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CMS

Quartic couplings

| will only talk about couplings involving W boson

°[n the SM, the allowed couplings are:
WWyy, WWZy, WWWW, WWZZ

*Observable in two topologies at the LHC
-Triple gauge boson production (e.g., Wyy, WWy, WWW, WWZ)
-Scattering process (e.g., yy — WW, WW — WW)

eAnomalous couplings introduced via effective Lagrangian
-Should use the linear realization with light Higgs
-aQGCs for SM allowed processes introduced at dimension 6
-However they are the same operators as the aTGCs which are
better measured (see next slide)

el owest independent aQGC interactions are dimension 8

Kalanand Mishra, Fermilab 2120
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CMS

Summary of charged aTGC measurements

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

in the notation of LEP parametrization hep-ph/9601233

I 1 I I | I l I | I I I | I I 1 A.f.LAé LlrlnltSl 1 I;' I
CMS Limits —
DO Limit o
LEP Limit o
Atc — WW -0.043-0.043 4.6 b
Z — Y -0.043-0.033 5.0 fb™
. LEP Combination -0.074 - 0.051 0.7 fb™
N — WWwW -0.062 - 0.059 4.6 b
Z — WW -0.048 - 0.048 4.9 b
— WZ -0.046 - 0.047 4.6 b
— WV -0.038 - 0.030 5.0 b
Fo DO Combination  -0.036 - 0.044 8.6 fb™
- LEP Combination -0.059 - 0.017 0.7 fb™’
Agz — WW -0.039-0.052 4.6 b
4 — WW -0.095 - 0.095 4.9 fb!
— Wz -0.057 - 0.093 4.6 fb’
o DO Combination  -0.034 - 0.084 8.6 fb™
: n14 ]LEP Combinati]on -0.054 - 0.921 0.7 fb™
-0.5 0 0.5 1 1.5
aTGC Limits @95% C.L.

Kalanand Mishra, Fermilab

*aTGCs entangled
with aQGC, as
explained in the
following slides.

eCurrent
constraints on
aTGCs: <10%
deviation from SM.
Expect to achieve a
few % precision
with 8 TeV data.
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Anomalous quartic couplings in dimension 8

CMS

All D8 aQGC operators [hep-ph/0606118 (s, = [(Dﬂcb)* D,,<I>] X [(Dﬂcb)fD"cb]
in Eboli’s notation Eboli et. al. Lsi = [(D,8) D*8] x [(D,8)' D8]
MO = W, W*| x [(Ds®) D°® L
E\I,O Tr [ A m . X [( [} ) ] ET,O — Tr W Wpu % Tr WQ;’,“’VQB
Lyg = Tr[W, W] x [(Ds®)’ D“«I)] S
' : Lry = Tr W W“‘3 x Tr |W,sW*
Luz = [BuwB"]x [(Ds®) D2 8 + Ty [1#. virve
Lm have D6 | o5 i Lra = Tr WQ“W“ x Tr _W’ w W -
equivalents Lus = Bf] < [(Ds®) D3] s = Tr[W, T x BagB**
Md = Ws, D ®| x B%
(Laoé?é)’ Lua = |(Du®) } ] Lrg = Tr|[Wo W8 x B,,B™
T LJW,S = (D (I)) 14’? ,,Du(b x B7# 3 -
novel to D8 c B - I/VBVD“(I)] LT,T = Tr [W W“ ] X B B
s = |(Da )f Lrs = BuB"B.sB*®
LJWJ = (D (I)) I""' VVB“DU(I)] LT‘Q = Ba#BpﬂBﬂ,,Bua
WWWW | WWZZ | ZZZ7Z [ WWAA [ ZZZA | ZZAA | ZAAA | AAAA
Lsp, Ls1 X X X 0 0 0 0 0 0
Larp, Lars.Laee L7 X X X X X X X [9) 0
La2 Laa, Lara Lrms 0 X X ):( )__( X X (9] (9]
Lrpo L1y LT2 X X X X X X X X X
Crs JLre Lr1 0 X X X X X X X X
Lro .Lro 0 0 X 0 0 X X X X
Kalanand Mishra, Fermilab 4 /20




CMS

aQGC D6 vs D8

e|n the two realizations
-Linear: all lowest order independent aQGCs are D8
-Nonlinear: a number of dimensions, aQGCs involving y are D6

eConsider WWyy
-Largest contributing nonlinear terms:
- Limits set on a/A2 LY = &5 ag F*™ F,We. W,
L = —<& a. 1 F gWA . W,
-Equivalent D8 terms (Lwz, Lms) 4 8a.
« Limits set on g/A4 14 =
A" AM,,

« Straightforward conversions

*Expectations:
-SM rate detectable with TGC and QGC contributions at e2
-aTGC and aQGC entangled, suppressed by g/A#
-Sensitivity on high pr tail

Kalanand Mishra, Fermilab 51720




CMS

Burden of legacy ....

