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% What is VBS and why study it

VBS: scattering between two vector bosons radiated from incoming partons.
Unique topologies:

> Two very forward jets, with large eta separation and invariant mass
> Low hadronic activity in central region

Possible couplings: WWWW/WWZZ/WWZy/WWqyy ...

Why VBS interesting?

> Very rare process (~ fbs), precision test of SM

> The longitudinal polarized part of massive vector boson is
connected to the Higgs mechanism, help us have a better
understanding on Higgs mechanism

> The SM could be extended with dimension-8 operators standing

for anomalous couplings between vector bosons, model
independent search of BSM
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Current results

June 2021 CMS Preliminar

The VBS 'rn'ea'surements have moved to .
# 7 TeV CMS measurement (L <5.0 fb™)

;-' : (FUH) RunH gOOd agreements with SM g tev cMs measurement (L <19.6 fb™)

: .' predlctlon & 13 TeV CMS measurement (L < 137 fb™)
>n je'{(s)- - A - Theory prediction
§ N.B.: § & i Z Z Z CMS 95%CL limits at 7, 8 and 13 TeV

2" ’e“s& Longltudlnal results are not in th1s
. f Plot : B : : : : B
LA Hadromc decay ofVecton boson 1s A
R not in thlS plot § SRS EREEE L i
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All results at: http://cern.ch/go/pNj7
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Topics in this talk

Recent VBS results:

\

Y V YV Y

Longitudinally polarized scattering of same-sign WW: PLB 812(2021) 136018

Semileptonic channel VBS WV: PAS
VBS WW+W?7Z: PLB 809(2020) 135710
VBS Zgamma: PAS, submitted to PRD
VBS Wgamma: PLB 811(2020) 135988

Poster
By Davide Valsecchi
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https://www.sciencedirect.com/science/article/pii/S0370269320308212
http://cds.cern.ch/record/2776799?ln=en
https://www.sciencedirect.com/science/article/pii/S037026932030513X
https://cds.cern.ch/record/2759297
https://www.sciencedirect.com/science/article/pii/S0370269320307917
https://indico.desy.de/event/28202/contributions/105255/

% Longitudinally polarized scattering of same-sign WW

First measurement of the polarized vector boson scattering.

Several Control Regions

Variable Requirement .
Leptons Exactly 2 same-sign leptons, pr > 25/20 GeV (CR) are defined:
ol . S50 GeV > Nonprompt CR: same
imy, —m,| Signal >15GeV (ee) with SR except b-veto
p?lss > e .
b gjiprieyers Requifed > WZ CR: three leptons, two
Max(z;}) <0.75 of them form a Z boson
”’21 >500 GeV > tZq CR: same as WZ CR
A7 — except b-veto inverted
; > 77 CR: 4 leptons with
Two BDTs are used: , , VBS-like selection
> BDT1 is used to separate inclusive ssWW from : :
Simultaneous fit is
other bkg : ih q
> BDT2 is used to separate different polarized performed between SRs an
components of VBS CRs.
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Longitudinally polarized scattering of same-sign WW

Simultaneous fit are performed between SR and CRs:

137 b (13 TeV)

137 b (13 TeV)

C T T T T ' vvvvvvvvvvvvv
5. ,[ cMms ) Other bkg. ¢ Data .
— 10 —W, W, W Bkg.unc. =
0 wWwW* =
-.E WLWXIWTWT e WLWT —
9 3 — Wi W, mWwz |
o 10 Y74 E
" Nonprompt -
o i B\ AN AN NN NN - - tvx N
1 0 . A \\\.\\\.\\\\\\\!\\\\\\TE

-1 05 0 05

BDT score

BDT?2 score, separating LX and
TT (also other bkgs)

signal significance is extracted w.r.t LX signal:

-_g - cMs W Otherbkg. ¢ Data
10t — W, W, Nt Bkg. unc. ./
2 F wawuw,wy — W, Wy oy :
[0) B — W.W mwz i
= L y 74
w103 -
E " Nonprompt =
Caaaaaaaaaan & B tvx 7
10° | =
\\\\\\\‘\\\\\\:
10
E 1.4
% 12
"&s‘ 1
0O os :
-1 0.5 0 0.5 1
BDT score
BDT?2 score, separating LL and
TX (also other bkgs)
results:

> LXIn WW restframe: observed (expected) 2.3 (3.1)

> LX In pp restframe: observed (expected) 2.6 (2.9)o

L: Longitudinally

T: transversely

LX: LL + LT
XT:LT+TT

-2AInL
()]

CMS 137 b (13 TeV)

| ---: Expected bkg. only stat

I Expected bkg. only stat+syst
| -+ Expected signal+bkg. ’

| = Observed

| 95% CL

L e e e m L e R e R a e e e e e e o e e i e i o e )

| 68% CL

....................................................

