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Electroweak Physics
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Electrowealk Zjj s VB[F  8TeV, JHEP 04 (2014) 031
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Electroweak Zjj : Event selection

p-(j;) > 55 GeV
m@)| < 4.4

Z—>e'e,uu
p(e, 1) > 25 GeV
81 <m(ll) < 101 GeV

. h\_/myj”
)2 ..
: . m(jj) > 250 GeV

pr(i;) > 45 GeV [p(j) > 25 GeV ] (> 1000 GeV)

“search” >250GeV " 94.7% 4.0% ", 0.7% 0.6%
“highmass” >0 >1TeV 85% 12% . 1% 2%

POWHEG/Sherpa to model production
Multijet background from data, others from MC
Baseline, control and hight-pT regions to check Zjj and Zjj QCD modeling
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Complementary test of aTGCs on WWZ at 95% CL from search region
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VBS WEWE[i ¢ Introduction  8TeV, arXiv:1405.6241

VBS topology : two high momentum, forward jets
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VBS W=W=]jj : Event Selection

Exactly two SS isolated leptons with p;>25 GeV and |n|<2.5

MET > 40 GeV

At least two jets with p;>30 GeV and |n|<4.5

WZ veto: veto a third lepton with lower p; and looser quality requirements

Z veto: |[m_, — m,| > 10 GeV to suppress the Z->ee contribution with the charge
of one electron misidentified

ttbar veto: no b-tagged jets in each event
Inclusive region: m;; > 500 GeV

VBS region: m; > 500 GeV and Iijj| > 2.4 - enhance the contribution from
electroweak production

tagging jet (4)

tagging jet (3)



VBS WEW=jj : Event Display
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VBS WEW=E]] « Compare with MC
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Enhance VBS contribution



VBS WEWE]]

- Selected Events

Inclusive Signal Region

i

e-e et u* ut Total
WEW=jj Electroweak |3.07 £ 0.30 9.0 £ 0.8 49 +0.5 [16.9+ 1.5 I
WEWEij Strong  [0.89 4+ 0.15 2.5 + 0.4 1.42 + 0.23] 4.8 4+ 0.8
WZ/~vZZtt+W/Z| 3.0+07 6.1 +13 26=£06 |11.6 £ 25
W+~ 1.1 06 1.6 £ 0.8 — 2.7 £ 1.2
OS prompt leptons 2.1 x04 0.77 £ 0.27 — 2.8 £ 0.6
Other non-prompt [0.61 £0.30 1.9 &£ 0.8 0.41 £ 0.22| 2.9 = 0.8
Total Predicted 107 £ 14 21.7x26 93 X1.0 42 £ 5
Data 12 26 12 50
VBS Signal Region
etet erpu* pnE Total
W=W=jj Electroweak |2.55 + 0.25 7.3 +£ 0.6 4.0 +£ 0.4 ]13.9 + 1.2 |
W=W=jj Strong  [0.25 £ 0.06 0.71 & 0.14 0.38 £ 0.08{1.34 £ 0.26
WZ|yv ZZtt+W/Z | 22+05 424+1.0 19+05 | 82+ 1.9
W 4+« 0.7+ 04 1.3 £0.7 — 2.0 £ 1.0
OS prompt leptons |1.39 & 0.27 0.64 £ 0.24 — 2.0 £ 0.5
Other non-prompt [0.50 £ 0.26 1.5+ 0.6 0.34 £ 0.19| 2.3 £ 0.7
Total Predicted 76 1.0 156 20 6.6 0.8 |29.8 £ 3.5
Data 6 18 10 34




VBS W+W=]j : Cross-section Measurememnt

* Profile likelihood ratio method used to extract the final cross sections
from all three channels taken into account correlated systematics

Low=w=jj. L.aj) = Gaus(Ly|L.or) l I Pois(NfbslN?’xp l Gaus((r?hrj, [)

itot
jesyst

ic|{ee et}

— Inclusive SR: o = 2.1 £ 0.5 (stat) £ 0.3 (syst) fb, 4.5 obs. (3.4 exp.)
— VBSSR: 0 =1.3+0.4 (stat) £ 0.2 (syst) fb, 3.6c obs. (2.8c exp.)

