tal Challenges or the LHC Run
. 1
{ITP Santa Barbara

.
o

£

‘ } o

. ‘. ; ; S 7 -
e o e ,"’f"‘f : -
+ Hra - - N "7,'4(
Herndon "
K T = - 4
Ty NV -
s .

e

*




@ Multiboson Production and AC

MMMMMMM

_
 Fundamental test of Standard Model

« Multiple vector boson interactions possible due to the non-Abelian
gauge structure of the Standard Model

* Results in tree level triple and quartic gauge couplings, TGCs and
QGCs

» Electroweak (EWK) component of interactions precisely predicted by
SM
* Probe for new physics though anomalous couplings

 Indirect search for tree or loop effects of massive new particles in
Anomalous Triple Gauge Couplings (aTGC) and Quartic Gauge
., Couplings (aQGC) >

~Quartic coypting especially se

TGC

Matthew Herndon, Wisconsin, KITP 20316 2



Vi alGC Searches

MMMMMMM

e
« General search for new physics in the gauge sector

— Search new physics at high energy scales in single- or di-
boson final states

— Energy scales can be higher the LHC kinematic reach
— Tree level or loop level NP contributions
— NP can add anomalous contributions to TGC vertices

« EWK interactions precisely predicted by the SM
— Diboson cross sections predicted at NLO, NNLO (QCD) and
NLO (EWK) q
— Significant deviation
would indicate new physics
— New physics typically leads to high pT
vector bosons and large diboson masses £

s-channel
Matthew Herndon, Wisconsin, KITP 2016 3
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Wishmen aQGC Searches
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General search for new physics in the Gauge 2
and Electroweak symmetry breaking sector
(EWSB)

— New physics in Vector boson scattering VBS and
triple gauge boson production
EWSB sector is one of the least explored part of1
the SM.

— Current measurements leave room for non SM
physics
Examples: Exchange of new heavy particles
such as extra scalars (additional Higgs) or new
gauge bosons (from extended gauge groups of

unification models) - )

In VBS NP changes how unitarity is preserved at T

high CM scattering energy th mu-

— New physics would be evident at high energies in 2 N
distributions dependent on the center of mass of the, u .



wes=  alGC Results and Discussion
-
« aGCvs EFT
 Charged aTGC
- Wy, WW, WZ, WV (V =W or 2)
— Charged TGC couplings present in SM — searching for deviations
— WZ as an lllustrative example

 Neutral aTGC
— 7y, 727

— Neutral TGC effects forbidden in SM — new physics generally
caused by higher order operators

— Zy as example
* |ssuesin alTGC
« Summary plots
 alTGC in Run Il

Matthew Herndon, Wisconsin, KITP 2016 5



@ Anomalous Couplings or

TTTTTTTTTTTTT

WISCONSIN Effective Field Theor

 Anomalous gauge coupling (aGC) approach

— Consider all possible combinations and types of gauge
boson interactions
« Generally based on naively possible Feynman diagrams
« Specify coupling constants for each one
 Allows very arbitrary couplings
« Doesn’t consider effect of these new couplings would have in loops

— Can develop a reduced parameterization to obey expected
symmetries, typically

. SU(2)xU(1) with e
. ' . . = v =1(SM
SU(2). custodial symmetry which fixes Moo (g, ) (SM)

« Constraints on C/P violation
— Dependence on g2 can be introduced via a form factor

— HEP approach to aTGC has previously been through
anomalous couplings

Matthew Herndon, Wisconsin, KITP 2016




@ Anomalous Couplings or

TTTTTTTTTTTTT

WSCONSIN Effective Field Theorz
-

« Effective field theory
— Generally based on considering possible Lagrangian terms

— SM can be represented by an effective field theory

 All D4 (mass dimension) operators allowed by SU(3)-xSU(2) xU(1)
symmetry

» Operators constructed as products of the fields

— Important if you have a light Higgs (linear realization of SU(2)) or no Higgs or
heavy Higgs (non linear realization of SU(2)).

— To add new physics add higher order operators that respect
symmetries

« Higher order operators suppressed by a new physics scale 1/A"™
— If due to a new particle A is order the mass of that particle
— N large enough that the exact form of a possible propagator is irrelevant

— Generally due to previous constraints and direct searches we know that A is
large

lowest order operators will have the largest impact

D6 is the lowest interesting order for gauge boson interactions
Automatically respects symmetries we expect

Can represent a tree level new particle or a loop effect

Matthew Herrdot JWigl@nisitoam fposv to calculate loop effects 7



Vi Example: Fermi Theory

MMMMMMM

.
« Effective field theory approach

— Introduce a new operator for 4 fermion interaction.

— Sin12plest operator at higher order, must be suppressed by a mass factor:
c/\

— Essentially representing a particle exchange
« Consider ihe propagaztorlan couplings of the weak fprcle
g -

> > RN g > 1+ qz q2<<M§V ) - g >
8 ¢g°-M;, 8 M\ M, 8 My
c _G._g 1 |
> = = > Where g is a constant of order 1
L2 J2 8 M}

— At low energies the weak interactions presents as a simple contact

interaction with strength given by a coupling constant suppressed by a mass
to the appropriate power

— Weak force fully explored by considering various operators with conserve or
violate C and P analyzing their effects on distributions such as angular
distributions

Matthew Herndon, Wisconsin, KITP 2016 8



e Example: Charged aTGC

MMMMMMM

w I
agrangian in the Charged Sector
Loy _:g;ﬁﬂfml (WEW ™ — WHW VY ey WEW V-

V=qgZ/

WV, Ewwg =~ 6 Ewwz — ecotg,

g =g =Kk, =k,=1/1,=1,=0
« Anomalous coupling approac
— General TGC Lagrangian has 15 couplings

