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Why do we study multiboson physics ? &

® electroweak gauge bosons carry weak charge
— interaction vertices with three bosons (triple
gauge coupling, TGC) or four bosons (quartic
gauge coupling, QGC) are predicted in SM

diboson production (5-300 pb) triboson production (0.1-0.005 pb)
vector boson scattering (< 0.01 pb)

® the measurements of multiboson production provide
® an important test of SM
® an indirect search for new physics

® a detailed understanding of the background processes to the search of new physics
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The measurements

number of major background

___events is estimated from data
number of events selected RULLLETINY RS AN

in the fiducial region o 5 o .
fid __ AV, obs: AV, . Dkg
6 4,y

‘--. “'.

=I€><SF><L‘:

selection efficiencies Yeuns® *e.as* INtegrated luminosity
(reconstruction, identification, trigger)  correct for differences of £ between data and MC

® ¢'"is obtained by correcting for acceptance and branching ratio

higher order QCD and QED

® |ow statistics — inclusive cross sections _>I perturbative corrections

® decent statistics = differential cross sections ————3 probe any deviation from

SM prediction more closely
® much higher statistics = triboson, vector boson scattering

I > key process for exploring

the SM nature of EWSB
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Interpretation of the results

values of TGCs and QGC:s are fully fixed in the SM

new phenomena can induce changes in TGCs/QGCs so that
cross sections and kinematics deviate from SM prediction
—test SM gauge structure

anomalous couplings are constrained in the effective field
theory (model independent) framework

Cj

dim-8
the gauge invariant operators O;, O; are built from SM fields

the coefficients ¢; f are unknown and treated as free
parameters to be determined from data

can also be used to investigate various BSM models
such as H*, H*=, ..
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What will be covered

Production mode

Final state

Dataset (13 TeV)

Documents

Diboson

Triboson

VBS

DPS
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WZ—= IV

only multiboson process directly sensitive to

the WWLZ coupling

L ee/UY,W—eV/pVv

both of inclusive and differential cross
sections are measured with increased
precision wrt previous results

o(W*Z)/o(W~2Z) is computed as well
oot — 48.O9+1'OO

o™ = 49.98+ 100 pb o™ = 45,092
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CMS

eee 1.05 +0.14

eeu 1.05 = 0.11

upe 0.98 = 0.09

uun 1.07 = 0.08

Combined 1.04 = 0.05

I POWHEG (NLO)

B statistical

- Systematic
| | | |

0.44 2.39
(stat)T 3, (theo)T5 17

pb o

0.5

1

R

(syst) £ 1.39 (lumi) pb

1.5

NNLO ~ 11 X O.NLO
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WZ = lIIV: differential cross sections

-1 -1 -1
CMS 35.9 b (13 TeV) CMS 35.9fb" (13 TeV) CMS 35.9fb" (13 TeV)
b [T T 1T ‘ L ‘ LI ‘ T 1T ‘ L ‘ T T T ] 0.35 T | T T ‘ T T ‘ T T T ‘ T T T ‘ T T T b L T T T T T T T ‘ T 1
'\/‘\-\'_ 0.2 ] H/\\ B i ’\T\J r ]
o o —+— Unfolded data (stat.unc.) — -°—’-Q_|— - + —+— Unfolded data (stat.unc.) = —+— Unfolded data (stat.unc.)
o r L ] B i
3 0.18— ' POWHEG prediction: x/NDOF=1.601 —_] % 03 = POWHEG prediction: y%NDOF=4.698 | % 10 POWHEG prediction: x/NDOF=4.473 —
..... i i < = E
E 0.161- aMC@NLO prediction: xNDOF=1.929 | E aMC@NLO prediction: x?NDOF=4.414 | _8 aMC@NLO prediction: XZINDOF=5.813E
Stat.+bgr. unc. i 0.25 Stat.+bgr. unc. _] ~ : Stat.+bgr. unc.
0.14— — Total unc. i Total unc.

1 E i =

0.12 - L] e N 0.2 - || | Theory unc. on POWHEG prediction L] The
0.1 . 5 4 i 1
- . 0.15(— - 107 E
0.081~ - - ’ -
0.06[ s o - 0.1 -
= - 1072 = E
0.04 . — r 7] = -
e v 1
0.02f- —— — + i
r - g 1 poud -3
0 L L 11 1 ‘ L1 1 | ‘ L 111 ‘ L 11 1 ‘ L1 1 | ‘ L 111 1 0 7\ 1 | 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 i 10 E* 1 1 1 1 1 1 1| f
0 50 100 150 200 250 300 50 100 150 200 250 300 10°
Pz [GeV] Leading jet p_[GeV] M(W2Z) [GeV]

pt of the leading jet—a probe of the boost of the WZ
system recoiling against ISR

the differential cross sections are also measured for each
sign of the W boson charge

measurements and predictions agree well
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WZ—=IIV: aTGC

Events/bin

1035

® Mwz is used to derive the limits
for contributions from dim-6
operators on aTGC

102

* WWLZTGC can be indecently
checked with VBF Z production Z_
[EPJC 78 (2018) 589] § e

M(WZ) [GeV]

Inclusive WZ

Exp. Obs. Exp. Obs.

