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Unified parametrisation
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Symmetry breaking
U(1)1 × U(1)2 ∼ U(1)Y × U(1)X

S−→
vs

U(1)Y

Scalar Charge:

S ∼
(
0(Y),

1
2
(X)
)
(Charge normalisation)

Gauge Kinetic Lagrangian (U(1))
− 1

4XµνX
µν − 1

4BµνB
µν − sinχ

2 XµνBµν

Transformations:
Go to Canonical Kinetic basis (OGKM)
Go to U(1)Y × U(1)X basis (OU(1))
Go to mass basis (Omas)

VPhys = (Omas × OU(1) × OGKM) · Vgauge



Theoretical Constraints
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M2
11 ≡ M2

Z cos
2 αz + MZ′

2 sin2 αz =
M2

W
cos2 θw

(MZ′
2 cos2 αz + M2

Z sin
2 αz)/tan

2 θx = M2
W
(
r2 + x′Φ

2)
(
MZ′

2 − M2
Z
)
sin 2αz/ tan θx =

2x′ΦM
2
W

cos θw

No assumption of the smallness ofαZ,χ
Careful parametrisation
gx not an observable, g′x is
X′Φ goes away from anomaly cancellation

tan θw =
gY
g

tan θx =
g′x
g

r =
vS
v

· · ·
g′x = gx secχ

x′Φ = xΦ −
gY
gx

sinχ



Charges→ Anomaly
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Anomaly Cancellation

[SU(2)L]2U(1)X ⇒ 3xq + xl = 0

[SU(3)C]2U(1)X ⇒ 2xq = xd + xu
Gauge Gravity⇒ 6xq + 2xl = 3(xu + xd) + (xe + xN)

[U(1)Y]2U(1)X⇒ 2xq + 6xl = 16xu + 4xd + 12xe
Five charges, Four equations→ One parameter∼ κx

Fermion Masses

Dirac mass
xd − xq = xq − xu = xℓ − xN = xe − xℓ = −xϕ/2

Majorana Mass
xN = −1/4 (xS = 1/2)

x′Φ not free parameter∴ neither is κx! =⇒ In the
(MZ′ ,αz, tan θx) formalism there is no model dependence



Charge parametrisation
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QL 3 2 1/6 κx/3
uR 3 1 2/3 4κx/3− 1/4
dR 3 1 -1/3 −2κx/3+ 1/4
LL 1 2 -1/2 −κx
eR 1 1 -1 −2κx + 1/4
NR 1 1 0 -1/4
Φ 1 2 1/2 κx − 1/4
S 1 1 0 1/2

Models
U(1)B−L U(1)R U(1)χ U(1)R × U(1)B−L
(B− L)

4
−
T3R
2

−Qχ/
√
10

1
5

[
(B− L)−

1
2
T3R

]
1
4

0
3
20

1
5
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Direct Detection
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pp→ Z′ → l+l−

Z'
p

p

l+

l-

Can be factorised:
σ
(
pp→ Z′ → ℓ+ℓ−

)
≈

π

6s
[
Cℓuwu

(
s,M2

Z′
)
+ Cℓdwd

(
s,M2

Z′
)]

Cℓq =
[
(gqL)

2
+(gqR)

2]BR(Z′→ℓ+ℓ−)
wu,wd → PDF folding (NLO)
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Unitarity
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M(W+
L W
−
L → W+

L W
−
L )|l=0

Z'
WL

WL

WL

WL

8
3
g2 cos2 θwE4

M4
W

sin2 αz < 8π

Γ(Z′ → W+W−)/MZ′

Z'
W

W

1
64π

g2 cos2 θw sin2 αz
3

(
MZ′

MW

)4

M4
Z′ sin

2 αz(
M2

Z cos
2 αz + M2

Z′ sin
2 αz

) < 48π ×
1√
2GF



νµ-e scattering or gV, gA
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e
e

νμ νμ Purely NC
Ancient (Gargamelle)
Of course, LEP

LFF = −
GF√
2

[
ν̄γµ

(
1− γ5

)
ν
] [

ēγµ
(
gνeV − gνeA γ

5) e]

(gνeV )SM ≡ (geV)
SM = −

1
2
+ 2 sin2 θw , (gνeA )SM ≡ (geA)

SM = −
1
2(

gνe(V,A)
)BSM

= M2
11

(
κZge(V,A)

M2
Z

+
κZ′g′

e
(V,A)

M2
Z′

)

gνeV = −0.040± 0.015 , gνeA = −0.507± 0.014 ,
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2σ Exclusions
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tx = 4 MZ′ exclusion atαz = 0 5.1 TeV
Lowest possible value ofMZ′ 4.4 TeV

tx = 1 MZ′ exclusion atαz = 0 3.8 TeV
Lowest possible value ofMZ′ 3.0 TeV

Maximum | sinαz| ∼ 10−3 (Conservative)



Model parameters
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tanχ =

(
2κx −

1
2

)
tan θx cot θw −

F(MZ′ ,αZ)

sin θw
, (1)

M′Z = 5.5 TeV
tan θx = 1
sinαz = −10−4 tanθx = 1

sinαz = -10
-4

MZ' = 5.5 TeV

U (1)R ×U (1)B-L

U (1)B-L

U (1)χ

U (1)R
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Endnote
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Summary

(MZ′ ,αZ, tan θx) parametrisation absorbs model dpndnc
Bounds from different sides on the Z′ parameter space
DY bound strongest, situational merits for unitarity and
low energy bounds
For a Z′ coupling as strongly as the SMW,MZ′ ≳ 4.5 TeV,
|αZ| < 0.001 at 95% CL.

Directions

Lowmass Z′ (Dent, Kim)
Loops
E6
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wq
(
s,M2

Z′
)

=

∫ 1

0
dx
∫ 1

0
dy
∫ 1

0
dz δ

(
M2
Z′
s
− xyz

)
×

{
Fqq
(
x, y,M2

Z′
)
∆qq

(
z,M2

Z′
)
+ Fgq

(
x, y,M2

Z′
)
∆gq

(
z,M2

Z′
)}

, (2)

Fqq
(
x, y,M2

Z′
)

= fq←P

(
x,M2

Z′
)
fq̄←P

(
y,M2

Z′
)
+ (x↔ y) , (3a)

Fgq
(
x, y,M2

Z′
)

= fg←P

(
x,M2

Z′
)[

fq←P

(
y,M2

Z′
)
+ fq̄←P

(
y,M2

Z′
)]

+ (x↔ y) , (3b)

∆qq
(
z,M2

Z′
)

= δ(1− z) +
αs(M2

Z′ )

π
CF

[(
π2

3
− 4

)
δ(1− z)−

1+ z2

1− z
ln(z)

−2(1+ z) ln(1− z) + 4(1+ z2)
(

ln(1− z)
1− z

)
+

]
, (4a)

∆gq
(
z,M2

Z′
)

=
αs(M2

Z′ )

2π
TF

[
(1− 2z+ 2z2) ln

(1− z)2

z
+

1
2
+ 3z−

7
2
z2
]

, (4b)

where CF = 4/3 and TF = 1/2

∫ 1

0
dx f(x) g(x)+ =

∫ 1

0
dx [f(x)− f(1)] g(x) . (5)
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B′µ
W3
µ

X′µ

 =

cos θw − sin θw cosαz sin θw sinαz
sin θw cos θw cosαz − cos θw sinαz
0 sinαz cosαz

Aµ
Zµ
Z′µ

 . (6)
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