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Multi-boson measurements

0 Test of SM EW theory and perturbative QCD calculations at TeV scale
0 Differential cross-sections can highlight deficiencies in particular phase-space
regions
0 No direct observation of New Physics yet
0 Look for discrepancies in precision measurements
0 Measurement of (anomalous) Triple / Quartic Gauge Couplings

0 Vector boson self-couplings provide fundamental test of EW theory

0 Important to understand the mechanism of EWSB q 14
0O Pure neutral TGCs / QGCs forbidden in SM
0 WWZ, WWy and WWZZ, WWZy, WWyy, WWWW allowed Ll
0 Sensitive to new particles decaying to di-boson final states 4
(SUSY, Technicolor, Little Higgs, extra dimensions...) q 4

0 Background to important physics processes (Higgs, tt, ...)
QGC

q vertex
0 Many results from LHC, concentrate on latest ones

5 June, 2018 G. Pasztor: Multi-poson measurements at LHC



Inclusive di-boson production

Standard Model Production Cross Section Measurements Status: March 2018
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EW Vjj production via Vector Boson Fusion

Standard Model Production Cross Section Measurements Status: March 2018
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Standard Model Production Cross Section Measurements

Exclusive di-boson production

Status: March 2018
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Tri-boson production

Standard Model Production Cross Section Measurements Status: March 2018
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EW VVjj production via Vector Boson Scatterin
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Standard Model Production Cross Section Measurements Status: March 2018
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Di-boson measurements
0 AtLO [0(c?), O(a?)], qg-initiated:

g 2 g v

J

r-channel u-channel s-channel

0 gg-initiated production via fermion loops enters at NNLO pQCD [O(a,?)]

g v,

g v

0 Resonant production via Higgs boson 0 Electroweak VVjj production [O(a*)]

\QOY (for WW, Z7) v
9 2 ] . q q
O
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Di-boson measurements

Septe[mber 2017 | | | | | | QMS IPreliminarly
CMS measurements 7 TeV CMS measurement (stat,stat+sys) —=—0—
vs. NNLO (o) theory 8 TeV CMS measurement (stat,stat+sys)  ++e—+

13 TeV CMS measurement (stat,stat+sys) ++eo—+—
0 ————— 1.06+0.01+0.12 5.0fb"
Wy, (NLO th,) - 1.16+0.03+0.13 5.0fb"
Zy, (NLO th) — 0.98+0.01+0.05 5.0fb"
Zy, (NLO th) P —e—i 0.98+0.01+0.05 19.5fb"
WW+WZ — = - 1.01+£0.13+0.14 4.9 fb"
WW —_0 — 1.07+0.04+0.09 49fb"
WW o 1.00+£0.02+0.08 19.4fb"
WW — e 0.96+0.05+0.08 23fb"
wz —H— — 1.05+0.07+0.06 4.9fb"
Wz —. — 1.02+0.04+0.07 19.6fb"
Wz — 0.80+0.06+0.07 2.3fb"
ZZ — 0.97+0.13+0.07 4.9fb"
ZZ —————i 0.97+0.06+0.08 19.6fb"
ZZ — . 1.14+0.04+0.05 359fb"

0.5 1
All results at:

1.5 2
http:/icern ch/golpNi7 Production Cross Section Ratio: o,/ o

theo

0 Recent results with < 10% uncertainty
0 Systematics start to dominate
0 Improved agreement with NNLO pQCD calculations
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W(ev)W(uv) cross-section @ 13 TeV

0 Discrepancy in Run1l wrt NLO pQCD - large progress since

0 qq>WW @ NNLO+NNLL

0 p;(WW) agrees with NLO MC (POWHEG-Box2 + Pythia8)

0 Non-resonant gg 2> WW @ LO (Sherpa OpenLoops with 0-1 jets),
normalised to inclusive NLO xsection

0 gg2>H>WW @ N3LO
0 CMS does not include H>WW in signal definition
0 Dominant background from top production

0 ATLAS applies jet veto, CMS measures in 0 and 1 jet categories
0 Jetveto efficiency sensitive to higher order QCD corrections

0 Need pT-resummation @ NNLL (or alternative jet veto
resummation)

0 Largest experimental systematics: jet selection, energy scale and

resolution

ATLAS
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17(4]1) cross-section at 13 Te

o O O O O o

Uncertainty no longer statistics dominated

Total cross-section: 6., = 644 / (Az; - BRyz541)