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

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

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

[-130,170] | [-100, 160] .
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R VAVAVAVZ SR pa— Z 4 z ! 550 Z 9 500 z
Zly
Y ¥ A A
q—<—— AN~ Z [p—— Z q v g \QOQW 7 g \QQW 7
Major SM diagrams Not allowed in SM One loop contributions

non-resonant ZZ—lll production with 60 < mj < 120 GeV

3 final states : eeee, MMM H, eeUlU

2 ool & s e nemme Year Total cross section, pb
vg [ o s % ‘ 2016 17.5772 (stat) & 0.6 (syst) & 0.4 (theo) & 0.4 (lumi)
& [ muswmon _ 2017 16.8 £ 0.5 (stat) £ 0.5 (syst) & 0.4 (theo) = 0.4 (lumi)
151 o MATRXNLO (ragrg0 5 2018 16.8 + 0.4 (stat) & 0.6 (syst) & 0.4 (theo) & 0.4 (lumi)
T AR e e - Combined | 17.1 4 0.3 (stat) + 0.4 (syst) & 0.4 (theo) & 0.3 (lumi)

10

: o"NLOOCD = 162700 pb
i i
S N N | o0 LD = 15,070 /(PDF) % 0.2(scale) pb
/s (TeV)
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ZZ— Il + jets

O(ZZ—1lll) on the jet multiplicity and the kinematic
properties of two pr-leading jets

provide an important test of the QCD corrections
to ZZ production

35.9 b (13 TeV) 35.9 b (13 TeV)

-1 ~—— T IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|I|||||||| — 0-6|||||||||I||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
35.9 fb (13 TeV) S o.0035F= N p| C i
@ ~ | | I h [0} C 1 I B ]
o] IRCE 0] C —+— Unfold ty | © - —+— Unfolded d y
T2 —+— Unfolde: N = m N 0 5__ ]
© hal 0.003_— . — & 5 7
FIO 1= . b E= o Stat. @ syst. ty ] bq_-’. : Stat. @ sy: ty :
& St ot v 3 OIS 0.0025F N B p 7
= - . — y - - 7 |
B P ] ﬁ E % MG5_aMC@NLO+MCFM+Pythia8 E 0.4: /% MG5_aMC@NLO+MC| vt .
o n = o[ N - N - N N
= = b 0.00 E &\ Powheg+MCFM+Pythia8 E 0.3:_ & Powheg+MC 'ythia8 E
0.0015{— CcmMS - B D ]
10" = - R anti-ky (R=0.4) Jets - 02 ]
- ] 0.001:_ pJT>30 GeV, h]jl<4.7 _: C o ]
- - - - o [_CMS . B
- CMS - 0.0005 [— - : N
| anti-k, (R=0.4) Jets S e - . ]
p' >30 GeV, l<2.4 o C [ .
T ] (&) (@)
10-2 1 1 I Q » e
S 15[ MG5_aMC@NLO+MCFM+Pythias. s l £
- g == 8
T e c
D 1 s o v L 8 - -y -1 - A -V " 7L ¥ -~ - A :
s 0
) Qg) 2 =
< 15[ Powheg+MCFM+Pythias. = s E %
8 a8 F a
= C
D 1
0 200 400 600 800 1000
0 1 2 =3
m, [GeV] An,
Njets
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WWIWZ— IV + jet

Electron channel Muon channel

WW WZ WW WZ
W+jets 1618 =66 1418 =57 2529+99 2138 +83
tt 600 £ 63 526 =56 1040 =106 938 +96
Single top quark 145+ 16 97+ 10 264 + 25 185+ 18
Diboson (SM) 144 + 52 122 + 52 265 + 88 200+ 79
Total expected (SM) 2507 =106 2163 96 4098 +172 3461 £+ 151
Diboson (cwww/A? = 3.6 TeV_z) 193 +15 185+ 15 334 +26 287 £ 22
Diboson (cyw/A? = 4.5 TeV_Z) 163 + 14 154 + 15 283 +23 237 +21
Diboson (cg/ A% = 20 TeV_z) 188 + 21 144 + 14 322 +33 221 +20
Data 2456 2235 3996 3572

a single large-radius massive jet

offers a good balance between efficiency at high pt¥and purity
improve the sensitivity to BSM signals
major backgrounds:W+jets and tt

WW and W/Z final states are distinguished with the invariant
mass of the jet and the jet substructure techniques so that

different aTGC contributions (WWY and WWJZ) are
discriminated
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WWIWZ—= IV + jet: aTGC

focus on possible additional contributions by dim-6 operators
limits are set with the mass of the resulting jet and Mwy

most strictest bounds from direct measurements so far

CMS  Preliminary 35.9 b (13 TeV)

% BMuon channel ¢ Daa :
3 N —_— : 2_ -2
G10 — \i}i;‘:tlscwwwm =199 TeV E CMS  Preliminary 35.9 fb™ (13 TeV)
S i y ] > Electron channel 3 + Data
—10° T R é e e T - -W+jets
; I Wz . 3 E TNy E tt
-'E I single top 7] - R E mww
o 10 F3) Post-fit unc. 3 c I - | wz
= 3 O 800 Il Single top
L ] T W go0 - (23 Post-fit unc.

