Phys. Lett. B812(2020)136018 |

"(é) = wwww, — W W W W -

© - —W_ W, mwZ i -

10 10° b 27 _ CMS 137 b (13 TeV)
= Nonprompt 3 — — I — 1 . '
s PR B tVx - < - Expected bkg. only stat O

102 _—\\\,\\\\ _: < @} " Expected bkg. only stat+syst & i
e W \\\\\é Al Expected signal+bkg.
B ' | = Observed
10 = i
= ap9s%eL i ) -

S 4]

D 12 |

g =

5 o F s G : e8wCL &
BDT score \
% 0.5 T 15
Sy
Process ¢ B (fb) Theoretical prediction (fb)
WEW= 0327055 0.44 + 0.05
WiWT  3.061073 3.13 £ 0.35
WiWs  1.201028 1.63 4 0.18
+yA7t +0.49 1
WT WT 2.11_0’47 1.94 + 0.21
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Leptonic VBS W:W=: polarized cross-sections m[ﬁ|
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137 o' (13 TeV)
» Final state: 2 same-charged leptons (lu,e) + Exmiss 5 [ cms  MOtherbkg. s Data -
ged leptons (p,e) S —ww,  Bkg.unc. | [[Phys. Lett. B812(2020)136018 |
. . = FE w,w/W, W, — W W W wW*
» Goal: use the most sensitive VBS analysis to s | W, m vz -
measured the polarized scattering components 01 102 - Nonprompt CmMs 1371 {13 TeV)
s o s W tVx -+ Expected bkg. only stat

6 | " Expected bkg. only stat+syst . _

 Backgrounds: already discussed in Slide 5

-2AInL

Expected signal+bkg.

e
BAnm

| = Observed

/
/
/
/
7/
/
8
/
/
/
/
| 7
L1l | LU L LI L L 1Ll

» Helicity eigenstates are frame dependent as the
chirality and not the helicity is frame-invariant

 Frame 1: initial parton reference frame

Data/SM

e Frame 2: rest frame of the two W-bosons

* Inclusive BDT trained to separate W=W= from SM

backgrounds Process ¢ B (fb) Theoretical prediction (fb)
» Signal BDT trained to separate Wr=Wr* from either WEW= 0327055 0.44 + 0.05
Wi=Wis or Wr=W» W Wz 3.067972% 3.13 4 0.35
* In the SR a simultaneous 2D fit on the output of these WEW3  1.207028 1.653 £ 0.18
BDTs is performed WIWT 211705 1.94 4+ 0.21
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N Leptonic VBS ZZ—4l I3
2 g
BICOCCA NOY
* Final state: 2 VBS-jets + two pairs of opposite cMs 157 1 (13 TeV) oS
< 10* g e e IR LN IR K e
charge same flavour leptons from on-shell Z-decay S g pTTTTTTTT I EESR
g 103§_ mjj>100 GeV :gf)? _E E) 104? Etz;-zx vvZ _§
Backgrounds: S iz wz  C G o MiT10CY gz i
10°F w3 = M Wog—-2Z 5
: " . E mEWZZj - 102k W EW 2z ‘.
. QCI.Z-mdzuced ZZjj production at = % Clfro /A" =2TeV™ 3
O(agwaocp) from qq and gg 1:

* Irreducible ttZ+jets and VV.Z+ets

* Reducible non-prompt lepton 5 4 5,400
background (Z+X) from DY, ttbar, etc [ WP SHPE S S S
S 05703 03 04 05 06 07 0530 j1 O 200 400 600 800 1000 1200 1400
I Ko my, [GGV]
PErturbative order SM o (fb) Measured o (fb)
Z7jj inclusive
. . .. . . LO 0.275 + 0.021
* Fiducial cross section in m(jj) > 400 GeV or m(jj) EW NLO OCD 0278 0017 0337010 (stat) g5 (syst)
> 1 TeV by extracting the signal from a fit to a EW+QCD 5354051 529753 (stat) £ 0.46 (syst)
. . - S VBS-enriched (loose)
kinematic discriminant (Kp)
LO 0.186 =+ 0.015 0,078 0023
o _ EW NLO QCD 0.197 £ 0.013 02000067 (Stat) Zgoi3 (syst)
e Search for aQGCs in dim-8 EFT from a fit to m(ZZ) EW+QCD 1.21 + 0.09 1.007912 (stat) 0 (syst)
distribution. Sensitive to neutral (T0,71,T72) and . VBS-egrli(ilef ét(i)%gﬂ
Charged Opefators (T8, Tg) EW NLO QCD 0:108 i 0:007 0'09j8:8§ (stat) = 0.02 (syst)
EW+QCD 0.221 + 0.014 0.20jﬁ (stat) & 0.02 (syst)
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* Final state: 2 VBS-jets + two pairs of opposite . CMS 197 b (13 ToV) oms
charge same flavour leptons from on-shell Z-decay ST s P . oNS SR
g 15 m >100 GeV R - 10° red’\G'“A‘\ |
Yk tizwz | SN‘ % T ~ EFT
107 = q “‘ 6‘\(\ ((\'%
- QCI.Z-indzuced ZZ]| production at 10 O 10 “ons astaﬂs’t\ Tev™
O(@ew2ocp) from qq and gg : geC Jatd = ——
'E gy _— |
* Irreducible ttZ+jets and VVZ+jets - )135992 :
= 1l il
 Reducible non-prompt lepton 5 4 1078 :
background (Z+X) from DY, ttbar, etc s 1 1020
0 % o703 o4 05 06 07 0809 1 O 200 400 600 800 1000 1200 1400
| Ko m,, [GeV]
PErturbative order SM o (fb) Measured o (fb)
Z7jj inclusive
- . . . . . LO 0.275 £ 0.021
* Fiducial cross section in m(jj) > 400 GeV or m(jj) Ey NLO QCD 0278 +0017 0337010 (stat) g5 (syst)
> 1 TeV by extracting the signal from a fit to a EW+QCD 5354051 529753 (stat) £ 0.46 (syst)
» » . . o VBS-enriched (loose)
kinematic discriminant (Kp) 0 0186 4 0.015
_ _ EW NLO QCD 0197 + 0013 02007506 (stat) 'g.o75 (syst)
 Search for aQGCs in dim-8 EFT from a fit to m(ZZ) EW+QCD 1.21 =+ 0.09 1.001912 (stat) 09 (syst)
distribution. Sensitive to neutral (T0,71,T72) and . VBS—egrngef ét(i)%gﬂ
charged operators (T8,T9) EW NLO OCD 0108 + 0007 00900 (stat) & 0.02 (syst)
EW+QCD 0.221 + 0.014 o.zojﬁ (stat) & 0.02 (syst)
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i Semi-leptonic VBS WV—Ivjj (k)
BICO N0

* Final state: 4-jets, one charged lepton (e,j), Exmiss,

Experimentally impossible to separate W(qq') from Z(qq) « Signal extracted from a fit to the output of a DNN

* Fiducial inclusive cross section measurement for pure EW

VBS and QCD-induced WYV background
 Dominant W+jets whose normalisation

estimated from data vs pt(W) uew = 0.85 % 0.12(stat) 7979 (syst) = 0.85792

—0.17 —0.21

 Irreducible QCD-induced WYVjj production limited by systematics

pew+qcp = 0.97 £ 0.06(stat) T3 73 (syst) = 0.97735

e Non prompt lepton estimated from data

e Other contributions: DY +jets, ttbar, etc CMS L =138 (13 TeV)

=Z L — T T 1 T T T T T T T -1
% 1010 §_ _+_ Data VV+VVV _§ = 2 4_C||IV|I§ N L 1 T 1 1 T 1 |1 |3|8|f|b| |(1|3| -|I_|e\|£)
. . . O - i i A “« -t e 68% CL expected -
- Analysis categories: boosted (high pt(W)) and > op .o it | S Gl oxpectad
. . o . f_ onpromp op - — 68% CL _
resolved, plus W+jets and ttbar control regions 1 Wt VBS_{ Phys. Lett. B 834 (2022) 137438 — = -
10 ;— N Syst. 1.6 T T~ - =+ Dbest fit B
1Lepton + MET 10° - / D ]
spton. . L A E
T 10° 1.2 l / . \\\ e

iy - B D
e 10° & [N B o) N
= 0.8F \\\“{., ' + /1 \' -
+1 Large Jet +2 Small Jets 3 — [ Sea. .:,' ____________ g B
oooooo d Resolved 10 E-I | 06;_ \\:————h“/“’/“’l / _:
Off-shell V hadronic | on-shell Off-shell V hadronic | on-shell E . E 0. 4;_ \\5_5_’/ / _;
mass | " % 0.2F -
o1 ebjets [  ebbes | 3 bl L L L

[ ] ! | ] 8 o o5 1 15 2 25 3
W+jets CR WV SR Top CR W+jets CR WV SR Top CR w

= DNN resolved acb
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Semi-leptonic VBS WV —lvjj

* Final state: 4-jets, one charged lepton (e,j), Exmiss,
Experimentally impossible to separate W(qq’) from Z(qq)

 Dominant W+jets whose normalisation
estimated from data vs pt(W)

* Irreducible QCD-induced WYVijj production

e Non prompt lepton estimated from data

SUSY2023

N0

« Signal extracted from a fit to the output of a DNN

* Fiducial inclusive cross section measurement for pure EW
VBS and QCD-induced WYV background

