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+ Physics motivation
* VBS final states
x Covered in Bo Liu’s talk

+ [ri-boson final states
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Physics Motivation

W
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Triboson: WWW

W=W=W* — (=v(*v{Tv and WW=WT — (Fv{(*v]j

4% W W
Sw
|44 ‘7 |~v* | H o W
W
W W W
LO processes
Dominant background from WZ/y* + jets process Eur. Phys. J. C 77 (2017) 141
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https://link.springer.com/article/10.1140/epjc/s10052-017-4692-1

WWW: Event Selections

Iviviv: split based on number of same-flavor, opposite-sign lepton (SFOS) pairs
Exactly three charged leptons with p; > 20 GeV
| D3 - q)meissl >25
Z boson veto (different mass window depending on channels)
Jet veto and b-jet veto
m, > 20 GeV E;miss > 45 GeV E;Miss > 55 GeV
Ivlvjj: split based on lepton flavor
' Same-sign channel has much better
Exactly two same-charge leptons with p; > 30 GeV Drell-Yan suppression
At least two jets with p; > 30/20 GeV and |n| < 2.5
m, > 40 GeV, 65 < mjj < 105 GeV and |dn(jj)| < 1.5
E;miss > 55 GeV
Z boson veto

No third lepton and no b-jets
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WWW: Background Estimation

+ Background with prompt leptons estimated using simulated events
« WZ/y* + jets, diboson, other triboson, 71V,

+ Charge-flip background (occurs primarily from hard bremsstrahlung
photon conversion)

+ Charge-flip rate estimated using Z—>ee events

+ Fake background

+ Ivlvlv: estimated with tag-and-probe method
+ “Tag” lepton to identify the event
+ “Probe” lepton to study the probabilities of prompt or non-prompt leptons to satisfy the
signal lepton selections
+ |vIvjj: fake factors calculated with events containing one signal lepton and one
“lepton-like” jet
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WWW: Systematics

Source of uncertainty

tvlvly

Signal (%)

Background (%)

Cvbvjj

Signal (%)

Background (%)

Lepton ID, E/pt scale
and resolution

niss . :
EF"™ modelling
b-jet identification

Jet ET scale and
resolution

Fake-lepton background
Charge-flip background
Luminosity

Pile-up estimate
Trigger efficiency
Normalization factor

Statistical

1.6

1.1
0.3
2.3

1.8

1.4
0.3
2.8

13
0.04
1.6
0.6
0.1
8
3.2

1.9
0.6
0.1
0.0
2.7

Dominant systematics from jet
energy scale and resolution, and
fake-lepton background
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WWW: Cross—sectlon Measurements

>2O

%ATLAS +\I/3va\;vaw i
= 18;— 's=8TeV, 203 " Wz =
- . B [OF M =tweree =¥ Contributions from aQGCs also
* Predlptlon agrees W|th.observed g 14 orasrosar =% = shown in plots
data in all 6 signal regions o wrmores =v" NoON-unitarized case (Agg = )
E fy /A*=-6000 TeV* —
L e | = shown here as example
2 Observe.d. (expecteo_l) significance i =+ Two different sets of s /A% and
of a positive signal is 0.960 2. 2 fs,/ N configurations
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December 20, 2017 Bing Li 8


https://link.springer.com/article/10.1140/epjc/s10052-017-4692-1

+ aQGC events generated with VBFNLO at LO and scaled to

NLO pr

ediction

WWW: aQGCs

ATLAS
fs=8TeV, 203"
WWW = Wivjj+iviviv
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https://link.springer.com/article/10.1140/epjc/s10052-017-4692-1

Triboson: WVy (V =W, Z)

q W q 474 q
1474
W/z W/Z Y
, , 7 : Wiz
q gl q q
Produced through QGC Produced through radiation
Fully leptonic channel (WWYy only) and semi-leptonic
channel
v" Dominant background for leptonic channel: l‘t_’y
v" Dominant background for semi-leptonic channel: Wy* + jets Eur. Phys. J. C 77 (2017) 646
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https://link.springer.com/article/10.1140/epjc/s10052-017-5180-3

WVy: Event Selections

1 electron and 1 muon 1 electron or 1 muon
Opposite charge
No 3" |epton No 2nd |epton
At least 1 isolated photon
O jet At least 2 jets, O b-jet
Missing E; > 15 GeV Missing E; > 30 GeV
m, > 50 GeV m; > 30 GeV