—_
o

§O§§H*}HH&}}{hJHHH“ - ,lllll gﬁ%- * 75 i 5 | 55 | 60 * 65 T7‘o§7‘5 is‘o is‘s :0 ig's T1(‘)061025 | 110 1 115 | 120 | 125 130 135 1 140 * 145 i 150
31000 1500 2000 2500 3000 35?% . \;10((?a o \4}300 mpupp| . ( GeV)
Parametrization aTGC Expected limit  Observed limit Run I limit
cwww /A% (TeV ) [-1.44, 1.47] [-1.58, 1.59] [-2.7,2.7]
EFT cw/A? (TeV2) [-2.45, 2.08] [-2.00, 2.65] [-2.0,5.7]
cg/ N> (TeV™2) [-8.38, 8.06] [-8.78, 8.54] [-14, 17]
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WWWwW

" W
MWW W
0 Z/’V/ﬁ\i >
W q
QED radiation Higgs gauge coupling Triple gauge coupling Quartic gauge coupling

&]
2] (SS) 1.€ ® search for non-resonant WWW

21 (OS production (216%9 fb @ NLO) and
(0S) Jton WH—=WWW# — grot = 509+ 13 fb

q

9.
® look into 2 SS leptons and 3l category

e further divided into 9 signal regions
depending on lepton flavor and dijet

1) mass, and lepton flavor and charge

® focus on aQGCs as the constraints on
classification bases on the numberofeorp  al GCs cannot be improved
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WWW: inclusive cross section

Events

35

30

25

20

15

10

CMS 35.9 fb™ (13 TeV)
| | | | | | | | _
| |Irreducible .Charge misassignment - - WWW (stacked)
: Lost/three leptons Dy—>lepton ¢ Data
: Nonprompt leptons @Total uncertainty

f
g

e*e* e*u* urus ' e*e* e*u* TRV 'O SFOS 1 SFOS 2 SFOS

4— m; -in—p | +— m;-out —», <&—Three leptons —>

< 2| SS

» Signal regions

significance : 0.60 (obs.) and |.780 (exp.), assuming SM rate

observed __

U
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0.62 measured __
=0347,3 © =173

14

+326
—173

fb
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WWW: aQGC & limits on BSM physics

e focus on f: of the dim-8 ® limits on the production of
/ axionlike particles (a—=WW) in

operators .. .
P association with aW

® limits on aQGC are set with e 200 < m, < 480 GeV are excluded

ST, scalar sum of pr of final with 1/f, =5 TeV~!
state PartICIes CMS 35.9 fb” (13 TeV)
= 0.6
o L Median expected i
—_ I 68% expected
% —_ iﬁ?o?c;?f;tigoss section with 1/f; =5 TeV'1_
/l\ — Observed ]
Anomalous coupling Allowed range (TeV %) o 0.4 2
Expected Observed = 1
—  fro/ A [-1.3,1.3] [-1.2,1.2] %
fri/A* [-3.7,3.7] [-3.3,3.3] g
fro/A* [-3.0,2.9] [-2.7,2.6] °

oo b b b b v v b i
0 250 300 350 400 450 500 550 600

m, [GeV]
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Electroweak-induced SS WW production QCD-induced background

the largest ratio of EW to QCD production comparing to other VBS
processes

signal - electroweak production of two  Dan 201
SS charged leptons (eTe™, eTu™, uTu™) oy O E 66,0 1 2.4
and two jets with a large An;j and m;; N 1S 8t 13
Wz 25.1+1.1
major backgrounds W 83116
non-prompt lepton events, WZ Wi wion i
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WW VBS: first observation

CMS 35.9 fb' (13 TeV) CMS 35.9 fb' (13 TeV)
o e Data o) - Data I
\150'_ EW wWw i - 150 - EW WW m
..(Q i mwz 1 4(2 Bmwz i
(- ~ | Nonprompt (- | ~ Nonprompt
(]>) Others g) i Others i
L 100 L \ N\ Bkg. unc. | L 100 N\ N Bkg. unc. )
50 MBI _ 50 -
\\\\\\\;\\\\\\\\\k\\\\\\\ﬁ\\\\\\\\: \\\\\$\\\\\\
7] \\\\\\\\\\\\\\\i\\\\\\\\\\\\\\_
O I I I | I I O I I I I
500 1000 1500 2000 200 400 600
m; (GeV) m, (GeV)