Fully reconstructed, leptonic final state = very clean
Only on shell (ATLAS: [66,116] GeV, CMS: [60,120] GeV)
Main background: “fake” leptons

Dominant experimental uncertainty: lepton reco, ID

0 ATLAS:17.3 £ 0.6 (stat) £ 0.5 (syst) = 0.6 (lumi) pb
0 CMS:17.2 + 0.5 (stat) = 0.7 (syst) * 0.4 (theo) = 0.4 (lumi) pb

0 Best theory (Matrix NNLO pQCD including gg@LO + NLO QCD

k,,=1.67 + NLO EW k  ~ 0.95 + Sherpa EW ZZjj):

5 pb
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5 June, 2018

o, [pb]

24

I LHC Data 201642015 (1s=13 TeV)

22 :— + ATLAS ZZ— 1l (mII 66-116 GeV) 36.1 fb™'

F_LHC Data 2015 (1s=13 TeV)
£ @ CMS ZZ- Ilil (m, 60-120 GeV) 2.6 fb”

— LHC Data 2012 (1s=8 TeV)
E o ATLAS 2Z- ll{ll/vv) (m_66-116 GeV) 20.3 fb™
£ 0 CMS ZZ— Ill (m, 60-120 GeV) 19.6 b

14— LHC Data 2011 (\s=7 TeV)

12— e cMs Zzz— Il (mII 60-120 GeV) 5.0 fb™!
10 F_Tevatron Data ({s=1.96 TeV)
E e CDF zz- li(llv) (on-shell) 9.7 b
8~ © D0 ZZ- li(livy) (m, 60-120 GeV) 8.6 fb”
6 MATRIX CT14 NNLO
4 e LE LD ZZ (pP)
E e — ZZ(pp)
2 = ,‘O"'
0 I S N R SR e by ey by by
0 2 4 6 14
\s [TeV]

E  ® ATLAS ZZ- li(lvy) (m, 66-116 GeV) 4.6 fb”

ATLAS

Oy — 22 (PD)

Events / 25 GeV

600

500

400

300

200

MS

EPJC 78 (2018) 165
35.9fb ' (13 TeV)

LA L L L N L L L L I

Data
Systematic unc.
qq — ZZ,Zv*
g9 — 2Z,Zv*
H—2Z

ttz, wwz

Z+X

——
—
s
[
—3
.

v v b by v by v e by 1y

L n
400 500

100

200 300 600 700

Mmyy (GeV)

@
o
S

20—

15—

10

oo m e

NNPDF3.0, fixed = u_=m,

" NNPDF3.0, fixed u=u=m,

CMS 47

CMS 272v

ATLAS 47 (x1.016)
ATLAS 4r+2¢2v (x1.016)
MATRIX NNLO (gqq+qg+9g)

MCFM NLO+gg

G. Pasztor: Multi-poson measurements at LHC

11



Z7.(41) differential cross-sections

0 Increasing statistics allow to access more and more differential distributions

0 Test theoretical calculations, MC tools (Matrix NNLO, Sherpa, Powheg+Pythia,
Madgraph_amc@NLO, MCFM...)

0 Study different production mechanisms, look for new physics
0 Statistic dominated

0 Main experimental systematics: response matrix modeling, jet energy scale
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I 3 o —— Muon reconstruction
o or Ry =1 .
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EPJC

17.(41) differential cross-sections

78 (2018) 165
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Z7. anomalous couplings (ZZZ, Z7y)

0 Main signature: increased production at high mass, high pT
ATLAS: leading Z p; (NLO EW corrections available), CMS: m,,

o

.. os | PRD97(2018) 032005 | O Effective vertex function
E (| ATLAS  /5=13TeV. 36110 ' ] = 8f ATLIAS Ll T '---l---'E)I(pelct(;dSIJSJ/o(I)L‘ r h: CPV Y fZ nd
= ol LR — 61 Vs=13TeV, 36.1 b ;fit:sefved %% 0L 1 approac Z 41 a
5 | =iz . £ == ) (PO
L 4o M Non-ZZ background ) L _
1 C ] € (v
R F— e U B f:;o.oosa,’ff:o.ooas 3 2? - LZZV - _W (f4 (aP,VNIB)Za(aaZﬁ)
......................................................... : | 2
(0 - &
; 27,
-O- _2__ - - - "
s | . 1 0 Effective field theory with
§ °:50 295 415 5;5 3000 T —I4 ‘ ‘—|2' ] ('l.) ) é - 411 Y 4 dlm-8 Operators
GeV fl ] L
pr.z, [GeV] contributing to neutral
EPJC 78 (2018) 165 _ _ _
wOMS__ ssemgaten cMs _ wmewasTen aTGC interactions:
é + Zﬁa:in.oms,fg:o.oms E 00027 | CBW/A4} CBW/A4) CWW/A4}
5 e . — 4
g = |3 T | Cpp/A\
=k ( SR BN | 0 Linear relations between
o oo AN T \\ the 2 sets of parameters
e \\ | . . .
_____________ ) 0 No unitarising form-
1 mnmeT—— | ¢ s
.0.002}— —— Obs. 95% CL (2D) " aCtOI' aS SenSItIVlty
——— Exp. 95% CL (2D) i . i 1
[ el ] within unitarity bounds
. .4 0.6 0.8 ;nZZ (Tev)1 2 -0.002 -0.001 ff:’y 0.001 0.002
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Semi-leptonic WW / WZ measurements @ 8 TeV

