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MBI workshop Wisconsin (Aug 20146)

https://agenda.hep.wisc.edu/event/965/other-vieweview=standard

LHC SM EWK group meetings:
https://indico.cern.ch/category/3290/
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Multi-boson productionis a O(103-10°) pb process.

= Probes the electro-weak gauge symmetry of the
SM.

Measure “fiducial” cross sections to minimize the
dependence on theoretical predictions.

Determination of Gauge Boson Couplings provide a
model independent test for “new” physics.

Sensitivity increases with energy reach.

» Production Processes

Inclusive di-boson

Vector boson fusion

Vector boson scattering / exclusive
inclusive tri-boson

Alexander Oh, University of Manchester

q Vi
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Calculations

m Pre-LHC era:

m |nitial state, LO PDF
(ppbar).

m Final state, 2 massive
vector boson, little phase

space for additional
emissions.

= Higher order corrections
thus smaili!

Alexander Oh, University of Manchester
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Calculation

® Things look
different at the
LHC...

Alexander Oh, University of Manchester
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https://arxiv.org/abs/hep-ph/9503389v2
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Calculations

m | HC era:

m |nitial state, LO PDF
disfavored (pp).

m Final state, 2 massive
vector boson,
lots of phase space for
additional emissions.

m Higher order corrections

are important.
" gq!

Alexander Oh, University of Manchester

03.11.16
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Calculations

®» Treatment of the hard-process: q’

= On-shell VV’ production.
m (+) Total cross-section.
m (-) no treatment of decays.

= Narrow width approximation (production + decay at pole-mass).
m (+) includes physics final state (+ spin correlations)
m (-) neglects off-shell effects

= (Double-)pole approximation.
m (+) includes off shell effects and phase space
® (—) matrix elements include only resonant parts, no interferences
m (+) PA only for virtual NLO corrections (HERWIG++)

= Full calculation.
m (+) includes off-shell effects, ireducible background, interferences
m (—) complicated calculation, depends on final state

Alexander Oh, University of Manchester

03.11.16
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Calculations

State-of-the-art predictions:
W~ /Z~ (full calculation with leptonic decays)

@ NNLO QCD Grazzini, Kallweit, Rathlev '14,15

m QCD NNLO and NLO EW available for di-boson processes:

@ NLOEW Denner, Dittmaier, Hecht, Pasold '14, 15

WW,WZ, ZZ
@ NNLO QCD including leptonic decays
@ ZZ (distributions)
@ WW (distributions)

@ WZ (inclusive rates)
@ gg — VV — 4leptons
+ NLO corrections for on-shell V’s

@ NLO EW inclusion of decays non-trivial

@ stable W/Z bosons

Cascioli et al. '14
Grazzini, Kallweit, Rathlev '15

Gehrmann et al. '14
Grazzini, et al. '16

Grazzini, et al. '16
Binoth et al. '05, '06
Caola et al. '15

Bierweiler, Kasprzik, Kuhn, Uccirati '12, '13
Baglio, Le, Weber '13

@ approximative inclusion in HERWIG++ Gieseke, Kasprzik, Kithn 14

(via correction factor)
@ pp > WW — 4leptons in DPA

@ full off-shell calculation

Alexander
-Boson Interactions. Madison. Auaust 24-26. 2016 Ansaar Denner. Wiirzbura

Billoni, Dittmaier, Jager, Speckner '13
Biedermann et al. '16

.16
EWC in di-boson production 3/25
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m Fiducial cross sections:

Observables

m Total cross sections:

1824

Almost no ambiguity when comparing experiments.

Theory dependence on extrapolation to full phase s
space. ES

Minimize theory uncertainties due to phase-space
exirapolations.

Define a "“fiducial volume™ mimicking the detector N _ N
acceptance. Obs Bkg
Definition in terms of final state truth particles after GFiducial —

showering CxL

m Charged lepton and photon kinematics.
= Neutrino fransverse energy
m Vector boson mass calculated from leptons.

) ) Reco
Leptons are “redressed” with brem photons in NMC
AR=0.1. C=—r—
. . _ N ass Fiducial
Allows theorists to test their favorite model. MCTruth

Alexander Oh, University of Manchester 03.11.16
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= Unfolded kinematic distributions:

= Remove detector effects o allow
independent interpretation of Data.

= Commonly used method
m Bayesian iterative unfolding.
m Unfolding within detector acceptance.
= Normalised distributions.

= Published Results (HEPDATA):

® Fractional, binned kinematic distributions.

m  Fyll correlation matrices.

= Statistical and systematic uncertainties,
background contributions.

