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Introduction

("« Electroweak sector of the SM based )
on SU(2)xU(1) gauge group, that is
non-Abelian
— Triple and quartic gauge self-
coupling

<

" EWK program @LHC in Run1 )

e Reached unprecedented precisions
* Observed new processes
» Accessed unexplored corners of

/Measurements require complex\

analyses (syst. limited)
Run 1 more to offer before Run 2 takes over

Challenge also for theorists
Experimental results need precise

\ phase-space /

\ predictions to be correctly interpreted /
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Production Cross Section, ¢ [pb]

Outline Of The Talk

ATLAS and CMS Summary Of
Cross Section Measurements

July 2015 CMS Pre|iminary Standard Model Production Cross Section Measurements  suwus: varch 2015
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Outline Of The Talk
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Diboson Measurements
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PLB 740 (2015) 250 and CMS PAS SMP-12-016

7.7, Production o

o 77 — 41 with 2 on-shell Z (60<m,<120)  Measurement recently also in the
- l=e, W, T (t only in 0, not differential) channel ZZ - 1lvv
- FSR y recovery for better m,resolution - P.(l) > 45 GeV and MET > 65 GeV
» Total 0 compared with NLO qq = ZZ - l=e,
and LO gg —» ZZ * Predictions with MCFM (NLO)

» Stat/Syst/Theory error all O(6-7%)

o(8 TeV) = 6.9 + 0.8(stat.) T 13 (syst.) & 0.3(lumi.) pb

o(pp — ZZ — 4) = 7.7+ 0.8 pb = 7.424%9 o

C _
=7.7+0.6 pb o(7 TeV) =5.273° (stat )T 11 (syst.) £ 0.2(lumi.) pb
cMs Vs=8TeV,L=19.6fb" — 6. 45"‘0 30 b
g 1-2 EEEEEE L L LN L L L DAL B 0 21
(‘B ; —e— Unfolded data ;
= 1 Total uncertainty — 19.6 b’ (8 TeV)
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ATLAS-CONF-2015-031

o o ATLAS
4] differential measurement ATLAZ

* Measure differential o in m(41) and P(41) for inclusive 41 (80<m ;<1000 GeV)
- Relaxed m(ll) requirement: 12 < m(34) < 120 GeV
- Very rich physics: resonant Z- and H-bosons, continuum ZZ productions from qq, qg and gg
initial states (plus interference). Background very low
- Theory predictions available at different level of corrections
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ATLAS-CONF-2015-031

o o ATLAS
4] differential measurement ATLAZ

* Measure differential o in m(41) and P(41) for inclusive 41 (80<m ;<1000 GeV)

- Relaxed m(ll) requirement: 12 < m(34) < 120 GeV

- Very rich physics: resonant Z- and H-bosons, continuum ZZ productions from qq, qg and gg
initial states (plus interference). Background very low

- Theory predictions available at different level of corrections
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ATLAS-CONF-2015-031

o o ATLAS
4] differential measurement ATLAZ

* Measure differential o in m(41) and P(41) for inclusive 41 (80<m ;<1000 GeV)
- Relaxed m(ll) requirement: 12 < m(34) < 120 GeV
- Very rich physics: resonant Z- and H-bosons, continuum ZZ productions from qq, qg and gg
initial states (plus interference). Background very low
- Theory predictions available at different level of corrections
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£E9E F - On-shell H (ggF, VBF): Powheg (NLO)
5 - - gg - 77 : MCFM (LO)
for %« Higher Order Corrections:
¥ = - H - 41 and on-shell qq = ZZ: NNLO QCD
10 = + NLO EWK
10°

90 200 300 400 500 600 1000

m,, [GeV]

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University) 11



dod / dm,, [fo/GeV]

O/ Oy,

4] differential measurement

ATLAS-CONF-2015-031

* m(4]) unfolded measurement e P(41) unfolded measurement
—  NNLO normalization AND shape for m, -  @NLO for the qq production
> 2 my e Low P; modeling affected by gluon

» Slight excess for off-shell ZZ*region resummation

Compatible with H»ZZ- 4l

measuremen‘r u=1.44 e s

= > L P50 SEAEEENRAENY i
0'3; / ATLAS Prellmlnary_ 3 T ATLAS Preliminary-
0.25F : * t s=8TeV, 203" & 1_% /s = 8TeV, 20.3 fo '
0.2E | : ij: 4 Measurement_f ?gf“ a. 83: ~+- Measurement_f

s - | — Prediction ] 2% N — Prediction -
0.15F - L 06-% i
e E - i

= : = 0.4 -

- b+ - . - ¥t T
005, i E 02 T —:

0— ‘ = 0:' T o e - :
L e — 6 155 : 3
0.5¢ é M ?"‘"‘ . z

- 0.5 :
2 4 o , , , E
90 00 300 400 ’ 1000 00 150 200 550
—> — m,, [GeV] Low Pt(4|) p¥ [GeV]
4 r4 Sensitive to QCD High Pt(41): !
resummation Sensitive to gg » H

LHCP 2015, 2/9/2015

and aTGC
Andrea Bocci (Duke University) 12



4] differential measurement

e For m(4])> 180 GeV extract the

gg — 77 contributions

- Non-ggZZ signal (qq — ZZ)
subtracted from MC predictions
with m, -dependent NNLO QCD

+ NLO EWK corrections
» gg — 77 contribution includes

Events / 20 GeV

interference

off-shell Higgs, gg — ZZ and the /26
10

Normalized
to predictions

* Derived signal strength w.r.t. current LO
- Vgg = o(data)/o(MC)

ATLAS-CONF-2015-031
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Note: k-factor for off-shell
Higgs and interference ~ 3.
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CMS PAS SMP-14-016

WW Production

» Excess of WW production from both
ATLAS and CMS with early
measurements at 8 TeV

1777 B OB 7 T T | T T (N | T
CMS, 8 TeV, L=3.5 b

L4

T ; —_—— ATLAS, 8 TeV, L=20.3 fb"

- L A — CMS, 7 TeV, L-4.9 fb"
oo - 49.04'7 1% pb

7TeV
NNLO _ +2.2%
Og1ev = 59'84-1.9% pb

— or— arXiv:1408.5243 ATLAS, 7 TeV, L=4.9 fb‘

I . /AR S N S S
40 50 60 70 80 90 100

¢ (pb)
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CMS PAS SMP-14-016

WW Production o

» Excess of WW production from both * Inclusive CMS WW cross section:
ATLAS and CMS with early data
measurements at 8 TeV a = 60.1+4.8 pb
FNNLO _ 59 g+13 o,

