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Introduction

o Rich results from Multi-boson measurement in Run1
« Important backgrounds to Higgs and New Physics

e Crucial SM tests (VWY e
— deeper into VVV v ;@f

- vector boson scattering (VBS) and vector boson fusion
(VBF): tests of SM unitarity at high energy

- Many first measurements

» High-tail enhancements: Sensitive to anomalous Triple (Quartic)

Gauge Couplings
Vi V1
v QGC
V2
1%
TGC
V2 V3



Overview
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Summary of CMS Run |

results
XS Differential XS al(Q)GC
Wy(lvy) 7 TeV 7 TeV
EW Wyjj 8 TeV 8 TeV
Zy(lly) 7 TeV, 8 TeV 8 TeV 7 TeV, 8 TeV
Zy(vvy) 7 TeV, 8 TeV 7 TeV, 8 TeV
EW Zyjj 8 TeV 8 TeV
WW(lvlv) 7 TeV, 8 TeV 7 TeV, 8 TeV 7 TeV, 8 TeV
WW(Ivi)) 8 TeV 8 TeV 8 TeV
ZZ(41) 7 TeV, 8 TeV 8 TeV 7 TeV, 8 TeV
ZZ(212v) 7 TeV, 8 TeV 7 TeV, 8 TeV
WZ(3Iv) 7 TeV, 8 TeV
Red: new WV 7 TeV 7 TeV
;"‘:t'ﬁ:ﬁ VZ(Vbb) 7 TeV
introduced VY 7 TeV 7 TeV
fg":his vy — WW 7 TeV, 8 TeV 7 TeV, 8 TeV
WVy(IVijy) 8 TeV 8 TeV
Vyy 8 TeV 8 TeV



W W (Iviv)

Total cross section (zero/one jet)

Good agreement with theoretical prediction

oNNLO(pp — WHIW™) = 59. S
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ZZ(2I2v)

7TeV: o(pp — ZZ) = 5.1717 (stat) 71 (syst) £ 0.1 (lumi) pb,

8TeV: o(pp — ZZ) = 7.270% (stat) 12 (syst) + 0.2 (lumi) pb.

SM prediction: NLO QCD & NLO EW corrections,
6.2705 pb (7.6 753 pb) at 7 (8) TeV.

JHEP12(2013)071,PhysRevD.88.113005
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Jet veto, lepton veto
Background:

ethods
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Data/SM

Zy(vvy)

Measured cross section
(p,' > 145 GeV, |r]v|<1 4):

52.7 + 2.1 (stat) + 6.4 (syst) £ 1.4 (lumi) fb

SM: o, (NNLO) 50.0733 fb @

— Wy — Ivy (dominant) — estimated using
simulation & checked in control region
— Large instrumental and non-collision
ackgrounds — estimated with data-driven

ZZy and Zyy aTGC measured with ETV

Process Estimate
W(— v) + v 103+ 21
—_— 1eeneTey W — ev 60 L6
e Sk | jet — y MisID 45+ 14
= i Beam halo 2546
Frawn, | _Others 3643
- 1  Total background | 269 + 26
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£ ! Data 630
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Wyy(lvyy)/Zyy(llyy)

Background:

— Jets from fragmentation misidentified as photons:
estimated using data-driven method (two-dimensional
template normalization)

— Zyy as an irreducible background for Wyy: estimated
from MC prediction and validated by the Zyy cross-
section measurement

Dominate Systematic:

— Wyy: Misidentified jets, Zyy theoretical cross section
— Zyy: Misidentified jets

ok, - BR(W — fv) = 6.0 + 1.8 (stat) + 2.3 (syst) £ 0.2 (lumi) fb.

