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Diboson production

* Important test of the Standard Model
* Large cross section of multiboson production at LHC in pp collisions

* Clean signature and small branching ratio for vector bosons

decaying leptonicaly

* Not clean signature but large branching ratio for hadronic decays

Diboson production at LHC

* Backgrounds for New Physics and Higgs measurements

Sensitive to theoretical calculation

* Large NLO QCD corrections at high Vs

* Non-negligible NNLO QCD and NLO QED corrections

Sensitive to new physics

* New particles decaying to vector bosons: W/, Z', ...

* Anomalies in vector boson scattering

e Anomalies in triple boson vector boson couplings (aTGC) = indirect

search for New Physics

Senka Duric
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LO production diagrams (pp->VV)
72

_ b q hoq 2
B fjf \\ ;
}{ \vw[f,qur GC vertex
PAN / 5
oy Y y
Vi q g /

1
t-channel u-channel - s-channel

q

q

In most ATLAS and CMS multiboson
analysis together with cross section
measurement we measure
anomalous gauge couplings
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| N Anomalous coupling signature
s WISCON>IN
PLB 740 (2015) 250
cms ls=8TeV,L=19.6fb"
< L B B B B
* Anomalous couplings result in an increase of cross section at high E ] i ¢ Data i
energies (S) -> observables dependent on the invariant mass of the = ¢ Eﬁ,zz,z +jets
diboson system and the boson p; are particularly sensitive (m,,, m;, pT,, £ | v £ = 0,015 ]
pT, ... ot T,
s |

* Couplings are measured (or limits are set) by performing binned fit in
single sensitive observable 1072

* Sensitivity mostly in highest bins

e Last bin is always overflow bin 107 ‘
200 400 600 800 1000 1200 p
o og e « L . . . verjiow
* Limiting factor: observed statistics in the tail (primary) and My (GeV) bin
systematic and statistical uncertainty on the signal model 2 i ao  amas 3
c L . e |
(secondary) B 10T g e o A e 8 Tev, 203107 3
E B ' +ets E
* In different analyses: different observables are the most sensitive 10°E 53 Wew

% B Z(wv)jets 3

* Sensitivity depends on absolute size of anomalous coupling signal, P o S o X
absolute size of expected background and uncertainties e s 1

10° E

* Expected limit increases with absolute increase of background, g . 3

decrease of signal and increase of uncertainty

* Binning is optimized to reach highest expected sensitivity

TTT r T
11 1 mﬂ

e Fitis usually performed simultaneously on electron and muon channel

Data
Expectation

Phys. Rev. D 93, 112002 (2016)
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Using additional assumptions to reduce the number of parameters

ZZ/yZ/y vertex zn EFFECTIVE VERTEX PARAMETRIZATION

’
4
ZO/Y M add higher order operators that respect symmetries
LY
\
\

A

ZO.

Nucl. Phys. B282 (1987) 253

Assumptions Zy channel: CP conservation Assumptions ZZ channel: Electromagnetic gauge invariance
(Hagiwara et al., Nucl.Phys.B282 (1987) 253 (4 missing “/" factor)) (Hagiwara et al., Nucl.Phys.B282:253,1987)
By qv—my v 8 8 2 2
roy =ie~——=—{h{ (¢5g™ —qjg™ . qy—m
v o M ve) Moty =i eV {7 (% ™ + qy &)
a Z
v dv Bu _ it o0
+ hy m2 (g,qv g 94 qy) + £V ebue (z1p — 22p) }

+hy ePue Avp

q%
+ ht‘l/ % enbro qvp Gyo }
mz

Dimensionality

channel couplings parametrization parameters

of operator
hs dimé
Zy 2%y, yZy
h, dim8
Effective vertex
f, dimé
YA 177, yZZ
fg dimé
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WW?Z/y vertex
/;
Z°n J\N“
‘\ e

PRD 41 (1990) 2113 Nucl. Phys. B282 (1987) 253

Using additional assumptions to reduce the number of parameters

WZ, WW, Wy: Anomalous coupling parametrizations
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

valid for: \/s << A
SU(3)xSU2)xU(1) invariance by construction
A is large, of the order of the scale of New Physics

terms supressed by o Xs

only the first terms are relevant
O, are operator of (energy) "dimension n"
¢, are adimensional couplings of order ~ 1

allows systematic calculation of higher order corrections

EFFECTIVE FIELD THEORY PARAMETRIZATION

infinite sum of (non-renormalizable) Lagrangians:

o (n)
c; 4
Lejr=Lsym + ZZ A—HOEH )

n=1 i

Assumptions (5->3 independent parameters):
CP conservation

EFFECTIVE LAGRANGIAN PARAMETRIZATION % _°cU3 9 W32 ) Owww = Te[W,, W WH]
o9 w4 on) W P
allow the couplings of SM operatorstovary + | ¢ ¢ 7~ L+ (ew +ep)gpm Ow (D, ®)'W* (D, ®)
o 2 w
add higher order operators that respect E& k, = 14+ (ew — e tan? ) "W On (D, ®)'B* (D, ®)
symmetries 22 202
o e v = Ay e 3g”mi; ‘HISZ’ parametrization
(Hagiwara et al., Nucl.Phys.B282:253,1987) N~ 1T M T VW TGRS
raﬂﬂ 1+ A v . woaf B po o ufB Di = =
wwv (14 Al — q2)"e 08" +azg"] channel couplings parametrization parameters TEIS e
+ (1+Aky)[g8e" — g/ g™ of operator
A s .
+ S (n - a) [5g™ - a5ql] ZWW, YWW Ak dim4
™ Zww, yww  Ciective A dimé
+ igy ¢ (01— q2)p ¥ Lagrangian 'm
. . ZWW Agt, dim4
Assumptions (14->3 independent parameters): WV
Electromagnetic gauge invariance, C and P conservation, ZWW, yWW Cwww/ N dim6
, . . £ e
Lagrangian SU(2)XU(1) invariant t:,f;;sve field ¢/ dimé
Ag? = Axy + tan® Oy A, Agf =gf =1, A5, 7 =K, 7 — 1
0 ¥ tan” ty 1 T F ; CW//\Z dimé
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Statistical method:
anomalous coupling measurement WISCONSIN
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CMS
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maximizes L in 6, for specified a

6 = nuisance parameters 25
a = anomalous coupling parameters A( 6() — L (O{, 0; ) . . — -
. . =— =z test statistics: #(a) =-21n A()
L =likelihood function L( a 0)
2

A(a) = profile likelihood ratio

maximize Lin o and ©

Fitting aC parameters =>

Limit setting criteria (both supported by CMS statistics measurement of aC parameters
Committee as methOdS for aC Iimit Setting): => due to |arge uncertainties wrt best
1. “deltaNLL” limit: use of Wilks theorem, distribution of ta, value we quote 95% CL limits

under assumption a, is approximated with x? distribution
*  Asymptotic, high statistics approximation
*  Fast but coverage is not guaranteed
2. “Feldman-Cousins (F-C)” limit: distribution of t,, under
assumption a, is determined by throwing toys _ _ o
*  Computing time consuming but guaranties *  Pre-fit or post-fit expected limit
* Toys or Asimov dataset

coverage _ _
v" Usually we have been using pre-fit
Asimov dataset for expected limit

Several definitions of expected limits are
available

Usually the two methods agree within 10%.

Systematic uncertainties covered via nuisance parameters.
Nuisance parameters are profiled.
Nuisance effect is lognormal (InN) by default (CMS statistics committee recommendation).

Senka Duric MBI 2016 9
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‘Compact Muon Solenoid

ne»r-=»

Run: 275931 Event: 129762788
Vs =13 TeV

pp > ZZ >4u

Mz1=91.5 GeV

Mz =91.7 GeV

Mai = 235.8 GeV

Muon NI

py:30.2 GeV 3
n:-0.3 b

Senka Duric

\
*
‘e .
se
£ p
=\
Muon

n:0.4

ZZ production at LHC

CMS
Muon
p;:83.9GeV
n:-0.2
Muon

\ py:59.9 GeV
' n:11

\,
pr:25.9 GeV ’ ’\

MBI 2016
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ATLAS

EXPERIMENT

Run Number: 284420, Event Number: 546213887

Date: 2015-11-02 00:56:41 CET
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Leading order Feynman diagrams for ZZ production

q+WW

oz e =

Z->41

ATLAS 2z->41

2Z2->212v

Z->4]

CcMS 22->4]

2Z->212v

Senka Duric

ner-p

Z q

R —

JHEP 03 (2013) 128
Cross section and aTGC
measurement

JHEP 12 (2012) 034
Cross section

JHEP 01 (2013) 063
Cross section and aTGC
measurement

/7 production at LHC
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

, & Z '8 Z

Z g
.. + EWK
production (see
\ Z/v talk by J. Searcy
and J. Faulkner)
7 q V4 g

Z 8 Z

PRL 112, 231806 (2014)

PLB 753 (2016) 552-572 23 PRL 116, 101801 (2016
o

ATLAS-CONF-2013-020 (41) Differential and total cross secti
Cross section

(CMS SMP 16 001){:}

PLB 740 (2015) 250, CMS-PAS-SMP-15-012 &% Cross section

Cross section and aTGC measurement

EPJC 75 (2015) 511
Cross section and aTGC measurement

MBI 2016 11
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Compact Muon Solenoid

/7 production at LHC

ner-p

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Leading order Feynman diagrams for ZZ production

q Z q z , 8 / 8 Z

i " .. + EWK

production (see
Y Y Z/y talk by J. Searcy
and J. Faulkner)

el Z g z @ 7 g 7 8 7

2Z->212j:
= Not clean signal signature
= lLarge experimental systematic

22->4l: 22->212v:

v" Clean signal signature
v" Low background

v" Clean signal signature
= Larger background

uncertainties

=  Small BR v’ Larger BR = large background
v' large BR
PLB 740 (2015) 250 EPJC 74 (2014) 2973

EPJC 75 (2015) 511 - N
CMS Vs =8 TeV, L=19.6 fb" c ‘ ( ‘ ) ‘ 198 ﬂ?1 (8 TeV) E 900 cmMS | ‘E beta | Caweb =
T T " " 5 ] F fs=eTev,L=189f' EEDVZED) [ Weudscy 3
% 80 - . Data | ; l:l 77+ 212 CMS; E) 800; pp — VZ;Z — bb Ex({z’sgew E‘S‘ingletup -
@ B @ = Z+bb — o =
0 s (Lo ; o zysapp EEE, e -
Al D ZZ u>J 200 |:| 7 - 21 (Data) — w 600 } 3w +bb 3R8% MC uncert. (slat.){
S~ [ _| ] c =
(%) 60 . W2Z/Z + jets ] Top, ww, Wejets (Data) 1 5001~ =
QC) 190 —4— Data ? 400 ; é
> 1 E E
- 100 A 3001 3
] 200 =
{ 100F e =
] o Q ; ‘X’}dof =0.44 ‘ ‘ MC uncert. (st‘at.‘) =
2F =
° S
a Sosf £
200 400 600 800 1000 B3 o 0.6 ‘ ‘ ‘ ‘ 3
M. (GeV) S 70 100 200 300 400 1000 0 50 700 150 200 %0

Lk Reduced ET** [GeV] o8
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Dominant 4l production at Z

/7 production modes

Dominant 4l production
above the Z resonance

-

Van

-

resonance - q 0~
) + small contribution from
7 Z qq VBS production
Van
7(x) -
7(*)
JAQ) Vas
q Vax
_ 9 Higgs boson production ot
/ ot q / o~
1 /
J / PLB 753 (2016) 552-572
- F T 7 j .I /I T T T T T ] *) 0~
> [ ATLAS Simulation , _ ]
S i1l b Q@ N
Q 10 = - X il — gg — 4l (total) 3 o)
=R U I P PR gg—>H—4 3 £+
5. ol T Th. -egg—>ZZ >4l
£ 10%g " =
F @ ___——-_\-'I- =
3 - 8 <--F-" -; Vs=8TeV ]
-O -3 - g e -
107E ¢ - =
= E . o 3 Non-resonant
- K . :-I ] ”f‘
-4 - T~ - - "
10 3 LT PP - 13~ - VAS)
~ - = -
) qg:NLoacd Tk 1., &-1"
1 0-5 3 : gg: L0 QCD =i E
s : H: NNLO k-factor = JAC)
| o L L | ) ) ) ) 17
90 200 300 400 1000
m, [GeV]
Senka Duric MBI 2016
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M,, spectrum is essential
for the study of the
different production

mechanisms !