—0.21

pew = 0.85 =+ 0.12(stat) 757 (syst) = 0.85

+0.23
—0.21

HEW+qcp = 0.97 £ 0.06(stat) TQ D (syst) = 0.977227

—0.22

limited by systematics

e Other contributions: DY +jets, ttbar, etc CMS L=138f0 " (13 TeV)
2 0k +Dam wew =
« Analysis categories: boosted (high pt(W)) and > op .o e VSN
. . - onprom o
resolved, plus W+jets and ttbar control regions B =i

& +Jets vesy{ Ph ) e

10" [T syst. m\‘\
g . .anC

pom s 10° S | e (o) n“ﬂGa

L 10° -deﬂc 5\9 (e
st - E\" ' ag
ol 10* 1S \\ =
| E e

oes | e o 10° rem
i 5“ T R TR
ooooo — g o2\ \1e@ :
5555 o i S TR -S— oSO SN RS
— — TN et it e A i o
l— - _l ." l_ : —l g 0:80_ 0.i2 054 056 O.i8 g1 IOI IO'5I 1 1.5 I2I 2.5 IIILSI
W+jets CR WV SR Top CR Jets C WVSR Top CR DNN resolve d QCD
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Leptonic VBS Zyjj production
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| Phys. Rev. D 104, 072001 (2021)

* Final state: two opposite charge same flavour leptons

SUSY2023

N0

(4,e), one isolated photon, and two VBS-jets . Cems. 18717 (3 Tev) I~ CMS 138 fb™ (13 TeV)
5 - W EW Zy ST, TTy,VV _ > ok ' Ot; ( ' -
i i _.‘é’ 300 — B QCD zy -~ Stat ® Syst_| (2 ' :_ —— QObs. result (stat.® syst. _:
* FSR contribution reduced by m(lly) > 100 GeV g b MY el Nonprompt I | EAE s Obs. result (syst) :
BaCkgroundS ) 200— = 25 =< IAnjjI < 45 45 < |AT]jj| <6 EIAT]jjl >_§ >'%l_ 0.8 ;_ ....... EW(LO) Wy MG5 —;
_ _ - 100 ! 2 a3 E
 Dominant QCD-induced Zyjj background. ﬁ 04 e t E
Normalisation estimated from data Lo - 02 - s E
« Non-prompt photons estimated from data s Y °F ' T
(Z+]ets, etc) 8 050508 0812 122 0508 0812 12w 05 L8 ]
m [Tev] || § 22 +
 Other contributions: V'V, ttbar+y, etc §é§ T ' * +
_ CMS| | |1 37 f?'1 (13| TeV) ~ T 2550] [50,90] [90.170] [170]
§103§— ¢ Data Nonprompt vy E pY [GeV]
2 ¢ WEW Zy ST, TTy,VV : 1
” 3. ., WACDZy g /A%=0.47 Tev* _
> 10"k T8 =
 Fiducial cross section measured for EW Zyjj - —Fr/A* =091 TeV™* | .
and EW+QCD Zyj by a fitt0 m(j-anG) ' Observed with >> 50
| | YIIbY | J)-2ndj | significance and limited by
» Differential cross section measurements with 1 systematics
unfolding of 1D and 2D distributions :
. . . 107
« Search for aQGCs in dim-8 EFT fitting m(Zy) T oy = 5.1 £ 0.52(star) £ 0.56(syst)
distribution. Complementary bounds to W=W-= m,, [TeV]

11
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R Leptonic VBS Wyjj production m{ﬁ|
BICO N

| arXiv:2212.12592 |
* Final state: one charged lepton (u,e), Et™iss, one cms 138 o' (13 ToV)

. Lo o=y = CMs. 1381 (13 TeV) CMS 138 fb' (13 TeV)
isolated photon, and two VBS-jets S | = oma B = ol | S F | ) ) .
] _ _ _ P  oretootons I EW Wy outfiducial - [ Top. VV. 2y g 1.2 - —— Obs. result (stat® syst.)
* P;neutrino estimated via a W-mass constrain S go0[- B ot il o s . F :
. wr o = 1 Obs. result (syst.) =
used suppress reducible bkgs i = g
600 [—m,, €[30, 80) GeV ! m,, €[80, 130) GeV ! m, €[130, ) GeV — & 0.8 |
B : ] < - EW(LO) Wy MG5 =
100l , o 06| E
) ) B 200% 7 : ' < 04 B - E
» Dominant QCD-induced Wyjj background T - : t :
whose normalisation estimated from data S B D 02 [~ — -
Q15 : : 5 5 5 5 5 : : : - — A -
. X187 : : 5 5 5 : 5 5 : | - -4- —
» Non-prompt photons (from W+jets, ttbar) 34 e e il :
estimated from data I g 0 1
. csi-§ss8°=§885-< 8L 1 } _
« Non-prompt leptons (QCD multi-jet) also e ¢ S =s o 050 |

estimated from data m [TeV] B [2550] [50,90] [90,170] [170]