o5a - BR(Z — £() = 12.7 £ 1.4 (stat) = 1.8 (syst) = 0.3 (lumi) fb

Definition of W=7y Fiducial Region

i AT Significance of
ph > 25GeV, |nf| < 2.5 2.4 o for Wyy
Exactly one candidate muon and two candidate photons and 5.9 o for
mr (€, v(s)) > 40GeV 7 di
AR(7,7) > 0.4 and AR(7,£) > 0.4 Yy (discovery
')
19.4 fb” (8 TeV) 19.4fb" (8 TeV)
3 3 + 0w 3 + o Definition of Zryy Fiducial Region
© © Bz © Bz
8 £ E'.iilﬁ‘kl”“ 2 = py > 15GeV, [y7] < 2.5 WWYV aQGC
” ’ —— |1 B Py >10GeV, || <25 measured
Exactly two candidate leptons and two candidate photons . y,lead
lead p] > 20GeV with pT ]
et My > 40GeV
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AR(7y,77) > 04, AR(v,¢) > 0.4, and AR(¢,¢) > 04
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mQCD Wy + Jets
m Fake photon
mZy and dibosons

@ Top
mEWK Wy+2Jets
#: Uncertainty Band

Events / bin

CMS _Preliminary ely+jets

_ Ewwyjj(ivyj)

— QCD Wy+2 jets production: MC shape + data-driven
normalization

— Jets & electrons misidentified as photons: estimated
using data-driven method (ratio/template)

— Jets misidentified as electrons: estimated using data-
driven method (template)

Dominate Systematic:

— QCD Wy+2 jets prediction

— Jets & electrons misidentification

— Jet energy scale & resolution

#=22 Fiducial region:
QCDWy+Jets
S e > 30Gev, gl <47, WWyy
o P2 >30Gev, 7 <47, aQGC
Mj; > 700 GeV, |A(j,j)| > 24, measured

-%y and dibosons

= Ev@K Wry+2Jets
ncertainty Band

Measured cross section (fb)

10.8 £ 4.1 (stat.) = 3.4 (syst.) = 0.3 (lumi.)

o ph>20GeV, |y| <24, with p
> > o pl >20GeV, |57| < 1.4442, W
10 GeV O | _ o : e H1>20GeV,
ST T e e AR, ARy j, ARy, ARy, > 04,

EWK measurement EWK+QCD measurement

1.78%0% 0.997975
EWK fraction (search region) 100% 27.1%
EWK fraction (fiducial region) 100% 25.8%
Observed (Expected) significance 2.67(1.52) ¢ 7.69(749) ¢
Theory cross section (fb) (NLO) 6.1 £+ 1.2 (scale) £+ 0.2 (PDF) 23.5 + 6.6 (scale) = 0.8 (PDF) 9

23.2 + 4.3 (stat.) + 1.7 (syst.) =+ 0.6 (lumi.)
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ent selection:
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Fiducial region: 7

Measured cross section:

EW Zyjj(llyy

Background:

— QCD Zy+2 jets production: MC shape + data-driven
normalization

— Jets misidentified as photons: estimated using data-
driven method (ratio/template)

Dominate Systematic:

— QCD Zy+2 jets prediction

— Jets misidentified as photons

19.71b" (8 Tev)

i o E CMS. ) Full CLs Observed
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CLs upper limit on cross section
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1.86 1090 (stat.) *034 (sys.) + 0.05(lumi.) fb

Good agreement with theoretical LO prediction
1.27 +0.11(scale) = 0.05(PDF) fb

WVyy and ZVyy 10
aQGC measured
with mZv

First evidence with an
observed(expected)
significance of 3.0(2.1)o



anomalous Triple (Quartic)
Gauge Couplings

e The self-interaction of electroweak
vector bosons is less well measured

* The presence of the aT(Q)GC provides
sensitivity to new physics that can cause
alterations of the coupling strength

» At hard tail of phase space, they
Increase cross section significantly

11
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' Gauge Couplings

delled as effective Larangians depending on some parameters:

Charged aTGCs WWy/WWZ

. o B ,
L/gwwy = ig] (W, WHVY — W, W*HVY) + i Wiw, VA + ngp whyve
W

S5 parameters: Ag (=g, -1), Ak (=K -1), AKY(=KV-1 ), A, )\V
LEP parametrization HISZ parametrization EFT parametrization

Ay=Az = A Ak, =Ag,, (cos® 6, —sin“8, ), Cond N> C /N ,CIN

Ak,=Ag, - AKY.tanZBW Ak =2Ag,, COSHEE A
NPB282 (1987) 253; PRD41 (1990) 2113 Annals Phys. (2013) 335