+ VBF, VH, ttH higgs
production (<15% to higgs
production)

large destructive interference
of ggH with ggF processes (high
mass my)

13
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/7 differential measurements

WISCONSIN
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M,, spectrum is essential

1 9oy

O,
id IN gy

Data/MC  Data/MC

Data/MC

e cMs (s=8TeV,L=19.6fb"
3 eof TLAS ‘ D‘t = > 0.4 E
L o Data - C b < ™ T T T T M|
2 F (s=8TeV, 203" !H—>4I 3 3 0.35 ATLAS —+—Measurement - E bt —e— Unfolded data |
T 50— ) ag—4 E —— Prediction E = o8l (] Totat uncertainty -
2 B Correction (selection efficiencies, o 3/ E = F [z ]
s etector resolution effects 50 4 + /s = 8TeV, 20.3 o™ E b Tmene
r F E S L NN ]
b * 4 % o-z?i st E L + :
H ] E E s I i ]
H : 01 A — = = ogf comparison! .
E 0.05/ = e - ]
= O: \; E.\ - ‘?00 200 300 400 500 600 700 800
I 3 £ E ] y 3 my, (GeV)
VTSNP IA I T IR N U 2SN I RN
5 e 4T TR T LT Y T + T3 £ ost -+ < 3 = AN
G:1()0 150 200 250 300 350 400 450 SZ‘C 90 200 300 400 \@{ S 0 L !
m, [GeV] . my, V]
dgmmated by the .reso.nant PLB 740 (2015) 250
Higgs-boson contribution
NLO EW K-factors not
PLB 753 (2016) 552-572 available for My, <2 xM,
g wlamas o | 3 125 aras - Measurement | a . o
© \5=8TeV, 203 fb" =H. 10 % E p;" spectrum is sensitive to:
> a-a 8 — Predicti 3 .
2 Ows | = T rediction 3 * higher-order QCD
[ Background Q = _ -1 - .
i Domem™ = o8z s = 8TeV, 20.3 fo" corrections
T cel4 1 * QCD resummation effects
Correction (selection efficiencies, F 1 at small p.4
detector resolution effects) % ar ++ w E Pr
] co ] * sensitive to top-loop effects
- 02 T+ - . .
] E ] in gg = H production as
L3S Laal®, 7 C 1 - .
2 P well as to anomalous triple-
e 1.5, ++H | | g 1.51;; —— POWHEG-BOX at NLO . A al
= Og;*ﬁﬂ H,M Hl Y E boson couplings at high p;
S T Tl E 0 50 100 150 200 250
0 50 100 150 200 25C 4 IGeV
p¥ [GeV] Py [GeV]
Uncertainties dominated by the statistical uncertainties of the data !
Senka Duric MBI 2016

for the study of the
different production
mechanisms !

New differential
measurement of ZZ+jets!

/

12: CMS !

1 Preliminary

19.7 fo™ (8 TeV
T

Unfolded data + stat. uncertainty

Total uncertainty

MadGraph+MCFM+Phantom

R

Powheg+MCFM+Phantom

144 MadGraphs_aMCatNLO+MCFM+Phantom

| Shape

comparison!

2{"MadGraph+MCFM+Phantom E

o . M o . N o
ANRRRE T T

N (M) < 4.7)
CMS-PAS-SMP-15-012
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Events / 20 GeV
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ner-p

ZZ production from gg initial state? w

PLB 753 (2016) 552-572

ATLAS E

i Vs =8TeV, 20.3 b -

- —4— Data E

- e Fit =

c —— Non-gg ZZ Signal ]

é = Background E

200 300 400 500 1000
m,, [GeV]

Senka Duric

.

ISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

M,, spectrum is essential
for the study of the
different production

Mg, = 2.4 £ 1.0(stat.) + 0.5(syst.) £ 0.8(theory)

Expected: (p,, = 1) <->3.1b

Uncertainty dominated by the statistical uncertainties of the data !

i |
=» Fitting the observed M,, spectrum mechanisms |
Background: ZZfrom qq initial state
(NNLO QCD, NLO EWK)
+ background processes
Signal: ZZ from gg initial state
(LO QCD)
mainly due to the normalization
uncertainty of the qq = ZZ process
15
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CMS

‘Compact Muon Solenoid

PRL 116, 101801 (2016)

> 18¢ T T T -
8 16: ATLAS ]
S F Vs=13TeV, 32" 7
< 14 » Data =
£.oF W o2z 4 E
o r [ lgg—2Z— 4l 3]
> C g9 ]
w10 Prediction uncertainty —|
8; Expected background: 0.62_"0"‘0157:
6 =
4 =
2 + -
0: ; + L3

300 400 500 600 700
Mass of four-lepton system m,, [GeV]

CMS 2.6 (13 TeV)
> 35\7\ T ‘ T T 1T T T 1T T T 1T ‘ T 11T ‘ T 11T ‘ T 1T \+
[0) = i
C r ]
8 L B
< 30 7
& | -
c T ]
D o5 ]
wr ]

201 -
15— -
10 -
5 4
ol LT ‘ i
100 200 300 400 500 600 700

my, [GeV]

arXiv:1607.08834
(CMS-SMP-16-001)

{ATLAS -

i{s=13TeV,3.2fb"
: e Data
[1Z2Z— 4l

E‘c‘xpecled background: 0.62

+1.08
0.1

L e Sy

TN

e
(o))
£
© S HE
3 2 oo b bl e by e e b L
%O 40 60 80 100 120 140 160 180
Subleading-pT ; Z candidate mass [GeV]
-—-120(\:M\S\ L e e e \2.6\3 ‘fb‘1‘(1:‘3-‘|—(‘3\‘/)
1400 \ ] \ \ ]
> .
O r . Data R
N A" e de N
E1007 » = 2e2u i
L M A 4,1 -
L ok ]
80 ""‘f_‘. N
60; L] . ;
: A .‘ :
407~ . —
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i R L 1
I T S ]
Fom L] A AAA .. N L A 4
Pram dnde 50, Rl 1
o I ‘ I ‘ I ‘ I ‘ L1l ‘ L1 ‘ L1 ‘ I
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ﬁ /Z measurements with Run2 data

ISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Measurement strategy and techniques
similar to Runl

[ ]
—_~
fo)
o
A
N 20
?
o
o
o)
15
10
5

Background from jets faking leptons
estimated from data using fake rate /
template fit method in CMS / ATLAS

v

CMS 4l channel
CMS 2I2v channel
ATLAS 4l channel
ATLAS 4l+212v

__ MATRIX NNLO (qg+qg+gg)

NNPDF3.0, fixed ne=n= M,

MCFM NLO+gg

NNPDF3.0, fixed u = = M,

Preliminary

|

T T I
CMS

Uncertainty dominated by the statistical uncertainties of the data !

Senka Duric

MBI 2016

14

(s (TeV)
Good agreement with NLO and NNLO calculations across LHC Vs!
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MS

‘Compact Muon Solenoid

ner-p

Cross section measurement Fiducial requirements

P
| Z->4] measurement with Run2 data @
1

SCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Final Expected Background Total Observed

Common requirements p? >20GeV, p[T'Z >10GeV, p?"‘ >5GeV,
|| < 2.5, mgr - > 4GeV (any opposite-sign same-flavor pair)

state Ny+p—pr+pr- expected
4y 16.88+0.14+£0.62 0.31+030+0.12 17.19+0.33+0.63 17
22y 15.88+£0.14+£0.87 037027015 16.254+-0.3140.88 16

Zoeeee mz, > 40GeV . de  558+0.08+053 021+010+0.08 5.78+0.13+0.53 6
S s e il Total 38334021 +1.19 089+042+022 39220+047+121 39
. +p—pl+pl—\ __ +5.2 +1.8 .
Including measurement of Z->4l! Oga(pp = Z — £7L747L) = 30.5737 (stat) "y 4 (syst) + 0.8 (lumi) fb,
cms 26 1"(13Te Expected (NLO Powheg) = 27.9*10 . + 0.6 fb

(]
a1

n
o

L

Events / 20 GeV
w
o

20

—+— Data

Caq - Zz/zy*

| I gg —ZZ
[CJgg -H -2z
I Z/WZ+X

100 200 300 400 500 600 700

arXiv:1607.08834
(CMS-SMP-16-001)

;T\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\“’s

Senka Duric

Tl M for:
B(Z - e 040" = o(pp = Z — L0 0"+ 07) soialf/lu;inl%thZ(, |
(Ciilo(pp = Z = €+ £7)[B(Z - £+47)] M,,.> 4 GeV

Correction for Z mass window, estimated using POWHEG

Calculated at NNLO with FEWZ v2.0 PDG value

B(Z — X070+ 0'7) = 49708 (stat)*)3 (syst) 702 (theo) + 0.1 (lumi) x 10~°,

Expected (MG5_aMC@NLO) = 4.6 x 10®

Good agreement with SM expectation!

Statistics dominated measurement!

MBI 2016 17



‘Compact Muon Solenoid

EPJC 75 (2015) 511

< Events / GeV >

obs/pred

-
o
w

10°

ner-p

19.6 fb" (8 TeV

ZZ — 212v

‘‘‘‘‘ 2Z — 212v 12=0.002
2Z — 212v %=0.01

s S

[ Top, Ww, Waets (Data) [l Wz — 3t

. . T
[ Jz-210at9y CMS
““““ « ZZ - 2I2v £2=0.005

2Z - 212v 4=0.02
—$— Data

HHHH‘ HHHH‘ HHHH‘ HHHH‘ HHHH‘

100

PLB 740 (2015) 250

200 300 400 1000

Dilepton P, [GeV]

{s=8TeV,L=19.6 fb"

rrr T
® Data

[ 1zz

I WZ/Z + jets
............ 2 =0.015
I f4z=0

Ll

200

400

Senka Duric

600

800 1000 1200
m,.. (GeV)

ZZ aTGC limits

* Limits derived from binned fit to M(4l)/pT(ll)
distribution in ZZ->41/7Z->212v
* No significant deviation in the high M/pT tail

Mar 2016 CcMS —
ATLAS Channel Limits Juat is
i I J 7z [-1.5e-02, 1.5e-02] 46fb" 7TeV
— 2z [5.0e-03,5.0e-03]  19.6fb" 8TeV
— 77 (212v)  [-3.6e-03,3.2e-03] 247" 7,8TeV
— ZZ (comb) [-3.0e-03, 2.6e-03] 247" 7,8 TeV
¢ 7z [-1.3e-02,1.3e-02] 46" 7TeV
— 74 [-4.0e-03, 4.0e-03]  19.6fb" 8TeV
— ZZ (212v) [-2.76-03,3.2e-03] 247" 7,8 TeV
— ZZ (comb) [-2.1e-03,2.6e-03] 24.7fb" 7,8 TeV
t I i zz [-1.6e-02, 1.5e-02] 46" 7TeV
— 2z [5.0e-03, 5.0e-03]  19.6fb" 8TeV
— ZZ(212v)  [-3.3¢-03,3.6e-03] 247" 7,8TeV
— ZZ(comb) [-2.6e-03, 2.7e-03] 247" 7,8TeV
14 zz [-1.3e-02,1.3e-02] 460" 7TeV
— 2z [-4.0e-03, 4.0e-03]  19.6fb" 8TeV
— ZZ (212v) [-2.9e-03,3.0e-03] 24.7fb' 7,8 TeV
— ZZ (comb) [-2.2e-03,2.3e-03] 24.7fb" 7,8 TeV
. | . . . | . . . | . . . | . . . | .
-0.02 0 0.02 0.04 0.06

aTGC Limits @95% C.L.

* Similar sensitivity from ZZ->4l and ZZ->212v channels !

