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+ LHC Performance

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2017-08-21 02:51 UTC
60 . ‘ : ‘ : ‘ . 60 — 45T T T T T T T T T2
- 1 e} C . S .
T 2010, 7 TeV, 45.0 pb =. 4o ATLAS Online Luminosity e
) o m— 2011, 7 TeV, 6.1 fb ' so & | ——201pp fs=7TeV ]
> — 2012, 8 TeV, 23.3 b ! 8 352_ — 2012pp Ys=8TeV =
'g m— 2015, 13 TeV, 4.2 fb ' E - - 22’81: PP ?= :g :ex =
L 1 } -— pp vs=151e T
<€ 40 2016, 13 TeV, 40.8 fb 40 S 30 2017 pp s =13 TeV .
£ e 2017, 13 TeV, 17.3 fb ! - - =
3 °© 25 -]
301 130 2 = 3
F S ooF :
9 = 20 =
© © - ]
o 20 120 () 15 i
@ - 13
.3 - . &
- =
L — x50 St 18
g( > Ry \\,\ RC) e® 0"" oql ecl 0 0 - | | | ]

A S oct
Month in Year

s
>

Date (UTC)
\/LHC accelerator has been performing well in past years

‘/Large amount of data collected by CMS and ATLAS experiments in proton-
proton collisions at a center-of-mass energies of 7,8 and 13 TeV

v Different Standard Model (SM) measurements are performed, alongside

Higgs boson discovery!
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+ Summary of CMS and ATLAS results
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+ What I will present
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Standard Model Production Cross Section Measurements

1011

o [pb]

106
10°
104
103
102

10t

_I_I_I_I_l_l_
w 'z "wy w'wz

0 7 TeV CMS measurement (L < 5.0 fb™) :
o 8 TeV CMS measurement (L <19.6 fb™) 3
o 13 TeV CMS measurement (L <35.9 fb™) E
~ Theory prediction ]
Z. Z Z CMS 95%CL limits at 7, 8 and 13 TeV _=

=w Tew Trr=Tdew Tew Tew Tew ! Ty Vizg ! Tz ! TogHVBFT LI T
2z o gy qqzz'ww Zyr Wyttt W Tttty iZa W bzt TggH v VH T H | HH
EW: Wosly, Zosl, e Th. Ac,, in exp. Ac

Status: July 2017

AO total (x2)

OAQ inclastic ATLAS Preliminary ‘ Thoory
o Run1,2 /s=7,8,13 TeV LHC pp V3= 7TeV
-
o ° EOE Data 45-49f
dijets.
A LHC pp V5 =8 TeV
pr>25 GeV
Al Data 203!
On>0
LHC pp V5 = 13 TeV
n;>0
R "5 a o o BEOM  Daa 008-3611b"
Ppr>100 GeV on=1 £ o o ww
A i chan | e
n>1 k o+ o Y wn total
& we %, -~
22 . A
"'; 8 o w oA ooF
n=3 24 a Ao HoWw ”
"Jg s-chan A o
el a }Aoi
n26 H-S S 0
o @ z Y -
n=7
o o B "5 oo
8
o o a b
H=yy
A
H—-ZZ-at n -~ o
o — W
w wEw
. II“
wz
PP Jets Y w z tt t vv  YY H WWytivtz tiy WJ_] ZJJWWZyyWyyww ZyijVVij

R=04
fid.

EWKEWK

fid. fid. fid. tot. tot. fid. fid. fic. fid et tot. fid. fidA hd tot fid. fid. fid. fid. fid.

\

\/ATLAS and CMS results
\/Neutral diboson including aTGC
v’ 77 :41 and 212v

v Zgamma : 21+y, 2v+y

/

v Other Talks covering related topics

Charged dibosons : Claire Lee
VBF-V Production : Darren Price

4 VBS-VV charged dibosons : Md Naimuddin

VBS-VV neutral dibosons : Narei Lorenzo
Martinez
Triboson : Louis Helary's
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+ Diboson production at LHC

» Test the eletroweak sector of the standard model (SM)
» Large cross section of multiboson production at LHC in pp collisions

» Clean signature and small branching ratio for vector bosons decaying
leptonically

» Major background in searches for new physics and Higgs measurements

> Sensitive to theoretical calculation

o Large NLO QCD corrections at high center-of-mass energy
o Non-negligible NNLO QCD and NLO QED corrections