— Enforcing SU(2)xU(1), C and P symmetries reduces this to 3
» Closely related to SM terms that respected the gauge symmetries

Dg/’, Dk, =Dk - Dg/ tan°q,,D/ , = D/,

— Aggressive reduction since C and P may be violated

« Angular analysis needed to distinguish C and/or P conserving and
violating cases: not currently done at LHC

";IW

Matthew Herndon, Wisconsin, KITP 2016 9



Example: Charged aTGC

W I
 Effective field theory approach
— SM Lagrangian + operators allowed by s\vmmeatriac
— and add D6 operators L=Loy+ Y %Q +.
* Linear realization (light Higgs included) 1 :
Owww = Tr[W,W"*W¥ D=8y + 507 W, + 50'B,
Ow = ( D#:I:]’F[f{f#”{ D,®) W, = %gff(aﬂwj — W, + gergx W, JWJ)

Op = {D#:I))JFB#U(DL*{I}) B, = gg’(ava —0,B,)
— Multiplied by terms to get the correct dimensions

c c, Cp ,_C.Mm, _ ) m; 3¢ g'm;
RATEATE Dg/ = "2 Dk, —(cw- ¢, tan qW)Z—LWZ,/Z == U
— Note: without a light Higgs (nonlinear realization)
* Includes a generic goldstone boson and D, is chosen to enforce SU(2).
« different lowest order terms will respect the symmetries
1 ) occurs as A/M? correspond to a D8 term, suppressed by A#

« Dimension counting partially assesses strength of anomalous

Matthew Herndorcﬁ %Egrpsll%tmszom 10




0 WZ aTGC

WISCONSIN
R e
e WZ aTGC search ATLAS STDM-2014-02

* Integrated into an analysis including total and differential cross
section measurements

 Demonstrates excellent understanding at NLO accuracy of
basic distributions used for NP aTGC (aQGC) searches

N b "<0.04F | _Observed

2 = B ) ATLAS -- Expected ]

© - \s=8TeV,20.3fb" ATLAS 0.03F 1s=8Tev, 203" @ +1o expected

< 5 - [ +2c expected -

N [ eData2012 0.021 E

-.-c:)b; 4 :_ I Powheg 0.01F 3
P L e MC@NLO 0:

—0.015— ~

~0.02F .

F ~0.03F WZ > FviT 3

I~ :l I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I :

O: -0.04 -0.02 0 0.02 0.04 0.06

0 100 200 300 400 500 600 0 o AGE
m¥Z [GeV] Best limits on Ag?, and A, 1

Matthew Herndon, Wisconsin, KITP 2016 11
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v, Issue: Unitarity

TTTTTTTTTTTTT

MMMMMMM

 Unitarity
« Higher dimensional operators
are typically not
renormalizable
« Will violate unitarity at higher
energy

* Minimal approach

» Check if unitarity is violated at
the energy scales probed by -0.04f

1 I 1 ] 1 1 I 1 1
ATLAS
\s=8TeV, 20.3fb"

LI I LI L I I

o

o

»
.

©

(@)

Y
III

o
IIIIII

95% CL interval on A?
(-]
(@]
>

O
o
(\®)
IIII

— Observed
- - Expected

|IIlIIIllIIlIIIlIIIIII]IIIIII-

your interaction [ +1o expected
« Answer, No: aC or EFT -0.06 Dizc expe;tedd
i i — Unitarit
approach is okay .0.08F | | nianty 10“” |

0 5 10 15 20 25

>

For Ag?; and A, WZ shows unitarity violation is above 10 TeV.
aQ/EFT approach is fine for reasonably high energy NP. Worse for

Matthew Herné%}EZNisconsin, KITP 2016 12



TTTTTTTTTTTTT

MMMMMMM

« Strategies for Unitarity

violation
 Form factors, actual new
physics will introduce term
like a form factor
* Disadvantages
* Real factor might not be
the dimension you
choose
» Doesn’t account for
Issues like widths
* You don’t know the actual
NP scale
* Model: Probes specific (well
motivated) new physics
« Disadvantage
« Many models with no
Indications of the correct

one
Matthew Herndon, Wisconsin, KITP 2016

Issues: Unitarity

-
Ao Coupling Expected Observed

AgZ  [-0.023;0.055] [ —0.029 ; 0.050]

2 TeV ArZ [—0.22;0.36] [ —0.23 ; 0.46]
A [—0.026 ; 0.026] [ —0.028 ; 0.028]
Ag?  [-0.016 ; 0.033] [—0.019 ; 0.029]

15 TeV AgZ [~0.17; 0.25] [ —0.19 ; 0.30]
A% [—0.016 ; 0.016] [ —0.017 ; 0.017]

AgZ  [-0.016 ; 0.032] [—0.019 ; 0.029]

0 Ar? [—0.17 ; 0.25] [—0.19 ; 0.30]
Az [—0.016 ; 0.016]  [—0.016 ; 0.016]

WZ Ag?, and A, results show no form
factor dependence above 5 TeV energy.