MBI 2016

Events / GeV

Events / GeV

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

:_#_Dat;“‘ATL‘AS“:
25 0 zz—rrvw ]
"~ [ Background Ldt=46fo" 1
I [EE8 Total Uncertainty - b
2 - 2=f2=0.1 _ —
oo fj:fi:o 1 fo=7TeV .
R Y ZZ — I'Tw B
1.5 fl=-0.1 .
1= =

0.5

:w P INREI t t t t t t ]

G0 50 100 150 200 250 300 350 400 450
Pz [GeV]

JHEP 03 (2013) 128

s A e e e RS R

12 ATLAS —4— Data .

C Rl 3 zz - i

3 f Ldt=4.64fb [ Background (dd.) -

- Total U tainty -

7oy D T Uncorany |

r - 4=15= .

0.8 — 77 — |+| |+| ------ fl:f;:o 1 -

- -e f,=0.1 .

0.6 fy=-0.1 —

0.4

0.2

o

. A EPEIPYRT R
50 100 150 200 250 300 350 400 450
Pz [GeV]
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Zy production at LHC
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N Zy->lly & Zy->vvy production
= s WISCONSIN
q Y
q Y q -
Z/y* Z/y%,
Y
Z/y* -
q I* q I+
q I*
Forbidden for Zy->vvy
Zy->vvy:
Zy->lly: + larger BR
+large S/B - Smaller S/B

+ clean signal signature

- Significant instrumental background
- Good precision for cross section measurement

= Measurement limited to high p;"
- Good aTGC sensitivity

I N L T~ 13 Tev

Zy->lly PRD 87, 112003 (2013) PRD 93, 112002 (2016) 3
ATLAS
Zy->vvy Cross section and aTGC measurement Cross section and aTGC measurement _
Zv-sll PRD 89, 092005 (2014) JHEP 04 (2015) 164 i
y->1y Cross section and aTGC measurement Cross section and aTGC measurement
CMS
Zy->v JHEP 10 (2013) 164 PLB 760 (2016) 448 CMS-PAS-SMP-16-004 {:}
Y-2vvy Cross section and aTGC measurement Cross section and aTGC measurement Cross section
Senka Duric MBI 2016 20



CMS /| A
T
L
A
S
JHEP 04 (2015) 164
- eey channel, 19.4 fb™ (8 TeV)
e CMs - ——
g 10° B zz wz
%) Il oY-BKG B signal

O 14EF
=y — —+-
R == e S S t
© E i
Q 08F +
0.6 = 2 \2 2 2
20 30 40 50 60 70809010 2x10°  3x10° 4x10°
p; (GeV)

PRD 93, 112002 (2016)

T T T T T T T T T

T
e Data .

S 3
(0]
O] 102 N —
s —— KK Sherpa (CT10) 5
= %#% MCFM (CT10) 3
= 10 = z _
T = ==  —e— N\ NNLO (MMHT2014)3
ol|E ]
g —— 3
2° 1 === =
© —— 3
10" ATLAS == E
,F Vs=8TeV,2031b" we
10° =
10°E N0 [Ty channel ' . e
1(1)"; I I I I I I I I I I ]
> 12
SIE &
o|®
£[Cos

0.6
50 86 96 110 135 170 210 270 350 470 640 2000

Mpy, [GeV]

Senka Duric

Zy->lly production
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Basic selection:
* Two isolated leptons with significant pT(l)
* Opposite sign same flavor pair within Z mass window

* |solated photon with significant pT(y)

Backgrounds:
* Z+jets (template fit from two shower shape observables), ZZ, WZ, WW, top

Bkg dominated by events in which hadronic jets, which contain photons
from n° or n decays, are misidentified as prompt photons = Z+jets
* Estimated from data
* ATLAS: two-dimensional sideband method (“ABCD method”)
* CMS: template fit from two shower shape observables
Smaller backgrounds estimated from MC

Systematics dominated measurement: uncertainty in the template
method, photon energy scale and lepton isolation

MBI 2016 21



CMS, ! A
N1 Zy->vvy production
A
: S pRD 93, 112002 (2016) WISC9N§IN
2 Famas 0 . .
g (5=8 TeV, 20.3 b C 2y . Basic sele.ctlon.
- % B v +iets * Very high MET (>140/100GeV CMS/ATLAS)
10 - 1« Photon with large pT (>145/130GeV CMS/ATLAS)
=§E¥))Yjets 1 * Lepton veto (reducing W and Wy bkg)
stat.® syst.
102 Backgrounds:
* W (fake rate/MC for e/p), jets (fake rate), y+jet(control region and MC), Vy
(MC and data control region), yy, beam halo (timing information),...
S 1.4F 3
© % 1 2‘ ;???////////'//’//’/’/'/’//////'/’/'/’//////////////////////////////////////////////:'
8 § 0. 8' ?/W@%ég//cc/ //////‘///////,///////,/+/,/////,////././,/,/,/,/,/,/,/,//././././,//////////.:: Th e m ost S e n SItIV e Ch a n n eI f Or. ZZV, vzv V e rtl C es aTG C
m 016L i |

00 20 B0 W0 30 A0 B measurement due to access to high p;!

PLB 760 (2016) 448 19 6 fb (8 Tev)

> T L T E
8 CMS 0 v+jet, W(uw), vy, Z(llyy ] April 2016 Moas  1—
> Preliminary [ Beam halo CoF - — Channel Limits Jidt s
=10 = Qcb E e —_— Zy(lvvy) [15e02,16e02] 46" 7TeV
3 3
[0 0 W—ev = - H Zy(Iy,vvy) [-9.5e-04,9.9e-04] 20.3fb" 8TeV
> . Zy(lyvvy) [2.96-03,2.9¢-03] 501" 7 TeV
L EE Wy— vy E = ! ;
E Z— vy — Zy(Ily) [-4.6e-03, 4.6e-03] 19.5fb" 8 TeV
1 4 Y E —) H Zy(wvy)  [1.1e03,9.0e-04] 196" 8TeV
—— Data ) E t Zy(lly,vvy) [-2.2e-02,2.0e-02] 51 fb" 1.96 TeV
[ZZZZ2 Bkg. uncertainty 1 z [— Zy(hyvvy) [1.3602, 1.46-02]  46f' 7TeV
10'E —m - h3=-0.001, h4=0.0 ] N —) H Zy(lyvvy) [7.8e-04, 8.6e-04] 20,3f!3" 8 TeV
g 3 — Zy(ly,vvy) [-2.7e-03,2.7e-03] 50fp' 7TeV
8 E — Zy(ly) [-3.8¢-03,3.7e-03] 19.5fb" 8TeV
B ] - — Zy(vvy) [-1.5e-03, 1.6e-03]  19.6fb" 8 TeV
1 0_2 | [ Zy(Ily,vvy) [-2.0e-02,2.1e-02] 5.1 fb" 1.96 TeV
S e W —_ Zy(ly,vvy) [-9.4e-05,9.2e-05] 46fb" 7TeV
- N ) " Zy(lyvvy) [-3.2e-06,3.2-06] 20.3fb" 8TeV
B — Zy(lyvvy) [-1.56-05,1.5-05] 50fb" 7 TeV
3| — Zy(ly) [-3.66-05,3.5¢-05] 195" 8TeV
10 E —) H Zy(vwvy)  [-3.80-06,4.3e-06] 19.6fb" 8TeV
s 25F - z — Zy(lyvvy) [-8.76-05,8.76-05] 460" 7 TeV
5 2F = ! —) H Zy(lyvvy) [-3.0e-06,2.9e-06] 203 b 8TeV
3 15k ] H Zy(ly,vvy) [1.3e-05,1.3e-05] 50fb" 7TeV
5 1&{[ S S I — Zy(ly)  [3.1e05,3.0e:05] 1957 8TeV
O o5k ‘ ‘ ‘ ‘ ‘ ‘ ] — H | A0 | (89006, 45006] 19615’ BTeV
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
200 300 400 500 600 700 800 900 1000 02 0 0.2 04 06 0.8 x107h).
Er [GeV] aTGC Limits @95% C.L.  x10%h,
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Zy->vvy measurement with Run2 data

-~ 3 (a\
CMS A
Y L
A
L S
CMS Preliminary 2.3 (13 TeV)
> | T T T ‘ T ‘ T ‘ T T T E
8 [ v+jet, W—uv, Zy—ly, W—tv, tty [] Beamhalo ]
B I Spurious ECAL signal [ Jjet=y MisiD |
<1 0 E [ electron—y MisiD N Wy—lvy E
g [ Zy—»vwy bg uncertainty I
| —e— Data ]
L E
107 =
102 = 3
10-3 = | | | | | | 27275 ez
2 — —
3 15 —t E
S pteogeo I
a 0.5[ ]
o200 300 400 500 600 700 800 YQOO 1000
E’ [GeV]
Process Estimate
Zy — vUy 41.74 + 6.67
Wy — lvy 10.60 £+ 1.58
W — ev 7.80 £ 1.78
Jet — v misidentified 1.75+ 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 1 8.82
Data 77
Sources Effect on cross section (%)
Luminosity 3.3
PDF and QCD scale 6.8
Electroweak corrections 11.3
Jets misidentified as 1y 1.3
Electron misidentified as -y 3.6
Beam halo 11.0
Spurious ECAL signals 5.0
EMiss, photon energy scales, pileup 7.1
Data/sim. scale factors 9.7

Senka Duric

e @

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

CMS-PAS-SMP-16-004

Basic selection wrt Run1l:
* Higher MET requirement (>170GeV CMS)
* Higher photon pT (>175GeV) requirement due to on-line trigger selection

Backgrounds:
* Methods similar to Run1 analysis

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

66.5 + 13.6 (stat) £ 14.3 (syst) £ 2.2 (lumi)
oNNLO = 65.5£3.3

cmSs

Good agreement with SM expectation!

Dominant systematics:
theoretical uncertainty on signal,

non-collision background estimate (beam-halo)

Analysis with 2015 Run2 data (2.3fb™!). Need more Run2 data to
supersede Runl aTGC sensitivity!

MBI 2016 23



CMS > A .
L ZV Cross section results summary
A
8 WISCONSIN
Diboson Cross Section Measurements Status: August 2016
7‘)’ T T T T T T T T — T T
Wy-tvy ATLAS Preliminary
- [njet = 0] . . H H
Zyity Run1,2 ys=7,8,13TeV < Inclusive (Njets > 0) and exclusive (Njets > 0)
_ measurement!
= [Mer = 0]
-Zy-vwy _
June 2016 CMS Preliminary
| 1 1 1 1 1 1 1 1 | 1 1 1 1
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +——o——
vs. NNLO (nLo) theory 8 TeV CMS measurement (stat,stat+sys) +——e——i
13 TeV CMS measurement (stat,stat+sys)——e——
Y e 1.06 +0.01+0.12 5.0fb"
Wy, (NLO th) o 1.16+0.03£0.13 501"
Zy,(NLOth) ) Lo 0.98 =0.01£0.05 5.0fb"
Zy,(NOth) ) e 0.98 +0.01=0.05 19.5fb"

No significant discrepancy is observed between the data and the
expectations.

Systematics dominated measurements !

Senka Duric MBI 2016 24



WV->|vjj production at LHC

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Run: 274955 Event: 103903273
CMS Vs =13 TeV
pp > WV Spv + jet
A Mvw = 3.6 TeV
Muon
pr:132.5 GeV
Jet 3 n:17
p;:823.8 GeV

n:-1.3

E,™iss : 638.5 GeV

Senka Duric MBI 2016 25



WV(WZ or WW)->lvjj production @
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

ner-p

¢*,u* Wmmp lepton Compared to purely leptonic decay mode:

- S/B much worse - stronger cuts need to extract the signal

“ wmsp Missing E;r - Larger experimental systematic

- Can not provide as precise measurement of cross section as fully
) leptonic decays

/ m—) fat jet + 6x larger branching ratio

+ Clear mass peak

+ Access to higher boson pT and diboson mass -> important for aTGC
measurements !!!