» Senmnsitive to anomalous triple gauge couplings (aTGCs)
» Consequence of the non-Abelain nature of the SU(2) X U(1) symmetry
» Value of couplings are fixed in SM
» Any measured deviation from the SM prediction would be indication of new
physics

Bhawna Gomber 8/27/17



4- 4Z and Zg : Anomalous coupling parameterization

» Effective Vertex Parameterization
» Add higher order operators that respect symmetries
» Nucl. Phys. B282 (1987) 253

» ZZ channel
» Electromagnetic gauge invariance and Lorentz invariance

» Two ZZZ and two ZZy couplings are allowed
» Described by two CP-violating (£f,) and two CP-conserving (f;¥)] ¢ Z
parameters, whereV = 7,y
Zly'
. . g Z
» Zy channel : Lorentz and gauge-invariant ZVy vertex

» 4 coupling parameters h,V (i = 1,...4).

» h,,h2 : CP-violating ; hs, h, : CP-conserving

» At tree level individual values of these couplings are zero

» prpf photon has similar sensitivity to CP-conserving and CP-violating
> Results are presented in terms of h;V, h,V

Tl 8/21/11
Bhawna Gomber ZZy, Zyy are not allowed in SM




+ Anomalous coupling signature |
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=+ ZZ Production at LHC

Run: 275931 Event: 129762788 N CMS ‘ GMS Results ZZ (41) %
AN -_— | 13TeV (36 fb!): CMS-PAS-SMP-16-017

M =915 Gev j 13 TeV (2.6 fb-l) : Phys. Lett. B 763 (2016) 280
Ma =235.8 Gev 8 TeV (19.5 fb-}) : PLB 740 (2015) 250

Muon & o CMS Results ZZ (212v)

Wl | 7+ 8TeV (8.1+19.6 fb-1) : EPJC 75 (2015) 511
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f iy 'r | ‘ ATLAS
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13 TeV (3.2 fb-!) : PRL 116, 101801 (2016)
8 TeV (20.3 fb!) : PLB 753 (2016) 552-572
ATLAS Results ZZ (212v)

8 TeV (20.3 fb-1) : JHEP 01 (2017) 099
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Bhawna Gomber

8/21/11



4- 4Z Production Modes
Dominant 41 production above the Z resonance
Dominant 41 production at Z resonance
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4 ZZ Production at LHC
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4- Signal Generation

» ATLAS
» Signal for ZZ -> 41

» qg-initiated procss
» Using Sherpa 2.1.1 at NLO up-to 1 additional jet
» At LO matrix elements with up-to two or three additional jets
» Powheg+Pythia at NLO

» Jg-inititated process
» Sherpa 2.1.1 at LO using NLO PDFs up-to 1 additional jet
» Cross section is multiplied by NLO/LO k-factor of 1.67 +/-0.15

» CMS
» Signal for ZZ -> 41 :
» Jg-initiated process
» Powheg 2.0 at NLO in QCD
» Cross section is multiplied by NNLO/NLO k-factor of 1.1
» Jg-initiated process
» MCFMv1.0 at LO
» Cross section is multiplied by NLO/LO k-factor of 1.7
» Higgs boson produced in the gluon-gluon fusion process with Powheg?2.0
in NLO QCD approx.
» Measurements are compared to SM predictions
» Sherpa NLO upto 1 additional jet
» Powheg+Pythia for qq process, where gg-initiated process is from Sherpa
» MATRIX NNLO

Bhawna Gomber 8/27/11



4 ZZ (41) Measurement Results ( 1 3 TeV) 12
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4- Z4-> 41 Measurement Results (13 TeV)

Expected/Oberved table with 80<M,,<100 CMS Fiducial cuts
Cross section measurement Fiducial requirements
Final Expected Background Total Observed Common requirements Pl >20GeV, pl2 > 10GeV, pé“ >5GeV,
state Ny expected Inf] < 2.5, mg+o- > 4GeV (any opposite-sign
4p | 1960+£12+149 | 39+1.0£15| 1999 +1.6+15.0 196 7 — 40 mz, > 40GeV
2e2u | 1791£114+123 | 3.6 £0.8+0.8 | 1827 +£14+12.3 167 80 < mgp < 100 GeV
4e 591+06+67 |24+04+10| 614+08=+68 64 77 — 4L 60 < myz ,mz, <120GeV
Total | 4342 +1.8+289 | 99+14+25 | 4441+23+29.1 427

