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Standard Model Total Production Cross Section Measurements sius nvov 2015
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Motivation

Diboson production cross-section measurements

— Important test of electroweak sector of
Standard Model (SM) at TeV scale

— Precision tests of theory
— Important background for Higgs

— Sensitivity to new physics, new heavy
particles decaying to diboson

Anomalous Triple Gauge Coupling (aTGC)

— Vector boson self-couplings fundamental
prediction of the Electroweak Sector of the
SM

— Probe to new physics through deviations of
measured cross sections from predictions

NB: mostly gq channel, gg contribution is below
10%

q 2

q Vs

Les Rencontres de Physique de la Vallee d'Aoste - March 2016



Cross-section measurement strategy

“Cut and count” analysis of observed events
Signal selection:
— At least one boson decays to leptons to get better background suppression
— Select high p; leptons/jets, require high missing E- (if v) + m, cut for W
Background estimation
— Data-driven or simulation-only (in case of irreducible background)

O_fid o Ndata o Nbackg.

‘9t A*BRxC x [ Ldt
acceptance / ‘ \ ™~ /n tegrated luminosity
gen

A _ Nf{;g‘ > eff/.C/'eﬂcy Ngeﬂected
o - Ntot . ] —_— fe;(c%o
Uncertainties MC,gen branching ratio Nayre gen

— Experimental: energy resolution/scale, reconstruction ID, luminosity ...
— Theoretical: PDFs, parton shower, renormalization/factorization scale, ...
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SM " BSM .7
Ak : Z [yx rr'Jl
VA@ TGC vertex A noma l ous cou pl | ngs e @) aTGC
2—2 LIL{'LLI
11"~LZ7- ‘7
* The non-abelian nature of the EWK sector of the SM predicts the self-
Interaction of gauge bosons in the form of triple and quartic couplings
« General Lagrangian for WWZ or WWy vertex that conserves C and P
separately (V =Z orvy):
7 * % ; N i / EV - ’
. V 3 = . f : ) - = : A
Lwwy = —i gwwv|g) (Wi,WEVY — WIV,WH) + ky WIW,VE + v W WV
4
— 5 parameters Agf =gf — L ARy =Ky — LAz =kz — LA Az
- all should be 0 in SM
— LEP parametrization: Axz = Agf — Ax tan®fy, and A, = Az
only 3 independent parameters left
L coupling parameters channel
« TosetaTGC/aQGC limits i~ N AR T TS
— look for deviations in cross section ”ZTZTZ Az, fAsz} :ZA.:Jf T”TZ Wz
2y 13 hg
measurements 7 hh 74
— look for enhancements in high p; or ZyZ . 14 ZZ
high invariant mass regions 244 Tio: f5o 24
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Effective field theory

« Alternative description with Effective Field Theory (EFT)

()
C; d .
Lesr=Lsm + E E Ad_4(9,§ ) arXiv:1205.4231
d i

A - scale of new physics
Of9) - new operators of higher dimensions

o aTGC parameters can be converted to EFT couplings strengths,
e.g. for d=6

CW 2 .
A2 o2 Agt .

4 m 7

CB 2 9 .
A2 - .--—‘ZAH’}’ - —QA‘]lZ )
’ myy ms
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Recent RUNZ2 results
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ZZ @ 13 TeV

ATLAS

EXPERIMENT

Run Number: 284285, Event Number: 4210157909

Date: 2015-11-01 14:56:38 CET
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ar'le 1512 05314 accepted by PRL

%180:' .. ... iATLAS
ZZ @ 13 TeV O, 160 A \s =13 TeV, 3.2 fb"
2 - ST o Data
) ] s 140 N _ [1Z2Z- 4l
e First diboson result at 13 TeV! 5120: G T Expecteavackground: 062,
i 1 Bt EE e ot T et ST IEE LU R LU
e 4] channel, 2 OS-SF [e,u] pairs 2 0ok A A
e S 1 S S
« p;>20GeV, 66<m, <116 GeV § _: - Sl -
N VL SR Y S S
63 eventsin 3 channels an' 1| ‘ """"""""""""""
+108 © F - :
« total exp. background: 0.627 7% R
o 28". A ETRTRY B SRR T S RS- T TR BT R
0 40 60 80 100 120 140 160 180
18 Subleadmg p Z candidate mass [GeV]
D> > L I BN L AL IS RN
© T ATLAS 1 =<9 ] § T ]
o 16F s=13Tev, 32" | O [ aras P
§14; « Data ’ B 920— \s=13TeV,3.21b B
) » _ ] ~ s Data -
..GC_J. 12F B qg—-2Z- 4l = ..g M q6—~22— 4l i
> F [Jgg—22- 4l 1 9 [Jgg—ZZ—> 4l .
W10k N Prediction uncertainty < 10 19 R Prediction uncertainty 1
8 Expected background: 0'62;1.-1018_3 Expected background: 0.62" " ]
C ] 10 —
6 — i
af- + + = E
2k = -
i AR RERRRIE
200 300 400 500 600 700 100 150 200 250
Mass of four-lepton system m,, [GeV] Transverse momentum of four-lepton system Ps ., [GeV]
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arXiv:1512.05314 accepted by PRL