CMS 138 fo' (13 TeV) pﬁ [GeV]
51 0 - ; Data B Ew wy
12 s Top, VV, Zy QCD Wy
e Fiducial cross section measured for EW Wyjj o [ v sraon - Wloowe v

. . . Observed with >> 50 significance
and EW+QCD Wyjj by a fit to m(jj)-m(lvy) A8 eV Inclusive rate Iimitedgby SYS

o Differential cross section measurements with
unfolding of 1D and 2D distributions

o Search for aQGCs in dim-8 EFT fitting m(lvy)
distribution. Complementary bounds to W=W= |

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

-

(@)
w
|

ag\dV = 23.5+%:§(Stat)ﬂ:2(theo)f§j(syst)
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Conclusions ml
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 With less than 10% of the total LHC expected luminosity, CMS started to deliver precision measurements of EW VBS

* Differential unfolded measurements and EFT interpretations (dim-8 and dim-6) in VBS are the next milestones

« Several challenges ahead:

o Improve event simulation including higher order QCD and EW corrections to VBS

o Understand theory uncertainties from PDF, parton shower models, etc

o Improve background modelling from data for non-prompt photon and lepton estimate and uncertainty

 Use VBS as indirect probe for BSM physics:

o Global SM and EFT fits across VBS analyses and beyond

o Publication of our results for EFT searches and unfolded distributions in formats that can be
usable by a large scientific community
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Leptonic VBS W:iWt — 2|£2v

CMS 137 fb™” (13 TeV)
> or T ot Tt oottt
8 B B tvx -¢- Data -
- Vy N\ Bkg. unc.
"2 B I Wrong sign wWw* |
o = I Other bkg. I EWK wZ .
T Wz
41— z2z o]
| 77 Nonprompt |
=
w
S~
L
©
D — —
100 200 300 400 500
m, [GeV]
CMS Supplementary 137 fb” (13 TeV)
5300 gy " e Data
f I tVx -¢- Data
[ B Vy N\ Bkg. unc.
S B I Wrong sign W*w* —
U>J — I Other bkg. I EWK Wz .
B Wz B
| 44 ]
200 i " Nonprompt
100
=15F ' —
2 :
S -
©
)]

CMS Supplementary 137 b (13 TeV)
.E 200 — 1 1 1 1 I 1 1 I 1 1 1 1 I_
f = I tVx -¢- Data .
1) B Vy N\ Bkg. unc. .
S B I Wrong sign ww* n
|_|>J B I Other bkg. I EWK WZ N
150 — Wz —
i 2z i
n " Nonprompt |
100 — T
u '
50—
=14
Q2
_SE .
c 1FH
008
0.6
CMS 137 o' (13 TeV)
S T T T T T T 1 L N
8 - ——&—— Data -
B 0.04 MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. |
o, T e MADGRAPH5_aMC@NLO+Pythia8 with NLO corr.
= I .
S
@ i _
O |
0.02 |— | T —

Theory
o Data,
oo o

200 300 400 500
m, [GeV]

CMS Supplementary 137 fb” (13 TeV)
-E 1 1 I 1 1 1 1 I 1 1 1 1 1 I 1 1
f B B tvx -¢- Data N
o | Vy \ Bkg. unc.
g 000 I Wrong sign ww*
kT B I Other bkg. B EWK Wz -
B Wz i
ZZ
n " Nonprompt -
500
=14
Q12
E .
c 1
Q0.8
0.6
CMS 137 fb” (13 TeV)
S 0.08 _— T T | T T T T —_
8 | ——®—— Data a
B B MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. _|
=, 0.06 | =mmmmmmeee MADGRAPH5_aMC@NLO+Pythia8 with NLO corr.  —|
x = _
E B —
S ol ]
< 004 - —]
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©
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>
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Leptonic VBS W:Z — 3ltv