If we saw lower scale new physics we
could compare against form factor energy
dependences to estimate the scale

13



Issues: Constraints

TTTTTTTTTTTTT

MMMMMMM

.
« Constraints in anomalous coupling approach

— General TGC Lagrangian has 15 couplings
— Enforcing SU(2)xU(1), C and P symmetries reduced this to 3
— Aggressive reduction since C and P may be violated

« Can reintroduce C and P violation
— LHC not often that sensitive

« Can remove SU(2)xU(1) constraints or apply different ones

Scenario Parameter Expected Observed Expected Observed
A= oo A =7 TeV ATLAS STDM-2013-07
Ag [£0.408 0.524] [0.215,0.267] [-0.519,0.563] [-0.226,0.279]
_ A [-0.053,0.059] [-0.027,0.042] [-0.057,0.064] [-0.028,0.045] ATLAS WW:

No constraints AZ [-0.039,0.038] [-0.024,0.024] [-0.043,0.042] [-0.026, 0.025] :
scenario AP [-0.109,0.124] [-0054,0002] [-0.118,0.136] [-0.057,0.009] Releasing

b [-0.081,0.082] [-0.051,0.052] [-0.088,0.085] [-0.055,0.055] constraints

Ag [0.033,0.037] [0016,0.027] [-0.035 0.041] [-0.017, 0.029] .
LEP A [-0.037,0.035] [-0.025,0020] [-0.041,0.038] [-0.027, 0.021] weakens limits.

AZ [-0.031,0.031] [-0.019,0019] [-0.033 0.033] [-0.020,0.020]
HIS7 AKE [0.026,0.030] [-0.012,0.022] [-0.028,0.033] [-0.013,0.024]

A2 [-0.031,0031] [-001%,0.019] [-0.033,0.034] [-0.020, 0.020] However, order of

. [0.041, 0.048] [0.020,0.035] [-0.045 0.052] [-0.021, 0.037] - ;

Equal Couplings 2 [-0.030,0.030] [-0.019,0.019] [-0.034,0033] [-0.020, 0.020] magnitude doesn't

Matthew Herndon, Wisconsin, KITP 2016
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TTTTTTTTTTTTT

MMMMMMM

Zy alGC

« Zy = vvyaTGC search
- Integrated into total cross section analysis Stbmitted to PLB

« Compared to NNLO (QCD) cross section prediction
* Uses py, distribution for aTGC search Best limits on ZZy Zyy

CMS PAS-SMP-2014-19

couplings.

v | o sseem

5" cMs i h3 operator c/A2
107f 0_/ ]

10'2j i - -

001 o T . Analogous to WZ case these
SO I limits don’t have unitarity
Fofie——H—— ] owi oo 0o g issues for reasonably high

200 300 400 500 600 700 800 Ef([)&ebc]loo energy neW phySICS
Couplin h3 lower limit | h3 upper limit | h4 lower limit | g upper limit

ping PP PP

77 —1.5x 1072 1.6 x 10> —3.9x107° 4.5 x 10~°

Zyy —1.1x1073 0.9 x 1073 —3.8x 107 43 x 107°

Matthew Herndon, Wisconsin, KITP 2016
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m NNLO QCD and NLO EWK

TTTTTTTTTTTTT

MMMMMMM

« NLO, NNLO QCD and EWK corrections affect the total cross
section and shapes of distributions as a function of energy
« SM corrections known and substantial at high energy
« NLO QCD MCs with aGC new physics becoming available
* New physics effects could be substantial

QCD/EWK-NP correction factorize to first order (Higgs experience)
 EWK effects could be large

0

QCD and EWK effects on SM are T T
large and often opposite directions. % el "y FI—
S 30 | i
. . . =i i TP s
Corrections available in SM cases © A0 s TN
-50

| | | | | | | |
100 200 300 400 500 600 700 800 900 1000

In principle NLO QCD or EWK effects

150

can be treated in a MC in the EFT = 100l -
=~ e e m QCD ----------
framework. 5 % Mr,,,,f%;m

JHEP 02 (2016) 057 I ‘ . . . ‘ ‘ . S
Denner, Dittmaier, Hecht, Pasdﬂ‘fl 200 300 400 500 600 700 8OO 900 1000

Matthew Herndon, Wisconsin, KITP 2016 pT,'y[GeV]
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alGC Summary

