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Introduction

• Stueckelberg Lagrangian (1938)

L = −
1

4
BµνBµν +

m2

2
(Bµ −

1

m
∂µσ)(Bµ −

1

m
∂µσ)

• Gauge invariant

δL = 0 under δBµ = ∂µε , δσ = mε

• Rξ gauge: LRξ
= −(∂µBµ + ξmσ)2/2ξ

L+LRξ
= −

1

4
BµνBµν +

m2

2
BµBµ −

1

2ξ
(∂µBµ)2 +

1

2
∂µσ∂µσ− ξ

m2

2
σ2

• R∞ → Unitary gauge: B
′

µ = Bµ − 1
m∂µσ

L + LR∞
=⇒ −

1

4
B

′

µνB
′µν +

m2

2
B

′

µB
′µ

• Massive QED. Unitarity and renormalizability are manifest!
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• Stueckelberg mechanism only works for abelian group!

• However, Stueckelberg shows up in compactification and string

theory.

• Stueckelberg extension of SM [Kors and Nath (2004)]

SU(2)L × U(1)Y × [U(1)X ]hidden sector

W a
µ Bµ Cµ

LStSM = LSM + LSt

LSt = −
1

4
CµνCµν +

1

2
(∂µσ − M1Cµ − M2Bµ)2 − gXCµJ µ

X

• J µ
X is the matter (both visible and hidden sectors in general)

current that couples to the hidden gauge field Cµ. More later.
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• After EW symmetry breaking by the Higgs mechanism 〈Φ〉 = v/
√

2

1

2
(Cµ, Bµ, W 3

µ) M2









Cµ

Bµ

W 3
µ









M2 =









M2
1 M1M2 0

M1M2 M2
2 + 1

4
g2

Y v2 − 1
4
g2gY v2

0 − 1
4
g2gY v2 1

4
g2
2v

2









• Diagonalize the mass matrix








Cµ

Bµ

W 3
µ









= O









Z ′

µ

Zµ

Aµ









, OT M2 O = diag(m2
Z′ , m2

Z , m2
γ = 0) .
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• The m2
Z′ and m2

Z are given by

m2
Z′, Z =

1

2

[

M2
1 + M2

2 +
1

4
(g2

Y + g2
2)v2 ± ∆

]

∆ =

√

(M2
1 + M2

2 +
1

4
g2

Y v2 +
1

4
g2
2v

2)2 − (M2
1 (g2

Y + g2
2)v2 + g2

2M2
2 v2)

• The orthogonal matrix O is parameterized as

O =









cψcφ − sθsφsψ sψcφ + sθsφcψ −cθsφ

cψsφ + sθcφsψ sψsφ − sθcφcψ cθcφ

−cθsψ cθcψ sθ









where sφ = sinφ, cφ = cosφ and similarly for the angles ψ and θ.
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• The angles are related to the parameters in the Lagrangian LStSM

by

δ ≡ tan φ =
M2

M1
, tan θ =

gY cosφ

g2
,

tanψ =
tan θ tan φ m2

W

cos θ[m2
Z′ − m2

W (1 + tan2 θ)]
,

where mW = g2v/2.

• The Stueckelberg Z ′ decouples from the SM when φ → 0, since

tanφ =
M2

M1
→ 0 ⇒ tan ψ → 0 and tan θ → tan θw

where θw is the Weinberg angle.
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Matter current JX :

• If SM fermion carries X charge, one can has

Qu =
2

3
−

gX

gY
tan φ QX(u), Qd = −

1

3
−

gX

gY
tanφ QX(d)

However, Qneutron = 0 implies Qu + 2Qd = 0 to high precision.

QX(SM particle) = 0 =⇒ J SM
X = 0

But, for the hiddden sector, one can has

QX(hidden particle) #= 0 =⇒ J hidden sector
X #= 0
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• Mixing effects in neutral current of SM fermions ψf

−LNC
int = g2W

3
µ ψ̄fγµ τ3

2
ψf + gY Bµ ψ̄fγµ Y

2
ψf

= ψ̄f γµ
[(

εfL

Z′ PL + εfR

Z′ PR

)

Z ′

µ

+
(

εfL

Z PL + εfR

Z PR

)

Zµ + eQemAµ

]

ψf

where

ε
fL,R

Z =
cψ

√

g2
2 + g2

Y c2
φ

(

−c2
φg2

Y

Y

2
+ g2

2

τ3

2

)

+ sψsφgY
Y

2
,

ε
fL,R

Z′ =
sψ

√

g2
2 + g2

Y c2
φ

(

c2
φg2

Y

Y

2
− g2

2

τ3

2

)

+ cψsφgY
Y

2
.
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• Constraints on StSM.

[Feldman, Liu, and Nath, PRL 97, 021801 (2006)]

• Z mass shift requires (mZ/M1 ! 1)

|δ| ≤ 0.061
√

1 − (mZ/M1)2

• Drell-Yan data of Stueckelberg Z ′

mZ′ > 250 GeV for δ ≈ 0.035 ,

mZ′ > 375 GeV for δ ≈ 0.06 .