® significance : 5.50 (obs.); 5.70 (exp.) — first observation of EVWW W*W4jj
® o5, = 3.83 £ 0.66(star) £ 0.35(syst) fb (statistically dominated)
o ¢/0 =425+ 0.27(scale + PDF) fb

EPS HEP 2019 Ghent 17 2019/7/13



WWVBS: aQGC & limits on H**

focus on dim-8 operators limits on & X BF for VBF

limits are set with myand production of H**
improved by a factor up to 6

: VBF H™ — W*W* 35.9 fb' (13 TeV)
w.r.t. previous results

o
;300 B — Observed CMS i

---- Median expected
B 68% expected
95% expected

Observed limits Expected limits Previously observed limits
(TeV %) (TeV % (TeV %

fso/ A* [-7.7,7.7] [—-7.0,7.2] [—38, 40]
fq/A* [-21.6,21.8] [—19.9,20.2] [—118,120]
fango/ A [—6.0,5.9] [—5.6,5.5] [—4.6,4.6]
fai / A? [—8.7,9.1] [—7.9,8.5] [—17,17]
fve/ A% [—11.9,11.8] [—11.1,11.0] [—65, 63]
fvy /A% [—13.3,12.9] [—12.4,11.8] [—70, 66]
fro/A*  [—0.62,0.65] [—0.58,0.61] [—0.46,0.44]
fri/A*  [-0.28,0.31] [—0.26,0.29] [—0.61,0.61]
fro/A*  [-0.89,1.02] [—0.80, 0.95] [—1.2,1.2]
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

200 300 400 500 600 700 800 900 1000
m,_.. (GeV)
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Process UUU uue eep eee Total yield
W* W QCD WZ 13508 91£05 68£04 46+03 341+11
t+V/VVV 5604 31£02 25+£02 17£01 129+05
Nonprompt 52+20 24+£09 15x06 0703 99=£23
V'A% 0801 16+£02 04+00 07£01 35=£02
A Z Zey <0.1 21£08 <0.1 <0.1 21£08
Pred. background 252 +21 183+1.6 112+08 77+05 624+£28
q q EW WZ signal 6012 42+08 29+06 21+£04 151+16
Data 38 15 12 10 75
Electroweak-induced QCD-induced production

WZ= v (I = e, Y), 2 jets with a large An; and m;;

less clean signature than VWWWVijj
major backgrounds: QCD-induced production,
t+V/VVV
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WZ VBS: inclusive cross sections

35.9 ™ (13 TeV)

1 T H

S fems, ! 5 + Data . CMS 35.9 fo' (13 TeV)
> 25 : : TTVEW-WZj] f= — I I I T I I I T | | | ]
£ [ Wz ’ e} - |lAnl€[2.5,4.0]  I1Anl€[4.0,5.0] | |An.1=5.0 —
O 20 [ Nonprompt | >~ o= I ! Il ! I 7
wr Vv . % - : . ——Data —
T nnis B t+V/vVV N N 1 (T . -
R NN\ Tjaco-wzj L?>_Jl i : : l'-'I EW-WZ” ]
Stat. unc. ] 30 | | Y -
10 - : ' [ Nonprompt _
5 : |  EW .
e 5 g + . 20 |5 ! C EAHVVVY —]
: i o ; - : . [1QCD-Wzjj -
T — — oF ' : Stat.®Syst. -
e : e — r 1 ]
%{g 1ﬂ\\—\\\_%_ _+_E % “Tk N JF\\ _"E\m S E . : ]
S R B A ST ' 5
| Ayl 3 | — 11 1
i ——— Y ————
- L ?5'? fb'l‘ (13 TeV) c\% 1preemanaeeanee \\\§§M$ R R R R TR R
) : —Data 1 a o . . S . . S . . —
(c5> ? E-:.:EW'WZJ'J' ] 05. 7.07'0‘ 7.57'5‘2.5 20 95. 7.07'0‘ 7.57'5‘2.5 20 5. 7.07'0‘ 7.57.5[;?'0\5{)
Q ! . m. [Te
ﬁ [ Nonprompt | Il
WV .
*% 20 WtV fid 0.57
> ]Qcp-wzjj ]| l — 1 +0. +0.43 SVt b
L Stat. unc. : ® O-WZ]] 3 ° 8_052 (Stat) —036( y ) f
10 ]
- o oy = 32743 (scale) +0.15 (PDF) fb
- ‘ —— . ° EW:()82+0.51
g i BEN H 02043
?9 | S S : Y ?\\? \\_' N N
Q5 T T TR a—— ® significance of EW W/Zjj : 2.20 (obs.) 2.50 (exp.)
m. [GeV]
i
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® aQGCs are constrained
with mt(WZ)

limits on ¢ X BF for VBF
production of H*

10

L Fr=F=0,F_=3Tev*

:]F 32F 16TV
_ — -4

35.9 b (13 TeV)
.E B T T T T I T T T T I T T T T I T T T T
o - CMS —e— Data
o B 2
T 30 B ] Nonprompt
o "L B v
1N B t+vivvv
i ] acp-wzj
20— B Ew-wzj —

Data / Pred.

