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0) Role of LHC in EWK landcape

* LHC is not a machine designed a priori for ElectroWeak (EWK) physics: large Pile-Up.

Event from special high pu run:
78 reconstructed vertices and 2 muons.

¥ But general purpose detectors were carefully designed to discover Higgs bosons with
leptons/photon probes: e, L, Y.

= Efficient (> 80-90%)
* (Good separation of “isolated” leptons from EWK decays and in-jet leptons.
~ Trigger systems was optimized for probes with p, <M, /2.

+ EWK physics is a very important “by-product” of the LHC design:
= W is produced in s-channel in DY at Tevatron/LHC but not in ee collisions at LEP:
large statistical sample to study W properties — mass/width.
= VYV production have to be well understood/measured: To support Higgs discovery.
It is an (interfering) background for Higgs decays in V'V final state.
= High mass VV production and VV scattering are sensitive to the terms of
SM/BSM Lagrangian well beyond LEP reach.
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1.1) High precision W mass

PDG 2015 — CP C38 (2014) 090001
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@ M, is the leading uncertainty in SM consistency tests.

@ Previous measurements sets a natural goal of O(10 MeV) for the LHC.
— LEP measurement limited by statistics (N,,,, = O(40000) events).

— Tevatron uses DY W — eV/LLlv events.

and not a limiting factor.

— LHC follow the same trategy: statistics is 100 times larger than LEP one
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1.2) W mass challenge | so Uncertainty
Lepton enerey scale and resolution 7
at the LHC DL onn : 6

Recoil energy scale and resolution

Lepton tower removal 2
Current status: Backgrounds
A(QCD/QED) ~ A( ) ~ A(stat) PD(FLE;’ | model CDF — PRD D89 (2014) 072003
Pr mode
Future (LHC/ Tevatron): Photon radiation
A(QCD/QED) > A( ) > A(Stat) Statistical 12
Total 19
ATL-COM-PHYS-2009-102 py = — (p_,{: + u:)

Mz = [phpy(1 - cos(a)

%.TD{:HJE‘"'I""I""I""I""I""I""I""—: %]‘E{}C;‘"'I""I""I""I""I""I""I""E
= oo L2522 I =T S S o
e O - awnemenns| 1 8 sooof- e d | ® No QCD Initial State
2 aonof- E g 4 | Radiation (ISR)
g 005 3 BooccE 3| @ With ISR
2 200 “_ ER 3 | 1 | @ With detector smearing
1000EF = 1000F- L 3
: 1 IS P P L:T-:-‘T"._!‘.Im: S |....|....|.....-‘_L"‘--n.|_ .|..U.:'J.:
8025 30 35 40 45 B0 55 ED 4o 90 100 10 120
p, [GeV] m, [GeV]

M. : low dependence on QCD radiation, but large sensitivity to hadronic recoil

P_.: low sensitivity to experimental systematics, large dependence on QCD radiation.
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1.3) sin?0,, extraction | | "o comparison: ATLAS - arXiv:1503.03709

CDF PRD 89 (2014)
072005 I
@ Weinberg angle extracted LE, Foar AT e
I 0.2F ~r :
from tensor structure of osf- L oibp 225 Ca
2 o C == . -1-:| fwﬁ
o.4f i O
I a L & -01F
o L E —— Dala
202 -0.2 PYTHIA, 2o 88
q # = I -0.3F POWHEG, Zi 28
o S I T P P PR P
I S
/ o2k -—J L Ciliation: PYTHIA-PHOTOS &__ I-I_Eﬁ—_.J:
5] X Ao e -1F ]
r/ o B T I I L N AL
M (GeVicd) Mg [GEV]
@ Challenging!
Need to find q and gbar.
- Easy ppbar and e'e,

hard in pp (dilution).
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1.3) sin?@, extraction

@ Weinberg angle extracted
from tensor structure of

@ Challenging!

Need to find q and gbar.
- Easy ppbar and e+e-,
hard in pp (dilution).

@ (0.5% precision! Still room
to improve to become world
competitive.

@ CMS AFB mesured but no
cos yet — coming soon.

CMS-PAS-SMP-14-004

For comparison :
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ATLAS - arXiv:1503.03709
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@ Part of the same high
precision analysis at LHC
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2.1) VV production in SM

@ V'V production is the bread and butter of EWK physics: all possible final states are
measured (7YY production is not discussed in this talk)!
@ Below a summary of what was performed till now.

