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Results on VBS Production

and aQGCs



Vector Boson Scattering:

T Production involving scattering of massive vector bosons

T Initiated by quarks radiating vector bosons

T Produced via Triple Gauge Coupling (TGC), Quartic Gauge
Coupling (QGC), or Higgs exchange in s- and t- channel

T Final state bosons and jets in pure electroweak process
T Two forward/backward jets at large n|
T Large separation in rapidity between jets
T Large dijet invariant mass

T Vector bosons’ daughters in central region

W1, 1, N Wi, Wi, W1 ~ Wy

LA ~J ’Lf" mJ-\'l—\J WL Lfl’]_,)
W ml\l\J\J v/ 4 1’]/_!, Wi, Wi, Nl LLQ Wi, Wi, M\Id H VL»L,LW

L
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Importance of VBS Measurements:

Q
—o— g 0
e 0

0

Image Source:
http://cms.web.cern.ch/sites/cms.web.cern.ch/files/styles/large/public/field/i
mage/LHC_and_mountains-0503019-1-nice.jpg?itok=TzhBEw7i

T Another very precise SM measurement at the LHC
T Probe SM Electroweak Symmetry Breaking (EWSB)
T Test Higgs properties

T Suppress scattering of longitudinal weak gauge bosons at high

energies
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Importance of VBS Measurements:

Q
—o— g 0
e 0

Q Q

Image Source:
http://cms.web.cern.ch/sites/cms.web.cern.ch/files/styles/large/public/field/i
mage/LHC_and_mountains-0503019-1-nice.jpg?itok=TzhBEw7i

T Probe of new physics in electroweak sector

T What alternative theory contributes to EWSB
T Probe aTGCs/aQGCs
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Results on VBS Production

and aQGCs



Anomalous Quartic Gauge Couplings:

T Deviations from SM
T Effective Field Theory approach

T Useful if no new light particles are discovered
T Valid at scales much lower than that of new physics (A)

T In phase space regions far from possible new resonance
T Violates unitarity at higher energies (without K-matrix, Form

Factors, etc.) Vo4 ~ Vv
L/l_/'l |
L Lo H> Y o N
p— — - ~J L
EFT SM Ad_4 1 l_HJ'“‘ru Fl‘f[,ﬂ
d>4 1 V L V
WWWW | WWZZ | 22727 | WWAZ | WWAA | Z7Z7A | ZZAA | ZAAA | AAAA
50, Lo X X X 0 ) 0 0 0 0
Laro, Lar1,Lar6 Loz X X X X X X X [0) 0
Ly Lrma, Lma Ly 0 X X X X X X 0 0
Lro ,L11 ,L12 X X X X X X X X X
Lrs L1g L7 0 X X X X X X X X
Lrg L1 O 0] X O O X X X X

Image Source: http://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling
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Anomalous Quartic Gauge Couplings:

T Assume SU(2), x U(1), gauge invariance, C&P conservation,
S_U(Z)C cus_todl_al symmetry Lery = Lsu *ZZ ﬁ o,
T Linear realization (arXiv:hep-ph/0606118, a>4 & 4

T Lowest order genuine guartic interaction: Dim. 8
T Following analyses assume no aTGC

T Exclude lepton flavor violating terms (suchasd =5, 7) —
T aGCs increase cross sections at high energies

T Sensitive observables: MVV, p;V, etc.

WWWW | WWZZ | ZZ77 | WWAZ | WWAA | Z7Z7ZA | ZZAA | ZAAA | AAAA
Lsp, Ls1 X X X O O O O O O
Laro, Lar1,Lar6 Loz X X X X X X X O O
Ly Lz, Lara L @) X X X X X X [0) 0
Lrg ,Lr1 ,L12 X X X X X X X X X
Lrs Lre Lrr 0] X X X X X X X X
Lrg L1 O O X O O X X X X

Image Source: http://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling
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Results on VBS Production

and aQGCs



June 2016 CMS Preliminary
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O - @ @ 7 TeV CMS measurement (L<5.0 fb) s = a
— 1 05 = a® @ 8 TeV CMS measurement (L < 19.6 fb') = )
O E . @ 13 TeV CMS measurement (L<2.7 fb™) 3 = 3
. L 2njets) Theory prediction ] g @
cC10%E " .. < CMS 95%CL limit 118
O E >n jet(s) 3 Pt
~ F o E Q
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®10°EF - ® ERE=
U) F & o 3 §
[7)] - o o & - >
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S | fs 2 10g
1L a S
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’ N . ] g
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- ! ] %
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" EwW '"EW 'Y"— 'EW 'EW 'EW . VBF
Woozowyozy wwowzozz el R W seww gy VY Zn Wyt W, ty oW ez ggH odR vH e