0 Lepton (e,u) from W + hadronic system from W/Z

UL L L
ATLAS

0 Resolved narrow (R=0.4) jets (jj) or merged wide \s=8TeV, 20210’ “
(R=08-10) jet U) o D P WVoj
0 ATLAS both lvjj and lv] analyses, no attempt to combine | —— Tot uncertainty

Stat. uncertainty

0 At high p;(V), boosted ] reconstruction increases

efficiency --> improved New Physics sensitivity e

0 Complementary to leptonic channels | * ’ W=

O 6x higher rate but large W+jets and top background | . |
(s/b~5-10% after selection) 02 04 06 08 1 12 14 16
0 Additional jet veto Ratio of measurement to prediction, o, ™*/ai, "
0 W kinematics better PLB 772 (2017) 21 T
reconstructed (only = ems — weiemy AT st ]
one neutrino) 3 0o =l 8 o Orovqan

0 Signal extracted g Wwes 1 2 -

=

T

fitting the mass of — 600}

|
the hadronic system :
|

Events

0 Main experimental
systematics:
W+jets normalisation
(ATLAS: 60%, 60 80 100 120 140 720 60 80 100 120 140 160 180 200

: m, (GeV) m; [GeV]
CMS:20%) ! EPJC 77 (2017) 563
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WV @ 8TeV: aTGC constraints