® |n principle can combine experiments.

m |HC EWK WG working on conventions.

Alexander Oh, University of Manchester

DemoVariable (Truth)

Background  Fiducial
Substraction Corrections

A Unfolding Matrix

)

Truth

[ T[T T]

LI

Background

LTI TTTT]

Data
L]
Signal

l Reco

LT T T[T T .
Unfolded Efficiency
Corrections
LI T[T

Efficiency Corrected
Result

66-80

52-66

38-52

24-38

10-24

10-24 24-38 38-52 52-66 66-80

DemoVariable (Reco.)

03.11.16
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Interpretation

= Beyond standard models to address
m Dark Matter candidate
m CP asymmetry
® Neutrino masses
m Hierarchy problem

m Effective Field Theory (EFT) approach

m We have the tools for precise SM calculations.

= We have BSM extension to test against.
m With EFT parameterize the unknown.
m Largely model independent.

Alexander Oh, University of Manchester

03.11.16
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Add additional interactions in the vertex’,
e.g. Hagiwara et al. Nucl. Phys. B282 1987, 253-307:

@ WL W™ — W, W)y ;w;v“” +"”Wj"Wp‘u,
but the subtle SM gauge cancellation fails >__< , >_Z_< . I
; .

"Require: SU(2)xU(1) & EM gauge invariance, C,P
Alexander Oh, University of Manchester 03.11.16
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=
—+® Fix this by
® |nfroducing form factors. . .
= LEP, TeVatron, LHC .‘ L g ‘.
. . . A 10
m Project scattering amplitude. : fz (3) T 1 A A2 I '
= k-Matrix (ATLAS) . (1+8/A%p) :
= Limit range of validity. - :
= SM EFT - |
(ATLAS, CMS). : l '
CTEQ6L1L: ud ~
D S
10°
104 \\
= 108 N
= 102 \\
3 401 \\\
2 . SN 0.9 TeV
£ A\ NN 4 Tev
210 LN
§10-3 \ \‘\\.\\ :(;r %/V
104 \ \‘\\\\ ———- }:vzl\'/on
105 BN
o T AN
102 107! 100 10!
V3 [TeV]

Alexander Oh, University of Manchester 03.11.16
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Interpretation

= Standard Model EFT
extension (SMEFT):

m Wilson coefficients and
operators.

m Several complete Dimé
operator basis available.

m Chose basis to match best
the physical observables.

= Translation between basis
possible.

® Higgs field included ->
Combination with EWK.

m Being used in most recent
results of aGC.

Alexander Oh, University of Manchester

6 o8

eff __ i (6) (8)
£ = Lo+ Y 2O D 20 +'

i ]

Higgs basis
HISZ basis
Warsaw basis
SILH’ basis

Experiments still need to come
to terms how to measure these.
Discussion of “basis” vs

“shifts” ongoing.

03.11.16
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Inferpretation
m Different formalism to describe anomalous couplings.
Limits Unitarisation Vertex Process
Scheme
A
K, A, O FF, none WW (Z/y) pp - WZ,Wy, WW,Wjj
3 | s FF. none 77(1/4) op - 77, Zjj
l_v hs.hy FF, none Ly (Z/y) PP - Ly
A
g™ fim FF, none WWryy pp - WW (excl), Wyy
Q| | fim FF, none YYZ(Z/y) PP - Zyy
8 fs MOy 5 FF, none, WWWW pp - WWW,WWjj (ss)
k-matrix
V045 k-maftrix WIW(Z/y) pp - WIZjj

Alexander Oh, University of Manchester

03.11.16
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measurements

= |nclusive Di-boson production
m VV channels with V=W,Z,y M
= fully leptonic or semi-leptonic  ,”
final states

m Vector Boson Fusion

= W/Z+2jets E
m Leptonic channels K

= Vector Boson Scattering

S
= W/Z Wi _
= |eptonic and semi-leptonic " ™
= Tri-boson
m W/Zyy:leptonic
= WVy : semi-leptonic >*I\
= WWW: leptonic :

Alexander Oh, University of Manchester

ATLAS & CMS Mul

><€

-Boson SM

Experiment

ATLAS

CMS

Energy [TeV]

7

13

13

Wg

Zg

WW

w7z

2z

X | X | X |X

X | X | X |X

LAY

XX |X|X|X]|X

X[ X |X|X]|X]|X

VBF W

VBF Z

VBS Wg

VBS Zg

VBS WW (ss)