7 TeV W y4
W CMS : EPJC 73 (2013) 2610
ATLAS : PRD 87 (2013) 112001
Z CMS : SMP-12-006 CMS : JHEP 01 (2013) 063 (4l)
ATLAS : EPJC 72 (2012) 2173  CMS : arXiv : 1503.05467 (212v)
ATLAS : JHEP 03 (2013) 128 (4l+2I2v)
v CMS : PRD 89, 092005 (2014) CMS : PRD 89 (2014) 092005  ( Ily)

ATLAS : PRD 87, 112003 (2013)  cMS : JHEP 10 (2013) 164 (2vy)
ATLAS : PRD 87 (2013) 112003 (Ily)

8 TeV W Z
W CMS : arXiv:1507.03268
ATLAS : ATLAS-CONF-2014-033
Z CMS : SMP-12-006 CMS : PLB 740 (2015) 250 (4)
ATLAS  ATLAS-CONF-2013-021 CMS: arXiv:1503.05467 (212v)

ATLAS : ATLAS-CONF-2013-020 (4l+2I2v)

v CMS : JHEP 04 (2015) 164 (Ily)
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2.2) VV production: leptonic final states

@77 — 4, WZ - 3lv: > (PF T = -
@ Very clean final states 3 - ATLAS Preliminary * Data
Y ' ~ Vs=8TeV, 203" B H-4l
® S/B>>1 ° oL g
e =
0 - [Jog—4l
= i [ Background
ATLAS 77 8 TeV: ATLAS-CONE-2015:031 & 10 N

CMS ZZ 8 TeV: PLB 740 (2015) 250 e

80 200 300 400 1000

m,, [GeV]

SWW - 212v, ZZ — 2]12v:
@ Larger BE.
@ S/B > 1: tthar and Z — 77 are irreducible backgrounds.
@ V+jets an important background with fake E;. . . Using datatoe -
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2.3) Leptonic WW measurement

@ Using el final state to reduce DY.
@ Minor backgrounds: tW, WZ/ZZ fixed to SM prediction
@ Backgrounds from jets faking leptons extracted from data.

® WW cross section is measured together with major backgrounds — ttbar and Z — 1t

‘:.=15':'D T ™ T T T~ T T 7 T "1 7] ;12':"3 L I B L T T T T 71

3 f ATLAS © ] 3 - ! atlas ] .
= 1400 | Lat=46b" OSe = Z C | Ldt=46m"' 0Sen ] Well Separated in
- —s— Data {5 =7 TeV (2011) = 1000 —s—Data /5 =7 Tev (2011) |

P o0 Stat @ syst rial 7 - - o0 Stat. @ syst rial . .
z 1200 EIEE SYysL uncertainty = 'E' I I%Itf sysL. uncertainty : ETmiSS X Njets Space.
EO- _Fo . £ oo o - :

10008 %Pmn‘pt bkgd. 3 C e %F‘lurr]:lt bkg. ] WW — lage E_ .
EEIEI:— [ Fake or non-prompt nl:gd_: sool 5] I Fake or non-prompt bkgd = T,miss
EIIIIZIE— - E F - Njets ~0

C e ] 400 — _
ool ‘ M E : ] |ttbar—lageE
N %—H*E-Eﬁ::_; “ g jos 0
0 - = Z - 1t lowE_
B N = e L —— T = ,Miss
+ 1 I
ERIR SN it S SN 3
S osf 1 _\{i S ogf
0 10 20 30 40 50 60 70 BO 90 100 0 20 40 B0 80 100 120 T40 160 180 200
ET= (N =0)1GeV] EP=(N__ = 1) [GeV]
PRD 91 (2015) 052005
@ Well measured cross sections at 7 TeV dominated by systematics (mainly in E___ ):

— Typical uncertainty < 10%.
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2.4) Photons and jet final states

@ 7y, Wy 19.6 b (8 TeV)
— V+jets an important background :{3’ : ::;MS et We) v, 20y
with jets faking photons (leading 7°).  Ziok. =000
— S/B > 1: background systematics z E ‘-EE*T'H
matters. 4 pata

[ZZZA Bkg. uncertainty
—-—-- h3=-0.001, h4=0.0
BEST HIT

D 7 - vy

CMS-PAS-SMP-14-019
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T T
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I (] l

Data’smM
o
]

200 300 400 500 600 7JOO 8OO 800 1DEIEI

PWV - lvjj: ET [GeV]
* Rediscovery at LHC of quark final states in EWK physics.
« Largest Branching Fraction — important at large M, . Interesting for aTGC.