~ ﬁ . e BT LG * Good agreement in individual channels:
- : e ATLAS, 8TeV,L-20.3 fb" :,,,,,,,,,,,,,,,,f\i{‘s{ifit‘si‘,i'i,,p,r,cu:h,lr:timl,::r::usﬁ,,:se,cti-.m,,(pbn,.,),,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,3
- 59.7 £ 1.1 (stat.) = 3.3 (exp.) £ 3.5 (th.) £ 1.6 (lum.) 0j DF
T TE oms, 7Tev, Lagt” 643+ 21 (stat.) 4.6 (exp.) 4.3 (th.) £ 1.7 (lum.) OJSF
- i - 4ot P 59.1+ 2.8 (stat.) + 6.0 (exp.) = 6.2 (th.) += 1.6 (lum.) 1j DF
| 7 e e P arias, 7oV, Lo 65.1 5.5 (stat.) +-8.3 (exp.) 8.0 (th.) + 1.7 (lum.) 1j SF
* ¥ ” " ” T ospn) « CMS cross section in fiducial region,

- 0-jet WW - envv, pi(l) > 20 GeV

* Recent update from CMS with full 8 - Jet veto at different P,threshold

TeV dataset and few improvements
- H - WW included in bkg. (8%) o9 = 0.273 4 0.019 pb

-  NNLO calculations (7% higher) MC _
- WW P, resummation reweighting [U = 0.274 £ 0.001 pb]

- Madgraph (LO) -» Powheg (NLO)
* Measurement done in the 0-jet, 1-jet, New CMS cross section results accounting
same flavor, opposite flavor bin for P,(WW) resummation in good agreement

with NNLO predictions
LHCP 2015, 2/9/2015 Andrea Bocci (Duke University) 15
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CMS PAS SMP-14-016

WW Production o

Differential measurements and comparison with different MC all normalized with
NNLO prediction = observe still some significant shape discrepancies

CMS 19.4 b (8 TeV) CMS 19.4 1" (8 TeV)
¥ 1FE T T T T T ] by [ T T T T
§ B —e Data ] % E.’Zﬁ.:._.w.. —e- Data
2 L -m- Madgraph g @ 102 | -@- Madgraph
E - & MC@NLO [ "i = e MC@NLO 7
2, r Powhe — 1 o B —& Powheg ]
= e o = ] : i 1
+ = 5 4
B -
= % 10° | E
'8 1 o - i
-5 B ]
107 —
i ] 107
B ] ] ] ] ] 1 : I 1
15[ i 15—
s - ] s -
a - ] a = 3
% 1 Eéf Qi e e //ﬁ///////// ///ﬁ2 % 1 ﬁ%////»’//cafff/@/%/{/zﬁéj{éé{é%{éﬁ{{{/;7//////////////72
a 05 :_ Madgraph+Pythia normalized to o, _: = 05 :_ Madgraph+Pythia normalized to o, _:
15 — 15 |~ —]
s - : s - :
a a ] 8 u ]
% 1 %/W///ﬂ//////////////g//ng/ ,,,,,,,,,,, ///////////////}}' % 1 2207 a7 /%// / /////////////%
T 15 [ MC@NLO+Herwig normalized to 0,y = T i MC@NLO+Herwig normalized to o, O]
- 15F ' - - 15F ' ]
g 3 - ]
R e e W%////‘ TP
(4] - -
(S 05 i Powheg+Pythia normalized to o, ] = 05 :_ Powheg+Pythia normalized to o, ;
0 0.5 1 15 2 25 3 40 60 80 100 120 140
A(bﬁ(rad) p;f(GEV)
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JHEP 04 (2015) 164 and CMS PAS SMP-14-019

Z. v Production @38TeV

» High statistic diboson measurement at 8 TeV, no s-channel in SM (Zyy Vertex)
- Di-Lepton channel: isolated photons with P> 15 GeV in barrel/endcap ECAL, AR (1, v)>0.7
* Main background: DY + jets (= v ), data-driven estimate

- 7 - vv+y channel: isolated photons with P> 145 GeV in barrel ECAL only, In1<1.44
* Main background: W+ v (16%), W = ev (7%)

MET = CMS Experiment at LHC, CERN
= Data recorded: Sat Nov 17 17:23:56 2012 IST
B 716 GeV Run/Event: 207454 / 1095163126
q Lumi section: 771

g

v

V/

q v
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JHEP 04 (2015) 164 and CMS PAS SMP-14-019

Z. v Production @38TeV

» High statistic diboson measurement at 8 TeV, no s-channel in SM (Zyy Vertex)
- Di-Lepton channel: isolated photons with P> 15 GeV in barrel/endcap ECAL, AR (1, v)>0.7

* Main background: DY + jets (= v ), data-driven estimate
- Z = vv+y channel: isolated photons with P, > 145 GeV in barrel ECAL only, Inl<1.44
* Main background: W+ v (16%), W = ev (7%)

* Cross section measurements for both channels agree well with NNLO predictions

e Neutrino channel fiducial (y : Pr> 145 GeV, In1<1.44)
o = 52.7 4 2.1(stat.)6.4(syst.) & L.4(lumi.) b [0 0 = 50.07%° fb]

_ ,Cms 19.5fb" (8 TeV)
- -« Data combined: puy, eey
* For lepton channel also differential éc-’- 18- [ \no

measurements in Py(y) =2 1.6[ [l mcPm(NLO)

-  NNLO/NLO k-factor important at high Pt g 1-4; Bl SHERPA (LO) up to 2 partons, stat. unc. only

- Sherpa (after global rescaling to NNLO) *_‘.;" 120 + e

describes well the Py shape of the photon ‘“_‘E; 1:3 - ii . %
g 0.8
0.6_| o | o
20 30 4050 10° 2x10? pﬁTf (GeV)
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Vector Boson Scattering and
Tri-boson Production

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)

19



(D1-)Boson Electroweak Production

* (Di-)Boson production in association with dijet dominated by O(o.2)
QCD corrections to inclusive V(V) production