Including measurement of Z->41
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0ha(pp — Z — 4€) = 29.7 + 1.4 (stat) %2 (syst) = 0.8 (lumi) b,
Expected (NLO Powheg) = 27.9719, .+ 0.6 fb

- _ Z > 0000
B(Z — £0- 00~ = o(pp —
“ ) =B oop 5 2= C LY BEZ = 06

Correction for Z mass window, estimated using POWHEG

Calculated at NNLO with FEWZ v2.0 PDG value

B(Z — 4£) = 4.747518 (stat) T015 (syst) 4 0.08 (theo) + 0.12 (lumi) x 10~°,
Expected (MG5_aMC@NLO) = 4.6 x 10-°
Good agreement with SM expectation!

Statistic and systematic uncertainties are getting comparable!
8/27/11



+ ZZ Total Production cross section
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Good agreement with NLO and NNLO calculation across sqrt(s)
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Uncertainty dominated by systematic uncertainty!

Bhawna Gomber
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4 ZZ Differential Measurement

» Differential measurements provide detailed description of the
kinematics in ZZ events
> P 41 measure the recoil against all other particles produced in the
collision
» Provides information about QCD and electroweak radiation across the
entire region of scales

» Rapidity of 41 system sensitive to the total momentum In the z-direction of
the intial-state partons
» Senstive to PDF

» The azimuthal-angle separation and rapidity difference between the Z
boson candidate
» Help extract the contribution of double parton scattering ZZ
production
» Also sensitive to radiation of photons and partons produced in
association with ZZ pair

> |3y(et, jet;) | and m(et,, jet,)
» Sensitive to EWK-ZZjj process
» Both tend to have larger values in weak-boson scattering than in other
ZZ production channels

Bhawna Gomber 8/27/11
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4 ZZ Differential Measurement I
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4 4ZaTGC limits
Limits derived from binned fit to M,, (p;") distribution in 41 (212vv) final state

No significant deviation in the high M, (p;Y) tail

S LB L e
19615 (8 TeV o | —+Data ATLAS 1
A — 960 BTeY) O 55 Elzzow ]
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<4 Zy Production at LHC

- (" CMS Results Zy (vvy) %
A 13 TeV (2.3 fb-1): CMS-PAS-SMP-16-004
| 8 TeV (19.6 fb-1) : PLB 760 (2016) 448

CMS Results Zy (1ly)
\_ 87TeV (19.6 fb-1) : JHEP 04 (2015) 164

CMS Experiment at LHC, CERN
Data recorded: Sat Nov 17 1

corded: Sat Nov 17 17:23:56 2012 1ST
Run/Event: 207454 / 1095163126
tion: 771

ATLAS

EXPERIMENT

Run Number: 204240, Event Number: 1195281

/-A-TLAS ReS'L'I.].tS Zy (VV'Y) . — ‘ Date: 2012-06-01 21:43:27 CEST
8 TeV (20.3 fb!) : PRD 93, 112002 (2016) ' -

ATLAS Results Zy (11y)
8 TeV (20.3 fb-1) : PRD 93, 112002 (2016)

\
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4 Zy Production at LHC

Leading order Feymann diagram for Zy production

» Zy-> vvy Zy-> 1y

» Small S/B Large S/B

» Larger BR Clean signal signature

» Significant instrumental bkg Good precision for cross-section measurement

Neutrino channel has the highest sensitivity to aTGC

Bhawna Gomber 8/27/11



4- Signal Generation

» ATLAS
» Signal for Z(l)y and Z(vv)y
» Sherpa 1.4 with CT10 parton distribution function (PDF)
» LO matrix elements with up-to three additional final-state partons
» Multi-leg ensures first few hardest emissions are modeled by real-
emission matrix elements

» CMS

» Signal for Z(1l)y :
» Sherpa 1.4 with CT10 parton distribution function (PDF)
» LO matrix element with up-to 2 additional partons

» Signal for Z(vv)y
» Madgraph5v1.3.30 at LO with up-to 2 additional partons
» aTGC samples using Sherpa v1.2.2 and cross section is corrected

using K-factor obtained from MCFM to account for NLO effects

» Measurements are compared to SM predictions
» Sherpa LO with 3 additional final-state partons
» MCFM NLO using CT10 PDF
» Parton level NNLO using MMHT2014 PDF (M Grazzini. et.al)
» ].High Energy Phys. 07 (2015) 085