* S/B << 1 : large background systematics
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2.5) Hadronic decays of V:

W/Z-jj; Z-bb

:'; 22000 A&usl T [T T T T[T T T T[T TT11 |_:
o 2000OE ) g 4w E
w WE0OE T 7 Tev — E
5 - =
= = .
- . i

DatalFit

Fivel .-..=;:=,-,-.;

THn A &0
Dljet Mass [Gev)

(Data - Fited Bkg)/ 5 GeV/

2
=]

2
=]

3
=]

&
=]

[ rrrr[rrrrrrrr
ATLAS

JLdt= 4.6/
{5 = T TEV

—— Daia i
— WK (Bast FIl) ]

'f’:ﬁ Sysiomalic Unoartainty -

T | 1
100 150 200 250

Dijet Mass [Gel]

CMS - EPJC 73 (2013) 2283

ATLAS - JHEP 01 (2015) 049

/25 GeV

WV - Ivjj
10F - ATLAS —+Data
|.'_|:'E= 461 [ Jr-005
o - (5=7Tav M wwinwz
I I:I'l.'i'J'If_iEI.S
s 10° Il iop quarks
Lﬁ ) ] rmultijet
10
W— uv + 2 a5
10

Diata’=

300 400 500

;:f‘ — i 5
o8 - = ey 0 ]

P'.i [GeV]

@ Low S/B; Template fit within each Pr; bin. The W — qq signal is clearly observed.

@ Main systematic from W/Z+jets background templates.

@ Requiring 2 b-tags it is also possible to observe Z — bb (EPJC 74 (2014) 2973)

27/07/2015




2.6) Physics interpretation: low p,,,

Standard Model Production Cross Section Measurements s:is: march 2015 J£dt

~1 Reference
- - - - ]
tt o | 4.6 2014)
total A 20.3 2014)
tEW A 203
total
ttZ 20.3
total
tty [ R . 4.6
fiducial
tt—chan 24663
\7\’/1 ATLAS Preliminary i
total 20.3
H ger Runi1 +s=7,8TeV .
total '
Hver A 20.3
total
w 0.035
total
Z LHC pp V5 =7 TeV 0.035
total
WW - Theor 4.6 FPRD &7, TTZ200T (Z0T13)
total y 20.3  ATLAS-CONF-2014-033
W2z - Observed 46 EPJC 72, 2173 (2012)
total EELS)@ 13.0  ATLAS-CONF-2013-021
ZZ 4.6 JHEP 03, 128 (2013)
total 20.3  ATLAS-CONF-2013-020
b4 LHC pp Vs =8TeV 49 JHEP 01, 086 (2013)
fiducial
Wy Theory 46 PRD 87, 112003 (2013)
fiducial Observed arXiv:1407.1618 [hep-ph]
Zy - ‘ stat 46 PRD 87, 112003 (2013)
fiducial stat+Ssysi arXiv:1407.1618 [hep-ph]
|VVW+WZ 46 JHEP 01, 049 (2015)
Zjjewx 203
fiducial
o S 203
fiducial
I 20.3
fiducial, njet=0 L 1 L 1 1 I f | s | n 1 " 1 L | " |
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
observed/theory

@ Good agreement for fiducial measurements vs SM prediction at NLO for ATLAS.
@ Interesting exception WW production that generated few BSM papers. What happens there?
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2.7) Physics interpretation: low p.,,

@ Differential CMS measurement at 7 TeV: compared to NLO. Excess at 7 TeV was

localized at low p'; (or low M

w-

@ Since then large efforts done to understand this phenomenon:

— NNLO + NNLL prdictions produced and included in experimental measurement.

— Rare processes considered: Higgs production, yy induced, diffraction etc...

@ Under active work: very exciting laboratory or complex and rare QCD/EWK processes.

Events / 5 Gel

CMS {5=7Tev,L=492m"

TT I TTT I TTT I T T I I I I I
EI:ICI —s— [ala
180 ww
Il crer-ven
1ECI Lepton mis-10
140 Tap
120 v
100 o [stald syst)
80
60
0 7 TeV
20 " WW - 212v
ke
u 2 - - ; ; - ; ; ;
=L T ]
Z HLF + T N
: ?mﬁmm#ﬁﬁ'#*## it
F + :
003680 ~~B0" 0TS o
p, . (GeV)
max

EPJC 73 (2013) 2610
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1.5 ¥ '
Tt re b |+ +++ f Tl ¥
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20 40 60 80 100 120 140 160 180 200
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arXiv:1507.03268




2.8) Physics interpretation: aTGC arXiv:150

WW - 212y

.. . N CMS 19.4 o' (8 TeV)

@ The new physics in VV sector can be effectively S qotE T bam | TopquamW 4

5 0 a Ww [ [*h4 3

parametrized by an operators expansion. § - WWZZZNW  Weels
- ) 2

Lerr = Lsm + ij_s T FED_G T A3 = A_‘*ﬁD_8 w05 @ R —— Guyw/A% =20 TeV

E - cAT=55TeV? ]

— 1* order of new physics compatible with T TV — — E

precision tests: D6 i
— A is the BSM scale (typically > 1 TeV) 108
— Need to be careful with unitarity violations. §

00 200 300 400 500 &OO

Mgy (GEV)
WV - Ivjj JHEP 01 (2015) 049
ﬁ 108 . ATLAS oo
< |.'_|:'t=-;‘.5|’|'.2-' [Jh-008
W S 1o _ FE=7T I M Wz
E I:l'l."l'.l'Zf_iEls
- Il iop quarks
o [ ket