X [ X [ X [|X]|X

VBS WV

VBS WZ

WW excl

X | X [|X]|X

Weg

Zgg

WVg

X | X | X |X

WWW

WWV

03.11.16
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=c = ATLAS Di-boson
D
E§
6 vy
Wy—tyy
— [njee = 0]
Zy—tty
- [njet = 0]
—Zy->vvy
WV -¢fvqq
Www

- WWoep, [njee = 0]

—WW-ey, [nje: > 0]
—WW—)E[I, [njet =1

wz

—WZ-evee
7z

— ZZ—4¢, (tot)

—-272-4¢

—ZZ->¢ttvy
—ZZ*->4¢

Alexander Oh, Ui

Diboson Cross Section Measurements

Summary Plofts

Status: August 2016

RERBBBE D ATLAS Preliminary
QR 0
8858 ) I Run 1,2 Vs=7,8,13TeV
Jogees” O
XX AN
S b
. % N
o RAKK
L]
LA
BT
| ]
LA |
S0t e am—
S0IEaE) NNLO QCD
B e DB U 53888888K
LK []
S &L NLO Qe
< amio
RRRERKR LHC pp Vs =7 TeV
‘00‘0‘1»’0‘0‘0‘ _ Etztta
ﬂ - stat @ syst
o - LHC pp Vs =8TeV
o Data
° | - stat
o ]
A LHC pp Vs =13 TeV
LS I D
RS ata
908880008 o stat
e stat @ syst
K °
1 " 1 " " 1 " 1 " l
0.6 0.8 1.0 1.2 1.4 1.6

ratio to best theory

03.11.16
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CMS July 2016

CMS Preliminary

CMS measurements 7 TeV CMS measurement (stat,stat+sys) +——+—o——
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) +—+—e——
13 TeV CMS measurement (stat,stat+sys) ——e——
Yy 1.06 + 0.01+0.12 5.0 fb™
Wy, (NLO th.) o 1.16 £ 0.03 = 0.13 5.0 fb™
Zy, (NLO th) o 0.98 + 0.01+0.05 5.0fb"
Zy, (NLO th.) i 0.98 + 0.01+0.05 19.5 fb
WW+WZ — o 1.01+0.13+0.14 4.9 b
wWw — — 1.07 £ 0.04 + 0.09 4.9 b
wWw ——— 1.00 + 0.02 + 0.08 19.4 fb™
WW e 0.96 + 0.05 + 0.08 2.3 fb™
wz +——o—— 1.08 + 0.07 + 0.06 4.9 fb™
wz — . — 1.04 + 0.03 + 0.07 19.6 fb™
"\ e 0.80 + 0.06 + 0.07 2.3 fb™
ZZ 0.97 +0.13 + 0.07 4.91b™
Y4 — . — 0.97 +0.06 + 0.08 19.6 fb™
ZZ . 0.90 +0.11+0.04 2.61b"
Al rosuits at: 1 Production Cross Selﬁ?ion Ratio: o.../ O :
Alexander Oh, | http://cem.ch/go/pN;7 ’ exp theo

11.16
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% VBF, VBS, and Triboson Cross Section Measurements Status: August 2016
"ATLAS e  [mmn [ amas Proiminay |

Hijj EWK, (tot.) s Run1 +/s=8TeV
e E——

S— (—

— [njer = 0]

Theory
Zyy-tyy e

LHC pp Vs =8 TeV

- Data 20.3fb7!
stat

— [njer = 0]

WWW - £vevij

WWW - tvevly

vy - WW

e e e
wai e e

0.5 1. 15 2.0 2.5 3.0 35
Alexander Oh, University of Manchester data/theory 03.11.16
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Summary Plofts
CMS Jan 2016 5 CMS Preliminary

The University
B 5f Manchester

2

—~ = =
a'vE S
g E -
5 — o 7 TeV CMS measurement (L < 5.0 fb™) _
B @ 8 TeV CMS measurement (L < 19.6 fb') 7]
c 10 =
O = " ) =
b —  — eory prediction =
O - ]
) L —
n
w 1E —=
/)] — 3
o - -
S [ ]
- .
o107 = =
-2 — -
O - ]
S | ]
O = .
O ~2l .
a10°E =
10°E =
[ [ [ [
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Alexander Oh, University of Manchester 03.11.16
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Three recent results

m CMS WW exclusive (7TeV, 8TeV)

= ATLAS WWW (8TeV)

m ATLAS + CMS ZZ combination (7TeV)