All results at: http://cern.ch/go/pNj7 7 \ Th. Acy, in exp. Ac

W+

W+

y |4
u u

WW:
CI\/IS-QAQFSQ-B-OOS oMS \évg”' . Same-sign WW: - SZYSJJ o
MS-PAS-SMP-14-011 MS-PAS-SMP-14-01
arXiv 1604.04464 Phys. Rev. Lett. 114, 051801 (2015)
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CMS 19.4 fb ™' (8 TeV)
1 1 1 1 1 1 1 1 | 1 1 1 1

Same-sign WW plus 2 Jets: [ o
E 5 WEWEjj
P.R.L.114, 051801 (2015) |EMS Moo
H B wz
(nop*, e*e*, p*e*) + 2jets + E¢ m -
N e ]
W i
*Allow t-lepton decays to p,e ° \\\ NN -
epton > 20 Gev’ epton| « 24 25 S
Pr [m'ePton| (2.5) ) ot
500 1000 1500 2000
AR — 03, m” > 50 GeV m, (GeV)
Im,, - m| > 15 GeV (el. ch.), g > 40 GeV < B s 7:4;"" o
| g 15) wwsj
> 1 Anti-k; jets (R = 0.5), E[* > 30 GeV 2 B OnrBigs.
U>J i Monprompt
. ) N\ W w2
ni*t| < 4.7, m;; > 500 GeV, |Aqji| > 2.5 10\ :
Major Backgrounds: L -
S :
Nonprompt leptons, WZ I ?L l -
0 '—“r‘:{:**t*w“,\wn,n}m\mn,npf
Image Source: 0 100 200 300 400 500

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP13015
b y p.™ (GeV)
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Same-sign WW plus 2 Jets:

P.R.L. 114, 051801 (2015)

Nonprompt WZ VVV Wrong sign  WW DPS  Total bkgz. W*W=jj Data
putu® 21+06 02401 0140.1 — — 24406 30401 2
eted 0.6+02 03401 014+0.1 — — 1.04+02 14401 3
efu* 1.5+04 05+01 01+01 01+01 01+01 23+05 454+0.1 7
WtW+  21+06 06+01 02+01 01+01 01+01 31+06 71+01 10
W-W- 21+05 04+01 01+0.1 — — 26+05 18+01 2
WEW= 42408 1.0+01 03+01 01+01 01+01 57+08 89+01 12
T Only statistical unc.’s listed above
T EWK+QCD contributions included in signal
T EWK constitutes 85% - 90% of total signal
T Observed cross section x BR (fiducial) = 4.075% (stat) * 1 (syst) fb
T Also measured o(WZjj) x BR (fiducial) =10.8 = 4.0 (stat) =
Image Source: 13 (SySt) fb
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP13015
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19.4 b7 (8 TeV)

Same-sign WW plus 2 Jets:
P.R.L. 114, 051801 (2015)

— — Expected 95% CL
Observed 95% CL
e SM

- 1 1 I 1 1 1 1 ‘ 1 1 1 1 I 1 1 1 1 ‘ 1 1 1 1 I 1 1
10007500 -100 0 100 200
FS,O
c 10 CMS 19.4th™ (8 TeV)
o @ Data
@ B —— SMF_,/ A*=0.0 Tev*
; I= I T aQGC F. | A®=-5.0 Tev?
No Form Factor (etc.) applied 4 — = aQGCF 1 A% = 450 Tev™
Operator coefficient Exp. lower Exp. upper Obs. lower Obs. upper Unitarity limit w L '
Fso/ A —42 43 —38 40 0016 | |l e
Fgq/ A —129 131 —118 120 0.050 9
Fato/ AT —35 35 —33 32 80 5L
Fa1/A* —49 51 —44 47 205 i
Fare/A* —70 69 —65 63 160
Famz/A* ~76 73 ~70 66 105 - ®
Fro/A* —46 4.9 —42 4.6 0.027 i
Fri/A* -21 24 -19 2.2 0.022
Fro/A* ~5.9 7.0 —5.2 6.4 0.08 - T
H - H 0 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 1 1 1 1
\mage Source: Most stringent limits to date o0 200 300 200 00
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP13015 GeV
m, (GeV)
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YY —)WW: CMS 19.7 i (8 TeV)

? 351 Data
CMS_PAS-FSQ_]'B-OOS (gg 30; Yy > WW (a;V/A2=1.5*10'4,a‘CNIA2=0,ACUmH=SOOGeV)
arXiV 1604.04464 E - vy — WW (a;V/A2=2*10'6, aVA?=0, no form factor)
] ] ] é 25;_ SM vy - WW Inelastic yy — ¢
* Accepted for publication in JHEP . b B oiffractive WW B EWK Wigg
E - Elastic yy — 1t Inclusive diboson
157 % stat. uncert. in simulation [l Drell-Yan
e p) =
* i 1 *
p }’l’ e p +'ET 5 *'
« . . L . TR o Yo e e S PR B S
Protons remain intact or dissociate into 0 30 60 90 120 = 150 = 180 210 . 240
undetected system p.(ue) [GeV]
CMS 19.7 b (8 TeV)
= F
Allow t-lepton decays to p,e § o D
S = BN Diffractive WW
p lepton > 20 GeV p I > 30 GeV > 7 BN Elastic vy >
T L ! T = - Inelastic yy — 1t
no additional tracks 2 oF m—EWKWWag
|n|ept0n| < 2'4 5? ! % gtrstl.l-uy::ert. in simulation
s
. 35— ' 7/////% 'y
Major Background: E |
Inclusive Diboson ‘E'/// R i |
Image Source: _ 00 ""50" 100 Y50 200 250 * 300 * 350
ublicationsFSo-13-00afndex ot M(ue) [GeV]
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vy—WW:
CMS-PAS-FSQ-13-008