» Rarer contribution from EWK processes qq = qqV(V) with t-channel

exchange of color-singlet Y/W/Z or VBS aq = qqV(V)

q q q we
Z
u e utet
w z
q q q q

(V)V+2j
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(D1-)Boson Electroweak Production

» (Di-)Boson production in association with dijet dominated by O(ag2) q g
QCD corrections to inclusive V(V) production

* Rarer contribution from EWK processes qq = qqV(V) with t-channel

exchange of color-singlet Y/W/Z or VBS aq = qqV(V) g q

q q q L

Q6C

 Peculiar signature of EWK production and phase space: (V)V+2j
- Presence of two high energetic hadronic (quark) jets with wide rapidity separation
- Suppressed hadronic activity “between” the two jets (central region)
- High m(jj) region (> 500 GeV or more) enriched in EWK production

» Signal extraction allows detailed tests of EWK production modeling, connected with
(quartic)triple gauge coupling
- Strong (V)V+ 2jets production dominating and not well modeled by MC

« EWK production of W and Z measured by ATLAS and CMS (see S. Farry talk)

1= (1) ;¥
/
Ay /
/
tagging jet (4) k « = quw
' \ tagging jet (3)

LHCP 2015, 2/9/201: * (2) AN
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ptutjj Candidate Event

mjj=2800 GeV | Ayji|=6.3

| —_\

N S

— 280 ET [GeV]

- 220

- 160

- 100

- 40

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC




PRL 114 (2015) 051801 [CMS], PRL 113 (2014) 0141803 [ATLAS]

EWK WW Production

e V.V, = V_V,scattering linked to the mechanism responsible for the EWSB
- The SM Higgs boson cancels increase for large s preserving unitarity

« WW scattering essential to experimentally probe the nature of the EWSB
- Flagship EWK analysis for Run 2 and beyond!

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)
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PRL 114 (2015) 051801 [CMS], PRL 113 (2014) 0141803 [ATLAS]

EWK WW Production

e V.V, = V_V,scattering linked to the mechanism responsible for the EWSB
- The SM Higgs boson cancels increase for large s preserving unitarity

« WW scattering essential to experimentally probe the nature of the EWSB
- Flagship EWK analysis for Run 2 and beyond!

e In Run 1 both ATLAS and CMS had sensitivity for first evidence
- Observed (Expected) Significance: ATLAS 3.6¢ (2.80), CMS 1.9¢ (2.90)

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University) 24



PRL 114 (2015) 051801 [CMS], PRL 113 (2014) 0141803 [ATLAS]

Same Sign WW Production

e V.V, = V_V,scattering linked to the mechanism responsible for the EWSB

The SM Higgs boson cancels increase for large s preserving unitarity

« WW scattering essential to experimentally probe the nature of the EWSB

Flagship EWK analysis for Run 2 and beyond!

e In Run 1 both ATLAS and CMS had sensitivity for first evidence

Observed (Expected) Significance: ATLAS 3.6¢ (2.80), CMS 1.9¢ (2.90)

« Experimental Signature:

g q

Dilepton + MET + 2jets -

Combination of “EWK” and “QCD” (O(a.s2 azw*))

* Same sign channel needed:

q

q

To suppress huge tt background
To suppress “QCD” (no gg initial state) ;
. “EWK””QCD” ~ 1:1 ' q
Charge flip (e-channel), WZ — 31 and non-
prompt leptons main background

wH

Quark/gluon tagging for VBS jets by CMS Typical “EWK” contributions

q q q q q q q

7 q / 9 q 9 q



PRL 114 (2015) 051801 [CMS], PRL 113 (2014) 0141803 [ATLAS]

sSWW Production

« ATLAS measured also “EWK+QCD” in » Sensitivity to EWK increases in phase

m;> 500 GeV region space with m;>500 and |An1>2.5
2 Varias UL paooe £ soF amas . Damzoiz ]
P 1 | L
= 10° 203fb Is=8TeV EZZ SY%iUEEFtamW kE i, o5t 20.3 fb", \'s = 8 TeV B Syst. Uncertainty
r : W*W'jj Electroweak - = m > 500 GeV WWj Electroweak
= . W-WHj Strong ] E I W*WHjj Strong
10 - Prompt . - 20 BN Prompt
LA e Conversions 3 C Conversions
o - B Other non-prompt 15: B Other non-prompt
SRS T —

10
10—1 5 |
2 i { "« Data/BKg SRR 0o 1 2 3 4 5 7 8 9
<] C : T Bkg Uncertainty ] Ay |
2 gL b (SI0+Bka)BKg L S S I
g - E . Eae e S )&A: .
5 —M : cMs 19.4 16" (8 TeV)
— . A 0 K K N | K N . : T T T T T T T T I T T T T
& 07200 400 600 800 1000 1200 1400 1600 1800 2000 S - o Data -
m; [GeV] ® i W WHj
g I A I I S = - B Other Bkgs. |
25— . — 10 _
‘]>J . ATLAS - Data 2012 1 LI>J [ Nonprompt
w L 2036 \s=8TeV Syst. Uncertainty 7 L o Wz N
Loev 1S = W W "l Electroweak 4
20[~ Incl. SR, ee+ep+up W*WH Strong ] 1
- . Wzt ZZ +W/iZ A i
B I Other non-prompt i
15~ OS prompt leptons
N Wy . 5 N
10 = 7
- : AR |
50 ‘ ‘f ] ARG
L AR ] B
L § 0
3 . - 3 500 1000 1500 2000
Lepton Cen'l'ralrry c m; (GeV)
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CMS PAS SMP-14-18 [CMS]

from CMS 7 vy Electroweak Production

d
) %b'"ﬂ%a | w §_‘_ﬁt‘“ %&
if&fé!
w
u g d u § g
fa) Bremsstrahlung (b) Mu!t:penpheraf {c) VBF with TGC {d) VBF with QGC
Evidence of: qq = qqZy (1-1- v j j) > S
* (Relatively) High VV EWK cross section S Prefiminary i
* Final state can be fully reconstructed = o é‘“’m
- m(Zy) related to the VBS scale E ]
» Significant strong production: Z vy + 2;j &
— Modeled from control region and
subtracted
800 1000 1200
M, (GeV)
* Cross Section Phase Space:
~ 2lep. + 1y P> 20 GeV (In(y)|<1.44) oEWVK = 1.861%:% (stat.) %% (syst.) & 0.05(lumi.) fb
- T70< m(ll) <110 GeV MC
= 1.26 &+ 0.11(scale) 4+ 0.05(PDF)fb
- M, > 400 GeV and | An(jj)I>2.5 i (scale) ( )
« Dedicated phase space for aQGC * In an EWK enriched phase space:

- Observed (exp.) significance: 3.00 (2.10)
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CMS PAS FSQ-13-008

Exclusive yy - WW Production

L
{1l

I A
b N

* Probing the yYWW vertex with exclusive
production
* Key signature:
- 2 lepton tracks from same primary vertex and
no other charge particles

* eun channel to suppress DY and yy = 1+1-

exclusive process
- vy — ee, uu used as control sample at P (11) ~ 0

to study charged track veto and characterize to

correct for non-elastic contributions ? o
" CMS preliminary ~. _CMS preliminary 19.7 fb™' (8 TeV)
. = 80 } e Data 8 oF ® Data
 Results: 2 . — 0 vyt 8 I et W
- Signal region: m(ep)>20 e E: T sl et 11 <
C f - B EWK Ww
GeV and pT(eu)> 30 GeV 60; = EWK WWagq - C Inclusive I:c)‘i:oson
. C O weiets E Drell-Yan . -
_ 5.310. 1 (3.510.5) Slgnal 50E - Inelusive Diboson iy stat. error on simulation sum
C SN stat. error on simulation sum
(background) expected =
- 13 data events observed °F
(1.20 above exp.) 20F |
* * * * C
cr(pp—>p WWp™ — p epvrvp ) o) rorm e R A \—L 0 Sty lyieleiw
£ 8
=123 Ry ,/ S o }
& 1§e\\\k\~V‘\\\\‘ ‘\‘w\‘_\\‘(_\‘#_\\‘iﬁ.\\;\\‘;ﬁi_v‘\\“\t“\n\n‘nnv\\“;“\“\\\\‘\\\ S 2;_\&\ . X N * # o« |
: ‘ | ‘ ‘ ‘ | ‘ ‘ %T\\’\zl\*\ﬁl\\\l L ]é\(;(l\\élblé\rb\h
|\O\|\ 1\\\I2\I\\ TN T VN T T Y I 0 40 60 80 100 120 1(30' \'/1(,0
Num. extra tracks pT(p,e) [GeV]
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PRL 115 (2015) 031802

W+vyvy Production

* First evidence of tri-boson production q )
- Sensitive to (anomalous) quartic coupling
» Signature: - y
- Lepton+MET, and 2 photons - n
o Ei(y) > 15 GeV and isolated A [
- Main contribution from W + 2 (1) ISR vy W ~“<
* Background: q 1%
- Jet—=y [Wy +jets] and e—y [Z(e“y”)y]
* Results: g 0 e baa
S - ATLAS ] Wyy ]
~ Measurements in inclusive (N, 0) and W o5L — -
exclusive region (N, = 0) s S .

- Significance >30 (combined) 20 B Other backgrounds

- Stat/syst unc.: 20%/20% (inclusive region)
- Upwards fluctuation w.r.t. NLO predictions

\s=8TeV, 20.3fb"
electron channel

15

* 1.90 compatibility for the inclusive measurement 10
o=061"" 1(stat ) £ 1.2(syst.) £ 0.2(lumi.) pb [nclusive
[2.90 £0.16 (NLOM Region J
o =2. 9+0 7(stat. )+1 O(SYSt ) £ 0.1(lumi.) pb Exclusive Nt
[1.88+0.20 (NLO)| Region T Exclusive Region (N, = 0)

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)



Intermezzo: NNLO Vv Predictions

Diboson cross Section Measurements Et::';farus: July 2[JI4'::: ATLAS

Wy cross section at 7 TeV showed N ikaste v )
significant disagreement with NLO SM AR 04 | e [
predictions (similar findings from CMS) Iﬁ_‘“ﬁtm) T
—  One of the motivation for the exclusive ~ [ = 0] '
(N;.; = 0) measurement, to suppress high lrfd(Zy > tty) = Al R AT:_PataIN!‘O |
order radiation e = 0] Run1 y5=7,8TeV

— Less pronounced effect on Zy

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University) 30



Intermezzo: NNLO Vv Predictions

Wy cross section at 7 TeV showed
significant disagreement with NLO SM

predictions (similar findings from CMS)

One of the motivation for the exclusive
(N;.; = 0) measurement, to suppress high

order radiation
Less pronounced effect on Zy

* Recently Wy and Zy x-sec calculation
made available ~  Talk yesterday

Grazzini, Kallweit, Rathlev (arXiv1504.0133)
Re-checked with published ATLAS 7 TeV
data — tension disappeared

K (NNLO/NLO) ~ 1.2

* NLO scale uncertainties did not cover for it!

LHCP 2015, 2/9/2015

Diboson Cross Section Measurements

wuanan
"
0\

\!
3" Status: July
(T

l,,,

| 2 I d !

~[njee = 0]
Ir(Zy - tty)
~[ne = 0]

Gl'fld Aqu > 0.4] =440 ‘;M é_‘.‘:“l;::!:;,i;-l!u 3

ATl

Data/NLO

Runi ys=7,8TeV

Multiboson Cross Section Measurements s s e 2015

T
X,
4,

(N
T T TR prry T T T T T T

L TRLEA
19— 4.2 pb (dat

— Lo AR 04) G RS
oWy = tvy) ‘-
[y = 0] 9 ‘- Runl a/s=7 8TeV
a(Zy - (ty) * Data/NNLO
- [mje = 0] L

Andrea Bocci (Duke University)
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Intermezzo: NNLO Vv Predictions

Diboson cross Section Measurements Ei“‘;rarus: July 2014": ATLAS

Wy cross section at 7 TeV showed
significant disagreement with NLO SM

predictions (similar findings from CMS)

One of the motivation for the exclusive
(N;.; = 0) measurement, to suppress high
order radiation

Less pronounced effect on Zy

* Recently Wy and Zy x-sec calculation
made available ~  Talk yesterday

* Possibly we are seeing the same thing in

Grazzini, Kallweit, Rathlev (arXiv1504.0133)
Re-checked with published ATLAS 7 TeV
data — tension disappeared

K (NNLO/NLO) ~ 1.2

* NLO scale uncertainties did not cover for it!