0 05 ; | 115&‘)
o
Likelihood scan of LL XS W L]
XS measurement: !
Process o B (fb) Theoretical prediction (fb) !
W W 032105 0.44 £ 0.05
WWs 506707 3.13 £ 0.35
WiW3x  1.207038 1.63 £ 0.18
WeWs 21172 1.94 4 0.21
meng.lu@cern.ch
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= VBS WV

Signal: W is leptonic decay, and V (W, Z) is hadronic decay = q

Good balance between:
> Larger XS than fully leptonic decay channel
> Smaller bkg than fully hadronic decay channel

1lep+MET

Yes | Ak8Jet |—N° .
v l - ]
lailind e Following objects/variables are used to separate
| ! signal and bkg, and also event topology:
Boosted Resolved > AKS jet: Boosted or Resolved
category | category )

>V hadronic mass: signal or Wjets bkg
> B jets: signal or Top bkg

off-shell N, Fadishie on-shell off-shell \V hadronlc on-shell
[ reco mass ] [ reco mass J Wijet contribution is

estimated using

Objets  0bjets 21D jets Objets  0bjets 21D jets Object selection data-driven method in
#Db jets #Db jets .
J - : Wjets CR and propagated

Phase space selections

\ \ ! to SR.
. simultaneous fit
W-+Jets CR 3'9“3' Top CR| Wi+Jets CR L Top CR
region region regions
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VBS WV

DNN is used to separate signal and all bkgs. Different DNNs are used for resolved and boosted
case. DNN is trained in signal region.

L = 137/fb (1 3 TeV)

CMS Preliminary

CMS Preliminary

L = 137/fb (1 3 TeV)

Z E UL L ' l 3 = H T T T | .
% - VAWV " - DY 3 % 107 VV+VVV " - DY |
L S — N oo I S — i o = Good agreements between data and
pd C WinuViji 1 z 11 WinuVii ] . . .
S g 5 o0 ey = MC prediction in both Boosted and
- 1 ek 7 Resolved signal regions. (EW as signal
: - - onl
10° E E Y)
o u i 137 fo" (13 TeV)
\E == x 2.2_1 I L I L I L I L I L I L I l_
10° — < -~ e 68% CL expected
L ! H “1-' 2[- 2 parameters fit s 95% CL expected —
B ot2g ] 2 12 ' 3 : — - 68% CL i
L sty & 18 — - 95% CL E
R T o B “" < 1o e 25 SM =
S 084 02 04 06 08 (- - /_____\ + bestfit ]
DNN resolved DNN boosted 1.4 :_ ‘."';7 ....... i "\\ \\ _:
' Y P AR SR ]
Results: Fy oy & M N
> EW signal significance: 4.4 (5.1)0 observed (expected) 0.8 . \"'\..\\\ + AT N
06:— u.u.'x’-\ \\‘ -’ ' /’ /I —:
_ y0bs /- SM _ +0.24 _+0 +0.12 E e i :
0.2f =
_I | | I | I I I | I | | { N A T | | I—
Heiipen =P o =098 50 =017 (syst) o (stat) "0 05 1 15 2 25 3
u QCD
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VBS ssWW+WZ

Combine ssWW and VBS WZ (both leptonically decay), using full Run2 data.

ssWW: very clean channel, EW dominant over QCD-induced in signal region

> Differential cross section are measured, w.r.t, m_jj, m_Il, pt of leading lepton
> Constraints are obtained on the aQGC

VBS WZ.

> EW signal extraction

> Differential cross section are measured, w.r.t, m_jj

> Constraints are obtained on the aQGC

SRs and CRs are similar
to ssWW in slide5

iun Yat-Sen University, Meng Lu

' BDT score

Left: m Il in ssWW SR
Right: BDT score in VBS WZ
SR

CMS 137 fb™ (13 TeV) . &wms ’13I7flb"'(13’T§>V)
> R B L T L LR L TR = L !
3 - B tvx - Data E 9 L Vy ~#-Data i
teg vy 2\ BKg. unc. %) Il Il Wrong sign 2\ Bkg. unc. |
& i I Wrong sign wiw* § 150 - [ Other bkg. Bl EWKWZ |
] B I Other bkg. B EWK WZ 2 @O Il Wz _ .
@ — § 2z i BDT method is used to
B 74 | s 1 Nonprompt o
I I Nonprompt I - 1  separate EW WZ and QCD
| 100 |~ — W7Z
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= VBS ssWW+WZ

