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Introdution MotivationMotivationCERN LHC is probing the TeV sale → EWSB setor at enter stage.Partial wave unitarity of longitudinal weak boson sattering → there should exist a new stateat the TeV sale.Di�erent alternatives:SM → Higgs boson (salar �eld)New strongly interating setor → new spin�1 states that unitarize the weakgauge boson sattering.1Higgsless models with extra dimensions → unitarity restoration through theexhange of an in�nite tower of spin�1 K-K exitations of EW gauge bosons (�rst onemay be observable at the LHC)2Thus, a ommon feature of many EWSB senarios is the existene of new vetorresonanes, Z′ and W ′, that ouple to W+W− and W±Z pairs respetively1Dimodopoulos and Susskind (1979), Weinberg (1979), Hill and Simmons (2003).2 Csaki, Grojean, Murayama et al (2004), Nomura (2003), Chivukula, Dius, He (2002).Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 2 / 14



Introdution The ChannelThe ChannelDiret prodution via the V ′ oupling to light quarks 3
Study of the proesses:

pp → Z′ → W+W− → ℓ+ℓ(′)− /ET

pp → W ′ → W±Z → ℓ+ℓ−ℓ(′)± /ET (W ′only for spin determination)Model independent spirit: relevant ouplings of V ′, width and mass.Other hannels (VBF or assoiated prodution)4 : Z′ signals unobservable, W ′observable, but spin determination only for light resonanes and with inreasedluminosity3Alves, Eboli, Gonalves Netto, Gonzalez-Garia et al (2009).4 Birkedal, Mathev (2005), Alves, Eboli et al (2009), Asano, Shimizu (2011).Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 3 / 14



Framework CouplingsCouplingsModel independent spirit:Free parameters:
(

gV ′qq̄

gV qq̄

gV ′WV

gV ′WV max

)

≡ G, ΓV ′ and MV ′where
gZ′WW max = gZWW

MZ√
3MZ′

and gW ′WZmax = gZWW
M2

Z√
3MW ′MWOne onstraint:

ΓZ′ > 0.27 |G|
(

MZ′

MZ

)2
GeV

ΓW ′ > 0.40 |G|
(

MW ′

MW

)2
GeVConreteness ⇒ ouplings with same Lorentz struture as SM ones but arbitrarystrengh. (Higgsless models)

Z′ZZ oupling vetoed. (Higgsless models)Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 4 / 14



Framework Simulation overviewSimulation overviewPresent bounds on Z′ from LHC data (updated from Moriond)4.7 fb−1 from ATLAS analysis and 4.6 fb−1 from CMS analysisUsing SM bakgrounds arefully evaluated by experimental ollaborations, simulatingonly Z′ signal (tuned MC)Determination of the spin of Z′ and W ′ (predition for 14 TeV)Template → model with a new salar (Higgs inspired ouplings) with a ouplingstrenght suh that salar prodution ross setion is equal to the V ′ after all the uts.(same mass and width)Spin assignment: from �nal state leptons spin orrelations and angulardistributions of the produed EW gauge bosons.Parton level study keeping the full heliity struture of the amplitude (MadGraph)inluding experimental resolutions and detetion e�ienies.Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 5 / 14



Present bounds on Z′ from LHC data ATLAS analysisATLAS analysis pp → ℓ+ℓ−/ET4.7 fb−1 from ATLAS-CONF-2012-025Cuts
|ηe| < 1.37 or 1.52 < |ηe| < 2.47 , |ηµ| < 2.4.