arXiv 1604.04464
p o
Selection step Data | Exclusive Total Inclusive Drell-Yan vy — 7 Other
vy — WW | background | diboson backgrounds
Trigger and Preselection 19406 | 26.94+0.2 | 2218041890 | 154615 7093+75 18.1+0.8 13520+1890
m(uLeT) > 20GeV 18466 | 26.64+0.2 | 21590+1850 | 1507+15 7065+75 18.1+0.8 13000+1850

Muon and electron identification | 6541 22.54+0.2 6640193 1306+11 4219458 12.6+0.7 1102+72
u*eT vertex with no add. tracks 24 6.740.2 15.242.5 3.7+0.7 6.54+2.3 4.340.5 0.7£0.1
pr(u*eT) > 30GeV 13 5.340.1 3.94+0.5 2.34+0.4 0.140.1 0.94-0.2 0.6+0.1

T Only statistical unc.’s listed above
T Vetoing additional tracks drastically reduces backgrounds
T Observed (Expected) Signal Significance: 3.40 (2.80)

Image Source:
http://cms-results.web.cern.ch/cms-results/public-results/
publications/FSQ-13-008/index.html
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vy—WW:
CMS-PAS-FSQ-13-008 ™ w
arXiv 1604.04464 S w

-1 -1

CI\I—I 0002 (:IM‘I?’ | T 5|.‘I fP $7 Tevl) +| 19|.7 .I;b \(8 \Te\\’)
T Combine 7 TeVand 8 TeV > i Ay =500GeV
Analyses O, i ]
. : N, 0,001 ]
T Set 2D limits on Dim. 6 §<‘~ ! ]
®) - i
aQGCs © ! ]
0 - |
|« Standard model |
-0.001  7tev 7
 —— 8 TeV |
 —— 8+ 7TeV ]
i 8+ 7TeV 1-D limit i

- 1 1 1 J I | | | | | | | | | | |

0.002 -0.0005 0 0.0005

Image Source: . agV/AZ [GeV'2
http://cms-results.web.cern.ch/cms-results/public-results/ -

publications/FSQ-13-008/index.html
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vy—WW:
CMS-PAS-FSQ-13-008

arXiv 1604.04464

Dimension-6 AQGC parameter

7TeV (x10 % GeV ™ ?)

8TeV (x10 4 GeV ?)

7+8 TeV (x 10 % GeV ?)

ay / A (Acuoe = 500 GeV)
al | A (Acyrot = 500 GeV)

—15<a)/A* <15
~5<ar /N2 <5

~11<ay, /A <10
—42 <al /A <34

—0.9 <a, /A* <09
~3.6 <al /A* <30

Dimension-8 AQGC parameter

7TeV (x10710 GeV ™)

8TeV (x10~ 10 GeV ™)

7+8 TeV (x 10710 GeV )

fM,D /A4 (Acutoff = 500 GEV)
i/ A (Acurore = 500 GeV)
i/ A*(Acutosi = 500GeV)
fM,3/A4(ACutoff = 500GeV)

—5.7 < fmo/A* < 5.7
—19 < fa1/A* < 19
—28 < fma/A* < 2.8
—95 < fM’g/A4 <95

—3.8 < fmo/ At < 42
—16 < fma/A* <13
—19 < fua/A* <21
—-8.0 < f;\/1,3/[\4t < 6.5

—34 < fpmo/A* <34
—14 < /A < 12
—19 < fpmp/A* < 1.9
—6.8 < fM,3/A4 <57

Dimension-6 AQGC parameter

7TeV (x107°GeV~?)

8TeV (x107°GeV ™ *)

7+8 TeV (x107° GeV )

1:1("]/\]//\2 no form factor) —4 < a[‘]N/A2 < 4 12 < aOW/A2 < 1.2 11 < aE]N/A2 <11
ay / A*{no form factor) —15<ar /A2 <15 | —44<al/A* <44 | —41<al/N <4
Dimension-8 AQGC parameter | 7TeV (x10712GeV ™) | 8TeV (x10 12GeV™*) | 7+8 Tal-rtf=l2GaV_?)
Fiio/ A*[no form factor) —15 < faro/AY <15 | —4.6 < firo/A* < 46742 < fao/ A < 427
fam1/A*{no form factor) —57 < fma/A* <57 | =17 < fua /A <1 —16 < fua/A* < 16
fuma/ A*{no form factor) —7.6 < fma/A* <76 | =23 < fpma/ AT <28 | —21 < fmp/A* <21
fams/ A*{no form factor) —28 < fma/A* <28 | —84 < fps/A* <84 %< fus/A* < 7.