Procass o B (fb) Theoretical prediction Theoretical prediction
. . . without NLO corrections (fb) with NLO corrections (fb)
Significance Results: y—— T ot 0 o
> ssWW: 11.5 (11.3)e for observed R T o o
+ya7E - .
(eXpeCted) EW+QCD W—W 0.39 (stat) & 0.25 (syst) 4.34 4+ 0.69 3.721+10.59
1.81 +0.41
> VBS WZ: 6.8 (5.3)0 for observed BV W 0.39 (stat) - 0.14 (syst) 14l =021 L28wali1E
497 +0.46
(expected) EW+QCDWZ 16 o) + 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 3124070
S‘ CIMIS L | L | | G G | L 1137|fb11 (:ILSITeIV) CMS 137 fbl (13 TeV)
i S _I T 1 1 | N I | T 1 1 1 | 1 T 1 | T 1 1 |_
® 0.008 Data ] %J %083 ——e— Data ]
Q MADGRAPHS_aMC@NLO+Pythia8 without NLO corr. : Q B MADGRAPHS_aMC@NLO+Pythia8 without NLO corr. |
@) o N I RNCIIIITIIIE MADGRAPH5_aMC@NLO+Pythia8 with NLO corr.
o= MADGRAPHS5_aMC@NLO+Pythia8 with NLO corr. - S - B EWWZ .
:= 0.006 =~ ] = B 1
= . £ oo01f —
B differential B I WZ differential |
8 ssWW differentia B G - 1fferentia 1 Generally gOOd
] ] agreements between
B 3 (e R —] 7] . .
e ] 1 data and prediction.
........ == : .
o b f e
T T [ T ]
...................................................... l :
Y i . -
TT'T".’j!‘.’.’.’.‘ ................. | PRt _
"..;.I...II....]....I..;._: lIllllllllllllllllllllll_:
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
mjj [GeV] mjj [GeV]
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VBS ssWW+W7Z

CMS 137 fb™ (13 Tev) CMS 137 fb™ (13 TeV)
= E I tx b= et = S 104 I vy | —¢-Data I j
%) 104 E Vy N\ Bkg. unc. - %) [ wrong sign N\ Bkg. unc. 3
G E I Wrong sign W w* 3 = 10° [ Other bkg. I EWK Wz E‘
a 103 I Other bkg. B EWK Wz o f/A*=29Tev*  EEWZ 3
. it sz‘,A4 =29 Tev-“ - wz 3 102 ! - fSOI A4 =20 Tev'4 Y4 -
102 ¥ f_JA* =20 TeV* zz i I Nonprompt
E @ Nonprompt =5 ESS B tvx = o o
10F " a—— 10 Diboson transverse mass is used for
1k _fé 1 aQGC study, no deviation from SM
10 4 107 is observed in either ssWW or WZ.
102 E 15~
10° & . 10°°
- | | ! L a
= 15 ' ~ = 15 F =
z |2 I
3 -
os & - SPRED A y: - - ] Combining two channels

mW [GeV] m¥Z [GeV]

Observed (W"W=) Expected (W-W?™) Observed (WZ) Expected (WZ)|1 Observed  Expected !

(TeV—4) (TeV—4) (TeV—4) (TeV™Y | (Tev™H (TeV™4) |
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] [-0.49,055] : [0.12,0.14] [0.16,0.19] |
fra/ A* [-0.38, 0.50] [-0.50, 0.63] [-1.0, 1.3] [-14,1.7] - [-0.35,0.48] [-0.49, 0.63]
fao/ A [-3.0, 3.2] [-3.7, 3.8] [-5.8, 5.8] [-7.6,7.6] ' [27,29] [36,37] -
/A [-4.7,4.7] [-5.4, 5.8] [-8.2, 8.3] [11,11] ' [4.1,42] [52,55] !
fve/ A* [-6.0, 6.5] [-7.5, 7.6] [-12, 12] [15,15] 1 [-54,58] [-7.2,7.3] !
famr/ A? [-6.7, 7.0] [-8.3, 8.1] [-10, 10] [-14,14] | [5.7,60] [-7.8,7.6] 1
fso/ A? [-6.0, 6.4] [-6.0, 6.2] [-19, 19] [-24,24] ; [57,61] [59,62] |
fs1/ N3 [-18, 19] [-18, 19] [-30, 30] [-38,39] : [-16,17] [-18,18] |

e n e s e s mm o s mm s mm o mmw |
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VBS Zy

Because photon don’t directly couple to Higgs boson, the
interests of VBS Zy is its sensitivity to pure neutral aQGC, i.e.,

LLLy [LLyy [Lyyy

Using full Run2 data:

> m_jj and An_jj are used to extract EW signal
> Differential XS in pt of 11, j1, photon and mijj
> aQGC limits are set using m_Zy

CMS 137 fb™ (13 TeV)
s [ mewz B STTTY.WV _
2 3001 o M QcCD zy %State:)Syst_: Main backgrour%ds: o
L%’ - barrel  Nonprompt y ' = > QCD Zy: estimated from MC, which is
200 5copn <as 15 a6 iAn) > constrained by 31mu1tar%eous fit |
e I i A > Nonprompt photon: estimated using photon
100 shape fit through data-driven method
Results:
0 e . > observed significance much greater than
% 1 /-/-/-f/-/-/-/-/////i/////////?////////7;//7/'//////{////////%/////////{///9‘ - ;O{N . 1 ‘
£t : signal strength: 1.25 +- 0.18
2 055508 0812 12 0508 0612 12w 05w XS8:5.43 +-0.95 fb
m; [TeV] > EW+QCD signal strength: 1.15 +- 0.12

XS: 15.26 +- 1.75 fb
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¢ Data (stat. @ syst.)
Zy MadGraph
[ syst. unc.