ZZ @ 13 TeV

T T T [ T T T | T T T | T | T I [ 24 -
pp > 2Z — 41 ATLAS = ATLAS MCFM, CT14 NLO
e g 22— At Ll 2Z (pp)
Fiducial - LHC Data 2015 (1s=13 TeV) 7 (pp)
de . 1 SN 20 = #ATLASZZ- 1 (m, 66-116 GeV) 3.2 fb!
\s=13TeV,3.21b 0 4 8 LHC Data 2012 (1s=8 TeV)
E OCMSZZ- llll (m 66-116 GeV) 19.6 fb”
L Measurement 1 6:— LHC Data 2011 (\s=7 TeV) p
2e2u - . Tot. uncertainty 14 ® ATLAS ZZ- Ii(llivv) (m, 66-116 Ge‘u‘?‘d..ﬁ fb
- eCMS ZZ- llll (m 60-120 GeV) 5.0 fb
Stat. uncertainty {D[- Tevatron Data (15=1.96 TeV)
) o E  ®CDF ZZ- li(llivv) (on-shell) 9.7 fb™
—— og prediction 10 * DO 2Z- li(ll/vv) (m 60-120 GeV) 8.6 fb"
4u ¢ +1o =
+2c 8 E_
. 6
Combined e Theory: PLB 750 (2015) 407 4
| | | | CT1|0 NNLOI | 25
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 - __.4"'.
G ’JrG 0 r 1 I 1 1 | 1 1 1 I 1 1 1 J 1 1 1 | 1 1 1 J 1 1 1 | 1
datar theory 0 2 4 6 8 10 12 14

o ZZ: predictions still miss a full O(a,?) simulation

\s [TeV]

Measurement O(a?) prediction

J%jzﬁﬁe o 84: o(stat.) ;g;%(syst) ;E;g(lum%.) fb + 05 th
Jgdz_}ﬁe_ﬁu_ 14.7 + 2 (stat.) +8j§(sy8t) J_rg:g(lu_m%.) fb 13 6 1 fb
gaz_}#Jm . 6.8 o g(stat ) —T-?:g(SYSt ) J_r,i]:?(lum%.) fb 6. .+o 9 2 fb
Utzo%_}f—i_f otp— 29, 7+2 . & (stat.) 08 (syst.) pas. (luml.) fb 27. 4+0 ; fb
oy 16.7 75 g(stat.) Tg=(syst.) T5 7 (lumi.) pb 15.6757 pb
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Recent RUNI1 results
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arXiv:1603.02151

WZ Production

o Emiss> 25 GeV, M{W> 30 GeV 150
e Z mass window: | M, — M5 | <10 GeV 100

Data driven estimates for Z+jets, Zy, WW 50
and tt reducible backgrounds

fakes leptons from light flavor, heavy

Final state: : W—) v+ (Z->) I, 1=, mu N —
. [O) - ATLAS ® Data2012

Selection: O 300 s-8Tev, 2031 Wz (x U
o : isid. leptons :
o 3isolated high p; leptons, at leastone T . b =i 3
. (V)] — ers -1
lepton with p> 25 GeV, lepton fromW I == Totwne 3
with p> 20 GeV oo F et ]

- (¢',¢=eorp)

TR T T [7
+

Data / MC
+

+

—

flavor jets and photons (for e) - ; + HT
ZZ and other irreducible bkg — from MC o + LS
] ] 0 100 200 300 400
latest theoretical calculations pZ [GeV]
mixture of NNLO and NLO (for gg—Z2)
Submitted to PRD
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arXiv:1603.02151

WZ Production cross-section

oW e =352 £ 0.9(stat.) = 0.8(sys.) + 0.8 (lumi.) fb,
Tﬁcl.
W Zz2lrl = 1,51 £0.08(stat.) £ 0.01 (sys.) = 0.01 (lumi.)
(TH/'_ZH['HV['f
owi, = 243x0.6(stat) £ 0.6(sys.) £ 0.4 (th.) £ 0.5 (lumi.) pb
SRRREREREREE  LANEARERERE R AR
b B e ATLAS « Results are 20% higher than theory
s=8TeV, 20.3fb"
hee | 121008 Il  Not covered by systematics
e 1.19 +0.08 +o—+ ® Data o Sltuathn mlght improve Wlth
" Powhes NNLO calculations
Ll . » The only diboson channel for
combined | 1.17 £ 0.05 o+ which we do not have
T SR F- R B I R v e e NNLO predictions
ofid. | gtheory
w+Z w+Z
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arXiv:1603.02151

WZ differential x-section

» Various differential cross-sections were measured
» all decay channels are added together
» unfolded and divided by 4 (= x-sec for single chan)

o X-sec vs p;¥ — probe very low p;

 ,X-SeC VS |y,-y| -first measurement for WZ events
Fair agreement with LO and NLO is observed
* Might be better with NNLO _. .
—_ 1 = :.,, bt ATLAS
E a ATLAS 5 =10 ;_"""'"1E= 1s=8Tev,2031" 5 10
g L —e— \s=8TeV,203fb" *g < = WEZ = ZvEe
N . . E 10 b=} B . —
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g 1071 F == C - Sra:earpa : . ]
= —§— F s Powheg —— .
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----- MC@NLO . ]
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S 73 —d
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g B + . e f et
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Py [GeV] fets
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arXiv:1603.02151

WZ Production - aTGC and aQGC

aTGC 1 aQGC
=3 " ATLAS \s=8TeV,20.3b"
Aco Coupling Expected Observed I ;J""'jtg\’;:;ﬂ“a”za""" I
AgS [-0.023;0.055] [-0.029;0.050] 051 ]
2Tev AKZ [-0.22;0.36] [ —0.23;0.46] -
Pz [-0.026 ; 0.026] [ —0.028 : 0.028] of
Ag? [-0.016:0.033] [-0.019;0.029] i
-0.5 —obs. 95% oL, w'zj -
ISTeV A [-0.17;0.25] [ =0.19;0.30] [ &7 e
| —x EUengCC:lL W .
Az [-0.016 ; 0.016] [ -0.017 ;0.017] 1_I'-;_;-I;‘§s-n|3;mwoga, T o
Y 1
AZ  [-0.016:0.032] [-0.019:0.029] 0-5 0 05 .
0o AKZ [-0.17;0.25]  [=0.19;0.30] 4

o Limits extr from
¥ [-0.016:0.016] [~0.016;0.016] ts extracted fro

m;WZ distribution

EFT coupling Expected [TeV~2] Observed [Tev-2] ° Calculated for

different values of

ew /A2 3.7 7.6] [—4.3:6.8] cutoff scale A,
CB/AQ [—270 . 180] [—320 \ 210] (]f(.?) — (]’(0)/(1 + g/AgD)Q
cwww /A [—3.9; 3.8] [—3.9;4.0]
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arXiv:1603.01702

W+W= Production| .