—

Image Source:

http://cms-results.web.cern.ch/cms-results/public-results/

publications/FSQ-13-008/index.html

MBI 2016
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CMS Preliminary muy+jets 19.7 b (8 TeV)
R e

s n £ 102 —
W "YJJ 2 - Data 3
] 7 ~ mQCD Wy + Jets 7
€ - m Fake photon ]
CMS-PAS-SMP-14-011 2
- - - - L 3 m Top 1
c = EWK Wy+2Jets
% 10 #: Uncertainty Band |
: e
u(e) +y+ £y + 2 jets O
c
(@)
Allow t-lepton decays to p,e § :
lywy — (¥ +yj2) /2.0 < 0.6,
|.ﬁ.if3‘wmdflfﬁ | = 2.6, u S %g 2
i . ‘e 0
P >30GeV, |3!| < 47, we g 7 —
j2 o w+ als5 2000 2500
pr > 30GeV, g7 <47, v v M, (GeV)
M;; > 700 GeV, |Ay(j, /)| > 24, . ’
I CMS[ Preliminary ely+jets _ 19.7‘ﬂ:{|1 (8‘ T?V)
pr > 20GeV, |y'| < 24, £ eE . . _
T Ty / -~ mQCD Wy + Jets
pr > 20GeV, [gT| < 1.4442, g > 5%&3 phbion” -
Et > 20 GeV, o 2 mm Zy and dibosons |
C w mTo |
AR;;, AR;j, AR, ;, AR, > 0.4 = ) %Eﬁiﬁrﬁ%ﬁaﬁﬁd_
e
@)
S
Major Backgrounds: = 1
(&)
(¢D)
- L
QCD Wry+jets, Fake Photons
ol 3
2
Image Source: § S g . :
http://cms-results.web.cern.ch/cms-results/public- 500 1000 1500 2000 M, ( Ge\E;SOO

results/preliminary-results/SMP-14-011/index.html
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W yjJ: I
CMS-PAS-SMP-14-011 Gy

CMS preliminary Ldt=19.7fb \s=8TeV
> e L N L L e
& 6 ]
(D B —@— Data ]
%) : Sum of backgrounds 7
e 5 == Signal, AGGC=0 (SM) .. —
Al - === Signal,f /A®=44 TeV*
Process Muon channel  Electron channel ~ C Signal uncertainty
EWK-induced W +2jets 5.8 + 1.8 38+ 1.2 2] 41— B cockground uncertsinty
QCD-induced Wry+jets  11.2 +3.2 103432 S - ; 4
W +jets, 1jet — 7 3.1+0.8 22406 kT sL i =
MC tty 12406 0.4+ 0.2 C i ]
MC single top quark 0.54+0.5 0.6+0.4 C : ]
MC WV7y, Vs twojets  03+£0.2 03+£0.2 2 —
\4(‘}’fy+i1-ts; 024072 03402 =
Total prediction 22.1+3.8 179 +£3.5 . ® ® .
Data 24 20 F""’*;"""“ oo .
0: .‘\‘..I..‘\...I‘l‘l...l...l..‘\‘..I.:
60 80 100 120 140 160 180 200 220 240
GeV]
[tems EWK measurement EWK+QCD measurement
7 17870 0997021
EWK fraction (search region) 100% 27.1%
EWK fraction (fiducial region) 100% 25.8%
Observed (Expected) significance 2.67(1.52) ¢ 7.69(7.49) ¢
Theory cross section (fb) 6.1 &+ 1.2 (scale) £ 0.2 (PDF) 23.5 4+ 6.6 (scale) = 0.8 (PDF)
Measured cross section (fb) 10.8 = 4.1 (stat.) &= 3.4 (syst.) £ 0.3 (Jlumi.) | 23.2 &+ 4.3 (stat.) = 1.7 (syst.) &= 0.6 (lumi.)