Events / GeV

CMS - 13767 (13 TeV) _ CMS Supplementary 137 fb’ (13 Tev) CMS Supplementary 137 b (13 TeV)
B Vyl | —¢:Dat; - D - v - _tgzta 1 ?5’ OF——— {ly . I _;_Dalta ———
osl monerng  mewkwz | g o mOmerbks  EEWKWZ s | Eomee  mEwkws |
Wz o = Wz . o B Wz 7
L 77 = N zz . m 74
B Nonprompt | 60 Nonprompt —| i Nonprompt |
— I tvx - : B tVx : B B tVx _
0.4k - I - 5
| 40 B S
o2} :
e = - =
213 2ial
1 © 1F T 1
; T 03| Soal
] 6 E 0.6 F :
500 1000 1500 _ 2000 2500 __ 3000 100 200 300
m; [GeV] p;- [GeV]
Observed (W=W=) Expected (W=W=) Observed (WZ) Expected (WZ) Observed Expected
(TeV %) (TeV %) (TeV ™) (TeV %) (TeV %) (TeV %)
fro/ A* -0.28, 0.31 -0.36, 0.39] [-0.62, 0.65] [-0.82, 0.85] -0.25,0.28] [-0.35, 0.37]
fri/A* -0.12, 0.15] -0.16, 0.19] [-0.37, 0.41] [-0.49, 0.55] -0.12,0.14] [-0.16, 0.19]
fro/ A -0.38, 0.50 -0.50, 0.63] [-1.0, 1.3] [-1.4,1.7] -0.35,0.48] [-0.49, 0.63]
fvo/ A* -3.0, 3.2 -3.7, 3.8] [-5.8, 5.8] [-7.6, 7.6] -2.7,2.9] -3.6, 3.7]
fv /A -4.7,4.7) -5.4, 5.8] [-8.2, 8.3] -11, 11] -4.1,42]  [-5.2,5.5]
fvie/ A* -6.0, 6.5] -7.5,7.6] -12,12] -15, 15] -5.4,58]  [7.2,7.3
vz /A -6.7,7.0] -8.3, 8.1] -10, 10] -14, 14] -5.7, 6.0] -7.8,7.6]
fso/A* -6.0, 6.4] -6.0, 6.2] -19, 19] -24, 24 -5.7,6.1] -5.9, 6.2]
fo1/ A [-18, 19] [-18, 19] -30, 30 -38, 39 [-16, 17] [-18, 18]
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VBS W:W=: polarized cross sections (Ul
; NO Y%
B
0.45 CMS simulation (13 TeV) CMS Ssimulation (13 TeV) CMS simulation (13 TeV)
:' . :I L B I A A i| T i| I L L R I N B |: :- 03_, L L L B ,+, T L_l ] :' __I L B I A A i| T i| I L LI B I |:
< o4 —EWWW o 2 —EWWW; < 0-185 — EW W, E
0.35F — EW W;W; E I — EWW;W; 044aF — EWW;W; -
0-3;_ _; 0_2_— -+ - 0_12:_ —+— I_:
n — [ 4+ ’ B 4+ .
025__ —— ] i + ] 0 1'_ _I:
: - 0.15F 4+ . E == ll ==
0.2 _l__'E_ - ++:|: ’ 0.081 = ]
g — - ] i L ; :|:—|— .
0.15F —— = 0.1k= = = 0.06 :__IZ———|——'— -
: —— z M- - - 1
- _ - 0.051 R 7] - -
0.05 —_— — - op—— . 0.02[- .
= - —— ] - T—— . n -
O-TTI o AT R NN R AR ST SR N N S O_l co b b b VT T ] O_I co v b b e b by L
0 0.5 1 1.5 2 25 3 100 200 300 400 500 600 700 800 0) 0.5 1 1.5 2 2.5 3
Ad.. m, (GeV) Ao
J] ||
35 CMS Simulation Supplementary _ _(13 TeV) - CMS _Simulation Supplementary (13 TeV) 8 CMS Simulation Supplementary (13 TeV)
< § EW W;W; —— EW W'W* § 32'2; EW W;W; —— EW W W E < 1_65_ EW W;W; —— EW W:W* _E
8 :_ Stat. uncertainty EW Wiwz _: 18 E_ Stat. uncertainty EW WiW; _E E Stat. uncertainty EW WiW3 E
o5k I Ew wiw; _¢=: 1'6 E_++ I EW waw; E T4 I Ew waw; E
- T “E - 12 _y i
— 1.4 ] ~
2__ [ ] 1
[ 1.2:— = E
15 1= = 0.8
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1= _ - S8 -
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0.55— _E e : _; 02 E
. _...:::::::::::::::::::::::::::I M«1_4:i.i:iiii:iiii:iiii:iiii:iiii:iiii:iii: . __...:::::::::::::::::::::::::::E
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VBS W*W?t: polarized cross sections fﬁ
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137 b (13 TeV) 150 = 137" (13 TeV) . 137 fb" (13 TeV)
% 1.5CMS " mOther bkg. ¢ Data ] _% L CMS B Other bkg. ¢ Data | _CE) 100 |- CMS B Other bkg. ¢ Data B
Q) - —W, W, N\ Bkg. unc. — —W, W, \\ Bkg. unc. ~ —W W \\ Bkg. unc.
(\D i WLWT W_W_ -'g WLWT ww* -'UE) WLWT W_W_
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\ VBS W*W=: polarized cross sections J@