Almost all previous work in nonlinear realization \}'x

Symmetries enforced without light Higgs
e_ower dimension D4, D6 aQGCs
eHave to connect with that work
-LEP, LHC limits already set in that approach
-they often use arbitrary form factors to dampen non-unitarity

Our current/proposed approach

eAdopt D8 (linear) approach for setting aQGC limits

*However, in order to easily compare with the existing results
-use D6 equivalents for those operators which exist in both D6
and D8 realizations
-operators that are novel in D8 are probed for the first time, so
there is no legacy issues to take care of

Kalanand Mishra, Fermilab 6 /20
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[Probing quartic couplings via yy—=WW process Z

W+

CMS analysis:
See talk by Jonathan Hollar

https://twiki.cern.ch/twiki/bin/view/CMSPublic/

PhysicsResultsFSQ12010

Limits on aQGC without form-factors:
—2.80 x 107% < a}Y /A% < 2.80 x 107® GeV 2
~1.02x107° < af /A% < 1.02 x 107° GeV 2

0(10%) times more constraining than the

LEP combined limit

Kalanand Mishra, Fermilab
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. _ _ _ _ CMS
[Problng quartic couplings via VVV production Z

For example: WWYy production at LHC
4 I we

W

References: i Zjy

1.) Yang et al, arXiv: '

1211.1641 via QED | W ,

2.) LEP combination,|  radiation WNWV\< |
hep-ex/0612034 from WW | | ‘(’Q'Eg?acij;ﬁon
3.) Bozzi et al, arXiv: YV N

0911.0438 )

*SM production highly suppressed
-By a factor of 103 compared to WW

«aQGC at WWyy and WWvZ vertices

can enhance production for high photon
pt events by several factors

via QGC

Kalanand Mishra, Fermilab 81/20
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Production Cross Section, o,

— — — —
o o Qo o
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Truly rare processes

Nov 2012 C M S
— W O 7TeV CMS measurement (statsyst)]
| . Z E 8 TeV CMS measurement (stat@syst)_:
= : —— 7 TeV Theory prediction =
— : —— -
- =] ; O —— 8TeV Theory prediction ]
= : 5211' —
= =22 o 3
- O 2 : -
= 23 1 o Wy =
i M= o W i
S >4 —0— & =
- i3 o T w0 S
- - T: | 5 —— 2Z |~
| Ey >30 GeV | Ef>15GeV | g g g |
= ot | | 5 f 3
- In"1<24 ' AR(y,)>0.7 V: . . -
= y : YY1 ! * 4.9 fo! L 491" S
= 36, 19 pb ; ; st 117 cagitl 3
JHEP10(2011)132 CMS EWK-11-009 CMS-PAS-EWK-11-010 (W2)
JHEP01(2012)010 CMS-PAS-SMP-12-005 (WW?7),
CMS-PAS-SMP-12-011 (W/Z 8 TeV) 007(Z2Z7), 013(WW8), 014(ZZ8), 015(WV)

Kalanand Mishra, Fermilab

CMS

*Sub-pb cross
section

eHigher BR

makes semi-

leptonic channel

more attractive
-0 X BR for
WVy = 60 fb
w/o cut on
photon pr,
where V =W
or Z —qq

91/20




CMS

WWy, WZy semi-leptonic channel expectations

o\Within detector fiducial, expect 10-20 reconstructed WVy
events (y+¢+Et™ss+jj) in 20 fb~! of 8 TeV data

*Given small S/B, barely getting sensitive to SM WVy signal
—likely to set upper limit @ a few times the SM cross section

eExpect more constraining limits on aQGC than LEP

Simulation

LO Madgraph simulation

eprocess: pp >w+w-a @ 8TeV LHC
*PDF (LO): CTEQGL1, scale: default MadGraph setting
egenerator cuts: prv> 10 GeV, |n,| < 2.5, AR (y,j) > 0.5

(not Rja cut, but the cut as Eq.(3.4) in arXiv:0911.0438)

l —cos R \ ;
Z I)]Ia_arton,z e p}. T‘R < ")l]-
R

iR —1- CUS(‘Q

Kalanand Mishra, Fermilab 10/ 20




CMS

NLO simulation & computation of k-factors

http://amcatnlo.cern.ch/

NLO QCD matched with Parton Shower (HERWIG or PYTHIA)
generate p p > w+ w- a [QCD]

output nlowwa

launch -m

4 core mode on a single 3.3GHz machine,
~21 hours to get 40k events

Output: (1) events.lhe.gz unweighted events (up to a sign),
NLO matched with Parton shower level
(2) events HERWIG6 0.hep.gz stdHEP file, showered events

