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Importance of multiboson measurements @
WISCONSIN

So far New Physics has not been directly seen at the LHC

- Precision measurements are more important then ever !

Multiboson

measurements

Senka Duric DIS 2017 2



CMS

Multiboson cross section at LHC @
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON
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march 2017 CMS Preliminary

@ 7 TeV CMS measurement (L < 5.0 fb™)

105E==" B 8TeV.oMS moasurement (L= 196 ) Inclusive (QCD) diboson production
F: & @ 13 TeV CMS measurement (L < 35.9 fb™) .
- el Theory prediction Prob|ng;
'n H

L L Z CMS 95%CL limits at 7, 8 and 13 TeV

* higher order QCD (and QED) perturbative corrections
* SM gauge structure: triple gauge couplings (TGC)

Electroweak (QED) diboson production

Probing:
* higher order QED perturbative corrections

* the nature of EWSB via EWK vector boson scattering

1 _ production
10k * SM gauge structure: triple and quartic gauge couplings
F (TGC and QGC)
10%F
10_3 _E B B B B B B B B B B o B B B N . .
I W I 7 IWy I ZY IWWIWZ I 77 Igmlgglw\;l\%\{lv”sivv\\/’v\;gm IWV‘/IZ‘{Y IWVV Pro—bl.r]g; ) ]
Al results at: httpicern chigo/pNj7 — EW: Wi 2, e * higher order QCD (and QED) perturbative corrections

* SM gauge structure: quartic gauge couplings (QGC)

One of the consequences of non-Abelian gauge theories are the self-interactions of gauge bosons
* Multiboson measurements are probing weak boson self-interactions
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CMS

Muon Solenoid

Events / 25 GeV

Fully leptonic channels:

- Most precise measurements
of the bulk of multiboson signal

- Total and differential cross
section measurements

2Z2->4l:
v"  Clean signal signature
v" Low background

=  Small BR
CcMS \Vs=8TeV,L=19.6 fb"
T T T T
80 e Data -
ZZ—>4I D
Y44
60 I~ W wWz/z + jets
40 + -
PLB 740 (2015) 250

200 400 600 800 1000
m,.. (GeV)
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Events / bin

obs/pred

Multiboson decay channels

o

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Z->2v and V->jj channels:

space and NP searches

- Access to higher pT/mass of the multiboson system

- Valuable for cross section measurement in high pT phase

ZZ->212v and ZZ->212j:

= Not clean signal signature
= Large experimental systematic uncertainties

= Low signal to background except at high energy

v’ Larger BR
19.6 b (8 TeV)
CMS
ZZ_>2I2V |:| ZZ — 212v -
- WZ — 3lv ]
|:| Z — 2| (Data) ]
I:I Top, WW, W+jets (Data) E

+ Data
EPJC 75 (2015) 511 |
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CMS Inclusive diboson cross section measurement @
= summary (I/11) WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

‘Compact Muon Solenoid

March 2017 CMS Preliminary
CMS measurements 7 TeV CMS measurement (stat,stat+sys) +——+—o——
vs. NNLO (nwo) theory 8 TeV CMS measurement (stat,stat+sys) +—+—e——
13 TeV CMS measurement (stat,stat+sys) —+—e——
arXiv.1504.01330 | yy ———o——— 1.06 £ 0.01=0.12 5.0 fb"
NNLO/NLO QCD k-factor ~ 1.2 | Wy, (NLoth,) ———o+—— | 116x0.03+0.13 5.0fb"
Zy, (NLO th,) o 0.98 £ 0.01+0.05 5.0fb"
Zy, (NLO th.) —— 0.98 £ 0.01+0.05 19.5fb"
WW+WZ ; | 1.01£0.13 +0.14 4.9fb"
ww H——o——i 1.07 + 0.04 + 0.09 4.9 fb™
ww bem 1.00 = 0.02 =+ 0.08 19.4 fb
Ww e ax 0.96 + 0.05 + 0.08 2.3 b’
wz ——o— 1.05 + 0.07 = 0.06 4.9 fb™
wz ———— 1.02 + 0.04 = 0.07 19.6 fb’
wz e ¢@=x  080=:0.06=0.07 23fb"
7Z->4: First dik 7z o — 0.97 £0.13 £ 0.07 4.9 fb" 1
7z ———— 0.97 = 0.06 = 0.08 19.6 fb’
UG 7z T0F e mX 11020042005 3591
2016 datase T T R
it p;}g J;%ggfgg‘,;ow Production Cross Section Ratio: 04y, / Oy,

ZZ->4] measurement statistical uncertainty: 6.5% (8 TeV) -> 3.3% (13 TeV)
Now, all diboson inclusive cross section measurements are already systematics dominated !

/_\ From theory side: NNLO QCD calculations

Experimental Improved ) .
constraints theory now available for all diboson processes,
v including differential calculations !
Senka Durié DIS 2017 5
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Inclusive diboson cross section measurement
summary (I1/11) WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

3 60 L T T T T :é\ T T T T T T

= e CMS =" 20— e CMS 47
N A ATLAS N - -

= MATRIX NNLO 4 N = CMS 2s2v
' 50 NNPDF3.0, fixed = u = (m,+m,) L_ MATRIX NNLO (qq+ag+gg) 4
D& MCFM NLO 4 = L NNPDF3.0, fixed = _=m, A
] S ]
NNPDF3.0, fixed w=u=7 (mz+ m,) g ] 15 _— MCEM NLO+gg N
- s . L NNPDF3.0, fixed y_=u_=m i
F 'R Z
40 — | o |
-
pp -> WZ - pp > 77

307 10

measurement with
2016 dataset !

20f

c arXiv:1609.05721 - S CMS-PAS-SMP-16-017

1 1 l 1 1 1 l 1 1 1 l 1 1 1 1 I\ I Il I Il Il Il ‘ Il Il Il ‘ Il Il Il
8 10 12 14 8 10 12 14
s (TeV) s (TeV)

Uncertainties in inclusive diboson measurements:

Syst/stat uncertainty w/o
Channel (fully leptonic) - Dominant systematic uncertainty source yst/ lumi (%) yw/

8 TeV uncertainty on background estimate 6.7/3.6
2z 13 TeV lepton/trigger efficiency 3.6/3.3
ww 8 TeV  higher order corrections, UE, lepton efficiency 5.3 (exp) + 5.2 (theory) / 1.5
Wy 7 TeV uncertainty on background estimate 10.8/2.2
Zy 8 TeV uncertainty on background estimate 48/1.0
Senka Duri¢ DIS 2017



CMS

Compact Muon Solenoid

1/ dold AD(Z,Z)

NNLO/NLO theory/data

Jet related observables allow direct probe of higher order
corrections €=» Differential measurements

0.5}

0.4 r

031

0.2

0.1

Look for differences of shape in sensitive observables

Absolute measurement: measurement of absolute cross

section per bin

Normalized measurement: measurement of shape
(significant cancelation of systematic uncertainties)

More possibilities with larger statistics: ratios of

production processes

CMS +—e—
NLO —
NNLO —
LHC @ 8 TeV
NNPDF3.0
arXiv:1601.06036
3 E ﬁ
!
I

0.5 1 1.5 2 25
AY(Z,2) [GeV]
Senka Duri¢

Expecting sizable
effect from NNLO
QCD and NLO QED
in high pT and
angular distributions
of the diboson
system

