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@ Electroweak results: Z and W bosons
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Interest to study electroweak physics
¢ LleCctrowecak physSICS constitutes an wide IIterest 11 [§}
framework of LHC.

e First we have to prove to
before claim any discovery. W Z cross sections measured with small
uncertanties are benchmark for SM and are one of first validations,

e LHC is not a precision machine, but with the enormous statistics
of W and Z collected can be considered as that. Data/MC
comparison provide a powerful validation of QCD calculations,

e Understand the background is a main issue, W Z are among the
most copious backgrounds,

e Z and W can be considered as a candle providing an excellent
calibration signal for many purposes:

Electron energy scale,

Track momentum scale,

Lepton ID and trigger efficiencies,

E}*%% resolution,

Luminosity (as Bhaba scattering at LEP),
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Z and W bosons :Experimental signatures

e 7 pair of charged leptons

proton : » - proton - R - Z _) £+€_
a=of — - o Lepton requirements:
o high pr (> 20 GeV)

% e isolated
o opposite charge (£747)

0 ~ 60 < my+,- <~ 120 GeV

/# o W single charged lepton
W+ — (ty

Figure : o Lepton requirements:

On top are sketched diagrams: o high pr (> 20 GeV)

Wt — ptv (left) Z — ete (left). o isolated

On bottom W — etv (left) s

7 — it~ (left). o E*% > 20 GeV from v

o Transverse mass: qu;, =

\/2 phopi (1 — cosAghv) >
40GeV

S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSIC! November 13, 2017



Z and W bosons: candidates

~ ~ (CMS Experiment at LHC, CERN
‘ CMS | fun 133674, Event 21466935
Lumi section: 301
Sat Apr 24 2010, 05:19:21 CEST
| 2T~
Electron p,=35.6 GeV/c
ME; =36.9 GeV / \\

My=71.1 GeV/c?

= EXPERIMENT

Figure : W — ev candidate Figure : Z — pp candidate

On the right: Display of a Z — pu candidate event from proton-proton
collisions recorded by ATLAS on 14 June 2015, at 1/s=13 TeV. The red lines
shows the paths of two muons through the detector, with transverse momenta
of 44.1 and 44.7 GeV. The green and energy deposits in
the liquid argon and
are shown as

, curving in the solenoidal magnetic field. The reconstructed dimuon

invariant mass is 90.2 GeV.
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Lepton identification

e Electrons
electromagnetic padronic uon
. calorimeter calorimeter shamper
tracking chamber 1be:

e compact electromagnetic
— cluster in calorimeter
’ o Matched to track

=

electromagnetic hydronic muon ) 1\’1 uons
-alorimeter calorimeter shamper

&
tracking chamber

o Track in the muon
chambers
L o Matched to track

clectromagnetic padronic T
: <! 4 muon Pa 3
. calorimeter calorimeter ¢hamber "] aus
. tracking chamber e

— /L‘< e o Narrow jet
\,\< o Matched to one or three

tracks

electromagnetic padroni

¢ .
calorimeter calorimeter C,,{;ik“;‘gr ] NClltI"anS

tracking chamber

o Imbalance in transverse
momentum

o Inferred from total

transverse energy
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W /Z: electrons and jets

Jets can fake electrons. The fake rates has to be evaluated to
estimate the backerounds.

Run 166892 vt 2775140 Sun Oct 27 031549 2002 Run 165832 Et 3223863 Sun Oct 27 03.43.08 2002

ET scale 43 Gev E scalg 20 Go)

Hadronic Calorimeter Energy I

YL LN
Ak i) Z :
) A

|Electromagnetic Calorimeter Energy |o

@ jets can look like electrons, Fake rate per jet:
€.8.: e CDF, tight cuts: 1/10000

ly sh i h d
¢ Ie)?;n};s owertg charge o ATLAS, tight cuts:
1,/80000

e Semileptonic b-decays
e Typical uncertainties 50%

@ And there are lots of jets!!!
e Difficult to model in MC
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Z boson production at LHC

e Experimentally: Z bosons events (decaying into leptons) observed
at large rate at LHC

o At £ = 10%>*cm~2571:100 Z bosons per second
o Leptons yield clean final state signature
o Measured with high accuracy(< 1%)

@ Theoretically well understood

e Perturbative corrections up to NNLO
e Process evaluated with percent level accuracy

@ Precision physics
o Electroweak masses and couplings
e Parton distributions
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Predictions: Z-boson production at LHC

» New channels open up at NLO and NNLO ‘
qg-induced processes at NLO

NLO

q q
ZZZ/\/\/ (/ * W"
q g g \5

gg-induced processes at NNLO

g NNLO

Y

Q|
«Q

S. Gentile (Sapienza) ELEMENTARY

PARTICLE PHYSIC! November 13, 2017



Predictions: LO, NLO, NNLO

@ Scale dependence

e varied between wF

[Mz/2;2Mz] [

@ Scale variation is reduced
at each order

Vs = 14 TeV

o L0O:30%,NLO 6%,NNLO -/

d%¢/dM/dY [pb/GeV]