TGC

* Typically aTGC leads to large center-of-mass energy
of VV system:

o large MVV E :: — 3005
— large p, if M, cannot be reconstructed. 5 77 ,ﬂé@%
’ g T vy 300 0 50
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2.9) Physics interpretation: : aTGC and high p,,,

July 2015
| | | | | ‘ | .I I tATLAS | ';' |
CMS H—
A N o
AK — WWwW -4.3e-02-4.3e-02 461"
Z i WW -6.0e-02 - 4.6e-02  19.41fb"
—t WV -9.0e-02 - 1.0e-01 4.6 fb"
— WV -4.3e-02-3.3e-02 50f1b’
—e— LEP Combined -7.4e-02 - 5.1e-02 0.7 fb’
A\ — WwW -6.2e-02-59e-02 461’
Z i WW -4.8¢-02-4.8¢-02 491b’
o wWw -2.4e-02 - 2.4e-02 19.4 b
— WZ -4.6e-02-4.7e-02 461"
— WV -3.9e-02-4.0e-02 461’
— WV -3.8e-02-3.0e-02 501b’
—o— DO Combined -3.6e-02-4.4e-02  8.6fb"
o LEP Combined -5.9e-02 - 1.7e-02 0.7 fp’
AgZ i WwW -3.9e-02-5.2e-02 461"
TGC 1 — WwW -9.5e-02-9.5e-02  4.91b"
o WW -4.7e-02 - 2.2e-02 19.4 fb’
— WZ -5.7e-02-9.3e-02 461’
— WV -5.5e-02-7.1e-02 461"
—e— DO Combined -3.4e-02-8.4e-02  8.6fb"
i e iLEP Combined 1-5.4e-02 - 2.1e-02f 0.7 fb
| | | | | | | | | | | | | | | |
-0.5 0 0.5

1 1.5
aTGC Limits @95% C.L.

@ « LEP » parametrisation: all parameters 0 for SM.
@ For the charged aTGC: LHC on the leading edge of world sensitivity.
— New physics with ~5% of SM coupling strength is excluded.
@ The WYV final state is slightly more sensitive than WW one.
@ For more info and neutral aTGC see: http://cern.ch/go/kMP8
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3) LHC as a VV L CMS Preliminary
c o I I i d e r :é‘ ? % 7 TeV CMS measurement (L < 5.0 fb™) ?
© I~ f 8 TeV CMS measurement (L < 19.6 fb™) |
g 10 = —— 7 TeV Theory prediction =
§ = 8 TeV Theory prediction .
g Z/w a 1 :— EWicZIw ZZZE- g esucLimi YV SCattering ;
o & SR
. Z/w 5 101 " ~ / |
5 E E
>3 B .

©
o B i
VBF Higgs a 102 —
E o E
107°

EWK qqW EWK qq(Z) 11— WW EWK 55 WW
W v (Z) -1l WW s Ivly WW s Iv Iy

@ The Vector-Boson fusion process (1) is well known channel to search for Higgs boson
and measure the SM Lagrangian properties.
@ In fact this is a general process in SM - “EWK scattering”:
a way to turn the quark-gluon collider to a vector boson collider!
— TGC like scattering (similar to VV):
* VV - V similar to VBF H.
— QGC like scattering (similar to VVV):
* VV - VV scattering interesting to study unitarization in SM.
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3.1) EWK production: comparison H and Z/W

qf & 9 % qf !

q ' T e T e T e ’ “Mfﬁ@nJ
zZ/W R W o w ¢ -,1-“H o - q P
E PR—— r _— 4 R i'I o
_______ H’ Wi .-}:V“< , ) \-ﬂ‘- # - _I:: . . %’e\ . ‘f “ {,
g Z/W frﬂﬁi-’*"\-\.\_\_ | -. ____-l-""-c'{"-.,_ r . \DS‘S&Q(_}J'EM_H .
(O)VBF H 1)VBFZ  2)Z Brem. 3)Multi- 4) Z Brem. 5)DY
peripheral

@ For Higgs the signal is quite clean mainly (0)
@ For Z production: SSEWK (1-2-3); B=STRONG: (4) interfering; (5) not-interfering.
@ 6(Z — 1) cross section in « EWK phase-space »: 200 fb.

@ Main properties:
— At LO in QCD tagging jets are quarks, not gluons.
— Large |An| between 2 tagging jets and large M. . Not case for strong production.

— Low activity between jets and well balanced system Z vs JJ.

@ In Run I VBF H is very challenging. Do we have a proof we understand this process?
But EWK Z and W can be discovered and properties of this process studied.
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3.2) EWK Z/W production: technique

@ S/B < 1: used cuts/Multi-Variate-Analysis (MVA) with many variables to improve it.