* First ever evidence for EWK VV = VV scattering at the LHC
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VBS WEWE]] : OGC Limits

Use measured “VBS” cross section to limit aQGCs:

(d)
’ @, (d)
! ! Lerr =Lsm + D 40 Ad 1 O,
W+
*  WWVV aQGCs are o, and o
[014;0(5] * Lowest dimension (8) operators
I/T/+ 5"” :'"""""'""“"""I'A'T'-"-;'S"'I""""
q ¢ 0'6? 203fb",\s=8Tev
- pp — W' W' j .
. . 0'4—_ K-matrix unitarization
Theoretical cross-section from 0ok E
WHIZARD+PYTHIAS8 with K- OE

matrix unitarisation -
0.2~ confidence intervals

- First limitation on o, - Wss%cCL
45 0.4F
C [95%CL
-0.6— —expected 95% CL
- x Standard Model

0405 02 010 04 02 03 04
o, oc [-0.139, 0.157] obs. [-0.104, 0.116] exp. “
o oc [-0.229, 0.244] obs. [-0.180, 0.199] exp.
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=>4 : Introduction arXiv:1403.5657
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s-channel,~96%* t-channel < 4% gg fusion ~0.1%

* Phase space m4l=[80,100]GeV, m2I>5GeV

B
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e Data2011+2012 ATLAS

PhYSiCS Motivations © [ SM Higgs Boson Hos77 sd]
- m,=124.3 GeV (fit) - p
35 Vs=7TeV [Ldt=461b

> A SM test from a rare decay process ;Ezzszmi 2Z R lgTev flas207 1
» A complementary test of the detector BF 7 systine.
response for H=> 4l

» Calibration for new physics discovery
Event Selections
e:. py>20,15,10,7GeV, [n| <2.5
u: pr>20,15, 8,4 GeV, |n| <2.7

my, (£°¢)> 20 GeV, m,, (¢°¢)> 5 GeV L
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Events/ 2.5 GeV

224 : Miass and Cross-section
SARARRRRRA AR R LA RN AR AR AR RRRRE SRR AR RN L) RN AN LA AR RRRR= S ML R L I
35:—ATLAS ¢ Data E 8 90;—ATLAS ¢ Data E 8 120- ATLAS ¢ Data 7
300 \s=7TeV, 451" Mz 1 w0 gof \s=7TeV, 4.51b" DNz 1  [\s=7TeV, 451" Bz ]
\s=8TeV, 20.3 b Il Bkg : « 705 \s = 8TeV, 20.3 b WBkg 7 E 1005 \s =8 TeV, 20.3 fb" WBkg ]
25 Gslal+syst_§ E 60; css-;tal+syst*§ EJ 80:— Gstatq-syst_:
20 Z—s4 7 @ S50F Zsa -0 7 54l
N ] B ] 60~ -
15 - 401 - C
10 (@ & 9 (b) - o (c) 1
: 20- S
* EREERT S . *_
30 40 50 60 70 80 90 100 05 10 15 20 25 30 35 40 45 50 05 9095 100 05
m,, [GeV] ma, [GeV] m,, [GeV]
7 TeV measured 76118 (stat.) =4 (syst.) =1.4 (lumi.) fb
7 TeV NLO SM prediction 90.01+2.1fb
8 TeV measured 107 =9 (stat.) =4 (syst.) =3.0 (lumi.) fb
8 TeV NLO SM prediction 104.81+2.5fb

Good agreement with prediction, and measurement error still dominated by statistic



2=>4] : Branching Ratio

O s-channel only
U Normalized to high statistic Z=> 2 cross section

O Cancels luminosity uncertainty and theoretical uncertainty of c(pp=>2)
[ Derive the BR(Z—>4l) as:

Al ,

(Nobs, — Nokg )~ (C x A)
2 v,

(Nobs. — Nokg ) " (€ x A)*

Uncertainty on BR(Z — 2u) is small. fi = fraction of t-channel in phase-space.

BR(Z — 4() = BR(Z —= 21)(1—f3)

f, =(3.35+0.02)% for 4e, 4 ; f, =(3.90 £ 0.02)% for 2e2p
Quantity /s Value
Measured 7 TeV (2.67 £ 0.62 (stat) & 0.14 (syst)) x 107

)
8 TeV (3.33 £ 0.27 (stat) £ 0.11 (syst)) x 107°
Combined  (3.20 £ 0.25 (stat) & 0.12 (syst)) x 107°
(

Expected 3.33 £0.01) x 107°




7TV WWWZ @ Cross-section arXiv:1410.7238
Final state : WW+WZ -> Iv qq (e/p E;™* two jets)