N\
w

R\
== ONV'TIN 1A

AN\
1COCE NO Y%
- 187 o (13 Tev) o 137 16" (13 TeV) Source of uncertainty WIWE (%) WLWT (%) Wi Wy (%) WEWT (%)
& 1e[ems !\(,)\,t r:;r ko (\Big" unc. | S poms  WLESOKS f Bre une. ] Integrated luminosity 3.2 1.8 1.9 1.8
PR w, W, W W ] £ A ww* - Lepton measurement 3.6 1.9 2.5 1.8
£ W.W mwz o) —W.W mwz 1 .
¢ T 2z - & 100] T 2z _ Jet energy scale and resolution 11 2.9 2.5 1.1
N S v ] Pileup 0.9 0.1 1.0 0.3
S - y aggin . . . .
) } ] b tagging 1.1 1.2 1.4 1.1
0.5 '*\\& — Nonprompt lepton rate 17 2.7 9.3 1.6
N -\\\\ . i Trigger 1.9 1.1 1.6 0.9
[ e 1 Limited sample size 38 3.9 14 5.7
= 1] | | = Theory 6.8 2.3 4.0 2.3
g " g Total systematic uncertainty 44 6.6 18 7.0
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Leptonic VBS ZZ—-4l mi
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Perturbative order SM o (tb) Measured o (fb) - CMS 137 fb' (13 TeV)
Z7jj inclusive ES_ = =
LO 0.275 -+ 0.021 o1 004 S F -
EW NLO QCD 0278 +0017 337010 (stat) Zooz (Syst) € ol “+ Data
EW-+QCD 5.35+051 5297031 (stat) 4 0.46 (syst) T F m;<400GeVorlan|<24 LX)
VBS-enriched (loose) - —’
qq — ZZ
LO 0.186 = 0.015 +0.078 +0.023 10° —~ 27
EW NLO QCD 0.197 +0.013  0-2V0-0067 (S8at)~gor3 (Syst) —t7 2Zji
EW+QCD 1214£0.09  1.007012 (stat) Ty o2 (syst)
VBS-enriched (tight)
LO 0.104 + 0.008 004
EW NLO OCD 0.108 L 0.007 0.097 g3 (stat) &= 0.02 (syst)
EW+QCD 0.2214+0.014  0.207)0: (stat) & 0.02 (syst)
Coupling Exp. lower Exp.upper Obs.lower Obs. upper Unitarity bound
fro/ A* —0.37 0.35 —0.24 0.22 24 Q
fr1/ A* —0.49 0.49 —0.31 0.31 2.6 3
fro/ A* —0.98 0.95 —0.63 0.59 2.5 0 et s b
fT8/A4 —0.68 0.68 —0.43 0.43 1.8 0O 01 02 03 04 05 06 07 08 09 . 1
fro/ A* —1.5 1.5 —0.92 0.92 1.8 D
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CMS L=138fb" (13 TeV) CMS L=138fb" (13 TeV) CMS L=138fb" (13 TeV)
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CMS L=1381b" (13 TeV) CMS L=138fb" (13 TeV) CMS L=138fb" (13 TeV)
Z 1010 = | | | | | | | | | | | | | | | | | | = Z 108 | | | | | | | | | | | | | | | | | | | _| Z B | | | | | | | | | | | | | | | | | | ]
£ F —tData VV4VVV E Z = —4— Data VV4VVV = £ 10°g —t— Data VV4+VVV —
107 & = u . = -
A = B by " VBF-V, Vy, VBS-Z(INV(jj) = 2 oL by " VBF-V, Vy, VBS-Z(I)V(jj) — A = Y% " VBF-V, Vy, VBS-Z(I)V(jj) -
8 _ = E E E
% 10 = Nonprompt - Top = % ~ Nonprompt - Top N % 10 = Nonprompt - Top =
— — 6L | B _
10" & WaJets VBS-W(W)V(jj) = 107 € WJets VBS-W()V(j) = 5L WJets VBS-W()V(j) _E
s [ 7 N , . E R ]
107 L JSyst Top CR - Boosted - 105 L] Syst Wijets CR - Boosted = LSyt -
5 L - = - 10 =
10 e = . -
= e, 5 10°* = ) ]
0% e E = . 10° € E
. s 10° & - 3
e — : oL —
102 §_ 102 = E
1 ] ] ] ] ] ] ] ] _f_: ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
3 B 12— ; 3 12
3 R s — T R R o _——
'-Lx-' '-ij 1 :ﬁ%@*ﬁh{{%@%\:\ ww{m i @ lSES SS ST \Ww@\ ................ R SRR TR g .;\.\.\.\.\.\.\.\.\. e
3 S 0.9 e B 0.9 Frr e s
®© ®© S N S S ®© e S S S
Q o 08, 0.2 0.4 0.6 0.8 1 o 08, 0.2 0.4 0.6 0.8 1
DNN boosted DNN boosted DNN boosted