December 20, 2017
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Fully leptonic channel

v" Only ey channel

v' Same-flavor channels are not included as they
have large background

Semileptonic channels

v' Profits from larger hadronic branching ratio of
W/Z decays

v 1 channel not included
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WVy: Background Estimation

evuvy: signal region

Semileptonic channel: signal region

Process Electron Channel Muon Channel
Wy + jets 324 +11 407 £ 11
Fake y from jets 82+ 7 117+ 9
Fake ¢ from jets 57+ 6 27+ 5
tty 35+ 6 46+ 7
Fake y from e 33+12 3+ 1
Zy + jets 19+ 4 20+ 3
WV (t contribution) <1 <1
Total background 552 +38 621 +31
Expected signal 14+ 2 18+ 2
Data 490 599

Process Events
1ty 41+19
Zy 27+1.2
WZy 2.7+0.6
Fake v from e 2.3+0.6
Fake y from jets 1.7 i?z
WWrwy (t contribution)  1.0+0.1
Wt 0.3+0.1
ZZ 0.2+0.1
Fake u from jets 0.1+0.1
Fake e from jets 0.0 ig:g
Total background 15.1+4.1
Expected signal 122+1.1
Data 26

December 20, 2017

Estimated with 2D sideband method
Others directly from simulation, or with simultaneous fit

Bing Li
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WVy: Cross-section Measure

v Fiducial cross section measured in fully leptonic channel

v Expected significance: 1.60
v' Observed significance: 1.40 Eur. Phys. J. C 77 (2017) 646

v" QCD NLO cross section predicted by VBFNLO

EVUVY
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limit [fb] limit [fb] Ttheo [fD] 102 L [ Fake 7 from jets evivy signal region §* =2
‘ 0o E [/ Other backgrpunds : 3
Fully leptonic ~ evuvy 3.7 2175 20+£0.1 - |:| Isza/'xgczeftféggmv . ]
evjjy 10 1619 2.4+0.1 10 $ E
Semileptonic 4 v jy o 107 g 59401 e e A S -
.. 34 |
tvjjy 6 8.4%3% 23+0.1 e =
Prediction from VBFNLO at particle level S 10" = ; ; ; ——
. .
Gy S [ -
a 0 L Ll L. L ]I .
20 40 60 80 100 120
E}[GeV]

December 20, 2017

ments

$ 10 aTLas e Data E
@ 104 :_ Vs=8Tev, 202" [ Wy+jets _:
42 = evijy signal region [ Fake v from J-etS 3
S ol Bl Fake e from jets B
@ = [ Other backgrounds E
- C_Iwvy N
[ Total uncertainty E

fro/A*=1374TeV*:

10 : i

1 -—._I ¢ 9 E

1 1

Ll — T m NI 1]

'8'15“‘\““\""\"\“\“‘w"'\"'\
R

©

R -1 =
50 100 150 200 250 300 350 400

El [GeV]

> L L L L
& 10 amLas e Data E
8 L e-sTev.202n’ ] Wytets B
42 E uvjjy signal region |:I Fake y from J'E‘tS E
S sl [ Fake p from jets B
w E o [ Other backgrounds 3
2 C_Iwvy N
[] Total uncertainty ,%

------ fro/A*=1374TeV*i 7

10 ’ =

- —— T — . A CtA b A—AtA s s A T —
S| S f -----------------------------------------
R T T I :
L T SN NN D L
50 100 150 200 250 300 350 400
El[GeV]

13


https://link.springer.com/article/10.1140/epjc/s10052-017-5180-3

WVy: aQGCs

+ Optimized fiducial region defined for aQGCs and search for
new physics by increasing photon E; cut (E; > 120 GeV for
fully leptonic analysis, E; > 200 GeV for semi-leptonic

Confidence Intervals at 95% CL [l Observed [l Expected

analysis) o/ JATLAS 77T TT T L e el 202"

; ;Ai - =AFF=°°
A ! ' : ‘
o /A —— i
f /A4 [remm—
. » ; — ‘ - — f /A4 I N— e _
Upper limits E7 threshold Observed Expected SM Prediction f /A4 _— N t :d -
[GCV] llrﬂll [[‘b] ]lm].l [l‘b] T theo [fb] f /A4 IR ...................... — ...................... Onunl arlz‘ |m| S
M7 i ;... N b —
. fr /A4 I . . — 1
Fully leptonic  evuvy 120 0.3 0. ’%ﬂi? 0.076 £0.004 fﬂ s E _
evify 20013 L3 00570013 g & T
Semileptonic { uvjjy 200 1.1 1.1}03  0.051£0.011 f /A: o I — _ a
: ; I
tvijy 200 0.9 0. gJ_rﬂ 3 0.054 +£0.009 f /A4 I A e R A |
-2 " 7 /A --—-—-—-—-————_' ' ' ‘ ‘ x10°
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Eur. Phys. J. C 77 (2017) 646 Anomalous Coupling [TeV“]
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https://link.springer.com/article/10.1140/epjc/s10052-017-5180-3