Neutral and charged aQGCs
al TGCs not allowed in SM) WWyY/WW2Zy/ZZZyIZZyyIZyyy
SM Lagrangian can be extended with dimension 8

operators
ZVV/ LZy I'so,s1’ I'Mo~7’ I'To~9
.-.:) . SR SRS Vl Vl
Z _V/ZZZ 1 0 Qac
i TGC v 12
v
g q v .

o e A T S



Summary of CMS Run |

results
aTGC/aQGC parameters Limit Setting
variable
Wy WWy A, Ak E
EW Wyjj WWyy fT0-2/ N, fT5-7/ N, fMO-7/ A pTW
ZY ZZY, ZYV hsz,v : h4Z,V ETY
EW Zyijj WVyy, ZVyy SNZAN S/ WA m,
WW(lviv) WWy, WWZ (EFF) c VV//\2 C, IN? c //\2 (8 TeV) m, (8 TeV)
A, DK . Bg,, (7 TeV) p."* (7 TeV)
EW SSWW WWWW fSO, fS1 m,
ZZ(41/212v) 277,77y ff’v, f52’Y m, / Py
WZ WWZ A, Ak p_die
z \% T
vy — WW WWyy a W//\z, a W//\z, £ /N pTd“eloton
W W W W
WVy WWyy, WZyy a, IN?, a //\2, fTO//\4 IN?, K . IN? ETY 13