WISCONSIN

MADISON
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i Wy [-5.0e-02,3.7e-02] 50fp" 7TeV — Wv -3.8e-02, 3.0e-02 5.01b': 7 TeV
H Ww [1.9e-02, 1.9¢-02] 2031b" &TeV e DO Comb. [-3.6e-02,4.4e-02] 86fb' 1.96TeV
) [ LEP Comb. [-5.9¢-02,1.76-02]  0.7fb' 0.20 TeV
— WwW [-4.8e-02, 4.8e-02] 491" 7TeV oF — WW 3.90-02. 5.26-02] 46" 7 TeV
! ww [-2.4e-02, 2.46-02] 19.4fb"' 8TeV ! — Ww -1.6e-02,2.7e-02] 203" 8TeV
~ e IR = A R L
- Wy [-3.86-:02,3.06-02] 50" 7TeV —_— Wz 5.7¢-02,9.3e-02] 46f’ 7 TeV
[ DO Comb. [-3.6e-02, 4.46-02] g6f' 1.96TeV — wz -1.9¢-02,2.96-02] 203 fo" 8TeV
o LEP Comb. [-5.9¢-02,1.7e-02] 07fb" 0.20 TeV — Wy [-5.5e-02, 7.1e-02] 4-5"3:: 7 Tev
L R P R N R —— DO Comb. [-g-:e'gg- g-‘:e-gg] 861’ 1-9633
-0.5 0 05 1 .15 L. T . LEP Comb. [54e02.21e02]  07{" 020Te
aTGC Limits @95% C.L. -0.5 0 0.5 1
aTGC Limits @95% C.L.
Mar 2016 he — Mar 2016 —
ar CMs
coF — imi ATLAS
Channel Limits Juan : Vs Channel Limits ILdt Vs
—i Zy(ly,vvy) [-1.5e-02,1.6e-02] 46" 7TeV
s ' | -1.56-02, 1.56-02 " 7TeV
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H Zyivwy)  [1.1e-03,9.0e-04] 196" 8TeV — 7z (212v) [3.6e-03,3.26-03] 247" 7.8TeV
b i Zy(lywvy) [-2.2e-02,2.0e-02] 51fp'  1.96 TeV — ZZ (comb) [-3.0e-03,2.6e-03] 24.7ib" 7.8 TeV
" Zrlhwvy) 113002, T4e-02] 410" 7TeV . : : 77 [130.02,13602] 45t 7TeV
— Zy(lyvvy) [27e-03,2.7e-03] 50f" 7TeV s
PR -4.06-03, 4.0e- 3
— Zy(lky) [-3.86-03,3.7¢-03] 19.51b' 8TeV z [4.00-03,4.00-03] 196 fb1 8Tev
— Zywy)  [150:03,16e03 1961 8TeV — 7Z (2l2v) [27e-03,3.2¢-03] 247fb" 7,8TeV
[ | Zy(lywvy) [-2.0e-02,21e-02] 51! 1.96 TeV — ZZ (comb) [-2.1e-03,2.6e-03] 24.7fb" 7.8 TeV
W [ —— Zy(lywvy) [-9.4e-05,9.2e-05] 46fb' 7 TeV ¢ } | 77 [-1.6e-02,1.5e-02] 46fy' 7TeV
5 5
— ;yz::;vw) {-1.5e-05.1.5e-05} 5.0 fb" 7 TeV I 7z [-5.0e-03, 5.0e-03] 19.6fb" 8 TeV
— 41 -3.6e-05, 3.5e-05 19.5ib" 8 TeV 1
330 - 7.8 TeV
H Zylwwy)  [3.86-06,43¢08] 196" 8TeV — Zz(@2v)  [:3.3e-03, 3.6e-03] 24'7“’_1 8Te
z — Zy(lywvy) [87e-05,8.76-05] 46fo’' 7TeV — ZZ(comb) [-26e-03,27e03] 24.7fb" 7.8TeV
‘ — Zy(lyvvy) [1.3e-05,1.3e-05] 50f' 7TeV P ! | 2z [13e-02,1.3e-02] 46f' 7TeV
5
— Zy(ly) [-3.16-05,3.0e-05] 195fb" 8TeV PR 2z [-4.06-03,4.0e-03] 19.6f" 8TeV
a! | - -1
o H L At 139006, 45006] 19617 BTeV — 77 (2l2v) [2.9¢-03,3.06-03] 24.7fb" 7.8 TeV
-0.2 0 0.2 0.4 0.6 .8 x107(h,), — ZZ (comb) [-2.2e-03,2.3e-03] 24.7fb" 7.8TeV
aTGC Limits @95% C.L.  x10%h) L. \ Lo e
-0.02 0 0.02 0.04 0.06
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TTTTTTTTTTTTT

O aTGC - interesting yet?

MMMMMMM

I o
* Are these aTGC limits interesting yet?

» Useful to consider aTGC in effective field theory
Essentially the same as looking for weak force
effect well below the mass scale of the W and Z
h = cm,4/A?

Natural assumption for coupling constant c: order
1

Assumptlon new physics scale. 1to 3 TeV

* 7 FE e e w1107 interesting

G * h4 described by higher dimension
e operator but limits 100x more
stringent

|

]

]

]

]

1

]
80-03,3.7e-03] 195fb" 8TeV
1.56-03, 1.6e-03] 1968M" 8TeV

e-02,2.1e-02] 5.1

)

]

1

)

]

1

1

1

Il Y 8.7e-05, 8.7e-05] 4  3 TeVv

| 3e-05, 1.3e-05] 50fp" 7 TeV . . .. .

. 5 S o « At level of interesting sensitivity.
w02 0 02 04 06 080l
aTGC Limits @95% C.L.  x10°n,
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i alGC in Run I

MMMMMMM

NLO, NNLO QCD issues
— Theory calculations exist - apply as differential k factors
— Factorize for NP so consider applying there also
« NLO QCD MCs
— MCs available with some new physics models — incorporate in analysis
« NLO EWK MCs
— On the way — use when available. In principle NP model could incorporate as well
« Unitarity
— All analysis should check unitarity
— Consider applying form factors in cases with unitarity violation is at low energy scales
« Parameterizations

— Should agree on standard parameterization
— Movilr]g in direction of EFT approach. Interesting parameterizations available including Higgs
couplings

— Keep aGC approach when easily translated for comparison to previous results
* Models

— Encourage groups to test well motivated models when of interest
« Combination

— Many analysis with similar sensitivity. Especially in charged aTGC

— Combination effort in progress, test combination have been done

— Also combination with Higgs measurements in development
 New physics discovery

Matthew HM@@M,‘W%%ﬂgﬁqﬁa&@g@ this when we find it. Angular analysis, energy dependence, multiple 19



TH

wezes aQGC Results and Discussion

MMMMMMM

I
aQGC Parameterizations

VBS and triboson production with photons
— Wy, Zy, WVy, Wryy, Zyy
— Zy and Wyy, Zyy as examples

VBS with Ws and Zs
— Same sign WW, WZ
— Same sign WW as an example

Issues In aQGC
Summary plots
aQGC in Run |

Matthew Herndon, Wisconsin, KITP 2016 20



T aQQCs

MMMMMMM

* Anomalous quartic gauge couplings in effective field
theory

 aQGCs for SM allowed processes introduced at DG6.