∆Ree > 0.3 , ∆Reµ,µµ > 0.2 .

pT > 25 (20) GeV,
Mℓℓ > 15 GeV , Meµ > 10 GeV,

|Mℓℓ − MZ | > 15 GeV,
E

miss
T, rel(ee) > 50 GeV , E

miss
T, rel(µµ) > 55 GeV

E
miss
T, rel(eµ) > 25 GeV,Jet veto pT > 30 GeV and |ηj | < 4.5 .Use W+W− to tune MC and simulate

Z′ signal.
Z′ → exess of events at higher MTvalues → use transverse mass spetrumto plae onstraints on Z′ properties.Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 6 / 14



Present bounds on Z′ from LHC data CMS analysisCMS analysis pp → ℓ+ℓ−/ET4.6 fb−1 from arXiv:1202.1489 [hep-ex℄Cuts
|ηe| < 2.5 and |ηµ| < 2.4.

∆Ree > 0.4 , ∆Reµ,µµ > 0.3 .

pT > 20 (15) GeV,
Mℓℓ > 20 GeV , Meµ > 12 GeV,

|Mℓℓ − MZ | > 15 GeV,
E

miss
T, rel(ee, µµ) > 40 GeV , E

miss
T, rel(eµ) > 20 GeV

p
ℓℓ
T > 45 GeV,Jet veto pT > 30 GeV and |ηj | < 5.0 .Again W+W− to tune MC and simulate

Z′ signal.
Z′ → exess of events at higher plead

Tvalues → use spetrum to plaeonstraintsJuan González Fraile (UB) Phenomenology 2012, Pittsburgh 7 / 14



Present bounds on Z′ from LHC data Statistial analysisStatistial analysisATLAS: MT spetrum
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)CMS: leading lepton transverse momentum
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CMS(MZ′ , G,ΓZ′ )Combination:

χ2
comb(MZ′ , G,ΓZ′ ) = χ2

ATLAS(MZ′ , G,ΓZ′ ) + χ2
CMS(MZ′ , G,ΓZ′)Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 8 / 14



Present bounds on Z′ from LHC data ATLAS and CMS ombined exlusion limits on Z′95% exlusion limits on the prodution of a Z
′

Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 9 / 14
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Determination of spin of New Vetor resonanes Spin determinationSpin determination
pp → Z′ → W+W− → ℓ+ℓ(′)− /ET

pp → W ′ → W±Z → ℓ+ℓ−ℓ(′)± /ETBasi uts: ηℓ, ∆Rℓℓ, pℓT , /ET , Mℓℓ, jet veto for Z′Invariant mass: W ′: two fold ambiguity
Z′: MT or MT2

assisted on-Shell reonstrution (MAOS)Contrast the prodution of partiles with di�erent spin5 :
cos θ∗ℓℓ ≡ tanh

(

∆ηℓℓ

2

)or using the neutrino reonstrution → Z polar angle in the WZ COM frame (for Z′use MAOS)
cos θWZaveExpeted behaviour: spin�1 → peaked at cos θ∗ℓℓ = 0spin�0 → �atHowever, with the uts...5 Smillie, Webber (2005), Alves, Éboli, Plehn (2006), Alves, Éboli (2007).Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 10 / 14



Determination of spin of New Vetor resonanes Spin determination
cos θ∗

ℓℓ
and cos θWZave

W ′ (solid blue line with error bars) and harged salar resonane (dotted red line).(ΓW ′ = 0.05MW ′ and ( g
W ′qq̄′

g
Wqq̄′

g
W ′WZ

g
W ′WZmax

)

= 0.3)Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 11 / 14



Determination of spin of New Vetor resonanes Spin determinationDisrimination between spin�0 and spin�1Both variables with omparable disrimination power → cos θWZave larger unertaintiesConstrution of asymmetry:
Aℓℓ =

σ(| cos θ∗ℓℓ| < 0.5)− σ(| cos θ∗ℓℓ| > 0.5)

σ(| cos θ∗ℓℓ| < 0.5) + σ(| cos θ∗ℓℓ| > 0.5)
.(eliminates normalization systematis)

99% CL spin determination for a given L (assuming vetor distributions):
|AV

ℓℓ −AS
ℓℓ| ≥ 2.58 σAV

ℓℓ
= 2.58

√

1− AV
ℓℓ

2

√
Ntotwhere Ntot = L × σtot × (ǫℓ)3Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 12 / 14



