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Outline

Update on results presented by A. Ballestrero at the WG1 September meeting

Brief introduction

Recall implementation of unitarized models of Vector Boson Scattering (VBS)
in the event generator PHANTOM with complete 226 m.e.

Review results at 14 TeV: combining all channels it appears likely unitarized
model could be detected as an excess of events compared to SM predictions

Present results at 7, 8 and 10 GeV: only some model will be within reach.
Energy is crucial. Limits on relevant parameters can be set




If the Higgs is found: VBS amps predicted to remain small
Ultimate test of SM description of EWSB

If the Higgs is NOT found: VBS amps grow with s at “threshold”
Nothing in the SM to tame this growth
In the absence of new physics violate unitarity ~1.7 TeV
Best hunting ground for hints of new physics of EWSB
Expect resonances as in 1t physics

VBS is not the only Weak process in which unitarity is violated
In all other cases the violation happens at larger cm partonic energy




LHC:2j+VV

PDF - do/dM,, decreases at large M,,,
Look for possible increases in VV+2j production wrt SM
Large gauge cancellations between scattering and non scattering diagrams

VV = 2j+2| semileptonic channels. VV mass can be reconstructed.
“Large” rate, Large bkg: QCD V+4j (NLO BlackHat), tt(+jets)

VV = 4| leptonic channels (NLO Zeppenfeld,Greiner ). If more than one neutrino
VV mass cannot be reconstructed.
“Small” rate, Small bkg: O(a,2) mimics signal, tt(+jets)

Large separation between tag jets and centrality of VV decay products improve
signal/background




Effective Iagrangian: a tool to parametrize the unknown

w? a=1,2,3 are Goldstone bosons. In Unitary Gauge w?=0, 2=1
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_ 172 custodial symmetry
Ls a5Tr[Vu, 4 ] They modify the SM quartic vertices
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of A, the large energy scale of new physics
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Amps of definite isospin

Ao(s,t,u) = 3A(s,t,u) + A(t, s,u) + A(u, s, t),
Ai(s,t,u) = A(t,s,u) — A(u, s,t),

As(s,t,u) = A(t,s,u) + A(u, s, t).
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Arj(s) = 5 /1 dcos 8 Pj(cost)A;(s,t,u), Partial wave expansion

eg:
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Amplitudes still grow indefinitely as s - . Need unitarization procedure




Unitarized Model Implementation in PHANTOM

Unitarized models modify the amplitudes in such a way that unitarity is satisfied keeping the same
low energy behaviour e K-matrix scheme:

1
a1s(s) = Re(1/ars(s)) — i

In the K-matrix scheme specific resonances (scalar vector or
tensor) can be added to a;(s), while IAM and N/D
prescriptions produce different resonances depending on the

specific values of o, and a; . N/D has additional parameters. af,l,)(s)
ars(s) — IRYAC
1 af)(s)/af)(s)

e Inverse Amplitude Method:

e N/D protocol:

3272 o
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a, and a; constrained in the range (Eboli et al
hep-ph/0606118)

—77x10% <o, <15%x 1073
—12x 103 < a5 <10 x 1073
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Off-shell implementation

Needed for LHC beyond EVBA approximation, keep control of tag jets
Proposed by Chanowitz hep-ph/9512358

Implemented by Kilian et al. in WHIZARD
Implemented independently in PHANTOM

Elastic amplitudes are embedded as modifications of quartic vertices
s,t,u are identified with appropriate contractions of polarization vectors
Exact phase between scattering and non scattering diagrams is preserved

s% = 2p; - pa 2p3 - P4 ~ AMy, My, My, My, 9,90
t2 = 2p; - p3 2pa - P4 & AMy, My, My, My, g.,9v0 €} €5€he]
u® = 2p; - py 2ps - p3 & AMy, My, My, My, 9,59, €} €5€he]




Comparison with EVBA

Results for Unitarization Models

Comparison with previous study (Butterworth et al, hep—ph/0201098) based on
on-shell amplltudes and EVBA.
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VV mass not measured
offpeak as important as peak

lamD l

A ) \

WL, L “(
Butterworthet al. Butterworth et al. J,
4”) nrJ

lamB lamD
Noh — Noh

400 600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
M, ., [GeV] M. [GeV]




Method: Probability Beyond the Standard Model @ 95% CL (PBSM95%CL)

— M, =200 Ge
— 95% e SM

1000

The MC results are smeared for statistical fluctuations and for theoretical uncertainties:
flat distribution * 30% (Parton distributions, NLO contributions ...)