— However they are the same operators that modify the (a-)'T'GGSfI‘
Higgs gauge boson coupllngs which will be better measiired

» Lowest in, ' ~— s gre O % (¢*<z>) " (4¢)
0 Ogw = Tr[WHW |
— Example [(Dp{b) Dp‘I’] X {(DPII?} D @}} ¢ (6'9)

Ogp = (¢'¢) B* By,

— You inseD#[I, _ (C} EglI’ _jn:r_ - E_l_jr #%}@uge terms

WWWW, WWZZ,

« All aQGCs that conserve charge are possible 7277, \W\Wyy,
— Note: Previous work in “nonlinear” realization =~ WWZ2Zy, Zyyy,
of SU(2) ,xU(1) symmetry LLYY, 222y

« Symmetries enforced without light Higgs
* Lower dimension D4, D6 aQGCs

Matthew HeerOfﬂu\é{lS,%’”ﬁ}(‘,KHR%%ﬁf witth that winvl, 1T ED 1 LC Iimite alrandyv, et 1n +thAat 21



e For the record: All
D8 aQGCs operators

— Eboli’s notation

* QOperators

— Names based on
vector boson
polarizations

— T: transverse
— S: scalar, longitudinal
— M: mixed

* S operators only
occur for massive
vector boson
scattering
Interactions

— These will be some of
Matthew Hegndon, Wisconsin, KITP 2016

aQQCs

hep-ph/0606118 QGC
at D8 O. Eboli et. Al.

= {(ﬁI)H&Iﬂ)TD,@} X [(D# o)t D’-‘(I»}

(D) D*e] x [(D,®)' D¥0]

[

———
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Evidence Tor eWK Zy and
Wcinsn aQGC

-
o Zy=2lly+2jets CMS PAS SMP-14-018
« EWK cross section measured in VBS phase space: An(jj) and m(j))
US|ng m(”) fit 19.7 fby" (8TeV) mu channel ‘0 19.7 1" (8 TeV)
> (L T I I I O I IO | ||||||||| | ||||||||| ] = _|||||||||||||||||||||||| IIIIIIIIIIIIII
-+ Data 4 5 F cms
8 -gmﬁminary W2 + Jets 1 2 9 Preliminary o
o [ Fake Photon L% g M sgnal
g 102 = [ Top = [ | &Irnu1-ul1ﬂ'mel:gmnds
C EWK Zy+2Jets ] = AQGE signal{ /A =21 TeV"
9 L System:tic Uncertainty_| ! Z8 signal sysiematta uncestainty
E 6 m beckgroumd syskmats unesdamy
= 4
o 5
|_|>J 10 [ E ,
3

200 400 600 800 1000 1200 100 150 200 250 300 350 400 450 500

: M, (GeV) M EGE"-"]I
- 3.00 evidence D8 EFT limits put on fT
« We can see it. Should be a strong for aQGC and fM parameters
« Additional selection for aQGC search, Higher y E; using m(Zy)
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aQGC M, fT, Summary

THE UNIVERSITY

WISCONSIN

MADISON

Mar 2016 CMS —
Mar 2016 MS
ATLAS —1
Channel Limits ,[Ldt Vs Ris Channel Limits J.Ldt \s
ot | . w 3.86+01, 3.8e+01 4t 8TeV fg /A" [E— 1 WVy [-7.7e+01, 8.1e+01] 19.3fp" 8TeV
o i [3.8e+ +01] 194“’_1 — Zy [-7.1e+01, 7.5e+01] 19.7fb' 8TeV
preserrees ! Wyy [-16e+01,1.6e+01] 20.3fb" 8TeV —— Wy [7.76+01, 7.4e+01] 19.7fo" 8TeV
S — I WVy [-2.5e+01, 2.4e+01] 19.31b" 8TeV k-1 ssWW  [3.3e+01,3.2e+01] 19.4fb" 8TeV
i Zy [-3.8e+00, 3.4e+00] 19.7fb" 8TeV Ihl "!Y%ww H -ge+g(1) , 1 .ge+gl1)} 5.1 ft;; 1 ; $ ex
. 0 -4.6e+00, 4.6e+ 19.7 fb e
==l Wy [-5:40+00,5.6e+00] 19.7fo" 8 TeV /A" TR— | Wvy [1.3e+02, 1.2e+02] 19.3fo" 8TeV
F--l ss WW [-4.2e+00, 4.6e+00] 19.41y"' 8TeV — Zy [-1.9e+02, 1.8¢+02] 19.7 fo' 8 TeV
YN t 1 Wyy [-4.6e+01,4.7e+01] 194" 8TeV |—T—|—1 W‘YWW H .i?g?, 1 .§§+gﬁ 131 ;gj g z&
R ss -4.46+U1, 4./€+ K
— Zy [-4.4e+00, 4.4e+00] 19.7fb' 8TeV [ yy—-WW  [-5.7e+01,5.7e+01] 51 fp"' 7TeV
— Wy [-3.7e+00, 4.0e+00] 19.7 fo' 8 TeV [ Yy—>WW  [-1.7e+01, 1.7e+01] 19.7fb" 8TeV
Fl ssWW  [2.1e+00,2.4e+00] 19.41b" 8TeV fua /A7 e Wyy [-256+02,2.56+02] 20.31b" 8TeV
- — Zy -3.2e+01, 3.1e+01] 19.7fp" 8 TeV
fro /A — Zy [-9.9e+00, 9.0e+00] 19.7fb" 8TeV — Wy {_2_6%01] lemm% 19717 8TeV
I Wy [-1.1e+01, 1.2e+01] 19.7fo' 8 TeV fua/A? I i Wryy [-4.7e+02, 4.4e+02] 20.3fb" 8TeV
Fom-el ssWW  [-5.90+00,7.1e+00] 19.4fob' 8TeV — 5\7 [—i-gagl,i-img:] 19.7fb’1 81e¥
. - I — Y -4.5e+01, 4.4e+! 19.7fb" 8Te
frg /A e Wy [-3.8e+00, 3.8e+00] 19.7fp" 8TeV faIA° — Wy “4.0e+01, 4.0e401] 19.7fb" B TeV
fr /A" H Wy [-2.8e+00, 3.0e+00] 19.7 o' 8 TeV T g /A ——I Wy -6.5e+01, 6.5e+01]  19.7fb’ 8TeV
£, /A —— Wy [-7.3e+00, 7.7e+00] 19.7fo"' 8TeV fyg /A° =—— Wy [-1 -3e+02, 1-3e+02] 19.7fb‘1 8 TeV
i : . [ ss WW -6.5e+01, 6.3e+01] 19.4fb' 8TeV
a4 H z [1.8e+00, 1.86+00] 19.7fb" 8TeV T A ———a Wy [1.6e+02,1.6e+02] 19.7fo" 8TeV
frg /A | l_\| | Zy [-4.0e+00, 4.0e+00] 19.7fb' 8TeV ‘ |---‘---| | s wWw [—7.?e+01,6.6e+01] 1‘9.4 b’ 8TeV
| L L | L L | | | | L L | | | | | L L L L 1 1 L L L L L L 1 L L L L 1 L L
-50 0 50 100 150 . -500 0 500 1000 1500 4
. ; .. o y
aQGC Limits @95% C.L. [TeV™] aQGC Limits @95% C.L. [TeV™]