Alexander Oh, University of Manchester

03.11.16
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3
o
25 SN
<
Dg v N
(3] h W
% CMS excl. WW
hitps://arxiv.org/pdf/1604.04464v2.pdf p P
= Exclusive WW production p(*) epu p(*) = ©ms 19.7 b (8 TeV)
+M ET g 120 N . Data
= (*) protons remain intact or dissociate @ [ V1 = WW (& IA%1.510%, /A0, Aqyp=500 GeV)
undetected. 100~ vy = WW (aXV/A2=2*10‘6, a%/A2=0, no form factor)
- SMyy >WW [l EWK WWqq
m Selection: 80— MMM Diffractive WW [l W+jets
) M Elastic yy - Inclusive diboson
" pT(l) >20 GeV go- WM Inelastic yy — v [l Drell-Yan posss
-
- pT(”) > 30 Gev : Stat. uncert. in simulation
= In()] <24 or
= no additional tracks! o0l
OO 2 e
- Domlnqn’r b.qckground 0 e e
m |nclusive di-boson Num. extra tracks
Selection step Data | Exclusive Total Inclusive Drell-Yan vy — 17T Other
vy = WW | background | diboson backgrounds
Trigger and Preselection 19406 | 26.940.2 | 22180+£1890 | 1546+15 709375 18.1+0.8 1352041890
m(uteT) > 20GeV 18466 | 26.6+0.2 | 21590+1850 | 1507+15 7065+75 18.14+0.8 13000£1850
Muon and electron identification | 6541 | 22.540.2 6640+93 1306+11 4219+58 12.640.7 1102472
u*reT vertex with no add. tracks 24 6.7£0.2 15.2+£2.5 3.7£0.7 65%£23  43%05 0.7+0.1
pr(uteT) > 30GeV 13 5.340.1 3.9+05 23+04  0.1£0.1  0.940.2 0.6+0.1
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CMS excl. WW ;

hitps://arxiv.org/pdf/1604.04464v2.pdf p

. CMS 19.7 fb™ (8 TeV)
= Observed Signal > F
. . - 1) - Data
S Ign ificance: 3.40 S L Y1 = WW (a"/A%=1.5"10°, alV/A%=0, A,,,,=500 GeV)
( Expec'l'ed 2 8 g ) & 30 E_ vy = WW (a;"/A2=2*10'6, aWA2=0, no form factor)
é 25 :— SM yy = WW I Inelastic yy —
w 20 - B Diffractive Ww I EWK Wwqq
. E_ Il Elastic vy —» w Inclusive diboson
" TOTO' Cross SeCTlon 15 ~ Stat. uncert. in simulation [l Drell-Yan
extracted:
10
o(pp = pHIWIW P — pMpteTpt)) | Sl | |
— 108t | Mt
—4.1 0O 30 60 90 120 ~ 150 = 180 _ 210 = 240

m Expected 6.2 £0.5 fb.

Alexander Oh, University of Manchester

P (e) [GeV.

03.11.16
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1824 D p(*)
5
Y e wr
y AN
CMS excl. WW W
hitps://arxiv.org/pdf/1604.04464v2.pdf p P
. — 0.002 qM§ 5.1 fp“ (7 TeV) +19.7 fb“|(8 TeV)
= Combine 7/TeV and 8TeV LT | T
.. ) - Agyiont = 500 GeV -
to extract aQGC limits. SR :
. N 0.001+ -
= With and w/o form factor. S
. (4] L
= Dimé (a%y,.) and I
Dim8 (fM,0-4)operators. T |
20.001F ° Standard model |
= Comparable to ATLAS 8TeV e Tev
limits. [link] R N———— - 84y TeV 1.0 limit
s ATLAS 0002 L
Sl eTwmen -0.0005 0 0.0005
% ooms [ ey al/A? [GeV?
Alexander Oh, University of Mancl °00150004_002?3:0&:gi,/o':;m“:‘,ms oo 3900 3000 o, 03.11.16

0.0001 0.0002 0.0003 0.0004
a%/A? [GeV?]
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ATLAS WWW, 8 TeV

https://arxiv.org/pdf/1610.05088v 1.pdf

®m Three heavy vector boson
final state search.

m |[eptonic and semi-
leptonic channels.

m Set limits on
m Production cross section.
® anomalous couplings.