UNLESS THEY CAN BE MEASURED IN DIFFERENT KINEMATIC REGIONS eg: tt, 4jV
The fraction of BSM distribution beyond the 95% SM line is the PBSM95%CL

QCD Corrections ~10%, x_,~101-10 pdf uncertainties ~5% Larger for QCD(a.?%) 4}V, gg
q S




Results at 14 TeV for Unitarized Models ~ arXiv:1112.1171, jhep
Ballestrero,Franzosi,Oggero,EM

2jW+W— — gjg+g— 7378 Cuts in spares. Used AR for jets IAMA: m_=1TeV

MVA can do more. Boosted fat jets |AM B: m, = 1.4 TeV
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IAM D: m,= 0.8 TeV,

m, =1.4TeV
IAM E: no res 1loop
KM-LET: no res tree
WD AN TeY ; s\ KM method

— KM-LET —AME

IAME ~— 1AM C v jﬂ'rl"r . N/D mS =1 TeV

~=I1AMD
- m=200GeV

_, do/dM [pb/GeV]
o
&

o
4

- No Higgs

e my= 200 GeV

oo 1 0 0 1, ., .1 . . . .1, ., o e o1 . 1, . . .1, ., . . ], , ., . 1
500 1000 1500 2000 2500 1000 1500 2000 250010"° No nggs

M(WW) [GeV] MWW [GeV] not significantly
different from
IAM E, KM-LET

at LHC energies

= doldM [pb/GeV]
. doldM fjb/GeV]

o
I
-
o
4

~I1AM A
~—IAM B
= ND A M=1TeV
~=1AM C

-
o

-

o
&

MadEvent for tt+jets

-
S

—tam bl /Kl Other channels exist

~ m,=200GeV

RTINS ST TN NS SN VAT S SN (N TONT S SN TN S S (ST ST S S T .I...l...l...l...I...I...l...l... _10 andcanbecombined
600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 20000
M(ll) [GeV] M(ll) [GeV]

—
e




2iWITW = — 2540~ vi

50 fbL _ 200 fb!
IAMA: m_=1TeV

No Higgs - ' No Higgs S

I ok | — IAM B: m, = 1.4 TeV

—— IAMB - b —— 1AM B v

1AM C C 5 1AM C IAMC: m,=1.9TeV

~— IAMD - : — |lAamMD v

e s f ) IAM D: m_= 0.8 TeV,
——— ND A M=1TeV C - :;Zoﬁlsv mv = 14 TeV
IAM E: no res 1lloop
KM-LET: no res tree
KM method

N/D:m,=1TeV




47¢v channel

In fb IVlcut = Mmin(jcjclv)
Large BR(WV-2jlv), Large QCD bkg
MadEvent for W4j and tt+jets
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— Ballestrero,Franzosi, EM
Results at lower energies: 7,8,10 TeV ke

— IAM D

— IAMF

43 Gev |AM F: scalar m, = 436 GeV
IAM D: scalar+vector

m,=0.8TeV, m,=1.4TeV

do/dM [pb/GeV]
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M(VW) [GeV]

Examined

IAM E: no resonance

|AM G: vector m, = 0.6 TeV

|AM J: scalar+vector, m,= m, =1TeV

2jW+W- = 2j212v 2j3lv 4jlv all channels can be combined
Cut-based preliminary study at parton level




IAM E: no resonance

i IAM G: =0.6 TeV
Results at lower energies: 7,8,10 TeV R
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In fb |\/Icut = Mmin(jcjclv)
s IAM E: no resonance
. 70 GeV < M(JCJC) <100 GeV IAM G: vector m, = 0.6 TeV
4J€V channel p,(v) reconstructed IAM J: scalar+vector, m = m, =1TeV

V+4j measured from sidebands
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3lv + 27 channel
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Conclusions
Whether the Higgs is found or not, VV scattering needs to be explored
At 14 TeV the outlook is promising

At 8 TeV some models are within reach, others are not.
Depending on the unitarization scheme limits on a, and a. could be derived
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VV scattering and Unitarity

FOR Ew > mw 6‘11, =~

L L kw+ - kw- s kw+ - kw- kw+ - kw-
m?, m#, mi, m,

v.Z XX 8
o Gt

X 8

Fermion scattering processes
violate unitarity at larger s




Properties of VBF

Contrary to what one expects LL do not dominate at high VV invariant mass

ud ->ud W'W ->uduvc s~ ud ->ud W'W ->uduvc s~
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The decrease in the cross section at high invariant masses due to PDF suggests
that careful analysis must be performed to evidentiate boson boson scattering effect

The invariant VV mass is the equivalent of the cm energy of the elastic VV scattering

Regions of the order of the TeV or higher in invariant mass
must be examined for effects of alternative EWSB theories




Ballestrero, Belhouari, Bevilacqua, Kashkan, EM
PHANTOM

Comp. Phys. Comm. 180 (2009) 401, arXiv:0801.3359

Tree level dedicated event (LHA Format) generator
Complete 256 O(a®)+O(a*a?) matrix elements

p-p, p-pbar, e+e-

Exact matrix elements. No production®decay or EVBA
Fast

One-shot: generates unweighted events for all processes simultaneously

Efficient: good mapping of phase-space: Multichannel + Vegas




What’s inside PHANTOM: EW

VV scattering

Non scattering 2res.
Single resonant ...