CMs 137 fb™* (13 TeV) CMS
> = | | ' Data I(stat ® syst.) 1 > i
D - . @ syst.) ] o 10
Q L EWZyMadGraph | S F
& Bk oo 1 & EE
o) = B © 101l
o - 7] o 10 %
= 107 &
O O 1.5F-
= = L
3 Fo R =
A a
0.5
50 100 150 200 250 300 350 400 50 100
pl [GeV]
CMS 137 b (13 TeV)
E F ! | | | | :
D10°F ¢ Data Nonprompt y =
2 WEWZy  [ST,TTy,W ;
1 WQCD2Zy —p a*=0.47Tev*
—F,/A*=0.91Tev* ]
10 - =
1071 E

0.15-04 0.4-06 0.6-0.8 0.8-1.0 1.0-1.2 1.2-

my, [TeV]
-t-Sen University, Meng Lu -
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150 200 250 300 350 400

Y
p; [GeV]

Generally good
agreements between
data and prediction.

Invariant mass of Z and photon is used for

aQGC study. No obvious deviation from SM

prediction is observed.
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VBS Wy

Similar to VBS Zy, the main motivation of VBS Wy is its sensitivity

to aQGC.

Using 2016 data:

> m_jj and mly are used to extract EW signal

> aQGC limits are set using m_Wy

Main backgrounds:
> QCD Wpy: estimated from MC, which is
constrained by simultaneous fit

> Nonprompt photon: estimated using
photon shape fit through data-driven
method

> Nonprompt lepton: estimated through

data-driven method

Sun Yat-Sen University, Meng Lu

CMS 35.9 fb' (13 TeV)
S 300 T T T T T T 1T T T T T 2
& N EWwy [ QCD zy Bl Single t
2 . ¢ Data MisID lepton e—y
T 20r p :
S C Unc. B MisID photon = VWV
S Bacowy Wty _
200 ]
- Muon barrel

100§

50

150 my, (30, 80)

m,, (80, 130) i m,, > 130

500 .8 7
00~g 9 go\ 7 2530‘

14

2

770

inf” 800 00 'f 800" 120

0\50\60\ 00~ 0\50\60\ 00~ 7200~ ;
0. 8, 7?00770 0770,,”

m, [GeV]

Events / bin

CMS 359 fb" (13 TeV)
1. ¢ T T_ & ¢ T T T F T 3
120 [ Ew wy QCD Zy Bl single t
- ¢ Data MisID lepton e—>y
1001~ 7 Unc. B MisID photon = VWV
i Baocowy Wity
80[~ Muon endcap o
60-— ., (30, 80) E m,, (80, 130) E m,, > 130
= ' :,/ -
i 2. d
20 -

500 .8 7 7
00-. 8 go\ 7 25(?0‘ ; 200

500,800, 7200170
700 'nf 800 72000\ 77og‘
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VBS Wy

Results:

> Observed (expected) significance: 4.96 (4.60) for 2016 data,

5.30 (4.80) after combing with Run I data
> EW signal cross section: 20.4 = 4.5 fb

(corresponding signal strength: 1.20 +0.26-0.24)

> EW+QCD cross section: 108 = 16 tb

Invariant mass of W and photon is used for
aQGC study. No obvious deviation from

(corresponding signal strength: 1.21 +0.17-0.16)

SM prediction is observed.

Events / 200 GeV

-
o
w

—_
o

N
L

Most stringent limits on fM2-5, fT6-7

CMS 35 9 fb” (13 TeV)
- 'Blacowy [ty @@ Singlet

| Mewwy [@acbzy ey ]
£ ¢ Data []MisID lepton  [] WV <
L 7 unc. [l MisID photon [[] Double misiD -

fr/A*=0.8x10"2 Tev*

772077

ISun Yat-Sen University, Meng Lu

/

200 300 400 500 600 700 800 7900 1000 1100
my, [GeV]

Parameters Obs. limit Exp. limit Urvound
fmo/A4 [—8.1, 8.0] [-7.7,7.6] 1.0
Jaynd sk su o 12
Mo/ A2 [—2.8,2.8] [—2.7,2:7) 13-
Ifms /A4 [—4.4, 4.4] [—4.0,4.1] 15!
Ifma/A% [—5.0, 5.0] [—4.7,4.7] 15!
fms /A% [—8.3, 8.3] [—-7.9,7.7] 1.81
fo AR = = = Cieie] T T s e o
fm7/A% [—21, 20] [—19, 19] 1.3
fro/A% [—0.6, 0.6] [—0.6, 0.6] 1.4
fri/A% [—0.4, 0.4] [—0.3,0.4] 1.5
fra/A% [—1.0,1.2] [—1.0,1.2] 1.5
frs/A? [—0.5,0.5] [—0.4,0.4] 18
fre/AT [-04,04  [-03,04] = 17-
If17/ A4 [—0.9,0.9] [—0.8,0.9] 18!
Unitarity bound
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% Summary