19/07/23 Raffaele Gerosa - Susy 2023 - Southampton (UK



o
rm
2
=
N
=
c
=

SUSY2023

N0

°
°
c
K
€
S
=
=
g
=1
£
3]
O

Semi-leptonic VBS WiV—lvjj

©3 UNIVERSITA’
== ONV'TIN 1d

«10° CMS L =138 b (13 TeV) 10° CMS =138 10 (13 TeV) ,
S | - | R | T T T Uncertainty source Augw

10 f= s - . —
—=— (Data - Bkg) Statistical 0.12
] Tot uncertainty Limited sample size 0.10
| — Senal | ] Normalization of backgrounds 0.08
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. Jet energy scale and resolution  0.04
o Integrated luminosity 0.01
e | — L — Lepton identification 0.01
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VBS production of Zy ()

CMS 137 fb™ (13 TeV) CMS 137 o (13 TeV)
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VBS production of Zy

SUSY2023
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VBS production of Zy

S DEGLI STU%
1ERNCAA =
\EDXA:
2 P
BICOCCA
Variables Bin [GeV] u £ Au Predicted do/dpt [fb/GeV] Observed do/dpt [fb/GeV]
20-80 1.101539 0.0539 =4 0.0089 0.059 + 0.021
v 80-120  1.96703% 0.0134 + 0.0024 0.0264 =+ 0.0060
PT 120-200  1.51795¢ 0.0049 =+ 0.0010 0.0074 + 0.0024
200-400  1.297543 0.00114 = 0.00025 0.00147 + 0.00068
30-150  1.09702% 0.0176 =4 0.0028 0.019 + 0.010
i 150-250  0.897)33 0.0149 =+ 0.0026 0.0133 = 0.0050
Pr 250-350  1.08797 0.0052 + 0.0010 0.0056 + 0.0025
350-800  1.8679%; 0.00059 = 0.00014 0.00109 = 0.0036
20-80 1.6015%7 0.0350 = 0.0055 0.056 + 0.016
2 80-120 1.017932 0.0278 + 0.0048 0.028 =+ 0.010
P 120-200  0.30753 0.0100 + 0.0019 0.0030 + 0.00035
200400 0971937 0.00187 = 0.00041 0.00188 = 0.00092

Systematic uncertainty Impact [%]
Jet energy correction +7.9 —6.7
Theoretical uncertainties +5.5 —4.7
MC statistical uncertainties  +4.7 —4.5
PU +4.7 —4.1
Related to e, ¥ +4.5 —3.6
PU jet ID +3.7 —34
ECAL timing shift at L1 +3.5 —2.8
Nonprompt-y bkg. estimate +2.0 —1.6
Related to u +1.7 —-14
Integrated luminosity +0.8 —0.6
Total systematic uncertainty +14 —12

19/07/23

Raffaele Gerosa - Susy 2023 - Southampton (UK

Coupling Exp. lower Exp.upper Obs.lower Obs. upper Unitarity bound
Fvo /A —12.5 12.8 —15.8 16.0 1.3
Fuvi/A* —28.1 27.0 —35.0 34.7 1.5
Fuvo / A* —5.21 5.12 —6.55 6.49 1.5
Fuvs/A* —10.2 10.3 —13.0 13.0 1.8
Fuva/A* —10.2 10.2 —13.0 12.7 1.7
Fus/ A* —17.6 16.8 222 21.3 1.7
Fuvy/ A* —44.7 45.0 —56.6 55.9 1.6
Fro/A* —0.52 0.44 —0.64 0.57 1.9
Fr1/A* —0.65 0.63 —0.81 0.90 2.0
Fro/ A% —~1.36 1.21 —1.68 1.54 1.9
Frs/A* —0.45 0.52 —0.58 0.64 2.2
Fre/A* —1.02 1.07 —1.30 1.33 2.0
Fry/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 0.91 1.9
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Leptonic VBS Wy

