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\ # \/ector Boson Fusion
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In the Standard Model , VBF (vector boson fusion)
provide a unique means to directly examine the EWSB mechanism

W*W- scattering/fusion without a SM Higgs g{
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* # Vector Boson Fusion, beyond SM

N

VBF is sensitive to phenomena beyond the SM

* Issues related to the Higgs boson :

O fully or only partially unitarizes the VBF amplitude ?
O is the coupling H—VV exactly the one that SM predicted ?
(low measurement precision ~20 %)

-

-

e New resonance is needed:

O Higgs partially unitarizes the VBF amplitude =» new resonances
O Additional non-SM HVV coupling =» new physics
O New resonance not coupling to fermions =»VBF is a leading search channel
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® Relatively small production cross sections

= Experimental studies of VBF are feasible only at the LHC so far
® Fully-leptonic channels have lower SM background

=>» Considered in the analyses
® VBF event topoloay at the LHC

lepton neutring

VBF signal characteristics:
Large m; (>500 GeV)
Large Anj; (>2.4)

tagging jet

tagging jet

lepton neutring

® Event Signature in search of Neutral resonance:

1. two charged leptons
2 ETmiss
3. jet tagging, two forward jets
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N ATLAS-CONF-2016-053
= y VB F resonance prOd UCtlon EPJ Web of Conferences 137.08016(2017)
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Initial study with 2015, 13 TeV, 3.2 fb!
Search for new resonances (R) in VBF qq — Rqq — t'vlvqq (L =e, pn)

three decay channels: ee, pu, ep g g

Llv

e
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Models:

« Benchmark model: EW chiral Lagrangian (EWChL) with K-matrix unitarization
« New resonances: only couples to vector boson, thus mainly produced via VBF
* Free parameters: coupling RVV (g=2.5) & mass [200, 500] GeV

Type Spin J Isospin I  Electric Charge T'/T [y=g?m?/64mv?
o 0 0 0 6 o. scalar isoscalar
scalar _ :
o 0 2 ——,—,0,+,++ 1 ¢: scalar isotensor
\ 2 . vector isovector
vector p 1 1 —,0,+ 4(xy) P _
) 0 0 | f: tensor isoscalar
tensol / 5 t: tensor isotensor
¢ : 2 IR 0: +,++ %

JHEP 0811 010 (2008) ¢
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Resonance Signal

New resonance

SM EW qq—0'vlvqq — 7 °* SMEWqq—Uvlvqq =

Interference

\ #» Model of VBF resonance signal

SM continuum

Signal

New resonance

Simulation by Whizard + Pythia8 for both samples

= L T T T3
E ATLAS Internal — f, m=200GeV E
=— fs =13 TeV — f,m=300GeV ||
= j Ldt = 3.2 fo" — f,m=400GeV | J
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- e E
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Signal Xsec vs. resonance mass
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W Signal/Background for 13 TeV, 3.2 fb-1
7N\ i
VBF qq — Rqq — U'vluqq (L=e, 1)
Analysis for €’ + EM'ss + 2jets

[ Background estimation ]

[ MC samples ] _
tf: Powheg ( Processes yield two OS leptons
Wt: Powheg
Z+jets: MadGraph (QCD) and Sherpa (EW)
diboson: Sherpa (QCD) and Whizard (EW) © Wt [f}) MC
7o © otV prediction
v: Sherpa )
V- MadGraoh » Zytjets
ttv: MadGrap < + diboson (WW/WZ/ZZ)
SM Higgs: Powheg (ggH and VBF) & SM Higgs (ggH, VBF)/
[ MC corrections ]
Lepton energy/momemtum scale/resolution Processes with jets yield >1 lepton
Lepton Reco/ID/1so/Trig effSF o W+ijets q Data driven
Jet energy scale/resolution, b—tag effSF \ « QCD (Matrix method)

Pile-up reweighting



N f;ﬁ\LBF resonance Signal, Background, Validation

/\

> Signal Region (SR):

~* two leptons of P> 25 GeV
* three-lepton veto
e di-lepton mass m,> 40 GeV
e m,—m,>25GeV (ee/up)
» Lepton centrality > —0.5
e >two jets, Pr>30GeV, n|<25
« m;>500 GeV, |An;|>24
* b-jet veto
o EMiss> 35 GeV

» Validation regions (VRs) :

» Dominant background sources :

o ee/uu channel: Z+jets, tt
e en channel:

tt

ee-channel pp-channel

14%
others
30/

21% y
others " others 2%
- fake ™
19%
diboson

55%

Ztjets

27%

tthar

tthar

~

[ Region \ Purpose /) f{cquircmcnts A
Z+jets VR | Validate Z+jets background modelling Imee — mz| < 25 GeV (only ee and pu channels),
no m;; cut
it VR Validate 1f background modelling at least one b-tagged jet,
no m;; cut
\_low-m;; VR ) Validate low-mass background estimation \m;; < 500 GeV )

ep-channel

tthar



» # Validation for Z+jets background

74N .
}.\ Z+jets VR |my,-m,| <25 GeV, no my; cut
Agreement of data to the SM prediction

