New Vector Boson Scattering
(VBS) “observations” at LHC




Motivation

Stringent test of EWSB mechanism and EW sector of SM predictions.
Probe of Higgs Mechanism for scattering w/ longitudinal polarization
Sensitive to beyond SM physics via anomalous gauge couplings and
narrow resonances. Neutral coupling is forbidden at tree-level in SM.
Irreducible backgrounds of many new physics searches in vector boson
fusion mode.

Signature: associated di-jet production with high inv. mass and large gap.
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“bulk” production mode
incorporating SM processes
and probing high precision
QCD/EWK high order
calculation via measuring the
decay products of bosons

New physics show up via SM
boson self-interactions,
parameterized by effective
lagrangians and effective
field theories
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Unitarity violation of Vector Boson Scattering

MWW = 2 Z)) ~ s
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VBS measurements in ATLAS
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Standard Model Production Cross Section Measurements

Status: July 2018
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VBS measurements in CMS

July 2018 CMS Preliminary

S A A S T m 7 TeV CMS measurement (L <5.0 fb™)
S R S S S S @ 8 TeV CMS measurement (L < 19.6 fb')
S P @ 13 TeV CMS measurement (L < 35.9 fb™)
- je‘ﬁs) T Theory prediction

Lo : Lo L L % CMS 95%CL limits at 7, 8 and 13 TeV
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VBS measurement sensitivity

prospect at 8TeV vs 13TeV
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VBS signatures in short

Typical VBS topology
tagging jets:
transverse momenta: pT(j1),
pT(j2)
invariant mass: M(jj)
rapidity difference: AY(jj)
central jet veto
ce ntrality: max( yi — 0.5(y(j1) + y(j2))

y(j1) — y(ja)
pT balance: X

> [pTil
All hard process decay products
and jets
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Experimental challenges per final states

channel final state comment *
VBF W Observed!2v jj statistics is not a problem, good modelling of W+jets needed
VBF Z Observed!gp 53 statistics is not a problem, good modelling of Z+jets needed
New « ' ' '
L P’y 44 golden channel”: very good EW/QCD ratio, mainly experimental
VBS WW Observet;! vetv 33 (charge misID) background, good statistics

hard to investigate due to dileptonic ttbar background, Higgs group

VBS W+ evesv 33 does also use this final state
New s, s similar cross section as ssWW, but larger QCD background, fair
VBS Wz Observedf'{,'E v ] reconstructibility of fs

. s - photon brings higher stat. (and different experimental systematics),
e I lacks sensitivity to BSM in Higgs sector

P large backgrounds (W+jets, ttbar), but promising boosted regime when
VBS WV &v3J 33 looking for NP effects

P large backgrounds (Z+jets, ttbar), but promising boosted regime when
HES 4 £33 33 looking for NP effects, no neutrinos in final state

VBS 77 202°2° §j very clean channel, very good reconstructibility of final state and low
background contamination, but small cross-section

. s challenging to measure invisible Z decay, combination with leptonic
Wi 2 tevv 33 decay might help to suppress dileptonic ttbar background
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Measurement of electroweak Z(—2ll)jj production

cross section at 13TeV by ATLAS
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Physics Letters B 775 (2017) 206
Signal extraction via binned likelihood fit of QCD&EWK mjtemplatesin EWK-
enriched region after reweightingthe m; shape of the QCD Zjj MC basedon a
81818  fit tothe datain the QCD-enriched reglon




Measurement of electroweak Z(—21l)jj production

cross section at 13TeV by ATLAS

—@— Data (QCD+EW) 13 TeV %%/ SHERPA 2.2 (QCD-Zjj) + POWHEG (EW-Zjj)
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Observation of electroweak W*W*(—>2l2v)jj at

13TeV by CMS

A. Levin,Q.Li, et. al. (PKU)
Phys. Rev. Lett. 120 (2018) 081801 '

- CMS 35.9 fb" (13 TeV) CMS 35.9 fb™ (13 TeV)
L B S S B S S c — T T T3
re) L -o-Data i o) - - Data
~ 50l EW WW 1 J1s0f EW WW
%) mwz n : mwz
C Nonprompt T Nonprompt
g Others G>J I Others 1
W 100 | : Bkg. unc. N L 100 RN Bkg. unc. B
50 F SN - 50
0 PR SR T SR (R S S ST s s s s | O ) ) L I ) h ] ! ] ! 1
500 1000 1500 2000 200 400 600
m; (GeV) m, (GeV)

Same-sign Highest EW/QCD ratio in all VVjj channels
Fid. Region: M;>500GeV and An;>2.5
15t ever 5o observation of VVjj-EWK (w/VBS signature)

Obs. orw(0¥)j)=3.83 + 0.66 (stat) + 0.35 (syst) fb, obs./exp. Signif. = 5.5/5.7 ¢
In agreement with LO prediction o,0(29jj) = 4.25 + 0.21 fb
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Observation of electroweak W*W*(—>2l2v)jj at

13TeV by CMS

A. Levin, Q.Li, et. al. (PKU

Phys. Rev. Lett. 120 (2018) 081801
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gion: M;>500GeV and An;>2.5
%“ ever 5o observatlon of VVjj-EWK (w/ VBS signature)