_

Basic selection:

* Lepton with sizable pT and |n,,| restriction
* lLarge MET, MTW
* Hadronic boson decay
* Exactly 2 jets high pT jets (7 TeV analysis)
* Boosted topology:
* atleast 1 high pT fat jet (AK8)
pT>200GeV (13 TeV analysis)
*  M,,>900GeV

Hadronic boson decay:
* Highly boosted boson will decay to two close jets
reconstructed as single “fat jet”
* Higher sensitivity to aTGC then non-boosted

Z(l)sjets EWK 13 Tev

JHEPO1 (2015) 049

AU Cross section and aTGC measurement
oMS EPJ. C 73 (2013) 2283 ) CMS-PAS-SMP-16-012%_}
Cross section and aTGC measurement aTGC measurement
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‘Compact Muon Solenoid

WV(WZ or WW)->lvjj cross section measurement

ner-p

* shapes of the expected M, distribution are used as templates for the cross

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

250

@ |
section fit and background estimate < 1 .
* expected shapes and rates of the distributions are mainly obtained from > I  WWWZ 1
the MC simulation samples £ : — top quarks .
: L . = o1 —— multijet =
 largest systematic uncertainties are from shape modeling, JES and JER < {,"Vt/'z'fiets ]
I ATLAS |
o(WZ+WW) [pb] i W— uv + 2 jets |
7 TeV 00sr ]
In comparison, measurements 68 + 7 (stat.) £ 19 (syst.) i ]
from fully leptonic WZ and WW ATLAS oNLO(MC@NLO) = 61.1+2.2 - 1
decays provide uncertainty ~ 10%! 3.40 significance | -
0 Il Il Il Il Il
68.9 + 8.7 (stat.) £ 9.7 (syst.) £ 1.5 (lum.) 50 100 158i' t m2aOS% [GeV]
cMms oNLO(MCFM) = 65.6 2.2 1e e

4.30 significance
JHEPO1 (2015) 049

> 22000 T T T T T T T T T T 4000
D F ATLAS N > T T T T T T T T T T ‘ L T T T T T T
C () L 4 _ -1 _ - - - -
O 20000 [Lat=ast 18 [ ATLAS i — CMS, /L dt I 5.0fb”, Vs =7 Tev C'Y'j) PAS-5MP-16-012 23" (13 Tev)
~ C _ —e— Data 1m0 L _ . i L 4 - = =
2 13000E fs=7Tev T T~ a0l JLdt=46f" b — WY_\J]é\{\SIZ (a) 132 - CMS o Data, W—uv
o 16000 =‘°'°I?,”?’k5 B F (s =7TeV 4 - . top 4 5 120 preliminary, SWW/WZ —
C multijet ] L B L | - 1 +3 .
. 14000; WIZ + jets g L —e— Data B 1 500 - QCD B 3 100 H .gingle Top -
E =) Z+jets ~ C ! : .
12000 o 1 £ 600 — WWWZ (Best Fit) - ) - ! B Wets 1
10000; W— v+ 2jets ic = i, ] . 4 i -.OE) ; ' B Uncertainty {
£ [ | ] L Systematic Uncertainty i > - 1
ook o £ vl 1 1000 1% eof -
6000 1 QO 400~ W—Iv + 2jets - | B
Fo = L i 1
40001~ L B
-
2000 [ a
E . L Ly T 2001~ ]
050 100 150 200 250 [ ]
= ; 1 s 2F 4 t {
L % 5| = s . 1 ;
g ° g 3 At b
(=] N | . i C N
_200L L [ /\ \ L b by 50 1 OO 1 50 40 60 80 100 120M 1(4GoeV)
50 100 150 200 250 50 100 150 200 250 m.. (GeV) pruned
Dijet Mass [GeV] Dijet Mass [GeV] J
Senka Duric MBI 2016 EPJ. C 73 (2013) 2283 27



‘Compact Muon Solenoid

WV(WZ or WW)->lvjj aTGC measurement

ner-p

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

CcMS JLdt=5.0fb" (s=7 TRV
Mar 2016 . oMs  — > e Data
g, B B - G Wi wz
LEP ——i Channel Limits Jidt Vs B W+jets
s, ' 1 Wy [4.1e-01, 4.6e-01] 46fb' 7TeV 8 B top
Wy [-3.8e-01,2.9e-011 50fb" 7TeV —~ [ Qcb
| — ww [-1.2e-01,1.7e-01]  20.3fb" 8TeV Z+Jets
L —— ww [2.1e-01,2.26-01] 49fb" 7TeV '
—— ww [-1.36-01,9.56-02]  19.4fb" 8TeV
— {mx Wy [2.1e-01,2.2e-01]  46fo" 7TeV
— =y [-1.1e-01,1.46-01] 50fb" 7 TeV
——— DO Comb. [-1.6e-01,2.5e-01] 86" 1.96TeV
——i LEP Comb. [-9.9e-02, 6.6e-02] 0.7 fo" 0.20 TeV
A, — Wy [6.56-02, 6.16-02] 46f' 7 TeV 1
— Wy [5.0e-02,3.76-02] 50f" 7TeV -
H ww [1.9e-02,1.96-02] 203 fb" 8TeV O F ]
— ww [-4.8¢-02, 4.8¢-02] 491" 7TeV = 2? E
toi WW [-2.4e-02,2.4e-02] 19.4fb" 8TeV E 1; = = B -+- RN ]
o wv [-3.9e02,4.0e-02] 460" 7TeV T ot ‘ T ]
— - WV [-3.8e-02,3.0e-02] 50fb" 7TeV o 100 200 00 400 500
(. DO Comb. [-3.6e-02, 4.4-02] 86" 196TeV EPJ. C 73 (2013) 2283 pj_:_ (GeV)
| Hr | LEP Comb. [-5.9?-02, 1.7e-02] o.7| o 0.20 TeV
1 1 -05 1 1 1 1 0 1 1 1 1 05 1 1 1 1 1 1 1 1 1 15 1 1 1 1 % 1055 ATLAS ] _+_Data
aTGC Limits @95% C.L. o F Ldt=461 [17=005
q10*E Vs =7Tev Bl sM wwwz
> F [ WizZ+ets
"g E [l top quarks
* no deviation in high pT tail is observed o I mutiet

* limits are extracted in a simultaneous binned maximum likelihood fit in pTijj W v + 2jets

» Comparing to aTGC results from fully leptonic channels (using the same
dataset) semileptonic WV provides the best sensitivity due to access to

400 500

higher pT/diboson mass! I Sa———
3 25
8 o:z— _/+/_/// //////////
% 100 200 300 200 500
JHEPO1 (2015) 049 Py, [GeV]
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CMS A
I WV(WZ or WW)->lvjj measurement with Run2 data ’ @
A
— 3 WISCONSIN
o 2swlcaren
%) E CM_S_ e CMS Data E
(85 sool- Frelmnat _ w (@, (2 TeV) — WW (MADGRAPH) |
) I --Z(G,  (2TeV) — ZZ(MADGRAPH)) ]
6 [ i : I .
% ook W (2TeV) ~WZ (MADGRAPH) - * large number of particles in jet -> bad resolution
2 00— [Jaco pyTHIAS ]
o r ]
i 200 ] * jet pruning (generally grooming) removes soft and large angle radiation
200ff ] : * Myoosted jer €SOlUtion does not allow separation between W and Z
100 i'i !: —:
ok - L ) — ]
© 15F
e
0: 50 100 150 200 250 3;)0
Pruned mass [GeV] Sideband
CMS-PAS-SMP-16-012 Idebana:
( 1( Y ™ * used to estimate contribution from leading backgrounds (Wjets, ttbar)
23" (13 TeV, . .. .
S % oms ] * Used to derive the shape of aTGC sensitive observable (M,,,,) of the main
) N X ' e Data, W—ev | .
o eof e : A background (Wjets)
- C i @@SingleTop |
@ B @@ W-+jets
5 b s Signal region:
> H] .
w
*  WW and WZ processes have different sensitivities to some aTGC parameters
* Splitting the signal region to WW- and WZ-like parts can help to
distinguish aTGCs
CERE s AR U S BN R S S U
gb 2} §I*Igf ) M4 I 47117
40 60| 80 100|120 140 * ttbaris also validated in two additional control regions
I\ Y, \ /\ Mpruned (GGV)
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I WV(WZ or WW)->lvjj measurement with Run2 data
s WISCONSIN
R 231" (13 TeV)
E CMS uv,WZ-category
810° £~ preliminary ¢ DmaWow * inorder to avoid the loss of signal efficiency in WZ events with Z
2 vt - bb decays events that contain one or more b-tagged jet (away
% : .t

from fat jet) are rejected to reduce ttbar background
* challenging boosted topology also implies additional systematic
uncertainty

B wwwz
I Single Top

R Background uncertainty

e [imits are extracted in a simultaneous unbinned maximum

Senka Duric

10
E%:‘H;H;H;é;‘ I PTTURY likelihood fit in M,
8° -2 * shape of the dominant bkg (Wjets) is estimated from data in
1000 1500 2000 2500 SOOf\)AWV (Ge(z/S)OO ContrOI region
CMS-PAS-SMP-16-012 N 23 b'(18TevV) 23" (13 Tev)
2) : cmMs Pfe"mi"afvo . : c\J> - cMs Prelinlinary | |
aTGC expected limit observed limit 0.17;5%;:3:3 oo 2t?§§;§?cct . é - expactod o E:t:_if,‘;if;iiiifzii 1
_E | W (Tev ) [-873,870]  [-9.46,9.42] R R R A
e S (TeV2) [-11.7, 11.1] [-12.6 , 12.0] - S /; \:\\
Q, 2 (TeV~2) [-54.9 , 53.3] [-56.1,55.4] of ,\/ ) . ’ [/V W
xg A [-0.036,0.036] [-0.039,0.039] I W Tl
5 Agt [-0.066 ,0.064]  [-0.067 , 0.066] e , , -/
=" Axz [-0.038 ,0.040] [-0.040, 0.041] 0 1 I T
Qolos 0 005 2% 40 0 10 20

First CMS aTGC results with Run2 data!
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A
I WV(WZ or WW)->lvjj measurement with Run2 data w
A
S
August 2016 o Ss
FRVle ég& . Channel Limits [Ldt 1 s
Ax — WW -43e-02, 436-02] 460" 7TeV
z — WW -2.5e-02, 2.0e-02] 203fb! 8TeV
—e— WW -6.0e-02, 4.6e-02 19.4fb' 8 TeV
I | WZ -1.3e-01, 2.4e-01 336f! 8,13 TeV
| | WV -9.0e-02, 1.0e-01 46" 7TeV
— AV, -4.3e-02, 3.3e-02 50fb' 7 TeV
— - WV -4.0e-02, 4.1e-02 23" 13 TeV
—e— LEP Comb. [-7.4e-02, 5.1e-02 0.7fb' 0.20 TeV
Y [ —— WW -6.2e-02, 5.9e-02 46" 7TeV
z — WW -1.9e-02,1.9e-02] 203fo' 8TeV
— WWwW -4.8e-02, 4.8e-02 49f' 7TeV
[ WW -2.4e-02, 2.4e-02 194" 8 TeV
— W2Z -4.6e-02, 4.7e-02 46" 7TeV
(| WZ -1.4e-02, 1.3e-02 33.6fp! 8,13 TeV
— WV -3.9e-02, 4.0e-02] 46f' 7TeV
— AV, -3.8e-02, 3.0e-02 50f! 7TeV
— — WV -3.9e-02, 3.9e-02 23f"!' 13TeV
—e—i DO Comb. [-3.6e-02, 4.4e-02 861! 1.96TeV
—— LEP Comb. [-5.9e-02, 1.7e-02 0.7fb" 0.20 TeV
AG — WW -3.9e-02, 5.2e-02 46f" 7TeV
1 — WW -1.6e-02, 2.7e-02 20.3fp' 8TeV
—_— WWwW -9.5e-02, 9.5e-02 49f' 7TeV
——i WW -4.7e-02, 2.2e-02 19.4 o' 8 TeV
—_— wWZ -5.7e-02, 9.3e-02 46f" 7TeV
— wZz -1.5e-02, 3.0e-02 33.6fp' 8,13 TeV
— WV -5.5e-02, 7.1e-02 46! 7TeV
— = WV [-6.7e-02,6.6e-02] 23fb!' 13 TeV
—— DO Comb. [-3.4e-02, 8.4e-02 86fb!' 1.96 TeV
| | | | | | | 1 | | | | | |LEP| Cof“b'. 5'|4.e 92’ %1e|02 | |O'7 Tb | 0]20 TeV
-0.4 -0.2 0 0.2 0.4 0.6 0.8

aTGC Limits @95% C.L.