%1 2000__ IATLAsl | | |—¢— Dala l I —
] _ _ _ T T \s=8TeV,2031b" % Jop Quarkc MG ]
» Final state: Ivlv, | = e, mu in 0-jet bin 10000/ €*v v channel B o v -
» Selection: 8000/ R
- - _h .
2 opposite sign leptons 6000 . -
e Z veto in same flavor channels: 400012 .
| M, — M, | >15 GeV 20001 S5 =

e Large E/™ssto further suppress ﬂfL; ey,
Drell-Yan (~5% of total) Jet muttiplicity
 Hard Jet \eto to suppress top 3 90 arias T Teom  Oww
~ 0) © 800;_ \s=8TeV,20.3 fo DE‘:;&“::"‘- g;frll;boson _;
( 15 /0) % 700E- €V uv channel ;slal. unc. !stat.@sysi. une. 3
» Backgrounds z oo 4 =
 Top, Drell-Yan, W+jets, multijets — S00E | E
. . 400F —
data driven estimates J: E
 Diboson (WZ(y *), ZZ, W/Z+y) — 200" E
from MC 100 E

40 60 80 100 120 140
p, (leading lepton) [GeV]
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arXiv:1603.01702

W+W= Production - cross-section

Measurement is dominated by

systematic uncertainties
Jet energy scale (4%)
Background uncertainty (3%)
Jet Veto requirement (3%)
Measured cross section higher than
SM prediction by ~1.5c
Situation improved with
NNLO and NNLL corrections
w.r.t. preliminary results from
a year ago

T I T T T I T T T I T T T
ATLAS ¢
\s=8TeV, 20.3 fb’ .|. { WW — e*v pu¥v

I T T T [ T T T ] T

—— Normalized Data

—— stat

+ approx. NNLO+NNLL
[arXiv:1410.4745]

}
stat+syst
+ WW — e'vev
}
¢

- * . approx. NNLO
| [arXiv:1408.5243]

sy NNLO p_-Resum +
4 [arXiv:1407.4481] }
1 1

WW - ufvuy

L
0.4 0.6 0.8 1 1.2 1.4
Ratio of predictions to measurement

Final state

Total Cross section pp — WW [pb]

eu 70.5”'3(stat) +J (syst) 2 '0(lum1)
ee 73.5 3 (stat) F 2 (syst) 737 (lumi)
UL 73. 9” O(Stat) +7 (_syst _ﬁ(lumﬂ
combined 71.0%) '(stat) +J (_syst i%'(')(_lumi)
NNLO theory prediction 63. 2” 6(scale)+l 2(PDF)
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dofd, / dp. [fo/GeV]

Pred. / Data

do(g,, / dp, (1) [fb/GeV]

Pred. / Data

LA B B B B L e e
ATLAS —&— Data, stal. uncertainty

= \s=8TeV, 203 fb" SO Powheg . recany =

- T --- Powheg+Resumm -
12:_ — MC@NLO _:
1oF- T Last bin - 3

— . . 7]
of e inclusive 1
of all high p+ 3
4K —
2 =

0
P, (leading lepton) [GeV]

arXiv:1603.01702

W+W= diff. X-section

» Various differential cross section predictions

generally agree with data
» All MCs are normalized to NNLO prediction for
Cross section
» All differences are accounted for in aTGC limits

settings

- ATLAS e Ostaseluncenany | ] %>  samas | < cwaseucerny | 2 300 ATLAS | —e e s oncerenty
L \s=8Tev, 203" T P e ] € F is=8Tev, 2030 T P ™ g E \s=8Tev, 203" = Powieg ™
~ . Powheg+Resumm - g [~ ’ - Powh:g‘ﬂesumm n ‘8 - ' B Powheg+Resumm m
- —— MC@NLO - = - —— MC@NLO . ~ 250 —— MC@NLO -
— — [~ B o F -
- . S B % 1 ¥ 2000 e
. B 28 - - E j .
- = g % ~+ E - .
- - . L . 150E e E
- ) . a -_L 7 100 ——
— ] = = 50k —
[ N N L | | | n : : T P M L1 TR |:
1.6 T T T = @ 1.6 } } — }- } T = @ 16gTrrrrrrr T :::
1.4 = T 14E = S 145 g
12? e — O 12E E e q2E .
bt by 4 b .9 B e —— e
0.8F = = 3 o8 ® o8 E
0'65_ 1 ] | |_£ % 06 & 06 ] 1 | ] | |_;
0-49 20 40 60 80 500 0.4= 04 ~""05 I N R
p, (1) [GeV] 86,
. \
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arXiv:1603.01702