Obs. orw(0¥)j)=3.83 + 0.66 (stat) + 0.35 (syst) fb, obs./exp. Signif. = 5.5/5.7 ¢
In agreement with LO prediction o,0(29jj) = 4.25 + 0.21 fb
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Constraint on aQGC using electroweak

W*W=*(—>2l2v)jj production at 13TeV by CMS
A. Levin,Q.Li, et. al. (PKU)

—= Phys.Rev. Lett.120(2018) 081801

Observed limits Expected limits ~ Run-I limits
(TeV %) (TeV %) (TeV %)
fso/ A [-7.7,7.7] [-7.0,72] [-38, 40] [11]
fs1/A [-21.6,21.8] [-19.9,20.2] [-118,120] [11]
fmo/ A [-6.0,59] [-5.6,5.5] [-4.6 ,4.6] [29]
fm /A [-8.7,9.1] [-7.9,8.5] [-17,17][29]
fme/ A [-11.9,11.8] [-11.1,11.0] [-65, 63] [11]
fmz /A [-13.3,12.9] [-12.4,11.8] [-70, 66] [11]
fro/A [-0.62,0.65] [-0.58,0.61] [-3.8,3.4] [30]
fri/A [-0.28,0.31] [-0.26,0.29] [-1.9,2.2] [11]
fro/A [-0.89,1.02] [-0.80,0.95] [-5.2,6.4] [11]
q ¢
95% CL limits on aQGC

Using the the measured my,
distributions both in the signal

and WZ regions.

Greatly improved w.r.t. Runi
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W+
QGC

VBF H™ — W*W*
TT T[T T T T TTT

LB I T

35.9 " (13 TeV)

Tt I | |

— Observed
---- Median expected
B 68% expected
95% expected

200 300 400 500 600 700 800 900 1000
m,.. (GeV)

Doubly charged Higgs bosons are
predicted in models containing a
Higgs triplet field. (Georgi-
Machacek model)

15t limits placed on H** >W*W*cross
section using (mj;, m)two-

dimensional distributions -



Observation of electroweak W*W*(—>2l2v)jj at

13 TeV b y AT LA S L.Zhang, R. Ospanov, J.Liu, Y. Liu, Y. Wu, et. al. (USTC)

E. Yatsenko, M. Mittal, S. Li, J. Guo, H. Yang, et. al. (TDLI/SJTU)

ATLAS-CONF-2018-030

Dijet invariant mass for m;; > 500 GeV
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- ATLAS Preliminary —¢— Data il
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\s=13TeV, 36.1 fb W'Wj QCD
60 — Non-prompt
e/y conversions

Events

Wz .
Other prompt
Total uncertainty

|

500 1000 1500 2000 2500 3000
m; [GeV]
Likelihood fit performed in:
% 6 channels:ee, ey, uu
% Signal region: 4 m; bins for m; > 500GeV
< Control region: 200 < mj; < 500GeV
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I I
— ATLAS Preliminary —— Experimental uncertainties |

- Vs=13TeV, 36.1 fb ~——— Theoretical uncertainties

I~ Interference with strong production and NLO EW
- corrections are not included in theoretical predictions 1
| |

Powheg+Pythia8 Data

Sherpa v2.2.2

SM prediction:
NLO electroweak corrections (-16% for
Sherpa) and interference (+6%) are not
Included

Obs.(Exp.) signif. = 6.90 (4.60)



Observation of electroweak W*Z(—2lvll)jj at

13Tev by AT LAS L.Zhang, R. Ospanov,J.Liu, Y. Liu, Y. Wu, et. al. (USTC)
E. Yatsenko, M. Mittal, S. Li, J. Guo, H. Yang, et. al. (TDLI/SJTU)
ATLAS-CONF-2018-033
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Observation of electroweak W*Z(—2lvll)jj at

13TeV by ATLAS
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15t differential measurements of electroweak

W=Z(=2lvll)y at 13TeV by AT%@M

ATLAS-CONF-2018-033

15t unfolded distribution measured in WZjj-EWK:
m(JJ): NJEtl sz(I)l mT(WZ)I AY(JJ), A¢(.”)l A¢(WIZ)I Njetsgap
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Measurements of electroweak

W=Z(—2Ivll)jj at 13TeV by CMS
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Probing new physics using electroweak

W=Z(—2Ivll)jj production at 13TeV by CMS

35.9 1" (13 TeV)
: ‘
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Measurement of electroweak ZZ(—2>4l)jj

production cross section at 13TeV by CMS

35.9fb" (13 TeV)
l T I T T T ] T N T ] T

102~ CMS —-Data
B ZZjj EW
WMoy > ZZ

Baqg —» ZZ
]ttz, WwZ
B Z+X

m; > 100 GeV

Events / 100 GeV

T I S O |
200 400 600 800 1000 1200 1400 1600

m; [GeV]

Inclusive region: m;>100GeV

VBS region: |An;j| > 2.4 + m;; > 400 GeV

non-VBS region: |Anj| < 2.4 or m; < 400 GeV

EWK signalsignificance 2.70 (exp 1.60)
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Phys. Lett.B 774 (2017) 682