Determination of spin of New Vetor resonanes Spin determination
99% CL spin disrimination

Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 13 / 14



ConlusionsConlusions7 TeV LHC run (4.7 fb−1 ATLAS + 4.6 fb−1 CMS) exludes a big region of theparameter spae for the prodution of a Z′.Ex.: Z′ saturating partial wave amplitude and with SM strength to quarks (i.e. G = 1) exludedup to 2 TeV.Model independent bounds → Adaptable to any model! → arXiv:1112.031699% CL Determination of the spin possible in a sizeable fration of the parameterspae where W ′ and Z′ an be observed for 100 fb−1(14 TeV).Early (10 fb−1) disovery possible for weakly oupled W ′.
(W ′) cos θ∗ℓℓ and cos θWZ similar power → no need of COM reonstrutionEx.: Z′ in Higgsless models: → arXiv:1102.3429

MZ′ < 1 TeV
(

g
Z′qq̄
gZqq̄

g
Z′WW

g
Z′WW max

)

≃ O(0.1)
→ Observation and Spin determination ∼ 100fb−1Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 14 / 14
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MZ′ < 1 TeV
(

g
Z′qq̄
gZqq̄

g
Z′WW

g
Z′WW max

)

≃ O(0.1)
→ Observation and Spin determination ∼ 100fb−1THANK YOU!Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 14 / 14



BakupWidthsCouplings, width (ΓV ) and mass (MV ) as free parameters, only one onstraint:
ΓZ′ ≥

∑

q=u,d Γ (Z′ → qq̄) + Γ
(

Z′ → W+W−
)

ΓW ′+ ≥ Γ
(

W ′+ → ud̄
)

+ Γ
(

W ′+ → W+Z
)Using

Γ (Z′ → uū) = 0.3
(

MZ′

MZ

)(

gZ′qq̄

gZqq̄

)2
Γ
(

Z′ → dd̄
)

= 0.38
(

MZ′

MZ

)(

gZ′qq̄

gZqq̄

)2

Γ
(

Z′ → W+W−
)

= 0.028
(

MZ′

MZ

)3 ( gZ′WW
gZ′WWmax

)2

Γ
(

W ′+ → q′q̄
)

= 0.68
(

MW ′

MW

)(

gW ′qq̄

gWqq̄

)2

Γ
(

W ′+ → W+Z
)

= 0.019
(

MW ′

MW

)3 ( gW ′WZ
gW ′WZmax

)2We get
ΓZ′ > 0.27GeV

(

gZ′qq̄

gZqq̄

) (

gZ′WW
gZ′WW max

) (

MZ′

MZ

)2

ΓW ′ > 0.40GeV
(

gW ′qq̄

gWqq̄

) (

gW ′WZ
gW ′WZmax

) (

MW ′

MW

)2Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 15 / 14



BakupCuts-W ′
pp → W ′ → ZW± → ℓ+ℓ−ℓ′±/ETMain SM bakgrounds:

pp → W±Z → ℓ±ℓ′+ℓ′−/ET

pp → ZZ → ℓ+ℓ−ℓ′±[ℓ′∓]
pp → tt̄ → bW+b̄W− → jW−W+b̄W− + bW+j̄W+W− → ℓ+ℓ′−ℓ′′±/ETStarting uts → |ηℓ| < 2.5 , ∆Rℓℓ > 0.2 , pℓT > 10 GeV and /ET > 10 GeVSFOC leptons → |Mℓ+ℓ− −MZ | < 20 GeV.Leading lepton → pt > 120 GeV

ν reonstrution:Imposing (pν + pℓ)2 = M2
W ⇒ twofold ambiguity

|Mmin
rec −MW ′ | < δ .with

MW ′ = 500 GeV → δ = 50 GeV
MW ′ = 1000 GeV → δ = 100 GeV
MW ′ = 1500 GeV → δ = 200 GeVJuan González Fraile (UB) Phenomenology 2012, Pittsburgh 16 / 14