DIS 2017

Ratio to LO

Importance of differential cross section measurements

dow+z/dow-z WZ@LHC 8 TeV
26
24 [ LO arXiv:1703.09065
50 ~ ---- NLO o<
5 — NNLO -E
N g
18 |- e
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=== gl o Y el el 12
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CMS,

‘Compact Muon Solenoid

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

New differential measurements: zz->4l * @

ZZ->4l: First diboson me

with full 2016 data

Cross section measurement Fiducial requirements

Common requirements pil >20GeV, p2 > 10GeV, pgf”“ >5GeV,
7’| < 2.5, my+- > 4GeV (any opposite-sign same-flavor pair)
77 — 4l 60 < mz,, mz, < 120GeV
CMS Preliminary 35.9fb" (13 TeV) CMS Preliminary 35.9 fo'' (13 TeV)
E:zo.s;“l“‘l“‘l“‘l“‘l“‘l“‘l:"‘—é [ L L B B e el
8 ué L Data + stat. unc. ] ;,‘ —+—— Data +stat. unc.
-& C Stat. @ syst. unc. ] 8‘%102 [ BB stat. @ syst. unc. 1
05 s oL, - g E = ;z‘::faig:::.ucm E
... Shape comparison g9 E Shape comparison” . L .
- QCDNLO 18 L Qcp NLO ] * Possible indication of
L QEDLO J1a
g s L QEDLO softer p;* then
C Jwn F .
2l 18 | predicted by NLO QCD
C 18 L
e 4% I * Data elsewhere are well
e L R reproduced by the
% 15 % 15— . .
= simulation
&) o MG5_aMC@NLO+MCFM &) | g MG5_aMC@NLO+MCFM
s s = 1'5
ARZ‘I‘ZZ 0 50 100 150 200 25;;3—2 [Geva]ou

Senka Duric DIS 2017 8



CMS

mpact Muon Solenoid

Dominant 4l production at Z

/7 production modes

Dominant 4l production
above the Z resonance

resonance I q £~
) + small contribution from
a Z qq VBS production
Van
7(x) -
7(*)
AQ, Vas
q ot
_ 9 Higgs boson production s
/ ot q / =
1/ /
) / PLB 753 (2016) 552-572
- F T 7 j .I /I T T T T T ] *) 0~
% [ ATLAS Simulation , 0T 4] ’
G 101l iy 0 I
Q 10 . _ r — gg — 4l (total) = [0
R | gg > H—4l 3 g+
F, ol i =-- --._I--~--gg—>ZZ—>4I_‘
g107e - Tt
= F ¢ <--F-- -1, Vs=8TeV ]
© -3 i S Ve 7]
10°F 3 = E _
= E . o 3 Non-resonant .-
- K . :-I ] ”f‘
-4 i = g - - *
10 Ei__ Tt reraeeaeant - |§ ~ - Z( )
— - E f g—l—
¥ gu:Noaco Tk 3 &=
10-5'5_ e gg: LOQCD e
g | AT H: NNLO k-factor .';.5 70 -
90 200 300 400 1000
m,, [GeV] "
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WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

M,, spectrum is essential
for the study of the
different production

mechanisms !

+ VBF, VH, ttH higgs
production (<15% to higgs
production)

large destructive interference
of ggH with ggF processes (high
mass my)



CMS,

do/dm,, [fo/GeV]

‘Compact Muon Solenoid

dominated by the resonant
Higgs boson contribution

New differential measurements: zz->4l @

Cross section measurement

Fiducial requirements

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

ZZ->4l: First diboson me

with full 2016 data

Common requirements

pil >20GeV, p? > 10GeV, p* > 5GeV,
7’| < 2.5, my+- > 4GeV (any opposite-sign same-flavor pair)

TZoA b0z, g, <20

wos CMS Preliminary
CMS-PAS-SMP-16-017

ol

|

1 o5y
Tiig dmy,

Senka Duric

35.9fb" (13 TeV)

——+——— Data +stat. unc.
E Stat. ® syst. unc.

[ ] POWHEG+MCFM

MG5_aMC@NLO+POWHEG+MCFM

* Other then ZZ on-shell,
including contributions
from the Z and Higgs
boson resonances and
continuum ZZ production

 With full 2016 dataset

starting to be sensitive to
differences in shape

ifnulation ceec A i 2 Shape comparison E
T — gg — 4l (total) ?N} QCD NLO —
| i, e gg—H—4l 13 o~ EDL =
-2 -|__I _“_'gg_>zz_>4|__ E\$ Q O E
i E=8TeV je E
LA ot | _
R i g = POWHEG+MCFM 3
200 300 400 000 e
m,[GeV] i

DIS 2017

10°

My, [GeV]
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CMS

o

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

New differential measurements: wWz->3lv (8 TeV)

* Overall (non significant) higher yield in agreement with expected
NNLO QCD corrections (~11%) is observed

* Decrease in uncertainties needed to probe differences in shape

. CMS 19.6 b (8 TeV) CMS 19.6 fo™! (8 TeV) do/bin [fb[] I WZ@ILHC 8 T?V (ATLAIS data)
> E T T E — T T T TTr—r L S ™ T THT=Tr—T T ™ ™
@ - Data . > L -
5] L i§% - ] ) Data 1 | o e LO
S - i MadGraph ] ©) e ba@ 1L -
2 10" ?E -+ ; MCFM S 10 E*— m MadGraph — 10 "'"rﬂ-" === NLO 5,
NoF E — E i 10 F 3 — ey NNLO _;
) = j%% 1 =3 E — . &
= B 1 5 B ] _ i data &
¥ 10% = - 1 . <
Y 1 = 7 1 10°¢ | e
E 3 - N ? 10_2 - l _ T ey :8
10°E Absolute measurement 1 % F T g arXivi1703.09065 s

- . B B ] °

L ‘ ‘ ‘ i © L 1 ot bt i, - Ll [ a.
> 12 ;: MadGraph+Pythia normalized to o, o :; - Absolute measurement E d?/squ‘LO[ — — I ] T
Sls T E - = E - T 1
E 3 051 ;2*474.77I74-* “a H ; 107 E 141 y

T E E - | | | . 1
- 2 ? MCFM E - 2 ;MadGraph+Pythia normalized to o, o E |
s|l® 15 E E S|s 15 F 3
o|® E o  ——0—— E o|® E
£e oo 50 o —o0—— o TETEEe = = -
05 F = 05 F E [ 1
. L L L L - L L L L = L ORI SV W T SO SN TR ST S SN N SN T ST S MY PRI BT
0 50 100 150 200 250 300 50 100 150 200 250 0'80 50 100 150 200 250 o
pZ (GeV) P (Gev) Prz
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CMS

Differential measurements: WW (8 TeV)
importance of higher order corrections

o

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

s (GeV)

Uzero-jet measured (pb)

Ozerojet predicted (pb)

36.2 + 0.6 (stat) == 2.1 (exp) £ 1.1 (theo) £ 0.9 (lumi)
40.8 £ 0.7 (stat) == 2.3 (exp) £ 1.3 (theo) £ 1.1 (lumi)
44.0 £ 0.7 (stat) &= 2.5 (exp) £ 1.4 (theo) £ 1.1 (lumi)

36.7 4+ 0.1 (stat)
40.9 £ 0.1 (stat)
43.9 £ 0.1 (stat)

1 >20
>25
0.8 >30
)
8 08
S
[0}
‘§ 04r NLL+NLO =7 |
o arXiv:1507.02565 NNLL*“Etg ] Differential distributions show
' NNLO - good agreement with several

predictions from NLO
perturbative QCD calculations.
Some differences observed in
A, distributions.