%W i\i

O 500 1000

1500

2000

m(WZ) [GeV]
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35 9 fo! (13 TeV)

10°

10?

Oyge(H?) x B(H:— W-Z) [fb]

—— Observed _
----- Expected
AN ER
[ ]+x20

500

1000

1500 2000
m(H*) [GeV]

Parameters  Exp. limit Obs. limit
favo/ A [-11.2,11.6] [-9.15,9.15]
fin/A* [—10.9,11.6] [—9.15,9.45]
foo/A*  [-325,345] [-26.5,27.5]
fg1 / A* —50.2,53.2] [—41.2,42.8]

— fro/A*  [-0.87,089] [-0.75,0.81
— fr/A*  [-0.56,0.60] [—0.49,0.55]
— fp/A* [-1.78,2.00] [—1.49,1.85

=

involve a mixture
of gauge and Higgs
field interactions

_I involve interactions
with the Higgs field

|

purely from the
SU(2) gauge
fields

21
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ZZVBS (1/2)

® fully leptonic final state ZZ—1lll (I = e, Y)

® |low g, small BR, large irreducible QCD
background — all final state particles can be
reconstructed — favorable for EWSB study

® clean leptonic final state = small reducible

acp-induced background
background
. 110G 2 ® provide the precise understanding of the
3 102 CMS - Data = .
g mzZjEy scattering energy
g Sz . . .
Z 1o mzx ® the spin correlations of reconstructed fermions

m; > 100 GeV

!

EPS HEP 2019 Ghent 22 2019/7/13
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contribution to VBS




ZZ VBS (2/2)

35.9 fb'' (13 TeV)

Events / 0.04

35.9 fb' (13 TeV)

22 I I I | I I I I I I | I I I | I I I |
20— CMS - Data —
18l WZZjEW ]

i Moy — ZZ il
16— aqq — ZZ —
14'_ ]ttZ, WWZ ]

- B Z+X -
12 .

- m. > 100 GeV .
10— ] ]

N A OO @

OO

0.2

—0

0.6
BDT output

BDT used to separate EW- and QCD-induced production

ﬂ' 22_ I I I | I I I I I I | I I I | I I I |
g 20— CMS - Data —
~ . W ZZjj EW 1
18|~ .
2 "l Wag —2Z |
Q 16 Maqq — ZZ =
Wl otz wwz ]
- B Z+X .
12~ .
B m. > 100 GeV, 1
10 | ]
8_ m; < 400 GeV -
- oriAnl<2.4 .
6 ii _|
4 ]
2 |
0
0 0.2 0.4 0.6 0.8 1
BDT output
®
cld — +0.21 +0.13
® 0y = 0.407 51, (star) 005
_ +0.02
o 0,0, = 0297007 fb
o

EPS HEP 2019 Ghent

significance of EW ZZjj

23

(syst) fb

: 2.70 (obs.) 1.60 (exp.)

0.8 1
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ZZVBS: aQGC

® Mzz is used to constrain the aQGCs

® the results are statistically limited so far

— 35|.9 fp‘1 (1|3 TeV)

- Data i

B ZzZjj EW =

Mgy — 27 .

B qq — Y4

[]ttz, Wwz

B Z+X
frg/A*=1TeV* 3

[ /AT =2Tev* -

Co
- CMS

Events / bin
2
T

400 600 800 1000 1200 1400
m,, [GeV]

EPS HEP 2019 Ghent

Coupling Exp. lower Exp.upper Obs.lower Obs. upper

fro/ A* —0.53 0.51 —0.46 0.44

fri/A* —0.72 0.71 —0.61 0.61

fro/ A* —1.4 1.4 1.2 1.2

frs/ A* —0.99 0.99 —0.84 0.84

fro/ A* —2.1 2.1 ~1.8 1.8
involve U(1) fields only accessible via
the final state of neutral gauge bosons
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WV, ZV VBS (V=W.Z)

WV =I|v + a large radius jet
ZV =1l + a large radius jet

priet > 200 GeV

sensitivity is enhanced by requiring tight dijet
selections and centrality of leptonically decayed W/Z

major backgrounds : V+jets and tt (for WV)  gipp>—————— =8
= 10°
not sensitive to SM yet 10°g
10
107
Final state WV ZN 10
Data 347 47 N
Vjets 196+14  42.6+6.1 ol
Top quark 113415  0.14 4 0.04 102
QCD VV 2748  55+19 g5
SM EW VV 16+2 20404 g i :
Total bkg. 352+19  50.3+5.8 T o0 1500 2000 2500
' ‘ my,, (GeV)
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WV, ZV VBS (V=W.Z): aQGC & limits on H,