« D8 limits placed on EFT aQGC parameters Are these limits interesting?
« Conversion performed from D6 parameters
* Issue: Unitarity violated at LHC energies for L :
aQGC parameters this large Naive interesting scale
. Strategies: Form factors, k-Matrix unitarization, would be: f/A* =1
or ignore violation understanding that later NP:A=1TeV
analysis will have better sensitivity. f=1
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0 Unitarity

WISCONSIN
. "
« Expectunitarily o BOOO%W fglh* 74 ToV!
(40] 4_ 4
. 7000 — 1, fAt =120 TeV
o M1
violated at modest; . gt Tove
000 '
. . > . — 1, /0% =64 Tev?
energies in VBS 5 5000, e
_ LL] H — +=56 Tev*
NP pertu_rbs 4000} | e e
cancelation between ao00fl | i | i T =A0TeY
- e i TUSESPA S
TGC, QGC, Higgs N e cas e
diagrams e A 1, eV
1000 i A% =77 Tev*

A AR AR SRR AR S
05000 10000 15000 20000 25000 30000
. | . | Ay (GeV)
Unitarily curves with representative coupling constants
Unitarily violated at energies above the curves.

Effect of form factor considered

Generally unitarily violated at modest energies for most parameters!
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0 Zyy,Wyy aQGC

MMMMMMM

N I
Search for triboson production and aQGC in Zyy and

Wy

120~ CMS ® Data
Preliminary I Wy Signal

. Ewdence found for Wyy triboson production, ATLAS
triboson prodGEHEARENS 31802 (2015)

CMS PAS SMP-15-008
[ jet—>y fakes

- Expected, LT0 50 TeV ATLAS checked various choices of

<==== Total uncertainty

Muon Channel form factor exponent. Form factors
e at 500-600 GeV

Observed aQGC limits [TeV "]
evyy Py fvyy

fro/A*  [-1.5,1.5] x 10> [-1.3, 1.3] x 10> [-0.9, 0.9] x 102

n=0 fua/A" [1.4,14] x 10" [1.2,1.2] x 10 [-0.8, 0.8] x 10"

3 40 S0 €0 70 .ea?«P[GeQ,?O Fus/AY [2.3,2.3] x 10 [-2.1, 2.0] x 101 [-1.5, 1.4] x 10?

fro/AY  [1.2,1.2] x 103 [-1.1, 1.0] x 103> [-0.8, 0.7] x 103

n=1 [ao/A* [7.3,74] x 10* [-6.2,6.5] x 10* [-4.4, 4.6] x 10*

fus/A* 14, 1.3] x 10> [1.2, 1.2] x 10°  [-0.9, 0.8] x 10°
] ]
] ]
] x ]

Events / bin

fro/AT 4.4, 43] x 103 [-3.8,3.7] x 107 [-2.7, 2.6] x 103
n=2 [aa/A* [2.1,21] x 10° [-1.8, 1.9] x 10° [-1.3, 1.3] x 10°

Can be translated to fM operators fus/A* 4.6, 4.2] x 10> [-4.0,3.7] x 10° [-2.9, 2.5] x 10°
Matthew Herndon, Wisconsin, KITP 2016
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@ Evidence for EWK ssWW and

Vi aQGC
e e
« EWKWW 2Ivlv + 2 jets  ATLAS Phys. Rev. Lett. 113, 141803 (2014)

CMS Phys. Rev. Lett. 114 (2015) 051801

- . I CMS 19.4 fb™ (8 TeV)
I ATLAS * Data2012 2 £10F
o 107 203“’3 \s=8TeV B Syst. Uncertainty = QO @ Data
3 — W Wjj Electroweak - ‘:’; - —— SMF,,/ A =0.0 Tev*
g = ﬁ;":,;'tsmng N c || e aQGCF__/ A" = 5.0 TeV*
w10 gghnvers:ons , = L%J — — aQGC FT’ o/ At =+5.0 Tev*
er non-prompt i ’
1 = | | .sesssssssssssasss
- m\fm; i N O
10" ) SN Y
2 ! i« Data/Bk T
3 I - B&é Uncqartamty ] - o
N O £t T - ] R zono
8 i . i - [
: M . :
8 97300 400 600 800 1000 1200 1400 1600 1800 2000 - T
rnn[GeV] 0 1 | 1 1 | | 1 1 1 1 | 1 1 1 1 1 |
« 3.60 evidence in ATLAS analysis 100 200 300 400 c 300
e m e
 Should be good sensitivity o 1 (GeV)
D6, D8 limits placed on aQGC EFT
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Ignore

Unitarity Options

— Probably okay for now.