Vyy WWyy £ N I p_Vead

T
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Mar 2016 x gz]js %
Mar 2016 s PFRVafle LEP Channel Limits J-Ldt Vs
Gomral Allas  —— Ak — ww [4.36-02,4.3e-02] 46fo’ 7TeV
Fitvave  op [ Channel Limits fLat Vs — wWw -2.56-02,2.0e-02] 20.3fb" 8TeV
' Wy [-4.1-01,4.66-011 4.6k 7 TeV i WZV ?g:gf g-g:'gf ;gg Ig: g Px
g ' | -1.9e-01, 3.0e- .3 fb” B
—_— Wy [-3.8e-01,2.9e-01] 50fb' 7TeV _ WV -9.0e-02, 1.0e-01 46f" 7TeV
— ww [1.2e-01,1.7e-01] 203 0" 8TeV — wv -4.3e-02,3.3e:02] 50fp! 7TeV
i " S ww [2.1e-01,2.2e-01] 49’ 7TeV ——i LEP Comb. [-7.4e-02,5.1e-02] 0.7 fb" 0.20 TeV
= \\WW (|V|V) — ww [-1.3e-01,9.56-02] 19.4fb”" 8TeV x — WwW -6.26-02,5.9¢-02] 46fb" 7TeV
—_— wv [2.1e-01,2.26-01] 46fb' 7TeV — WwW -1 gegg ‘11 .ge-gg 20.3 ﬂ?‘ 8 TeV
— wy [-1.16-01,1.46-01] 50" 7 TeV — ww 4.86-02, 4.8¢- 49fo"  7TeV
S oo tseonzseon aowt tsoTey = v [plemasem ety o
—— LEP Comb. [-9.9¢-02, 6.6e-02] 0.7 fb"  0.20 TeV — W2z 166-02,1.66-:02] 203 fb" 8TeV
— wy [-6.56-02,6.16-02] 46" 7TeV — wyv 3.96-02,4.0e-02] 46fo' 7TeV
— Wy [-5.00-02,3.76-02] 50fb" 7TeV — Wv -3.8e-02, 3.0e-02 50fb" 7TeV
H ww [-1.9e-02, 1.9e-02]  20.3fb"' 8 TeV e DO Comb. [-3.6e-02, 4.4e-02 8.6fb' 1.96 TeV
— ww [4.80-02,4.8¢-02] 49fb" 7TeV e \'RF\Z Comb. 'g-gg'ggv ;-;:'gg g-é Ig‘: %OJSV
= - - 1 A — ~9.9€-Uc, 9.6 X X e
bt ww [-2.4e-02, 2.4e-02]  19.4 I 8TeV J, — ww -1.6e-02,2.76-02]  20.3fb" 8TeV
— wv [-3.96-02,4.00-02] 46fb" 7TeV —_ Www -9.5e-02,9.5e-02] 49fb" 7TeV
i WV [-3.8e-02,3.0e-02] 5.0fb' 7TeVv o WwW -4.7e-02,2.2e-02] 19.4fo" 8TeV
e DO Comb. [-3.6e-02, 4.4e-02] 86fb' 1.96 TeV — wz -5.7¢-02,9.3e-02] 46" 7TeV
e LEP Comb. [-5.9e-02,1.7e-02] 0.7 fb'  0.20 TeV H wz -1.9e-02, 2.9e-02 20.3fb" 8TeV
o T T R E — wv -5.5e-02,7.1e-02] 46fb' 7TeV
(o] 0.5 1 .15 —e—i DO Comb. [-3.4e-02,8.4e-02] 86fb' 1.96 TeV
aTGC Limits @95% C.L. | T LEP Copb. [-5:46-02, 2.1e-02] 0.7 Yb-‘ 0.20 TeV
-0.5 0 0.5 1
aTGC Limits @95% C.L.
Mar 2016 — Mar 2016 2¥LSAS —
Channel Limit JLat Vs CoF imi
annel imits s Channel Limits Jdt Vs
| 2z [-1.5e-02,1.5e-02] 4.6fb" 7TeV W —_ Zy(lyvvy) [1.5e-02,1.6e-02] 46" 7TeV
—_— 7z [-5.0e-03,5.0e-03] 19.6fb" 8 TeV — Zy(lyvvy) [-2.9e-03,2.9e-03] 50fb' 7TeV
— ZZ (212v)  [-3.6e-03,3.2e-03] 24.7fb" 7.8TeV — Zy(lly) [-4.6e-03,4.6e-03] 195fb" 8TeV
— 77 (comb) [-3.0e-03,2.6e-03] 24.7fb" 7.8 TeV H Zy(vvy) [1.1e-03,9.0e-04] 19.6fo" 8TeV
i J " " - -1
| 7z [13e:02,13e:02]  46f5" 7TeV ' ! ?E:g"’”; { fie 22' f'ge gg 51t ;'iGJeV
| y(lywvy) [-1.3e-02, 1.4e- 4.6 b e
-4.06-03, 4.06-03 6fo" 8TeV g
— 7z [ ] 196fb e — Zy(lby,vvy) [2.7e-03,2.76-03] 501" 7TeV
— 7z (22v)  [2.7e-03,326-03] 24.71p" 7.8TeV — Zy(ly)  [3.8¢-03,37e-03] 195f" 8TeV
— ZZ (comb) [-2.1e-03,2.6e-03] 24.7fo" 7.8 TeV — Zy(vvy) [-1.5e-03, 1.6e-03] 19.6fb"' 8TeV
{ zz [-1.6e-02,15e-02] 46" 7TeV [ | Zy(llyvvy) [-2.0e-02,2.1e-02] 5.1fb' 1.96TeV
—_ 7z [-5.0e-03,5.0e-03] 19.6fb" 8TeV W —_ Zy(lly,vvy) [9.4e-05,9.26-05] 4.6f" 7TeV
— ZZ(212v)  [-3.3¢-03,3.6e-03] 24.7fo" 7.8TeV = Zy(lly,vvy) [-1.5e-05,1.5e-05] 50fb" 7TeV
. - - -1
— ZZ(comb) [-2.60-03,2.76-03] 247f5" 7.8 TeV — ;Y("Y) [ 2-29 g:' i-:e g:l 1951 8TeV
H -3.8e-06, 4.3e- .6fb! 8TeV
| 7z [-1.3e-02,1.3e-02] 46" 7TeV 7ivy) [ 1 196
4 W P Zy(lty,vvy) [-8.7e-05,8.7e-05] 46fo"' 7 TeV
— 7z [-4.0e-03,4.0e-03] 196fb" 8TeV N — Zy(lly,vvy) [-1.8e-05,1.36-05] 501" 7TeV 1 4