©3 UNIVERSITA’
== ONV'TIN 1d

-1 -1
CMS 138 fb' (13 TeV) CMS 138 fb' (13 TeV) CMS 138 fb™ (13 TeV) CMS 138 b (13 TeV)
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z P gl y E 1200 % IsID lepton 777 Stat © syst ] 600 [y €130, 80) GeV ; m,, €[80, 130) GeV } m,, €[130, =) GeV — 200 —m, €130, 80) Gev ' m, €[80,130) GeV ' m, €[130, =) GeV ]
4000 :— —] E ] B : 7 E S
= ] 1000 — —] : ] 150— :
- ] — — 400— ' ' A, : H ' X
3000 = - - ] B : : - i E
i . 800 - B “ﬁ %ﬁ: 100— %W -
m a 200 47 L : ] =
2000 :— — 600 —: =y ; ,, | g cas _g#éf- , : : et _
: . v/ : 400 ] — i ' — ' : -
1000 I @ _ : O 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 ]
— . e - 200 ] o 15 ; ; : s 1.5
L m,_ E§ 1.3 fon SRR SR oo e S / SO RO S e e, oo % 1.3
B B ] ,/_//,/_/_/._/_/_/_/,/,/,_,,,,,_,_,_;.,_,_,,_,_,j,,/_,_,_,_ .... A EIRORE . i TR RN S R R W N
: 20 S e e e ' .0 = 3 00 %f%ﬁﬁﬂﬁiiiifiilx././xwWf./;;m 77 % it 5*:.’ L 3 09
g 1.6 ST N R R U T YO B (S Q7 [ S S o7 e i S s S N St S A S
3 12 9 12 i . _
S o8 S 08 . 2 T K = § & K = T © K = % T - 3§ @ KR ¥ § @ K = %
S 04 : : B 04 b T T - & - 8 @ - 8 : -~ S : . 8 9 N~ = 8
| 0 i i i i i i i i 0 i i i - i S e N - e o N~ = e Q9 K A ° o N = 2 9 N~ == < <2 N~ =
0 . ' ' 5 O O, 5 6 S T 68 8 o v © g, w ¢ 9o T w ¢ g =
40 ©60 80 100 120 140 160 180 200 40 ©60 80 100 120 140 160 180 200 S S 2 2 S 2 =2 2 =2
Y
o [GeV] pT [GeV] m; [TeV] m [TeV]

19/07/23 Raffaele Gerosa - Susy 2023 - Southampton (UK



SDEGH STU% SUSY2023

1B Leptonic VBS W

(20 eptonic Y ()
Z

- @)

Blcocta N
~ CMSs | | 138 fb|'1 (13 TeV) _ _c|v|s | | 138 fb|'1 (13 TeV) _ CMS 138 b (13 TeV) ~ CMSs 138 b (13 TeV)
E 08 B —— QObs. result (stat® syst.) ] ?‘% 1.2 :— —— Obs. result (stat.® syst.) _: E 0.5 E_ —— Obs. result (stat.® syst.) _E é>'5’ 0.5 f— —— Obs. result (stat.® syst.) —f
% E mmmmm Obs. result (syst.) E % e s Obs. result (syst.) - =, 04 - mmmm Obs. result (syst.) ] =, 0.4 E_ mmmm Obs. result (syst.) _E
—Fo06 | =~ B i T V4 — ] ‘:.'—I—': .
=S T EW(LO) Wy MG5 . = 08 = EW(LO) Wy MG5 ~ % . - - EW(LO) Wy MGS5 . = . EW(LO) Wy MG5 E
© 04l . 5 06 = > . P .
< _'::::::::::::::::::::::::::: — E < 0.4 __ _: <4 02 :_ _: < 0.2 :_ I . _:

! ] 02 [ o - B i —— = o1 b E
0 - +- — 0 :_ + i _: 0 :_ . g —: ;: + E
o . B ] N : 0 — -
S 16 S 22 : it : S 23 : : S 32
> > T > T > 1 T
S og | | | i 8—0.21 - | | | 8-0.2; | | | 8-13 | | |
[30,55] [55,80] [80,110] [110,]  [25,50] [50,90] [90,170] [170,c] ' [30,80] [80,110] [110,160] [160.] ~ [50,100]  [100,190] [190,250]  [250.]
P! [GeV] p! [GeV] m, [GeV] P’ [GeV]
Expected limit Observed limit U ound
5.1 < faro/A* <51 =56 < fro/A* <55 1.7
71< fpr/A* <74 =78 < fy/A* <81 21
1.8 < fua/A* <18 —19< fy/A* <19 20
25 < fyus/A* <25 =27 < fys/A* <27 2.7
3.3 < fM,4/A4 < 3.3 —3.7 < fM,4/A4 < 3.6 2.3
34 < fus/A* <36 —=39< fis/A* <39 2.7
13 < far7/A* <13 —14 < foy/A* < 14 2.2
043 < fro/A* <051 —047 < fro/A* <051 19
027 < fr1/A* <031 —031< fr;/A* <034 25
-0.72 < fro/A* <092 —0.85 < fr,/A* < 1.0 2.3
029 < fr5/A* <031 —031< fr5/A* <033 26
023 < fre/A* <025 —025< frg/A* <027 29
-0.60 < fr,/A* <0.68 —0.67 < fr;/A*<073 3.1
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