LO: 0.1428 + 0.0002 pb
NLO (CTEQ6M PDF): 0.2533 £ 0.0011 pb
K factor: 1.8

Kalanand Mishra, Fermilab 11/ 20
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] ] CMS
Some representative diagrams from aMC@NLO Z

2 3 2 3

1, QCD Real emission
{u g 6
Born s . poTITeT
INVAAAAAAAADAAAAANAAANS - A u
Au "M"""M'Vﬂ%vvvvm,v. 5
Au
diagram 7 QCLC=0, QED=2

real diagram 1 QCD=1, QED=3

Ld~ One-loop QCD

W+ 3
NAANANADNANANNS

LI~

%‘MVX:\/W
4 1

diagram 38 QCD=2, QeD=3 diagram 39 QCD=2, QeD=3

Kalanand Mishra, Fermilab 12/ 20




k-factor depends on photon pr

22

2.1

1.9

K factor (NLO/LO)

1.8

1.7

1.6

Requiring pr> 10GeV, |n,| < 2.5, AR(j,y)>0.5

aMC@NLO, PP>WWA@8TeV LHC, without W decay

Becomes flat (=1.9) at high photon pr

L

_IllllLF'

40 60 100 120 140

N
o

80
PT, [GeV/c 2]

CMS

Note: W—jj’s k-factor is (1+as/x)~1.04, which is quite small
We use this pr-dependent k-factor in our nominal analysis

Kalanand Mishra, Fermilab
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1.7

16

K factor (NLO/LO)
-I‘.

1.3

« O SERHELERE

PDF unc. [%) Scak we. 15

k-factor after requiring jet veto

Additional jet veto for pr> 30GeV and |n|< 4.5

—
.
o
-
.

3
.:_ 15_—
E s bt o T ,
SEEEE | ’ <’> St ++++—,~++++
o 1.E
+ ++* —‘H.‘“— 13~
B R e
- 12—
E“E...AIA.A.l.‘.Al..‘AIA.A.IA...L ..........
; Ei_+f*f**f'*“‘“““*++*
£ F
;itffffffffffffffffff
15 1 45 0 05 1 15

n, Gevic 2|

B Clearly, applying jet veto
+, +++++TH  in this analysis is not a
30 @0 80 80 100 120 140 160 180 200 gOOd idea !l

P, [GeVic 2]
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[Additional verifications

Have checked that

CMS

1.) k-factor, as a function of photon pr, is consistent between
WWy and WZy within MC statistical uncertainties of the samples

2.) k-factor for aQGC events also seems consistent with the k-

factor for SM within MC statistical uncertainties (checked
several aQGC points)

We will verify both these conclusions again with larger
aMC@NLO samples.

Kalanand Mishra, Fermilab
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CMS

Limits on aQGC using MC analysis .

Use generator-level quantities and apply correction factor for
efficiency and acceptance effects
Event selection:

*Leptonpr>25GeV, |n| <24

*At least 2 non-b jets with pr > 30 GeV, |n| < 2.5
*MET > 35 GeV

Photon Et > 30 GeV, |n| < 1.44, AR(y,¢) > 0.5, AR(y,j) > 0.5
*|An(j1,j2)| < 1.4
*70 < M;; <100 GeV for the leading central jets

Expected yields in 20 fb~! data with some optimized selection:
340 events, 12 WVy signal and 328 background (\Wy+jets,

WV+ fake photon, ttbar+y, multi-jet)

Use y pt as observable for setting limits on aQGC.

Kalanand Mishra, Fermilab 16/ 20




CMS

Observable: vy pr distribution

Electron channel

Muon channel
40

> - — i T I T T T T \ T T T T T T T T I T T .I. T | |
8 oo B 120 _- Wy+jets [l multijet |
Q : : I - fake photons + \\/\/ B top i
iy 149 - - B Zy+Jets .
a .t I 100 —— BG+a)' / A2=-5x10"° WVy ]
< 120} .

() B i i

> = - 80 —

L 100 .

- i — -1
80 JLat=20f 1 JLdt=20fb

20

150 200 50 100 150 200 250
Photon p_ (GeV) Photon p_ (GeV)

[T (I R AT N A N O

Systematic uncertainties: aQGC signal strength 30%, background normalization
20%, experimental uncertainties (JES/R, efficiencies, lumi,...) each within 5%.