First CMS aTGC results with Run2 data!
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Vector Boson Fusion (VBF) Z production
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-GN
é A L ]
A Vector Boson Fusion (VBF)
S WISCONSIN
Ta-‘ljet « Higgs production via Vector Boson Fusion is second g | T, s=Tev
Q2 production mechanism at LHC after ggH E: 10 ml
* EWK V+2 jets production -
"""" v - z2jens S :
) *  W+2 jets (talk by K. Lohwasser) R — -
Tag jet 10" pp — ttH (NLO QCD)

Possibility to measure aTGC but
statistics (for now) too small to
compete with measurements from
inclusive VV production
includes TGC vertex (VBF),
suppressed by a factor ~2.5 by
interference terms

VBF characteristic signature:

Two high pT jets in the forward-
backward region

Large rapidity separation between jets
(Ar);), with low hadronic activity
between them

Large di-jet invariant mass (M;)

Senka Duric

JHEP 10 (2013) 062

JHEPO4 (2014) 031 s

Normalised to unity

arbitrary units

Vs=7TeV CMS Simulation
0.2 P P T T T
0.18 —— DY uujj
016 | EW uyjj

o ©
SN

o

TTET T[T T [T I T[T T[T I [ TT T[T T [TTT 7T

0.08
0.06[=:*

0.04 i

0.02

IREE T RN ENEE

%

T
ATLAS

—EWZjj

— Background §

1 1 1 1
0 500 1000 1500 2000 2500 3000

m; [GeV]

MBI 2016

o b b b b b
120 122 124 126 128 130 132
M, [GeV]

Z(uu)+2 jets candidate event (CMS 7 TeV)

di-Muon mass=90.2 GeV'
di-Jet mass = 1393 GeV

CMS Experiment at LHC, CERN

Data recorded: Sat Apr 30 19:57:22 2011 CEST
Run/Event: 163759 / 41507939

Lumi section: 6

; 3
[ Mfon2 pEE7:6/GeY Orbit/Crossing: 16475899 / 109

" -

- - w - 7
¢ |Jet1, eta=2.8, pt=49.9 GeV|
-

Jet2eta=-3.6pt: 45.2GeV| | .

Muon 1, pt: 33.9 GeV|

33
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VBF: Z+jets production

ner-p

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Feynman diagrams for dilepton production in association with two jets from purely

electroweak contributions = EWK signal QCD background
a as ai as [ i 91 a as
w- e w ¢ q 4 g ¢
Wt Z/y* , “ o o ap 2 1 ’ 2y y
4 4 4 4 s b q
VBF bremsstrahlung-like multiperipheral production Drell-Yan production

presence of a large negative interference between the pure VBF process and the two
other categories!

Z(l)sjts EWK

JHEP 04 (2014) 031

ATLAS i Cross section and aTGC measurement
CMS JHEP 10 (2013) 062 EPJC 75 (2015) 66
First measurement of the electroweak production Cross section measurement
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CMS /! A
T § T V . H . I
ANS BF: Z+)ets cross section results
; A
= h: WISCONSIN
e TEeTey JHEPO4 (2014) 031
‘2104§ ‘CMS ‘ Analys‘isA:signal‘regian,uu‘evems ‘ ° Da‘ta M > L s o s e e e s e B L B e
L%) f i . — EWZj (only) 8 4i Ldt_g,ggLf,:f j
ol . . ] EWK cross section is measured with binned maximum g 105 o T ey
E ° -~ o . . . N F search region
F - likelihood template fit: PR -
b4 C - ]
* CMS: fitting the MVA simultaneously across the 10°e RS 3
< control and signal categories the strength 10 - e, -
modifiers for the EW Zjj and DY Zjj processes 4L —+ Background L T
. E —— Background + EW Zjj 3
(constrained) = 1.5+++*
., 8 L. .. . . +~(—“j 1w+ ........ . %E
HEE * ATLAS: fitting the dijet invariant mass %3 050 - ++ E
8 o . . ; 1:=--._‘____._ R P REATEE E
2 03 02 01 0 0.1 0.2 0.3 0.4 reconStrUCted In the SearCh reglon %L;‘(% 0.5; 7c0nstrained_‘_:’:+;‘:;|:q; 77777777777 _F
EPJC 75 (2015) 66 BDT output 0:* """ unconstrained —+— |
500 1000 1500 2000 2500 3000 3500
m; [GeV]

Systematic dominated measurement!
* Main systematic (th): modeling of the DY Zjj background, interference with the EW Zjj signal, EWK signal modeling
* Dominant experimental systematic uncertainty: JES

Background-only hypothesis is excluded with a significance greater than 50!

19.7 b (8 Tev)

£ "oms o(Z(ll)+2jets EWK) [fb]
5 [ Analysis C: ee+uu events
::;‘1.055 7 TeV 8 TeV
& 54.7+4.6(stat)+9.8(syst)+1.5(lumi)
1{ ATLAS - oLO(Powheg) = 46.1+0.2(stat)+0.3(scale)+0.8(PDF)+0.5(model)

> 5 g significance

0.95 [ Observed Expected

F— ~96% CL 154+24(stat.)+46(exp.syst.)£27(th.syst.)+3(lum.) 174+15(stat)+40(syst)

oo cMmS oNLO(VBFNLO) = 166 oLO(MG) = 208+18
o4 08 08 E\}VZij ;ffeng;hs 2.6 o significance > 5 o significance

Cross sections are in different phase spaces!
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CMS

Compact Muon Solenoid

Measurement of VBF topology
* Study of jets distributions and jet véto
efficiency studies in a region with

larger contribution of EW Zjj progesses

* Expected suppression of the hadronic
activity in signal EWK events

Senka Duric

-+ El)ata (201I2)

S Sherpa Zjj (QCD + EW)

- - Sherpa Zjj (QCD)
Powheg Zjj (QCD + EW)

- -+ Powheg Zjj (QCD)

Shape comparison!

s ATLAS

Ldt=20.3fo" -

Vs=8TeV 4

high-mass region

L VW] | L E

---------- X I
_____ s T

Orrrr

Data
Exp

19.7 b7 (8 TeV)

T T T T
Analysis C: M‘/ > 750 GeV, ee+up events

e Data — EW Zjj (only) EEW Zjj
DY Zjj (data) Evv

Data-x Bekg

i N 7N WU N AR R A e S AR A

F ‘ ‘
= T T T
L e . i
L ! IR
=0 jets =1 jets =2 jets =3 jets =4 jets
Central jet count
MBI 2016

ga
NG

Sherpa

Powheg

Data

Data

VBF topology measurement

JHEPO4 (2014) 031

&/
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

——— T
1 2‘_ —4— Data (2012) E
' C 2 Sherpa Zjj (QCD + EW) .
- - --Sherpa Zj (QCD) -
o Powheg Zjj (QCD+EW)  ---- —
- ---Powheg Zj (QCD) - —-
0.8 -
VA
041 ATLAS ~_
C == fLdt=203f5" ]
0.2 Vs =8TeV —|
== baseline region 7
R | ] | B I_ T ] +—1
1.2 AN 3
IS =
08F- Y
B AP S S N ]
b L Y. TSP P2, * .
0.5F z
0 500 1000 1500 2000 2500 3000
m; [GeV]
19.7 o' (8 TeV)
c 1i—— ———— 29710 (8 Ter
o [ CMS ee+uu events, M”>750 GeV b
© L ]
® F ]
- 1= =+=/=%#+—%— —
o = -
© F + ]
(O] r ]
09 :%: J
0.8F .
C ® Data ]
0.7 L o DY Zjj (data) + EWK Zjj (Madgraph+Pythia6) |
#: DY + EWK Zjj (Madgraph+Pythia6) ]
06F .
P e e ]
8 e ety
g 09 | Ll |
o 0 100

— “ : —d
Third jet P, [GeV]

EPJC 75 (2015) 66 36



JHEPO4 (2014) 031 .

10° . e
% baseline region -@-Data (?912)
2 10° fLdt=203b" ESVCVDZJ_JZU

(s =8TeV

8 |:|¥z
3 * =MZ[I)tijets
810
P

A
A aTGC measurement from VBF
S

WZ inclusive ATLAS 8 TeV results:

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

®  Possibility to measure aTGC but statistics (for now) too small to compete with

measurements from inclusive VV production
* TGC vertex (VBF), suppressed by a factor ~2.5 by interference terms

* Extracted number of events in the search region with mjj > 1 TeV
is used to place limits on the aTGCs

this region is the least affected by the background

normalisation and signal template shape

* VV production: all three gauge bosons entering the WWZ vertex have time-
like four- momentum
*  VBF production: two of the gauge bosons entering the WW?Z vertex have

space-like four-momentum transfer
» EWK production offers a complementary test of aTGCs (effects of boson

propagators present in EWK production are different from those in vector

PRD 93, 092004 (2016)

10
s 2 boson pair production)
3|8
gg 1.5
o 1 ) T . A

0 500 1000 1500 2000 2500 3000
m; [GeV]

alTGC A =6TeV (obs) A=6TeV (exp) A =o0 (obs) A=o0 (exp)
Ag1,z [—0.65, 0.33] [—0.58, 0.27] [—0.50, 0.26] [—0.45, 0.22]
Az [—0.22, 0.19] [—0.19, 0.16] [-0.15, 0.13] [-0.14, 0.11]

Comparison with inclusive WZ results: limits from EWK production are ~10X looser

Senka Duric MBI 2016

Aco Coupling Expected Observed

AgZ  [-0.023;0.055] [ —0.029 ; 0.050]

2 TeV ARZ [-0.22;0.36] [ —0.23; 0.46]
Az [—0.026 ; 0.026] [ —0.028 ; 0.028]
Ag?  [~0.016 ; 0.033] [ —0.019 ; 0.029]

15 TeV AxZ [<0.17;0.25] [ —0.19 ; 0.30]
N2 [-0.016 ; 0.016] [ —0.017 ; 0.017]

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

00 ArZ [~0.17 ; 0.25] [—0.19 ; 0.30]
A7 [—0.016 ; 0.016]  [—0.016 ; 0.016]




aTGC sensitivity and combinations
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CMS

‘Compact Muon Solenoid

Combinations within experiments

ner-p

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

ATLAS-CONF-2016-036 ; CMS-PAS-SMP-15-001

Combination between channels with similar aTGC sensitivity: ZZ->4l and ZZ->2I2v channels.