W+W= Production - aTGC

Scenario Parameter Expected Observed Expected Observed
A = co A =7TeV
Agf [-0.498,0.524] [-0.215,0.267] [-0.519,0.563] [-0.226,0.279]
AK? [-0.053,0.059] [-0.027,0.042] [-0.057,0.064] [-0.028.0.045]
No constraints scenario M [-0.039.0.038] [-0.024,0.024] [-0.043,0.042] [-0.026,0.025]
AkY [-0.109.0.124] [-0.054,0.092] [-0.118,0.136] [-0.057.0.099]
AY [-0.081.0.082] [-0.051,0.052] [-0.088,0.089] [-0.055,0.055]
A [-0.033.0.037] [-0.016,0.027] [-0.035,0.041] [-0.017.0.029]
LEP AK* [-0.037.0.035] [-0.025,0.020] [-0.041,0.038] [-0.027,0.021]
e [-0.031.0.031] [-0.019,0.019] [-0.033,0.033] [-0.020,0.020]
HIS7 AK” [-0.026.0.030] [-0.012,0.022] [-0.028,0.033] [-0.013,0.024]
e [-0.031.0.031] [-0.019,0.019] [-0.033,0.034] [-0.020,0.020]
Equal Couplings AK” [-0.041.0.048] [-0.020,0.035] [-0.045,0.052] [-0.021,0.037]
© A [-0.030.0.030] [-0.019,0.019] [-0.034,0.033] [-0.020,0.020]
Scenario  Parameter Expected Observed lelltsde_XtraICted from
Cwww /A2 [-7.62.738]  [-4.61.4.60] S.T E ca f'”g ]fptlont) t
EFT Cp/A>  [-358384]  [-20.9.26.3] ISt OF S Hhal State

Many different

2 _ ' -
Cw/A [-12.58.14.32] [-5.87,10.54] scenarios considered |
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aTGC limits summary

AL LA L L L L
H ATLAS WZ 8 TeV 20317 A= - .
] ATLAS WZ ST:V 203f"  A=2TeV L|m|tS at 8 TeV are
[« | ATLAS WZ 7 TeV 46fb A=
[I4 ATLAS WZ 7 TeV 46"  A=2TeVv . b
Ag” g Masww et mam' e 1.5-2.5 times better
1 [ ] ATLAS WV 7 TeV 501" A=e
CMS WW 8 TeV 194" A= h
(411 DO combination 1.9:Te\f 86fb' A=2Tev t an at 7 Tev
[ ¢ LEP combination 0.2 TeV 071"  A=e
i ATLAS WZ 8 TeV 203" Ace |
i ATLASWZ  aTev o' A-aTev Measurements of WW
K| ATLAS WZ 7 TeV 467 A=w .
THI ATLAS WZ 7 TeV 461"  A=2TeV d d b
7\.2 ATLAS WW 8 TeV 203" A=o an WZ IDOSON
H ATLAS WV 7 TeV 5.0 | A=e . .
CMS Ww 8 TeV 19.4 fb’ A=co d p d
H CMS WV TT:V 50f"  A=e pro UCtlon rovide
] DO combinati 1.9 TeV 86" A=2Tev
|HI LEP combinaion 0.2 TeV 07" Ao Complementary reSUItS
LT ATLAS WZ 8 TeV 203" Aee |
DRI ATLAS WZ 8 TeV 203" A=2TeV om |ne tO et er
I ATLAS W2 7TV 4sh A-w Combined togeth
7 (FTORTOCETTUATOTTI O ATLAs wz 7 TeV 46"  A=2Tev
ATLAS Ww 8 TeV 203" A= - -
AK mm e o aaw A give the most stringent
CMS WW 8 TeV 194" A=
H CMS WV 7 TeV 501" A=co I 1 -
" LEP combination U_E?I'e\n’ 0.7 A=oa Imlts On WWZ
|IIII|IIII|IIII|IIII|IIII|IIII|II Coupllngs

05 1 15 2 25
aTGC Limits at 95% CL

-0.5 0
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Other RUNI1 results
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JHEP 1501 (2015) 049

WW/WZ Semileptonic Production (7 TeV)

Final state: (W—) Iv (W/Z =) j}, | =e, mu « Backgrounds:

Selection: o WHjets (~85%),Z+jets (~4%), Multijet
~A40, ~F0
» Exactly one lepton (~4%), Top (~5%)
T e e B e e e o e N e I B B e s o
« Two jets with |AR| > 0.7 if pr(jj) < 250 GeV, 3 ' e
|An| < 1.5, and 25 < mj; < 250 GeV 2 sool [Lat=46m" A
o E;Mss> 30 GeV, m{W> 40 GeV, 2 I [s=7TeV
| Ag( leading jet E1,E;™s) | > 0.8 S | e
E 22000;’ IALF.LIAISI L L '_E L; I | . % Systematic Uncertainty |
o 2000F [Ldt=a61" _ E g 4001 W lv + 2 jets .
o 18000 js5=T7TeV ;E::M 3 —~
E 16000 I (- quarks 3 i
& 140000 W e Observed oL _
12000 = Significance [
10000 .' Wobve e S 340 R //,,,
annnf— 'l Gz V i +
snuuz—.“ I
40002 A 0
2000 Dijet Mass [GeV]
w0 ofia = 1.37 £ 0.14 (stat.) = 0.37 (syst.) pb
s = Oior = 68 £ 7 (stat.) £ 19 (syst.) pb,
e MC@NLO prediction: 61.1+2.2 pb

i) 00 750 300 750

Dijet Mass [GeV]

NNLO prediction ~ 4% higher
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JHEP 1404 (2014) 031