Kalanand Mishra, Fermilab 17/ 20




Oexcluded / aQGC

Expected limits on aQGCs

[ [ #10 Expected Limit
[ ] +20 Expected Limit

1 1 1 1 I 1 1
0 20

40

CMS

rrrrjrrryrrtrrrr oo T T T 1T |

\E=8TeV _[Ldt:

80 -60 -40 20 O 20 40 60 80

a.V/ A2 (x 1076)

ao"V/ A2 (x 1076)

LHC WWy channel expected limits (from each experiment at 95% CL):
-2.0x 10 <aW/N\?<2.0x10™° -3.5x10°<aM/AN?<3.0x10°°

_— W+HW-—+ ay —0.020 GeV = < ay' /A% < 0.020 GeV
LEP limits WHW-+ al ~0.053GeV? < aWV /A% < 0.037 GeV
LHC limits 0(102) times more precise than the LEP combined limit

Kalanand Mishra, Fermilab 18/ 20




Cross section [fb]

Expected limits II

-10 -5 0 5 10
_"l""l""l"" ""I""|""I"E"I""I'"'I““l””I""I""I"E"I""I"“I““I““I““]""l"
r §
- === The LEP model :
45 ..’ :a'k
B *.‘v‘ o
o “'.v‘ -=¥'= The linear model
40
- % Lve @ (<0.5 Lmo)
35_ ."."' NZ. n_11 f\A\I
- v XY wev
30 o 4
L *: .';'l.
25 Sy 5
L ""x.‘y r,e"
- ’\\‘ r'/
r e
20
C 1 1 1 | | | | | | | | 1 1 1 1 1 1 1
6 -4 -2 0 2

4 6
al/A? [10° GeV?)

Oexcluded / GaQGG

Shows that coupling a0 in D6 realization
can be expressed as linear combination

of couplings Lm of D8 realization

Kalanand Mishra, Fermilab

CMS

.................................. - 110' Expected Limit
[ ] =20 Expected Limit

80 -60

~30 40 60 80

x 1076 LTO/A4
Couplings Lt are novel to D8
realization. There is no D6
equivalent. We set limit on Lto
assuming other Lt's vanish (they
all produce the ~same effect).

P IR I E
40 -20 O
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CMS

Summary

[ Study of QGC and related states is a rich physics program
e LHC data sufficient for sensitivity to SM QGC and aQGCs
e New excitement after the discovery of a light Higgs boson

A CMS has dedicated effort to measure QGCs
ein both multi-boson and scattering topologies

[ Starting to set serious constraints on electroweak gauge
boson couplings
e Broke new ground by exceeding LEP aQGC limits by
orders of magnitude
e More results with improved precision soon, stay tuned!

Thank You !

Kalanand Mishra, Fermilab 20/ 20
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_ CMS
Measurements of gauge boson self couplings Z

eGauge boson trilinear & quartic couplings
emerges naturally from the non-abelian
gauge symmetry structure of the SM.

*With 0(103) WW, 0(10%) WZ, and o(dozens)
ZZ events, quickly approaching precision
measurement of gauge couplings.

-Already improved over LEP and
Tevatron in most cases.

*Measure anomalous coupling parameters
in effective Lagrangian approach.

Let’s do a quick overview of the current aTGC results
in the notation of LEP parametrization hep-ph/9601233

since they are also relevant for discussion of quartic couplings

Kalanand Mishra, Fermilab 22/ 20




CMS

Summary of aTGC measurements I

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

Limits on WWYy couplings

Feb 2013

1 1 I I | I 1 I I I | I I | I I | I 1 ATI'LAé Llrlnltsl | 1 |;{ I

CMS Limits —

DO Limit 0o

LEP Limit = |

AKv : | Wy -0.410 - 0.460 4.6 fb::

| | Wy -0.380 - 0.290 5.0 fb

: | WW -0.210-0.220 4.9 fb™

— WV -0.110-0.140 50 fb™

= | DO Combination  -0.158 - 0.255 8.6 fb™

L. LEP Combination -0.099 - 0.066 0.7 fb

A — Wy -0.065 - 0.061 4.6 fb™
Y — Wy -0.050 - 0.037 5.0 fb™’
— WW -0.048 - 0.048 4.9 fb"

— WV -0.038 - 0.030 5.0 fb™

FoH DO Combination  -0.036 - 0.044 8.6 fb™

1 »14 LEP Combinatilon -0.059 - o.?17 0.7 o

P
-0.5 0.5 1 1.5
aTGC Limits @95% C.L.