@ M. spectrum give the best handle for S-B separation.

— STRONG background is data driven: Large systematics.
— Jet Energy Scale/Resolution:
important especially since 1 jet is typically in forward region (no tracker coverage).

10

1

100

N, {250 GeV

10¢

—
— =

-k

; = :
[ R g & e
TT TTTT T

Data

BKG + EW

B k.5
Data
=

ATL
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L L L L A B LA
ATLAS
[Ldt= 203"

—— ==8TeV
search region

-
- EWK Z

= —§—Daa (2012) —_ #*

é_ —— Background
E Back d + EW Zjj
_I_II_|:IIIglrljl-lll-llllljf_llllllllll:'l_
w....._.fk+_ R
gy
I = .
F — consraned e E
- Eﬁ!n';lllr-lainnz . . . ! —I—-—|— E
500 1000 1500 2000 2500 3000 3500
my [GeV]

AS 8 TeV: JHEP 04 (2014) 031

CMS Z 8 TeV: EPJC 75 (2015) 66
CMS Z 7 TeV: JHEP 10 (2013) 101

@ Template fit.

@ Shapes taken
from side bands,
typically region
with large jets
activity.

@ For Run II:
possibility to
have pure EWK
sample once
enough stats.

Events / 100 GeV

T T T T I T T T T I T T T Ilg.l3 1Ib Iral TEI'I.II‘I
4LCMS .
10 Prolimiry EWK W+2Jets

muon chanme - Wby + Jets
’ Il Top ]
103 : Bl Ziy —IT + Jets
- M Dibosons 3

* data
10° e, EWKW 3
+ .
10

‘IE]DD 1500 2000 2500 300
m; (GeV)

CMS-PAS-SMP-13-012 (NEW)




3.3) EWK Z/W production: results

@ Clearly the process is discovered. Fiducial 6 Stat Sys
@ Measurements compatibles with SM. CMS 7 7 TeV A - o=
@ Less sensitive to aTGC than VV
production. CMS Z 8 TeV 174 fb 9 % 23 %
@ Already dominated by the systematics. ATLAS Z 8 TEV 57.7 fb 8%  +18-19%
@ STRONG backgrounds better constraint Ty — 1ot - _
— reduce systematics.
e T Yokima
R S
i i . o
5 OTF @ The inter-jet activity is
3 5 E studied.
oub amas = @ Reasonably described
within 20% by
L SHERPA/POWHEG.
: 3 1'215 @ Important information
osf for VBF H measurements.
3
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3.4) EWK production: wtwz+

g baras’ Ul nagaonz 0 4
\é 107 203 ﬂ:l'l, llg =8 TeV =4 Sj‘ﬁl. Ul'lCE'l'[Eimjl' = CHS LI — LI B |19.|4 ﬂ? {IB T?V}
i":,; WHWj Electroweak 3 = Data
= WHWH] Strong 3 WEWE
B B pPrompt - I i
Conversions E Il Other Bkgs.
B Other non-prompt 3 10 [ Monprompt
1 _ £ o | wz
E a L
m{fma_: E I
10" i o \
o
L 5 : \\ \% — I
2 [ | = Dawbkg R _
g C 1 Bkg Uncertainty 3 EESE SRS i
2 o #e#% (Sig+Bkg)/Bkg  — S ;
% ot o ] 0 \rﬁ/4
% ol s AN AL . . . . | 500 1000 1500 2000 e
a 700 400 600 BOO 1000 1200 1400 1600 1800 2000
(GeV) <
my [GeV] " | |
o1 =134 0.4(stat) £ 0.2(syst) b 1.96 (2.90) |
ATLAS: PRL 113 (2014) 141803 CMS: PRL 114 (2015) 05180“

@ The WtW=2j is the most sensitive final state to EWK VV
production: low QCD background, no ttbar background.

@ Production at the edge of the LHC sensitivity: stat. dominated.
[remember (1 fb) = 20 events].

@ BUT, we have an evidence of this process!!!
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3.5) vy » p*WWp* production

CMS 7 TeV: JHEP 07 (2013) 116
CMS 8 TeV: FSQ-13-008

@ Sensitivity to EWK TGC/QGC
@ Evidence: 3.6¢

@ g(pp = pHWIW p* — pltly®

et p'*) = 123771

10.7 fb Q8 TaV)

CMS preliminary

aof @ Des
F M vy - W

Evenls

_:I:— B Ot WA
! o | TR
SOf WM+

50 e

A

Cuata ! ML
_"'-""I
= ——
i

Mum. exfira tracks

@ Low background: WW main one.

gives a handle on yy ® WW backgrounds.

@ Require el (reduce DY) + 0 tracks associated to el vertex.