Image Source:
http://cms-results.web.cern.ch/cms-results/public-
results/preliminary-results/SMP-14-011/index.html
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W yjJ:

CMS-PAS-SMP-14-011

Image Source:

No Form Factor (etc.) applied

Observed Limits

Expected Limits

77 (TeV™) < fpo/A* <74 (TeV™2) | 47 (TeV™) < faro/A* < 44 (TeVH)
125 (TeV 4 < fan /A < 129 (TeV %) | 72 (TeV ) < fann /A% < 79 (TeV )
26 (TeV™) < farn/A* <26 (TeV4) | .16 (TeV ) < farn/A* < 15(TeV )
43 (TeV ) < fars/A* <44 (TeV*) | -25(TeV™ 4) < fma/ A <27 (TeV )
40 (TeV 5 < faa/AT< 40 (TeV %) | 23 (TeV ) < faa/ AT < 24 (TeV 5
65 (TeV™) < fas/A* < 65 (TeV—4) | -39 (TeV™ ) < fms/ A < 39 (TeV )
129 (TeV ™4 < fume/A* < 129 (TeV™Y) | 77 (TeV™) < fae/ A% < 77 (TeV™H)
164 (TeV™) < far /A* <162 (TeV™4) | 199 (TeV™4) < faur/A* < 97 (TeV ™)
54 (TeV™) < fro/A* < 5.6 (TeV™4) | -3.2(TeV ™) < fro/A* <34 (TeV ™4
B37(TeV™) < fri/A* <40 (TeV™Y | -22(TeV™H < fri/A* < 2.5(TeV ™
A1 (TeV ) < fro /At <12 (TeV Y | -6.3(TeV %) < fro/A* < 7.9 (TeV 4
38(TeV ) < frs /AT < 3.8(TeVH) | -23(TeV ) < frs/AT <24 (TeVH)
28 (TeV ) < fre/A* < 3.0(TeV ) | -1.7 (TeV ) < fre/A* < 1.9 (TeV 4
73(TeV) < fr/A* <7.7(TeV4) | -4.4(TeV ) < frs/A* < 47 (TeVH)

http://cms-results.web.cern.ch/cms-results/public-
results/preliminary-results/SMP-14-011/index.html

James Faulkner — Texas Tech University
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Most stringent limits to date
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Zy)J:

CMS-PAS-SMP-14-018

Li(ee) +y + 2 jets

Allow t-lepton decays to p,e

Major Backgrounds:

QCD Zy + Jets, Fake Photons

J-""Lrjﬂ =>1.6,
'ﬂ":l-i;'Z Vil :}2‘[]’

lyzy — (¥ +y12)/2.0] <1.2,
P = 30 Gev,
MH = 400 GeV,

2| <47,

W

pt? > 20 GeV, |n2| < 2.4, .
70 GeV < My < 110 GeV,
pL > 20 GeV, 57| < 1.4442,
ARjj, ARjy, ARy, ARj > 0.4,

I

Image Source:
http://cms-results.web.cern.ch/cms-results/public-
results/preliminary-results/SMP-14-018/index.html

MBI 2016

Events/100.00 GeV

Events/100.00 GeV

19.7 b’ (8TeV) mu channel

- CMS - Data .

i > W Zy + Jets -
Preliminary [ Fake Photon

102 = [DTop
- [T EWK Zy+2Jets
N [2] Systematic Uncertainty |

200 400 600 800 1000 1200
M, (GeV)

19.7 fb" (8TeV) el channel

LI L L L L L B L L L L

- CMS -o- Data —

i > W zZy + Jets .
Preliminary [ Fake Photon

— [ Top
C [T EWK Zy+2Jets
N %] Systematic Uncertainty

10?

05500535
PRttt

10 e

II\\HIl

200 400 600 800 1000 1200
M, (GeV)
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Zv)):
CMS-PAS-SMP-14-018

Total Cross Section x BR (fiducial): EW[r
1.861572 (stat) 3¢ (sys) £0.05 (lumi) fb <’

19.71b" (8 TeV)

s Fors Also measured EWK+QCD

3 o POMINIY o E Ful ks Expeteg—— cross section in tigher fiducial
N | ) F TR region: M;; > 800 GeV

< 4; ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1.00 £ 0.43(stat.) +0.26(syst.) £ 0.03(lumi.) fb|

Image Source:
http://cms-results.web.cern.ch/cms-results/public-
results/preliminary-results/SMP-14-018/index.html
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Zy)J:

CMS-PAS-SMP-14-018

1971 (8 TeV)

T Higher photon p; 10 e e e

- § g CMS
threshold applied 2 9 preliminary —— o
t0 aQGC MC to G 8 B .o ekt

4 .
AQGC signal, f /A =5.1 Tev'

WA SOCK A0
ignal systematic uncertain N XX
signal sy ty DX AR
2O IO
1 s RO
® m background systematic uncertainty proseseresararerareresel ety
}.0’..0.0.0...0.0...0.0...2

SAAAAAANNRNANNN

enhance statistics 7
generated 6

ph? = 30 Gev, |p/'2| < 4.7 4
M;; > 400 GeV, Anj; >2.5

pr? > 20 GeV, |y 2| < 2.4
70 GeV < My < 110 GeV 2 hieabacncnd)
ol > 60GeVnY| <1.4442 | 00 eksssiteass C o SRR, s ‘

e

Image Source:
http://cms-results.web.cern.ch/cms-results/public-
results/preliminary-results/SMP-14-018/index.html
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Zy)J:

CMS-PAS-SMP-14-018

W

No Form Factor (etc.) applied

Observed Limits

Expected Limits

71 (TeV™) < fpo/A* < 75 (TeV™H)
190 (TeV—%) < fpr /A% < 182 (TeV—4)
32 (TeV—4) < fyp /A* < 31 (TeV™)
-58 (TeV—%) < fy/A* < 59 (TeV—4)
3.8 (TeV™) < fro/A* < 3.4 (TeV™)
4.4 (TeV—?) < fp1/A* < 4.4 (TeV?)
9.9 (TeV4) < frr/A* < 9.0 (TeV—?)