Wy

Need NNLO predictions!

LHCP 2015, 2/9/2015

e
LT TP L

! i ! > ! | i I 3 !

O'ﬁd ARW‘ S 0.4] r -l‘;r.l.‘d\"'\: 3.2-4.2pb (data
TSI

= [Mjer = 0] .
b¥(zy - tty) ATL, Pata,N!‘O |
[t = 0] Run1 y5=7,8TeV

Multiboson Cross Section Measurements 5 s ecn 0%

Iﬁd(i i-)[ﬁﬂ 5 nﬂ]

1y,
2,
D

4y, 3L
LU B bl LLLLLLL b B s s e e s

oWy - b
= [Mjer = 0]
o(Zy - tty)
= [Mjer = 0]

ATLAS — rrenmmary |
Runil 1s=7 8TeV

Data/NNLO

T (Wyy = tryy)
= [Mer = 0]

Andrea Bocci (Duke University)
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Anomalous Gauge Coupling

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)
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Anomalous Gauge Boson Couplings

» Self couplings of gauge bosons

: Wt W~ Wt
consequence of the non-Abelian nature
of the EWK theory and fixed in SM Zh
 BSM effects can manifest as deviation from the
W~ Wt W~

predicted SM couplings

- How to quantify the deviations? Or constrain them?

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)
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Anomalous Gauge Boson Couplings

» Self couplings of gauge bosons

: Wt W~ Wt
consequence of the non-Abelian nature
of the EWK theory and fixed in SM Zh
 BSM effects can manifest as deviation from the
predicted SM couplings w- Wt W-

- How to quantify the deviations? Or constrain them?

» Different model independent parametrizations of BSM on the market
- Effective Lagrangian, for example for aTGC:

Lwwv = igwwy (g1v (Wi W= — W W) VY + sy WEW, v
Av

v +P —
VW w,.)

- Effect field theory (EFT) approach, scale of new physics A large far from accessible energy

(s<< /A\2). Adding new operators at higher dimension. SM restored for A =
Similar to Fermi approach for p-decay, Gy coupling for s << My

(d)
C?: d
Eefj' S £S’M ~+- E E Ad_4 OE )
d 2

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University) 35




Anomalous Gauge Boson Couplings

* Diboson and VBF Boson production sensitive

to ATGC

q

%

q

LHCP 2015, 2/9/2015

s-channel

coupling parameters channel
WW~ Ay, Ak, WW, W~
74 q A WWwWZ Az, Ak, AQIZ WW W42
' ZZy h%, h% Zy
!G(C vertex v d 2 hg’ hz Zy
Vi iz f4207 fBZO Z2Z
. 222 Fio> f2o zz

4

Andrea Bocci (Duke University)
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Anomalous Gauge Boson Couplings

* Diboson and VBF Boson production sensitive

coupling parameters channel
to ATGC WWr | A, Ak, | WW, Wy
q A a 7 WWZ Az, Ak, AQIZ WW W42
“\\ f;" ALy h;;Z , hf VA
\ g Zyy h3, by Zy
~nanrnd TGC vertex
f . AV fé. 14 zz
/ R AN fgo,fgo Y4

q 4

s-channel 1 y

* Triboson (1— 3) and VBS VV (2-2) productions sensitive to AQGC
- Dim-8 operators for AQGC (that not affect TGC)

WWWW | WWZZ | ZZ27Z | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Os,0, Os1 X X X
Own0, On1,0Om6 ,Onr X X X X X X X
On2 ,Onma, Ona ,Ons X X X X X X
Or0 Or1 Ora X X X X X X X X X
Ors ,Ore Or 7 X X X X X X X X
Ors ,Orp9 X X X X X

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)



Anomalous Gauge Boson Couplings

* Diboson and VBF Boson production sensitive [ .oupling | parameters | channel

to ATGC WW~ X, Ak, WW, W~
: 0, ‘ ¢ WWZ | Ay, Aky, Agf | WW, W Z
N/ 27y hghy al
\ < Zyy ha,hy Zy
~nanrnd TGC vertex
f i 77 I, 4 zz
F N A I 124 A

q 4

s-channel 1 y

* Triboson (1— 3) and VBS VV (2-2) productions sensitive to AQGC
- Dim-8 operators for AQGC (that not affect TGC)

WWWW | WWZZ | ZZ27Z | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Os,0, Os1 X X X
Own0, On1,0Om6 ,Onr X X X X X X X
On2 ,Onma, Ona ,Ons X X X X X X
Or0 Or1 Ora X X X X X X X X X
Ors ,Ore Or 7 X X X X X X X X
Ors ,Orp9 X X X X X

» Unitarity problem: AT(Q)GC will violate unitarity at some scale
-  Form Factor or K-matrix method
* Choice arbitrary and introduce model dependence R FRD Kl
o F(s)=(1+5/A
- Not unitarize (Ag = o) (s) = (1 +5/A)
 Limits “over-sensitive” and argued to be “unphysical”

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University) 38



AGC Signature

» AGC expected to be stronger at high s-hat cms | WWmdQ: aTGC 19.4 107 (8 TeV)
- Search target observables related to the s-hat of % 10t T 'L&é&é' 'I[;c;,p quark
the event, like myy, my; P1(VV), P1(V) g - ‘ BWZZZVW Weiets
 Binned fit for a single observable R — ¢, /AZ=20TeV? _
- Binning/selection may be optimized for AGC 2 — === ~ — Cyww/A® =20 TeV™
. . . . B _——— 2 2 b
- Sensitivity mostly from the last bins e 0 m== G/ =55 TeVE 4
- Limited by signal statistics, and background unc. HWA0TE e 5
-~ Channels with higher BR usually have higher i b= 7
sensitivity, i.e. ZZ-1lvv, YZ(-vv), WyV(=qq) 10 S M
» Different processes have different sensitivity for -
various AGC parameters P P O S R S o
.. . . . . 100 200 300 400 500 600
- Limits depends on parametrization choice (i.e. A) my, (GeV)
CMS {s=8TeV,L=19.6fb" ZZ—)“W Pt(ll) aNTGC 196" (8 TeV)
= []zz L P S — 77 5 2loy rf:o.oos
: I WZIZ + jets - 27 5 212y 1=0.01 27 - 2i2y 12=0.02
g‘ ----------- f2=0.015 E 10 —%— Data
: AU T ==
A\
[ 10"
E 10%
10°
107 1 S .
200 400 600 800 1000 1200 8 L :
m,.. (GeV) -g: 0 ﬁ 1 s
8 Os5e—f6o 200 300 400 000
Z7Z-11 m(4l): aNTGC c Dilepton P, [GeV]

LHCP 2015, 2/9/2015

Andrea Bocci (Duke University)
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Zy-lly Pt(y): aTGC

CMS

ppy channel, 19.5 o™ (8 TeV)

AGC Signature

10°

10?