@ Dissociated proton is hard to simulate and not so well understood: it can add tracks
to the vertex and reduce signal. Data driven estimate.
@ ATLAS performed a measurement of the exclusive ¥y - /ee production, that

arXiv:1506.07098v1
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3.6) VVV production

PRD 90 (2014) 032008
‘ arXiv:1503.03243
CMS Jf. dt=10.3f" {s=8TeV
= - | ! | ! | ! | ! 1 T T T T T [T T T T [TT T T [TT T T[T T T T[T T T[T T T[T TTTT
[l ?{]__ . Da‘[ﬁ E :.‘ll _1{]4 T T T T T T ! B| M T
% E ATLAS D?""’ ] § [ | :Limf
T - [y +ets 1 o - op qual
T 50 B Cther backgrounds - T 102 B it
L o . h = 3
40 % 5=8TeV, 20.2 it - . 10 i
- muon channel -:I'~.'=I5 =0
. E 1
20 \\\}‘ = 1
3 Wryy ; 10
10F : =
E f\ﬁx ; 1025 e
OD 100 200 300 400 5;:":' L, 3 i— 3
= 3 E
m,, [GeV] 3 2F WVy
8 et z
Fiducial o Stat Sys ~ 100 200 300 400
Photon E. (GeV)
ATLAS lvyy 6.1fb 16 % 20 %
MCFM 2.9 6 %

@ VVV production is sensitive to the TGC and a bit to QGC: experimentally limited
by statistics. Different ways to maximize it:

— ATLAS: Wyy and shows for a first time an evidence (> 3 ©).

— CMS: maximize stats using hadronic V=W/Z
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3.7) Constraining aQGC

@ DIM6/DIMS8 operators matters ... — Loy + %Xﬂ + %ED:"' + Klg A

@ AQGC leads to large center-of-mass energy of VV or VVV system.

@ Note the logarithmic scale in exclusion limits: we are really in a new territory to explore.

LEP ATLAS
=L ——— CMS vv — WW
4 DO vy — WW '
CMS Ldt=103f" Js=8TeV 1) -
N J s=8Te — CMS WYy ATLAS W
o 10% E—4— Muon data B e -
g BEZR] MC uncertainty Lrijets = =
1 102 SM+271 4% = 50 TaV" - mp'qum AQGC Lm":lts 95% CL
0 -'H'Hil!'t!- :
(] WV / Z
10 :
QGC 1
10" R
1025 i
Q aF 3 |
% 2— E HEJ .2
- S + ] A2 [TeV™]
~ 100 200 300 200

Ph{]‘tﬂl’l E- {Gev} _ TP PHTINEEN PITHITENN TYET I BEPTITY ERNERRTI EEPIPRTTN RPN R )
-10°-10*-10%-107 -10 10 107 10° 10* 10°
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If you had to remember 1 thing after my talk

@ Run I of the LHC have proven to be the leading machine for TeV scale EWK effects
within SM and BSM.

@ Especially the heroic feat was to demonstrate that LHC can be used as EWK boson
collider. Just need Run II statistics to really use all the potential!

@ Instead of a boring conclusion just have a look on those plots:
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WE ARE INDEED RESTARTING!
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ATLAS

EXPERIMENT

Run Number: 271421, Event Number: 287349506

Date: 2015-07-12 09:53:46 CEST

51244 Event 204117665
VS =13 TeV

pp — ZZ - 2e2p ? -
m,,= 91.1 GeV g
m,, = 88.2 GeV . S

m,, = 208.9 GeV

€
pr=63.3 GeV
n=12

H2

n=20.98 n = 0.20

-

13 TeV
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1.4) ATLAS WW, ttbar, Z - 1t

Systematic Uncertainties (%)

Process tf Ww Zfy" =TT
m\ C A-C Shape C A-C Shape C A-C Shape
ISR/FSR+Scale +1.1 10.4 +1.0(—1.5) +1.0 0.8 +4.7(—3.5) 1.1 0.4 +0.7(—1.0)
Generator +0.7 +0.8 +0.2(—0.0) +0.6 +0.5 +4.5(—0.4) +0.0(—0.7)
PS Modeling 40.9 40.6 +0.0(—0.1) 405  £1.0 +3.5(—0.0) +0.0(—0.6)
Z/v* — v PS Modeling +0.0(—0.5) +0.0(—0.6) +1.8 +3.3 +0.5(—0.0)
PDF +0.6 +1.7 +0.5 +0.1 +0.7 +1.6 +0.2 +1.3 +0.8
e reco., [D, isolation +3.2 +0.0(—-0.1) +3.2 +0.3{—0.3) +3.3 +0.0{—0.8)
pt reconstruction +0.8 +0.0(—-0.0) +0.8 +0.0{—0.0) +0.8 +0.0{—0.0)
EDIEE_ellout +0.0 +0.4(—0.2) +0.0 +8.1(—9.9) +0.0 +2.3(—0.2)
E2= pile up +0.0 +0.1(—0.1) +0.0 +3.7(—4.5) +0.0 +1.0(—1.7)
Jet energy scale +0.8 +1.4(—1.4) +0.6 +0.5(—4.8) +0.5 +1.4{—3.1)
Jet energy resolution +0.2 +0.3(-0.0) +0.2 +0.0{—-2.6) +0.2 +0.0{—0.1)
Jet vertex fraction +0.8 +0.1(—0.0) +0.3 +0.0{—1.7) +0.2 +0.0{—0.3)
tf Ww Zfv" =717
Fake or non-prompt background +0.8 +5.6 +0.7
Luminosity +1.8 +1.8 +1.8
LHC beam energy +1.8 +1.0 +0.8