Summary

+* Recent ATLAS results for Triboson and aQGCs

+ Limit set on cross-sections and compared with NLO SM
oredictions

+ Limits set on aQGC parameters parameterized by dimension-
8 operators

* Will benefit from Run 2 data for Triboson cross-section
measurements and aQGC limits

December 20, 2017 Bing Li
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aQGC
+ Effective operators approach

Lertr = Lsm + Z Z

d>4 1

ff(d)
oo
+ Three types of dimension-8 operators
x Scalar: SO, S1, S2
x lensor: TO - T9
* Mixed: MO - M7

Michael Rauch, arxiv:1610.08420
0. J. P. Eboli, M. C. Gonzalez-Garcia, arXiv:1604.03555

December 20, 2017 Bing Li

Os.0. Owro. 2‘”‘2? Or.0, Or5,

Os.1, Onn e Or.1, Org, o

Os2 Oz e Or2 Orz o

M5

WWWww X X X
wwzz X X X X X
L1727 X X X X X X
WW Z~ X X X X
WA~ X X X X
LL L~ X X X X X
Z 7N X X X X X
ZyYN X X X
AT X X X
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https://arxiv.org/abs/1610.08420
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WWW: Event Selections

Split based on number of same-flavor, opposite-sign lepton (SFOS) pairs

0 SFOS 1 SFOS 2 SFOS

Preselection
miss

Lt

Same-flavour dilepton
mass

Angle between trilepton
and ﬁ]{lllSS

Z boson veto

Exactly three charged leptons with pt = 20 GeV
- EMS = 45 GeV
meg > 20 GeV -

EMS = 55 GeV

= miss

|3t — gPT | = 2.5

Mee —mz| > 15 GeV mz — mspos > 35 GeV
or

mspos — Mz = 20 GeV

|msros — mz| = 20 GeV

Jet veto Atmost one jet with pt = 25 GeV and || < 4.5
b-jet veto No identified b—jets with pt > 25 GeV and |n| < 2.5
Split based on lepton flavor
tvlvjj ere* et uEpu*
Lepton Exactly two same-charge leptons with pr > 30 GeV
Jets At least two jets with pr(1) > 30 GeV, pr(2) > 20 GeV and |n| < 2.5
Mg mep > 40 GeV
Einiss EMISS > 55 GeV -
mijj 65 GeV < mj; < 105 GeV
Anjj |Anjj| < 1.5

Z boson veto
Third-lepton veto
b-jet veto

December 20, 2017

Mee < 80 GeV or iy, > 100 GeV -
No third lepton with pt = 6 GeV and || < 2.5 passing looser identification requirements
No identified b-jets with pt = 25 GeV and || < 2.5

Bing Li

Same-sign channel has much better
Drell-Yan suppression
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WVy: Event Selections

evuvy vjjy
Leptons 1 electron and 1 muon | electron or I muon
pt > 20GeV pT > 25 GeV
no 3" lepton (pt > 7GeV) no 2™ lepton (pt > 7 GeV)
In| < 2.5 In| < 2.5
opposite charge leptons
AR(L,€) > 0.1
Photon > 1 isolated photon
Et > 15GeV
isolation fraction €, < 0.5
Il < 2.37
AR({,y) > 0.5
Jets Njets =0 Njets > 2 and Nb-jets =0
pr > 25 GeV pr > 25 GeV
ly| < 4.4 Inl < 2.5
|Anj;| < 1.2
ARJ.‘J,‘ < 3.0
70 GeV < mj; < 100 GeV
AR(jet,y) > 0.5 AR(jet,y) > 0.5
AR(jet, £) > 0.3 AR(jet, £) > 0.3
Wboson  E™ > 15GeV ETS > 30 GeV
me, > 50GeV mt > 30 GeV

Bing Li
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WVy: 2D sideband method

>

y identific.

e isolation

s WWy

Fake y
/TV\ : from jets

Bing Li

= Fake e
from jets

Yy isolation

uoI}23|3s @
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CMS-PAS-SMP-13-009