Events / 4 GeV

10 F—— Data

I Standard Model
Z

(L -0, hf = 0.001

B H =003, =0

hé = 0.06, h, = 0.0016

107

100 150 200 250 300 350 400 450 500

VBS ssWW M(l): aQGC

CMS

19.4 1"

Pl (GeV)

(8 TeV)

—
(=)

@ Daia

——aQGCF

Events / bin

" —— SMF/ A*= 0.0 Tev"*
aQGCF /A% =-5.0Tev!
! At =+5.0 Tev

100 200 300 400

500

m, (GeV)

LHCP 2015, 2/9/2015

Events / 50 GeV

Events/GeV

Zy—» vy Pt(y) aTGC

19 5 o' (8 TeV)

gnq . — Y*Jel W(UV] vy, Z00y
reliminary 1 Beam halo
= QcD

ata
727271 Bkg. uncertainty
== h3=-0.001, h4=0.0
BEST FIT

il

107
% 12E.
o 05
0 00
- eV IGeVl
_| Wyy M(yy): aQGC | _—
35 ® Data -
- ATLAS ] Wyy ]
30; - ZY T
C 0 Wyj + Wjj ]
C C vy +ets ]
25 . [l Other backgrounds
gof_ \§ s=8TeV.20.3fb" —
C l\ Imuon channel (Njeis =0) ]
15k .
N ] ]
10 N -
: — ]
N i
0 L
0 100 200 300 400 500
m,, [GeV]

Andrea Bocci (Duke University)

Events / bin

PRD 90 (2014) 032008

cMs
> -I-'-l-l-F
3104;—4.—"..0..«. B ets
i F B2 McC uncertainty Zysjets
< 10° f—— sM+a¥/A?=50Tev?
@ 3 I tor quark
s 107 I viviets
L Wvy

WyV = lvyjj Pt(y): aQGC

Data/MC

rm N

300 400
Photon E_ (GeV)

VBS Zy-llyjj M(y): aQGC

19.71b " (8 TeV)
10 LI I I | | LI I ) ‘ L ‘ LI | 1 17T ‘ T
- CMS " Off-Press
E~ Preliminary °
SM signal
8 [ T ——,
7 AQGC signal, cmu{’ o541 TeV!

signal systematic uncertainty
b2202] background systematic uncertainty




Summary aTGC

Charged ATGC: Only one analysis at 8 TeV so far (WW), best limit ~ to LEP

July 2015

— T | ] sl T T T SR \ \ s T T T
CMS Prel. Limits — /éMLE":\PreI Limits E
DO Limit o DO Limit o
LEP Limit e LEP Lm“ e
W 41601 -4.66-01 46 fb" — ww -4.3e-02-4.3e-02 460"
AKY | | WI 3.86.01-2.9601 50 Ak, ot WwW -6.06-02-4.66-02  19.4fb"
: : B —t wy -9.0e-02-1.0e-01  4.6fb"
_— ww -2.1e-01 - 2.2e-01 4.9 fbo — wv -4.36-02-3.3e-02  5.0fb"
——t WW -1.3e-01-9.5¢-02  19.4fb" e LEP Combined -7.4e-02-5.1e-02 0.7 fb"
— WV -2.16-01-2.26-01  46fb" 7”2 — Ww -6.20-02-59e-02 461
e A Ae 1 — ww -486-02-4.8¢-02 4.9
wv , 1.1e:01-1.4e-01 5.0 ror WW 24e-02-24e-02 194"
e DO Combined  -1.6e-01 - 2.5e-01 8.6 fb - W2 _4.66-02 - 4.76-02 461b"
—e—i LEP Combined -9.9e-02-6.6e-02 0.7 fo — wv -3.9e-02-4.0e-02 46’
2 — Wy -6.5¢-02-6.1e-02 461" i wv -3.8¢-02-3.0e-02 501"
v - Wy 5.00-02 - 3.7-02 5.0 fo" Fo DO Combined  -3.6e-02-4.4e-02 8.6 fb‘l
Drebssbusd o Fo-i LEP Combined -5.9e-02-1.7e-02 0.7 b
— WW 4.86-02-4.8¢-02 49fb 1 A — WW 3900252002 481
o WW -2.4e-02-2.4e-02  19.41fb 91 — ww -9.5e-02-9.5e-02 491"
— WV -3.9¢-02 - 4.0e-02 46’ ot WwW -4.7e-02-2.2e-02 194 fb"
- WV -3.8e-02 - 3.0e-02 5.0 fo! — Wz -5.7e-02 - 9.3e-02 4.6 fb'l
. A R 4 A . — wy -5.5e-02-7.1¢-02 461
o DO Combined ~ -3.66-02-4.4¢-02 8.6 fbw ot DO Combined  -3.46-02-8.46-02 8.6
| o —LEP Combined |‘5 96-02 - 1.76- 02‘ 071 ‘ re- LEP Combined :5.4¢-02-2.1e:02 0.7 fo’
| | | 1 I I ! ! ! ! ! 1 1 [ 1 1 [ 1 \ 1 1 [ [ 1 ! L 1
-0.5 0 05 05 0 05 . 15
aTGC Limits @95% C.L. aTGC Limits @95% C.L.
Neutral ATGC: 8 TeV results best limit, VVY channel Very powerful
July 2015 Mar 2015
T T T i T T T T
T ‘ ' ‘ T T GMs Prell Lindits | 1 | ! ‘ " §r imte .ts -
i — 2z -0.015-0.015 4.6 fb™
H P Zy(lty,vvy 7TeV) -2.9e-03-2.9e-03 5.0 fb" 4 — 7z -0.005 - 0.005 19.6 b
3 Zy(lty) -4.6e-03-4.6e-03 195 fo — ZZ (212v) -0.004 - 0.003 24.7 fb"!
z 11 4 ’ = ZZ (comb) -0.003 - 0.003 24.7 fiy”
—_— Y(VVY) -1.1e-03 - 9.5e-0 19.6 fb fz 77 -0.013-0.013 4.6 fb1
hZ I Zy(lyvvy 7TeV) -2.7e-03-2.76-03 5.0 fb" 4 — 7z -0.004 - 0.004 19.6 fb!
3 Zy(lty) -3.8¢-03-3.7¢-03 195 fo — ZZ (212v) -0.003 - 0.003 24.7 fb"!
] ZZ (comb) -0.002 - 0.003 24.7 b
z -1.5-03 - 1.6e- 1 =
— Y(vvY) 5e-03 - 1.6e-03 19.6 fb fY 77 20.016 - 0.015 4.6 fo!
hY PR Zy(lyvvy 7TeV) -1.5e-05-1.56-05 5.0 fb" 5 - 2z -0.005 - 0.005 19.6 b
4 Zy(I) -3.6e-05-3.56-05  19.5fb" — zz(212v) -0.003 - 0.004 24.7 fo'
— Zy(vvy) -3.8¢-06 - 4.3¢-06  19.6 fb” = ZZ(comb) -0.003 - 0.003 24.7 fb'!
ol TTeV) 1 ; » 2 —t 2z -0.013-0.013 4.6 fb™
hZ — y(lby,vvy 7TeV) -1.3e-05-1.3e-05 5.0 fb 5 — 72z -0.004 - 0.004 19.6 fb'!
4 Zy(ty) -3.1e-05-3.06-05  19.5 fb" - ZZ (212v) -0.003 - 0.003 24.7 fb
— Zy(vvy) -4.0e-06 - 4.6e-06 19.6 fb’! : 0 ZZ (Comb) ‘ -0 002 - 0. 002 24 7 fb1
1 Il ‘ Il 1 Il ‘ Il Il 1 ‘ Il Il Il Il ‘ 1 Il Il : : : : : : : : !
05 0 0.5
-0.5 0 0.5 1.5x10%h,), x1o‘(h)
aTGC Limits @95% C L
LI L &VULJ,y &l JILJLJ aTGC Limits @glé1<?a ol (DUke UanGrSltY) 41