—_

v o
=

ratio to NNLL

_

40

50 60
pr veto [GeV]

70

Due to large ttbar background WW measurement is performed
applying a jet veto (0- or 1-jet events only)
* Veto enhances the contribution of the soft gluons to the
pT(WW) distribution
 Jet veto efficiency is sensitive to higher-order QCD
corrections = Large theoretical uncertainty!

Senka Duri¢ DIS 2017

do(WW + 0 jets)/dAd,,

1
o

Theory / Data Theory / Data

Theory / Data

—_

_k
<

0.5
1.5

0.5
1.5

CMS

19.4 fo™ (8 TeV)

T T
-e- Data

-m- Madgraph
© MC@NLO
—&- Powheg

EPJC

——

|

76 (2016) 401

—
-

RN

Shape comparison

Madgraph+Pythia normalized to

T
[
.
"
.
.
.
[

\
*
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Onnio
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[OBNN

NS

NN

NNLO

05|
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NNLO ]
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». A Rare processes: Triboson measurements @

e WISCONSIN
First observation of triboson production: Zyy!
i 7 TeV CMS measurement (L < 5.0 fb™)
i 8 TeV CMS measurement (L < 19.6 fb™) 19.4 fb™' (8 TeV)
i 13 TeV CMS measurement (L < 2.7 fb™) > 18F-CMS ¢ Data
- Theory prediction g 16k Preliminary 7
v o N1l —
== CMS 95%CL limit E 14: AR [ ] other Multiboson
. c - I jet—y fakes
_8_ E va and Zvv- % 12F S5 Total uncertainty
1 05 ° d H d b 10“\\\ Muon Channel
&) Z Measurements dominate Yy
< 10% é systematic uncertainty on background
-% = A (jets misidentified as photons)
© 10°E |
w El R
95 s E E 80 100 120 140
D10 . pL7 [GeV]
o = New in Wyy: added electron channel
o d
= 10 @ \ CMS 19.4 fo" (8 TeV)
E | : : > 25F
o E | : : Triboson 3 W(—ev)yy ¢ Data
] Lo ‘ GYER ) = Wy
S 1 0 measurements S 5ok [_] Prompt diphoton
e ol 72 2 I Misidentified electrons
S 4H 5 : WVy->Ivjiy PRD 90 (2014) 032008 5 I Misidentified jets
Dt 10 E - Upper limit on cross section and aQGC measurement D 15 Total uncertainty
I - CMS-PAS-SMP-15-008, arxiv:1704.00366
10™ El : -i' Wyy->lvyy Cross section and aQGC measurement 10
a : : signal significance 2.60
10°°% Svvesl CMS-PAS-SMP-15-008
'WVy ' Zyy Wy e Observation: signal significance 5.90

80 100 120 140
Py [GeV]
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WISCONSIN
. j duction is domi d by O(a.?2) QCD
VV+2jets production is dominated by O(a?) QCD processes
*  EWK VV+2jets production is essential to probe the nature of the EWSB
VBS process: . . . .
P Tag jet * V|V, scattering linked to the mechanism responsible for the EWSB
u
W+
W W |74 w W
* R Vad HO
Y y + HO + -
rJJ\’\, {
u u w W w w
Tag jet HL-LHC prospects:
_ 14 TeV, 3000 fb™", PU = 140 200 14 TeV, 3000 fb", PU =140
% [ CMS Phase Il Delphes Simulation CMS Phase Il Delphes Simulation
e 2 . (O] 2500k 000
VBS characteristic signature: | leeenon [l Wz soor. I retepion [ WZeu
o L
. . . Al L WWocp wrongCharge WWaco wrongCharge
« Two high p; jets in the forward- P S .WW ) so0p- gww o)
1 c i aco N EWK™ 126 400 QcD N ewk g
backward region % 15000 - WWeu (OH ) —— WWey, (nOH,_ -Hyo § ook WWey (OH ) —— WWeyy (ROH.H, o)
.« qe . . N <t
* Large rapidity separation between jets = 000
(AT] jj) VBS selection, § 800 VBS selection, ..
. L. m;>850 GeV < 600 m;>850 GeV
* low hadronic activity in-between 2 0
U .....
* Large di-jet invariant mass (M;) 200 o jesssscs
1000 2000 3000 4000 5000 00 0.5 1 1.5 2 2.5 3
m; (GeV) A¢p
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EWK (QED) diboson production: results @
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

5 Jan 2017 CMS Preliminary
10— a S
o : : : : 3
— [ [ 7 TeV CMS measurement (L < 5.0 fb™) ]
© i [ 8 TeV CMS measurement (L < 19.6 fo™) T
c 10 : 3
g F ~———  Theory prediction ;
3 [ ]
0p] i :
w 1F i -
%) F : ; . . . ]
- L :
5107 i E
g |
3 [ a a w7/ ]
O o2 f
o107 E — E
10_3 E_ . . _E
I EWK qqW I EWK qq(2) I EWK qq(2) I = WwW I Tr—=WW I EW I EWK ss WW I EW I
W= lv 2 -1 @ -1 WW — vy WW — vl Wyjj WW — Iv Iv Zyjj
EWK measurements:
VV+2jets BT,
W i e e . FI.I“St evidence of EWK VV production
>V EWK signal significance 1.96 (exp 2.90) with 8 TeV data
Wy 51y CMS-PAS-SMP-14-011 * First observation for VV right around
v v EWK signal significance 2.70 (exp 1.50) the corner (With 13 TeV data) ?
sl CMS-PAS-SMP-14-018
y ->lly

Evidence: EWK signal significance 3.00 (exp 2.10)

Senka Duric DIS 2017 15



pa

CMS /| _ .
' Anomalous couplings as a search for New Physics? @

WISCONSIN
SM precision Anomal. [
omalous couplin .
P pling Specﬁc BSM model
measurements parameters (EFT....) oo
\0_\(\%5&( AN
N © oW we 003(\&
. _ . S © S
Search for deviation Breaking the SM relations (gauge W\© \)Q\ed eeds(e(\&\
1 ' — . . . 0
in the tails 23’ (13Tev) . iNVariance) leads to a theory with © \)O\ed“ ac® ©
§ C M S uv,WZ-category ' 1 idi (’0 Y\a S
,8_103 preliminary ¢ DataW—puv eﬁ:ectlve range Of Valldlty e(\ 8 g
S BN signal ¢, /%12 Tev? S Q
$10° Inclusive WV et J v B §
o : /' S «»
Q
10 / New Physics signal at v "V"‘\ _:\ _§.
: i 7 | M energy beyond direct Ny § 3
T . Q
o | || experimental reach - S
gég’_“%“;;;@el;ulslzuuss; /\cutoff ®
8° -2 CMS-PAS-SMP-16-012 max Lg
1000 1500 2000 2500 3000 3500 V V S >
M,y (GeV) (g §
(]
Parametrization: extend SM Lagrangian (effective Lagrangian or effective field theory) ® % %
with additional operators and anomalous parameters, measure parameters: 5 &
EFT: Loy — Legr = Lsy + Z oin—ﬂ % §
n=1 i Q

