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FAMILY-NONUNIVERSAL Z’



EXPERIMENTAL ANOMALIES

• Fermilab had reported several anomalies in recent years
• top forward-backward asymmetry
• like-sign dimuon charge asymmetry in semileptonic b-hadron 

decays
• excess production of Wjj events (CDF only)

• One solution is a heavy neutral gauge boson, commonly 
dubbed as the Z’ boson
• associated with an extra U(1) symmetry
• having family-nonuniversal couplings with quarks



TOP FBA IN SM
• LO: no asymmetry
• NLO: small positive asymmetry



TOP FBA FROM NP
• Current CDF and D0 measurements using full dataset give 

a deviation of ~3σ from null asymmetry and ~2σ from SM 
NLO prediction.

• One possible explanation: t-channel process mediated by 
a Z’ boson with a large O(1) flavor-changing coupling 
between u and t quarks. Jung, Murayama, Pierce, Wells 2010



FCNC Z’
• Many models (GUT’s, SUSY, etc) predict or favor the 

existence of a heavy neutral vector gauge boson.

• Models with U(1)’ may have flavor-changing interactions of 
the Z’ with SM fermions at tree level if
• there are exotic fermions with separate U(1)’ charges
• the couplings of the Z’ with SM fermions are not family universal 

(new fermions not needed)

• There have been many studies in the literature about low-
energy constraints on the Z’ boson with tree-level FCNC 
interactions with quarks.



SOME PREVIOUS STUDIES

• Inspire by B physics anomalies since early 2000’s, there 
has been revived interest in using models of Z’ boson with 
FCNC interactions with quarks, particularly in the down 
sector.

• Fewer studies concentrate on the leptonic sector.

• Do a comprehensive, model-independent study of leptonic 
couplings.

Barger, CWC, Jiang, Langacker and Lee
Cheung, CWC, Deshpande and Yuan

He and Valencia
Chang, Li and Yang

Langacker and Pluemacher
Heeck and Rodejohann



KINETIC AND MASS TERMS

• After electroweak symmetry breaking, the most general 
kinetic Lagrangian for neutral gauge fields with both mass 
and kinetic mixing
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4W
µ⌫
3 W3µ⌫ � 1

4B
µ⌫Bµ⌫ � 1

4C
µ⌫Cµ⌫ � 1

2B
µ⌫Cµ⌫

+ 1
2m

2
W W 2

3 + 1
2m

2
B B2 + 1

2m
2
C C2

�mWmB W ⌫
3 B⌫ �mW µW ⌫

3 C⌫ +mB µ B⌫C⌫

=� 1
4 G

T
µ⌫ KGµ⌫ + 1

2 G
T
⌫ M2

G G⌫ ,

where mW =
g v

2
,mB =

gY v

2
,m2

C = M2
C + µ2 ,



KINETIC AND MASS TERMS
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CANONICAL KINETIC TERMS

• Using a non-unitary transformation and a Weinberg angle 
rotation, 

one puts the kinetic terms into the canonical form
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Ẑ 0
µ⌫

1

CCA+ 1
2

�
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Ẑ⌫
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Z-Z’ MIXING

• The Z-Z’ mixing comes from the parameters

• In the end,
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MASS EIGENVALUES

• Mass eigenvalues for Z and Z’ bosons are
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INTERACTIONS WITH 
CHARGED LEPTONS



LEPTONIC INTERACTIONS

• In the gauge basis:
Lint =� gZJ
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LEPTONIC INTERACTIONS

• In terms of mass eigenstates 
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REMARKS

• Presence of nonzero off-diagonal elements of BL,R, due to
(1) nonuniversality of the diagonal elements of g’L,R and 
(2) the charged-lepton mixing,
gives rise to flavor-changing couplings of the Z’ to the 
leptons at tree level.
➠ b terms

• Z-Z’ mixing introduces not only family nonuniversality, but 
also flavor violation into the tree-level interactions of the Z 
boson.
➠ β terms



CORRELATION

• Moreover, there is a relation between the b couplings and 
the β couplings

• Couplings of Z and Z’ to charged lepton pairs are directly 
related once the mixing angle ξ is specified.

�
`i`j
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+ t⇠ b

`i`j
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SM part Z’ part



MIXING FROM EW DATA

• Using the electroweak data ρ=1.0008+0.0017-0.0007, one can 
fix ξ once the Z’ mass is known

• Values of |tanξ| for 100 GeV ≤ mZ’ ≤ 2 TeV:
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CONSTRAINTS FROM 
FLAVOR-CONSERVING 

PROCESSES



LEPTONIC Z DECAYS

• The amplitude for the Z → l+l− decay is

• FBA at Z pole and decay rate are
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IN COMPARISON WITH DATA

• PDG data:

• After fixing gL,R to their SM values, one obtains

Aexp

e = 0.1515± 0.0019 , �exp

Z!e+e� = 83.91± 0.12 MeV

Aexp

µ = 0.142± 0.015 , �exp

Z!µ+µ� = 83.99± 0.18 MeV

Aexp

⌧ = 0.143± 0.004 , �exp

Z!⌧+⌧� = 84.08± 0.22 MeV

ASM
e = ASM

µ = ASM
⌧ = 0.1475± 0.0010

�SM
Z!e+e� = �SM

Z!µ+µ� = 84.00± 0.06 MeV

�SM
Z!⌧+⌧� = 83.82± 0.06 MeV



RESULTS

• Constraints on chiral flavor-conserving Z’ couplings with 
charged leptons for mZ’ = 150 GeV:

• Flipping sign of ξ also flips the signs of bllL,R numbers.
• In general:

� 0.071  beeL  0.006 , � 0.11  beeR  �0.009 ,

� 0.13  bµµL  0.25 , � 0.15  bµµR  0.27 ,

� 0.070  b⌧⌧L  0.083 , � 0.002  b⌧⌧R  0.16 .



THE                             SCATTERING

• With the inclusion Z’-mediated process, the scattering 
amplitude of e+e− → l+l− (l ≠ e) is

• Assumptions:
• s not close to Z or Z’ mass.
• neglecting contributions of flavor-changing couplings through t-

channel.

• Use LEP-II data of √s = 136 − 207 GeV.
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MORE STRINGENT BOUNDS

• Constraints on chiral flavor-conserving Z’ couplings with 
charged leptons for mZ’ = 150 GeV:

• For a wider mass range (0.5 − 2 TeV) and in units of 10−4 
GeV−1:

� 0.071  beeL  0.006 , � 0.10  beeR  �0.009 ,

� 0.033  bµµL  0.080 , � 0.029  bµµR  0.095 ,

� 0.070  b⌧⌧L  0.024 , 0  b⌧⌧R  0.083 .

� 5.1 . beeL
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. 2.1 ,

� 6.1 . b⌧⌧L
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. �2.0 , 1.9 . b⌧⌧R
mZ0

. 5.9 .

a reflection of |tanξ|∝1/mZ’



CONSTRAINTS FROM 
FLAVOR-CHANGING TREE 

PROCESSES



FLAVOR-CHANGING PROCESSES

• Tree-level flavor-changing processes
• Z → eμ, Z → eτ, Z → μτ 
• μ → 3e, τ → 3e, τ → 3μ 
• τ → μ e e, τ → e μ μ (single/double flavor-changing)
• τ → e e μ, τ → μ μ e (double flavor-changing)
• Muonium-antimuonium conversion μ+e− → e+μ−
• Flavor-violating e+e− → l l’

• Loop-mediated processes
• μ → eγ, τ → eγ, τ → μγ 
• Charged leptons' anomalous magnetic moments
• Charged leptons' electric dipole moments



FLAVOR-CHANGING Z DECAYS

• Z-Z’ mixing induces tree-level flavor-changing Z decays

• PDG upper limits:

• Assuming that only one of βll’L,R is nonzero at a time, we 
then obtain constraints on bll’L,R after specifying ξ 
associated with a given Z’ mass.
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RESULTS

• For mZ’ = 150 GeV,

• For the higher masses (mZ’ = 0.5 − 2 TeV) and in units of 
10−3 GeV−1:

➠ O(1) coupling for mZ’ = 1 TeV.
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. 3.8

also equivalent to 
constraint on effective 
4-fermion interactions



μ → 3e and τ → 3e
• PDG upper bounds:

• Assume that only one of βeμL,R is non-vanishing at a time.
• For mZ’ = 150 GeV:

• For mZ’ = 0.5 – 2 TeV, we have

• τ → 3μ cannot provide useful constraints on |bL,Rμτ|.
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τ → μ e e, τ → e μ μ
• PDG data

• For mZ’ = 150 GeV:

and weak bound on |bL,Reτ|.
• For mZ’ = 0.5 – 2 TeV, we have

• As we will see, μ → 3e, τ → 3e, and τ → μ e e provide 
most stringent restrictions on flavor-changing couplings.
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τ → e e μ, τ → μ μ e
• PDG data

• Constraints

are roughly 3 orders of magnitude less strict than the 
corresponding constraints inferred from single flavor-
changing processes.
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MUONIUM CONVERSION

• The experimental information on μ+e− → μ−e+ is available 
in terms of the effective parameter GC defined by

and has been measured to be |GC| < 0.0030GF, where GF 
is the Fermi coupling constant.

• Attributing this to the Z′ implies that 

far less restrictive than previous pages.
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• Limits on cross sections σ(ll′) ≡ σ(ee → ll′) + σ(ee → ll′) 
were acquired by the OPAL Collaboration at LEP-II 
energies, 200GeV ≤ √s ≤ 209GeV:
σ(eμ)exp < 22 fb, σ(eτ )exp < 78 fb, and σ(μτ )exp < 64 fb

• More recent bounds on cross sections at much lower 
energies, around 11 and 1GeV, were reported by the 
BaBar and SND Collaborations, respectively.