PLB 772 (2017) 21 Best aTGC sensitivity from WV = lv] boosted topology

cms 19" (8 TeV) CMS 19 fb™" (8 TeV)
~~~ [T T T T T T T T T T T T
% 3 : Eﬁcmzj? o 1Qf — — Expected 68% CL — — Expected 95% CL
G 10" 5 B Wets % —— Observed 68% CL —— Observed 95% CL
g ) == I Top b e
~ — = 5
_.(LJ 1 0 ., (= (\l< 5 - e i — \\
c .- e ~
I B / \
(0]
o 10 : =t //— W\
w . — (&) + / / ° \ \
= o\ )
g [l 0 i \ |
’ i /s
S~ /

EPJC 77 (2017) 563

20—

- ATLAS
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[ \s=8TeV,20.2fb"

T T T

T T | ]
i —— obs. 95% CL, WV—slvjj ]

------- exp. 95% CL, WV—sivjj |
—— obs. 95% CL, WV—hvJ

O 3F _ \\\\ d:///

% 21_5*4-=—e~= =~++1-l- -LT >

T o RALIN USRIV

0O 200 400 600 o’ ( Ge\%)o -4 -2 0 22 4 ) A2 [ToV2

CMS-PAS-SMP-16-012 T Coww/A” (TeV™) Con/A” [TEV']

Results from 3 fb-'data @ 13 TeV not yet - - -

competitive, but significant improvement cwww /A cg/ A cw/A

expected from recorded >100 fb'! data (TeV—2) (TeV~2) (TeV~2)

= N ‘2;3;9"](1'37?\/‘)

N%J _T?:;:I::t::gs%oL Expected 95% C.L. 1 CMS WV%IVJ ’— e '_ d : ’— .

c::, 20__—.—§>'\(/|laected99%c.L.Tg::tefl;\t/i:z:%C.L. _ ATLAS WV%]VJ [_3.1,3.1] [_19,20] [_5.1,5.8]

3 | ATLAS WVlvjj [-5.3,5.3] [-36,43] [-6.4,11]

° CMS WW->1vlv [—5.7,59] [-29.2,239] [-11.4,54]
ATLAS WW->1vlv [—4.61, 4.60] [—20.9, 26.3] [—5.87, 10.54]
CMS WZ->1vll |—4.6,42]  [—260,210] —4.2,8.0]
ATLAS WZ->Ivil [-3.9,40] [-320,210] [—4.3,6.8]
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Tri-boson measurements

0 Test non-abelian structure of EW sector predicting quartic couplings
0 Tri-boson production: rare process

q V q |74 q
vV
V’ VI VI
) VII VII
q VII ql q ’

0 QGCs also accessible by vector boson scattering (see dedicated talk!)
and exclusive yy>VV’

r
q q
14
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EFT: dim-8 operators

0 Deviation from SM parametrised in aQGC framework

0 Extension of SM effective Lagrangian to describe aQGCs

0 No effect on TGCs WZy WWy Wyy Zyy
WWWW | WWZZ | ZZZZ WWWAZ fWWAA | ZZZA | ZZAA | ZAAA | AAAA
Ls.0, Lsa X X X 0 0 0 0 0 0
Lo, Lar1.La6 L7 X X X X X X X 0 0
L2 Lara, Lara L 0O X X X X X X 0 0
Lro ,L11.Lr2 X X X X X X X X X
Lrs Lrg Lr7 0 X X X X X X X X
Lro LTo 0 0 X 0 0 X X X X
D® only D® and W/B W/B only
[‘S-(’ - [(Dy(b)' D,,d)] X [(l)"‘i))t Du‘b] EM.() = Ir [li",,,)‘i’""] X [(D;;‘b)' Dﬂd)] C'r,., = [li"’" “'l“’] < Tr [‘i’ ‘i,"m‘i]
c e Lus = Te[Wu W) x [(Ds@) D8] Lra = T [Wa, W] o T [Wys W]
si= (D) | < [.2) ] Lyz = [BuB™)x [(Ds®) D° Lty Tr [WaW#) x Tr (W, Woe|
- v _ v B Lrs Tr [‘iv'w;@.'rw x B.sB*®
Db = (8, — igWi — ig B,1)® Lus = [BuwB”| x|(Ds®) D@ r [Wiu ,] ;
Lra = [(Du®) W, D'd| x B Lre = Tr|Wa W] x BsB*
Lus = [(Du®) Wa,D'®| x B Lrz = Tr|Wa, W x By, B
Lys = [(Du®) Wa, W Do Lrs = B,,B"B,;B"
— Lry = B..B" BB
PRD 74 (2006) 073005 Lur = [(D,®)'Wa WD e ’ '
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WWy, WZy measurements @ 8 TeV

0 W(ev)W(uv)y: clean experimental signature CMS results
0 W(Iv)V(jj)y: larger hadronic branching fraction PRDI0T(2012Y 032008
0 Two fiducial regions optimized for each channel: for observation of WVy process, for
aQGC searches (high E")
. 5 NLO
0 Not yet enough data for “evidence”: Observed limit [fb]  Expected limit [fb]  heo [b]
140 (expected 160) Fully leptonic  evpuv~y 3.7 2.11’8:2 2.0
. . evjjy 10 1618 2.4
0 Dominant uncertainty: data stat, Semileptonic § iy 2.9
signal efficiency modelling twjjy 84731 2.3
Sherpa vs Madgraph), jet energy scale _
(Sherp graph), &y o = 1.5 £ 0.9(stat.) + 0.5(syst.) fb
ook EP]C77 (2917) 6‘4‘6 N ule.‘vl\ e e ¢ 4CopfiqepgeIptgrvalllslatygsl%l%!olbslen{edl I.lE‘xp‘ecfed