M/2 5 ps M

<1%

o But:LO uncertainty R A
band underestimates
higher orders

o Origin of large NLO
corrections

Figure : Rapidity in Z distribution

o Reliable estimate of
theoretical uncertainty only
at NNLO

e New partonic channel
q9 = Zq

o Large gluon luminosity
leads to NLO corrections
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e Various predictions are available to Leading Order(LO),
Next-to-Leading-Order(NLO),Next-to-Next-Leading-Order(NNLO).
Corresponding to different precision,as example!
the inclusive production of ete™ pairs .
from the decay of an on-shell Z bo- F op oy exearesx
son.The cross sections: e

60 NNLO

oro = .761£0.001 nb,
onro = 2.030 4+ 0.001 nb o
onNLo = 2.089 4 0.003 nb [ ij

20—

a(pb/bin)

The total cross section is increased by
about 3% in going from NLO to NNLO. bE

0

1. Catani et al., Vector boson production at hadron colliders: a fully exclusive
QCD calculation at NNLO, Phys. Rev. Lett. 103 (2009)
082001,arXiv:0903.2120[hep-ph|. and C. Anastasiou et al., High precision QCD at
hadron colhders Electroweak gauge boson rapidity dlstrlbutlons at-NNLO, Phys.
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arXiv:hep-ph/0312266 [hep-ph].
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Background subtraction in W selection

= .. W decay to charged leptons:
o v o high-pr(> 20 GeV)
@ isolated

o E from v
e Transverse mass: M%, =

\/2 -pff ~p%(1 — cos Agtv)

cMms

T T T 3
s L=182pb’\E=8Tev |
03

— data —

Figure :
On top diagram W+ — ptv

On bottom W+ — et ERS for
W boson candidates with p final

Events /2.0 GeV.

M [ ]

states(right). I MO

[ 1

Measurement of Inclusive W and Z Bo- 0 20 [y &0 0 00
son Production Cross Sections in pp Col- Er[GeV]

lisions at +/s= 8TeV S. Chatrchyan et al.

(CMS Collaboration) Phys. Rev. Lett. 112, Figure : x = Nobs — Nexp/\/ Nobs

191802,arXiv:1402.0923
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Background subtraction in W selection

CMS Isolation variable
I, = { Y (pr(tracks) + Er(em) + Er(had)} /pr(n)
in cone A = /(A¢)2 + (An)2<0.3

around the muon. With less statistics Mp?

CMS preliminary 2010 \s=7TeV CMS preliminary 2010 \/s =7 TeV
150y T 10° T T T T T
~-data ILdl =198 nb* IL dt =198 nb*
OW - wv

100

50

number of events / 5 GeV
number of events / 0.02

00 20 40 60 80 100 120 0 01 02 03 04 05

i [GeV] Isolation Variable

2Measurements of Inclusive W and Z Cross Sections in pp Collisions at v/s= 7
TeV (CMS Collaboration) J. High Energy Phys. 01 (2011) 080 arXiv:1012.2466
http //arxw org/abs/1012 2466.

ELEMENTARY PARTICLE PHYSIC! November 13, 2017


 http://arxiv.org/abs/1012.2466

Background subtraction in W selection

160 CMS preliminary 2010 \s =7 TeV CMS preliminary 2010 \s=7TeV
S T T T T T g‘ [ T T T T T
P ILdt=198nb" S 2 ILdt=198nb" B
E -e-data 8 ; —e— data-driven template
g W - pv 0 15 7 — QCD MC, isolated N
3 [ EWK - [ * <wess- QCD MC, ot isolated
s moc 2 %
S c
= <4 I
o > 10f B
2 10% s e 2 L
E } # S I
2 s |
2 st i
5 [
E L
= [
0 L | I
0 01 02 03 04 05 0 80 100 120
Isolation Variable M; [GeV]

pr>20GeVinn < 2.1 Themuon A high purity QCD template is
is isolated if isolation variable  obtained by using the same cuts
Igginb < 0.15.QCD backgrounds:  as signal in the signal selection

mostly b-decays. but the isolation cut, which is
chosen Igglmb > 20. This shape

is taken for fit"M distribution
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W selection

Brand new July 2016 ATLAS results 3

Transverse mass distribution W — ev, W — pv.Logarithmic scale.

x10° x10°

3 E T T E 2 F ' i ]

& 3l W-ev 3 o _F W pv ]

~ TF ATLAS ] ~ 30 ATLAS -

g asf 13Tev,81pb" 8 13Tev,81pb*

2 - Data ] 2 F s Data 1

w20 MC Stat. 0 Syst. Unc. —J w = MC Stat. 0 Syst. Unc. ]

E COw- ev E £ Cw-pv B

15~ Il Muttijet - E I Vultijet —

E dz- e'e B C Oz-pw 1

10— Ww-v | E Ww-w -

E [[J other backgrounds £ [Jother backgrounds 3

5 E = A =

= 3 = o
312 3
a 11 O
= =
809 3
T 08 h T
a a

40 60 80 100 120 140

m; [Gev]

3Measurement of W* and Z-boson production cross sections in pp collisions at
V/s=13 TeV with the ATLAS detector(ATLAS Collaboration),Phys. Lett. B 759
(2016) 601 aerv 1603.09222. https://arxiv.org/abs/1603.09222
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Z selection

e 7Z is important tool: data-driven methods for controlling lepton

efficiency, resolution, Eaiss (hadronic recoil).