Vector Boson Fusion Production of Zjj

q q

—
=
=}

T T T T T
ATLAS baseline region -#-Data (2012)
[ Ldt=203b" ESCNE;%JJ

= i
{s=8TeV Clvz
[ Top
Bl Multijets

» Final state: (Z —) I*1-jj
» Signature: VBE
e Two Ieptor_ls with | EW Zjj
m(ll) consistent with m,
e Two high p+ jets
e Search region:
pr(ll) > 20 GeV TN RN
m; > 250 GeV, pbalance< 0,15 500 2000 0 ot
No jets in rapidity gap between the two high p+ jets
» Fiducial cross sections measured in several regions, including a search region with
m;; > 1 TeV to obtain high sensitivity to EW production of Zjj (35% of events)
» Reject background only hypothesis at > 5o
opw (Mj; = 1TeV) = 10.7T £ 0.9 (stat) £ 1.9 (syst) £ 0.3 (lumi) fb,
theoretical prediction 9.38 & 0.05 (stat) Th23 (scale) +0.24 (PDF) =+ 0.09 (model) b,

N,,./200 GeV
=

III IIIIIIJ IIIIIIII IIIIIIIJ IIIIIIII 111

q q

Data
o

Prediction

aTGC A =6TeV (obs) A=6TeV (exp) A=o0c (obs) A= (exp)
Ag1z [—0.65, 0.33] [—0.58, 0.27] [—0.50, 0.26] [—0.45, 0.22]
Az [—0.22, 0.19] [—0.19, 0.16] [—0.15, 0.13] [-0.14, 0.11]
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Events

Phys.Rev.Lett. 113 (2014) 141803

Vector boson scattering: W=W=jj

» Final state: I#v 1#v jj

» Selection
* Two high py leptons,
o« m(ll) > 20 GeV
e | m(ee) —m,|>10 GeV

>2 jets

TEF T 1T
¥
¥
|
r
s
L

=
-
o]
%]
NS
o
(a3 ]
=]

First evidence of VBS WWijj at LHC !

Fiducial Cross section

Strong and  SM prediction 1.52+0.11fb
Electroveak
+ +
WEWE Observed 2.1 + 0.5(stat) £ 0.3(syst) fb

observed: 4.5

0.95 £0.06 fb

Significance expected: 3.4c

Electroveak SM prediction

- = Standard Mo-del

-04 03 02 [}1 0 []‘] 02 03 04

4

Measured fiducial cross section in

o E Miss > 40 GeV F\N\/£ii
! LAl Observed 1.3 + 0.4(stat) + 0.2(syst) fb
e b-jet veto VBS region
) .. Significance observed: 3.6c expected: 2.80
 Inclusive: m(jj) > 500 GeV J P
‘_?'I‘ FIIr1II|lII'|III|Ir1I II|FII|IIIr|1II '|II1
. | > - C ATLAS .
* VBS: |Ay”| 2.4 — EW VBS nhon-VBS 0.6F 2031, {3=8TeV
U LA e e 04 Kot endartaion
25:_ 203" {s=8TeV EEH Syst Uncertainty 3 0.2 -
E m, > 500 GeV Wﬂgﬁgwea*‘z w v of -
200 . [ | (F’:mmpl _ a1 fff 4 q - ]
C i onversions q 4 i q S | —
155 H B Other non-prompt 3 W " ’ []'2; ‘:;“2:::‘:&'”'&”3'5 ]
- VBS Region P04 meskal E
10 _: W N DB —expected 95% CL -
. (f q 74
_: 2
. p

VBS region used to set limits on aQGC’s
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Events / 50 GeV

Wvyy Production

o Final state (W—)lv yy

» Selection:
o Lepton/photon p; > 20 GeV

o E;Mss > 25 GeV
e my>40 GeV

e Restrictions on eyy system to reduce
electron mis-id. (mainly from Zy)

» Backgrounds:

o Data driven estimates for photon
fakes (Wyj+Wjj) and lepton fakes

(yy+tjets)
F I T I T I q % E I T I T I T T ]
E ® Data = 70 ® Data —
35: ATLAS 1 Wyy ] 8 C ATLAS ] Wiy 1
£ 2y ] Y soc I Zy .
30 0 Wi + Wijj 1 & F = wyj + Wi ]
E vy +ets ] = L vy +jets ]
25F I Other backgrounds E 50 I Cther backgrounds —|

{s=8TeV, 203" -

{5=8Tev,203 b = 40F
C muon channel {Nlm =0)

208 7
F electron channel {Nlm =0) o

R
. ] RN
N B — Y
200 300 400 500 200
m,, [GeV]

400
m,, [GeV]

500

Phys. Rev. Lett. 115, 031802 (2015)

First evidence of triboson production !

Fiducial Cross section

6.1 11, ,(stat) £ 1.2 (syst)

+0.2(lumi.) b
\"Signiﬁcance >36
290+ 0.16b

Inclusive Measured
(Njm =2 0)
MCFM
2.9 %08 o(stat) *10, 5(syst)
+ 0.1(lumi.) fb

1.88+0.20fb

Exclusive Measured

N_ =0
(Nt =0) MCFM

Big data/MCFM discrepancy in inclusive
Maybe NNLO will be closer to data ?

Observed | TeV™*]  Expected [ TeV~?]

fro/A* | [-0.9.09]x 10> [-1.2,1.2]x 10?

n=0| fn/A*| [-08.0.8]x 10*  [-1.1.1.1]x 107
/A | [-15,1.4]x 10 [-1.9,1.8]x 10*

fro/A* | [-7.6.7.3]1x 10> [-9.6,9.5] x 10°

n=1| Ai/A* | [-44.46]x10*  [-57.59]x 10*
fa/A* | [-8.9.8.01x 10*  [-11.0,10.0] x 10*

fro/A* | [-27.2.6]1x 107 [-3.5,34]x 103

n=2| fAn/A*| [-13.1.31x10°  [-1.6,1.7] x 10°
A/AY | [-29.251%x 10 [-3.7,3.3]x 10°

Exclusive cross section measurement with
m(yy) > 300 GeV used to extract aQGC limits
with different exponents in form factor
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Conclusions

Fiducial, total and differential cross-section measurements for diboson
processes at ATLAS allow precision comparisons to state-of-the-art theory
predictions

In some cases have reached sensitivity to NNLO corrections!