® Mwy and Mzvy are used to constrain aQGCs

® stringent limits are set and improve the results with fully leptonic final state by factors of up
to seven

limits on VBF produced charged Higgs boson extend the previous CMS results to higher
mass region

Observed (WV) Expected (WV) Observed (ZV) Expected (ZV)  Observed Expected
) (TeV—4) (TeV—) (TeV—4) (TeV—4) (TeV—4) (TeV—)
CMS - 3597b (13TeV) fso/ A* [—2.7,2.7] [—4.2,4.2] [—40, 40] [-31,31] [-27,27]  [-42,42]
2 4 _ 1 fo1/ A [—3.3,3.4] [-5.2,5.2] [—32,32] [—24,24] [—3.4,3.4] [-5.2,5.2]
S 10°F  —— Observed ] v +iets E /At [0.69,0.69] [~1.0,1.0] [~7.5,7.5] [-53,53]  [-0.69,070] [-1.0,1.0]
> ] v /A [—2.0,2.0] [—3.0,3.0] [—22,23] [—16,16] [-2,0,2.1]  [-3.0,3.0]
W e[ [ Topquark Qcb zv 3 Fue/At (14,14 ~2.0,2.0) —15,15] ~11,11]  [-13,13]  [-14,14]
] 4
BKa. uncertaint : vz /A [—3.4,3.4] [—5.1,5.1] [—35,36] [—25,26] [-3.4,34]  [-5.1,5.1]
102 SMEW2ZV 9 aneeramy i fro/A*  [-0.12,0.11] [—0.17,0.16] [—1.4,1.4] [—1.0,1.0] [-0.12,0.11] [-0.17,0.16]
...... fJA*=-2.5 TeV----- . =1000 GeV, s, = 0.5 fT1/Ai [—0.12,0.13] [—0.18,0.18] [—1.5,1.5] [-1.0,1.0]  [-0.12,0.13] [-0.18,0.18]
] fr2/ A [—0.28,0.28] [—0.41,0.41] [3.4,3.4] [—2.4,2.4] [—0.28,0.28] [—0.41,0.41]
CMS 35.9 b7 (13 TeV) CMS 35.9 b7 (13 TeV)
_ T T T T T T T T T T T T T _— T T T T T T T T T T T T T
é 108 —— Observed - é —— Observed
g E e Expected : ﬁ 100 Expected
’% [ 68% expected | = £ [ 68% expected é
1102k [ ] 95% expected i +|l|\ [ ] 95% expected |
o : T ]
X 25F E i o,
L 2F E =3 x 10°F
® 15 4 E m ~ |
o o JETTT s e S E : r |
@) OE | ——r— | E ~ T [ H—wz—qggll
1000 1500 2000 2500 L g 10l |
mzv(GeV) §1“‘|““\““ E\\\I\\\\\\\\\E
o 1000 1500 2000 1000 1500 2000
m(H*) (GeV) m(H*) (GeV)

EPS HEP 2019 Ghent 2019/7/13



ZY VBS

o Zy—lly (I=e,M), ptY > 20 GeV

® major backgrounds : QCD

ZYjj and Z+jets (fake photon)
events

1.80 2.10
muon channel electron channel
Nonprompt photon 47.6 = 4.5 39.3 £4.0
Other background 74+£14 27+0.38
QCD Zvjj 629 £3.1 49.6 + 2.7
EW Zvijj 36.5 £ 0.7 254 £ 0.6
Total background 1179 £ 5.6 91.6 + 4.8
Data 172 £ 13 113 £ 11
EPS HEP 2019 Ghent 27

Events/bin
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VBF with TGCs

50|

CMS Preliminary
e e /a
60

35.9fb" (13 TeV)
L L B B

T SR T
B QCD Wy —¢— Data

Nonprompt o sT
BN QCD 7y Ty
E— EWK Zy - v

Muon channel :

N
T T

~ 600

800 1000 1200 1400 1600 1800 2000

m, [GeV]

Electroweak-induced

Events/bin

l
w
l ﬁfyﬂ
w
l
u \\ u
(b) d

multiperipheral

QcD-induced
background

CMS Preliminary 35.9fb" (13 TeV)
e o I B L L

T T
50,_ ata ]

N
-
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:

Data/Pred
o
4
4
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ZY VBS: inclusive cross sections

CMS Preliminary 35.9 fb™ (13 TeV) 35.9 fb' (13 TeV)
C F | | | | | | | 3 C F | | | .
'S 45 VvV —+— Data ] o 35 _—CMé vV —4— Data 1
S~ C TTy Stat. Unc. ~ - TTy Stat. Unc.
C EWK Zy w2 EWK Z ]
L a0F B ST @Em QCD7Zy ] 2 30E B ST m 0cDZ;
GC) -l B QCD Wy Nonprompt 7 GC) ;/ B QCD Wy Nonprompt ]
35 ' ' : / ; ; ]
|_|>J Muon channel |_|>J 2 Electron channel -