Signal processes € [ % EEDQUEL 1,.tll';!'jl'r_,.drsl LML L I_:
W 1435 £ 70 1603 + 79 O 20000F jL dt < 4.6 fb —
Wz 334 £ 23 370 + 26 i — - =iz E
Background processes i) g MaS 7TeV Bl wwwz |
W+ jets (107 £ 21) x 10° (116 £ 23) x 10° @ 160001 I top quarks —
Z+ jets (55 £ 11)x10%  (46.3 £ 9.3)x 102 At 1 40{,03_ B mulijet E
i (7.2 £ 7.1)x10%  (47.2 &+ 7.1) x 102 . WIZ + jote .
Single-top (20.2 £ 3.0)x10% (20,5 £ 3.1)x 102 12000 . <
Multijet (67 £10)x10%  (50.5 £ 7.6)x 107 10000 Wo v+ 2jets 7
ZZ 19.2 + 3.8 21.1 £+ 4.2 . | :
Total SM prediction (128 £ 17)x10° (135 + 19)x10° 80001~ <
Total Data 127 G40 134 846 6000 :—.' =

4000 —
Template fit used to extract cross section zoonz E
Measured o Consistent with SM prediction T N I v
~ 30% systematic uncertainty = e Lo 0 o

NLO SM 61.1i2.2pb

50 100 150 200 250

Dijet Mass [GeV]



71V WW+WZ : aTGC (LER Scenario)  arXiv:1410.7238

Transverse momentum of the two jets

[ muttijet

W— uv + 2jets

% 10° ATLAS . -4 Data

(.Lg Ldt=461b []r=0.05

ol 10 \s=7TeV I sV ww/wz
"ﬂ‘“ [ WiZ+jets

5 1 [l top quarks
>

w

107
300 400 500
= alg L — a=0.05 1
- 2 1
& oiF % RN
% 100 200 300 400 500
Py [GeV]

An alternative approach from the
SM in terms of an effective-field-theory (EFT),

CWe - 2 z

A2 - 2 ﬂ"gl ’

) mz
CR 2 2 =z
A2 = o Dy 5 Agr
) myy =

cwww 2

= A
2 9.2
A 3g7msy,

r1||]|r1r[1|r1:|1|r]r|1||1r|1[|1r|]r|

ATLAS = LEP comb.
0.7 6", App ==
= ATLAS Iv]j, 1s = 7TeV
 — 4617, Ag=o
zZ [
&91 b CMS Ivjj, \s = 7TTeV
5.0 b, Agp=co

" DO comb., \s = 1.96TeV|
8.6 fb", A =2TeV

 —
A [ TR |
95% CL intervals
. LEP Scenario
—_—
AK

IIII|IIII|IIII:IIII|IIII|IIIIlI1II|lI

-03 02 -01 0 01 02 03 04
95% CL Limits

1D Limits at 95% CL

Parameter  Observed Limit Expected Limit
cwww /A2 =95, 9.6] TeV=2  |-11.6, 11.5] TeV~2
cn /A2 |64, 69] TeV—2 |—73, 79 TeV—=
oy A |—13, 18] TeV 2 |—17, 21] TeV—2




WHW- Cross=section : Overview

WW signal: qq2>WW, gg>(H)2>WW 0t =58.7£ 3.0 pb at 8TeV
7 wWoq W g W g 1%

N

TGO veetes 0 | messmssaaas

q W 4 W g g

N
Y Y '
53.2+2.5 pb (MCFM, NLO)  1.4%0.3 pb (MCFM, LO) 4.1+0.5 pb (NNLO+NNLL, NLO EWK)
arXiv:1307.1347

Previous LHC results show higher cross section than prediction

T L T eor - ww s o

ATLAS 7TeV 4.6 51.9 £+ 2.0(stat.) £ 3.9(syst.) £2.0(lumi.) 44.7+2.0
CMS 7TeV 4.9 52.4 + 2.0(stat.) + 4.5(syst.) + 1.2(lumi.) -
CMS 8TeV 3.5 69.9 + 2.8(stat.) £ 5.6(syst.) £ 3.1(lumi.) 54.612.5

Phys. Rev. D 87, 112001 (2013); CMS PAS SMP-12-005, CMS PAS SMP-12-013

* Higgs contribution not included



Events

WH*W- ¢ Selected Event Composition

B} Signature: two high-pt leptons and large MET (ee, pp, ep)