35.9fb" (13 TeV)
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BDT output
Limits on aQGCs w/ EFT dim-8 operators
and comparison with unitarity validity range

Coupling Exp. lower Exp. upper Obs.lower Obs. upper Unitarity bound

fro/ A* -0.53 051 —0.46 0.44 0.6
fr,/A* —0.72 0.71 —0.61 0.61 0.6
fr,/ A ~14 14 -1.2 12 0.6
fro/ A —0.99 0.99 —0.84 0.84 2.8
fr./ A -21 2.1 -1.8 1.8 29
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First Measurement of Zy+)j Electroweak

production in ATLAS

JHEPo7(2017)107
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Review of Anomalous Quartic Coupling

In VBS (+ Triboson processes)
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EFT with dim8 operators for aQGC

Interpretation

Assuming Higgs boson belongsto a SU(2), doublet

dimension 8: the lowest dimension operators exhibiting quartic
couplingsinVBS but NOT in two or three gauge boson vertices

Sw

ToE | o

Vector Boson Scattering Triboson
2018/8/18 23




EFT with dim8 operators |

Lso = |(D,®)'D,®| x |(D*®)' D"®| Lsq = |(D.®)'D*| x |(D,@)' D"®|
Lao = Tr[WuW™| x [(Ds®)' D°9)

k T Lro = Tr|[W,W| x Tr [WasW|
L = Tr (W, ,U"’-‘ x |[(Dg®)" D*® . Al
M W] < | : )! Dta] Lri = Tr[W Wn 18] < T [ W5 W |
v 16} L
E}'\I.Q = [BHVBP ] X [(D;j’(b) D (I)] »CTQ — T 1 [ dj| x Tr [I"i’:g,,"’t’wa]
[ v [ t ) ‘ :
Luz = |BuB ] x |(Dg?®) D“<1>] Lrs = Tr[1 u,,u W} « B,sB*®
Lya = _<D#<(I))T W, D* (I)} x B Lrg = Tr W aul""md] x B,z B*
[ I7 % B . A
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- ~ ~ L _ 3 va
E;\I 7 = (D #(I))T I"I‘]B,, 1/,1;;3/,1 ‘D" (I)w L T9 — Ba,u B BBI/B
WWWW | WWZZ | 2277 | WWAZ | WWAA | ZZZA | ZZAA | ZAAA | AAAA
Os,0, Os1 X X X
On,0, Om, 1,006 ,OM,7 X X X X X X X
Owm,2 ,Onm3, Oma .Ons X X X X X X
Or.o ,Or1 ,072 X X X X X X X X X
Ors ,Ore ,Or.7 X X X X X X X X
Ors ,Ory9 X X X X X
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Unitarization treatment

o

Currently four schemes of unitarization
treatments in ATLAS and CMS aQGC analysis

No unitarity violation prevention (provided by
both ATLAS and CMS) T niarined a2 04)

DiPole Form-Factor unitarization (provided
mostly by ATLAS) WS WA
Introduce specific form-factor leads to actual model =odv: 1310.6708
dependence, arbitrarity... ' '

Scanning form-factor vs UV bound would be a useful study for 5 1% 150 2E X (GeV)™
theorist but very CPU intensive

K-matrix unitarization (first deployed in
WHIZARD and thenVBFNLO)
Projecting the scattering amplitude A(s) onto the Argand circle:
Saturation of the amplitude to achieve unitarity
Amplitudes satisfying unitarity are invariant under K-matrix
unitarization
Difficulty: very few operators are implemented with k-matrix,
doesn’t support in generators the triboson processes and
those with photon presence

Clipping the events according to the UV bound

Run2 and long term recommendation in ATLAS, to be pursued
along with other treatments ac

c (fb)

Non-unitarized (o, = 0.1)

3
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Argand circle
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Currently searched limits vs unitarity violation

bounds: VBS Zy for example
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Current triboson aQGC limits of Fy, |
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Current triboson aQGC limits of Fr
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Current triboson aQGC limits of F ,
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Brief Notes: Openning issues and

prospects

LHC Run2 provides large amount of pp collision data at a higher center-
of-mass energy, giving rish to VBS observation sensitivity
Observed VBS-VV channels: like-sign WW, WZ
Upcoming channels w.i.p.: ZZ, W/Z+y, semileptonic WV(jj)/ZV(jj)
Important test of EWSB and higgs mechanism in the unitarization of VV2>VV
scattering

Next steps: differential measurements, 1t extraction of V\V, polarization
components

Potential showstoppersandimprovements

Quark/Gluon induced jet separation using jet substructure technique to distinguish
“color-charge” (tracking info, multiplicities, track jet width, calo topo cluster width,
etc.)

Forward tracking improvement in future LHC upgrade
Pileup jet suppression in forward region

Theoretical uncertainties: improvement of high order precision inQCD irreducible
background modelings, high order EWK effect predictions, interference modeling

Experimental challenges: Charge flips, soft-leptons
New physics probing: (doubly-)charged higgs, MSSM, aQGCs challenged by
unitarity violation
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