Summary aQGC

« Wyy aQGC more sensitive to fy, than fy;
— Limit on dim-8 operators fy;,, fy;; transformed to

dim-6 a., a, operators for comparison

- Non-unitarized limit shown, for comparison
* AQGC limit from ssWW reported as non-

unitarized dim-8 operators (CMS) and

unitarized K-matrix formalism (ATLAS)

fElfj [TeV™
A

aW
AC2 [TeV?]

a 2
5 Tev]

- LEP
e DO vy - WW
— CMS WVy

AQGC Limits 95% CL

ATLAS

----- CMS vy -» WW
- ATLAS Wyy

-------------

i | | |

-10°-10-10%-102 -10

LHCP 2015, 2/9/2015

10 102 10° 10* 10°

'0-2__ confidence intervals

ATLAS VBS ssWW

5 C ATLAS
0.6 20310 Vs=8Tev
0.4C pp — W W

T K-matrix unitarization
0.2

0_

T T T T T TTrrTrrroT

Andrea Bocci (Duke Universi., ,

- 8% CL i
04— o -
- [95% CL .
-0.6— —expected 95% CL .
- x Standard Model N
_|||||||||||II||II\I|IIII\IIIlIII\IIIIIlIIIIIIII_
-04 -03 -02 01 0 01 02 03 04
0Oy
CMS VBS ssWW 1
194t (8 Te
— 1000 CMS (8 TeV)
(D -
L : — — Expected 95% CL
B —— Observed 95% CL
B e SM
500
0 -
-500
o I L l L ' s l ' i 1 l L L l L l
1000 -200 -100 0 100 200
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Summary aQGC

LHCP 2015, 2/9/2015

aQGC Limits at 95% CL (TeV )
Andrea Bocci (Duke University)

August 2015 cMs b— Channel Limits JLat Vs
4 =
oA lomm e vy 7.7e+01 - 8.1e+01 1931~ 8TeV
””” T EWKzyeass  7.1e+01-7.5e+01 197 8Tev
=5 oW 3.3e+01-3.2e401 1941 8TeV
[ Ty -1.5e+01 - 1.5e+01 51f0"' 7TeV
H yy—ww -4.6e+00 - 4.62+00 19.7f6" 8TeV
4 =
N b Wy 1.3e+02 - 1.20402 1931~ 8TeV
| : Ewkzys2des  -1.80+02 - 1.8e+02) 197 8TeV
bo — -y - -4.4e+01 - 4.7e+01 19.4f" 8Tev
foveene e | S—— 57e+01 -57e+01  51fb 7 TeV
oo — 1.7e+01 - 1.7e+01 19716~ 8TeV
4
fM2 A [ EE— EWK Zys2dets  -3.2e401 - 3.1e+01 19.7 ﬂg'1 8 TeV
4 o
N _ EWkZye2ien  -5.8+01 - 5.9e+01 1971 8TeVv
L L | L L I 1 | L L L | L L L | L L L
-200 0 200 400 600
aQGC Limits at 95% CL (TeV
August 2015 CcMS —
ATLAS  —
Channel Limits [eat s
4 E
LI T Wy -9.0e+01 - 9.0e+01 203f" 8Tev
oo | vy -2.5e+01 - 2.de+01 1931~ 8TeV
s EWKZyeziets  -3.86400 -3.4e4+00 | 197f" 8TeV
- o5 W -4.26+00 - 4.62+00 19.4fp" 8TeV
A
fﬂ A — EWK Zy+2dets  -4.4e+00 - 4.42+00 19.7 ﬂg'1 8 TeV
””””””” n www  -21e+00-2.4e+00 194" 8TeV
A R
sz IA — EWK Zyezdes  -9.92+00 - 9.0e+00 19.7 fb 8 TeV
”””””” 1 aww  -59e+00-7.1e+00  19.4fn" 8TeV
o4 E
L, /A H EWk Zye2iels  -1.86+00 - 1.8e+00 197 8TeV
o4 E
TTQ IA — EWK Zyszdets  -4.0e400 - 4.0e+00 197" 8TeV
1 1 I 1 1 1 1 I 1 L | 1 1 1 1 | 1 1 1 1 | 1 1 1
-100 0 100 200 300

New aQGC limits on dim-8 operators
from EWK Zvy (non-unitarized)

Some of them competitive with the
limits from ssWW
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Summary

* Triple Gauge Coupling
- Inclusive dibosons is now approaching precision physics, need adequate theory predictions
- Single boson electroweak production (qq = qqV) experimentally established
* Quartic Gauge Coupling
- Tri-boson final states start to be experimentally accessible (Wyy), more to come in Run 2
- Vector Boson Scattering new frontier to complete the understanding of the EWSB
* Anomalous Gauge Coupling
- Better and better limits, need a more uniform model independent parametrization and
interpretation of the constraint provided by a very wide range of data

- Boson couplings g/W/Z now have another player: H. “Unification” with the Higgs-sector? Via
EFT?