— We are likely only sensitive to new physics when we are measuring couplings of f=1 for order TeV
Physics

Form factors

— Now also have the disadvantage that they don’t control unitarily unless at low or high energies.

Cutoff or kmatrix schemes

— Cutoff absolutely, at a given energy, or minimally at various energies limit the cross section.

— Not realistic. However, estimates your loss of sensitivity when applying a model that
enforces unitarity.

Model.

Unitary
scheme
leads to
factor 10
loss in

sensitivity.

Assume model.

Mar 2016
CMs —

ATLAS +—

Matthew Herndon, Wisconsin, KITP 2016

Channel Limits ILdi Vs

ss WW [-4.2e+02, 4.9e+02] 20.3fb" 8TeV

ss WW [-3.8e+01,4.0e+01] 19.4fb" 8TeV

ssWW  [1.0e+03, 1.1e+03] 20.3fb" 8TeV

ssWW  [1.26+02,1.2e+02] 19.4fb" 8TeV
| I |

2000 4000

aQGC Limits @95% C.L. [TeV?]

o
H++>W+WH+ in this case =

CMS

19.4 fb' (8 TeV)

-

VBF H™ — W*W*

------- Median expected 7
Expected + 16 N
Expected + 2o

o vev =35 GeV
=== yev = 25 GeV

— — vev =16 GeV

200 300 400 500 600 700 800
(GeV)
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— Measurement of WW cross section

— With differential distributions including jets

LHC Run 2
— Measure pure EWK WW productior-

MC/data

oﬁ{;’j

Wisconsin aQGC in VBS Strategy
- -
. CMs . 19.4 o™ (8 TeV)
5 0 Wi MTooquark
« WW->WW Strategy
§ 2500 .
+ LHC Run 1 EE
i 150_—\{\\%\&\ \\@Q&&M%N%

e

05 1 15 2

1 +‘ v Brobpripptigetosy? ety '.Hﬂ

25 3
Ap (r di ns)

Rapidity ¢

@

* Isolate VBS topology. WW and forward scattering jets large An(jj)

and m(j))

— Search for aQGCs in the high mll distribution

« Use angular distributions, energy dependence and other scattering
Interactions to study and disentangle any non SM contributions

Matthew Herndon, Wisconsin, KITP 2016
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i Conclusions

MMMMMMM

e

 aTGC and aQGC an interesting place to search for
new physics

« Sensitivity to new Gauge and EWSB physics

« Many measurements entering the true range of
sensitivity in Run |l
« Range of challenges to address

— Calculation of signal and background rates given higher
order QCD and EWK contributions

— Interpretation of results in a realistic way
— Analysis of a possible new physics effect if one is observed
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0 WW aTGC update

MMMMMMM

e aTGC search

e
CMS PAS SMP-14-016

Submitted to Eur. Phys. J. C

« Exploit expected high transvers momentum of vector
boson using leading lepton p; distribution

« Limits Limits on WWy and

WWZ couplings
CMS 19.4 fb' (8 TeV)
i 25:""\"H|""|""|""|"":
> - —— Observed 68% CL ¢ BestFit ]
|£J 20 - — - Observed 95% CL ) Standard Model 1
— [ —— Expected 68% CL ]
N< 15;—— Expected 95% CL B
\3 10 =
(&) r ]
5 _;
0F E
_onC ! P Ll 3
D505 0 s o
G/ A2 (TeV?)
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10*

10°

Events / (75 GeV)

10?

10

CMS 19.4 b (8 TeV

+I|2)ata o Tlop qualrk‘

: WW mDY
n ‘ BWZ/ZZVVV  © Waiets

— ¢, /A% =20 TeV?
——— — = Cpuw/A% =20 TeV?
— — - —-Cy/A®=55TeV?

haatate
-

1

/

100 200 300 400 500 600
My, (G eV)
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0 WW+WZ aTGC

I -
 aTGC search Eur. Phys.J. C 73(2013) 2283 JHEP 01 (2015) 049
« Exploit expected high transverse

momentum of vector boson using
hadronically decaying vector boson p+

distribution
» \Weak sensitivity to gZ1. Setto SM
CMS /Ldt=50fb" {s=7TeV

ATLAS 4 Data

Limits Limits on

T L O L
—&— Data

> S }
Q {0° B W WZ % Ldt=4.61b []2=005
O +iets 10¢ \s=7TeV I s ww/wz
g 104 (a) = :’gpl t - WWY and "3 [ JWiZ+jets
; 3 [ | ?C:l[:zts E WWZ = I top charks
© 10 R h E . . . T [ multijet
S 102 A, 1+ Continuing this Wi Zisis
10 ¢ 3 analysis
1 1 requires using
1075 <4 jet substructure b | .
O F s 3§ ——
g 2* = E:jzf% — 2=0.05 | |+
% 1; . = = o= :*:: ] éu 05, - 4/-/// /////////7
o 97700 200 300 400 500 R Y ew
P, (GeV) "
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0 77 aTGC