Senka Duri¢ DIS 2017 16



CMS, /| . . @
-~ Anomalous couplings: variety of measurements
— WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

CMS cMs-SMP-14-014  19.6 o' (8 TeV)

. . 104 F T T T T T T T T T T T T T T T T =
Measurements performed in numerous production channels: S F 4o | we | ]
. . . i COD --- WZ aTGC (Ak?=0.6) [ Non-prompt leptons ]
* inclusive diboson and triboson measurements TS - WZaTGC (ag”=-0.05) [l MC background
~ 103 3 WZ aTGC (A = 0.04) E
* EWK production offers a complementary test of anomalous 2 F
. (0]
couplings o f
. . . : . 10°
Limiting factor: observed statistics in the tail (primary), systematic
and statistical uncertainty on the signal/bkg model (secondary)
s .. . 10
No significant deviation of data from SM expectation is observed
CMS Preliminary  arXiv:1703.06095 193" (8 TeV) 10 100 200 300 400
> -~ Muon Data pZ (GeV)
E10° B SM WW.WZ Anomalous couplings T
=t [ gﬂets | . . f c CMS CMS-PAS-SMP-15-008 19.4 b (8 TeV)
g 90 oo result in a-n mcrea.se o £ 160" WCh)ry o paa =T
o 10 WW, 4, = 0.02 cross section at h|gh 2 1401 [ Prompt diphoton [l Misidentified electrons
E o % - Misidentified jets Total uncertainty
q>) energles Lﬁ 120~ --- Expected,%,’:SOTeV'4
W 10 B ) ) A
4 & ' > invariant mass of the 100 1nclusive Wyy
diboson system and
the boson p; are
particularly sensitive
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CMS,

‘Compact Muon Solenoid

Anomalous couplings: results
WISCONSIN

Y < | UNIVERSITY OF WISCONSIN-MADISON

LHC and LEP probing at different energies. Limits on parameters
(without the use of form factors) tighter then LEP results.
. . — -1 -
0008 —HS Ty =058, fs =1 oy
L o H - e, . . .
5 [ Inclusive 22 * Anomalous coupling sensitivity depends on the diboson channel
> L —_—— cre el . . . . .
% 002 ;o * Sensitivity is defined by the reach of diboson system invariant
% - ( [/ , = mass
m B . . . . . .
& SRR - Best sensitivity from channels with larger BR (semileptonic
h 0 A .
= I \ \\\ \) \\ Voo decays in boosted topology)
- \ - . . . . . . .
I N ] ) ] —> Large gain in sensitivity with increase of Vs
N — /
-0.002
N~ March 2017 CMS | |
L Expected68%CL. < /// N arch 20 ATLAS = Channel Limits JLat Vs
e e T Y I ATLASONS ——— i ZZ (#1212v)  [-1.56-02, 1.56-02] 46" 7TeV
[ " Obseved s i f, —_ 77 (41,212v)  [-3.8¢-03, 3.8¢-03] 20317  8TeV
- @ Bestil 1 — 77 (4)) [-5.06-03, 5.06-03] 196!  8TeV
-0.004 L L L L L L | — ZZ (212v) [-3.6e-03, 3.2e-03] 24.7 fp! 7,8 TeV
-0.004 -0.002 0 0.002 0.004 [ E—" 7Z (41,212v)  [-3.0e-03, 2.6e-03] 247" 7.8TeV
v — 2z (4) [1.3¢-03, 1.3¢-03] 359M" 13 TeV -
f4 ; | ZZ (41,212v)  [-1.0e-02, 1.0e-02] 9.6 fb! 7 TeV E )
. 4 v2 ; i 77 @212v)  [-1.36-02, 1.36-02] 46fo’  7TeV o
> :CMS‘ ‘re‘llrr?ln‘ary‘ T LI 3\'5\9 fb‘ (\13\ Te‘V:) f4 — ZZ (41,212v)  [-3.3e-03, 3.2e-03] 20.3 fb! 8 TeV : ()
) C ] | e—— ZZ (4) [-4.0e-03, 4.0e-03] 19.6fb" 8TeV = =)
9t oain 7 — 7z (22v)  [2.7e-03,3.26-03] 24717  7.8TeV -
8 L @ — ZZ (SHERPA) | — ZZ (41,212v)  [-2.1e-03, 2.6e-03] 24.7 b 7,8 TeV w 3
5 | = pprond o — - 77 (4)) [-1.2e-03, 1.1€-03] 359fb7 13 TeV - 0
= @22 | —_— ZZ (41,212v)  [-8.7e-03, 9.1e-03] 96f!  7TeV o Y
e F T ] i I I ZZ(@22v) [-1.6e-02, 1.56-02] 46f7  7TeV < E’
L N T [ X b 5 — ZZ (41,212v)  [-3.8e-03, 3.8e-03] 20.3fb" 8TeV
C 2, wwz ] —_ 7z (a)) [-5.0e-03, 5.0¢-03] 196" 8TeV
.......... . 4 [ e— | ZZ(212v) [-3.3e-03, 3.6e-03] 247" 7,8TeV
Inclusive ZZ — Z7(41212v)  [-2.66-03, 2.7-03] 247107 7.8TeV
10 = — h 77 (4)) [-1.2¢-03, 1.3e-03] 35917 13TeV
] b i 7Z(41,212v)  [-1.1e-02, 1.1e-02] 961"  7TeV
. i [ i ZZ @22v)  [-1.36-02, 1.36-02] 4617 7TeV
T 5 [ — | ZZ (41,212v)  [-3.3e-03, 3.3e-03] 20.3 b 8 TeV
— 1 —_ 77 (4)) [-4.0e-03, 4.06-03] 196" 8TeV
| | —_ 7Z (212v) [-2.9¢-03, 3.0e-03] 24717  7.8TeV
E — 77 (4122v)  [-2.2-03, 2.3¢-03] 247107 7.8TeV
3 — - ZZ (4l) [-1.0e-03, 1.2e-03] 359" 13TeV
- ! i 72 (#4122)  [9.10:03, 8.96-03] 9.6fb"  7Tev
o 1 | 1 1 1 | 1 1 1 1 1 1 1 1 1 | 1
P R B -0.02 0 0.02 0.04 0.06
02 04 06 08 ! aao? aTGC Limits @95% C.L.
.. Mmzz(GeV)
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Anomalous couplings: results