Z decay to charged leptons:
e 2 ¢ same flavour @ 66 < my < 116 GeV

@ opposite charge £/~

> 10° T T | >
g E -eData Z-e'e E| 8 10°E -e-Data Zoptw |
= [ RIMCstat. O Syst. Unc. ATLAS ] > E SIMC Stat. 0 Syst. Unc.  ATLAS E
210t [JZ-e'e L E 8. [ OZ-pw 1 7
£19°F Hoiboson 13 TeV, 81 pb E £ 10«:§ B oibosen 13 TeV, 81 pb 3
o £ @zetr ] 0 F dzotr E
10° - [ Top quarks = 10°L [ Top quarks -
107 = E 102k N
! W ve :
I o e o o e oo lnan o can il non lon e
© k=1 ! [
1.2 12 ;
& “f - g 1l L b T
) 3 od 3 ‘
g 0. i g 09Ty + SRR
8 03 I 8 o8yt \
70 80 90 100 110 70 80 90 100 110
Mee [GeV] m,, [GeV]
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Systematic Uncertaiities

8C/C [%] Zoete WoevW se v Zopuy Wou'vW -uy
Lepton trigger 0.1 0.3 0.3 0.2 0.6 0.6
Lepton reconstruction, identification 0.9 0.5 0.6 0.9 04 04
Lepton isolation 0.3 0.1 0.1 0.5 03 0.3
Lepton scale and resolution 0.2 0.4 04 0.1 0.1 0.1
Charge identification 0.1 0.1 0.1 - - -
JES and JER - 1.7 1.7 - 1.6 1.7
EP - 0.1 0.1 - 0.1 0.1
Pile-up modelling <0.1 0.4 0.3 <0.1 0.2 0.2
PDF 0.1 0.1 0.1 <0.1 0.1 0.1
Total 1.0 1.9 1.9 1.1 1.8 1.8

Figure : Relative systematic uncertainties(%)

The systematic uncertanties are:

e Trigger: The lepton trigger efficiency is estimated in simulation,
with a dedicated data-driven analysis performed to obtain the
simulation-to-data trigger correction factors.

@ Reconstruction, Identification, and Isolation:The lepton selection
efficiencies as determined from simulation are corrected with
simulation-to-data correction factor.
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Systematic Uncertaiities

e Energy, Momentum Scale/Resolution:Uncertainties in the lepton
calibrations can cause a change of acceptance because of migration
of events across the pr threshold and my, boundaries.

o Electron charge misidentication may occur when
early in the detector and the resulting photons subsequently
convert and are reconstructed as high pr tracks. A particle with
reconstructed charge opposite to the parent electron may then
accidentally be associated with the calorimeter cluster.
The effect of electrons having their charge reconstructed wrongly is
studied using a events in which both
electrons are reconstructed with the same charge.
The probability of charge misidentification is negligible in the
muon channel.
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Systematic Uncertaiities

o Jet-Energy Scale/Resolution (JES and JER): The corresponding
uncertainties are propagated to the calculation of the missing
transverse momentum.

o ET

hisssuncertainties in the soft component are included,

@ Pile-up Incorrect modelling of pile-up effects can lead to
acceptance changes and is accounted for with dedicated studies.

e PDF impact of PDF eigenvector variations is propagated to the
correction factor
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Z & W cross section

stat sys lumi
oWt =11.83  £0.02+0.32+£0.25 nb
oWt =879  +0.02+0.24£0.18 nb

ot =1.981 +0.007 % 0.038 £ 0.042 nb
eThe combined fiducial cross sections compared to the predictions using

different PDF sets. Good agreement with the predictions and the
experimental precision is comparable to the PDF uncertainties.

— need better for discrimination.

e Good agreement with with theoretical calculations based on NNLO
QCD with NLO EW corrections.

eThese measured cross sections have a global luminosity uncertainty

of 2.1%, the remaining experimental uncertainties are W ( 3%)and
Z-boson(1%) channels.
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Z selection at \/s= 8 TeV

1095‘“H“.'..|H“H“‘ $1077¥[1\\‘111"1II7Yvy[\\y4‘yvv‘vi
E E ATLAS L e & ATLAS s TeV, 20.3 fb
; 105 ?pY>20 GeV, n| <24 up-channel 5 _____ Data statistics
c »Data Oz- -8 Detector
L% 107 Wy v - nwee BEww, wz, zz s — Background
E Emuttiet Bwoiv = — Model )
105; Wzocr Bt + Singl .% ----- Total systematic
3 § \
10°¢ 5
10“%
10°
BT e ————— 1 ! Lol
102 20 40 60 80 100 120 140
60 80 100 120 140
m, [GeV] m, [GeV]

e O(10M) di-lepton pairs at Z peak — huge statistics.