Discriminant on transverse mass: (M}’ "V)* = (P, + Py, + P™)(Py, + Py, + P™)
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\ " Validation for tf background

tt VR: Np et >1, no my; cut
Agreement of data to the SM prediction

ee-channel j1pt-channel
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Validation in m;; region
Low-m;; VR: mj; <500 GeV,

validating overall background estimation
Agreement of data to the SM prediction

ee-channel (tpi-channel
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\ #  Data vs. prediction in )
/N Signal Region M g
Discriminant :transverse mass
WW,2 miss miss
(MT ) =Py, +Pe, + P°)(Ppy + Pr, + P7°) 2
Data agrees with prediction -
:
ee [t et 2
Z+jets 176 £12+£116 366 +23+£190 67 +£12£17 &
tt 121£06+£32  182+07+46 469 +1.24121
Wt 12 +£024+03 15 £02£05 31 £03£08
diboson_QCD 31 +£03+£05 42 +03+0.7 10.2 £ 03 £1.6 -
diboson EW 1.2 £014+0.1 1.7 £014+0.2 3.6 £01+£04 E
Zy 21 +£03+06 38 +£03+£07 01 £00£01 °
Higgs 03 £00+£01 04 £004£01 08 £00£0.1
tv 00 £00£00 00 £00£00 01 £00£00 3
fake-lepton 06 £06+£01 00 £004£00 13 £07+01 g
o (m=300 GeV) 51 +03+06 75 £03£09  [44E04E19 g
¢ (m=300GeV) 0.3 £0.1402 1.0 £01+£04 16 +£024£04 @
p(m=300GeV) 80 +04+16 11.7404+14 24,14 0.6 £ 3.1
f (m =300 GeV) 15.6 £0.6+1.9 226 £0.8+1.9 50.4+1.2+3.8
t(m=300GeV) 33 £02404 47 £02406 69 £03+11
Total background 382 £ 1.6+£13.9 664 £25E£21.6 72.6 £19+ 148 | g
Data 40 74 86
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VBF qq—Rqq—&fvqq 95% CL upper limit

» No excess above to SM background
» 95% CL upper limits derived by frequentist method

for

o X Br of resonances (o, o, p, fand t)

Mg < 230 (300) GeV for p (f) excluded

Source

ee pp ep

JES and JER 33%  29% 12%

b-tagging 8% 7% 16%

EX=5 modelling ™% 6% 1%

Lepton 31% 22%  1.5%

Trigger 0.1% 05% 0.5%

Matrix method 0.2% 0.0% 0.1%

Z boson pr reweighting 0.5% 04% 0.0%

MC statistics 4.1% 3.7"% 2.6%

Luminosity 21% 21% 2.1%

Total experimental uncertainty 35%  31%  20%

g 10 g e e e [ B I A R A

= E ATLAS Preliminary ~ —— Theory g=2.5 e F ATLAS Preliminary ~ —— Theory g=2.5

g F — —— Observed Limit g f _ —— Observed Limit
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T E _[Ldt=3,2 ' O epeceatmize ] 1 F Ldt=321b" (o ExpecteaLimi 2.0 ]
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T E E Tk E
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-
2
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ATLAS Preliminary
V5 =13 TeV
Ldt=321b"

LI e e
—— Theory g=2.5

—— Observed Limit
...... Expected Limit |
[ Expected Limit +1c 3
[ Expected Limit +2 ¢ |

e

alee e Ly L 11 alee e Ly
200 250 300 350 400 450
m, [GeV]
gmﬁg--'|""|"'-|""|""|"'|""|"':
T F ATLAS Preliminary ~ —— Theory g=25
g r —— Observed Limit
3 10 J_ 13TeV e Expected Limit
= U E [ Expected Limit +16 5
T E Ldl 321’ [ Expected Limit +2 g ]
s [ ]
€ 10
T E
g [
g
€ 10°E
c E
Q E
E o
= 10E] 3
o F f
2 E ]
g FPEETE IPEETETE IPSTETETE APETEErS PP AP AN AT
1150 200 250 300 350 400 450 500 550
m, [GeV]
giﬂsg- I LA I IR BN AL LI
T ATLAS Preliminary ~ —— Theory g=25
g =k —— Observed Limit
3 10tk fs=13TeV wem Expected Limit
= 7E ¥ [ Expected Limit +10 3
T Ldt=3.21b [ Expected Limit +2 ¢ 7
g F
T 10°E E
T E
¢ = e
=
T 10°c E
c E 3
o E 3
E oL 1
= 10E] 3
3 T E
E’e C
@ 5o

