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Shoaib Munir (IF-UNAM, México) Z ′ searches: From Tevatron to LHC



New physics
Collider phenomeonology

An alternative
Remarks

Outline

1 New physics
Competitors
Neutral gauge bosons

2 Collider phenomeonology
Di-muon decay channel
At the CDF
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Shoaib Munir (IF-UNAM, México) Z ′ searches: From Tevatron to LHC



New physics
Collider phenomeonology

An alternative
Remarks

Outline

1 New physics
Competitors
Neutral gauge bosons

2 Collider phenomeonology
Di-muon decay channel
At the CDF

3 An alternative
Fitting to binned data

4 Remarks

Shoaib Munir (IF-UNAM, México) Z ′ searches: From Tevatron to LHC



New physics
Collider phenomeonology

An alternative
Remarks

Competitors
Neutral gauge bosons

Beyond the Standard Model

Main candidates for BSM physics

Supersymmetry
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Important models with Z
′ bosons

E6 (GUT) → SO(10) × U(1)ψ; SO(10) → SU(5) × U(1)χ, yielding

Z ′ = cosα cosβZχ + sinα cosβZY + sin βZψ

α = 0: β = 90◦ → Zψ, β = 0◦ → Zχ, β ≈ −52.2◦ → Zη [P Candela,

GTH, AS,EW (1985)], β ≈ 75.5◦ → ZN [M Gell-Mann, PR, RS (1979), S F

King, SM, RN (2006)], β ≈ 37.8◦ → ZI [P Langacker, RWR, JLR (1984)],
β ≈ 23.3◦ → ZS [J Erler, PL, TL (2002); J Kang, PL, TL, TL (2005)]

α 6= 0: (α, β) ≈ (50.8◦, 0◦) → ZR [J Erler, PL, SM, ER (2009)],
(α, β) ≈ (28.6◦,−48.6◦) → ZLph [K S Babu, CFK, JM-R (1996)],
(α, β) ≈ (−39.2◦, 0◦) → ZB−L, (α, β) ≈ (−78.5◦, 37.8◦) → Zdph

ZLR ≡
√

3/5 (ᾱ ZR − ZB−L/2ᾱ); ᾱ =
√

g 2
R/g 2

L cot2 θW − 1 [R N

Mohapatra (1986)]

Zstring : model based on free fermionic string construction with real
fermions [S Chaudhuri, SWC, GH,JDL]

A sequential ZSM serves as a useful reference case
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Shoaib Munir (IF-UNAM, México) Z ′ searches: From Tevatron to LHC



New physics
Collider phenomeonology

An alternative
Remarks

Competitors
Neutral gauge bosons

Important models with Z
′ bosons

E6 (GUT) → SO(10) × U(1)ψ; SO(10) → SU(5) × U(1)χ, yielding

Z ′ = cosα cosβZχ + sinα cosβZY + sin βZψ

α = 0: β = 90◦ → Zψ, β = 0◦ → Zχ, β ≈ −52.2◦ → Zη [P Candela,

GTH, AS,EW (1985)], β ≈ 75.5◦ → ZN [M Gell-Mann, PR, RS (1979), S F

King, SM, RN (2006)], β ≈ 37.8◦ → ZI [P Langacker, RWR, JLR (1984)],
β ≈ 23.3◦ → ZS [J Erler, PL, TL (2002); J Kang, PL, TL, TL (2005)]

α 6= 0: (α, β) ≈ (50.8◦, 0◦) → ZR [J Erler, PL, SM, ER (2009)],
(α, β) ≈ (28.6◦,−48.6◦) → ZLph [K S Babu, CFK, JM-R (1996)],
(α, β) ≈ (−39.2◦, 0◦) → ZB−L, (α, β) ≈ (−78.5◦, 37.8◦) → Zdph

ZLR ≡
√
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The ‘one-parameter’ models

Four classes of models with one independent parameter ’x ’ satisfying
anomaly cancellation conditions [M S Carena, AD, BAD, TMPT (2004)]

Particular values of x yield specific E6 models
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→ d − xu yields ZI and ZR if only SM fermions are considered!
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Di-muon decay channel
At the CDF

Drell-Yan production at Tevatron

dσ

dM2
(pp̄ → BX → l+l−X )

=
1

Ncs

∫

dzdx1
1

x1z
θ

(

1 − 1

x1zr2
z

)

∑

q

σ̂(qq̄ −→ l l̄)(M2)

×
[{

f A
q (x1, M

2)f B
q̄ (x2, M

2) + f A
q̄ (x1, M

2)f B
q (x2, M

2)
}

×
(

δ(1 − z) +
αs(M

2)

2π
Dq(z)

)

+ · · ·
]
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Di-muon decay channel
At the CDF

σ̂(qq̄ −→ l l̄) is the hard scattering cross-section

σ̂(M2) =

∫ 1

−1

d σ̂

d cos θ∗
d cos θ∗

=

∫ 1

−1

d cos θ∗
1

128πM2

[

(

|ALL|2 + |ARR |2
)