Alexander Oh, University of Manchester

ey
v ZIvIH S v
N Cvvlty
WEW*W* e
t=vt=vjj
03.11.16
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= ATLAS WWW, 8 TeV
https://arxiv.org/pdf/1610.05088v 1.pdf
m Leptonic selection m |[ncrease MET with #SFOS.
m SFOS mass outside Z peak.
= A¢p (MET,3l) requirement.
tvevely 0 SFOS 1 SFOS 2 SFOS
Preselection Exactly three charged leptons with pt > 20 GeV
EsS E™S > 45 GeV E™S > 55 GeV

Same-flavour dilepton mass

Mep > 20 GeV

Angle between trilepton and ﬁlfniss 1% — pPT | > 2.5
mz — msros > 35 GeV
Z boson veto Mee — Mz| > 15 GeV or |msros — mz| > 20 GeV

Mspos — Mz > 25 GeV

Jet veto

At most one jet with py > 25 GeV and || < 4.5

b-jet veto

No identified b—jets with pt > 25 GeV and || < 2.5

Alexander Oh, University of Manchester

03.11.16
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5 ATLAS WWW, 8 TeV
=5 https://arxiv.org/pdf/1610.05088v1 pdf
= TWO same sign leptons.
= Semi-leptonic selection :
P m /-veto on di-electrons.
® Two resolved jets, mjj compatible
with W.
tvlvjj ete* e*u* uru*
Lepton Exactly two same-charge leptons with pt > 30 GeV
Jets At least two jets with pt(1) > 30 GeV, pt(2) > 20 GeV and |n| < 2.5
Mee mgee > 40 GeV
Emiss ETS > 55 GeV :
m;j;j 65 GeV<mjj< 105 GeV
Anjj |Anjjl < 1.5

Z boson veto

Mee < 70 GeV or
Mee > 110 GeV

Third-lepton veto

Alexander Oh | Ini\lnrcil'\ll

No third lepton with pt > 6 GeV and |n| < 2.5 passing looser identification

of Manchester

requirements

03.11.14

b-jet veto

No identified b—jets with pt > 25 GeV and || < 2.5
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ATLAS WWW, 8 TeV

https://arxiv.org/pdf/1610.05088v 1.pdf

= Main Background from WZ+jets,
followed by Vy+jets, and other
non-prompt backgrounds.

m WZ estimated from Powheg +
Pythia8.

= Normalization from WZ validation
region (1.08 for Ivivlv) or VBFNLO
calculation (1.04 for Ivivjj).

= Signal significance
observed 0.96c
expected 1.050

most sensitive 0-SFOS channel.

Alexander Oh, University of Manchester

> N L B L B R B
& gof ATHAS -e- Data =
o [ Vs=8TeV,203fb" L www ]
R = . fwz ]
& 50F Wi I Fake L —
€ - I Vy .
4 oF [ Charge Flip L. 7
R I Other Bkg. 1
3 03_ ee+eu+pu WZ + 2 jets VR
206 W/Z validation =
toF- region 3
PR IR S T | e B
om 0: T . B
& 1.5F E
@ 1.5¢ >
W w———"~—
0 50 100 150 200 250 _ 300
Third Lepton pT[GeV]
3 20 E
o 18F Vs=8Tev, 203" =
< _
~ 16 wiviv VY =
§2] [ Charge Flip L. .
S 14F 0+1+2 SFOS SR I Other Bkg. L
o foo/A*=2000 TeV* 3
W12 A = = T 1 /A*=2000 TeV® S
10 foofA*= 2000 TeV* 3
8 fg /A%=-6000 TeV*
6 H -
) WZ signal =
2 region E
0 L T rt—.ﬁ:—h.._._._l_.._._.l*._f;
@ F j ' - / E
u\) .5: i . / E
o 2 ; ;
R | A o 2. W%/////
E ;/ + / / E

700 200 300 400 500 600 700 800 900 1000 }.11.16

m? [GeV]
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= ATLAS WWW, 8 TeV <
=5 https://arxiv.org/pdf/1610.05088v1.pdf 25_
= Signal cross section compatible with s
expectation.
= Fiducial "t
= Total 1
= Need more data for observation of PN
WWW production. ol

|\|1v| II
ATLAS

0

TllTVIIIII:III'IIII(I‘I-IIT
i
'
'

Vs=8TeV,20.3fb"

WWW — Wivj] + Iviviv

= Obs. (Sys+Stat) et
— Exp. (Sys+Stat) -
- - - Exp. (Stat Only) e
Observed: 230 fb
Expected ]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 168%
JC.L

00 200 300 400 500 600 700 800
Total Cross Section [fb]

Cross section [fb]

Theory Observed
0.35 0.32
Fiducial  V€VEY || 0-309 % 0.007 (stat) +0.015 (PDF) + 0.008 (scale) | 0.31 033 (stat.) *032 (syst.)
evbvjj || 0.306 £ 0.007 (stat.) +0.015 (PDF) +0.011 (scale) | 0.26 032 (stat.) *029 (syst.)
Total 241.5 + 0.1 (stat.) + 10.3 (PDF) =+ 6.3 (scale) 230 +£200 (stat.) *120 (syst.)