> CMS has performed quite comprehensive studies of the VBS process, and
many of them have moved to full Run2 data analysis

> Longitudinally polarized VBS process has been measured for the first time

in ssSWW channel at CMS *’

Semileptonic VBS analysis is shown for the first time *

No obvious deviation has been observed in EFT measurement through VBS

V.V

Processes

Outlook:

> More Run2 analyses to come
> Run3is coming (and HL-LHC), it’s expected that it will give us more
interesting VBS results with more data
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Additional slides
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= Longitudinal ssWW

Table 2: List and description of all the input variables for the signal BDT trainings.

Variables Definitions
Adp; Difference in azimuthal angle between the leading and subleading jets
pjTl pr of the leading jet
P pr of the subleading jet
p? Leading lepton py
p-? Subleading lepton pr
Ay Difference in azimuthal angle between the two leptons
My, Dilepton mass
Pt Dilepton pr ) , M4k
m‘TNW Transverse WW diboson mass 4= |1~ 2 / |A;7H |
zy Zeppenfeld variable of the leading lepton
zy, Zeppenfeld variable of the subleading lepton
AR;1 4 AR between the leading jet and the dilepton system
AR]-Z M AR between the subleading jet and the dilepton system
pT pT p’T p’T Ratio of pt products between leptons and jets
P Missing transverse momentum
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Longitudinal ssWW

Table 3: List and description of the input variables for the inclusive BDT training.

Variables Definitions

m;; Dijet mass

| A Difference in pseudorapidity between the leading and subleading jets
Ad; Difference in azimuth angles between the leading and subleading jets
p’% pt of the leading jet

p’TZ pt of the subleading jet

p? Leading lepton pr

pis Dilepton py

zy Zeppenfeld variable of the leading lepton

zy, Zeppenfeld variable of the subleading lepton

pT > Missing transverse momentum
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Longitudinal ssWW

CMS simulation (13 TeV) CMS simulation (13 TeV)
B _IIIIIIIIlIlIlIIIIIIIII|IIIIII|II|IIII_ - _Illllllllllllllllllllllllllllllllllll_
2- 03¢ — EWWW, ] 3 0‘3: — EW W[ W
0250 — W WIW:: b 0250 — EW WIW:: .
I — EW W, W, I i — EW W W,
B : -+
0.2 F . 0.2F + 2
[ =+ 1 -
| - N B +++
BAs- 5 - 0.15[ .+ -
1 ++:t d _ - -+
0.4 F ] bl z
5. ¥ . B =
i - il N e
0.05 "L_".__,_ = 0.05 ~++ =
L *::—.—_._ il L -.-.-_.__._
I —_—— i i === ]
_11||1111]1111|1111|111111111[1111!;11;_ _lllllllllllllllllﬁﬂﬂ—ﬂﬂm
d 100 200 300 400 500 600 700 800 < 100 200 300 400 500 600 700 800
m, (GeV) m, (GeV)
Process o B (fb) Theoretical prediction (fb)
WWs 02475 0.28 & 0.03
AN
XS results in pp restframe WxW1  3.25755% 3.32 £ 0.37
W W 14072 171 019
A7 E +0.51
wiwiE 2031031 1.89 + 0.21
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VBS WV

Signal region

Top control region

Ele p;> 30 GeV (2016), 35 GeV (2017, 2018)
Muon p_> 30 GeV
PuppiMET > 30 GeV
Leading VBS jet p, > 50 GeV
trailing VBS jet and Vjets p_ > 30 GeV

Ele p;> 30 GeV (2016), 35 GeV (2017, 2018)
Muon p.> 30 GeV
PuppiMET > 30 GeV
Leading VBS jet p, > 50 GeV
trailing VBS jet and Vjets p_ > 30 GeV

Ele p;> 30 GeV (2016), 35 GeV (2017, 2018)
Muon p_> 30 GeV
PuppiMET > 30 GeV
Leading VBS jet p, > 50 GeV
trailing VBS jet and Vjets p_ > 30 GeV

.m Yat-Sen University, Meng Lu .