— ZZ (212v)  [-2.9e-03,3.0e-03] 24.7fo" 7.8 TeV — Zy(lty) [-8.1e-05,3.0e-05] 19.5fb" 8TeV
— ‘ZZ (comb) [-2.2-03, 2‘.3e-03] 24.71b" 77‘8 Tev ‘ T ‘ Zy(wvy) | [-3.9¢-06, 4.5e-‘06] 19.6 o' ‘3 TeV
\ L L \ \ \ \ L L L I
0 0.02 0.04 0.06 -0.2 0 0.2 0.4 0.6 0.8 x107(h),

aTGC Limits @95% C.L. aTGC Limits @95% C.L.  x10°h)



aQGC

sverse and longitudinal
Dimension 8 transverse parameters

Mar 2016 I:' o j- Mar 2016 g_l:_ALSAS —
. Channel Limits Ldt . s — Channel Limits j' Lt s

fwo/AT b WV [-7.7e+01,8.1e+01] 1931 8TeV . ;
Zy [7.1e401, 7.5e+01] 19.7 ! 8TeV fro /A t | I W[[ I [-3.8e+01, 3.8e+01] 194 1fb' 8TeV
Wy [-7.76+01,7.4e+01] 197 1" 8TeV proseeeeeeeeesssend | Wyy [-1.6e+01,1.6e+01] 203 fb"' 8TeV
§5 WV [-3:3e+01,3.2e+01] 19.4fb" 8TeV foeeeeermmeeeeeesmesmaeeeeees I WVy [-2.50+01, 2.46401] 19.3fb" 8TeV
Yy—=WW  [-1.5e+01, 1.5e+01] 51" 7 TeV ~ 3.80+00. 3.46+00 1 8TeV

YSWW  [4.66400,4.66+00] 19.7fo" 8TeV i ! [:3.8e+00,3.46-00]  19.71o" 8Te

................ WVy [[1.3e+02, 1.26+02] 193 fo"' 8 TeV ==l Wy [-5.4e+00, 5.6e+00] 19.7 " 8TeV
5\7 H -ge+g:, :-ge+g§} 19.7 fb‘: 8 TeV [ ss WW [-4.2e+00, 4.6e+00] 19.4fb" 8TeV

Y -1.2e+02, 1.3e+ 19.7fb" 8TeV n X ) 3 =]
=WW (440401 476+01] 19415 8&TeV fry /A } | Wryy [-4.6e+01, 4.7e+01] 194" 8TeV
YYoWW  [-5.7e+01,5.7e+01] 51fy" 7 TeV — Zy [-4.4e+00, 4.4e+00] 19.7fb" 8TeV
YYy—>WW  [-1.7e+01,1.7e+01] 19.7fb" 8TeV — Wy [-3.7e+00, 4.0e+00] 19.7fpb" 8TeV

S
"""""""""""""""""""" B {ggz*gf gfg*gﬁ S ey bl sSWW  [21e+00,2.4e+00] 194" 8TeV
-3.2e+01, 3.7e+ , ) e

W'Y ['2.69+01 , 2.66+01] 19.7 fb~1 8 TeV |-|-_2 IA* — Ly [-9.99+00, 9.06+00] 19.7 fb'1 8 TeV
{ Wy [-4.7e+02, 4.4e+02] 203" 8TeV ———l Wy [-1.1e+01, 1.2e+01] 19.7fb" 8 TeV
ﬁ' [-i-gﬁg} , i-iﬂg:] 19.7 fb': g ¥e¥ bemeel ssWW  [5.9e+00,7.1e+00] 19.4fb" 8TeV

Y -4.3e+01, 4.4e+ 19.7 b e 3 ]
Wy -4.0e+01, 4.0e+01]  19.7f5" 8TeV frs /A° — Wy [-3.8e+00, 3.8e+00] 19.7fb" 8TeV
Wy 6.58+01, 6.56+01] 19.7fb"' 8 TeV fro /A H Wy [-2.8e+00, 3.0e+00] 19.7f"' 8TeV
Wy -1.3e+02, 1.3e+02] 19.7fb" 8TeV frq /A ——A Wy [-7.3e+00, 7.7¢+00] 19.7fb" 8TeV
55 WW [-6.5e+01, 6.3e+01] 19.4fh" 8TeV £t 7 1.8e+00, 1.8e+00 1 TeV