BakupCross setions and 5σ signal observation-W ′
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Bakup
cos θ∗

ℓℓ
vrs cos θWZave

Up: cos θ∗ll ⊗ cos θave
WZ spetrum for W ′ and MW ′ = 0.5 TeV (left panel) and 1.5 TeV (right panel) where

cos θave
WZ is the average of the two possible solutions.Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 18 / 14



BakupCuts-Z ′

pp → Z′ → W+W− → ℓ+ℓ(′)−/ETMain SM bakgrounds:
pp → W+W− → ℓ+ℓ′−/ET

pp → ZZ → ℓ+ℓ−/ET

pp → tt̄ → bW+b̄W− → ℓ+ℓ′−/ET

pp → τ τ̄ → ℓ+ℓ′−/ETStarting uts→ |ηℓ| < 2.5 , ∆Rℓℓ > 0.2 and pℓT > 50 GeVJet veto → |ηj | < 3 and pjT > 20 GeV.SF leptons → /ET > 50 GeV and mℓ+ℓ− > 100 GeV.
2ν in �nal state ⇒ Complete reonstrution of the event is impossible

MWW
T

MT2 Assisted on-Shell (MAOS)6 original or modi�ed76 W. S. Cho, K. Choi, Y. G. Kim et al (2009), C. G. Lester and D.J. Summers (1999)7K. Choi, S. Choi and J. S. Lee (2009).Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 19 / 14



Bakup
ν reonstrution (Z ′)

2ν in �nal state ⇒ Complete reonstrution of the event is impossibleTransverse mass:
MWW

T =

[(

√

(pℓ
+ℓ′−

T )2 +m2
ℓ+ℓ′−

+
√

/p2T +m2
ℓ+ℓ′−

)2

−(~p ℓ+ℓ′−

T + ~/pT )2
]1/2

MT2 Assisted on-Shell (MAOS)8 reonstrution.For W+(p1 + p2)W−(k1 + k2) → ℓ+(p1)ν(p2)ℓ−(k1)ν(k2):
MT2 ≡ min

p2T +k2T =/pT
[max {MT (p1T ,p2T ),MT (k1T ,k2T )}]

M2
T (p1T ,p2T ) = 2(|p1T ||p2T | − p1T · p2T ) .Without initial state radiation:

p2
maos
T = −k1T , k2

maos
T = −p1T .8 W. S. Cho, K. Choi, Y. G. Kim et al (2009), C. G. Lester and D.J. Summers (1999)Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 20 / 14



BakupMAOS original vrs modi�edMAOS-original:
p2

maos
L (±) =

1

|p1T |2
[p1L A

±
√

|p1T |2 + p21L

√

A2 − |p1T |2|p2
maos
T |2

]

,

k2
maos
L (±) =

1

|k1T |2 [k1L B

±
√

|k1T |2 + k21L

√

B2 − |k1T |2|k2
maos
T |2

]where A ≡ M2
W /2 + p1T · p2

maos
T and B ≡ M2

W /2 + k1T · k2
maos
T .MAOS-modi�ed9:

p2
maos
L =

|p2
maos
T |

|p1T | p1L, k2
maos
L =

|k2
maos
T |

|k1T | k1L.9K. Choi, S. Choi and J. S. Lee (2009).Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 21 / 14



Bakup
WW invariant mass

MWW
T >

MZ′

2Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 22 / 14



BakupCross Setions and 5σ signal observation
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Bakup
cos θ∗

ℓℓ
and cos θMAOS−OR++

WW

cos θ∗ll (up) and cos θMAOS−OR++
WW (down).(ΓZ′ = 0.01MZ′ and (

gZ′qq̄

gZqq̄

gZ′WW
gZ′WW max

)

= 0.3). We assumed an integrated luminosity of100 fb−1.Juan González Fraile (UB) Phenomenology 2012, Pittsburgh 24 / 14



Bakup
99% CL spin disrimination
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