Kalanand Mishra, Fermilab 23/ 20




Summary of aTGC measurements II

Feb 2013

L|m|ts on Zyy and ZZy coupllngs

b ! I ! I ATLAS leltsI l ILI I
CMS Limits —
CDF Limit —
H! — Zy -0.015-0.016 4.6 b
3 H Zy -0.003 - 0.003 5.0 fb™’
| Zy -0.022 - 0.020 5.1 fb™"
HZ — Zy -0.013-0.014 4.6 fb”
3 — Zy -0.003 - 0.003 5.0 fb"
| Zy -0.020 - 0.021 5.1 fb™
y — Zy -0.009 - 0.009 4.6 b
h,x100 A
4 H Zy -0.001-0.001 5.0 fb
— Zy -0.009 - 0.009 4.6 fb"
hZX1 00 1
H Zy -0.001 - 0.001 5.0 fb
1 1 l 1 1 l L 1 1 1 l | 1 1 I 1 L L 1 l | 1 L L
-0.5 0 0.5 1 1.5 x10"

aTGC Limits @95% C.L.

Kalanand Mishra, Fermilab
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CMS

Summary of aTGC measurements III

Limits on ZZy and ZZZ couplings

I | I | | | | I | | | I I

| | | I | I I | | I |

ATLAS Limits ILI

CMS Limits —
y — 77 -0.015-0.015 46 b
f4 — z2Z -0.013-0.015 5.0 fb™
¢z — z2Z -0.013-0.013 4.6 fb"
4 | | yard -0.011-0.012 5.0fb™
y — z2Z -0.016 - 0.015 4.6 fb™’
f5 — zZ -0.014-0.014 5.0fb™
7 — Y74 -0.013-0.013 4.6 b
f5 — z2Z -0.012-0.012 5.0 fb™

.-015....6....0|5....;....1!5..)(.10_.1

aTGC Limits @95% C.L.

Kalanand Mishra, Fermilab 25/ 20
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[Probing quartic couplings via yy—=WW process 2

CMS analysis:

Search for exclusive and quasi-exclusive
two-photon production of W*W+ in the
fully leptonic channel, pp — p®W*W-p)
— pHute¥pi)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/
PhysicsResultsFSQ12010

W+

Also investigate the tail of pt(p*e¥) in the
region where the SM yy - WW

contribution is small to look for pure aQGC

Kalanand Mishra, Fermilab 26/ 20




CMS

How sensitive we are to aQGC ? :

Since backgrounds from same-flavor decays of W*W~™ are huge,
only p*e* channel is considered on quasi-exclusive signal.

CalcHEP+Pythia -- CMS Simulation 2011, Vs=7 TeV

> 4r
8 I A =500 GeV; Ep =3.5TeV; p=2.0
o 35 L] SM: a/A%=0.0 GeV'®; al'/A®=0.0 GeV™
L al'/A2=-0.0002 GeV'%; aV/A%=0.0 GeV2
[ -
o 3 1|_|_ ---------------- al/A?=+0.0002 GeV'%; alV/A%=0.0 GeV™
- - — — a}iA’=-0.0003 GeV% al¥/A*=0.0 GeV
25:; r;j- 2 2
ods | al/A?=+0.0003 GeV%; al/A%=0.0 GeV’
201 I
1.5 4= -1 - A few 100 x more sensitive than LEP
— I ! - - L]
i I combined. More sensitive than VVV.
- 1
= 3
i a

ey | IL |_ r;rrlTT_”Llh'I“q”'l' . '—'ﬁ“—l hbld
100 150 200 250 300 350 400 450 500
p, (€7 [GeV]

o
(o))
o

Kalanand Mishra, Fermilab 27120




CMS

yy—WW: CMS analysis details

Event Selection:

elepton pt > 20 GeV, |n| < 2.4, isolated and well-identified
'm(ute¥) > 20 GeV, pr (u*e¥) > 30 GeV (to reduce yy—t+1-)
*No extra tracks associated with y*e* vertex

Selection step Signal e x A Visible cross section (fb) Events in data
Trigger and preselection 28.5% 14 9086
m(u*e¥) > 20 GeV 28.0% 14 8200
Muon ID and Electron ID 22.6% 1.1 1222
u=e¥ vertex with 0 extra tracks 13.7% 0.7 6
pr(p*e¥) > 30 GeV 10.6% 0.5 C 2 D

CMS Preliminary 2011, {s=7 TeV, L=5.24 b
— T T

—e— Data

(Expect 2.2 + 0.5 signal, 0.84 £ 0.13 bkgd)

-
N
o

B LPAR yy—y'y (double-diss.)
[ LPAIR yy—u' (single-diss.)
[ LPAIR yy—u*u (elastic)

I PYTHIA Z2 DY v*v
I PYTHIA Z2 DY w*w (Tune CT10)

—_
o
o

Events /5 GeV
B
[

o]
o

Use exclusive uy*u~ production as
benchmark to validate efficiency
of vertexing and exclusivity
selection and pileup dependence.