CMS combination ATLAS combination

ATLAS  —
CMs ==

Mar 2015 combined -3 Channel Limits Jut s
UL B T T ATAS UmitsT T T T " ZZ(22v)  [1.9e-02,1.9e-02] 461" 7TeV
CMS Prel. Limits — f, =— T2 ) [1~8 o 1o o2 -6 A

— | -1.86-02, 1.8e- 4610 3
f —_— 2z -0.015-0015 46 10" — e ooon Lo T
4 T 55 ol -0.005 - 0.005 19.6 fb:: ZZ(212v+41) [-1:0e-02: 1:19-02] 06! 7TeV
— — e ( V)b -0.004 - 0.003 24.7 fb,‘ 7 — ZZ(2i2v)  [1.66-02,1.6602] 460" 7 TeV
L — (comb) -0.003 - 0.003 24.7 f.L: Y — zz(4) [-1.5e-02, 1.5e-02]  46f"' 7TeV
fZ —_— Y74 -0.013-0.013 4.6 fb , — ZZ(212v+4)) [-1.3e-02,1.3e-02] 461! 7TeV
4 — e 77 -0.004 - 0.004 19.6 fb” 7z(41) [-1.0e-02,1.1e-02] 501" 7TeV
— e ZZ (212v) -0.003 - 0.003 24.7 fb! ZZ(212v+4]) [-8.7-03,9.1¢-03]  96fb" 7 TeV
i dmmm= 77 (cOmb) -0.002 - 0.003 24.7 fb"' {1 — ZZ(22v) [2.0e-02,1.9¢-02] 46fo' 7TeV
fv —_ Y74 -0.016 - 0.015 4.6 fb™ —) 1 Zz(41) [-1.8e-02,1.8¢-02] 46! 7TeV
5 — e 77 -0.005 - 0.005 19.6 fb™' — ZZ(212v+4)) [-1.5€-02, 1.4e-02] 4.6 7 TeV
— qu ZZ(212v) -0.003 - 0.004 24.7 o' Z7(41) [1.3e:02, 1.3e-02] 50f6" 7TeV
i 4w 77(comb) -0.003 - 0.003 24.7 fb”' ZZ(212v+4]) [-1.1e-02,1.0e-02] 961! 7 TeV
Z p— 7z 0.013-0.013 46" g — Zz(2l2v)  [1.76-02,1.6e-02] 46f' 7TeV
5 e 72 -0.004 - 0.004 19.6 fo' — zz4)  [16e02,16e02] 461" 7TeV
— G ZZ(202v) -0.003 - 0.003 24.7 fo! — ZZ(212v+4)) [-1.3e-02,1.2¢-02]  4.6fb" 7 TeV
N dmm 77 (comb) -0.002-0.002 24.7 b z@)  [11e02. 11002 som7 7TeV
P L Ty L L E ZZ(212v+4]) [-9.1e-03,8.9e-03] 9.6 7 TeV
05 0 1 15 X107 PR (NS (S S U SRS ST I A SR |
aTGC Limits @95% C.L. -0.02 0 0.02 0.04 0.06 0.08

aTGC Limits @95% C.L.

Gain: ~20% tighter limits.
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CMS

Compact Muon Solenoid

ner-p

Combinations between experiments:
ATLAS and CMS ZZ 7TeV

Observed limit 1 f42 1 f5Z G Channel Limits Jit s
0 ZZ(2I2v) [-1.9e-02,1.9e-02] 46fb' 7 TeV
deltaNLL ATLAS  [-0.015,0.015]  [-0.013,0.013] ~ [-0.015,0.015]  [-0.013,0.012] f Zw) | 13002 1800 sow) 7T
_— V4 e- e- 46fo" 7Te
deltaNLL CMS [-0.012,0.013]  [-0.010,0.011]  [-0.013,0.013]  [-0.011,0.011] o S ) L 0e00 11000 sot 7 ey
. £ I 1 ZZ(212v) [-1.6e-02, 1.6e-02] 46f" 7TeV
deltaNLL combined [-0.010,0.011] [-0.0087,0.0091] [-0.011,0.010] [-0.0091, 0.0089] ' 0 Zay (set2 15002 4 7Tev
—_— ZZ(212v+41) [-1.3e-02, 1.3e-02] 46f" 7TeV
F-C combined [-0.010,0.011]  [-0.0089,0.0092] [-0.011,0.010] [-0.0092, 0.0089] R ; ZZ@) (1000211002 50! 7TeV
ZZ(212v+4)) [-8.7€-03,9.1e-03]  9.6fb"' 7 TeV
ft 77(22v)  [2.0e-02,1.9¢-02] 46f' 7 TeV
5 27(4) [-1.86-02,1.8¢-02]  4.6fb" 7TeV
77(212v+4l) [-1.5e-02, 1.46-02] 4.6 7 TeV
- ZZ(41) [-1.3e-02,1.3e-02] 50fo" 7TeV
e . . ; Z7Z(212v+4)) [-1.1e-02,1.0e-02] 961! 7 TeV
The sensitivity to aTGC parameters is improved by about £ = | Zbey [etnieetl ssbr TTed
ege @ - - —_— v+4l) [-1.3e e-02] 61! e
20% compared to the sensitivity of a single experiment. N ; T rech 1100 sap 7TV
L T | (2I2x+4|) [-9.1e- 03 8.9¢-03] 9. Efb" 7TeVI
-0.02 0 0.02 0.04 0.08
aTGC lelts @95% C.L.
First effort to combine ATLAS and CMS aTGC results
v Synchronization of the ATLAS and CMS limit setting s 002 (ATLASMICHS i, LoASSSOWT TIN g gp APUAS QUS| Lo400S0 ', o7 TeY
tools and statistical procedure i /}\\ S comoies i ////; Zmmns
.. F / . E 8 _ AN ,
v" Requiring a good agreement between results of | VN > ] S S QRN ]
. . . . L [ AN | L N |
different tools is required to ensure consistency Lot <r\ L \\ ] o ({ AN
: . Lo  Eepedteasew ol 1 VAR VA W =it o4 b
v’ For the deltaNLL (FC) the results are in relative TN \ggg’éguﬁggz/;%{\ ] AN \:g;g:mzc;gz/,%t\\ A
7 or) ] 7 = -
agreement at the 1% (5%) level N\ /) . SRS\ JV IR
0011 N > C// // ] 001 < N \;f/ /} i
PR ; I N S [ AN /o
Combination procedure that can serve as guidance for i - ] i R ]
future combinations of aTGC parameters at the LHC ! % oo o oot ‘:;2 %@ o0 o oo o
4 5
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July 2015
— T B —
CMS Prel. L\ﬂ'J\(S —
h Zy(ly vvy 7TeV) -2.9¢-03-2.9¢-03 5.0 fb"
3 Zy(I) -4.6e-03 -4.6e-03 19,5 1b"
—_— Zy(vvy) -1.1e-03-9.5e-04  19.6fb"
hz Zy(ly vvy 7TeV) -2.7e-03-2.7e-03 5.0 fb"
3 Zy(ly) -3.8¢-03-3.76-03  19.5fb"
[E— Zy(vvy) -1.5e-03 - 1.6e-03  19.6 b
hv [ Zy(ly vvy 7TeV) -1.5e-05-1.5e-05 5.0 fb"
4 Zy(ly) -3.6e-05 - 3.5e-05  19.51b"
— Zy(vvy) -3.8¢-06 - 4.3¢-06  19.6 b
hz —_— Zy(ly vvy 7TeV) -1.3e-05-1.3e-05 5.0 fb"
4 Zy(lk) -3.1e-05-3.0e-05  19.5fb"
— Zy(vvy) -4.0e-06 - 4.6e-06  19.6 fb”'
I | P T Ly
-0.5 0 1.5x10%(h,),x10%(h,

1
aTGC Limits

Limits with 7 TeV data

@95% C.L.

'y

)

aTGC sensitivity vs time

April 2016 —_
ATLAS  ——
coF Channel Limits Jat s
q e — Zy(hvvy) 15602, 16602]  46f" 7 TeV
H Zy(lyvvy) [-9.56-04,9.9¢04] 203fb" 8TeV
— vl vvy) [2.96-03,2.9e03]  50f07 7 TeV
[— (h)  [46e-03 46e-03] 195f" 8TeV

1.96 TeV.

[-2.0e-02, 2.1-02] 5.1 fo”

7TeV

7 TeV

H (vvy) [-1.1e-03,9.0e-04]  19.6fb" 8TeV
—_—_m v(ly,vvy) [-2.2e-02,2.0e-02] 5.1 fp'
[— y(lyvvy) [1.3602, 1.4602] 461"

H (Iyvvy) [-7.8e-04,8.6e-04] 203fb" 8TeV
— v(lyvvy) [-2.7e03,2.7e-03] 501"

— v () [-3.8¢-03,3.76-03]  19.5fb" 8TeV

— (vvy) [-1.5e-03, 1.6e-03]  19.6fb" 8 TeV

1.96 TeV.

[-9.46-05,9.2¢-05] 4.6fb"

7 TeV

[-3.26-06, 3.26-06]  20.3fb" 8 TeV

Iy vvy) [-1.36-05,1.36-05] 5.0fb"

NN N NN LN RN PN N ENENE Y

v [-1.56-05, 1.5¢-05] 5.0fb" 7 TeV
v () [-3.66-05,3.5e-05] 19.5fb" 8TeV
(vvy) [-3.8e-06, 4.3e-06] 19.6fb’ 8 TeV
Iy vvy) [-8.76-05,8.76-05] 46fo' 7 TeV

[-3.06-06, 2.9¢-06] 203 10" 8TeV

7TeV

Iky) [-3.1e-05, 3.0e-05]  19.5fb" 8 TeV
'y (vvy) | [-3.9e-06,4.5e-‘06] 19.6 b 1B TeV
. N P .

0.4 0.6 ‘
aTGC Limits @95% C.L

0.8 x10'(h,),

x10%h,)
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11 First results already available.
More coming soon !!

—> Limits with 8 TeV data ————— Limits with 13 TeV data (Run2)

+ collision energy increasing

+ integrated luminosity increasing

=>» Accessing higher diboson system masses/pT =2 aTGC sensitivity increasing

- but also more challenging conditions for measurements (higher PU, ...)!

Upcoming analyses with Run2 2016 data will provide new world best limits!