109 (TeV~?%) < fapo/ A% < 111 (TeVY)
281 (TeV—4) < fun /A? < 280 (TeV—)
47 (TeV™4) < fap/A* < 47 (TeV—4)
87 (TeV4) < fyz /A% < 87 (TeV—4)
5.1 (TeV™) < fro/A* < 5.1 (TeV™)
-6.5 (TeV™*) < f11/A* < 6.5 (TeV™*)
-14.0 (TeV—4) < fr, /A% < 14.5 (TeV—4)

1.8 (TeV—4) < frg/A* < 1.8 (TeV—?)
-4.0 (TeV™4) < fro/A* < 4.0 (TeV™Y)

2.7 (TeV™4) < f1g/A* < 2.7 (TeV—4)
6.0 (TeV ™) < fro/A* < 6.0 (TeV™4)

Image Source:
http://cms-results.web.cern.ch/cms-results/public-
results/preliminary-results/SMP-14-018/index.html

Most stringent limits to date
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Results on VBS Production

and aQGCs



CMS Run Il Prospects:

T Data collected this year (so far) cus e oy o 206, 5 e B8
approximately the integrated M i -
luminosity of 2012 L >

£ g

T More physics events still being s
recorded and added to current P :
dataset! w‘«() :

[T? More preCise measurements On CMS Integrated Luminosity Per Day, pp, 2016, vs = 13 TeV %
VBS processes M, bt

¥ Slated to greatly improve on e | g
1ot . £ o] I B =
existing aGC limits 0 Dk Rl e S

T All mentioned analyses fromRun 1 £ | /1 g AL s
are in gear for high luminosity e I
datasets g
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Results on VBS Production

and aQGCs



Limits on Anomalous Couplings:

April 2016 CMS —
P ATLAS Channel Limits ILdt Vs

fuo /A" (R WVy [-7.7e+01, 8.1e+01] 19.3fy" 8 TeV
— Zy [-7.1e+01, 7.5e+01] 19.7fb" 8 TeV
Wy [-7.7e+01, 7.4e+01] 19.7fb"' 8 TeV
F-I ss WW [-3.3e+01,3.2e+01] 19.4fb"' 8TeV

I TYSWW  [-4.2¢+00, 4.2e+00] 247" 7,8 TeV
i /A8 poeemens I WVy [-1.3e+02, 1.2e+02] 19.3fb"' 8TeV
— Zy [-1.9e+02, 1.8e+02] 19.7fb"' 8TeV
——1 Wy [-[1.2e+02, 1.3e+02] 19.7fb' 8 TeV
F-1 ss WW [-4.4e+01,4.7e+01] 194" 8TeV

H Yy—=WW  [-1.6e+01, 1.6e+01] 247" 7.8 TeV
N I 1 Zyy [-5.1e+02, 5.1e+02] 2p0.3fb' 8 TeV
roseeseeeaenens 1 Wryy [-2.5e+02, 2.5e+02] 20.3fb" 8TeV
H Zy [-3.2e+01, 3.1e+01] 19.7f' 8TeV
H Wy [-2.6e+01, 2.6e+01] 19.7fb"' 8 TeV
fa /A [ i vy [-9.2e+02, 8.5e+02] 20.3fb" 8TeV
Brresnsnsss e | Wryy [-4.7e+02, 4.4e+02] 203fb"' 8TeV
(o Zy [-5.8e+01,5.9e+01] 19.7fp"' 8 TeV
H Wy [-4.3e+01, 4.4e+01] 19.7fb" 8TeV
fq IA* H Wy [-4.0e+01, 4.0e+01] 19.7fh" 8TeV
f s IA* — Wy [-6.5e+01, 6.5e+01] 19.7fb" 8 TeV
fig /A* ——1 Wy [-1.3e+02, 1.3e+02] 19.7fb' 8 TeV
F-1 ss WW [-6.5e+01, 6.3e+01] 194y’ 8TeV
fuz /A ——- Wy [-1.6e+02, 1.6e+02] 19.7fb"' 8 TeV
| Fp | ss WW [-7-0?+01, 6.6e+01] 19,4 fb’ 8TeV

| | | | | | | | | | | | | | | |
-1000 0 1000 2000 3000

aQGC Limits @95% C.L. [TeV™]