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC

WISCONSIN
- - - - ° UNIVERSITY OF WISCONSIN-MADISON
LHC and LEP probing at different energies. Limits on parameters
(without the use of form factors) comparable to LEP results.
March 2017 ATLSAS
f-:?'\‘}é?ue Do, - Channel Limits [Ldt Is
A —— WW -4.3e-02, 4.3e-02 467 7 TeV
o Kz — WW -2.5e-02, 2.0e-02 20.3fb" 8TeV
~ —— wWwW [-6.0e-02, 4.6e-02] 19.4 fpb! 8 TeV
o I i WZ [-1.3e-01, 2.4e-01] 33.6 b’ 8,13 TeV
S5 - I | Wz [-2.1e-01, 2.5e-01] 19.6fb" 8 TeV
< > WV -9.0e-02, 1.0e-01 461" 7 TeV
c g — WV -4.3e-02, 3.3e-02 5.0 fo™' 7 TeV
o . — WV [-2.3e-02, 3.2e-02] 19 b 8 TeV
- — WV [-4.0e-02, 4.1e-02] 231" 13 TeV
£ —e LEP Comb. [-7.4e-02, 5.1e-02 0.7 b 0.20 TeV
= N _ WW -6.2e-02, 5.9e-02 4617 7 TeV
7 — WW -1.9e-02, 1.9e-02 20.3 fb! 8 TeV
— WW [-4.8e-02, 4.8e-02] 4.9 fp! 7 TeV
e WW [-2.4e-02, 2.4e-02] 19.4fb" 8TeV
N — W2z [-4.6e-02, 4.7e-02] 46! 7 TeV
(- WZ -1.4e-02, 1.3e-02 33.6f' 8,13TeV
— W2Z -1.8e-02, 1.6e-02 19.6fb"' 8TeV s
o —_ WV [-3.9e-02, 4.06-02] 46"  7TeV =b =
< — WV [-3.8e-02, 3.0e-02] 5.0 fb™’ 7 TeV S o
= _ H WV [-1.1e-02, 1.1e-02] 19 fo'! 8 TeV co @
5 N — WV -3.9e-02, 3.9¢-02 231" 13 TeV Q ~
g L —e—i DO Comb.  [-3.6e-02, 4.4e-02 86f!  1.96 TeV 2 3
o = ——] LEP Comb -5.9e-02, 1.7e-02 0.7 fo™! 0.20 TeV - 0
gl te) A 7 — WW -3.9e-02,5.2e-02 4617 7 TeV w2
o £ g1 — WWwW [-1.6e-02, 2.7e-02] 203fb!' 8TeV - C
85 I i WW -9.5e-02, 9.5e-02 4.9 b 7 TeV o
- B —e—i WW -4.7e-02, 2.2e-02 19.4 fp! 8 TeV
o L —_— WZ [-5.7e-02, 9.3e-02] 4.6 b 7 TeV
= — W2z [-1.5e-02, 3.0e-02] 33.6f' 8,13TeV
E g — W2z [-1.8e-02, 3.5e-02] 19.6fb" 8TeV
= 0_ —_— WV -5.5e-02, 7.1e-02 46! 7 TeV
g 9 — WV -8.7e-03, 2.4e-02 19 fp! 8 TeV
- —_ WV [-6.7e-02, 6.6e-02] 23fb! 13 TeV
< —a—i DO Comb. [-3.4e-02, 8.4e-02] 8.6 fb‘1 1.96 TeV
. . . . e .  LEP Comb.  [-$.4e-02, 2.1e-02] 0.7 fo 0.20 Tey
0 0.5 1
. o
o B o 201 aTGC Limits @95% C.L.
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‘Compact Muon Solenoid

LHC Run2 is ongoing, so far ~40 fb! of data collected by CMS experiments
Variety of multiboson measurements performed: inclusive and differential cross sections

The present and the future of multiboson physics

o

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

* Measurements are pushing for more precise theoretical calculations (NNLO or 3NLO QCD, NLO

EWK, ...)

e Future prospects: increase in sensitivity to higher order perturbative corrections and different
production mechanisms, self-consistency check and combinations for anomalous couplings

Expect sensitivity for first observation of the diboson EWK production with 2016/2017 data
Significant increase of sensitivity for indirect search for New Physics (aTGC, aQGC)

Continue to probe the nature of EWSB !

LHC /HL-L

> Await for vast of new diboson results in next few months!

13 TeV B&H 13514 Tev

splice consolidation

injector upgrade
cryo Point 4
DS collimation
P2-P7(11 T dip.)
Civil Eng. P1-P5

2019

experiment upgrade

phase 1

2020 2026

upgrade phase 2

Senka Duric

http://hilumilhc.web.cern.ch/about/hl-lhc-project

DIS 2017

Looking forward: HL-LHC (starting 2023)
HiLumi Y

HL-LHC PROJECT

Observation of V|V, scattering?

14 TeV

5t07x
nominal

luminosity

energy

integrated
luminosity
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] ATLAS

Z->4]

2Z2->4]

2Z2->212v

Zy->lly

Zy->vvy

WW->lviv

WZ->3lv

WV->lvjj

Diboson inclusive measurements: overview

8 TeV
PRL 112, 231806 (2014)

PLB 753 (2016) 552-572,
JHEPO1 099 (2017)
Cross section, differential, aTGC

JHEPO1, 099 (2017)
Cross section, differential, aTGC

PRD 93, 112002 (2016)
Cross section, differential and aTGC
measurement

JHEP 09 (2016) 029 (WW+0jet)
Cross section, differential and aTGC
measurement
PLB 763 (2016) 114 (WW+1jet)
Cross section measurement

PRD 93, 092004 (2016)
Cross section, differential, upper limit
on EWK WZ, aTGC, aQGC
measurement

13 TeV

PRL 116, 101801 (2016)
Cross section

arXiv:1702.04519
Cross section

PLB 762 (2016) 1 (3.2 fb-1)
Cross section, differential (Njets)
ATLAS-CONF-2016-043 (13.3 fb-1)
Cross section, differential and aTGC!

cMs
8 TeV

PLB 740 (2015) 250, CMS-PAS-SMP-15-012

Cross section, differential and aTGC
measurement

EPJC 75 (2015) 511
Cross section and aTGC measurement

JHEP 04 (2015) 164
Cross section and aTGC measurement

PLB 760 (2016) 448
Cross section and aTGC measurement

EPJC 76 (2016) 401 (WW+0- or 1-jet)
Cross section, differential and aTGC
measurement

CMS-SMP-14-014, arXiv:1609.05721
Cross section, differential and aTGC
measurement

arXiv:1703.06095
aTGC measurement

* Large cross section of multiboson production at LHC in pp collisions
* Clean signature and small branching ratio for vector bosons decaying leptonicaly
* Not clean signature but large branching ratio for hadronic decays

Senka Duric

DIS 2017

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

13 TeV
PLB 763 (2016) 280,
CMS-PAS-SMP-16-017%
Cross section, %

differential and aTG

CMS-PAS-SMP-16-004
Cross section

CMS-PAS-SMP-16-006
Cross section

arXiv:1607.06943
(CMS-PAS-SMP-16-002)
(2.3 fb-1) Cross section

CMS-PAS-SMP-16-012
aTGC measurement

22



Triboson and rare processes measurements: overview
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

TS s

PRD 90 (2014) 032008

WVy->lvjiy i Upper limit on cross section and aQGC measurement
PRL 115, 031802 (2015) CMS-PAS-SMP-15-008, arxiv:1704.00366
Wyy->lvyy Cross section (inclusive and exclusive) and aQGC measurement Cross section and aQGC measurement
8 TeV Evidence: signal significance >3c0 signal significance 2.60
Zvv-sil PRD 93, 112002 (2016) CMS-PAS-SMP-15-008
Yy->lvy Observation: signal significance 6.30 Observation: signal significance 5.90

. ATLAS-STDM-2015-07
SIS Upper limit on cross section and aQGC measurement i

ATLAS s

7 TeV -
JHEP 08 (2016) 119
Wo-Syy->
ww |>W Iviv PRD 94 (2016) 032011 Evidence: signal significance 3.4c (exp 2.80)
8 TeV exclusive Evidence: signal significance 3o aQGC measurement

aQGC measurement, search for exclusive Higg production

For the first time, evidence and observations of triboson and exclusive WW production!