Photons in barrel

1
Vs

Photons jn barrel ]

N
(=)

Anij(4.5,6) :Anjj>6 Anij(4.5,6) :Anjj>6

-
()]

10

////////

u
/////// 0
S/ 7

N

/////////

AN

1
1 | 0
0.5~0.8 0.8~1.2 1.2~2.0 0.5~0.8 0.8~1.2 1.2~2.0 0.5~1.2 1.2~2.0 0.5~0.8 0.8~1.2 1.2~2.0 0.5~0.8 0.8~1.2 1.2~2.0 0.5~1.2 1.2~2.0

m; (TeV) m; (TeV)

o ol =3.20% 1.00(star) + 0.57(syst) £ 0.07(lumi) fb (=" = 0.641537)

® significance - 3.90 (obs.) 5.20 (exp.) [2016]

® significance : 4.70 (obs.) 5.50 (exp.) [Run|+2016]

o a]fjgv+ ocp = 15:07 £ L15(stat) £ 2.06(syst) + 0.44(lumi) fb (ugwiocp = 0.96701
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ZY VBS: aQGC

® |imits on aQGCs are extracted with Mzy

® the results are competitive or more
stringent than previous constraints

CMS  Ppreliminary 35.9 b (13 TeV)
| T T T T T T T T T

C | T T T T | T T T | T T T | |
£
2 _
; 10 = -+ Data Nonprompt =
i} [ -]
S VBS ZA [ other Bkg .
> —
L BlaCDZA —frs=050e-12
10 E
NXXXXNXXXXX —
1 e
e
RRRRRRAS
\\\QI R
10"

1400
MZY [GeV]

200 400 600 800 1000 1200

EPS HEP 2019 Ghent

Observed Limits (TeV~*) Expected Limits (TeV %)

—_—
>

-19.3 < Fyo/A* <202
-47.8 < Ry, /A* < 469
-8.16 < Fyjp/A* < 8.04
209 < Fy3/A* < 21.1
152 < R4/ A* <158
249 < Fy5/A* <244
-38.6 < Ly 6/ A* <405
-60.8 < Fy7/A* < 62.6
-0.74 < Fry/A* < 0.69
-1.16 < Fr; /A* < 1.15
-1.96 < Frp/A* < 1.85
-0.70 < Fps/A* < 0.74
-1.64 < Frg/A* < 1.67
-2.59 < Fr7/A* < 2.80
-047 < Frg/A* < 047
-1.26 < Fro/A* < 1.27

-15.0 < Ry o/ A* < 15.1
-30.1 < Fy1/A* < 30.0
-6.09 < Fyi,/A* < 6.06
132 < Fy3/A* <133
-11.7 < By /A* <117
-19.1 < Fy5/A* <182
-30.0 < Fy6/A* < 30.1
-46.1 < R,/ A* < 463
-0.56 < Fro/A* < 0.51
-0.73 < Fr;1/A* < 0.72
-1.48 < Frp/A* < 1.37
-0.51 < Fps/A* < 0.57
-1.23 < Frg/A* <126
191 < Fry/A* <212
-0.36 < Frg/A* < 0.36
-0.95 < Fro/A* < 0.95
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DPS background: Single hard scattering (SHS)

useful information on the parton distribution inside the proton in the
transverse direction and on the correlations between them

W W= inutut, u u=,etut, e u final states — allow for an accurate study

background : SS WW with SHS with additional jets suppressed by the
requirement on number of jets

very wide range of predictions (6148 = 1.92 pb, g/etorized = () 87 pb)
— measurements are crucial for improving the theoretical understanding
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WW from double parton scattering (2/2)

CMS Preliminary

77 b (13 TeV)

D Nonprompt
Ewy E
Bwiz —

Bzz Worsww
BEwz [[Jrare

* Data DCharge misid.

0
o 2 .
ﬁ 15 E [[total background uncertainty E
OF —DPS WW E
< g DP E
SR =" L v = t M
a ¢ ¢ * ;
0.5F E
0 2 1 6 8 0 12 14
Bin number (e*u*)
CMS Preliminary 77 fb™' (13 TeV)
[2] F ]
£ 200 Wzz [Morsww  []Nonprompt
S E
1 180 Bwz  [JRare Cwys

[[total background uncertainty

—DPS WW M
® ]

4k ———t
i e o

"

0
o
X F
Q 1.5
s E
©
o
0.5;*
0

5 4 6 8 10 12 14
Bin number (u*u*)

Data/bkg.

CMS Preliminary

77 b (13 TeV)

D Nonprompt 7
Ewy —:
W wiz ]

Hzz Eorsww
BEwz [Jrare

* Data DCharge misid.