e Most systematic sources are constrained by the data — syst ~
stat. Total uncertainties at permille level.

o Test QCD and EW corrections at sub-percent level and constrain

PDFs.
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W /Z cross section at LHC

STy ———y

[ owo amasicuswore  — wep
AL ATLAS G W s e
/0 CoFW-» (le)

3

WO DOW- (el
u v

Gy X BA(W=> 1v) [nb]

ATLAS

13 TeV, 81 pb™

0
CT14NNLO

1 10
\s [TeV]

Figure : The measured values
of oy x Br(W — fv) for
W+, W~ and their sum,
compared with NNLO QCD
calculations.

T L e amaszron
= o cus zyon 2 6m)
= coF 2
= DO Zy-ee

T AT 2o
i UAY 2
3 uA2 2
=
o

X 107

N

°© r ATLAS

13 TeV, 81 pb™
" CT14nNLO
0% .

10
\s[TeV]

Figure : The measured values
of f 07/0« x Br(Z/y74107)
and their sum, compared with
NNLO QCD calculations.
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W /Z cross section in rapidity

The combined | A for WT and W~ and ‘ A for Z — ¢4~
= 800 5 600
£ [ ATLAS S [ ATLAS
é 700F E § 500- ]
© 600*“! ey ﬁﬁ 400 " ]
F e SV
L —]
500F Data 2010 (/s =7 TeV; 300E Data 2010 (/s =7 TeVE

4000 4w v, ILm:sz-aepn‘ E ZOO;#W s, J'Ldt:33-3apb‘ E

+w . e, — Uncorr. uncertainty i+w . ev, — Uncorr. uncertainty |

3001 Total uncertaint 100 Total uncertaint -

Bw - -\ummuswyexc\u‘yded FEEw - -\ummaswexc:deu ]

20 gl e T
160 R oZ,WT W~ sensitive to differ-
2 Laof ATLAS Data 2010 (/527 TeV)] ent parton flavour configuration
> #ﬂ %J’Ld(:i}fﬁpb]

o
5 120F B

100k g I e impact on detailed understand-

80F B ing of PDF

7w

oo, — from Phys.' Rev. D85 (2012)

40F4-7 - e'e (fwd) ;‘T’"‘;ﬂ" “”:e"""y”‘y B 072004,arX1V11095141

FEz . luminosty excluded | . :
e S http://arxiv.org/abs/1109.5141

PARTICLE PHYSIC!

November 1


http://arxiv.org/abs/1109.5141

FUrs (oo C.L.)
W production asymmetry @i T
|@? = 10 GeV? |

1t

LHC is pp-collider p(uud)— 2 va-
lence up quark 1 valence d quark.

ud - W+t da— W~

o LHC: a valence quark from ;
proton and a sea quark from Ll sl

proton x
from: MSTW PDFs and im-

pact of PDFs on cross sections
at Tevatron and LHC - Watt,
Graeme - arXiv:1201.1295

e W= proton production
asymmetry is governed by
PDFs — constrain the PDFs

with asymmetry proton g proton
OH4 u
measurements. @9 W @
@ Since valence quarks have high proton reton
O\ <=W
x and N(u,) > N(d,) — more Or—
W from (ud) than W~ from

du

S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSIC! November 13, 2017 30 / 66




W charge asymmetry

do/dp(W* — etv) — do/dn(W~ — e )

Ay — —
do/dn(W+ — etv) + do/dn(W— — e D)
W — v W — uv
_0.35 CMS, L=18.8fb"at /s=8TeV
& 0.35 - e A su
[ =58 Data2010 ({s=7TeV) - Stat uncertainty | = r
r @ m;‘;ﬁ/ggms [ Total uncertainty ] g F NNLO FEWZ + NNLO PDF, 68% CL
o . F CT10
030 5 askwmos o] 50.25— S5 wPeoreo
[ ¢ JRO9 % F E= mwHT2014 q
L 1 [ F o W ABM12 4
0.251- ¥ b % t HERAPDF15 1
[ ] 6 0.21- =
L A ] L 1
o2 bl 1 : e ]
[ A . LA L e ]
0158 ILd\—3336pb { sl S bt > 25 Gev ]
ATLAS ] v paa 1
oY PSRRI USRI [N BN B i
0 0.5 1 15 2 25 P P AR B R
0 05 1 15 2
Muon |n|

In|
Measured W charge asymmegiry as
a function of lepton pseudorapidity
|ne| compared with NNLO e sensitive to PDF choice

theoretical predictions.
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© Z and W + something else
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W 4 jets: jet multilpicity

|

V'