8/21/11
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JHEP 04 (2015) 164 eey channel, 19.4 fo™' (8 TeV)

4 Z4(1l)y Production (8 TeV)

>
T pE OMS - =
: 10° Bl zz wz
@ Il DY-BKG I signal
. . c 10*
» Basic Selection 2
» Two isolated leptons with significant p (11) 102
» Opposite sign same flavor pair within Z 10
mass window )
» Isolated photon with significant p(y) 112
O 1.4 F
S . JF
» Backgrounds BE, et +++ %
» Z+ Jets: hadronic jets which contains a3 :

. 20 30 40 50 60 70809010° 2x10%  3x10° 4x10°
photons from 7° or p decays are mis- p! (GeV)
identified as prompt photons PRD 93, 112002 (2016)

. 3 WET T T T o Data =

> Estimated from data © . ATLAS 2y ]
. ) . o 10 \s=8TeV,203f0"  [JZ+ets 3

» ATLAS : two-dimensional sideband € ' -
method (ABCD) m 10 |:|Z(rr)za E

7] stat. t.

> CMS : Template method from two 10 s ]
shower-shape observables 1 N

» Other backgrounds estimated from MC o 3

» Systematics dominated measurement:

1072

107
o o c =
uncertainty in the template method, photon 2 h: .. E
: : I e ¢
energy scale and lepton isolation 818 os i L
=< 0.6 . 3
w 20 30 40 10°  2x10? 10°
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Differential Measurement for Z(1l)y
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PRD 93, 112002 (2016)

e Data s

Vs=8 TeV, 20.3 b’ ] Z(vvy
77 B y+jets
1 03 —] /L7 - W'Y

~ OO W(ev)

B Z(vv)jets
,,,,,,,, Bl Z(w)y
stat.® syst.

4 Z4(vv)y Production (8 TeV)

Events

» Basic Selection, CMS(ATLAS)
» One energetic photon, P; > 145 (130) GeV
& |n| <1.44 102
» MET > 140 (100) GeV
» Azimuthal separation b/w photon & MET,
AD(y, MET) > 2.0 (pi/2)

> Reject backgrounds with leptons and jets Je v
v' Lepton veto & jet veto. R
N Y -
W 100 150 200 250 300 350 400 450 500

» Backgrounds PLB 760 (2016) 448 ET [fieV]
» Wy — ()vy (I not reconstructed 156 (B TeV

-

> L B A L T ]

. . . po [0 . ]

» W — ev (e mis-identified as a photon) %10 NS = e W) vy, 20y 1

» QCD multijet (jet misidentified as a 5 = ol

[ Iv ]

photon) Y —— P 4

» Non-collision background (mostly beam By uncertainty 3

ha.].O) 10" SRIEEE - h3=-0.001, h4=0.0 _;I

» The most sensitive channel for ZZy, Zyy vertices e ]
aTGC measurement due to higher Z->vv BR ool

giving access to more events with a high p." s 250 =

0w 2 =

£ 1?&&«}%—% ] ]

O o5k ‘ ‘ L ‘ ‘ ]

200 300 400 500 600 700 800 900 1000

GeV
Bhawna Gomber Er [GeV]



4 aTGC Limits Summary 7+8 TeV

PRD 93, 112002 (2016)