CMS limit

Observed Limits

Expected Limits

77 (TeV ~%) < fyo/ A* < 81 (TeV ~%
131 (TeV =% < fu 1/ A* < 123 (TeV —%)
-39 (TeV ~%) < fya/ A4 < 40 (TeV %)
-66 (TeV =% < fus/ A% < 62 (TeV —4)

-89 (TeV = %) < fyo/ A% < 93 (TeV %
143 (TeV ~%) < fy.1/ A% < 131 (TeV ~%)
-44 (TeV %) < f o/ N < 46 (TeV 4
71 (TeV =% < fy 3/ A* < 66 (TeV —4)
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https://cds.cern.ch/record/1563302

ATLAS/CMS limit

May 2017 coms — Channel Limits JLat s

fog /AT — WVy [-7.7e+01, 8.1e+01] 193fbT 8TeV
— 2y [-7.1e+01, 7.5e+01] 197f" 8TeV
— Wy [-7.7e+01, 7.4e+01] 19.7 b 8 TeV
H ss WW [-3.3e+01, 3.2e+01] 19.4 fp! 8 TeV

1 ss WW [-6.0e+00, 5.9e+00] 35.9fb"! 13 TeV
H Yy—WW [-2.8e+01, 2.8e+01] 202f!  8Tev

1 yY—=>WwW [-4.2e+00, 4.2e+00] 247f'  7.8TeV
T A — WVy [-1.3e+02, 1.2e+02] 193 fb ! 8 TeV
— Zy [-1.9e+02, 1.8e+02] 19.7fb" 8TeV
— Wy [-1.2e+02, 1.3e+02] 19.7fb' 8 TeV
H ss WW [-4.4e+01, 4.7e+01] 19.4 fb™ 8 TeV

1 ss WW [-8.7e+00, 9.1e+00] 359fb! 13 TeV
— Tr—=>WW [-1.1e+02, 1.0e+02] 202fb! 8TeV

i] TY—=WW [-1.6e+01, 1.6e+01] 247f"' T7.8TeV
N —_ Zyy [5.1e+02, 5.1e+02] 203fb' 8TeV
} Wryy [-7.0e+02, 6.8e+02] 19.4 fb! 8 TeV
| S Wyy [-2.5e+02, 2.5e+02] 20.3 fb! 8 TeV
H Zy [-3.2e+01, 3.1e+01)] 197f" 8TeVv
H Wy [-2.6e+01, 2.6e+01] 19.7fb" 8 TeV
fus IA7 [ i 1y [-8.5e+02, 8.2e+02] 203fo" 8TeV
I 1 Wyy [-1.2e+03, 1.2e+03] 19417 8TeV
_ Wyy [-4.4e+02, 4. 7e+02) 203f!' 8TeV
H Zy [-5.8e+01, 5.9e+01] 197f! 8TeV
H Wy [-4.3e+01, 4.4e+01] 19.7fb"  8TeV
T A = Wy -4.0e+01, 4.0e+01 197fb" 8TeV
fs IAT — Wy -6.5e+01, 6.5e+01 19.7fb7 8TeV
s (A — Wy -1.3e+02, 1.3e+02 10.7f" 8TeV
H ss WW [-6.5e+01, 6.3e+01] 19.4 fb! 8 TeV

] ss WW [-1.2e+01, 1.2e+01] 35.9 fb! 13 TeV
foq IA° — Wy [-1.6e+02, 1.6e+02] 197fb" 8TeV
— ss WW [-7.0e+01, 6.6e+01] 194f! 8TeV

! ss WW [-1.3e+01, 1.3e+01] 35_? fb! 13 TeV

I 1 1 1 1 I 1 1 1
-2000 0 2000 4000
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aQGC Limits @95% C.L. [TeV™]

CMS EWK ss WW _, ¢+/-¢+/-qq: using 19.4 fb™1 of 8 TeV pp collisions Phys. Rev. Lett. 114, 0518071 (2015).,

CMS vivy — jjtiy triboson production with 19.3 fb™! of 8 TeV pp collisions Phys. Rev. D 90, 032008 (2014).

CMS vy — WHW= — ¢+~ scattering with 5.0 fb™1 of 7 TeV and 19.7 fb™1 of 8 TeV pp collisions Submitted to JHEP

CMS EWK qq — Zygq — £+1-7qq: using 19.7 fb™1 of 8 TeV pp collisions CMS-PAS-SMP-14-018.»