O Backgrounds
— Top (ttbar, Wt), Z+jets, Other Diboson, W+jets

J Selection
— Two leptons: Pt>25, 20 GeV
— Remove Z peak in same flavor channel

— Cut on relative EJUSS, track-based pJsS, A (ETVSS, piss) to reduce Z+jets
— Require zero jets (25GeV) to reduce Top

At final selection
S/B~2.5
Data ~ 6600

4000

———

2000

trprre e e L T I I - -
12000~ ATLAS Preliminary —— Data _ diboson f W+jets
[ \s=8TeV,| Ldt=20.3fb" EI WW MC ’
I LT Top MC -
10000_— e*v u'v channel B Zicts vC —
K ——— B Wiets MC ]
8000 Bl other diboson MG —
B %222 stat. unc. i
Goooi_;]* Before Jet-Veto ~ ‘

0 1 2 3 4 5
ATLAS-CONF-2014-033 Jet muktipliclty

|

(e}
-




WHW- Cross-section at S1eV

ol +1.2¢ o4y H3.0

(syst) 2

2
1

(lum ) pb

III[IIIIIlIIIIlIIIIlII

III|III[|I[II|IIII|I[

Systematic Uncertainties

ATLAS Preliminary
y Measured
Ldt = 20.3 fb cross sections
\s=8TeV ete’
WW .
nu
T efut
. ¥ Combined
SM Prediction
qa/qg — WW: MCFM NLO CT10
g9 — WW: MCFM LO CT10
99— H - WW: NI\|ILO MSTV|V2008 | | | |
10 20 30 40 50 60 70 80 90 100

Gy [PD]

<2% statistical uncertainty
~8% systematic uncertainty
About 2 ¢ higher than SM

prediction

Sources euT eTe uu
Cww experimental uncertainties
Pileup 1.3% 19% 2.0%
e trigger efficiency 0.3% 25% —
1 trigger efficiency 0.3% — 2.8%
Muon MS resolution 0.0% — 0.1%
Muon ID resolution 0.5% — 1.5%
Muon scale 0.1% — 0.4%
Muon efficiency 0.4% — 0.8%
Muon isolation/TP 0.6% — 1.1%
Electron resolution 0.0% 02% —
Electron energy scale 04% 1.4% —
Electron efficiency 0.9% 2.0% —
EP™S soft term scale 23% 42% 38%
pRiss soft term resolution 0.1% 0.0% 0.2%
;}fl'-“‘i“ soft term scale 0.3% 0.6% 05%
Total experimental uncertainties 37% 6.3% 6.3%
Aww x Cww theoretical uncertainties
Jet-veto requirement (theory) 33% 33% 33%
PDF 1.3% 1.6% 0.8%
Scale 1.5% 2.0% 1.8%
Total theoretical uncertainties 39% 4.2% 3.8%
Total (exp.+theo.) 54% T.6% T.4%




WW- Cross-section ; Comments

Comments of observed excess (20% difference v.s. 10% uncertainty)

/7

** Full NNLO QCD qq calculation could increase the inclusive NLO qq o
o +5%, arXiv:1408.5243v1
» Sizable effect possible due to PDFs
o +5% with ATLAS PDF, Phys.Rev.Lett. 109 (2012) 012001
¢ NNLO/LO k-factor for gg->WW non resonant contribution
o If assume same k-factor as gg->H->WW, will see +5% increase on total ¢
» Modelling on the gluon resummation

o A few percent to O(10%) effect on fiducial cross section
o arXiv:1407.4481v1, arXiv:1407.4537v1

¢ Other possible effects at or smaller than O(1%) level to total cross section
o NLO electroweak correction, yy->WW, vector boson scattering, double parton interaction

T T | T T T | T T T T I T T T T I T T T T
ATLAS Preliminary 4 Data [ ] WW (x121)

200

T T T " T T T T " T T T T
ATLAS Preliminary

>
G
_ _ 4 [Top [ Zjets

__"0\ 800 1s= %TEV’ J Ldt = 20.3 fb [ wiets [ other diboson SM WW -[ Ldt=20.3 qu
2 700 e*v uv channel #4 stat. unc.— stat. ® sysL. unc. (+ PDF + total error) ’
c
4 600 + \s=8TeV
kT :

500 CT10 Q WW

400
300
200
100

MSTW2008 7

Data (+ stat. + tot.)
— 71.4+1.2 %35 pp
ATLAS-epWZ12 $ — Stat
Stat+syst

— 0 A N R | N N T

8 100 120 50 60 70 80 %0 100
P, (leading lepton) [GeV] ool [pb]