* Run 1 data still has more to offer

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)
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Summary

* Triple Gauge Coupling
- Inclusive dibosons is now approaching precision physics, need adequate theory predictions
- Single boson electroweak production (qq = qqV) experimentally established
* Quartic Gauge Coupling
- Tri-boson final states start to be experimentally accessible (Wyy), more to come in Run 2
- Vector Boson Scattering new frontier to complete the understanding of the EWSB
* Anomalous Gauge Coupling
- Better and better limits, need a more uniform model independent parametrization and
interpretation of the constraint provided by a very wide range of data

- Boson couplings g/W/Z now have another player: H. “Unification” with the Higgs-sector? Via
EFT?

Run 1 data still has more to offer, and Run 2 data are knocking on our door!

First ZZ events @ 13 TeV |, 151244 Event 204117665
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W+vyvy Production

» Search for aQGC coupling in exclusive region and 3 127 ATLA; T e b ]
. i W ]
with m,, > 300 GeV B 10— -zYW —
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Other Relevant Talks

Tuesday September 1

* Vector boson pair production at hadron colliders at NNLO QCD 20’
- Speaker: Stefan Kallweit (University of Mainz)
* VBS & anomalous couplings - ZZjj production in the POWHEG-BOX 20'
- Alexander Karlberg (University of Oxford (GB))
* Diboson and triboson production with photons 20'
- Shu Li (Duke University (US))
* Production of heavy vector boson pairs (WW, WZ, ZZ) 20'
- Riccardo Bellan (Universita e INFN Torino (IT))
* Vector boson scattering 20'
- Linda Finco (Universita e INFN Torino (IT))

Friday September 4

« NNLO Mixed QCD-EW corrections to Drell-Yan processes in the resonance region 18'
—  Christian Schwinn (Freiburg University)
« ATLAS/CMS Forward-backward asymmetries and sin2theta 18'
- Anna Di Ciaccio (Universita e INFN Roma Tor Vergata (IT))
* Forward-backward asymmetries and sin2theta 18'
- Siqi Yang (Univ. of Science and Technology of China, Hefei)
W boson mass 18’
- Oliver Stelzer-Chilton (TRIUMF (CA))

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)
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Electroweak Production of
Single Boson
(aka Vector Boson Fusion)

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)
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W and Z Electroweak Production

* Production of W and Z bosons (V) in association with dijet (Vjj) dominated by O(a2)
QCD corrections to inclusive V production

» Rarer contribution from EWK processes qq = qqV with t-channel exchange of color-
singlet Y/W/Z

* Peculiar signature of EWK boson production exploited to distinguish from strong
O(0g2) QCD production
- Presence of two high energetic hadronic (quark) jets with wide rapidity separation
- Suppressed hadronic activity “between” the two jets (central region)

» Signal extraction allows detailed tests of EWK-production modeling

EWK qq — qqZ production Strong Zjj production

q q q Boe

q

(a) vector boson fusion (b) Z-boson bremsstrahlung

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)



o ATLAS analysis uses 5 fiducial regions, 3 with high

Z. Electroweak Production

EWK/’strong” ratio [JHEP04 (2014) 031]
a) m;> 250 GeV + no jet in jj gap + low P(Zjj) [4%]

b) m;> 1 TeV [12%]

c¢) harder cut on jets [2.1%]

« CMS: 3 multi-variate analyses [EPJC (2015) 75:66]
including q/g likelihood discriminator
For xsec: m;> 200 GeV + Z between jets + low P(Zjj)

N. jets in gap
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CMS PAS SMP-13-012

W Electroweak Production

 Boosted Decision Tree (BDT) discriminant employed to select events, then fit m; for

EWK, strong production, and other background (mainly top)
- m; shape for the EWK Wjj fixed with functional form from MC, normalization floating
- Strong Wjj shape fit to data (MC not reliable), normalization from control region

 Madgraph+Phytia for signal model
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o'l = 0.42 + 0.04(stat.) & 0.09(syst.) & 0.01(lumi.) pb
[ Madgraph — 50 + 0.03 pb]

* Main Systematics
- Strong Wjj shape and

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)

normalization
- Strong/EWK interference
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Introduction

("« Electroweak sector of the SM based )
on SU(2)xU(1) gauge group, that is
non-Abelian
— Triple and quartic gauge self-
coupling

A

" EWK program @LHC in Run1 )

e Reached unprecedented precisions
* Observed new processes
» Accessed unexplored corners of

(Measurements require complex\
analyses (syst. Limited)

* Run 1 more to offer before Run 2 takes over

* Challenge also for theorists

\ phase-space /

» Experimental results need precise
\ predictions be correctly interpreted /

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University) 54



Introduction

 The Run 1 Electroweak physics program has been providing a huge amount of tests
for the SM predictions with measurements of processes never observed before, with
unprecedented precisions, and in previously unexplored corners of phase space.

 These measurements require complex analyses either because systematically
limited, or because of the complex final state/topology of the signal, or because of

the tiny signal to be extracted from large background.
- Still more to extract from the Run 1 data before Run 2 takes over

 Summary of more recent 8 TeV results using di-boson and tri-boson final state
- Cross section (inclusive and differential) on fiducial regions (close to experimental phase-
space); Combination of channel for maximum sensitivity

- VBF and VBS production modes
- Search for anomalous triple/quartic gauge couplings

» Challenge also for theorists, many experimental results need higher order
corrections (in both og and o) to be correctly interpreted, for many processes still
not available

LHCP 2015, 2/9/2015 Andrea Bocci (Duke University)
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