Wy [166+02, 1.66+02] 107" 8TeV et & ! [186+00,1.80:00] 197" 8Te
| 55 [-7.?9+01 , 6.6e+01] 1|9-4 ! 8TeV frg /A | IT| | Zy [-4.0‘e+00, 4.0e+00] 19.7fb' 8TeV
1 1 | | | | | | | | 1 1 | | 1 1 | | | 1 | 1 | 1 | | | | 1 |
500 1000 1500 -50 0 50 100 150
aQGC Limits @95% C.L. [TeV™] aQGC Limits @95% C.L. [TeV™]
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Summary

* Processes with multiple bosons in final state have been
studied by CMS with Run | data at 7 and 8 TeV

° Prod uct|on Cross sections beczs L oMsProimay
o CMS measurements 7 TeV CMS measurement (stat,stat+sys) +——+—o—+—
h b d vs. NLO (nnLo) theory 8 TeV CMS measurement (stat,stat+sys) +———e—+——
ave e e n m e a S u re I n 13 TeV CMS mea:urement (stat,sta:j;ys) —t e
u YY, (NNLO th.) —er——— 1.06+0.01+0.12 5.0fb"
agreement with SM Wi - ilesomsars som:
0 . Zy o 0.98+0.01+£0.05 5.0fb"
pred |Ct|0n 7y = 098+0.01£005 195"
WW+WZ — — 1.05+0.13+0.15 4.9fb"
wWw ————— 1.11£0.04 £0.10 4.9fb"
WWw, . —he— 1.01+£0.02+£0.08 19.4fb"
 Search for anomalous o Sy vy e
. . wz ————i 1.12+0.03+0.07 19.6fb"
trlple and quartIC gauge wz 0.86+0.11£0.17 1.341"
- ! 7z e 0.99+0.14+0.07 49fb"
I h d 77 i 1.00+0.06 +0.08 19.6fb"
Coup Ings S Owe no Slgn Y4 H—\'—H 1.0?i0.16t0.06 1.34 fb!

Of new phyS|CS ° oo N7 " Production Cross Section Ratio: o/ othe:

 More results coming out with Run |l data at 13 TeV
(See talk from Xavier Coubez later)
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lection:
pton: p_> 20 GeV, |n|<2.5(2.4), I=e(u)

" Photon: E_ > 15 GeV, |n|<2.5
AR(Ly)>0.7, m > 50 GeV

® Background:
Dominated by DY + non-prompt photons
Two template observables (shower shape,
isolation) used to measure the yield
independently, then combined.

® Systematic:
dominated by template statistics and FSR

contamination

Cross section phase space

My > 50 GeV
AR(£,7) > 0.7
photon: |5| < 2.5, Igen < 5GeV
leptons: |y7| < 2.5, pr > 20GeV

iclusive cross section:

2063 * 19(stat) * 98(syst) * 54(lumi) fb
1o, (NNLO) = 2241 + 22 fb

sive cross section (Jet veto on pT > 30
nd |n| < 2.4):

70* 18(stat) * 115(syst) £ 46(lumi) fb
(NLO) =1800 120 fb

)

Y
T

) / (dohN-O/dp

Y
T

(dGincI./ dp

)

t
T

) / (doMCFW/dp

Y
T

(doexcl./ dp

—
© N

1.6
1.4
1.2

0.8
0.6

1.8
1.6
1.4

1.2

0.8
0.6

Zy(lly)

Differential cross section
19.5 b7 (8 TeV)

CMS

- ¢ Data combined: puy, eey
- [ InNwo

— I McFM (NLO)

B - SHERPA (LO) up to 2 partons, stat. unc. only

Inclusive

_+_

1 1 1 ‘ :
20 30 4050 10 2x10°?
pﬁ (GeV)
CMS 19.5 fo (8 TeV)
E ¢ Data combined: ppy, eey EXCIUSiVG

= I MCFM (NLO)
= || SHERPA (LO) up to 2 partons,

+

(Jet veto)

Il Il Il Il Il Il Il Il ‘
20 30 4050 10?

2x10?

Pl (GeV)
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