] o5

2 Famas 1
O Vs=8 TeV, 20.3 fb”! CJZvwy N
103 =Wiets =
» The most sensitive channel for ZZy, Zyy vertices Qe ]
aTGC measurement is Zvvy due toaccessto [ Danbos
high pq’ 102 4
April 2016 CMS e . L (. i
ATLAS +H—
CoF  +H— Channel Limits [Lat Vs c
ht Zy(lly wvy) [-1.5e-02,1.6e-02] 46f' 7TeV E% 1
H Zy(lyvvy) [-9.5e-04,9.9e-04] 20.3fb" 8TeV a8 o.
— Zy(llyvvy) [-2.9e-03,2.9e-03] 50fp" 7TeV 5 Of—igo 3050300380400 456500
— Zy(lly) [-4.6e-03,4.6e-03] 195" 8TeV ET* [GeV]
H Zy(vwwy)  [-1.1e-03,9.0e-04] 196fb' 8TeV
[ | Zy(lyyvy) [-2.2e-02,2.0e-02] 51 fp' 1.96TeV PLB 760 (2016) 448
2 Zy(lbyyvy) [-1.3e-02,1.4e-02] 46" 7TeV 1961 (8 Tev)
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— Zy(lly,wvy) [-2.7e-03,2.7e-03] 50f' 7TeV %10 ElBiary =3 Beam halo ;
— Zy(ly) [-3.8¢-03,3.7¢-03] 195fy" 8TeV 5 — i
— Zy(vvy)  [-15e-03,1.6e-03] 196fb"' 8TeV M =7 ;
; | Zy(lyyvy) [2.0e-02,2.1e-02] 5.1fb' 1.96 TeV DAla | corainy
. —_— Zy(lly,vwvy) [-9.4e-05,9.2e-05] 461 7 TeV 10 <o ha=0001, =00 |
H Zy(lyvvy) [-3.2e-06,3.2e-06] 20.3fb' 8TeV g R E
— Zy(llyvvy) [-1.56-05,1.5e-05] 50" 7 TeV 102k ]
— Zy(Ily) [-3.6e-05,3.56-05] 19.5fb" 8TeV :
H Zy(wy)  [-3.86-06,4.36-06] 19.6fb" 8TeV sl
e —_ Zy(ly,vvy) [-8.7e-05,8.7e-05] 46fb' 7TeV <
H Zy(lyvvy) [-3.0e-06,2.9e-06] 203fb' 8TeV 2
— Zy(ly,vvy) [-1.3e-05,1.3e-05] 50fb' 7TeV I . T R
— Z,Y(",Y) [_31 6'05, 306'05] 19.5 fb1 8 Tev 200 300 400 500 600 700 BOOEQ?éeIICiOO
I i | Zy(vvy ) | [-3.9¢-06, 4.Se-|06] 196fb‘ 8Tev '
| | | | | | | | | | |
-0.2 0 0.2 0.4 0.6 0.8 x10 h,),
aTGC Limits @95% C.L.  x10%nh)
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4 Z(vv)y Production (13 TeV)

> Basic Selection wrt to Runl

> High photon P, > 1758 GeV & |n| < 1.44

» High MET > 170 GeV
» Backgrounds same as Run-1

Sources Effect on cross section (%)
Luminosity 3.3
PDF and QCD scale 6.8
Electroweak corrections 11.3
Jets misidentified as 7y 1.3
Electron misidentified as y 3.6
Beam halo 11.0
Spurious ECAL signals 5.0
E™Miss, photon energy scales, pileup 7.1
Data/sim. scale factors 9.7
Process Estimate
Zy — vy 4174 £ 6.67
Woy — vy 10.60 + 1.58
W — ev 7.80 = 1.78
Jet — <y misidentified 1.754+ 0.61
Beam halo 5.90 + 4.70
Spurious ECAL signals | 5.63 & 2.20
Rare backgrounds 3.03 = 0.69
Total Expectation 76.45 + 8.82
Data 77

CMS-PAS-SMP-16-004

23" (13 TeV

~

CMS Preliminary
— T —

[ ] y+et, Wopv, Zy—>ly, Wov, tty [ | Beam halo
[ ] jet>y MisID

777 bg uncertainty

>

(0]

(\g [ Spurious ECAL signal

= 10 [ electron—y MisID I Wy—lvy
o 1 Zy>vwy

L —e— Data

| IIIIILL| IIIIIILL| IIIIIIII| Lol 11l

EEN

Data/SM

0.5

s

[N
o
R

0500 300 400 500 600 700 800 900 1000

o(Zy->vvy) [fb]
13 TeV

Gk oNNLO = 65.5+3.3

» Good agreement with SM expectation

E; [GeV]

66.5 + 13.6 (stat) * 14.3 (syst) * 2.2 (lumi)

» Dominant uncertainty : theory uncertainty, non-

collision background estimate

» Analysis with Run2 2015 (2.3 tb-!), need more Run-2 data to supersede Runl aTGC sensitivity