bVeto with Loose DeepCSV WP
V had p, >200 GeV
70 GeV < Mjj Vhad < 115 GeV

bTag with Tight DeepCSV WP
V had p, >200 GeV
70 GeV < Mjj Vhad < 115 GeV

. P

Resolved ANygs> 2.5 , M. o > 500 GeV ANygs> 2.5 , M. o > 500 GeV ANygs> 2.5 , M. o > 500 GeV
Category Leptonic M’ <185 GeV Leptonic M' <185 GeV Leptonic M’ <185 GeV
bVeto with Loose DeepCSV WP bTag with Tight DeepCSV WP bVeto with Loose DeepCSV WP
V had p, <200 GeV V had p, <200 GeV V had p, <200 GeV
65 GeV < Mjj Vhad < 105 GeV 65 GeV < Mjj Vhad < 105 GeV 40 < Mjj Vhad < 65 GeV, Mjj Vhad > 105 GeV
Ele p,> 30 GeV (2016), 35 GeV (2017, 2018) Ele p,> 30 GeV (2016), 35 GeV (2017, 2018) Ele p,> 30 GeV (2016), 35 GeV (2017, 2018)
Muon p.> 30 GeV Muon p,> 30 GeV Muon p.> 30 GeV
PuppiMET > 30 GeV PuppiMET > 30 GeV PuppiMET > 30 GeV
Leading VBS jet p. > 50 GeV Leading VBS jet p, > 50 GeV Leading VBS jet p, > 50 GeV
B d trailing VBS jet p. >30 GeV trailing VBS jet p. > 30 GeV trailing VBS jet p. > 30 GeV
ooste An.> 25 , M. > 500 GeV AN> 25 , M. > 500 GeV An,> 25 , M. > 500 GeV
Category Leptonic M' < 185 GeV Leptonic M’ <185 GeV Leptonic M’ < 185 GeV

bVeto with Loose DeepCSV WP
V had p, >200 GeV
40 GeV < Mjj Vhad <70 GeV
115 GeV < Mjj Vhad < 250 GeV
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VBS WV
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DNN boosted

CMS Preliminary
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Top:

Top control region
Bottom:

W+jets region

> Fit DNN shape in the signal
regions

> Fit W+jets subcategories
normalizations in W+jets control
regions

> Fit only normalization in

top-quark control regions
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% sSWW+WZ

Variable Definition
m;; Mass of the leading and trailing jets system
BDT inputs for separation | A Absolqte differefnce i.n rapidity of the leading a.nd tra111ng.](.ets |
between EW WZ and Q CD Ajclpn Absolute difference in azimuthal angle.s of .the leading and trailing jets
Pt pt of the leading jet
WZ. p’% pt of the trailing jet
it Pseudorapidity of the leading jet
Wz Absolute difference between the rapidities of the Z boson
7™ =17 and the charged lepton from the decay of the W boson
Byl =1 —3) Zeppenfeld variable of the three selected leptons
zgl, Zeppenfeld variable of the vector sum of the three leptons
ARy 7 AR between the leading jet and the Z boson

Transverse component of the vector sum of the bosons
and tagging jets momenta, normalized to their scalar pr sum

|ﬁTt0t| ! Y P%

NS LT (A TeV) S‘ CM? I L L L L B L J|.37i fbl.l (|13|T?V)
0.08 F T T T T T T | T T —] — -]
s oof ' ¥ g Mo _
- B o ..........
Q | MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. _| B 0.04 |- MADGRAPH5_aMC@NLO+Pythia8 without NLO corr. s
é 006 = Erreeesnes MADGRAPHS5_aMC@NLO+Pythia8 with NLO corr.  — = T e MADGRAPH5_aMC@NLO+Pythia8 with NLO corr.
8 i E | | InssWW:
= 0 | S .
E ] I— - T {1 Left: leading lepton pt
PCES 05 7 002 |- — | . . :
PR S vew xR i B0 10 oty e Rig ht: invariant mass of two
0.9 __ e eere —_ L i leptons

L T B R ST
. 100 200 300 400 500
pTe [GeV] m, [GeV]
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sSWW+WZ

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] [-10, 1.3] [-1.4,47] [-0.35,0.48] [-0.49, 0.63]
fumo/ A* -3.0,3.2] -3.7, 3.8] [-5.8, 5.8] [-7.6,7.6] 2.7,29]  [-3.6,3.7
v /A 7 A7 5.4, 5.8] [-8.2, 8.3] -1 4] ) 5.2, 5.5]
fve/ A* -6.0, 6.5 75,76 <12, 19] -15, 15] -5.4,5.8 7278
fnr/ A* 6.7, 70 -8.3, 8.1 -10, 10] 14, 14] 5.7, 6.0] R 75
feo/ A* -6.0, 6.4 -6.0, 6.2 -19, 19] 24, DA 5.7, 6.1] -5.9, 6.2]
for/ A* [-18, 19] [-18, 19] -30, 30] -38, 39] [-16, 17] [-18, 18]
Bottom: cutting the EFT expansion at the unitarity limit
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, 27 [-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] [2.7,53] [<27.34] [-4.4,5.5] [16,31] [23.38]
fno/ A* -13, 16] -19, 18] -16, 16] -19, 19] -11,:12] -15, 15]
v/ A* -20, 19] 99 95] -19, 20] 93 24] -15, 14] -18, 20]
fve/ A* L9732 237, 37 -34, 33] -39, 39] .22, 25 -31, 30]
faz/ A 299, 74] 7. 95 0. 97 98 O8] -16, 18] 95 5]
feo/ A* -35, 36 -31, 31] -83, 85] -88, 91] -34, 35 3,31
Fon A [-100, 120] [-100, 110] [-110, 110] [-120, 130] -86, 99] -91, 97]
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e VBS Zy