Image Source: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC#aQGC_Results
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Limits on Anomalous Couplings:

April 2016 CMS
ATLAS - Channel Limits L‘_dt Vs
fro IAY fressmneeesnnnnanseeseaam e n e an e e e e | Wryy [-3.8e+01, 3.8e+01] 19.4 fb' 8 TeV
— Zyy [-1.6e+01, 1.9e+01] 20.3fb" 8 TeV
provarmrmananannnanes | Wryy [-1.6e+01, 1.6e+01] 20.3fb" 8 TeV
Provsssssnmnmnnn s | WVy [-2.5e+01, 2.4e+01] 19.3fb" 8 TeV
— Zy [-3.8e+00, 3.4e+00] 19.7fb" 8 TeV
——I Wy [-5.4e+00, 5.6e+00] 19.7fb" 8 TeV
Fe--l ssWW  [-4.2e+00,4.6e+00] 19.4fb" 8TeV
f /A" s I Wryy [-4.6e+01, 4.7e+01] 19.4fb’ 8 TeV
— Zy [-4.4e+00, 4.4e+00] 19.7fb' 8 TeV
— Wy [-3.7e+00, 4.0e+00] 19.7fb"' 8 TeV
k-l ss WW [-2.1e+00, 2.4e+00] 19.4fp"' 8 TeV
£, /A% — Zy [-9.96+00, 9.0e+00] 19.7 fo'' 8 TeV
———— Wy [[1.1e+01, 1.2e+01] 19.7fb' 8 TeV
bom-l ss WW [-5.9e+00, 7.1e+00] 19.4fb' 8 TeV
frq /A% — Zyy [-9.3e+00, 9.1e+00] 20.3fb"' 8 TeV
— Wy [-3.8e+00, 3.8e+00] 19.7fb' 8 TeV
frq /A° i Wy [-2.8¢+00, 3.0e+00] 19.7fb" 8 TeV
f, /A% —— Wy [-7.3e+00, 7.7e+00] 19.7 fb' 8 TeV
frg /A" H Zy [-1.8e+00, 1.8e+00] 19.7fb" 8 TeV
frq /A% — Zyy [-7.4e+00, 7.4e+00] 203" 8TeV
| |—|| | Zy [-4.0e+00, 4.0e+00] 1 Pj fo! 8TeV
| | | | | | | | | | | | | | |
-50 0 50 100 150

aQGC Limits @95% C.L. [TeV™]

Image Source: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC#aQGC_Results
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T Vector Boson Scattering excellent candldate for problng

T Electroweak Symmetry Breaking in Standard Model

T Higgs properties

T Gauge structure of electroweak physics

T Anomalous triple or quartic gauge couplings (aTGC/aQGC)

T LHC Run I analyses show evidence for VBS in various channels
T yy—WW, Same-sign WW+jets, Wy+jets, Zy+jets

T Results still consistent with SM predictions

T LHC Run Il analyses well underway and with great potential
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Same-sign WW plus 2 Jets:

P.R.L. 114, 051801 (2015)

+ + Atat +A~+ :
(et e, pte®) + 2jets + 7 |
CcMS 19.4 b (8 TeV) CcMS 19.4 6" (8 TeV)
[TTTTT 77 T7T rrrTrr T T T T T TTT] L L L L
* | - i I -
Allow t-lepton decays to p,e G . o
F [l Other Bkgs. 1 [ [l Other Bkgs.
Nonprompt | 10 Nonprompt |
p_l_lepton > 20 GeV, |nlepton| < 2.4(2_5) < Wz 15 | . wz
2 18 | . :
AR = 0.3, m, > 50 GeV : I S .
.9, [
N\\*\\\\ ] | R NN \\T |
[ i PURSRRAN AR
|mll - le > 15 GeV (el Ch')’/zT > 40 GeV T — 380 400 500 800 1000 1500 ~ 2000
pITmax (GeV) m; (GeV)
- H H S Signal WWDPS WZ Wi i VVV  Non+ t
> 1 Anti-k; jets (R = 0.5), E{®t > 30 GeV Tuminosiiy 36 26 - 26 a6
Lepton efficiency 3.6 3.6 3.6 3.6 3.6 -
Mome.ntum resolution 0.2 0.2 0.2 0.2 0.2
e < 4.7, m;; > 500 GeV, |Anji| > 2.5 pa o 10 10 10 10
1} JES 3.0 3.0 3.0 3.0 3.0
PDE 7.7 7.0 71 - -
1 . QCD scales EWK 5.0 - - - -
Major Backgrounds. QCDZE;ZZVW - - - - 50.0
W2z lizati - 37.0 - -
Wrorr:grsrirgilrz'tca)n?gﬁzation - - - 10.0 -
Nom- t lizati - - - - 36.0
TOp quark, Drell-Yan, WZ Stca)tlmst}i)s:l)lmuic;?c;{;iy Y 570 150 550 18.0 19.0
. .. i Nonprompt WZzZ VvV Wrong sign WW DPS Totalbkg. W=W¥jj Data
. o 21+06 02+01 01401 — — 24+06 30+01 2
Observed (EXpeCted) Slgnlflcance' 206 (310) iisi 06+02 03£01 0101 — — 1.0+£02 14401 3
. etut 1.5+04 05+01 01401 01+01 01+01 23405 45+01 7
Image So_ur_ce. o ) ) WIWT  21+06 06+01 02+01 01+01 01+01 31+06 71+01 10
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP13015 W-W- 21405 04+01 01401 — — 26405 18401 2