Senka Duric DIS 2017 23



VBS measurements (VV+2jets) ATLAS

PRL 113, 141803
Cross section (EWK, EWK+QCD) and aQGC measurement
Evidence: EWK signal significance 3.60 (exp 2.80)
arxiv:1611.02428
Updated aQGC limits

EWK W:W* ->lviv

EWK Wy ->lvy B,
8 TeV
STDM-2015-21
EWK Zy ->lly Cross section (EWK, EWK+QCD), aQGC measurement
EWK signal significance 2.0o (exp 1.80)
Phys. Rev. D 93, 092004 (2016)

ezl Cross section (EWK, EWK+QCD) measurement
EWK WV->Ivjj PRD 95 (2017) 032001

aQGC measurement

VBF measurements (V+2jets) ATLAS

JHEP 04 (2014) 031
EWK Z(1I) Cross section (EWK) and aTGC measurement
Observation: EWK signal significance ~50 ()
8 TeV arXiv:1703.04362
EWK W(Iv) Cross section (EWK, EWK+QCD), differential (EWK, EWK+QCD),

aTGC measurement
Observation: EWK signal significance >50

] EWK results: overview

¢\

PRL 114 (2015) 051801
Cross section (EWK+QCD) and aQGC measurement
EWK signal significance 1.90 (exp 2.90)

CMS-PAS-SMP-14-011
Cross section (EWK, EWK+QCD) and aQGC measurement
EWK signal significance 2.70 (exp 1.50)

CMS-PAS-SMP-14-018
Cross section (EWK, EWK+QCD) and aQGC measurement
Evidence: EWK signal significance 3.00 (exp 2.10)

PRL 114 (2015) 051801
Cross section (EWK+QCD) measurement

cMS

EPJC 75 (2015) 66
Cross section (EWK) measurement
Observation: EWK signal significance ~50

CMS-PAS-SMP-13-012, arXiv:1607.06975
Cross section (EWK) measurement
Evidence: EWK signal significance ~4o

+ some measurements also with 7 TeV !

Senka Duric DIS 2017
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LHC experiments
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CMS

Compact Muon Solenoid

HCAL
ECAL
Tracker |n| < 2.5

CMS experiment

Inl<5 SILICON TRACKER
Pixels (100 x 150 pm?)

In| <3.0 ~Im  66M channels
Microstrips (50-100um)

Pixe|5 Muons |n| <24 ~210m? 9.6M channels

Tracker
ECAL
HCAL
Solenoid

Muons

STEEL RETURN YOKE
~13000 tonnes

Total weight
Overall diameter
Overall length

: 14000 tonnes
:15.0m
:28.7m

SUPERCONDUCTING
SOLENOID
Niobium-titanium coil
carrying ~18000 A

HADRON CALORIMETER (HCAL)

Brass + plastic scintillator

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Measurement made within
Tracker acceptance |n| < 2.5

CRYSTAL EL OMAGNETIC
CALORIMETER (ECAL)
_ 76k scintillating POWO, crystals

PRESHOWER
Silicon strips
~16m? 137k channels

FORWARD
CALORIMETER
Steel + quartz fibres

MUON CHAMBERS
Barrel: Drift Tubes & Resistive Plate Chambers
Endcaps: Cathode Strip Chambers & Resistive Plate Chambers



‘Compact Muon Solenoid

CMS, @
s LHC performance
> | WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC

60 T T T T 60
= == 2010, 7 TeV, 45.0 pb! .
: 5011 7TeV 6.am * Wonderful performance of LHC accelerator in past
>, 30 — 2012, 8 TeV, 23.3 ! 130 years
= = 2015, 13 TeV, 4.2 b}
_g a0t 2016, 13 TeV, 41.1 1 ! la0
E » Large amount of data collected by ATLAS and CMS
%' 301 12° experiments of proton-proton collisions at a center-
[ |20 of-mass energies of Vs =7, 8 and 13 TeV
o
£
5 o {10 » Huge amount of measurements performed,
e | g . including milestone discovery of Higgs boson !

o 0
3 Q) o AR SRS log oY e<
AN SR LA Pl AP PN

Date (UTC)
TRACKER
== CRYSTALECAL  1ota) weight : 12500 T
‘ MS Overall diameter : 15.0 m
- Overall length 215 m
: Magnetic field : 4 Tesla
{ i PRESHOWER
RETURN YOKE
SUPERCONDUCTING
MAGNET
' FORWARD

CALORIMETER

HCAL
MUON CHAMBERS
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‘Compact Muon Solenoid

ZZ normalized differential with full 2016 data
WISCONSIN

CMS Preliminary 35.9 fb™ (13 TeV) CMS Preliminar 35.9 b7 (13 TeV) CMS Preliminary 35.9 b (13 TeV) UNIVERSITY OF WISCONSIN-MADISON
B En e — — : LR — e

o T T L B e T T B O 5 e e s s | = ? I L IS A o o e o e e =
=5 3 v 05— — B F ; 3
g8 g F 1 ek 7 CMS-PAS-SMP-16-017
3 y L [ —#— paasstatunc. 3 [ —#— Data+stat. unc. — I -
& F E 7 Stat. @ syst. unc. & - Stat. @ syst. unc. B §= ‘ £ ] 7
- ["] POWHEG+MCFM °© 05; [ ] POWHEG+MCFM I t"; [ POWHEG+MCFM
- MG5_aMC@NLO+MCFM s MG5_aMC@NLO+MCFM 1 -I& MG5_aMC@NLOSMCFM
L 04— — 10°
03— -
02— ]
10— - J 10—
0.1 £
T L v Lo b g e e
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o o E )
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= s F E
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= s E
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CMS Preliminary 35.9 fb (13 TeV) CMS Preliminary 35.9 b (13 TeV) CMS Preiiminary 35.9 b (13 TeV)
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08 F Ripalcp 4% T .
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‘S‘:E:;‘O,z L ) stat. ® syst. unc. | 8‘1;;; B Stat. © syst. unc. 106 L Data i
_‘ 2 C ] POWHEG+MCFM .| _‘ 2 [ POWHEG+MCFM — '_:\‘ L |
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L ] [ 3 = 2e2u .
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qg->4l: NLO in QCD with Powheg/aMC@NLO_MG5

gg->4l: LO

gg->ZZ: LO with MCFM

New differential measurements: zz

CMS Preliminar: 35.9fb” (13 TeV)
>500 T T 1T T T | T | T T | T T ‘ T T ‘ T T ‘ T 1T 1]
[ aaadl i
(O i
Te) B Ml —+— Data |
N Jr [ 1qa—-2Z2y |
~
D400 B g9 - 2Z,Zy* —
c [ 1ZZ+2jetsEWK | -
e r [ IH-2z .
w - [ tiz, wwz .

300; I z+X ;
200 —
100— —
0_ | | ] | - ‘ | l L1
0 100 200 300 400 500 600 700 800
my, (GeV)
Senka Duric

scaled to NNLO (k-factor=1.1)

scaled to NLO (k-factor=1.7)
EWK ZZ production in association with two jets is generated with PHANTOM
gg->H->ZZ: NLO with POWHEG 2.0

scaled to NNLO (k-factor=1.7)

x10

1
GeV.

[

1

doyg
Ofig dmge

Data / MC

Data / MC

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

CMS-PAS-SMP-16-017

35.9 b (13 TeV

~

20"

+ CMS Preliminary
T

|

Data + stat. unc.