Common selection p?’fz > 25GeV, |7*2| < 2.5 for electron channel

pf}l'm > 20GeV, |17€1'£2| < 2.4 for muon channel

p1 > 20GeV, |17] < 1.444 or 1.566 < ;7| < 2.500
P > 30GeV, || < 47
M) < Myy < 110 GeV, m27 > 100 GeV

AR;, AR;., AR, > 0.5, AR;, > 0.7

Control region 150 < My < 500 GeV,
Common selection

EW signal region my > 500 GeV, |Ar;| > 2.5,
Common selection
n* <24, APz, > 1.9

Common selection

aQGC search region my > 500 GeV, |An;| > 2.5,
pl >120GeV,
Common selection, without requirement on my,,
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VBS Zy
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VBS Wy

i e ; e
CMS 35.9 b (13 TeV) CMS 35.9 fb™ (13 TeV)
| = T T T T T T T T T T T ] £ 160F T T T T T T T T T T T 7

L 350 ¢ Data W QcD zy B Single t = - ¢ Data W QcD zy B Single t
..g . ) Unc. MisID lepton [ e—y ..g 140 7 Unc. MisID lepton 7 e—y
@ 300¢ B MisID photon =~ WV ®  ob B MisID photon = VV
Ll - QCD+EW Wy [l tiy — B QCD+EW Wy [l tiy
- Muon barrel . 100 :— Muon endcap —:
2005_ my, (30, 80) & m, (80,130)% m,, > 130 : 801 m, (30,80) \ my, (80,130)} my > 130 -
= ; ; E 60F- ; » -
B 7 ; J . ; Y, g
ok B | wf 7 :
- : I : 7c z : :
50 \gu 4 './4;//, i = 201 ' 2
A //’/// ¢ ///‘///// » ;
Q4 N " ol
OL_«;_-_ ;; ,
20056013300~ 1300~ 0808 0~13300~1 500~ 0~8300~1 23001500 0056013300~ 1300~ 08080~ 13300~1 500~ 0~ 300~ 12300 1500
m; [GeV] m; [GeV]
CMS 35.9 b (13 TeV) CMS 35.9fb™ (13 TeV)
c T T T T T T T T T T T ] c o T T 1 T T T T 1 T T T3
= 300 - ¢ Data B Qcb zy I Single t 2 - ¢ Data B QcD zy I Single t
..2 - )Unc. MisID lepton | e—y ..g 160 /) Unc. MisID lepton | e—y
o - 5 B MisID photon = VWV Q 10 - B MisID photon = VWV
w == QCD+EW Wy [l tty w QCD+EW Wy [l tty
200 - Electron barrel E 120 - Electron endcap E
B : ! ] 100 : : 3
~ my, (30,80) 1 my, (80, 130) 1 my, > 130 1 C my, (30,80) 1 my, (80, 130) 1 my, > 130 7
el : : g 80 : : ¢
1000 5 A . 601 a % E
s | 1 s I
S0 s EV/?% '-///‘//, = 20 77 : B
' ; [ 2P Y Y
v s 47 7. O P2 Sty
50530 0 200501 0 0950 500 30 0050 00 S 50 e
m; [GeV] m; [GeV]

27 j

Iun Yat-Sen University, Meng Lu l

QCD+EW:
comparison between
data and prediction

meng.lu@cern.ch




% aQGC operators

Lyp = %Tr W, WH| x [(Ds®)'DP O]
Lua = DT (W] x [(Dp0) D 0
Lyy = % B,,B"| x |(Dsg®)'DPO],
Lys = % B,,B’| x [(Dg®)'D*®],
By = % (D, ®)"Wp,D*®| x B,
Lys = % (D, @) Wp,D*®| x B¥,
Lug = 2 [(D,®)'W, WP DHa]
Lys = % (D, ®)"Ws, WD @] .