No theoretical prediction is able to provide an accurate description
of the data on multijets range.The leading-order predictions
ALPGEN + HERWIG for showering, SHERPA with its own parton
showering model. ALPGEN and SHERPA use leading-order matrix
element information for predictions of W + jets production. ALPGEN
provides predictions with up to five additional partons from the matrix
element in the final state, SHERPA includes up to four partons.*

4from: Measurements of the W production cross sections in association with jets
with the ATLAS detector Eur. Phys. J. C (2015) 75:82 arXiv:1409.:8639
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Z, + jets: differential

. . . 19.7 fb (8 Tev)
Differential cross sections of Z-+ EEA
. 4 p—
jets (Z — £7¢~) vs boson pr at
/5 = 8 TeV (CMS). Y .
197 1" (8 Tev) c@ror  Nscae ; ; ]
— T T T T T E
SO cwms N v
= Z.ITn, 21 =
2 F o Si2f-
:"102; * Data _?1.0
T E Stat+syst. ES ;
© 10 BlackHat(Z+1jet) 2k El
E ... Sherpak 051" sherpa stat. unc. E
F wio g : : : : : :
£3 — MadGraphk §1ap
£ S12F
,,,,, s
107 = 10§
E -3
£ Sos
T gt
102 L | | | L B06F
100 200 300 400 500 600 700 800 S°%°F MadGraph stat. unc.

pz [Gev] 100 200 300 400 5&0 660 700 EDD
The estimations from the MC multiparton LO+PS generators
MADGRAPH+PYTHIA6 and SHERPA compared to the data. The py
spectra for Z -jetsare not well reproduced by these MC models.’

SCMS Coll,J. High Energy Phys. 10 (2015) 128.arXiv:1505.06520
http: //arxw org/abs/1505 06520
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Z/W + heavy flavour

o W-c and Z-+b most .

Z
relevant to constrain PDFs, {
9 b

@ Z+Db-jets production
precision tests of
perturbative QCD B}

o Z+1b-jet production — ’ z
information on the b-quark j& b

content of the proton
o Z+2b-jets production, is a
background in many
searches
The production of a Z boson with b jets originates in pp collisions
from gluon-gluon and g — ¢ interactions mainly.
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Z + heavy flavour

Z + bb jets production Cross-sections for Z+ 1 bjets and
Z =0t (l=pore) Z + > 2 bjets

s ‘ "] T T
Vs=7TeV,L=50fb"
—4— Data

I z+b

[z

B z+1

[zz

e

74 JES + b-tag + stat

Events / 10 GeV

Data/MC
o

5 ]

3

,
01 02 03 04 05 O

Figure : CMS,JHEP 06 (2014)
120,arXiv:1402.1521 Figure : ATLAS

JHEP10(2014)141,arXiv:1407.3643
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@ The study of associated production of a W boson + quark ¢
provides direct access to the strange-quark content of the proton at
an energy scale of the order of the W-boson mass
(Q? ~ 1(00 GeV)? —) reduce the uncertainties in the strange
quark and antiquark parton distribution functions (PDFs).

e W™ +c yield is expected to be slightly larger than the W +c yield
at the LHC because of the participation of down valence quarks in
the initial state

@ A key property of the gqg — W + ¢ reaction is the presence of a
charm quark and a W boson with opposite-sign charges.

e It is background for signals involving bottom or top quarks and
missing transverse energy in the final state.

s, d w s, d w*
— >\ VN MNANAN
c c
BEETOTE———— TTETOOTL———
9 c g c

S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSIC! November 13, 2017



W-+ ¢

Associated production of a W boson with a charm-quark jet.

CMS preliminary E=7Tev

@ The charge of the W boson
and the charge of the ¢
quark, which are always of
opposite sign.

< non-resonant-
Jl £ Background
[—

M (GeV]:1.868 £ 0,001

0 [MeV]: 1585 +090

nb. (OS-SS) events / 0.012 GeV
N
8
8

e W-boson decay into a

Li 6 - 18 = .i;li 2
well-identified charged | Seoondanyveniexmass [Gel]
lepton (15 — (F0). ‘ s

@ The ¢ quarks identified as e i
the final-state mesons ( D 1
and Dx* ) —

o Allows ti unequivocally the
signs of both the W bpson distribution of three-prong
and 'Fhe Charm—guark Jet secondary vertices, subtracted
candidates (arXiv:1310.1138)  game sign, (bottom) o(W + ¢) with
p5 of £ associated:W.