[ ] POWHEG+MCFM

Stat. ® syst. unc.

MG5_aMC@NLO+POWHEG+MCFM

Shape comparison

QCD NLO
QED LO

I\I‘\I\‘\\I‘\I\l\\I‘\I\‘\\I‘\I\l\\l‘\l\l

III‘HH

POWHEG+MCFM

10°

my, [GeV]
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CMS !

ZZ normalized differential with full 2016 data
Table 4: Fiducial definitions for the reported cross sections. The common requirements are
applied for both measurements.

Cross section measurement Fiducial requirements
Common requirements pl% > 20GeV, pf}z >10GeV, p?"‘ >5GeV,
In| < 2.5, my+p- > 4GeV (any opposite-sign same-flavor pair)
Z— 4/ mz, > 40GeV
80 < myy < 100 GeV
77 — 4/ 60 < mz,,mz, < 120 GeV
Uncertainty Z—40 Z7Z — 4
Lepton efficiency 6-10% 2-6%
Trigger efficiency 2-4% 2%
MC statistics 1-2% 0.5%
Background 0.6-1.3% 0.5-1%
Pileup 1-2% 1%
PDF 1% 1%
QCD Scales 1% 1%
Integrated luminosity ~ 2.6% 2.6%
Taa(pp — Z — 4£) = 29.7 + 1.4 (stat) "33 (syst) & 0.8 (lumi) b,
0aa(pp = ZZ — 4¢) = 42.2 + 1.4 (stat) " 1S (syst) £ 1.1 (lumi) fb.
o(pp = ZZ) =178 £0.6 (stat)J_”g:Z (syst) = 0.4 (theo) = 0.5 (lumi) pb.
Senka Duri¢ DIS 2017
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VV EWK with scattering

51 q a3

fl . . VV EWK w/o scattering
Vi
Vi Vi _ Vi ~ w V3 _ @ 0 aQ fi
V. _
3 ;1 + ‘/3 ;1 + ;1 fl ‘/2 fl
v K 2 v 2 S 2 V2 A as
fo 2 fo Vi ; + Vi .
% Q @ @ @ O Vs 2 B ¢
f A f2
q3 q1 q3 q2 q4 q2 f2
fi fi
iy
fi + ] o fi
f2 ; fe
_ & Va _
fa fa
qa q2 qa

eS| o . @
EWK production via vector boson scattering
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Vv QCD

¢ g3 a1 f g a3 a g
fi ™ h % .*—Q fi fi
g " f + g % -+ A V2 f + W f
Vs fa e (4 Vs fa fa

; AT —'-5 ; S Ry
2 2 2 2

q2 qa g2 fz g &99 44 g q2

Probing the nature of the Electroweak Symmetry Breaking (EWSB)!
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aTGC couplings: variety of measurements
WISCONSIN

IIIIIIIIIIIIIIIIIIIII ~MADISON

Future Prospects

* Full 2016 data will provide significantly 10 WLEP-2(WW)
stronger limits than our 8 TeV results :fégl,g_sz+Higgs
0.5
* Combination of anomalous coupling
limits using inclusive diboson W 00l - )
measurements and Higgs measurements ‘
(and ATLAS and CMS combination) ~09 ‘
<> Improvement in sensitivity _, , Falkowski et a, 1508.00581
-15 -1.0 -0.5 0.0

ng,z
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. | Anomalous couplings: results

WISCONSIN
LHC and LEP probing at different energies. Limits on parameters

(without the use of form factors) comparable to LEP results.

Future prospects under discussion:
Self-Consistency Check

* perturbativity of physical expansion
* deriving limits with extra cut on Vs < M5
- limits in the (c,M) plane

Combination of anomalous coupling limits with
Higgs measurements

- Improvement in sensitivity

V3 Vi H Vs
Limits are set on ¢"W/A" = probing energies of A=cM/limit . e
In the limit of strong coupling (c;=4n) = limit on Aup to 2 TeV ! > Vi
Senka Burié DIS 2017 33
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Compact Muon Solenoid

WW CMS 8TeV
WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

EPJC 76 (2016) 401

Source Uncertainty (%)
Statistical uncertainty 1.5
Lepton efficiency 3.8 * jet counting model uncertainty includes the
Lepton momentum scale 0.5 renormalization and factorization scales, and underlying
Jet energy scale 1.7 event uncertainties
ET"® resolution 0.7
tt-+tW normalization 2.2
W +jets normalization 1.3 —— ——
_ .. zero-jet category one-jet category
Z/ ’)’* — ¢*¢~ normalization 0.6 Process Different-flavor Same-flavor Different-flavor ~Same-flavor
Z/")/* — 71T~ normalization 02 qq > WTw~ 3516 +271 1390 + 109 1113 +£137 386 +49
W normalization 03 gg — WHW~ 162 £ 50 91 428 62+ 19 2749
7* ~atit : WTW- 3678 +276 1481 £ 113 1174139 413 +50
Wv* normalization 0.4 77 +WZ 84+10 89£11 86+ 4 02+2
VV normalization 3.0 \A'AY 33+17 17+9 28+14 14+7
- . top quark (Br.ag) 522 + 83 248 +26 1398 + 156 562 + 128
+ P q t-tag
H — W™W™ normalization 0.8 Z)yt — 0 38+4 141+ 63 136 + 14 65+ 33
Jet counting theory model 4.3 Wy* 54422 1245 18£8 342
PDE 12 Wey 54+ 20 20+8 36+ 14 9+6
s . : W + jets(e) 189 + 68 46417 114441 1646
MC statistical uncertainty 0.9 W +jets(p) 81 +40 1949 63 + 30 1748
o Higgs boson 125+ 25 53+ 11 75+22 2+7
Integrated lum1n081ty 2.6 Total bkg. 1179 £123 643 £ 73 1954 £ 168 749 + 133
Total uncertainty 7.9 WTW~ +total bkg. 4857 +302  2124+134  3128+217 1162+ 142
Data 4847 2233 3114 1198
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CMS-PAS-SMP-16-006 1 — . ‘ ‘ . .
Uncertainty source Propagation to cross section (%) WW @8T
Experimental uncertainties 4.9 08
QCD scales and higher order effects 3.2
PDFs 0.4 S o6l
Underlying event and parton shower 3.7 3
Non-prompt normalization 3.0 §
Top-quark normalization 2.0 © 04 NLL+NLO
Wv* normalization 0.3 NNLL+NNLO ]
Simulation and data control regions sample size 1.4 0.2 3 N’:l::g M
Total systematic uncertainty 74 ‘ approx. NNLL+NLO - - -
Total statistical uncertainty 5.0 0 : : : :
Luminosity 3.0 412 % |
Total uncertainty 9.5 %1 1k b
S T A SRR AE
B . —

10 20 30 40 50 60 70 80 90 100
pr veto [GeV]

* reweghting the spectrum obtained using POWHEG to the analytical prediction obtained using the pT-
resummation at next-to-next-to-leading logarithm precision
* uncertainties in the theoretical modeling of the signal efficiency are estimated by varying independently
the resummation, the factorization, and the renormalization scales in the analytical calculation of the
pTWW spectrum
* The uncertainty in the efficiency of the gg > W W component is determined by the variation of the
renormalization and factorization scales in the theoretical calculation of this process. The propagation of
these uncertainties in the signal acceptance, together with the effect of scale variations in the
background simulations, yield an uncertainty of 3.2% in the measurement of the W+W- cross section.
* Experimental uncertainties: lepton reconstruction and identification efficiencies, efficiency to discriminate jets
from b-quarks and jets from light quarks, uncertainties in the electron and muon energy scales, jet energy
scale, and Emiss energy scale and resolution
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* This measurement is performed at relatively low WW pT.