(o]
o

N
o

N
o

Data/MC

28/ 20




Got 2 candidate yy—=WW events in 7 TeV data
Event #2

"s'. /'l I' __"\." ‘.Il jl// l-
~GMS Exparithgnt gt LHC, z@éwﬁ
Oamewéf Sep 19.-,92596:&:1 CEST)
o Y '

f '\

RunEver£A72201/ 318072026

AR L sncigen 23—
N A
/ . S o A ,

\ S aard

o(pp = pPHIWFTW=pl) — pMyEeFp)) =215 b,
SM prediction = 3.8 £ 0.9 fb (including uncertainty in proton dissociation)

Kalanand Mishra, Fermilab 29/ 20




Events/30 GeV

CMS

Kinematic distributions of signal-like events

8 CMS Preliminary 2011, Ys=7 TeV, L=5.05 fb
[T T T T T T T T T T T T T T T

7 ¢ JEloaa B orell-van ot

£ Inclusive ww B8 Diffractive WW'

CMS Preliminary 2011, Vs=7 TeV, L=5.05 fb"

Events/0.2

6 Elasticyy - vt & Inelastic yy - v't _E

i —— Wijets
- Data - Drell-Yant*t’ 5pD: ! :Y WW (M) " -
~ Inclusive W'W B8 Diffractive W'W' acoplanarity -

—— Elasticyy = t*v" = Inelastic yy — t*t

B —— Wiets

..E1astic region

\
’

— yy = W'W (SM) - I E
o e NSNS ]

..... — W'W (20W=2E-4, aCW=0. A=500GeV 0 01020304 0506070809 1
T ( - - 1A dlen)/l

CMS Preliminary 2011, Vs=7 TeV, L=5.05 fb"'

--------- vy = W'W (a0W=-2E-4, aCW=-8E-4/K=500GeV) S B Preiminan 200, [eT TV L5050
8 7 i - Data - Drell-Yant*t ]
o L == inclusive w'w BB Diffractive W'W"
g 6 } —— Elasticyy — vt —— Inelastic yy — vt {
............... 2 [ [ = Waets
§ 500 —y—wwsw g
LUl

......
1 —> % | invariant mass
=1 | e . T S 2* | *
0 50 100 150 200 250 300 et
p_(eu) [GeV] % 100260 AOTSHTR00 70050555 00

m(eu) [GeV]
Kalanand Mishra, Fermilab 30/ 20




CMS

Limits on aQGC

Observe no events in the high pt region where SM contribution is small

within the acceptance of pr(y, e) > 20 GeV, |17(u, e)| < 2.4, pr(p*eT) > 100 GeV:
o(pp = pHWTW—p™ o pMpEeFpy < 1.9 b,

" Limits on aQGC without form-factors (LHC preferred way): A

—2.80 x 107% < alY /A% < 2.80 x 107® GeV 2 (a¥ /A% = 0,no form factor),
(—1.02x107° < af /A* < 1.02 x 107° GeV™* (ag /A* = 0, no form factor),

Limits using a form-factor:
—0.00017 < ap /A% < 0.00017 GeV~2 (a /A? = 0,A = 500 GeV),
—0.0006 < al / A? < 0.0006 GeV 2 (ag /A* =0, A = 500 GeV),
where the dipole form factor is

W ” ”&’c W,y = vy center of mass energy
ao,c(wfn) = (1 W2 \ P’ p = a free parameter = 2 by convention
T TF)

Two orders of magnitude more constraining than the LEP combined limit.
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o . CMS
Limits on aQGC: contour and signal strength Z
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Events/30 GeV

CMS

yy—WW: more kinematic plots

CMS 2011, Ya=7 TeV, L=5.05 fb" CMS 2011, =7 TeV, L=5.05 ib”
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CMS

yy—WW: control region

CMS 2011, fS=7 ToV, L=5.24 ity

Z reglon (70 < miiep) < 108 GeV)

PETEETSN BPEEE SPErE R R

1- g {ppM/nd
CMS 2011, f=7 ToV, L=5.24 fts"

Z reglon (70 < mip) < 108 GeV)

—— Ot
I LA ey (oetie-snaociation
D LPAR yre 'y’ (Wagie-Susocisien)

Evenis /026GeV

[ womnrrrs o
[ Prmeazz o (Tuse CT10H

p, () [GeV]

Kalanand Mishra, Fermilab

CMS 2011, f5=7 ToV, L=524 tt*

mijy) > 20 GeV with Z reglon removed

—— Duis

I PR ey (ouble-chesscistion)
Dwnmnrm
[ LA repye indastey

] rmmwmzzor e

[ PYTAZZOY ek (Tune T

CMS 2011, f5=7 ToV, L=524 it"

3

mijy) > 20 GeV with Z reglon removed

—— Duia

[ LPAR repy (ntie-chensclation
[ WP yrepie (ingie-casociation)
] LPAn ey inastiy

[ ryazzoves

[ PYTHAZZOY ik (Tane OTH)