Alexander Oh, University of Manchester

03.11.16
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- ATLAS WWW, 8 TeV [ wmmgms
=5 https://arxiv.org/pdf/1610.05088v 1.pdf B ;g%é’e?v&ad%%CL
B Observed Value
= Limit on anomalous QGC. T *°r
[} i P SN
= Only dim8 operators >pure & | ‘
aQGC. <
= Limits for dipole FF and w/o. :%_0.5

= O(100) more stringent limits
then ssWW analysis (CMS).

m Comparison to ATLAS ssSWW not
possible due to different
unitarisation scheme (k-matrix).

Alexander Oh, University of Manch

1

ATLAS

\s=8TeV, 20.3fb"
WW*W™ — Wivjj+iviviv
Apg= ®

-0.8 -06 -04

1 1 I 1 1 1 1 1
-0.2 0

1 | 1 1
0.2 0.4 0.6

fso/ A* (10°TeV™)
AFF Expected CI [X10% TeV ] Observed CI [x10* TeV 4]
[TeV] fso/A* fs1/A? fs.0/A* fsa/A?*
0.5 [-0.81,0.89] [-1.00,1.29] | [-0.77,0.85] [-1.01,1.22]
1 [-0.37,0.42] [-0.52,0.62] | [-0.31,0.39] [-0.48, 0.58]
2 [-0.24,0.26] [-0.33,0.40] | [-0.19,0.24] [-0.29, 0.37]
3 [-0.19,0.22] [-0.29,0.36] | [-0.16,0.21] [-0.25, 0.32]
00 [-0.16, 0.19] [-0.25,0.31] | [-0.13,0.18] [-0.21,0.27]

0.8
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[/ combination for 7 TeV

® Measurements of aTGC parameters have been performed
by ATLAS and CMS in many diboson channels.

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
« Limits on neutral (charged) aTGCs are (close to) world best
limits.
. Conlr]rbino’rion of results at 8 and 13 TeV will be an important
result.

. Why 7 TeV

. Defilr;e and test framework for the combination of upcoming
results.

* Ensure the framework is well tested thus we perform the
combination of public results with similar sensitivity from both
experiments -> 77 @ 7TeV as benchmark channel.

Alexander Oh, University of Manchester 03.11.16
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- 17 combinati
s L combinafion
F]
s o e . . .
=5 m |denfified many technical differences in the way how the aTGC
limits were set in ATLAS and CMS
Combined limits
« Channels: ZZ->4l and ZZ->212nu (ATLAS) and ZZ->4| (CMS)
« Signal: Sherpa MC with ME weights (ATLAS) and pol2 fit on expected
yields (CMS)
« Combined fit on ATLAS Pt(Z) distribution and CMS M(ZZ) distribution
« deltaNLL and F-C criteria for limits
* InN nuisance shape; nuisance summation: N = N_i(S)H(lJrU/iTk)
k
> [T . . A et Cms Vs =7TeV,L=5.0fb"
%) r —+ Data ) ATLAS 1 B ATLAS J o 3 T T T
o F I 2z = 12~ —+— Data - ] o -
FR= A CHN [PPSR B 3 PIPTTSIR NS —
S 20 - fi-f-01 (s=7TeV C {5=7TeV B Tota) Uncertainty | @10 & B WZ/Z + jets
- B g vo 1 0sf zzosrmT e 4 W Ofp = - f=0
0 2=t : - =01 ] ¢ o1 2= 0.015
1 o —+— 0 e fi=-0.1 J -
_ s T _ 1TF to5 E
0550 100 150 200 250 300 350 400 450 i ] o e ] JL = T
p [GeV] Pz [GeV] 500 1000 1500
m,,, (GeV)

Alexander Oh, University of Manchester 03.11.16
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uncertainty

ATLAS: 4l [p,Z]

ATLAS: 212nv [p,Z]

CMS: 41 [MZZ]

N_bins
Luminosity

Stat on signal

4
3.9%
Shape

Stat on bkg data-driven  Shape)

Stat on bkg MC

Reco uncertainty

Normalisation

Syst on bkg data-driven  Shape

Syst on bkg MC
Total bkg uncertainty

Signal other
(stat+fit+reco)

Signal theory
(PDF+scale)

Normalisation

g
3.9%

Shape
Shape
Shape
Normalisation
Shape

Normalisation

Normalisation

5 (x3 channels)
2.2%

Per channel, normalisation

13.42% (normalisation

Normalisation

Alexander Oh, University of

Uncertainties in the same row are treated as correlated!