Lro
Lr1
Lro
Lrs
Lre
Lr7
Lr3

L7

Jfr
A+

Jrs

__B#

A4
Jro

_Ba

A4

r[Wa WHE] x Tr[Ws, W¥],

Ty

r[W., WH*] x BosB°P,

r[Wao,WHP] x B, sB*”,

[W,,.W*#] x Bg,B”?,

y B BapBr,

BBy, B,

® is Higgs doublet, Wuv and Buv are field-strength tensors of SU(2) and U(1)
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limits

Aug 2020 - Ghapne 2 7o S 0 L ey
- +01, 8.1e+ § % e
fpo /A ) 2y 716101 7.56+01 133k §rev
== Zy -1 01, 2.0e+01 359 fp’! 13 TeV
] %\)/ -7.6e+01, 6.9e+01] 202 fb’! 8 TeV
] Y -7.7e+01, 7.4e+01] 19.7 b 8 TeV
= Wy -8.1e+00, 8.0e+00)] 35.9 fb;' 13 TeV
ss WW -3.0e+00, 3.2e+00] 137 b 13 TeV
WZ -5.8e+00, 5.8e+00] 137 b’ 13 TeV
p— YV = WW -2.8e+01, 2.8e+01] 20.2 fb! 8 TeV
y->WW -4.2e+00, 4.2e+00 24.7 fb’! 78 TeV
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aC summary plots at: http://cern.ch/go/8ghC
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fT” limits
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— WW -1.2e+00, T.2e+ 3591 e
fro /N ; ; Y 3:86+00, 3.46+00 1971  8TeV
- Zy -7.4e-01, 6.9e-01b 359 b 13 TeV
i Z -3.4e+00, 2.9e+0 ] 29.2 b’ 8 TeV
2 4 Y -5.4e+00, 5.6e+00 19.7 b’ 8 TeV
-] Wy -6.0e-01, 6.0e-01 359 fb’ 13 TeV
L 5 ss WW -4.2e+00, 4.6e+00] 194 b 8 TeV
H ss WW -2.8e-01, 3.1e-01 137 tb! 13 TeV
b~ WZ -6.2e-01, 6.5e-01 137 fb”! 13 TeV
|i| 77 -2.4e-01, 2.2e-01 137 fo 13 TeV
. WV ZV % .%e-0010, 13;13e-0(1) L 35,9 fb 1% $e\\;
| WW -3.3e+00, 3 3e+ 35.9fb" e
L T 2y 1100 ad00c o, B
-1.2e+00, 1.1e+ : ; e
[ i V\yv -3.7e+00, 4.0e+00 ?8_% %4 8 TeV
== Wy -4.0e-01, 4.0e-01 359 b’ 13 TeV
| S ss WW -2.1e+00, 2.4e+00] 19.4 fb" 8 TeV
i ss WW -1.2e-01, 1.5e-01 137 fb’! 13 TeV
WZ -3.7e-01, 4.1e-01 137 b’ 13 TeV
Z7 -3.1e-01, 3.1e-01 137 b’ 13 TeV
3 — W -;.ge-o(;o, 12'368-0(1)0 2ol 1% Pg
WWW -2.7e+00, 2.6e+ 359 b, e
ra | — i 2y e lo7m, STV
-2.0e+00, 1.9e+ ; - e
i Y -1.1e+01, 1.2e+01 ?8,*7’ ?8-1 8 TeV
— Wy -1.0e+00, 1.2e+00 359 fp! 13 TeV
b ! ss WW -5.9e+00, 7.1e+00 194 fp! 8 TeV
H ss WW -3.8e-01, 5.0e-01 137 fb! 13 TeV
— WZ -1.0e+00, 1.3e+00] 137 fbj 13 TeV
- 77 -6.3e-01, 5.9e-01 137 fb 13 TeV
H WV ZV -2.8e-01, 2.8e-01 35.9 fp! 13 TeV
NG ] ] ZYY -9.3e+00, 9.7e+00] 20.3fb" 8TeV
T5 [==] %\y -7.0e-01, 7.4e-01 359 fb’ 13 TeV
} i Y -3.8e+00, 3.8e+00] 197 b 8 TeV
. = ey 800, 1 ro 00 B —
-1.6e+00, T.7e+ 35.9 b e
fre /N | 1 v 2:86+00, 3.06+00 197!  8TeV
: — ol 580100, 2 8o+ 0D ] AT
-2.06e+00, Z2.0e+ 359 fb’! e
fT,7 I\ E i Y -7.3e+00, 7.7e+00] 19.7 fb’! 8 TeV
: = %Vv -?.ge-% 91‘089'05 g) ] 35.9 fb’ ;13 3_»r Tgv
f———q] -1.8e+00, 1.0e+ 19.7 tb’' e
fre /N H o 47e01,47e-01] 359 fb" 13 TeV
 ———— Zy -1.8e+00, 1.8e+00] 20.2 fb’ 8 TeV
4 H % S Te100, 7 de0h PRt
I | -/.4e+00, /.4e+ 5 % e
fro /N } h A -4.06+00’ 4.06+00 a0 Iy 8 TeV
— Zy -1.3e+00, 1.3e+00 359 fp! 13 TeV
} ] Zy -3.9e+00, 3.9e+00 20.2 fp!’ 8 TeV
7 -9.2e-01, 9.2e-01 137 i} 13 TeV
I 1 l l 4 P

aC summary plots at: http://cern.ch/go/8ghC

lm Yat-Sen University, Meng Lu

30

aQGC Limits @95% C.L. [TeV™]

meng.lu@cern.ch