NNPDF2.3 A

‘I+i%I|IIH|IHI|HI\|I\\Il\l\lll\l\l\l\lll

—— e

—erlfp|

—_
5 L1



Dilbeson Cross-section Results Compare with MC

Diboson Cross Section Measurements

o™ (yy)[AR,, > 0.4]
oWy — tvy)
= [Mjer = 0]
of(Zy - tty)
— [Njer = 0]
oot (pp—>WW+WZ)
o (WHEWE]) EWK
ot (pp—>WW)
— oY (WW - ee)
o I(WW — )
o I(WW = ep)
o (pp->WZ)
o (WZ - evee)
o (pp>ZZ)
— o (pp—>ZZ—4¢)
of(Z2Z — a¢)
— of(ZZ* - 4¢)
of(ZZ* - ttvy)

Status: July 2014

o =440+00+ 32 4.2 pb(data)
2vNNLO (theory)

r = 2.77 +0.03 + 0.36 pb (data)
MCFM (theory)

o= 1.76+£0.03 +0.22 pb (data)
MCFM (theory)

o =1.31+0.02+0.12 pb (data)
MCFM (theory)

or = 1.05+0.02+0.11 pb (data)
MCFM (theory)

o =72.0x9.0=19.8 pb (data)
MCFM {theory)

T =1.3+0.4+0.21b (data)
PowhegBox (theory)

o =51.9+2.0+4.4 ph (data)
MCFM fmeory

o =714x1.2+55—4.0 pb(data)
MCFM (theory)

o =56.4+6.8+10.0fb (data)
MCFM (theory)

m=73.9+594+75 b (data)
MCFM (theory)

o = 262.3 +12.3+ 23.1 fb (data)
MCFM (theory)

m=19.0+1.4-1.3+1.0 pb (dala)
MCFM (theory)

o =203+038

MCFM (theory)

o QD”*%B*?O#»ﬁU 6.2 fb (data)
MCFM (theory)

o =6.7+0.7 1 0.5 0.4 pb (data)
MCFM (theory)

or = 7.1+0.5-0.42 0.4 pb (data)
MCFM (theory)

o =76.0+18.0+40Tfb (data)
Powheq (theory)

o =107.0 + 9.0 + 5.0 fb (data)
Powheg (theory)

o =254+ 33-3041.6-1.41b(data)
PowhegBox & gg2Z7 (theory)

o =207—-13-122+10"b (data)
MCFM (theory)

o =298-+38-35+4+21-1.91 (data)
PowhagBox & gg2Z2Z (theory)

=127 +31-29+181b (data)
PowhagBox & gg2ZZ ( lhcorw

0.7 + 1.4 — 1.3 pb {data)

ATLAS Preliminary
Run 1

\5=7,8TeV

LHC pp Vs =7 TeV

Theory

L
- Data

stat
stat+syst

LHC pp vs=8TeV
Theory

m o

553§+syst

0.2 0.4 0.6

0.8 1.0 1.2 1.4

1.6 1.8 2.0
data/theory

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults

J£dt

[fb~]
4.9
46
4.6
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47

20.3

4.6
20.3

4.6
4.6

4.6

4.6
13.0

13.0

4.6
20.3
45
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SUumMmary

Electroweak Zjj
» First observation over 50
» Cross-section measured in multi-phase spaces
» Complementary constrain on aTGC

Vector Boson Scattering W*W+jj
» First evidence of VBS
» Cross-section measured with 30% precision

Z->4l

» Rare Z decay process cross-section measured to +10%
»s-channel branching ratio measured as SM prediction

Diboson
» Most measured cross-sections agree with SM predictions
except W*W- with 2.10 over expectation
» Explored aTGC






Recorded Luminosity [pb ‘1/0.1]

Data collected at ATLAS
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Entries / 500 MeV

Ratio to MC

Reconstruction Periormance e, p
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Precise calibration of energy scale and resolution for e/u and Good modelling in MC



Reconstruction Performance vy, ETsS

Events / GeV

arXiv:1407.5063 ATLAS-CONF-2014-019
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Precise energy scale / resolution determination for photon

Good modelling of pileup effects for EJ**s*

Good detector calibration and Well simulated MC are essential for precision measurement



Weak Mixing Angle ; Data Events

ATLAS-CONF-2013-043

@ 4.8fb~! (4.7fb—1) of data recorded
at 7 TeV in ee (ppe) channel

@ sample selection:

» opposite charge is required for muons
or two central electrons (CC)