F _® Daa ATLAS Phvsics® E ATLas e Data mo/N | ATLAS . mm  15=8TeV, 20210
L EI tv?:(wy Vs =8TeV, 20.2 0" 4; ([ oas=8Tev,202" ] Wy+ets s/ Aj N D - Ag=1TeV
102 e = Fake y from jets evuvy signal region |77 & 10 ovjy signal region [ Fake v from jets fuuo /A | S—
- B ey I I Fke e fromjets |
— fuo /N* =-1876 TeV* 1 19 [ Other backgrounds
10 5= * = o CJwvy
— SRR E : TOTaI uncertainty .
. o a 0 o s fT,o /A =1374 TeV"‘E
e E | O T '
- BRI . '
o n I 1 ! PRI ERPSRRP BSOS S e Tl v I
NI SRS ' N IRARARRARRAREREAN B AN ERANRARE AN R
: ro e
;-‘+l [ B e Seveuru v o o roceros e roven A ————— R
20 40 60 80 100 1[?]’?[Gev] 50 100 150 200 250 300 35E(%(r [G:{;)]O 80 40 20 0 20 40 60
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ATLAS results

Z(11)yy, W(lv)yy measurements at 8 TeV 7, proos (2016) 112002

CMS

19.4 b (8 TeV)

W(=l
sok WM

50

Events / 20 GeV

¢ Data
2.60 @
- [_] Prompt diphoton
[ Misidentified electrons
[ Misidentified jets
Total uncertainty

CMS 19.4 fb™ (8 TeV)
120 Z(=l)yy ¢ Data
N Czyy
[ Misidentified jets

>
()
()
8
~ 100
i}
c
°
>
w

80

Total uncertainty

5.90

1 1

Wyy | PRL115 (2015) 031802

O ATLAS observation:

Wyy 30, Zyy 6.30

0 Dominant systematics:

misidentified jet
background

O Fiducial cross-section

1%0 140 100 1 %O 140
PIGeV] Py [GeV] :
agrees well with theory
July 2017 cms —
ATLAS A Channel Limits | Lot s ' -
— i o AT 0 Limits on aQGC from Wyy
To — Wyy [-1.6e+01, 1.6e+01] 20.3 fb” 8TeV
—_ Zyy [-1.6e+01, 1.9e+01] 20.3 1" 8 TeV
| Wvy [-1.8e+01, 1.8e+01] 20.21b" 8TeV
—_ Wvy [2.5e+01, 2.4e+01] 19.31b" 8TeV
H Zy [-3.8e+00, 3.4e+00] 19.7 fo' 8 TeV -1
[ 7y [-3.4+00, 2.9¢+00] 20215 8TeV < 160 CMS 19.4fb” (8 TeV)
— Wy [-5.4e+00, 5.6e+00] 19.7 fb” 8TeV = — W( I )
! ssWW [-4.2e+00, 4.6e+00] 19.4 b 8Tev Q —WN)YY ¢ Data - Wyy
- - - 1 ~
i o F460.01, 4de01] g i @ 140 [ Prompt diphoton [l Misidentified electrons
. .4 . 2
4 _ WVy [-3.6e+01, 3.6e+01] 20.2 0" 8TeV c e x| ;
fri /A — 2y L4.40100. 4.40100] e o 8 Tev g 120 [ Misidentified jets [\ Total uncertainty
— Wy [-3.7e+00, 4.0e+00] 19.7 fo' 8TeV — ——— T _ 4
H ss WW [-2.1e400, 2.4e+00] 19.4 fb" 8TeV w Expected, A 50 Tev
I ss WW [-2.8e-01, 3.1e-01] 35.91fb" 13 TeV
[l 7z [-6.1e-01, 6.1e-01] 35.9fb" 13 TeV. 100
A i ] WVy [7.2e+01, 7.2e+01] 202 10" 8TeV
T2 — zy [-9.9e+00, 9.0e+00] 19.7 " 8TeVv |-
A Wy [-1.1e+01, 1.2e+01] 19.7 fo' 8 TeV 80 1
— ss WW [-5.9e+00, 7.1e+00] 19.4 b’ 8TeV
H ss WW [-8.9e-01, 1.0e+00] 35.91b" 13 TeV
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H Wy [-3.8e+00, 3.8e+00] 19.7 fo' 8 TeV
f /A‘ | | Wvy [-2.5e+01, 2.5e+01] 202" 8TeV
Te H Wy [-2.8e+00, 3.0e+00] 19.7 fo”! 8 TeV
A I i WVy [5.8e+01, 5.8e+01] 202" 8TeV
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Summary

0 Di-boson measurements already systematics dominated
0 Uncertainties of less than 10% reached for fiducial and total cross-sections
0 Lots of effort to improve analyses to decrease systematic uncertainties
0 In ZZ measurement experimental uncertainty reaches luminosity uncertainty

0 Differential cross-sections still statistics limited
0 More precise theoretical calculations desirable (NNLO/N3LO pQCD, NLO EW...)

0 Tri-boson (Zyy) production observed (>50) at 8 TeV by ATLAS and CMS
0 Complemented by VBF and VBS measurements

0 Increased sensitivity to search for New Physics (aTGCs, aQGCs)

0 Semi-leptonic final states with larger statistics in the high energy tails boost
LHC sensitivity

0 13 TeV data analyses ongoing: more than 100 fb-! recorded / experiment
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