8/21/11



4 Zy Cross Section Summary

Diboson Cross Section Measurements

Status: July 2017

»y S OEBAEEERRRRRIL '
» No significant g ATLAS Preliminary
discrepancy is Zyotty Run 1,2 Vs = 7,8, 13 TeV
= [njee = 0]
observed between data Zyowy
and SM expectations S—
—-WV-o¢éy) ey iy 0’0’0’0"0’0’0’0‘0’0’:’0’0’0’0‘0’0’0’0’ I nwwoaco
. . ww = _
» Systematic dominant - — & noaco
~WWosep, [nec = 0] o e LHC pp V=7 TeV
measurements ~WWosey, [ 2 0 et — " oatn
- WW_'ell: ";:t = 1]] BRETTT S :‘: : . .:v BRIBRIRLK _ ggg ® syst
wz LHC pp Vs =8 TeV
—WZstvet ; o E[f?fa -
2 5213 Te
March 2017 CMS Preliminary gppD‘; e
T T T [ stat
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +———o—— o0 MAARRE G stat & syst
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) +———e—— .....::::::::;
13 TeV CMS measurement (stat,stat+sys) ——e—— | | S i o m—
Y —— 1.06 £0.01£0.12 5.0 fb” , , R - , ,
Wy, (NLO th) e ———) 1.16 +0.03 +0.13 5.0 fb" 0.6 0.8 1.0 1.2 1.4 1.6
Zy, (NLO th.) o 0.98 £0.01+0.05 5.0 b ;
Zy, (NLO th,) He 0.98 £0.01+£0.05 19.5fb™ ratio to best theory
wWw H—t—o——1 1.07 £0.04 £0.09 4.9fb"
wWw —f— 1.00 +£0.02 +0.08 19.4 b’ .
ww e 0.96 +0.05 +0.08 2.3 fb" > Prospects for Cross Section Measuremen{
wz H—o— 1.05+0.07 £0.06 4.9fb" Sy .
Wz SERSES 0.80 £0.06 £0.07 2.3 b7 data) will allow us to probe higher p;/mass
zz o 0.97 +0.13+0.07 4.91b ) ] -
2z - = 0.97 £0.06 +0.08 19.6 fb” of diboson system which provides access to
zz et 1.10 £0.04 +0.05 35.9 fb" . . e .
" : " | phase space with high sensitivity to higher
bttpiicerm ahigoloNi7 Production Cross Section Ratio: 6y, / Oye, order corrections
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aTGC Sensitivity and Combinations
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+ Combination within experiments CMS, ATLAS (7 TeV)

Combination between channels with similar aTGC sensitivity: ZZ->41 and

Z7->212v channels.

The sensitivity to aTGC parameters is improved by
about 20% compared to the sensitivity of a single

Mar 2015 i
experiment.
I I | I I I I I I I | I I I I | I Ah_Aé LII'II'IItsl I 'L‘ I p ATLAS —
CMS Prel. Limits — CMS = =-i
combined -+ Channel Limits ILdt \s
fy — 2z 0.015-0.015 4610 f, =" ZZEZ';?V) o o T
4 L -0.005 - 0.005 19.6 b’ — ZZ(212v+4)) [-1.56-02, 1.56-02] 46" 7TeV
- - 2z (2|2V) -0.004 - 0.003 24.7 fb1 ................. ZZ(4)) [1.26-02,1.3¢:02] 50fy" 7TeV
4 77 (cOMb) -0.003-0.003 247" s Z7(202v+4) [1.0e:02, 11602 96f! 7TeV
fz — 77 -0.013-0.013 461b" £ — | ZZ(22v)  [1.6e-02,1.6e-02] 461! 7TeV
4 — — 1L -0.004 - 0.004 19.6 fo" — za DSl dst TTeY
C q— ZZ(22V) 0,003 - 0.003 24.7 fb" - - ﬁﬁf‘fw‘“’ o o T
— - 77 (Comb) -0.002-0.003 24.7 fb1 ........................ ZZ(212v+4)) [-8.76-03,9.16-03] 96! 7TeV
fY — 7 -0.016 - 0.015 4.6 fb" { —t ZZ(22v)  [2.0e-02,1.9¢-02] 46f! 7TeV
5 — — 77 -0.005 - 0.005 19.6 fb" . 22(4)  [18002,18002 46y’ 7TeV
— - ZZ(2|2V) -0.003 - 0.004 24.7 fb1 — ZZ(212v+4l) [-1.5e-02, 1.4e-02] 461" 7TeV
- ] ] ) [ AR ZZ(4)  [1.3e-02,13e-02] 50f" 7TeV
€= 77(comb) 0.003 - 0.003 24.7 fE ____________________________ Z2000vd) (11602, 10002 961" 7 TeV
fz ZZ -0.013-0.013 4.61b g — ZZ(22v) [17e-02,1.6e-02] 46fy! 7TeV
5 — - 77 -0.004 - 0.004 19.6 fb! ° ZZ(4) (160216602 467" 7TeV
H o e ZZ(212v) -0.003 - 0.003 24.7 b -— @ — Z7(202v+4)) [1.36-02,1.26-02] 461y 7TeV
o d— 77 (Comb) -0.002 - 0. 002 24.7 fb1 immmmmmmmmee i ZZ(4)) [-1.1e-02,1.1e-02]  50f" 7TeV
N T T | L1 L1 1 | | ------------ | Z7(212v+4]) [?1e -03,8.9¢-03] 961" 7TeVI
_05 0 05 1 5 X10 1 1 1 1 1 1 1 1 1 1 1 1 1
0 -0.02 0 0.02 0.04 0.06 0.08
ATGC Limits @35% C.L aTGC Limits @95% C.L.
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+ Combination within experiments CMS, ATLAS (7 TeV)