CMS EWK qq — Wrqq — £+1,9q: using 19.7 fb™1 of 8 TeV pp collisions CMS-PAS-SMP-14-011,,

CMS Wry — fiy and Z4y — ¢+~ triboson production with 19.4 fb1 of 8 Tev pp collisions Submitted to JHEP =

ATLAS 11y — fimy triboson production with 19.3 fb~" of 8 TeV pp collisions Phys.Rev.Lett. 115 (2015) 3, 031802,»

Bing Li 22



ATLAS/CMS limit

May 2017 s — Channel Limits [ Lt s

fro /A* I Wy [-3.4e+01, 3.4e+01] 19.4fb" 8TeV
[ Wy [-1.6e+01, 1.6e+01] 20.3 b 8 TeV
I Zyy [-1.6e+01, 1.9e+01] 20.3 fb™ 8 TeV
} WVy [-2.5e+01, 2.4e+01] 19.3fb" 8TeV
—y Zy [-3.8e+00, 3.4e+00] 19.7 fb™ 8 TeV
— Zy [-3.4e+00, 3.4e+00] 292fb' 8TeV
—A Wy [-5.4e+00, 5.6e+00] 197fb" 8TeV
— ss WW [-4.2e+00, 4.6e+00] 19.4 fb™ 8 TeV

H ss WW [-6.2e-01, 6.5e-01] 359 fb" 13 TeV

H ZZ [-4.6e-01, 4.4e-01] 359 fb’ 13 TeV
fr, IAY — Zy [-4.4e+00, 4.4e+00] 197fb" 8TeV
i Wy [-3.7e+00, 4.0e+00] 19.7 fb™ 8 TeV
[ ss WW [-2.1e+00, 2.4e+00] 19.4 fb™ 8 TeV

| ss WW [-2.8e-01, 3.1e-01] 359 b’ 13 TeV

H ZZ [-6.1e-01, 6.1e-01] 359" 13 TeV
tro IA* P 2y [-9.9e+00, 9.0e+00] 19.7fb" 8TeV
P Wy [-1.1e+01, 1.2e+01] 19.7fb" 8TeV
— ss WW [-5.9e+00, 7.1e+00] 19.4 fb™ 8 TeV

H ss WW [-8.9e-01, 1.0e+00] 359 fb" 13 TeV

H s [-1.2e+00, 1.2e+00] 359 fb"’ 13 TeV
frs A P Zyy [-9.3e+00, 9.1e+00] 203f' 8TeV
— Wy [-3.8e+00, 3.8e+00] 19.7 b7 8TeV
frg /A" v Wy [-2.8e+00, 3.0e+00] 19.7 b’ 8 TeV
oy /A — Wy [-7.3e+00, 7.7e+00] 197fb' 8 TeV
frg /A — Zy [-1.8e+00, 1.8e+00] 19.7fb" 8TeV
H Zy [-1.8e+00, 1.8e+00] 20.2 b’ 8 TeV

H zz [-8.4e-01, 8.4e-01] 359f' 13 TeV
frg /A — 2yy [-7.4e+00, 7.4e+00] 203f' 8TeV
— Zy [-4.0e+00, 4.0e+00] 19.7fb" 8TeV
bt Zy [-3.9e+00, 3.9e+00] 202fb' 8TeV

|-|—< ZZ [-1.8e+00, 1.8e+00] 359 fb" 13 TeV

| 1 I 1 1 | 1 I 1 | i 1
-50 0 50 100
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aQGC Limits @95% C.L. [TeV™]
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CMS EWK ss WW —, ¢+/-¢+/-qq: using 19.4 fb™! of 8 TeV pp collisions Phys. Rev. Lett. 114, 051801 (2015).»

CMS vIvy — jjtiy triboson production with 19.3 fb1 of 8 TeV pp collisions Phys. Rev. D 90, 032008 (2014) .

CMS EWK qq — Zqq — t+6-7qq: using 19.7 fb™! of 8 TeV pp collisions CMS-PAS-SMP-14-018.»

CMS EWK qq — Wgq — £+4qq: using 19.7 fb™1 of 8 TeV pp collisions CMS-PAS-SMP-14-011 .,

CMS Wy — firyy and Z4~ — 1+ e-y~triboson production with 19.4 b1 of 8 TeV pp collisions Submitted to JHEP»

ATLAS Wry — firyy triboson production with 19.3 fo~1 of 8 TeV pp collisions Phys.Rev.Lett. 115 (2015) 3, 031802,
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