) . L awe b
Figure : (Top) invariant mass
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Drell-Yan production cross section do/dM

e Drell-Yan (DY) lepton pairs are produced via v/Z
exchange in the s channel.

e Theoretical calculations of the differential cross section do/d|y|,
where myy is the dilepton invariant mass and |y| is the absolute value of
the dilepton rapidity, are well established in SM up to the
next-to-next-to-leading order (NNLO) in perturbative quantum
chromodynamics (QCD) = Sensitive tool to check SM

e Drell-Yan cross section falls nine decades from 100 GeV — 1000
GeV

e Important background to many new physics channel

_ 10%p
q 1+ 100 (s=13TeV  — Tomins
107k
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Drell-Yan production cross section do/dM

> fior
$ 10T e ATLAS B
g 17 ! g T \5=8TeV,20.3 10"
2 ATLAS « Data 8 oeb o s=8TeV, ]
e Vs=8Tev, 20317  [JZ* 3 ;E: “
Wiaw E 35 ok o 3
[ Diboson sov
[ Muitijet & WJets 3 . rev 1
[ Photon induced ] 10%E 4 stat. uncertainty 4 Combination
105 I syt uncartainty 4~ Eectron channel Lo B
Totaluncertainty - - Muon channel
. wiotuminasity woer

by o 2oy oy S i 1 8 ¥§f Hv }

Data/Exp.

I
200 300 1000 2000

m,, [GeV] 116 20 300 400 1000 1500
Figure : Invariant mass m . . m; [GeV]
& s Figure : Comparison of the
@ Precision 1% at low my, electron (red points), muon (blue

o Data compatible with points) and combined (black
points) single-differential fiducial
NNLO pQCD ® NLO EW Born-level cross sections as a

+ Photon induced function of invariant mass myy.
predictions arXiv:1606.01736

@ Measurements are
sensitive to PDFs
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Diboson (W~, Zv,WW ,WZ,Z7Z) production

a w w
TGC Gauge
Ky, Az, 912 couplings
Y'1Z to fermion
a W w
s-channel WW s-channel WZ t-channel WW (similar

diagrams for WZ, ZZ)

o Ciritical test of the gauge structure of the SM

o Allows to search for anomalous Triple Gauge Couplings (TGC)
e Mandatory preliminary study for Higgs searches:

o Irriducibile background for Higgs search in WW and ZZ channels
@ Probe for new physics

o Resonances with diboson final state
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Gauge Couplings

TGC

e Standard Model (SM) allow gauge bosons to interact with one
another — Coupling between 3 gauge bosons Triple Gauge-Boson
Coupling (TGC).

e SM only allows charged coupling (WW Z, WW+), does not allow
pure neutral coupling (ZZZ, ZZ~, Zyvy,yyY)

e Physics beyond SM can introduce anomalous TGC which may
allow neutral couplings, or increased the charged TGC coupling
strength.

o Effective Lagrangians which characterized the charged and neutral
TGC, introduced a few anomalous coupling parameters

S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSIC! November 13, 2017 44 / 66



Gauge Couplings

Charged TGC Neutral TGC
° A\, Az °f4279?7f2=9g>
o Aky = k,—1,Aky = e SM at tree leve
kz —1,A¢f = gf —1 =9 =fl=9gl=0
o SM at tree level e Each diboson production
A o= Az = Aky = can probe one or more
Aky = Agf =0 TGC

o WZ :WWLZ vertex
o WW . WWZ WWr

SM xV{A m{*
2 w| vertex

w y
;;‘i{* ;ﬁ{* ® Measures the anomalous
N

an.TGC % MN{,(
w w
z Y
(,t()l,lp]lllg 1)&11‘&1111(,‘1 ers

bk
A3 | oAb

eThe study of TGC can be done through the measurement of diboson
production
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Diboson final states

e The presence of anomalous
TGC will enhance diboson TGC from WW with PDF CTEQ6M
production rate, particularly : — Standard Mocer
at high transverse momentum of
bosons

do/dM (fb/10GeV)
-~

L L
0 200 400 600 800 1000

MW W)(GeV)
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Diboson final states:

Examples of triple gauge- Z — Uy (inclusive: Njet > 0)
boson couplings involving Z —_— —

§ E e Data
5 100 888 Sherpa (CT10) 3
= £ %% MCFM (CT10) |
Sy 105 = o N\ NNLO (MMHT2014)5
2|5 E —— 3
= E ——
k] 1=
10t ATLAS
E Vs=8Tev,203fb"
Z — eey i
102
> 10 A ] E o e
8 ATLAS oy 3 e N0 [Ty channel
3 10 Vs=8Tev,203f0" [ JZ+ets 3 E
2 miy El E
2 5 mwz 2 14
[} (x) | E 3
10 A stat. O syst. % 5 ’g 1.21
1 B £|CosE ‘E:W <= %7
3 0.
i 3 15 20 30 40 50 60 80 100 150 200 1000
E! [GeV]
102 E

High order QCD (}) describe data

ff i well, NNLO effects clearly visible
‘%05 20 30 40 100 2x10° 10° COHSiStent Wlth NNLO prediction
E} [GeV] .
' ~ 2 % uncertaint
https://arxiv.org/abs/1604. ( ’ y)

Backgrounds dominated by photon
05232v1 . . .
‘ misidentification

ntile  ( ) PARTICLE PHY OV 3 47 / 66



https://arxiv.org/abs/1604.05232v1
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Diboson final states:

Examples of triple gauge- W — lvy

boson couplings involving W CMS.L=5.0 ' L G=TTev
r I McFM (a) 1
10°E —e— W(ev)y E
£ . —=— W(uv)y
° t —+— Combined
a,
= 10g 3
> F 1
2 F ]
T 15 -
® i #
Z 10" -
Z Daa  (b) E E
& SM W(uv)y F ]
A jets — v bkg = L L E|
e — v bke
[ Other bkg 2
1.5~
sE i
A @]
=05
0
15 60 90
20 30 40 10 2x10? pl threshold (GeV)
p} (GeV)

e consistent with predictions of SM.
http://arxiv.org/abs/1308.6832
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Diboson final states: WV

Examples of triple gauge-boson

couplings involving WW: o Large irreducible

background to searches for
physics beyond the SM and
to resonant H — WTW~—
production

q wa

@ 0 jet - both leptonic Ws

' decays
§> ,,,,,,, < e 2 isolated leptons pr >
" 25(20)GeV + E™issT
P W W e ee, up and ey channels

e reject events with > one

@ Measured cross sections in jet to suppress top bkgd

WW — 2¢ 2v channel need

. : o 1 jet -
go.od. Caller ation for e reject top with b-jet veto
missing B, o largest bkgd from top
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Diboson final states: WW

0-jet

P O T

$12000 ATLAS —4— Data

@ [ 5=8Tev. 20310 % Top Quark e
10000[ &% W channel B orelvannc

B e MC
B other diboson MC

8000 “ :a« unc. i

6000

4000

2000

:

°
-
N
©
NS
o

|

6
Jet multiplicity

~

=

tt background calculated NLO
https://arxiv.org/abs/1603.01702

https%/arxiv.org/abs/1608.03086
@ Iiducial minimum phase

space extrapolation

° U?i/;v in agreement with

calculation in 1-2 ¢(0-jet)

@ QCD calculations describe

data within uncertainties
tile (Sapi ) ELEMENTARY

0-jet

T
ATLAS
Vs=8TeV, 20.3 fo" T WW - ety pv
—— Normalized Data
—— stat

stat+syst

approx. NNLO#NNLL
[arXiv:1410.4745]

[T R
[arXiv:1408.5243]
NNLO p -Resum

S [arXiv:1407.4481]
1
.4

[ ] ‘ WW eV ev

WW - p'v v

1 L 1
0.6 0.8 1 12 1.4

Ratio of predictions to measurement
0-1 jet
A‘TLAS ‘ ‘ ‘ ‘ ‘
s=8TeV,20.3 b ofd (<1et)
4 Data (stat+sysy)

approx. NNLO
=,

.+.

ol (0-iet)

afd,(1-jet)

0.7 0.8 0.9 1 11 12 13 14
iction. o , th
Ratio of measurement to prediction, of,™**/af, "
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Diboson final states: A

Search for WZ — 't 00 = e, pn mey
e lepton candidates ¢vé'¢ aawiasTey

¢+ Data ]
) mwz ]
T mzz

e /'f' same flavor opposite
sign as from Z

o pf > 20 GeVph > 10GeV
@ select combination near my
@ 76 <myp<106 GeV

@ no other lepton,no jets

Events /2 GeV
=
8
T

Data / MC
o

Measured cross section in:
70 < mpyp < 120 GeV

Events / 20 GeV

o(pp = WZ) = 39.9+3.2(stat); T*
(sys) £ 0.4(theo) £+ 1.3(lumi)pb

consistent with SM  predic-
tion'http://arXiV.Org/a’bS/1607. (h‘l%]; '150‘ ;0(; '2;01 ;0[; 3;(;#%%%%%%0
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Diboson final states: 27

e 77 production is dominated by quark-antiquark (qq) interactions,
with an O(10%) contribution from loop-induced gluon-gluon (gg)
interactions

e 77 production is an important backgroundin studies of the
Higgs boson

Search for WZ — (T4~ 00"~ ' = e, p

P - o LO diagram for ¢ initi-

. 26 ated production 4¢. s—channel

2 " q§ — Z* — (T~ with associated

@~ another ¢ pair (left)t-channel

q [j . , production ¢q¢ — Z*Z* —
070~ (right)

’ ot . e The tree-level diagrams for gg

wodee % 22 initiated production 4¢ .Higgs bo-

HING L., son production through gluon-

fusion gg — H&) — Z2Z) —
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Diboson final states: 27

Search for ZZ — (T 00~ W = e,

e 4 /¢ 2 on shell Z %180: ATLAS
9,160 (s=13 E«:}g 3.21b*
o 66 < m[f < 116 GeV © 140 li|ZZ<4|

* iExpected background: 0.6,

e Small background ~ 1%-
largest contributions from
ttZ and misidentified
leptons.

Z candidate m
! S
® O N
o O O

T
-3
=]

IS
S
RRRRRS

Leading-p.