Senka Duric
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Mar 2016 ° CMs — April 2016 CMs —
Central ATLAS l_._"_' é‘[r)l_FAs '_||—| o
Fit Value LEP —e— Channel Limits del \s (Z:h(i?nel SN I;;n'tfe o3 {Lgtfb‘ ET v
- - S " g = h | SEEE— | y (I vvy -1.5e-02, 1.6e- 6fb e
ax, : toW [41e-01,46e01]  46f7 7TeV ° H Zy(yvv) [95-04,99¢-04] 203 fb' 8TeV
S —' Wy [-3.8e-01,2.9¢e-01] 501" 7TeV — Zy(lyvvy) [2.9e-03,2.9¢-03] 50f" 7TeV
—_ ww [-1.2e-01,1.7e-01]  20.3fb" 8TeV — Zy(ly) [-4.6e-03, 4.6e-03] 19.5f" 8TeV
—_—_ ww [-2.1e-01,2.2e-01] 49fb" 7TeV H Zy(vvy) [-1.1e-03,9.0e-04] 196f0" 8TeV
—— ww [-1.3¢-01,9.5¢:02]  19.4fb" 8TeV F ! ;VE:'JNW; {fiegi f-ge'gg 5.1 b 196 T
! — v (Il vvy -1.3e-02, 1.4e- 4.6 b’ e
—_— -2.1e-01, 2.2e- 1 hg
wv [-2.1e-01, 2.2e-01] 4.6fb»| 7 TeV s H Zy(lly,vvy) [-7.8e-04,8.6e-04] 203 1" 8TeV
— wv [1.1e-01,1.4e-01]  50f" 7TeV — Zy(kwvy) [2.7e03,2.7e-03] 50f" 7TeV
——— DO Comb. [-1.6e-01,2.5e-01] 86f"' 1.96 TeV — Zy(lly) [-3.8¢-03,3.7¢-03] 1951b" 8TeV
——i LEP Comb. [-9.9e-02, 6.6e-02] 0.7fb”" 0.20 TeV ] Zy(vvy) [-1.5e-03,1.6e-03] 19.6fb" 8TeV
N — Wy [-6.56-02, 6.1e-02]  4.6fb" 7 TeV L 1 ?E:z,vvy; {-g.ge-gg, g;e-gg 5.1 fb‘: 1.?_6 Jev
v - | | Y VY -9.4e-05, 9.2e- 4.6fb 7 Te'
W -5.0e-02, 3.7€-02 1 [
— v [900:02,376:02] 501" 7TeV ‘ " Zy(lyvvy) [3.20-06,3.2¢-08] 203157 8TeV
H ww [-1.96-02,1.9e-02]  203b" 8TeV — Zy(vvy) [1.5e-05, 15605 505" 7TeV
— Ww [-4.8e-02,4.8¢-02] 49fb" 7TeV — Zy(lty) [-3.6e-05,3.5¢-05] 195" 8TeV
] ww [-2.4e-02, 2.4e-02]  19.4fp" 8TeV H Zy(vwvy)  [-3.8e-06,4.3e-06] 19.6fb" 8TeV
— WV [-3.96-02, 4.06-02] 46fn" 7TeV I —_ iyg:z,wy; {-g.ge-gg, g.;e-g:} 4.6fb"' 7 TeV
-3.8e-02, 3.0e-02] 1 H Yy (lly,vvy)  [-3.0e-06, 2.9e- 20.3fb" 8TeV
— wv [3.80-02, 3.00-02) S'Ofb,‘ 7Tev H Zy(lly,vvy) [-1.3e-05,1.3e-05] 50fb" 7 TeV
e DO Comb. [-3.6e-02,4.4e-02] 86 fb"' 1.96 TeV Zy(lly) [-3.16-05,3.0e-05] 195 fb" 8 TeV
e LEP Comb. [-5.9¢-02, 1.7e-02] 0.7 fob" 0.20 TeV |i| Zy (vvy) [-3.9¢-06, 4.5e-06] 196’ 8TeV
PRI IS S (N S S N (N SN S SO NS SO SN S EN S S S PR T U NS S I S D E S S N u N
-0.5 0 0.5 1 15 -0.2 0 0.2 0.4 0.6 0.8 x107(h),
aTGC Limits @95% C.L. aTGC Limits @95% C.L.  x10%h)
August 2016 oSl C¥L§\S % Mar 2016 cMs —
FiVaRe LEP Channel Limits JLdt \s ATLAS Channel Limits det s
Ax, — WwW [-4.3e-02,4.3e-02] 46fb" 7TeV
— WW [-2.5e-02, 2.0e-02] 20.3fo' 8TeV i F ! 7z [-1.5e-02,1.5e-02] 46f' 7TeV
—— ww [-6.0e-02, 4.6e-02]  19.41b' 8 TeV ¢ £ O g "
Wz [1.36-01, 2.4e-01]  33.6b" 8,13 TeV — 2z [-5.0e03, 5.0e-03] 196" 8TeV
—_— wv [-9.0e-02,1.0e-01]  46f' 7TeV — 77 (212v) [-3.6e-03,3.2e-03] 247" 7,8TeV
— wv [4.3e-02,3.3e-02] 501" 7TeV .
—— LEP Comb. [-7.4e-02,5.1e-02]  0.7fb”" 0.20 TeV — ZZ (comb) [-3.0e-03,2.6e-03]  24.7 1" 7.8 TeV
by — ww [-6.2e-02,5.96-02] 4.6fo" 7TeV p b 1 7z [-1.3e-02, 1.3e-02] 46f" 7TeV
i ww [-1.9e-02,1.9e-02] ~ 20.3 ™" 8TeV 4 .
—_— WW [-4.8¢-02, 4.8¢-02] 4.9 fo' 7TeV — 2z [-4.0e-03, 4.0e-03]  19.6fb" 8TeV
et ww [-2.4e-02,2.4e-02]  19.4fp" 8TeV — 77 (212v)  [-2.7e-03, 3.2¢-03 7,8 TeV
— wz [-4.6e-02,4.7e-02] 46fo' 7TeV @2 ’ | 2471
[ wz [-1.4e-02, 1.3e-02] 336" 8,13 TeV —— ZZ (comb) [-2.1e-03,2.6e-03] 24.7fpo"' 7.8 TeV
— wv [-3.9¢-02, 4.0e-02] 461" 7TeV ’ ; 1 .66 y g
Wy (38002 3.0002] 50f" 7ToV “ [ | 7z [-1.6e-02,1.5e-02]  4.6fb" 7TeV
—e—i DO Comb. [-3.6e-02,4.4e-02] 86fb' 1.96 TeV —_ 7z [-5.0e-03, 5.0e-03] 19.6fb" 8 TeV
—— LEP Comb. [-5.9e-02,1.7e-02] 0.7 fb”"  0.20 TeV :
= WW [3.96:02.52602] 461" 7 TeV — Z7(212v)  [-3.3e-03,3.6e-03] 247" 7.8TeV
! — ww [-1.6e-02, 2.7e-02] 20.3fb" 8TeV — ZZ(comb) [-2.6e-03, 2.7e-03] 247" 7,8TeV
| —— wWw [-9.5e-02, 9.5e-02] 49fb"' 7TeV =
i ww [-4.7¢-02,2.2¢-02] 19.4fo" 8TeV 14 L i 24 [1.3e-02,1.3e-02] 461" 7TeV
[E—— wz [5.7e-02,9.3e-02] 461" 7TeV [E— -4.0e-03, 4.0e-03 8 TeV
— wz [-1.5e-02, 3.0e-02] 33.6fb"' 8,13TeV 2z L ! 19610
| — WV [-5.5e-02,7.1e-02] 46fo' 7TeV — ZZ (212v) [-2.9e-03,3.0e-03] 24.7fb" 7,8 TeV
—— DO Comb. [-3.4e-02,8.4e-02] 86fb" 1.96TeV 77 (comb) [-2.26-03, 2.36-03] 1
— -2.2e-08, 2.3e- 247" 7.8TeV
- - - -1 )
Lo L ', [ERComb [Sde02,21002] 07t 020TeV P T T R P T
-0.4 -0.2 0 0.2 0.4 0.6 0.8 -0.02 0 0.02 0.04 0.06
aTGC Limits @95% C.L. aTGC Limits @95% C.L.
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Mar 2016 CMS April 2016 CMS
Central ATLAS  b— ATLAS  F—
Fit Value oo —— Channel Limits JLat s CcoF Channel Limits JLdt s
. Wy [41601,460:01] 461" 7TeV hy '—H—' Z“'(H"”V\:’:) {ﬁ;'gigij;gigﬂ gf;ib,‘ ;zz
Wy [-3.8e-01,2.9¢-01] 50f" 7TeV [2.96-03,2.96-03] 50fy' 7 TeV
[ — ww [-1.2e-01,1.7e-01] 203" 8TeV [-4.6e-03, 4.6e-03] 19.5fb" 8TeV
ww [-2.1e-01,2.2e-01] 49" 7TeV [-1.1e-03,9.0e-04] 19.6f0™" 8TeV
WW [1.36-01,9.56-02] 19.4fo" 8TeV [2.2e-02,2.0e-02] 51 fp" 1.96TeV
(S wy [2.1e01,2.2¢-01] 461" 7TeV 3 , E:gz:gi:;gz:gi ;‘os.fbfb,‘ ;lig
* No significant discrepancy is observed between data and the SM
expectations in high mass/pT 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
Lamn WV [FT.B8-UZ, 2. 78-U] U310~ BTE (comb) [-2.6e-03, 2.7e-03] 24.71b B Ie
wWwW [-9.5e-02, 9.5e-02] 49" 7TeV
WW [-4.7e-02, 2.2e-02] 19.4fo' 8 TeV 7 7z [-1.3e-02, 1.3e-02] 460" 7TeV
— wz [-5.7€-02,9.3e-02] 46f" 7 TeV : 77 [-4.06-03, 4.06-03] 196" 8TeV
— wz [-1.5e-02, 3.0e-02] 33.6f' 8,13 TeV
— wv [-5.5e-02,7.1e-02]  4.6fb! 7TeV 77 (212v) [-2.9¢-03,3.0e-03] 247" 7,8TeV
I DRI - e M 4 L | R
-0.4 -0.2 0 0.2 0.4 0.6 0.8 0.02 0 0.02 0.04 0.06
aTGC Limits @95% C.L. aTGC Limits @95% C.L.
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‘Compact Muon Solenoid

Diboson Cross Section Measurements

Yy
Wy—tvy

— [njer = 0]
Zy-tlty

= [Mee = 0]

- Zy-vvy
WV-{vqq

ww

~WWosep, [ = 0]

—WW-oey, [nje: 2 0
- WWoey, [njee = 1

wz

- WZ-evee
zz

—ZZ-4¢, (tot.)

—ZZ-4¢

—ZZ-ttvy
—ZZ*-4¢

June 2016

ner-p

Cross section summary

Status: August 2016

T

BB
KRB

T T

ATLAS Preliminary
Run1,2 Vs=7,8,13TeV

LHCpp Vs=7TeV

LHCpp Vs=8TeV

LHC pp Vs =13 TeV

NNLO QCD

NLO QCD

Data
stat
stat® syst

Data
stat

Data
stat
stat @ syst

14

I
1.6

ratio to best theory

CMS Preliminary

Y

Wy, (NLO th.)
Zy, (NLO th)
Zy, (NLO th)
WW+WZ
ww

ww

ww

wz

wz

wz

Y74

Y74

Y44
I Il Il

CMS measurements
vs. NNLO (Lo theory

7 TeV CMS measurement (stat,stat+sys) —+—o——
8 TeV CMS measurement (stat,stat+sys) —+—e——

13 TeV CMS measurement (stat,stat+sys) ——e——

1.06 +0.01+0.12
1.16 = 0.03 £ 0.13
0.98 = 0.01+0.05
0.98 = 0.01+0.05
1.01£0.13 £ 0.14
1.07 £ 0.04 = 0.09
1.00 = 0.02 = 0.08
0.96 = 0.05 = 0.08
1.08 + 0.07 = 0.06
1.04 £0.03 £ 0.07
0.82 = 0.07 = 0.07
0.97 £0.13 £ 0.07
0.97 +0.06 = 0.08
0.8|8 +0.11+0.04
L

5.0 b
5.0 fo!
5.0 b
19.5 fo'!
49fp"
4.9 b’
19.4 fo!
2.3 1"
4.9 b
19.6 fb'!
2.3 1"
49fbT
19.6 fb™!
2.6fb"
L

0.5
All results at:
http://cern.ch/go/pN;j7
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Production Cross Section Ratio: 04,/ ©
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ATLAS and CMS experiments provided numerous results
in diboson channels with Run1 data (7 and 8 TeV)

Results with Run2 data starting to come out

Diboson and VBF production results are in good
agreement with SM expectations
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CAL |n|<5
ECAL |n|<3.0
Tracker |n| < 2.5
Pixels Muons |n| <2.4

Tracker
ECAL
HCAL

Solenoid

Muons

STEEL RETURN YOKE
~13000 tonnes

SUPERCONDUCTING
SOLENOID
Niobium-titanium coil
carrying ~18000 A

HADRON CALORIMETER (HCAL)
Brass + plastic scintillator

: 14000 tonnes

Total weight
Overall diameter :15.0 m
Overall length :28.7m

ylaan

Senka Duric

CMS and ATLAS experiments

N\ 7
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON
SILICON TRACKER
Pixels (100 x 150 um?)
~1m? 66M channels
Microstrips (50-100um)
~210m? 9.6M channels

Measurement made within
Tracker acceptance |n| < 2.5

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)
76k scintillating PoWO, crystals

PRESHOWER
Silicon strips
~16m? 137k channels

Muon Detectors Electromagnetic Calorimeters

Q Detector characteristics
Width: 44m

ﬁ Diameter: 22m

« Weight: 7000t

CERN AC - ATLAS V1997

/ Ny Solenoid ]
R \ Forward Calorimeters

End Cap Toroid

Endcaps:

o

Inner Detector ieldi
Hadronic Calorimeters Shielding

Barrel Toroid



CMS

‘Compact Muon Solenoid

ner-p

Anomalous couplings as search for New Physics?

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Two general ways to look for deviations from the SM:

a)

Assume a specific model of New Physics: SUSY scenario, dark matter, ...