Observed limit 1!

deltaNLL ATLAS  [-0.015,0.015]  [-0.013, 0.013]

[-0.015, 0.015]
[-0.013, 0.013]

[-0.013, 0.012]
[-0.011, 0.011]

deltaNLL CMS [-0.012,0.013]  [-0.010, 0.011]
deltaNLL combined [-0.010, 0.011] [-0.0087, 0.0091]
F-C combined [-0.010, 0.011] [-0.0089, 0.0092]

[-0.011, 0.010]
[-0.011, 0.010]

[-0.0091, 0.0089]
[-0.0092, 0.0089]

The sensitivity to aT'GC parameters is improved by
about 20% compared to the sensitivity of a single
experiment.

First effort to combine ATLAS and CMS aTGC

f“{

results

v' Synchronization of the ATLAS and CMS limit
setting tools and statistical procedure

v' Requiring a good agreement between results of
different tools is required to ensure consistency

v' For the deltaNLL (FC) the results are in relative
agreement at the 1% (5%) level

Combination procedure that can serve as
guidance for future combinations of aTGC

parameters at the LHC !
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4+ aTGC sensitivity vs time
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Limits with 7/8/13 TeV

\ 4

Limits with 7/8 TeV

» Collision energy increasing

» Integrated luminosity increasing

» Accessing higher diboson system mass / py
» aTGC sensitivity increasing

» More challenging conditions for measurements (higher pileup etc)

» Upcoming analysis with Run2 2016+2017 data will provide world’s best limits
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4+ aTGC Summary

» No significant discrepancy is observed between data and SM
background expectations in high mass or p; tails

» Limits on aTGC parameters are set

» Results with Run2 data will provide more precise measurements/limits of
anomalous couplings

» Combination prospects: ATLAS+CMS results, diboson + higgs
production channels
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4 Statistical Methods : Anomalous coupling

Measurement
|rmaximizes Lin 6, for specified a
6 = nuisance parameters L( ~ é"» )
- . . a0
&= anomalous coupling parameters Ma)=——7= test statistics: 7(a) = -2In Al )]
L = likelihood function L( 5( H) .
9

A(a) = profile likelihood ratio

maximize Lin a and 6

Limit Setting Criteria for anomalous coupling
“deltaNLL” limit
> Use of Wilks theorem, distribution of t,, under assumption a, is approximated with x2
distribution
» Asymptotic, high statistics approximation
» Fast but coverage is not guaranteed
» “Feldman-Cousins (F-C)” limit
» Distribution of t, under assumption a, is determined by throwing toys
» Computing time consuming but guaranties coverage
» Usually the two methods agree within 10%.

vV VY

» Systematic Uncertainties covered by Nuisance paramaters
» Nuisance parameters are profiled
» Using logNormal (InN), following CMS statistics committee recommendation

» For expected limits, we use pre-fit Asimov dataset

8/21/11
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+ ATIAS fiducial cuts ZZ

Type Input or requirement

Leptons (e, u) Prompt
Dressed with prompt photons within AR = 0.1
> 5 GeV
In| < 2.7

Quadruplets Two same-flavor opposite-charge lepton pairs
Three leading- leptons satisfy > 20 GeV, 15 GeV, 10 GeV

Events Only quadruplet minimizing |mg — mz| + |mee — mz| is considered
Any same-flavor opposite-charge dilepton has mass mg, > 5 GeV
AR > 0.1 (0.2) between all same-flavor (different-flavor) leptons
Dileptons minimizing |mg, — mz| + |mg e — my| are taken as Z boson candidates
Z boson candidates have mass 66 GeV < myp, < 116 GeV