E\or_\.. tgzseov

3 ';'; “‘_\_ e L s "
18 2 26 3 356 4 45 ¢&
P, ) [GeV]

34/20




yy—WW: systematics I

cMms

Region Data Simulation Data/Simulation
Elastic 820+ 29  906.2 + 30.1 0.905 + 0.044
Dissociation 1312+36 1829.5442.8 0.717 +0.026
Total 2132 +46 2735.7 +£52.3 0.779 4+ 0.023
ay /A* [GeV~7] 0 2 x10~* —2x107*% 7.5 x107° 0
ay /A2 [GeV—2] 0 0 -8 x10~* 0 2.5 x 103
A [GeV] - 500 500 No form factor | No form factor
Efficiency 30.5+5.0% | 29.8 +2.1% | 31.3 +1.8% 36.0+1.7% 36.3 +1.8%

Table 5: Signal efficiency of all trigger, reconstruction, and analysis selections, relative to the accep

tance

[pr(pe) > 20 GeV, |y(u,e)| < 24, pr(pe¥™) > 100 GeV] for the Standard Model and for four
representative values of the anomalous couplings a / A? and ap /A2, with and without form factors.

Kalanand Mishra, Fermilab
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cMms

vy—WW: systematics II

Uncertainty
Trigger and lepton identification 4.2%
Luminosity 2.2%
Vertexing efficiency 1.0%
Exclusivity and pileup dependence 10.0%
Proton dissociation factor 20.0%

Table 4: Summary of systematic uncertainties affecting the signal.

Region Data Sum of MC backgrounds MC 7y — WTW ™ signal
Inclusive WHW— 43 462+17 1.0
Inclusive Drell-Yan 7+~ 182 256.7 £10.1 0.3
Exclusive 9y — 71~ 4 26108 0.7

Table 3: Background event yields for the three orthogonal control regions.
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k-factor depends on photon pr

Requiring only pr'> 10GeV, |n,| < 2.5

aMC@NLO, PP>WWA@8TeV LHC, without W decay

CMS

23 Becomes flat (=2) at high photon pr

22

2.1
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Note: W—jj's k-factor is (1+as/mt)~1.04, which is quite small
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CMS

Attempt to compute k-factor using VBFNLO

Compute k-factor independently using a different generator. Since
VBFNLO doesn’t have WWy semi-leptonic final state, try WWZ as proxy.

VBFNLO 2.7.0 -- BETA 2 (Configuration setting in the backup)

PROCESS: 401 :pp-->W+W-2Z-->q q~ e-ve~ e- e+ Note:

TOTAL result (LO): 0.132 + 9E-005 fb (1) It Is WWZ, not WWA,

TOTAL result (NLO): 0.333 + 2E-004 fb no Pta cut here

K-Factor: 2.535 (2) Scale: WWZ invariant
mass (VBFNLO default for

PROCESS: 402 :pp-->W+W-Z-->vee+qq~e-e+ this process).

TOTAL result (LO): 0.127 + 1E-005 fb (3) PDF's : Cteq6ll for LO

TOTAL result (NLO): 0.338 + 4E-005 fb and CT10 for NLO

Factor: 2.654

Difference between aMC@NLO and VBFNLO might be due to different scale
and PDF choices, and also due to intrinsic differences between WWZ vs WWy.
We are investigating it further.
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[Computation of scale and PDF uncertainties

* Reweight to get scale dependence and PDF
uncertainty Ref: arXiv1110.4738

Factor 0.5/2 around
certral scale

Scale uncertainty j PDF uncertainty

MSTW2008nlo68cl

3x3 values of
weight

1 central + 20 pairs

8S = max — min

arXiv: 0201195v3  Eq(3) ]

7

.

[ S

(\; )~ X(S J)lj
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Information on VBFNLO cut parameters

minimum jet pt (PT_JET_MIN): 30.00 30.00 30.00

maximum jet rapidity (Y_JET_MAX): 4.5000000000000000
maximum parton pseudorapidity (Y_P_MAX): 5.0000000000000000
minimum jet-jet R-separation (RJJ_MIN): 0.50000000000000000
minimum number of jets (NJET_MIN): 2

exponent of generalised kT algorithm (PGENKTJET):
1.0000000000000000

minimum lepton-lepton R-separation (RLL_MIN):
0.50000000000000000

maximum lepton-lepton R-separation (RLL_MAX):
50.000000000000000

minimum jet-lepton R-separation (RJL_MIN): 0.0000000000000000
minimum jet-photon R-separation (RJG_MIN):
0.50000000000000000