» only central electrons with tight quality
are paired with forward electrons (CF)

» dilepton mass 66 GeV < my < 1 TeV
(or < 250 GeV for CF)

@ background composition:

» data-driven: multijet three (four) orders
of magnitude less than ee (uu) signal

» Monte Carlo: diboson, Z — 77, tt

Events /0.1

Data/MC

—k
o
o

80

60

40

0.9r

—
LI UL

%10°
T T T T I T T T T | T T T T | T T T T
i jl_dt =47 ﬂi}1 @is=7 TeV ATLAS
| —e— Data 2011 Preliminary
- [ 2Ziyee
- 777 Other backgrounds
F0 Multijets
cos EE'-S < 0 cos SES = 0
backward forward '

angles defined in Collins-Soper frame,

i.e. Z boson rest frame



Weak Mixing Angle ; Measurement Results
ATLAS-CONF-2013-043

@ measurement of forward-backward-
asymmetry

Tforward — Pbackward
Ttotal

@ dominant systematics: PDF uncertainty
followed by MC statistics

@ determination of leptonic effective weak
mixing angle sin” A
» extracted with templates and x fit to
data for mysy = 70 — 250 GeV

» combined result:
sin? 05 = 0.2297 + 0.0004(stat) £ 0.0009(syst)
= 0.2297 £ 0.0010(tot)
» 1.8 standard deviations with respect
to PDG best fit value

» first measurement from hadron collider
combining electron/muon final state to
determine sin? 65T at Z pole
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Prediction

Data

Electroweak Zjjj ; Data and MC Comparision

Baseline Region
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Electroweak Zjjj : Results

10 g

Ef’_ o ATLAS EW component measured in search region
© T [Ldt=203f" 1 withm;>1TeV:
o4 i Is=8TeV )
E 3 0.,(Zj-EW)=10.7+0.9(stat)+ 1.9(syst)+0.3(lumi) fb
C LI\ .
. ] 04, =9.38+0.05(stat)*?}} (scale) £ 0.24(PDF) £ 0.09(model) fb
1 e Data 2012 '
10 E s Powheg (ij) +Sherpa (VZ 4 3
Js 1.13// - // /,/A///%;;/,/,/ Z%”%ﬁ Background only hypothesis excluded over 50
b-o bE 0947/// //////// ///{// / //% //// /////C %/ﬁ_
0.8 ' -
baseline hlgh P, search control  high mass TG &g f
:G TeV (obs) | [—0.65,0.33]
= 6 TeV (exp) [—0.58,0.27]
o _”'1 = oo (0bs) [—0.50, 0.26]
Search region is used for a A = < (exp) [—0.45, 0.22]
complementary test of aTGCs
0 alGC Az
on WWZ at 95% CL A =6 TeV (obs) | [—0.22,0.19]
A =6 TeV (exp) | [—0.19,0.16]
A = oo (obs) [—0.15, 0.13]
A = oo (exp) [—0.14,0.11]




VBF Higgs Search at ATLAS

* Searched for H>7vy,
/7*, WW?*, 11, bb
production in VBF
modes

* No 3o evidence
observed in each
individual channel yet

ATLAS Prelim.
my = 1255 GeV
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Total uncertainty
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Anomalous QGCs

Anomalous quartic couplings modify the expected cross sections

We would like to set limits on possible new physics using the
measured cross sections in a model-independent way

— Use the effective Lagrangian:
(d)
% d
Lert =Lsm+ D 4D Ad—1 O§ )
— Can introduce unphysical predictions at high energies
— Requires unitarization scheme

Consider the chiral Lagrangian approach as implemented in
WHIZARD (JHEP 11(2008) 010):

— The terms that affect WWVV QGCs are o, and o

Indirect constraints from electroweak precision data (Eboli et al,
PRD 74, 073005 (2006), 99% CL bounds):

-0.35<0,<0.06 and -0.87 < 0. < 0.15




=>4 : Introduction arXiv:1403.5657

¢ Rare decay of Z—>4¢ production was first observed at the LHC by both
ATLAS and CMS experiments along with the Higgs boson discovery in
the 4¢ decay channel

¢ Cross section measurement of the Z—>4¢ production provides
» A SM test for a rare decay process (measurements of 6(4¢) and BR(Z—>4¢))
» A complementary test of the detector response for H=>4¢ detection

} e Data2011+2012 ATLAS
F I SM Higgs Boson H—Z7*—4l
b Mel2asGev(m s=7TeV [Ldt=4.6"
$ [ Backoowndz, 2z s=8TeV JLdt=20.7 "
r I Background Z+jets, T
C %% Syst.Unc.