• We obtain

e+e� ! l̄l0

OPAL 2001

BaBar 2007
SND2010
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CONSTRAINTS FROM 
FLAVOR-CHANGING LOOP 

PROCESSES



• Latest data from MEG Collab.:

• Due to mass enhancement, we obtain

• The other two modes

are not strong enough.

l ! l0�
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ANOMALOUS MAGNETIC MOMENT

• Anomalous magnetic moments from e and μ from Z’ are

• Current between data and SM:

• We obtain

less stringent than previous processes.
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ELECTRIC DIPOLE MOMENT

• Electric dipole moments from e and μ from Z’ are

• SM predictions are orders of magnitude smaller than 
current data

• These constraints translate to
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possibly strong constraint, 
but relative phase uncertain



PREDICTIONS BASED ON 
ABOVE CONSTRAINTS



OBSERVABLES TO TEST

• In the following, we take the upper limits of our strongest 
constraints to make predictions for observables.

• We only list those that can be quickly tested by upcoming 
experiments.



SUMMARY OF STRONGEST LIMITS

• Define

• For mZ’ = 150 GeV and in units of GeV−1:
� 4.7⇥ 10�4  b̂eeL  0.4⇥ 10�4 , � 6.6⇥ 10�4  b̂eeR  �0.6⇥ 10�4 ,

� 2.2⇥ 10�4  b̂µµL  5.4⇥ 10�4 , � 2.0⇥ 10�4  b̂µµR  6.3⇥ 10�4 ,

� 4.6⇥ 10�4  b̂⌧⌧L  1.6⇥ 10�4 , 0  b̂⌧⌧R  5.6⇥ 10�4 .
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��  1.2⇥ 10�4 ,
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b
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SUMMARY OF STRONGEST LIMITS

• For mZ’ = 0.5 − 2 TeV and in units of GeV−1:

• Constraints on flavor-conserving couplings have come 
from Z-pole and LEP-II data.

• Constraints on flavor-changing couplings have come from 
μ → 3e, τ → 3e, and τ → μ e e data.

� 5.1⇥ 10�4 . b̂eeL . �1.2⇥ 10�4 , � 5.4⇥ 10�4 . b̂eeR . �1.1⇥ 10�4 ,

� 4.3⇥ 10�4 . b̂µµL . 3.4⇥ 10�4 , � 4.3⇥ 10�4 . b̂µµR . 2.1⇥ 10�4 ,

� 6.1⇥ 10�4 . b̂⌧⌧L . �2.0⇥ 10�4 , 1.9⇥ 10�4 . b̂⌧⌧R . 5.9⇥ 10�4

��b̂eµL
�� . 1.4⇥ 10�7 ,

��b̂eµR
�� . 1.8⇥ 10�7 ,

��b̂e⌧L
�� . 5.3⇥ 10�5 ,

��b̂e⌧R
�� . 6.9⇥ 10�5 ,

��b̂µ⌧L,R

�� . 6⇥ 10�5 ,



PREDICTIONS FOR Z’ DECAYS

• Flavor-conserving ones:

leading to a few GeV if mZ’ = 1 TeV.
• Flavor-changing ones:

leading to a very stringent constraint for the first mode, a 
few tenth GeV for last two if mZ’ = 1 TeV.

�Z0!e+e� .7⇥ 10�9 m3
Z0 GeV�2 ,

�Z0!µ+µ� .4⇥ 10�9 m3
Z0 GeV�2 ,

�Z0!⌧+⌧� .9⇥ 10�9 m3
Z0 GeV�2

�Z0!e±µ⌥ .4⇥ 10�15 m3
Z0 GeV�2 ,

�Z0!e±⌧⌥ .6⇥ 10�10 m3
Z0 GeV�2 ,

�Z0!µ±⌧⌥ .4⇥ 10�10 m3
Z0 GeV�2



PREDICTIONS FOR Z DECAYS

• For mZ’ = 150 GeV:

• The latter two predictions are, respectively, only less than 
25 times away from the existing PDG limits

B(Z ! e±µ⌥) 4.5⇥ 10�12

B(Z ! e±⌧⌥) 6.8⇥ 10�7

B(Z ! µ±⌧⌥) 5.1⇥ 10�7

B(Z ! e±µ⌥)
exp

<1.7⇥ 10�6

B(Z ! e±⌧⌥)
exp

<9.8⇥ 10�6

B(Z ! µ±⌧⌥)
exp

<1.2⇥ 10�5



LOOP PROCESSES

• Radiative lepton flavor-changing decays

not far from the current upper limits

• The other processes do not receive much enhancement 
from the Z’ boson.

B(⌧ ! e�)  2.3⇥ 10�8 , B(⌧ ! µ�)  2.1⇥ 10�8

B(⌧ ! e�)
exp

< 3.3⇥ 10�8 , B(⌧ ! µ�)
exp

< 4.4⇥ 10�8



SUMMARY

• We have analyzed family-nonuniversal couplings of 
charged leptons to a Z’ boson with general kinetic and 
mass mixing with the Z boson.

• Employing current experimental data and taking a model-
independent approach, we have performed a 
comprehensive study of constraints on both flavor-
conserving and flavor-violating leptonic Z’ couplings.

• Using the upper limits of the most constrained couplings, 
we have estimated the maximum rates of a number of 
flavor-conserving and flavor-violating decays to be tested 
in upcoming experiments.



THANK YOU!