27/07/2015



1.4) Leptonic WW measurement

1EGD T T T T T T
ﬁ | \_-I | |1I ATLA.S | . | T | :
= Ldt=46f OSea =
- 1400 " _e—Data {5=7Tev 2011)
" sy Stat @ syst uncertainty
£ 1200 k- =
Z b 71t -
ka C ] ww .
10008 ] Prompt bkgd. N
C [ Fake or non-prompt bkgd. _]
800 3
600 3
C eu 3
400 i ]
EDD:_: _E‘ﬁ%
0 )
- 14_' T T T T T T T T T T T T T T T T T '_
= 12f —— ]
Li = . -
e 1% ¥ m $: P % 3
S od- T 1—
0 10 20 30 40 50 6070 B0 90 100

ET™ ier:L-. = 0) [GeV]

PRD 91 (2015) 052005

Ewents /10 Gey

DatalFitted

-l
P
=
=}

T ™ 1 T 1T ™ 17
. A]"LA.S

| Lat-46m" OSen
© —e—Data J5=7TeV 2011) —
s Stat. @ syst. uncertainty -

Jse. == Prompt kgd.
541 [ Fake or non-prompt bkgd.

60 B0 100 120 ‘Idlil 160 180 200
EF=(N__ =1) [GeV]

@ Using e final state
to reduce DY.

@ Well separated in
. space.

T,miss

@ 3 major signals are
measured.

* tW, WZ/ZZ fixed

@ Background with
leptons faked by jets is
extracted from data.

Process tt Wi Zfy* =T
=¥t [ph 181.2 1.3 1174
Uncertainties (%%)

Statistical 1.5 5.0 2.1
Svstematic +54(—-5.3) 13.8[—14.9 +6.1({—7.5)
Luminosity 1.8 1.8 1.B
LHC beam energy 1.8 1.1 0.8
Total fi.l 15.9 2.0

@ Well measured cross sections at 7 TeV dominated by systematics (mainly in E
@ WW cross section is measured the best in Njets = 0 bin since ttbar bakground limited.

T, miss )
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1.1) VV production in SM

@ VV production is the bread and butter of EWK physics: all combination o final states
are measured.
@ Below a summary of what was performed till now.

7 TeV W Z

Vo AR PREE 16157113000

\Y

i

£ ATLASMER MG IS 2173 G HG - A E08EAE93 (2
RS INER 03 (2015 128 (a1i515
Y
USRS TS S TR
ATLAS™ PRD 87 (2013) 112003 (I
8 TeV W 7

2; ATLEMS\ R A2 (105868 032

!



1.3) M_ extraction: hadronic recoil

T CMS
E - I +4,+| . po‘.x.l?:-ar.:'u' ] B Fr
Ej B + ¥ —-—:‘?H . - ‘\- L
-é : E -:.'.\I::ﬂ "
5 [ + 3 B OO 1 g : N i &
= 4 B + — A
- + A Px Px
: " &+ Ay,
b \ _ - (&
_L +‘:‘b : b ’ -y 3
i : T : T fal (b)
. ;, PEPYTURC AT 7YY ) AT LOVAATTY | JPh Ll r 4 |
= Ottt iph LA T A R L LaN
CMS Prelimin
.Z‘II:I d::l EIU BII:I TO0 i |CE£' T T T TrIr T T T TIr 1 |a?| .-_:—.' 1 T T T .:
E. [Gev] ; E g 10 & @ "
. i oL e Rt g
Is measured using 5 w0 - e £ N\h E
E C . 7] = - E
hadronic recoil. oL - ] . = 3
= 3 0% %7 —ee ¥¥idof = 12.31 25 a .
E - ] s+ Inclusive m—:
. E =7l 3
@ p (Z - 1I) used to calibrate '? 8.4 st {E= 8 Tew ‘2 3 :E arias e | Lacer s E
- W—pvw - 1 NP B | -
MET: < 1% precision. L} g ® 3 1 10 e
E ] rowseo crioao E e
@ p (W) measurement used as [ ERrwcnoms ] P o
'IE'E B oation 770 w1 ﬁ% E .EE:— -*—:?-7_ — ga yiidof = 1237125 =
. ~C0 o . E E g '_c5;—+ —+pp Inchusive —;
CIross ChECk. 5 /O pTECISIOH. 1.3'<_ CMS-PAS-SMP-13-006 . . . .- = "Ed? E=7 _E
Improvements forseen. 1 10 1 sy ER: E
o9k 3
C'-'Fﬁi JHEP 09 (2014) 145 3
0.94F ) =
0.92F- ATLAS =7 TeV; | Lat=a.7 10" 3
c-.a‘"l — Hmllc — ||I: , =
pt [GeV]
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1.4) p,, extraction: QCD/QED uncertainties