Jets Clustered from all non-prompt particles
Anti-k; algorithm with R = 0.4
> 30 GeV
In| < 4.5

Rejected if within AR = 0.4 of a fiducial lepton
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+ ATIAS fiducial cuts Zgamma ‘

TABLE V. Definition of the extended fiducial regions where the cross sections are measured. The variable p¥’ is
the transverse momentum of the Z boson decaying to a neutrino pair. The variable ¢/ is the transverse energy carried
by the closest particle-level jet in a cone of AR = 0.4 around the photon direction, excluding the photon and divided
by the photon transverse energy.

Cuts ey Creyy vy vyy
Lepton p% > 25 GeV p% > 25 GeV
In’| < 2.47 In’| < 2.47
Boson mp+p- > 40 GeV my+p- > 40 GeV p¥ > 100 GeV pY¥ > 110 GeV
Photon E% > 15 GeV E% > 15 GeV E% > 130 GeV E% > 22 GeV
| < 2.37
AR(Z,7) > 0.7 AR(Z,7) > 0.4 . .
AR(y,y) > 04 AR(y,y) > 04
el < 0.5
Jet T > 30 GeV, [ < 4.5
AR(jet, £/7) > 0.3 AR(jet, £/7) > 0.3 AR(jet, 7) > 0.3 AR(jet,7) > 0.3

Inclusive: Nj; > 0, Exclusive: Nj =0
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+ CMS and ATLAS Systematics 27

CMS Systematics
Uncertainty Z— 40 Z7Z — 4
Lepton efficiency 6-10% 2—-6%
Trigger efficiency 2—4% 2%
MC statistics 1-2% 0.5%
Background 0.6-1.3%  0.5-1%
Pileup 1-2% 1%
PDF 1% 1%
QCD Scales 1% 1%
Integrated luminosity  2.6% 2.6%
Source Effect on total predicted yield [%]
ATLAS Systematics MC signal sample statistics 1.2
Electron efficiency 0.9
Electron energy scale & resolution < 0.1
Muon efficiency 1.7
Muon momentum scale & resolution fg:(l)
Pileup modeling 0.7
Luminosity 3.2
QCD scales "_'gg
PDFs A
Background prediction 0.9
+5.0
Bhawna Gomber  _1o%! —a9 111




4- 4Z and Zg : Anomalous coupling parameterization
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: S Dimensionality
channel couplings parametrization parameters
of operator

h; dim6
Zy ZZy, Zyy

h, dim8

Effective vertex

f, dim6
Z7Z Z77,2Zy

f5 dim6

Bhawna Gomber 8/27/11



4 Cross Section Zllgamma 8 TeV (CMS)

Py (GeV) Texct (D) TN (fb)
15-20 832 +12 +49+ 22 873 £ 51
20-25 432 +94+25+11 450 + 23
25-30 196 £t6+12+5 211+10
30-35 1005+53+74+4+26 895+79
35-45 892+4+374+62+23 77.2+£5.6
45-55 4954+28+49+13 39.0+24
55-65 2544+20+31+£07 224+1.6
65-75 114+15+£174+03 13.83+0.98
75-85 934+13+16+02 8.85 +0.48
85-95 6.3+12+14+02 5.83 +£0.70

95-120 994+1.0+£13+03 7.83 +£0.48
>120 8.6+08+1.1+02 7.81 £0.58

Bhawna Gomber

pr (GeV) Tinc (fb) o™ (fb) oW (fb)
15-20 908 + 12 +39 £ 24 972 + 57 1005.6 £ 2.6
20-25 489 £9 +£21+13 510 £ 27 540.1 £3.7
25-30 234+7+11+£6 245 +17 269.2+3.6
30-35 1328 +48+70+35 1134+68 131.6+3.5
35-45 120.7+4.0+62+3.1 103.2+64 123.2+3.6

45-55 71.8+3.0+46+19 513+25 60.6 1.6

55-65 3224+23+£254+08 296414 352+1.0
65-75 191+£18+1.7+£05 185+1.0 21.89 £0.56
75-85 13.24+15+124+03 1210+£0.70 14.38 +0.38
85-95 96+12+12+03 819+041 998+0.31
95-120 163+13+14+04 11.47+057 14.10+0.44
>120 1584+1.0+1.0+£04 1259+0.68 1529 +0.51
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