* This region cannot be properly simulated by a fixed-order MC because of the importance of
large log(pTWW/mWW) terms. There are analytical calculations available that resum these
logs: arXiv:1507.02565 (NNLL + NNLO), arXiv:1407.4481 (NLL + approx NNLO).

*  We use the WW pT as a proxy for these corrections and reweight the POWHEG events
comparing the out-of-the-box distribution with the result of the most precise (NNLL + NNLO)
analytical calculation.
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arXiv:1507.02565

2500

NNLL+NNLO — 100 1 ! ' ' NNLL+NNLO —
NNLO -+ NNLO -+
2000 | finite NNLO -~ -
§ 3 W'W @ 8 TeV 3
£1500_H.‘.H SN WU SRR S ] £
:;‘ ; §1o-~
21000 f 2 ™
& &
k) ©
o] o]
1 N
L OO WSRO T3 Sorivie Fievtimsisstrsons SOOI WAoo 1"_ “““““ ! 1 1 |
S14f Q. [ ' : '
> Z1-1 S _'_‘—__,—\_"‘_‘_‘_\_’_\_’_‘_’— — — —
Zq0l e z
91.2 r_'_'_’__.—-——-—'“-—— S D E — . ; . B e I e S O O =
,g 1F : - - s go_g L _— . -
908 908 1 1 1
) 10 20 30 40 50 60 70 80 ~ 100 150 200 250 300 350 400
pr(W*W) [fb] pr(W™W) [fb]

(a) (b)

Figure 5: The transverse-momentum spectrum of the W+W ™ pair at NNLL+NNLO (a)
in the low-pr region and (b) at high transverse momenta. The NNLL+NNLO result (red,
dashed) is compared to the fixed-order NNLO prediction (grey, dash-dotted) and to the

finite component of Eq. (magenta, dash-double dotted). The lower insets show the
NNLL+NNLO result normalized to NNLO.
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CMS-SMP-14-014, arXiv:1609.05721
Source Vs =7TeV Vs =8TeV
eee eey upe UUU  eee eeyu upe UUU 5 O T 1 71 ]

Renorm. and fact. scales 13 13 13 13 30 30 30 30 =  ° "R /
PDFs 14 14 14 14 14 14 14 14 ? r MATRIX NNLO 1 I/;
Pileup 03 05 1.0 06 02 04 03 02 o 2Of NP 0 gt =ty 2 Mt A
Lepton and trigger efficiency 29 27 20 14 34 25 25 32 © [ T weoRomedy=p=tmem) P ]
Muon momentum scale — 06 04 11 — 05 08 13 k < ]
Electron energy scale 19 08 12 — 14 08 08 — ]
EIT’rliss 37 34 43 37 15 15 16 12 ]
ZZ cross section 05 09 06 09 01 01 01 01 ]
Z7y cross section 00 00 01 0.0 02 00 02 00 1
tt and Z+jets 27 65 63 60 46 72 61 77 ]
Other simulated backgrounds 02 02 09 02 1.0 11 11 1.0 §
Total systematic uncertainty 6.1 78 81 72 70 86 77 92 %
Statistical uncertainty 135 139 131 110 77 72 64 52 14
Integrated luminosity uncertainty 2.2 22 22 22 26 26 26 26

Sample eee eep uue UUU Total

Vs =8TeV; L =19.6fb "

Non-prompt leptons 184 +£127 320+21.0 544+330 6244377 167.1+558

77 21+03 24+04 32+05 47 +£0.7 123 £ 1.0

Zey 34+13 04+04 52+1.8 0 91+£22

Wo* 0 0 28+1.0 28+1.0

vvv 6.7 £22 8.7+28 11.6 £ 3.8 148 £5.1 419+73

Total background (Npkg) 30.6 £13.0 43.5+212 744 +333 8474381 23324563

Wz 2111 +£16 2621 +18 346.7+21 4478+24 1267.7+4.0

Total expected 241.6 £13.1 305.7 £21.3 421.0+33.3 53244382 1500.8 +56.5

Data (Ngps) 258 298 435 568 1559
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TS s

PRD 90 (2014) 032008

WVy->lvjiy i Upper limit on cross section and aQGC measurement
PRL 115, 031802 (2015) CMS-PAS-SMP-15-008
Wyy->lvyy Cross section (inclusive and exclusive) and aQGC measurement Cross section and aQGC measurement
8 TeV Evidence: signal significance >3c0 signal significance 2.4c
Zvv-sil PRD 93, 112002 (2016) CMS-PAS-SMP-15-008
Yy->lvy Observation: signal significance 6.30 Observation: signal significance 5.90

. ATLAS-STDM-2015-07
SIS Upper limit on cross section and aQGC measurement i

ATLAS s

7 TeV -
JHEP 08 (2016) 119
Wo-Syy->
ww |>W Iviv PRD 94 (2016) 032011 Evidence: signal significance 3.4c (exp 2.80)
8 TeV exclusive Evidence: signal significance 3o aQGC measurement

aQGC measurement, search for exclusive Higg production

For the first time, evidence and observations of triboson and exclusive WW production!
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Phys. Rev. D 89 (2014) 092005

Table 7: Summary of systematic uncertainties in the measurement of W+ cross section, sep-
arated into the main groups of sources for the evy and pv7y channels. “n/a” stands for “not

applicable”.
evy wvy
Source (Group 1) Uncertainties Effect from Niig
e/ energy scale (e: 0.5%; v: 1% (EB), 3% (EE)) 2.9% n/a
<y energy scale (1% (EB), 3% (EE)) n/a 2.9%
i pr scale (0.2%) n/a 0.6%
Total uncertainty in Niig 2.9% 3.0%
Source (Group 2) Uncertainties Effect from Fg = As - €5
e/ energy resolution (1% (EB), 3% (EE)) 0.3% n/a
<y energy resolution (1% (EB), 3% (EE)) n/a 0.1%
 pr resolution (0.6%) n/a 0.1% . . . . .
Pileup (hif ileup disrbution by £ 5%)  24% o The uncertainty in the modeling of the signal is taken
Modeling of signal 5.0% 5.0% from the difference in acceptance between MCFM
Total uncertainty in Fs = As - €5 5.6% 5.1%
Source (Group 3) Uncertainties Effect from pef an d M A DG R A P H p re d Ictl ons
Lepton reconstruction 0.4% 1.5% *
Lepton trigger 0.1% 0.9%
Lepton ID and isolation 2.5% 0.9%
Fr selection 1.4% 1.5%
< identification and isolation (0.5% (EB), 1.0% (EE)) 0.5% 0.5%
Total uncertainty in pe 2.9% 2.5%
Source (Group 4) Effect from background yield
Template method 9.3% 10.2%
Electron misidentification 1.5% 0.1%
MC prediction 0.8% 0.5%
Total uncertainty due to background 9.5% 10.2%
Source (Group 5)
Luminosity 2.2% 2.2%
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