ATL-PHYS-PUB-2014-015

> CuTe NLO+NNLL
& o.o07 % W
006 Y

= —V,

3 005 f v

£ | _1“'[-:5

~ 0.04 v,

0.03f |
| |
0.02ff |
| S
0.01 —_—

@ At LHC the detailed sea
flavors are important, not
well constrained by HERA.
@ Need to constraint PDFs
using W/Z production LHC
data.

CMS-PAS-SMP-14-022

CMS preliminary, L= 188" at {s= & TV
LI I T T 17T I LI LI LI

= T T
£ 1
= MLO FEWZ + NLO PDF, s2% CL _
E . s
w ’ ] mvroFa0 oot I
- P77 MMHT2014
i) o
=g = HERAPDE1S et
o - e
i R
O 0.2 s ]
B :E-.-t_.-:.-:
Gt
s
ZZ p’ > 25 GaV
015 i i _
i 4
——[Data
. | ] ] ]
0.
o 0.5 1 1 2
Mucn |n|
ﬁ'—r;:['ir"-"' o anty %[W T
Aly) — L
ﬁ?l_w P oute) 4 %I_W |
Example:

@ W asymmetry :

- sensitive to difference
between u and d valence;
strangeness.

- < 1% precision

PRD 91 (2015) 092012
4.7 fb’' (7 TeV)

> 10k
a - Data
o CMS POWHEG + Pythiat
& 1E
= 0.05 < AR, <0.5
=10
Lul—
=107
-

107

10*
§ 15 -
E 151:1 w0 p, ¥ + : }
- 2 R I T T O
i g

10 20 30 40 50 60 70 80 90 100
E, [GeV]

@ Verify the QED effects using
CMS Z - uuy data.

@ Data precision 5% well
described by
POWHEG+PYTHIAG6
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2.5) Hadronic decays of V: W/Z -» jj; Z -» bb

+0.42

2o

i AR TS AR A A 310 “ATiAs - Data
2 aoooE lﬁLmT'Tt_ﬁm —s— Ot E oo fLot-45m - _|L'5"‘j 4610 CJn-00s
% IEII.:'E - [ E-" 3..1]_ - 7Tev - E iy 15 =7 Te¥ -i'fllzl"’_w'n""z
e |4-:-:-:|§ % [ — Data ] %1 107 WV - lV]] Etu;:l ;ilrics
12000F E '3:‘3_ —— WWE (Best Fifj n [ rutiiet
|:]|:.:.|:|; - I [ sysiomaiic Uncartainty - w 108 W R
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E " 400 500
= r % :E — 3005
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@ Low S/B; Template fit within each Pr; bin. The W — qq signal is clearly observed.
@ Main systematic from W/Z+jets background templates.
@ e WZ — lvbb/ZZ — libb Ok L a hom
5_ - 12:1:—|,F. NT:Z s BE Eﬁﬁicg _:
3 é_ - 1o !miﬂiﬂﬂ
2 5_ . 33:_ %umanvn;t'm_-
2 g @ 7 — bb extracted using Mbb 3 F -
£ g . 2 sof
£ amf spectrum or using MVA F:

B LE

[WETET T
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+
1] i 0 i =
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2.8) Physics interpretation: aTGC

@ The new physics in V'V sector can be effectively parametrized by an operators expansion.

L= Loy + Z S0+ « kappa formalism » from LEP —
parametrize deviations multipliers wrt to
the SM Lagrangian + higher dimension

- SM: D4 (or less) operators . o
operators with derivatives

- 1% order of new physic: D6 operators

Example:
2]y
W
W
M —_ o TGC =
AT W ﬂz AT W W], gwwv g1 VE (W W = WEW™) 4 ey WIW VR 4
W, + |
AZOW = F(.Df‘-:::-j W (D' ®), _ — ]
CB CB v
2208 = FfD"i‘D}J“BW[D ). My
3 Parameters 6 Parameters,
3 removed by Axz =Ag{ — Axytan®(By),
gauge invariace relations: Az =Aw
Relation ¢7 = 1+ ”Ef_J

2A
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