Il Il 'I Il Il : Il Il
60 80 100 120 140 160 180
Subleading—pT " Z candidate mass [GeV]

N
X=]
ST
NS
S

http://arxiv.org/abs/1512.
05314
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Diboson

final states: ZZ

Events / 20 GeV
P

200 300 400 500 600 700
Mass of four-lepton system m,, [GeV]

A'I"LAS ‘
Vs=13Tev,3.21b*
« Data
Bq-zz- 4
[Jgg-zz- 4l
Prediction uncertainty
Expected background: 0.62;

— 24¢
8 poF ATlAs
5N 20F L s censzn
© 18F e bata202 (5= a1
165
145
12t
10
8-
6
4
2=

MCFM, CT14 NLO

— zzpn)

- |

==

12
Is[Tev]

14

0.

T T
pp - 2Z -4l

T T
N ATLAS
Fiducial I
de Vs =13Tev,321b"
. Measurement
2e21 — Tot. uncertainty
Stat. uncertainty
a2 prediction
n e
+20
Combined ——— Theory: PLE 750 (2015) 407
I CTIP
L L L L L
.4 0.6 0.8 1 12 14 16 1 8 2 22
dnulommry
e i e e e e e S
S 2 o cms 4 channel b
N [ = cwsaavehame
1 r ©  ATLAS 4¢ channel
o | o Alasscizzy
o MATRIX NNLO 1qq‘qg‘gg;

NNPDF3.0, fxed 1~ -

MCFM NLO+gg
NNPDF3.0, fxed 1,

ey

http://arxiv.org/abs/1512.05314, http: //arxw 0rg/abs/166‘f 68834
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Diboson final states: 27

At /s = 13 TeV:

e Currently a statistically limited measurement.

e Systematics are dominated by uncertainties on scale factors used
to correct lepton reconstruction and Identification efficiencies, and

the difference between the MC generators used to model the signal
processes.

olpp — ZZ) = 16.7722(stat) {92 (sys) 5 9(theo) + 1.3(lumi)fh
015.6 + 0.4fb
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Diboson final states: 27

g o+ 4 -
ATLAS Preliminary E 20) N
7 \s=8TeV,20.3fb" ] ¢
PORYS)
! = () o
Ostat. + syst. _g
9 7 -
P ]
7
Av) 300 400 100C
7 my, [GeV]
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Summary of Boson production

Standard Model Production Cross Section Measurements stats: August 2016 [féd;
v
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Triple Gauge coupling (TGC)

All these results can be interpreted as anomalous of Anomalous
Triple Coupling.
As example: CMS study of Zvy — vy

The branching fraction for a Z boson decay to a pair of neutrinos is
six times higher than for a decay to a particular charged lepton pair.

Figure : Zv productionSM at tree level (left)via anomalous ZZ~ or Zv~y
trilinear gauge couplings (right)

Neutral linear coupling can be also expressed h}(i = 1,...4).h; and hs
are CP-violating hg, hy are CP conserving.At tree level in SM the
individual values of these aT'GCs are zero.The results are generally
interpreted in terms of the CP-conservinga TGCs hY and h} .
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Triple Gauge coupling (TGC)

- x103 19.6 fb™ (8 TeV,
19.6 o (8 TeV) Z 002
2 —— * -l
> L e
4] | VEQEL W(r\')vvv‘ Z(lyy [ CMS — — Expected 99% CL.
210 = oa i —— Observen 9% C.L
< oW ev 0.01
[} - Wy - by [ =N
1 . 2y - vy _ L -~ \
—+— Data L = |
222 Bkg. uncertainty [ o ) 1)
- h3=-0.001, hj=0.0 0’ 7
10°E E 7/ 7
3 (o 7
[ s
RS s
L N -
-0.01 =
- L
& 13 N E [
2 3 0020 T
o 05F E -0.004 -0.002 0 0.002 0.004
0200300 400 500 600 700 800 900 1000 h
E} [GeV] 3

No evidence was found for anomalous neutral trilinear gauge

couplings in Z~ production.
http://arxiv.org/abs/1602.07152
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Triple Gauge coupling (TGC)

———— ATLAS, Iy and vvy, 5=8 TeV, 20.3fb™! ——— ATLAS, Iy ?_nd vvy, f5=8 TeV, 203 !

———— CMS, vy, {s=8TeV, 19.6fb” = CMS,vvy, le=BTeV, 1060

———— CMS, Iy and vvy, {5=7 TeV, 5.0 ™" ——— CMS, Iy and vvy, Is=7 TeV, 5.0 fo

CMS, Ity, {5=8 TeV, 19.5 fo"! CMS, Iy, {s=8 TeV, 195" .

———— ATLAS, ly and vy, Vs=7 TeV, 4.6 o' ———— ATLAS, lly and vvy, 15=7 TeV, 4.6 fo°
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Quartic Gauge coupling

Just for yuor info:

Figure : Quartic Coupling

ELEMENTARY PARTICLE PHYSIC! November 13, 2017



Contents

@ Summary




June 2016 CMS Preliminary

@ 7 TeV CMS measurement (L < 5.0 fb)
& 8 TeV CMS measurement (L < 19.6 fb?)
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Standard Model Total Production Cross Section Measurements stas: August 2016
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