8 TeV LHC data for the first time gives us evidence for vector boson
scattering

Also seeing evidence for tri-boson production!
RUN1 data allow to set competitive limits on aTGCs and aQGCs
Measurements with different final states give complementary results

Measurements at 8 TeV are almost finished

Analysis of 13 TeV data has been started, first results already available,
a lot of new interesting results expected
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Summary of Diboson measurements
in RUN1 (recent results missing)

Multiboson Cross Section Measurements

o"(yy)[AR,, > 0.4]
o (Wy - fvy)

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

= [njer = 0]
of(Wyy - tvyy)

= [Mjer = 0]
o (pp—>WV-fvqq)
o"(WEWEj) EWK
ool (pp S WW)

- ofd(WW-ee) [nje:=0] |
— " WW-pp) [njee=0]| " ™
- o (WW-ep) [nje=0]|" ~
- G M(WWoen) [e20] |

ot (pp—>W2Z)
- o"(WZ - evee)
ototl(pp—22)
— ot (pp—ZZ-4l)
—o™(ZZ - 41)
(22" - 4¢)
—o"(ZZ* - ttwy)

Status: Nov 2015

ATLAS Preliminary
Run1 +s=7,8TeV

Theory

LHC pp Vs =7 TeV

_ Data

g{ghsysr
LHC pp s=8TeV

- Data

stat

02 04 06 08 10 12 14 16 18 20 22 24 26
data/theory

JLde
(']
4.9
46
46
4.6
4.6
203
203
4.6

20.3
4.6
20.3
4.6
4.6
4.6

4.6
4.6
13.0
13.0
4.6
20.3
20.3
4.6
20.3
4.6

4.6

Reference

JHEP 01, 086 (2013)
PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]
PRD 87, 112003 (2013)
PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]
PRD 87, 112003 (2013)

arXiv:1503.03243 [hep-ex]
arXiv:1503.03243 [hep-ex]
JHEP 01, 049 (2015)

PRL 113, 141803 (2014)

PRD 87, 112001 (2013)
ATLAS-CONF-2014-033

PRD 87, 112001 (2013)
PRD 87, 112001 (2013)
PRD 87, 112001 (2013)

arXiv:1407.0573 [hep-ex)
EPJC 72,2173 (2012)
ATLAS-CONF-2013-021
ATLAS-CONF-2013-021
JHEP 03, 128 (2013)
ATLAS-CONF-2013-020
arXiv:1403.5657 [hep-ex]
arXiv:1403.5657 [hep-ex]
JHEP 03, 128 (2013)
ATLAS-CONF-2013-020

JHEP 03, 128 (2013)

JHEP 03, 128 (2013)
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Summary of charged aTGC limits
(recent results missing)

 No deviation from SM observed

September 2015 CMS — iptember 2015 CMS —
’ C—er;ral AELAS m ° Ei?'}"?' oS m .
Fitvalue  (gp  —ef Ghannel Limits Jrat Vs e e Channsl Limits Juat ’s

A — WwW [-4.3e-02,43e-02] 46f" 7TeV

ax, I 1 Wy [-4.1e-01, 46e-01] 461" 7TeV z wWw [6.06-02, 460-02] 194" 8TeV

} ] Wy [-3.8¢-01,2.9e-01] 50f" 7TeV ! | Wv [-9.0e-02, 1.0e-01] 46f" 7TeV

[ ——1 ww [-21e-01,2.2e-01] 491" 7TeV  —— WV [-4.3e-02, 3.38-02] 50" 7TeV
—e— ww [1.3e-01,9.5e-02] 19.4fb' 8TeV  —— LEP Comb. {‘;'Se‘ﬁi‘ : ; e-gg 0.7 I'b': g.io\]'ev

. e — Www -6.2e-02, 5.9e- 4.6 fy e

' wv [21e01,22¢01] 46f’ 7TeV % —_— WW [-4.8e-02,4.8¢-02] 49f’ 7TeV

A Wv [-1.1e-01, 1.4e-01] 50f" 7TeV . | WW [-2.48-02, 2.48-02] 19.41b7 8TeV

e DO Comb. [-1.6e-01, 2.5e-01] 86fb" 1.96TeV —_— WZ [-4.6e-02, 4.7e-02] 460" TTeV

—— LEP Comb. [-9.9e-02, 6.6e-02] 0.7fb"' 0.20 TeV _ Wv [-3.9e-02, 4.0e-02] 46" 7TeV
N — Wy [6.5e02,6.1e-02] 461" 7TeV . ;“:Cmb {:g-gz:gg i‘gg:gg g-g :E:: ';' ;g\;ev
— ::V :ig:g; 2;:33 > :: e — LEP Comb. [5.96-02, 17602]  0.7fo" 020 TeV

J s 4. . A —_— Ww [-3.9e-02, 5.2e-02] 461" 7TeV

[ Ww [-2.48-02,2.40-02] 19.41b' 8TeV ! I | Ww [9.5e-02,9.5¢-02] 49f" 7TeV

— WV [-3.9e-02, 4.0e-02] 46" 7TeV e Ww [-4.7e-02,22e-02] 194fb' 8TeV

— wv [-3.86-02,3.0e02] 50f' 7TeV ‘ oowz [5.76-02,9.3e-02]  46fb" 7TeV

_— Wwv [-5.5e-02, 7.1e-02] 4.6f" 7TeV
- D0 Comb. [3.6e02,4.4e-02] g6fb" 1.96TeV e — DO Comb. [-3.4e-02,8.4¢-02] 86fb' 1.96TeV
| n—-l-u | LEP Comb. [-5.9T-02‘ 1.7e-02] n.:lf fo! 020 TeV |—.|—| LEP Comb. l[-5.4e-02‘ 21e-02] 0.7fb" o.zlo TeV