Anomalous coupling measurement

b)

Look for model independent deviations and measure “the deviation from SM” (deviations still have to be
parametrized)

And also choose between:

1. Looking for a peak in observed distribution

Anomalous coupling measurement

2. Looking for a deviation in the tails of observed distribution (broad deviation)

-
o
R

< Events / GeV >
o B

(22) __<-_.-I__-.._L

19.7 fb™ (8 TeV)

CMS

8- Data
— Background fit

W'— HW (1.0, 1.5 2.0 TeV)
- 2' = HZ (1.0, 1.5, 2.0 TeV)

LP)
V=H,,

+

o

@ &
®|o -2k
o 1 15 2 25
Dijet invariant mass m; (TeV)
cms det=19.3fb" s=8Tev
> 10* ‘—0— Muondata ‘ - jets‘ oy !
8 BZZZY MC uncertainty Zyvjots
S 103 SMaa¥/A2m 2
S 10 M +af / A? = 50 TeV™ - +op quark
g 10? Bl vsiets
i Wy
10§
10" E
10
[$) E 3
S e %
g 1 ; +—* + | E

300 200
Photon E; (GeV)

Senka Duric

Lagrangian that we feel at low energies can be expressed as the SM + additional terms
* Effective vertex approach (used in ZZ and Zy analyses) Nucl. Phys. B282 (1987) 253

raﬁ ‘7\2/—’77%/ BY (ghg®B o Bu
v =i e=—a—{ h (a78" —qjg™)
Z

2 2
afp  _ . 9y — My V (o _Bu B _uo
My =1e m2 (" (av g™ +av &™) + by 2 Y (g,av 6% — ¢t )
|4 a
Submitted to JHEP + 1 € (qzp — Az,p) } +hy @ gy
arXiv:1506.01443 + by qv eﬂﬁw Qvp Gy }

* Effective Lagrangian approach="phenomenological Lagrangian’ (WV analyses)

) v o _ .., Phys. Rev.D41(1990) 2113
Ly —— Lwwy = —zgwwv{g}/(W;jW ryv — W:VUW H ) + HVWJW,, VH

)\
V W+ W~— VPVPM — ig;/ellupa [W;(apW;) — (8PW:)W;] Va} ,

* Effective Field Theory (EFT) approach (WW analysis, VBF analyses and triboson analyses)

Phys. Rev. D48 (1993) 2182

o) n+4
( ( )

E&‘\] _—) ‘Ceff_‘c"’”_FZZ \n

n=1 1

MBI 2016

Phys. Rev. D 90, 032008 (2014)
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Statistical method:
anomalous coupling measurement WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

CMS

ner-p

maximizes L in 6, for specified a

6 = nuisance parameters 25
a = anomalous coupling parameters A( 6() — L (O{, 0; ) . . — -
. . =— =z test statistics: #(a) =-21n A()
L =likelihood function L( a 0)
2

A(a) = profile likelihood ratio

maximize Lin o and ©

Fitting aC parameters =>

Limit setting criteria (both supported by CMS statistics measurement of aC parameters
Committee as methOdS for aC Iimit Setting): => due to |arge uncertainties wrt best
1. “deltaNLL” limit: use of Wilks theorem, distribution of ta, value we quote 95% CL limits

under assumption a, is approximated with x? distribution
*  Asymptotic, high statistics approximation
*  Fast but coverage is not guaranteed
2. “Feldman-Cousins (F-C)” limit: distribution of t,, under
assumption a, is determined by throwing toys _ _ o
*  Computing time consuming but guaranties *  Pre-fit or post-fit expected limit
* Toys or Asimov dataset

coverage _ _
v" Usually we have been using pre-fit
Asimov dataset for expected limit

Several definitions of expected limits are
available

Usually the two methods agree within 10%.

Systematic uncertainties covered via nuisance parameters.
Nuisance parameters are profiled.
Nuisance effect is lognormal (InN) by default (CMS statistics committee recommendation).
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CMS | (=) Statistical method:
— A anomalous coupling limit setting WISCONSIN
/ I—) maximizes L in 8, for specified u\w
- sgnalsrenght Law.6,) o .
A - A (u) = ,O=sus=u [test statistics: #,(u)=-21In )L(u)}
L = likelihood function L. ( i, 6)
A(u) = profile likelihood ratio

K I—) maximize Lin pand ©

For every a in anaomalous coupling parameter space!

Fitting signal strength in every point

Limit setting criteria : Eur.Phys.)., C71:1554, 2011 in anomalous coupling space =>
1. “CLs” limit: asymptotic calculation of CLs testing individually points in
¢  Asymptotic, high statistics approximation parameter space => limit setting
*  Fast but coverage is not guaranteed CLS — Ds.p
1-pyg

Usually all three methods
(deltaNLL, F-C, CLs) agree within 10%.

5 CMS [Ldt=19.3b" (), 19.2f"(e) (s=8TeV cus fs=7TeV,L=511";/s=8TeV,L =197 "
L L e e L L St S S B S S L AL T T T T T T T T

8 E — 95% CL observed limit E % LA A A A S A
g 45F s enmman 95% CL expected limit ... o 10 Observed
0 E [ =10 expected limit 3 \O INEPTERRORE Expected without the Higgs boson
‘_ +2 ted limit -
\g 4E o expected limi E g - Expected « 10
3 3.5F = — l Expected = 20
N |E
© - Phys. Rev. D 90, 032008 (2014) 1= Phys. Rev. D 89 (2014) 092007 4
“y : 2'5: 1 .
These are “higgs- oF 10 1@ higgs limits
. . . = = e
like” limits. 1.5F 1% ~
3 G
1: .
0.5F 5 107
Senka Duri 0: oS BN B R B AP SR Bt b S s v svr e eves s e v
enka Duric -80 -60 -40 -20 0 '20°'“40'° 60 80 100 200 300 400 1000

fro/A* (TeV) m., (GeV)
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CMS 1 (=2 Vector boson i
L . . . 3
4 couplings in SM E S
w - 20 -
R v
Triple and quartic vector boson couplings o +
*  Fundamental prediction of Standard Model (SM) N—
F __..no ZWW vertex (Gentle)
*  Consequence of the non-Abelian nature of the A " only v, exchange (Gentle)
SU(2)xU(1) gauge theory 0 % 5 200
* Have exact values in SM! Vs (GeV)

Phys. Rept. 532 (2013) 119

Triple gauge couplings (TGC) Quartic gauge couplings (QGC)

Z WY wouZ oW WEowe

rd W '/ W |
l’ [’ ' 2 2 £ . ) ! Xy e [} : g2

7 W‘\N:e z°-———- ‘(: eltan(6 ) 7, §7C0S Ow e _egcosBy |

AN w AN wt Z W- Y W- Y W- W- W-

Forbidden in SM

’ 7" / 7] Z Y Y Z Z Y

Y AAAL 70— {
Y Y z Y v

Charged couplings are allowed at the tree level while neutral are forbidden in SM.
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CMS
Deviation of vector boson couplings

ner-p

UNIVERSITY OF WISCONSIN-MADISON

Allowing vector boson couplings to vary away from SM values.

How to perform a measurement?
* Anomalous couplings contributions to gauge couplings have to be parametrized
* Ideally: performing global fit to all parameters = too many independent variables
* Need to apply assumptions (physically motivated) to reduce the number of paramaters to measure

Anomalous Triple gauge couplings (aTGC) Anomalous Quartic gauge couplings (aQGC)

Z WY wouZ oW WEowe

N oW N g Z W, WY W W W
, Z° , Z° yA Y Y Z y4 Y

vy 2 O o o
\ y . y Z v v Z Y y

Charged couplings are allowed at the tree level while neutral are forbidden in SM.
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Senka Duric

A Anomalous coupling parametrizations:
L
A EFT summary
dim6 operators and vertices (aTGC and aQGC)
Owww | Oww | Ow | Opp | Op 01'3 01}13 Ovw | Qiww o/.'m
WWZ X X X X X X
WWA X X X X X X
Z7H X X X X X X
WWH X X X
AAH X X X X
AZH X X X X X X X
WWWW X X X X
WWZZ X X X X
WWAA X X X
WWAZ X X X X
WWHH X X X
ZZHH X X X X X X X
AZHH X X X X X X X
AAHH X X X X
MBI 2016
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CMS

Compact Muon Solenoid

ner-p

* Limits with form factor of A>~3 TeV give results
similar to A=== (no form-factor)

* Neutral TGC (ZyZ/y and ZZZ/y) results are in the
unitarity violating regime

Phys. Rev. D30 (1984) 1513

hi(s)

N
(1+s/A2)

uwy and eey channels, L=19.5fb™ (8 TeV)

o
ARRAAARRRRANRRRARRRRRN R

x103
F CM

— Data

— MC expected
[J+20

W=io

— Unitarity Bounds

allowed

03 Similar behavior for h?,
-0.4
et i L
05 2 3 4 5 6 7
A (TeV)
iy and eey channels, L = 19.5 fb™ (8 TeV)
=0 0.021
c [ CMS — Data
) —MC expected
0.015 %20
mEY
0.01 F < Unitarity Bounds
0005 - —
0F allowed
0.005F —_
0,01} o .
Similar béhavior for hZ,
00 e
2 3 4 5 6 7

Senka Duric

A (TeV)

do/dmyy (pb/GeV)

MBI 2016

Unitarity: neutral and charged aTGC

\ 7
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

For charged aTGCs (WWYV vertex) observed
limits are 2 orders of magnitude smaller
then the unitarity bound

Charged aTGC results are in the unitarity
non-violating regime

Figure by Celine Degrande

ppoWW @ LHC 14 TeV with Cywww/A’=6.25 TeV~>

100

10~

SM
SM+0WWW
Uni. bound

1/A% (s/A%)

500 1000 1500

rnWW

J. High Energy Physics 04 (2015) 164
54



CMS

Question of unitarity

ner-p

\ 7
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

- WtWtjjy
10! i pp‘ 4 717 ,

= Any non-zero value of anomalous coupling will lead to tree-level 1000
unitarity violation at sufficiently high energy
= At these high energies we will not have an effective theory (that we see 101}
at energies where we perform the measurement) but full New Physics ej
theory that conserves unitarity g 107

Fso=480TeV™*| = Tt
-3 ' 4 ; Lot
Effective Lagrangian and effective vertex formulation T e BTy
* Unitarity is preserved with applying a form-factor a1
 Adding two new parameters and assuming their values a-priori: S ottt
/\FF (form factor scale) and n https://whizard.hepforge.org
* Form factor structure comes from New Physics structure () = @
* Form factor structure is unknown a-priori, so it is arbitrary 1+5/A.)"
Effective field theory formulation x e
. ~ A\ TT4)
* Already has a scale (new physics scale A) Lepr = Lsm + E E );

* Usually no need of form-factor n=1 i

Translation between
formulations possible only for
no form-factor approach!

We will never observe the unitarity violation! However measurement can
be “over-sensitive” if using models that break the unitarity for signal model
building.

In CMS we have been setting limits without the use of form-factor,
equivalent to A =o°.
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CMS

ompact Muon Solenoid

ner-p

QGC (WVy->lvjjy)

JHEP 04 (2015) 164

Limits with form factor of A ;>~4 TeV give results similar

to Agp==° (no form-factor)

Effective field theory terms violate unitarity at parameter

Unitarity of measured anomalous coupling limits

UNIVERSITY OF WISCONSIN-MADISON
CMS Simulation Preliminary Vs=8TeV

& LA B B o B L L L L n

' 1 —— — Expected Limit

% 10 B 0.5/ x Effective V3 Limits 3

0] [ o.25/4 x Effective |3 Limits ]

bt 10_2 Unitarity upper bound with @:ﬂevr ]

N< Unitarity upper bound with @=2Tev E

~ == Unitarity upper bound with @=4Tev .

;!o 1 0-3 . wmm— Unitarity upper bound with {3=8TeV..

11 1 \HHH‘

ILLLLULNLLLLLL \\HHH‘ T T T

values close to the measured limits . i
. 10 o — % \\\ 3
For the case of dipol form factor neutral WWyZ/y results B (1+38/A%p)? ~—— .
are in the unitarity violating regime 10 R R IR B Y-S -y
arXiv: hep-ph/0009262 Ay [TeV]
Phys. Rev. D 90, 032008 (2014)
uy and eey channels, L=195®7@8Tev)  Neutral TGC
o % 002 s —r
G000t i expected *  Limits with form factor of A.>~3 TeV give results similar to A== (no form-
§ 0.01E behavior for h7; Emtarity Bounds factor)
o g
g 0005¢ === . Neutral TGC (ZyZ/y and ZZZ/y) results are close to unitarity bound for limits
o = . o . . . . . .
> O alloved from Zy->lly, but in unitarity non-violating regime for limits from Zy->vvy
= -0005F —_—
g . Charged TGC
= hi(s) = — i - . .
0015| | L (/) * Observed limits are 2 orders of magnitude smaller then the unitarity bound ->
2 3 4 5 6 A(;ev) results are in the unitarity non-violating regime
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