250 300 350

Lol
400 450 500 550

m, [GeV]



3
=

X @ :
» # VBF resonance production arXiv:1710.01123

/N
7N\

2015+2016, 13 TeV, 36.1 fb!
» Search for new resonances (X) in VBF qq — Xqgq — WWqg — evpvqq

q q

Llv

V v
v
=
Lv
Vv Vv
Liv
q q

Changes from 3.2 fb-tanalysis :

« signal of EWChL model =» models of scalar, vector and tensor resonances
* mass range from 500 GeV = up to 3000 GeV

* Final lepton of ee, gy, ep = eJ most sensitive from SM background
* Selection of VBF N = 2 2> VBF Ni; 22 +VBF N, =1 sensitivities

15


https://arxiv.org/abs/1710.01123�

X

\ +~ Resonance of VBF gg — Xqq — WWqq

/N

1.

Heavy Higgs with a Narrow Width Approximation (NWA, scalar)
v width = 4 MeV (same widths for different heavy Higgs masses)
v"mass = [200, 3000] GeV

Heavy Higgs with a Large Width Assumption (LWA, scalar)
v width = 5%, 10% and 15% of heavy Higgs mass
v’ mass = [200, 3000] GeV

Georgi-Machacek model (GM, scalar)
v new scalar resonance: H{
not coupling to fermions to suppress non-VBF contribution

v"H¥VV coupling proportional to sind,, (=0.4) Resonance Spin Signal Model
v’ mass = [200, 1000] GeV Spin-0 NWA [ WA GM
Heavy Vector Triplet model (HVT, vector) Spin-1 jHVT j

v new vector resonance: Z’, not coupling to fermions Soin) EIM

v Z’VV coupling g, =1 i —

v"mass = [200, 1000] GeV

Effective Lagrangian model (ELM, tensor)
v new tensor resonance: T, not coupling to fermions
v TVV coupling f;=1
v"mass = [200, 1000] GeV
16
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> Signal Regions event selection

VBF N,.= 1SR | VBF Nj. > 2SR
Preselection cuts
pass single-lepton triggers
Ny=2(l=¢e.p)
pr > 25GeV
veto if pg;mhﬁ > 15 GeV
mer > 10 GeV
Common selections
J'\"rb_jet =0
|ﬁ'}';ﬁg§| < 1.8
myer > 5D GeV
Pt > 45 GeV
P > 30 GeV
maz(my ) > 50 GeV

( VBF11] phase space Y VBF2J phase space\
N =1 Nigt > 2
In;| > 2.4 m;; > 500 GeV
man(|Anje|) > 1.75 |Ay;;| >4

> discriminant

my = V 25 B (1= cos(9f — 95F) )

\ /7 VBF qgq — Xgqq — WWqq signal selection

> Control Regions on bkgrnd

U’H’ CRVBFI T TDP CRVBF
Preselection cuts Preselection cuts
Nijer =0 Nijer = 1

{‘A?}Ed > 1.8 or
10 GeV<my<55 GeV)
pre > 95 GeV
£ sublead oK r
pT = 40 GE‘&

mee > 10 GeV
P > 25 GeV
p?sublead < 95 GeV

VBEF1J
phase space

VBF1J and VBF2J
phase space

cuts inverted, removed or loosened
for statistics and higher purity

/VVW background:

Top background:

jet =
statistics

* VBF Nj; =1: WWCR
* VBF Nj;=2: WW MC simulation

« Top CR: combined VBF Nj; =1
and VBF N. > 2 to gain more

~

17




\ .f” VBF qq — Xgqq — WWqqg background
N

Background processes: VB, = 1AR VBF Ny, >2 SR
¢ Top’ -:l" 8% 70/
e WW S others 2o, others
: 5% | A
* non-WW diboson, Wrjes N a7y tﬂf—}.‘ 7o
o Z+jets, W+jets, 40% - WW Top
WW

* Higgs production

Top and WW are dominant :

« fitting top and WW contributions to data simultaneously in CR, SR
—> normalization factors
o MC prediction for WW in VBF 2J, small fraction, diffcult to be isolated

W+jets:
e data driven method - “fake-factor’” method

Z+jets, non-WW diboson, Higgs production:
 small contribution by MC simulation

18
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. Top control region:

Events / GeV

Data / SM

F T T
E ATLAS
f5=13TeV, 36.1 o’

X—WW-3 evuv VBF Top CR

S

e

T T T =
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W ziets [CJver nwa 2000 —5
I v x 100 _E
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ey

=
Sy
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WW control region:

Events / GeV

Data / SM

ATLAS
{5=13TeV, 361 M7

K—WW—s eviav + 1 jet VBF WW CR
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W v <100 [l oter v
Topx 112 [_|VBF NWA 700
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Wzt
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1000
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1200

Events/ 20 GeV
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W
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o
(=]
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L B e T ma i e e

& o
ATLAS Internal I oo
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W v
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e
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200

25

pL == [GeV]

Data /SM Events / 10 GeV

Events / 10 GeV

Data / SM

-«'ﬁ VBF qq — Xqq — WWqq, In control regions
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\ -«'ﬁ VBF qgq — Xqq — WWqq, In signal region

A

No excess to the SM background prediction

Discriminant: transverse mass (My' " )* = (Py, + Pr, + P™)(Py, + Pp, + P™)

VBF N, = 1 SR | VBF Ny, > 2SR | Top CRygr | WW CRygrys
Ww 390 =50 120 = 26 6l £11 | 265£32
Top quark | 450 £+ 50 391+ 24 5650 =90 167 + 18
Zy* 4511 24x6 68 £ 19 74 £ 12
Wets 52+13 894125 91 £24 3+11
VvV 3247 166 +1.9 20+9 38§ +4
Background | 972 £+ 29 563 1+ 22 5890 +80 | 596 +22
MT Data 978 560 5889 594
%1{)“ ™ T T T T T T T F AP T T L B B
o ATLAS t Data %22 SMisys @ stat) o 10 ATLAS t Data %2 SMisys @ stat)
& "E 5= 13Tev. 361 1 Bl v rc0 [llomer vy £y =13 Tev. 361" Topx 112 MWt
£ 0t s evuv + 1 jet VBF SR Topx 112 [_JverF nwa 700 S KWW evuv + 2 2 jets VBF SR Il ww x 1.00 [ ]ver nwa 700
w I z+iet= []ver nwa 2000 w 10 W z+it= []ver nwa 2000
10 Wejets o= E e B other v
! _—_ ... VBF1JSR VBF 2J SR
107 e
102
107
=15 = 1-55
53 15 - - ¥ 2 i:? 1% £ fud L3 A2
§ i = 8.2 i :
10° 10° - T 10° -

m, [GeV]
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A

N+ VBF qq — Xqq — WWo(qq, systematics

N\
7 N Uncertainties from top background (%0o)
Unce rtai nties Of Source Jet b-tag ME+PS Scale Singletop PDF | Total
VBEN,,=1SR |96 7.8 1.0 1.6 59 35 | 15
0/ - VBF Nt >2SR [ 9.7 14 9.5 5.0 2.1 36 | 21
Top qukgr_OUHd ( /0): Top CRJVBF 82 35 10 1.5 1.3 36 | 14
* dominant items listed WW CRysry | 99 83 94 39 5.3 34 | 18
« Single top: of theoretical
Uncertainties from WW background (%)
WW backg round (%) Source Jet Pile-up ME+PS pr Resummation PDF | Total
« dominant items listed VBF Njx=1SR [ 17 28 11 73 50 10 | 23
VBF N, >2SR | 18 3.1 38 18 1.4 13 | 47
11 23 16 | 23

Shapes of Top and WW: WW CRygrn | 16 45 12
* my shape on PDF in the SRs are considered

W-+jets background:
« from jet flavor composition, EW subtraction, statistics
 VBF 1) SR: 32%, VBF 2] SR: 35%

Other background:
e smaller contributions, normalized to cross sections

Signal (NWA):
o arise from parton shower, PDF, QCD scales
« VBF1JSR:5.1% - 9.0%, VBF 2J SR: 3.3% - 8%

21



\ ¥ VBF qq — Xqq — WW(qQ,
/\ 95% CL upper limits

No excess to the SM prediction
95% CL upper limits derived by the frequentist method

0, % B(X— WW) [pb]

for

oy X Br(X—WW)

® \alues above 1.3 pb at 200 GeV and
above 0.006 pb at 3 TeV for NWA and 15% LWA

are excluded

® sensitivity not sufficient to exclude
GM, HVT and ELM models

\Vector resonance
| ATLAS

0E 3=13Tev, 361 1"
E X5 WW_s evuy (VBF, HVT)

— HVT,g=1,¢.=0

T

—e— Observed 85% CL 5

6, X B(X— VW) [pb]

10

10-'E

Tensor resonance
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\

\ # Summary
5~
7 o\

* \ector Boson Fusion to heavy neutral resonances searched
for qg — Xgqg — WWqq In evpwvqq final state

* No excess to SM background prediction

o Limits on oy X Br(X—WW) set to
3 TeV for NWA, LWA scalar
1 TeV for GM and vector, tensor resonances
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