-0.5 0 0.5 1 1.5 0 0.2 0.4

aTGC Limits @95% C.L. aTGC Limits @95% C.L.
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Summary of neutral aTGC limits
(recent results missing)

 No deviation from SM observed

Mar 2015

Feb 2015

' TG T - | T

f — 7z 0.015-0015 460" v — Zy -0.015-0.016 4.6 b
4 — 2z -0.005 - 0.005 19.6 fb h, B 7y 10.003 - 0.003 5.0 fb"
o ZZ (212v) -0.004 - 0.003 24.7 fb'' : : Ofo~

- 22 oty o 2eTt . zy -0.005 - 0.005 19.5 fy

z . 1 7z 10.013-0.013 4.6 fb Zy 0.022 - 0.020 5.1 ™"
4 — 7z -0.004 - 0.004 19.6 fb" z — Zy 0.013-0.014 46 fb"
— ZZ (212v) -0.003 - 0.003 24.7 fb’! ha — Zy -0.003 - 0.003 5.0 fb™!
. 7Z (comb) -0.002 - 0.003 24.7 f" — Zy -0.004 - 0.004 19.5 fb"

fé . ‘ gg -g.gé g-g.gé g :,ée r:t:t;* Zy -0.020 - 0.021 5.1 fb™!
— -0.005 - 0. . R 2 i - -

. zz(212v) 0.003-0.004 247 f"| | hyx100 zi g'gg? g'gg? g'g ;tt)»"

- 7Z(comb) -0.003 - 0.003 24.7 fiy” 0004 .- 0.00d 16

: — Zy -0.004 - 0.004 19.5 b

i ; ; 2z -0.013-0.013 4.6 fb"’ 2 5

5 — 7z 0004-0.004 196" | HZx100 Y 0.009-0.009 4.6 b
- 72 (212v) -0.003 - 0.003 24.7 fy" 4 - Zy -0.001-0.001 5.0 fb™
I - 22 (comb) -0.002-0.002 24.7 fb" | 5 2z ——0.008-0.008 195
0.5 0 0.5 x10’" -0.5 0 0.5 x10"

i 15
aTGC Limits @95% C.L.

1 15
aTGC Limits @95%

C.L.
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q

Wy / Zy Production

q ¥ q
-- -JJ;:‘;: vertex
W . .
W \'r- L

[ q

Selection Highlights

(W=2)Ivy (Z=2) 1y (Z2) vy
PP > 25 GeV, E; > 15GeV | Eq¥> 100 GeV
E,miss > 35 GeV/ i E,mss > 90 GeV
my > 40 GeV M(ll) > 40 GeV -
bt > 30 GeV

Differential cross section measurements in
photon E; (top) and jet multiplicity (bottom).

* Exclusive: Nig; = 0, Inclusive: Ni,; 2 0

Phys. Rev. D 87, 112003

T e e o
=2 10°°Y I P s
O - i = v W
& [ ATLAS vl P Y
—_ 10_; # ___.._‘_ll]-__
Y E J Ldt=46m" “":k‘[i]‘"
3 W 1 E=TTev b
a © § [ Data 2011 (Inclusive) [ Data 2011 (Exclusive)
_g 1 || —&— SHERPA x 1.0 (Inclusive) —e— SHERPA x 1.0 (Exclusive)
10 :E—ﬁ— ALPGEN x 1.5 (Inclusive) =——ge—— ALPGEN x 1.5 (Exclusive) * _[i]"g
E —F— MCFM (Inclusive) —— MCFM (Exclusive) "“"‘L"'
10—2 ] ] ] ] 1 1
2 T T T T T .
g Eab LY b b L
QE L . 0 S AN I S
0 E | | | | 1 =
> 2 E T T T T T
E (=] E [ ] .
gé-’ 1 :_"‘t'. [ B W $ A0 ‘__‘__! ¥ -l___*___ _’__1__*_
C | | | | 1 -
015 20 30 40 60 100 1000
E} [GeV]
€ ﬂgz T T
P S N— [ pata 2011
E,,_ = —&— SHERPA
g 07E
T 0gE —B— MCFM
X E T
E':"l []_5;_ pperl"r ET-_'15 GeV
- ggg_ ATLAS
Tk J Lot=46f" ZY
0.2 o
E {s=FTey = Fe===sechesmnipmssmmsss
0.1
E ] I I a——
ol & ’F ' ' + 7
= % c 3
als 1: ------- O I il L ekt -EIJ- ------ =
== o .
ot ] ] ]
0 1 2

Jet multiplicity
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Phys. Rev. D 87, 112003

Wy / Zy Production - NNLO calculations

____Grazzini

« NNLO calculation (arXiv:1407.1618) = X e

 Large radiative corrections for Wy 3 © i I

» 19% correction for Wy "E coe 1

* 6% increase for Zy i“;“ B fmiﬁ_T___—

E g

» Agreement with data is improved § 3

I :

 Fiducial cross section with NLO and §“ ifé—z = s 07 ]
NNLO calculations below e T s i =0 s 1000

pr’ (GeV)

NLO (fb) NNLO (fb) Measurement (fb)

2065.2+0.9 2456 £ 6 2770 x 30(stat) £ 330(syst) £ 140(lumi)
Zy 1226.2+0.4 1305+ 3 1310 + 20(stat) + 110(syst) £ 50(lumi)
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Phys. Rev. D 87, 112003