’ l/

- Ho4l

Z[] ! yi
» e

'ZOhf”

—
-

9 (b) -

Non Z->4¢ production

s Z24l standard candle in calibration 4l analysis, such as Higgs



2=2>4] : Modeling

g 27 s ereury
\Ns=7TeV

10

m(e*e’,ntu) > 4 GeV
POWHEG

inclusive

do/dm, [fb/GeV]

—
<

t-channel only

o

m,, [GeV]

qq =2 Z/2*Z* - 4¢ modeled by Powheg MC for

* Cross section calculations (NLO QCD)

* Event generations (interfaced to PYTHIA)
gg 2 ZZ 2>4¢modeled by GG2ZZ MC for

* Cross section calculations (LO QCD)

* Event generations (interfaced to Herwig/Jimmy)

MCFM MC used to cross check cross sections

50 100 150 200 250

— CalcHEP calculations

> _

o Z—- 4l

O interference

o . *

~— 10 3 Zyvt — 4l |

S |

—— =

a 7

a _

g -]

o] i
10

10°F

B0 80 100 120 140
m(4l) (GeV)

CalcHEP MC (LO QCD) used to calculate the
magnitude of interference between the s-channel
and the t-channel 4¢ production processes

= ~0.2% in the 4¢ phase space
80< m, < 100 GeV, m,>5 GeV

= treat it as systematic uncertainty when
determine the Z—>4l branching fraction



2=2>4] : Detection Challenge

The Z—>4¢ process is dominant by low
mass m,, and low pT leptons (the pT-
ordered 4t leptons)

Need to detect low pT leptons

ATLAS Z—>4¢ selection:

e ‘- p;>20,15,10,7 GeV, |n| <2.5
W pr>20,15, 8,4GeV, |n|<2.7

my, (¢1¢)> 20 GeV, my, (¢7¢)> 5 GeV
80 GeV < m, < 100 GeV

< 1% backgrounds expected from:
»Z+Jets and ttbar from data-driven method
»W2Z, gg ! ZZ and decays from Z from MC

80

70
60 [7] Cstat+syst -

50 Z-4l

Events / 2.5 GeV

© 160
<140

11 100¢

90

Fis=7TeV,4.5fb" Wz E
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; \s=8TeV, 20.3fb _10kag€

~ATLAS ¢ Data -
F\s=7TeV, 45" Wz 1

r 1
C\s= 8 TeV, 20.3 b . Bkg

;_ Ostat+syst _
Z—4]
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Z=>4)] : Cross-section Results

ATLAS measurement in final phase space o O—ﬁﬁ‘f{f‘”
80 <m, <100 GeV and m,,, >5 GeV Tzar = Az_ar

**The 4e and 4 channels, and The 2e2 and 2p2e channels are combined with 2x2
covariance error matrices for c measurement

“*The 4l o'°% = g(4e+4) + 6(2e2p), uncertainties are determined by 4x4 error
matrices

**Good agreement with prediction, and measurement error still dominated by statistic

7 TeV measured 76118 (stat.) =4 (syst.) =1.4 (lumi.) fb
7 TeV NLO SM prediction 90.0+2.1fb
8 TeV measured 107 9 (stat.) =4 (syst.) 3.0 (lumi.) fb

8 TeV NLO SM prediction 104.81+2.5 fb

37



71V Wy, Zy Cross-sections

Final state: Wy ->1lvy
+ signature: e/, Em‘ss, v, AR(l,y) > 0.7
+ backgrounds: Z+jets, y+jets, ttbar, T decays

Final state:Zy->llyor Zy->vvy

+ signature: ee/pup or Em"ss, v,AR(l,y) > 0.7

+ backgrounds: Z+jets, W+X, t decays

+S/B~1.5

+S/B>5

Typical uncertainty at 5 — 10%, dominated by photon ID systematics

Exclusive region defined with zero jet (30GeV)

Phys. Rev. D 87, 112003 (2013)
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1V WZ Cross-section

Event selection (WZ->3l+v): Backgrounds and Uncertainties:
o Threeisolatedleptons (pr>15GeV) o Z+jets, Top: data-driven

o my consistent with Z mass within 10GeV, o ZZ, W/Z+y: MC

pair of leptons with min|m;-m,| to formaZ o ~1000 candidates, S/B ~ 3
o Third lepton (W lepton) pr>25GeV o Uncertainties on measured &
o EPUSS> 25 GeV, mW>20GeV - about 4% stat. error