0
“ = [[total background uncertainty
1.5 —DPSWW —
1k () ® Y AL ‘ P ® Y ,_¢ E
L= ‘ . - v T T T E
0.5 E
0 2 4 6 8 10 12 14
Bin number (e n")
CMS Preliminary 77 b7 (13 TeV)
120 Bzz [Worsww [ |Nonprompt -]
Bwz  [JRare Owy ]

0
< F [[total background uncertainty E
1.5 —DPS WW 4 -
1B + . e ® | 4
'F L) e ¥
0.5 ;* =
0 2 4 6 8 10 12 14

Bin number (uu")

CMS Preliminary

(

—~ o
/ S
\V/ 5
\Y/ °
v ), 3
~J \/ = <
§
y
/’/
Z
2

77 b (13 TeV)

—e— Observed

[ stat
| syst

Predictions:
PYTHIA 8 (CP5)

— — Factorization approach

| : total  stat syst
wu+ew | . | 1.96 = 0.74 (= 0.54, +0.51) pb
|
I :
wrretut H—e—H 1.36 = 0.46 (+ 0.33, + 0.32) pb
| E
| :
urus+e | H—e—r 1.41+0.40 (+ 0.28 , = 0.28) pb
[ | 11 1 II | | I I il | I | | | I | | | I | | | I I | |
0 1 2 3 4 5 6

Inclusive o2fS (pb)

major backgrounds from WZ, non-prompt lepton (W+jets, QCD), and WY*

observed significance: 3.90 — first evidence of DPS WWV process

gmeasured — 1 41 + 0.28 (stat) = 0.28 (syst) pb
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Summary

] March 2019 CMS Preliminarv

: . - ﬂ 7 TeV CMS measurement (L < 5.0 fb™)

- S »l 8 TeV CMS measurement (L < 19.6 1b™) =

iy
o
[3,]
Y
%
u

------- =0 13 TeV CMS measurement (L < 137 fo')

104 —

, o [pb]

® the cross sections of multiboson processes
are measured over 5 orders of magnitude

.. Theory prediction
'.2 4 Z CMS 95%CL limits at 7, 8 and 13 TeV

-
o
w
-1
n

-
o
N
|
-
nn

® the measurements of inclusive and
differential cross section are pushing for
more precise theoretical calculations

10‘1é—;§!sssss:§§

Production Cross Section
)
|
5 i a ]

10_2%—§§i555555'-'

® first observation of the electroweak diboson op b

° ° al R R A T S S N S A N
Iﬁ l I Ct t 10 T REm AN E Ry mE onn g mE R e N LIV DUV o PP B SN V== PO N S DY DU PR
O d I O n SS WW WI h !O I 6 d ata Wz Twy'zy Wwlwz'zz Ewfew Tt & quqZquwzqqZwawww 2oy Wy Tt Bttty 1Zq tZ | ty Wt ggH ey VHWH!ZH H tH | HH
EW,Zyy,Wyy: fiducial with W—slv, Z—Il, I=e, Th. Ao, in exp. Ao

Al results at: http://cern.ch/go/pNj7

® | 7Zv VBS with 2016 d May 2019 GO — Cramel L P
new results on £Y Wit ata i i prme Ty ssomT o
— Zy [-3.4e+00, 2.9e+00] 29.2 " 8 TeV

| e | Wy [:5.4e+00, 5.6e+00] 19.7 fb:: g $z¥
o o o e o e H iim %-%é?g?g;:é??] ;2;3 ;E-: 13 TeV
wz -7.5e-01, 8.1e- 35.9fb” 13 TeV
® significant improvement on the sensitivity of 7 f, pevien o
—o , T AN 3 b B M
indirect search for new physics — b, o BEaid  Gb
H ss WW [-2.8e-01, 3.1e-01] 35.9 o 13 TeV
(=] Wz [-4.9e-01, 5.5e-01] 35.91fb" 13 TeV
o z,,  lwolewsl  gam
° 3 limi BSM physi — R 0554 o R T
also set limits on physics Y o GEmis  EE
| | ss WW [-8.9e-01, 1.0e+00] 359fb" 13 TeV
e i el gam e
. . . T ivzv zv E-gige-(gdyzg.iie-o; ] ] 35.9 :b': 13 Tev

. -9.3e+00, 9.1e+ 20.3 b e

® future prospects: more differential cross 2y — N
° d b ° fT:7 A Wy [-7.3e+00, 7.7e+00] 19.7 b 8 TeV
sections and observations to come, more e = z 18700, 85700 7T STeV
. | =N g peneen By o

4 Yy -7.4e+00, 7.4e+ 20.3fb" B

unexplored productions to probe, anomalous — o pEmima Wb
| . . . |—|—| . . p24 | [-1 .8|e+00, 1.89TOO] . 35.9 tp" 13|TeV

I I -20 0 20 40
CO u P I I ngs to CO m b I n e aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @95% C.L. [TeV'4]
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