IUTICTTICOIC]

03.11.16
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ol .
E%é R e S U | 'l'S s Public results
35 T T | T T T T T T T T T T T T | T é’]:ALsAéprlglylnlitﬁrlnts T ml T
-
I—q5 fy — 7TeV zz -0.015-0.015 4.6 fb™
4 — g;gg 7z -0.004 - 0.004 19.6 fo!
. . . ZZ (212v) -0.004 - 0.003 5.1, 19.6 fb”
Combination yields ~20% - 0015 0.013 4 g
. f4z — Y4 -0. -0. 46 fb _1
— 7z -0.004 - 0.004 19.6 fb
ImprovemenT Compored — ZZ (212v) -0.003 - 0.003 5.1, 19.6 fb™
to single resulfs. ft — 77 0.016-0.015 4.6 b
5 — zz -0.005 - 0.005 19.6 fb!
— ZZ(212v) -0.004 - 0.004 5.1, 19.6 fb"
. fZ — zZ -0.013-0.013 4.6 b
Paving the way towards 5 — 2z -0.005 - 0.005 19.6 fo”
. . — ZZ (212v) -0.004 - 0.003 5.1, 19.6 fb™
8 TeV and run-2 combinations. e S e
-0.5 5 5 x10°
aTGC Limits @95% C.L.
1D deltaNLL limit fs7 f2
CMS code ATLAS code CMS code ATLAS code
Combined expected [-0.0125, 0.0120] [-0.0126, 0.0119] [-0.0105, 0.0103] [-0.0105, 0.0103]
Combined observed [-0.0108, 0.0103] [-0.0108, 0.0103] [-0.00906, 0.008846] [-0.00902, 0.00885]
1D deltaNLL limit fy7 f,z

CMS code
Combined [-0.0119, 0.0123]
([expected)
Combined [-0.0102, 0.0108]
(observed)

ATLAS code
[-0.0120, 0.0123]

[-0.0102, 0.0108]

CMS code
[-0.0102, 0.0104]

[-0.00871, 0.00909]

ATLAS code
[-0.0102, 0.0104]

[-0.00870, 0.00907]

Alexander Oh, University of Manchester

03.11.16
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from arXiv:1610.07572v1

aGC Summary Plots

" Charged aTGC: LHC provides best limits

CMS
ATLAS

Central Do o
Fit Value (EP . Channel Limits JLat[io)  Vs[TeV] Agc[TeV]
Ax, H WW [-2.5e-002, 2.0e-002] 20.3 8 ®©
e WwWW [-5.9e-002, 4.5e-002] 19.4 8 ®©
} 1 Wz [-1.9e-001, 3.0e-001] 20.3 8 ®
[ i Wz [-2.3e-001, 4.6e-001] 20.3 8 2
— Wz [-2.1e-001, 2.5e-001] 19.6 8 ®©
— WV [-1.2e-001, 1.3e-001] 4.6 7 ®©
—o—1 DO Comb. [-1.1e-001, 1.3e-001] 8.6 1.96 2
——i LEP Comb. [-7.3e-002, 4.9e-002] 3.0 <0.21 %
A, — Wy [-6.5e-002, 6.1e-002] 4.6 7 ®©
— Wy [-5.0e-002, 3.7e-002] 5.0 7 ®©
H wWW [-1.9e-002, 1.9e-002] 20.3 8 ®©
el WW [-2.4e-002, 2.4e-002] 19.4 8 ®©
H Wz [-1.6e-002, 1.6e-002] 20.3 8 ®©
H Wz [-2.8e-002, 2.8e-002] 20.3 8 2
H Wz [-1.8e-002, 1.6e-002] 19.6 8 ®©
- WV [-3.9e-002, 4.0e-002] 4.6 7 ®©
[ DO Comb. [-3.6e-002, 4.4e-002] 8.6 1.96 2
e LEP Comb. [-5.9e-002, 1.7e-002] 3.0 <0.21 ©
A H WW [-1.6e-002, 2.7e-002] 20.3 8 ®©
! [P} wWW [-4.7e-002, 2.2e-002] 19.4 8 ®©
H Wz [-1.9e-002, 2.9e-002] 20.3 8 ®©
— Wz [-2.9e-002, 5.0e-002] 20.3 8 2
[ Wz [-1.8e-002, 3.5e-002] 19.6 8 ®©
— WV [-5.5e-002, 7.1e-002] 4.6 7 *®
o DO Comb. [-3.4e-002, 8.4e-002] 8.6 1.96 2
|..|.| LEP Comb. [—5.?e-002, 2.1e-002] 3.0 < 0.%1 ®©
1 | 1 | 1 | 1 | 1 1 1 1
0

Alexander L, VIHVSIdY VI IVIUTICIHISITI

1

aTGC Limits @95% C.L.