_ o - 7% syst. Uncertainty (bkg., lepton, lumi.)
With 13 fb! pp collision data at 8 TeV

r— - e - > I~ ]
2 L ATLASPreliminay e 13 180}~ data =
= T e 7 ol // wz _-
g E Ly & 160 B EZZ ]
v | NLO QCD (MCFM, CT10) E 140 WW/Z+y —
10 * sees WZ (pP)(66<m <116 GeV) —| & - W W-+jet ]
- — WZ pp)eBem <116 Gev) 1 > 120 CJZ+jet -]
N o w - OTop 3
- 66<my<116GeV ] ' F 4 E
i <my;< eV | sob- ATLAS Preliminary 7
B LHC Data 2012 (1s=8 TeV) ] - +l+ \s=8 TeV,j Lat=13f" -
O ATLAS WZ- Wil (66<m <116 GeV) L=13 b’ 60— h ]
3 o ATLAS WZ Wil (b6em 2116 GeV) Leds ' 40F- #d’ ATLAS-CONF-2013-021]
B Tevatron (\s=1.96 TeV) ] C ]*1+ 7]
B ® DO WZ- vll (60<m <120 GeV) L=8.6 fb” ] 20 vi
B A CDFWZ- vll L=7.1fb" _ - g 4
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Consistent with NLO prediction



Event selection (ZZ->4l):

o Fourisolatedleptons (p7>7GeV), at least one

lepton with pr>25GeV

S1eV ZZ Cross-section

With 20 fb! pp collision data at 8 TeV

o557 [pb]

10

ATLAS Preliminary
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Backgrounds and Uncertainties:
o Background: 21+X, 31+X = data driven
o ~300 candidates, S/B ~ 10 (Clean!)
o Uncertainties on measured ©
- about 7% stat. error
- 5% syst. (lepton, lumi.)

ATLAS-CONF-2013-020
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WHW- : Backgroune Estimation

Data-driven Background estimation (relative uncertainty in bracket)
+»» Top: ttbar + single top (10%)

o jet veto efficiency measured from data in b-tagged control region. Apply this
efficiency on data events with inclusive jet bins to extract to signal region
< Z+jets (20%)
o Likelihood fit on both Z+jets dominated control region and signal region with

only free parameters of signal and Z+jets normalization, systematics considered
as nuisance parameter, and other backgrounds fixed as their data-driven yields.

’ M 0 > 70_\ LI | LI | LI | LI ‘ LI | LI | LI ‘ LI | LI | LI \_
** W+jetS (SOA’) 3 - ATLAS Preliminary + Data Clwwmc ]
o Rely on the measured jet faking g OO0 ts= 8Te:,f Lc:t: 20.3 fb" E Top MG 5 Ziets O e

1R . ~ - e'v u'v channe [ Wy MC O Wy MC

lepton probability from dijet events 2 5o —MA- A

(f) and the real lepton selection o - = stat. @ syst. unc. .

. . . L — i i ion-

efficiency (r) to determine the true 40 \S/Vﬂetz_val'gf’:t'op':

.. - ame sSign vlleptoi

origin of reconstructed events 305 8 ptol

o Truth X Matrix(f,r) = Reco o0f
Truth = Reco X Matrix™1(f,r) 1

Of —

o Major systematics: jet flavor . :

L —— =

composition 0 20 40 60 80 100 120 140 160 180 200
ATLAS-CONF-2014-033 m, [GeV]



WHW- Cross-section at S1eV

Signal acceptance and uncertainty (PowHeg + Pythia 8)

Channels Cww Aww X Cww  Overall efficiency ~ 10%
eviuv 0.511+0.025 0.1160.007 uncertainty ~ 6% (Lepton, Jet, MET, JVSF*)
evev 0.2914+0.021  0.025+0.002  * yse Z eventsin data to constrain
data
vy 047140033 0.04:£0.004 g A
Z

"""""""" BGEREAL  AREL I R I B

ATLAS Prellmlnary

Measured

j Ldt = 20.3 fb” cross sections

\s=8TeV F——— ete”

WW n <2% statistical uncertainty

—+——— LT . .
~8% systematic uncertainty
A et About 2 ¢ higher than SM
N —w—  Combined prediction

SM Prediction
ga/qg — WW: MCFM NLO CT10
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