WISCONSIN
- -
« alTGC searchin 4l and 212v
» Exploit expected high transvers EPJC 75 (2015) 511

momentum of vector bosons using
the 4]l mass or Z pT.
« World leading sensitivity to ZZy and

PLB 740 (2015) 250

19.6 fb' (8 TeV)
CMS Preliminary \s =8 TeV, L =19.6 fb” £ 10° 522 - 2 [1z-2@ae)  CMSE
— | | | [ [ Top, WW, Waiets (Data) [l Wz — 3w 3
- | ] O g2 77 202y 220002 o ZZ — 212v 17=0.005 -
(I:I:.; * DATA a 7z 22y =001 —— ZZ 202y 7=0.02 E
= 1 - |:| 77 = 8 10E  om. —— Data E
~ B WZ/Z + jets | I i M B E
E=E : --- f3=0.015 - v
S I L =0 i 10
= 2
©107 H = 10
. 10°
B E -: 8 2—| T T
--------- ' s
2 | | 72 G Y S O 0 1 . 5 z
10 8 50 60 10 200 300 400 1000
500 1000 1500 Dilepton P, [GeV]
m,.. (GeV)
"
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Evidence for yy 2 WW & aQGC

« vy =2 WW in Central exclusive production cms PAS FS0O-13-008

« Signal: dileptons (euy) and missing E; with central track veto
 Use pTep to search for aQGC.

19.7 fb™' (8 TeV)

~ _CMS preliminary
8 E ® Data
o gk SM yy— WW
[Te] - . .
.y L I Diffractive WW
] - Bl clastic 17— o
qc; 7 :_ | single-inelastic w— Tt
& f B EVK WWag
6 — Inclusive Diboson
C I Drell-Yan
5 P SN stat. error on simulation sum
4
e && ) .
- N
2 [ ]
1 M W
- 20T
0_ ||||||\|||m\‘\\-\:\\]uh S BTN s
4=
¢ o
% 2;_ * l °
[m] 1k
E I ;
:Ill\lllll|\||||\IIII\Hll\Hlllulllu\llu\‘II-I\
50 100 150 200" 250 300 350 400 450" 5

M(ue) [GeV]
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0

(rl

CMS preliminary

0.002 = prefminary 1‘9.7‘ fbI 1 I(8 I'|'!’,'I\J")
I Aewon=500GeV | DG EFT
0.001- | parameter
[ 1 limits
o - Conversion to
I 1D8 EFT
'0001j e Standard Model ; parameters Vla
| —— ©MS 8 Tev, 95% confidence region | |Ineal’
:::::::e:,i:’/:‘cv.:n:ﬂ;::ncen::'inn . : transformation
-0.002————— L

-0.0005 0

| | 1 1 1
0.0005

al/A? [GeV?]

e 3.60 evidence

 O(yy 2> WW) =12.3+5.5-4.4 fb, SM: 6.9+ 0.6
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T
o Zy—2lly+2jets

aQGC

Evidence for EWK Zy and

e
CMS PAS SMP-14-018

« EWK cross section measured in VBS phase space: An(jj) and m(j))

usmg m(jj) fit

19.7 fb™' (8TeV) mu channel

' CMS
" Preliminary

102

Events/100.00 GeV

10

B Zy + Jets .
[ Fake Photon

[ Top —
[ EWK Zy+2Jets 3
k2] Systematic Uncertainty_|

1 IIIIIII

-
205
ol

X

200 400 600 800

 3.00 evidence

1000
M, (GeV)

1200

Events /hin

1971 (8 TeV)

1ﬂ_||||||||l||||l|||l||||||llllllllllllll
- CMS
9E~ Preliminary ¢ o
S sagnal

8 - Sum of oiher backgrounds
- — AQGE signal { | =81 TeV

PR sagnal syste matis uncertainty
6 m background systemiatic uncedasty
5
4
3
2 ........
1B ok
100 150 200 250 300 350 400 450 500

M, (GeV)

D8 EFT limits put on fT

» O(EWK Zy) = 1.86 52 (stat.) T 55 (sys.) £ 0.05(Iumi.) fb and fM parameters

—0.75
e SM:
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using m(Zy)
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Search ror EWK Wy and
Wi aQGC

- ] -
« Wy =2 lvy + 2 jets CMS PAS SMP-14-011
« EWK cross section measured in VBS phase space: An(jj) and m(j))
using m(Jj) fit - CMS preliminary [Ldt=19.7 b’ \s =8 TeV
F U B DL B B DL BN I
- , ChlﬂSI F’Irefr'.'lnin.larylefyfjetls ———— ‘|9.7fb’1 (8 TeV) 8 6 :_ —e— Data _:
re) 10 = © C Sum of backgrounds 7]
2 o I R o G
S —Fake electron y B S e BRI
> -Z’Y and dibosons - » o Signal uncertainty AR
L Ve - -+~ 4 - |:| Background uncertainty
R SO -E K Wy+2Jets c - : :
2 Uncertamty Band | < = i .
10 T . I -
of- -
Hﬂiﬂﬂx -
1 1 * _ r
0: IIIIIIIIIIIIIIIIIIIIIIIJIIAllllJAllllll:
- i 60 80 100 120 140 160 180 200 220 240
O.E % _ [ eV]
SE : :
e 0 E
als 500 2000 2500 D8 EFT limits put on fT

M, (GeV)
and fM parameters

using m(Zy)
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