2

03.11.16
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aGC Summary Plots

m Neutral aTGC: CMS and ATLAS comparable.

R YR m— Channel Limits fLat[b] Vs[TeV] A [TeV]
{ ! 4 ZZ(41,212v) [-1.5e-002, 1.5e-002] 4.6 7 o
4 I 1 ZZ(4l,212v) [-2.2e-002, 2.3e-002] 4.6 7 3
— ZZ(41,212v) [-3.8e-003, 3.8e-003] 20.3 8 o
— ZZ(4l) [-5.0e-003, 5.0e-003] 19.6 8 o
— ZZ(212v) [-3.7e-003, 3.3e-003] 24.7 7,8 %
— ZZ(41,212v) [-2.9e-003, 2.6e-003] 24.7 7,8 %
& I y ZZ(41,212v) [-1.3e-002, 1.3e-002] 4.6 7 o
4 I i ZZ(41,212v) [-1.9e-002, 1.9e-002] 4.6 7 3
— ZZ(41,212v) [-3.3e-003, 3.2e-003] 20.3 8 o
— ZZ(4l) [-4.0e-003, 4.0e-003] 19.6 8 o0
— ZZ(212v) [-2.8e-003, 3.2e-003] 24.7 7,8 o
—i ZZ(41,212v) [-2.2e-003, 2.6e-003] 24.7 7,8 %
f I ] ZZ(41,212v) [-1.6e-002, 1.5e-002] 4.6 7 o
5 I 1 ZZ(41,212v) [-2.3e-002, 2.3e-002] 4.6 7 3
— ZZ(41,212v) [-3.8e-003, 3.8e-003] 20.3 8 o
— ZZ(4l) [-5.0e-003, 5.0e-003] 19.6 8 o
— ZZ(212v) [-3.3e-003, 3.7e-003] 24.7 7.8 o
— ZZ(41,212v) [-2.6e-003, 2.7e-003] 24.7 7.8 %
#Z k i ZZ(41,212v) [-1.3e-002, 1.3e-002] 4.6 7 )
5 ! | ZZ(@4l212v)  [-2.0e-002, 1.9e-002] 46 7 3
— ZZ(4\,212v) [-3.3e-003, 3.3e-003] 20.3 8 o
I i ZZ(41) [-4.0e-003, 4.0e-003] 19.6 8 *®
— ZZ(212v) [-2.9e-003, 3.1e-003] 247 7,8 %
— ZZ(41,212v) [-2.3e-003, 2.3e-003] 24.7 7.8 o
1 | 1 I 1 1 1 1 I 1 1 1 | I 1
0 0.05 0.1

Alexanc aTGC Limits @95% C.L. 03.11.1¢é
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aGC Summary Plots

m Quartic aGC: CMS and ATLAS charter new territory!

CMS —
ATLAS +— Channel Limits Age [TeV]
Oy —_— WeW=jj  [-1.4e-001, 1.5e-001] K
H W:W=jj  [-1.6e-002, 1.6e-002]
WeW=W*  [4.9e-001, 7.5e-001]
WZ jj [-4.3e-001, 4.9e-001] K
H WAV i [-2.4e-002, 3.0e-002] K
Qs —_ W'W*jj  [-2.2e-001,2.2e-001] K
- WW=jj  [2.7e-002, 2.8e-002]
WEW:WF  [-4.8e-001,6.2¢-001]
| WZ jj [-4.8e-001, 4.6e-001] K
- WV j [-2.8e-002, 3.3e-002] K

Alexander Onh, University of Manchester

1
aQGC Limits @95% C.L.
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Wrap-up

= g] ,2,3,...)-boson final states probe the EWK gauge structure of the

M.

Precision calculation at NNLO(QCD) and NLO(EWK) are
necessary and are becoming available.

Fiducial cross sections and unfolded kinematic distributions of MBI
processes will be the legacy of LHC to EWK physics.

EFT and anomalous gauge couplings are useful tools to compare
and combine experiments/channels.

Still many multi-boson final states to be discovered.
Combination of EWK & Higgs to gain sensitivity.

Exploit cross-section ratio measurements.

Alexander Oh, University of Manchester

03.11.16