WEWE 42+0.8 1.0+£01 03+01 01401 01+01 57+08 89+01 12
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vy—WW:

CMS-PAS-FSQ-13-008
arXiv 1604.04464

pOpe ™) + Ky

Allow t-lepton decays to u.e

*Protons remain intact or dissociate into undetected system

pyierion > 20 GeV, p;!' > 30 GeV, no additional tracks

|nlepton| <24

Major Background:
Inclusive Diboson

3.40 (2.80)

Observed (Expected) Significance

Image Source:

http://cms-results.web.cern.ch/cms-results/public-results/

publications/FSQ-13-008/index.html

MBI 2016

Events / 50 GeV

CMS 19.7 fb'! (8 TeV)
E . Data
8 SM vy — WW
- Il Diffractive WW
7:— E Elastc 7y — tt
C Inelastic vy — Tt
6 B EWK WWag
C Inclusive diboson
5 L B Drell-Yan
E iy Stat. uncert. In simulation
ac-
3sE o w,
= T
i —— Jf J
E i b,
B, f— i
Og 50 100 150 200 ~ 250 300 350
Seboction st (WAl R Exclusive
wye —b LY
Tnigzmer and. Fres electan Isdiw | EaS==(0TF
o Y o MG 13 int T B
Wdwom and electron idemtidicatin | é540 BEL0r
gt werien with mo add. arechs rat | nr+iz
pritety = H0GN i3 5300

Events / 30 GeV
(]
=]

80

60

40

20

CMS 19.7 b (8 TeV)

* Data

11— WW (aA=1.5107, allfA®<0, Ayy=500 GeV)

1 — WW (a"/A%=210, aA%=0, no form factor)
o s

SM yy - Ww Inelastic yy - T
B oiffractive Www B Ewk wway
- Elastic yy — 1 Inclusive diboson

77 Stat. uncen. in simulation [l Drell-van

g
vy v
— »—ﬁﬁ* | o S e e S i

0 30 60 90 120 150 180 210 = 240

p.(e) [GeV]

CMS 19.7 o (8 TeV)

Data

g W A2 T 2
¥y — WIW (/471510 8V/AP=0, A,y =500 GV

Ty — WW (az“m%z*mé, a/A?=0, no form factor)
SMyy > Ww [l EWK Wwag

I Diffractive WW Wi jets

Il Elastic vy > T Inclusive dibosen
Inelastic yy — v [l Drell-Yan [

M

77 Stat. uncert. in simulation

o mrearal T Y ) - i
0

2 = 3 ‘ 4 5 6
Num. extra tracks

LUncertai nty

Proton dissociation Factor 10.5%
Efficency correction for no add. tracks ARG
Trigger and lepton identification 4%
[ntegrated luminosity 265%
Total 12756
Toal Imcdmsive Doell=am oeyp =+ 1T Cher
hockgronnd | dibeosom backgrounds
IHED==1590 | 1546415 TE-TS 18008 15E5E0-=150
MSa0-L0850 | 15007 £15  TheSAFS 180408 IEO0L1550
[F2STIER IBe401 49458 124407 00 RT3
152125 ATH0TF AS54ES d5E0S 70
594005 3504 RN | 05402 (L da= 0]
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W yjJ:

CMS-PAS-SMP-14-011

CMS preliminary [ L dt 7 b’ \s =8 TeV
. - .

> T LI | LI | L | I I I I I | T | LI | LI | T _]
5 6 =
(D B —— Data ]
© B Sum of backgrounds 7]
o) o - == Signal, AQGC=0 (SM) e
Al - === Signal, f, /A*=44TeV* SRS
—~ B Signal uncertainty _:é : ‘:::f:
XX
42 4 - [ | Background uncertainty f S
o L " SRR
— i —
> N ; ]
L 3 I -
- ' .
— ] —
B ; i
2— R R '
SEEEEEEERE
i s |
1 ® * ® ® ¢
I‘W‘W I*IQ;’. Sy Tl B o B BN —
O B Il | L1 1 | L1 | L1l | L1l | L1 1 | AN N T N T T A T | I_
60 80 100 120 140 160 180 200 220 240
! [GeV,

Image Source:
http://cms-results.web.cern.ch/cms-results/public-
results/preliminary-results/SMP-14-011/index.html
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