Wy / Zy Production - aTGC

» Limits on anomalous couplings from fiducial measurement with E{¥> 100 GeV

S oosET T T ]
< r J‘Ldt:4.6fb' L, (5=7TeV , A== ]
Wy -
02 ]
0 .
0.2 .
0.4 -
T pp— vy, 95% CL ATLAS ]
SN S AR BN B BTN B APV BT B
0'6—0.08 -0.06 -0.04 -0.02 0 002 004 0.06
;\'}‘
I|IIII|IIII:IIII|IIII|IIII|II
ATLAS mmn ATLAS, (=7 TeV
46f7 A=
| pp— vy ATLAS {5=TTeV |
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..... DO (Wy), (5= 1.96 TeV
i 42, A=2TeV
A, F=i === DO (WWWZWy), /5= 1.96 TeV|
a':. 86" A=2TeV

Ak,

i LEP

-

-1 -0.5 0
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Coupling Strength
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107
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005
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4617 Azw
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-
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0.2 -01 0
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op-A== 8
0055 =
01 =
- ATLAS 7
IR ] S N N S R B
-0.02 -0.01 0 0.0 0.02
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T T T | T T T T T T T T T T | T T T | T
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46T Az
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Events / GeV

ZZ Production

JHEP 1303 (2013) 128

— C [ L]
_8- B ATLAS Preliminary NLO QCD (MCFM, CT10.0) |
L T e ZZ (pB) (66<m,<116 GeV) |
© — 77 (pp) (BB<m <116 GeV)
.Obﬁ - " ]
» Final state: ZZ—I*I-I*l-and ZZ—I*I-vv P e .
- — 220 T T T - ]
. > : : ]
» Selection: 8 200 ATLAS: Preliminary E - ]
- - @ F : ; -} Data B ot -
¢ OppOSIte sign s 180; oo - 1 LHC Data 2012 ({5=8 TeV)
. 5 160 : : - 4 B o ATLAS ZZ— lll (86<m <116 GeV) L=20 fi" 2
|ept0n pa”'(s) £ b ; ; det:ZO 6 ] 7 CMS ZZ— Ill (B0<m <120 GeV) =53 b’
s 5 8 TeV 1 1 LHC Data 2011 (=7 TeV) . |
. IR 120F . A = ‘ T GeV =
with |\/|(||) within a oo E E 3 . AEZLZZ |||I.I!|,|ﬂ nl 55251163?1& fgﬁlL =4 6 fi" :
. S 1 rof Tevatron ({5=1.96 TeV) &
Z mass window @ 3 - m DO ZZ- I(lvv) (60<m <120 GeV) L=8.6 fb" -
3 | . 4 - o CDFZZ II|II\\:C|1°1EI ch|' .
: ] 1 1 1 1 | 1 1 1 I 1 1 1 1 1 I 1
e For |+l- vv: = ]
P g 0 2 T a e e 0 12 4
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(NURLELEL B B L LR LR B LU LR = _":'ib'a'té"'. T TTTTTTTT] f"r’ —
- . © F 4 _TTayy 2020 Y EEmEmEmmmmEmssmsSsSESS®
1.2_7 ATLAS E Data - 15} 5 5__ 0 77w ATLAS 3 5 — CMS,F- TTGV . . . .
C _ 4 27— FIIT ] < &9F [ Background L 50T, A=e
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JHEP 1501 (2015) 049

WW/WZ Semileptonic (7TeV) - aTGC

* p1(j)) used to extract limits on parameters in
anomalous couplings framework and Effective
Field Theory

!
m

ATLAS —~ Data
-1
Ldt=4.61b [Jx=005
Iz =7 Tev Il s vz
] WiZsjets
Il tor quarks
I et

W—s av + 2jetz

[=]
]
LL B

Events / 25 GeV
2
1

g

IE
E —i=005
E

Datw/'SmM

T 100 00

EFT limits have been calculated (first at LHC!)

Observed Limit

ewww /A2 [—9.5, 9.6] TeV—2
cp/A? [—64, 69] TeV 2
ey /A2 [—13, 18] TeV—2

Parameter

R 46, A==
==
_?l. — CMS wf: E =TTeV
b 507, A==
| |
| TETT D0 comb., {5 = 1.96Te\]
| 8.6 fb, A =2TeV
= | EF comb. —
0.7, A==
———]
AK, |
Jr——

Anomalous coupllngs (7 TeV)

LA — ATLAS Wjj, 5 = TTeV
ATLAS 467, Ap=m
| 95% CL intervals CMS lvjj, s =TTeV  _|
-1 —
LEP Scenario B0, A==

— ATLAS WW, {5 = TTeV

467, Ap=m
ﬂ.Qz ‘ — _
1 ; . — CMS WW, 5 = TTeV

[uamm ] 49, A==

ATLAS WZ, {5 =TTeV

L ‘ 46, Ap=m _
m—— ATLAS W, 5 = TTeV

N R RS N
-04 02 O 02 04 06 058
95% CL Limits

8 TeV WW/WZ paper in preparation
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Phys.Rev. D87 (2013) 112001

W+W= Production (older result)

* Previois results (NLO only)
bigger disagreement with data

IIII|IIII|IIII|IIII|II IIIIIII|IIII|IIII|II
ATLAS Preliminary
; Measured
Ldt=2031b cross sections
s=8TeV —
WW .
HLH
—t— et
M Eradiction i Combined
gaigg — WW: MCFM NLO CT10
g3 — WW: MCFM LO CT10
9+ H— WW: NNLO MSTW2008 | | | |

10 20 30 40 50 60 70 80 90 100
T [PB]

NNLO prediction for WW: 63.2 pb (+7%) (arxiv:1408.5243)
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