(1 + cos θ∗)2

+
(

|ALR |2 + |ARL|2
)

(1 − cos θ∗)2
]

the individual amplitudes being

Aij = −Qe2 +
M2

M2 − M2
Z + iMZΓZ

CZ
i (q)CZ

j (l)

+
M2

M2 − M2
Z ′ + iMZ ′ΓZ ′

CZ ′

i (q)CZ ′

j (l);

C
Z ,Z ′

L,R (f ) = g1,2ǫ
Z ,Z ′

L,R (f )
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Di-muon decay channel
At the CDF

CDF bounds

→ reproduced using LO CTEQ6M PDFs and a varying NNLO K -factor
[M S Carena, AD, BAD, TMPT (2004)]
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Shoaib Munir (IF-UNAM, México) Z ′ searches: From Tevatron to LHC



New physics
Collider phenomeonology

An alternative
Remarks

Di-muon decay channel
At the CDF

J Erler, P Langacker, SM, E Rojas (work in progress)
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Di-muon decay channel
At the CDF

Model mlim
Z ′ (GeV) mCDF

Z ′ (GeV) mEW
Z ′ (GeV)1 Projected for 8 fb−1 (GeV)

Zχ 894.2 892 1141 1065.1

Zψ 879.8 878 147 1038.5

Zη 907.1 904 427 1065.4

ZN 862.6 861 623 1023.4

ZS 823 821 1257 990

ZI 789.2 789 1204 949.6

ZLR 959 998 1158.1

ZR 1006 442 1199.2

ZLph (803)

Zdph 1073

Zstring 707.3 1362 859.3

ZSM 1034.3 1030 1403 1289.2

J Erler, P Langacker, SM, E Rojas (work in progress)

1J Erler, PL, SM, ER (2009)
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Fitting to binned data

The log-likelihood method

Expected number of events in a dimuon invariant mass bin at CDF

N = L
∫

bin

dMphys acceptance
〈

efficiency × dσ

dM

〉

(Mphys)

we use the data set for L = 2.3fb−1
[CDF collaboration (2009)]

Inverse mass → constant resolution: σM−1 = 0.17 TeV−1. Define

〈 dσ

dM
· · ·

〉

(Mphys) =

∫ 1√
s

1
2ml

dM−1

√
2πσM−1

exp
(M−1

phys − M−1)2

2σM−1

dσ

dM
· · ·

Define log-likelihood ratio reproducing properties of the χ2 function

LLR = −2 ln
L(~µ′|~n)

L(~µ|~n)
,

with L(~µ|~n) = ΠN bins
i P(ni |µi ); P(n|µ) = (µ)n exp[−(µ)]/n!

Shoaib Munir (IF-UNAM, México) Z ′ searches: From Tevatron to LHC



New physics
Collider phenomeonology

An alternative
Remarks

Fitting to binned data

The log-likelihood method

Expected number of events in a dimuon invariant mass bin at CDF

N = L
∫

bin

dMphys acceptance
〈

efficiency × dσ

dM

〉

(Mphys)

we use the data set for L = 2.3fb−1
[CDF collaboration (2009)]

Inverse mass → constant resolution: σM−1 = 0.17 TeV−1. Define

〈 dσ

dM
· · ·

〉

(Mphys) =

∫ 1√
s

1
2ml

dM−1

√
2πσM−1

exp
(M−1

phys − M−1)2

2σM−1

dσ

dM
· · ·

Define log-likelihood ratio reproducing properties of the χ2 function

LLR = −2 ln
L(~µ′|~n)

L(~µ|~n)
,

with L(~µ|~n) = ΠN bins
i P(ni |µi ); P(n|µ) = (µ)n exp[−(µ)]/n!
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Fitting to binned data

Limits using χ
2 minimization

J Erler, P Langacker, SM, E Rojas (work in progress)

Shoaib Munir (IF-UNAM, México) Z ′ searches: From Tevatron to LHC



New physics
Collider phenomeonology

An alternative
Remarks

Fitting to binned data

Predictions for the LHC

L (fb−1)/
√

s (TeV) 3.5 7 14 28
3 1.016 1.844 2.972 4.647
30 1.469 2.456 4.101 6.726
300 2.231 3.324 5.423 9.703
3000 3.923 5.548 7.911 12.154

Expected Zχ limits from the LHC

L (fb−1)/
√

s (TeV) 3.5 7 14 28
3 1.499 2.480 3.942 6.020
30 1.912 3.271 5.507 9.003
300 2.675 4.187 7.111 12.110
3000 4.654 6.569 9.511 15.517

LHC as a pp̄ collider

J Erler, P Langacker, SM, E Rojas (work in progress)
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Conclusions and outlook

We have been able to extend CDF lower bounds on the Z ′

mass to more general classes of models

We carried out a detailed study of the various factors
contributing to the production cross-section and thereby the
mass limit

Further improvement on the limits by constructing χ2 function
→ mass effects independent of the coupling constant effects

Analysis can be easily performed for the LHC as soon as new
data is released
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MERCI!
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