minimum lepton-photon R-separation (RLG_MIN):
0.50000000000000000

minimum photon-photon R-separation (RGG_MIN):
0.50000000000000000

maximum photon-photon R-separation (RGG_MAX):
50.000000000000000

maximum lepton rapidity (Y_L_MAX): 2.5000000000000000
minimum lepton pt (PT_L_MIN): 25.000000000000000

minimum invariant dilepton mass (MLL_MIN):
30.000000000000000

maximum invariant dilepton mass (MLL_MAX):
14000.000000000000

maximum photon rapidity (Y_G_MAX): 1.5000000000000000
minimum photon pt (PT_G_MIN): 30.000000000000000

photon isolation cut (PHISOLCUT): 0.69999999999999996

Kalanand Mishra, Fermilab
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efficiency of photon isolation cut (EFISOLCUT):
1.0000000000000000

minimum invariant lepton-photon mass (MLG_MIN):
0.0000000000000000

maximum invariant lepton-photon mass (MLG_MAX):
1.0000000000000000E+020

minimal missing transverse momentum (PTMISS_MIN):
30.000000000000000

minimum jet rapidity separation (ETAJJ_MIN):
1.3999999999999999

tagging jets in opposite hemispheres (YSIGN): F

leptons fall inside rapidity gap (LRAPIDGAP): F

min leptons y-dist from tagging jets (DELY_JL):
0.0000000000000000

photons fall inside rapidity gap (GRAPIDGAP): T

min photons y-dist from tagging jets (DELY_JG):
0.0000000000000000

dijet min mass cut on tag jets (MDIJ_MIN): 72.000000000000000
dijet max mass cut on tag jets (MDIJ_MAX): 98.000000000000000
veto criteria for jets (JVETO): F

minimum veto-tag y-dist (DELY_JVETO): 0.0000000000000000
maximum |y| for veto jet (YMAX_VETO): 5.0000000000000000
minimum pT for veto jet (PTMIN_VETO): 10.000000000000000
definition of tagging jets (DEF_TAGJET): 1

minimal pt for harder tagging jet (PTMIN_TAG_1):
30.000000000000000

minimal pt for softer tagging jet (PTMIN_TAG_2):
30.000000000000000
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[Probing quartic couplings via qq—WW VBF

p\// tag jet

Kalanand Mishra, Fermilab
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CMS

[WW production and TGC

Need to measure WW production rate first !

: Gauge
WW production Y couplings
at Leading Order: to fermion

q W
s-channel W t-channel

q

e Each diagram is divergent but the sum is finite !!!
e Higher order contribution is large: ~60% of the LO !
(see backup for details, if interested)
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CMS

Anomalous couplings in WW/WZ production

5 independent couplings remain after assuming basic symmetry

Lonom = igwwz [Aglz (Wi, WHZY — W, W*Z") + AP W W, 2"

AZ * v . § * v Aﬂi * v
+F;.2VW W Z ”} + igww- [An‘f WIW, A + 2z w; Wity P],
( Equal coupling (HISZ) parametrization h
Akz = Ag? — Ak, - tan® Oy Az =X, = A
\Further assume that Ag,% = 0 (SM), leaves two parameters: A, , AKD
———————— LEP combination Tevatron (D)
oupin article pata rou 1 .
A pling TR P @ 95% CL arXiv:1208.5458
Az 0.088“_L08'08%3;7<— [-0.026, 0.208] Az: [-0.039, 0.042]
At RTINS Axy: [-0.049, 0.124]
2K7 DO [-0.063, 0.115] Note: assumes form
K7 0.026™ ¢ 056

ATLAS (@rxiv:1208.1390) Az:  [-0.057, 0.093], Aky: [-0.37, 0.57] factor of 2 TeV
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CMS

Limits from WW/WZ—-¢vgq measurement

Use hadronic W prt as the observable

CMS JLdt=5.0fb" (s=7TeV
> S e~ Data | 1 ¢
®10° WW+WZ =
S muon data | g o ] <
8 10* I top E
~ [ Qcb 3
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c i i‘»haopgsur;certgmtv 3
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Anomalous couplings show up in
high pt tails. Model using MCFM.
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4 Improve upon the LEP
limit in some cases.
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Thinking of future: weak interaction @ high E Z

Without Higgs boson, WW scattering becomes divergent

M i?ﬂf:; :}i gff; (1 4 cos)

unitarity violated:

(With Higgs boson grows as E2

: iiw s

_____ " | g2 F2

H : = 1+ cosé
V;} ) 4 (1+ coso)

no problem now!

Higgs exchange needed to prevent unitarity violation in WW
scattering at high energies or New Phenomena possible. With
20/1b, lvjj sensitive to weakly produced NP at 1 TeV.

Ballestrero et al, JHEP 1205, 083 (2012) [arXiv:1203.2771]
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