3VB production

FULL GAUGE INVARIANT SET: EXTREME CARE IS NECESSARY IF ANY DIAGRAM IS NEGLECTED
LARGE CANCELLATIONS AMONG GROUPS OF DIAGRAMS




What's inside PHANTOM: EW®QCD(a..?)

One gluon exchange
Two external gluons

(e.g toptop with full decays)




Cuts@14 TeV

Processes
Cuts

[n(€*)] <

Basic Cuts

M (js3s) >

pr(€%) > 20 GeV

|An(5b)| >

[n(€)] < 3.0

pr(jc) >

pT(JCJc) >

M(£+£7) > 20 GeV
M(£+07) > 250 GV (2jW+W™)
76 GeV < M(£107) < 106GeV  (2jZZ)

pr(év) >

PTmiss >

pr(lte) >

pr(j) > 30 GeV

pr(£) >

In(j)| < 6.5

2minpr (j) <

M(j5) > 60 GeV
M (j5js) < 70 GeV; M(jjs) > 100 GeV

E(5) >

maz|n(j)| >

|An(jj)] > 3.0 (25262v)
|An(isds)| > 4.0 (244¢, 4jtv, 45¢E)

In(7) >

|An(V3)| >

M (jjj) — Miop| > 15 GeV (4jlv, 45¢£)
| M (§8vrec) — Miop| > 15 GeV (38w + 27, 454v)

An(éj) >

AR(45) >

70 GeV < M(jeje) < 100 GeV (45w, 4j£8)

AR(Zj) >

AR(jj) > 0.3 (45w, 4520)

M(¢5) >

arxXiv:1112.1171

M(Vj)>

1pr(41) — Pr(é2)| >

pr(ete) — p7ee| >

cos(doy) <

cos(8¢zz) <

AR({HE7) <




Cuts@7-10 TeV

pr(5) > 30 GeV pr(£) > 70/70/20 GeV

P8 > 70/20/20 GeV | pr(jc) > 70 GeV

n(j) < 6.5 n¢) < 2/2/3

An(jrgp) > 4/4/3 AN(Vrecj) > 0.6

AR(j5) > 0.3 M(£0) > 20 GeV

M(j5) > 60 GeV M (j¢7s) > 700/600/100 GeV

pr(Vrec) > 70/100 GeV | [M(Vrecj) — MroP| > 15 GeV
M(j¢) > 180 GeV lpr(€7) — pr(€7)| > 100 GeV

Table 1. Kinematical cuts applied on the analysis. Different values correspond to different channels
in the order 4jfv, 2j00vy and 2530v. j¢,jp refer to the most forward and most backward of the
jets. j. indicates one of the central jets in the 4j¢v channel. V,.. stands for the boson which is
reconstructed from the lepton and neutrino momenta, the latter obtained from the requirement

that (p; +p,)? = M2, and is meaningfull only for 4j¢v and 2j3¢v. The constraints on the last line
apply only to the 2j¢/vv channel.




Background fitting from sidebands

(pb/GeV)

0(a’,) + Ola, 02) + O(a2,a%) (no Higgs)
O((xZM) + O(a‘éMag) +0(a2_al) (MH =200 GeV,

EM™'S
2 o4
. O(aEMaS)

O(aéMa“s) cubic fit
O(a,) + O(ad,@2) (no Higgs)

O(UEM) +0(at, @2) (MH =200 GeV)

— No NLO, pdf uncertainty




Benchmark comparisons to the SM performed for two scenarios: no-higgs and Silh

v no-higgs:
model independent representative at LHC of Strongly Interacting Theories

- One expects predictions similar to those of SIT at LHC:
slightly higher than theories with no resonances below 2TeV
lower than those with lower mass resonant states
- Pdf strongly depress high VV invariant mass where its predictions are
higher than unitary theories
- The No higgs prescription is gauge invariant: corresponds to m ->¢°
It is however not a consistent theory

v Silh:

We have chosen Silh (Strongly Interacting Light Higgs) with éc,=1 as representative of the upper limit
of model independent lagrangian description of these theories

- The main effect for these processes is the variation of the higgs coupling that
correspond to a redefinition of higgs propagator.

- Cancellations are only partial and the model violates
unitarity

- The onset of the violation is postponed to a higher scale than in SM