• Z ′ width is narrow, since Z ′ → SM fermions are suppressed by

mixing angles!
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Z mass must be such that they lie in the error corridor of the
SM prediction. We now calculate the error !MZ in the SM
prediction of MZ in order to limit ". From Eq. (4) we find
that ! ! !MZ=MZjSM is given by

 ! "
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"
1# 2sin2#W

cos3#W

!MW

MZ

#
2
$ tan4#W%!!r&2

4%1#!r&2

s
: (5)

From Eq. (2) the Stueckelberg correction to the Z mass in

the region M2
1 ' M2

Z is given by j!MZ=MZj "
1
2 sin

2#W%1#M2
Z=M

2
1&#1"2. Equating this shift to the result

of Eq. (5) one finds an upper bound on "

 j"j & 0:061
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1# %MZ=M1&2

q
: (6)

Next we obtain in an independent way the constraint on "
by using a fit to a standard set of electroweak parameters.
We follow closely the analysis of the LEP Working Group
[14] [see also Refs. [15,16] ], except that we will use the
vector (vf) and axial vector (af) couplings for the fermions
in the StSM. Here, we exhibit as an example, the Z cou-
plings of the charged leptons in the StSM

 v‘%a‘& "
!!!!!!
$‘

p %T3;‘%L #Q‘%%L ( %R&&‘s2W&; (7)

where %L;R are as defined in Ref. [3], and where $‘ and &‘
(in general complex valued quantities) contain radiative
corrections from propagator self-energies and flavor spe-
cific vertex corrections and are as defined in Refs. [14,17].
The SM limit corresponds to " ! 0, and %L;R ! 1.

Using the above modifications we have carried out a fit
in the electroweak sector. Results of the analysis are given
in Table I for M1 " 250 GeV and " in the range (0.035–
0.057) where the upper limit corresponds to Eq. (6) and the
lower limit yields j!Pullj< 1. To indicate the quality of
the fits we compute '2=DOF " %20:1; 16:2; 18:4&=18 for
" " %0:057; 0:035; 0:0& excluding A%0;b&

FB and '2=DOF "
%43:3; 28:0; 25:0&=19 including A%0;b&

FB (where DOF repre-

TABLE I. Results of the StSM fit to a standard set of electroweak observables at the Z pole for " in the range (0:035–0:057) for
M1 " 250 GeV. The Pulls are calculated as shifts from the SM fit via !Pull " %SM# StSM&=! exp and Pull%StSM& " Pull%SM& $
!Pull. The data in column 2 are taken from Ref. [18].

Quantity Value (Experiment) StSM !Pull

"Z [GeV] 2:4952( 0:0023 (2.4948–2.4935) %0:4; 0:9&
(had [nb] 41:541( 0:037 (41.478– 41.481) %#0:1;#0:1&
Re 20:804( 0:050 (20.743–20.742) %#0:1;#0:2&
R) 20:785( 0:033 (20.744–20.743) %0:1; 0:2&
R* 20:764( 0:045 (20.791–20.790) %0:0; 0:1&
Rb 0:21643( 0:00072 (0.21583–0.21583) %0:0; 0:0&
Rc 0:1686( 0:0047 (0.1723–0.1723) %0:0; 0:0&
A%0;e&
FB 0:0145( 0:0025 (0.0167–0.0174) %#0:2;#0:5&

A%0;)&
FB 0:0169( 0:0013 (0.0167–0.0174) %#0:3;#0:9&

A%0;*&
FB 0:0188( 0:0017 (0.0167–0.0174) %#0:3;#0:7&

A%0;b&
FB 0:0991( 0:0016 (0.1046–0.1068) %#0:9;#2:2&

A%0;c&
FB 0:0708( 0:0035 (0.0748–0.0764) %#0:3;#0:7&

A%0;s&
FB 0:098( 0:011 (0.105–0.107) %#0:1;#0:3&

Ae 0:1515( 0:0019 (0.1492–0.1524) %#1:0;#2:7&
A) 0:142( 0:015 (0.149–0.152) %#0:1;#0:3&
A* 0:143( 0:004 (0.149–0.152) %#0:5;#1:3&
Ab 0:923( 0:020 (0.935–0.935) %0:0; 0:0&
Ac 0:671( 0:027 (0.668–0.668) %0:0; 0:0&
As 0:895( 0:091 (0.936–0.936) %0:0; 0:0&
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CDF µ+ µ−    95% C.L.
CDF e+ e−    95% C.L.
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D0 (e+ e− + γ γ)  95% C.L.

• D0 Run II 246−275 pb−1 
• CDF Run II 200 pb−1    

Stueckelberg Z’ Signals 

FIG. 1 (color online). Z0 signal in StSM using the CDF [1] and
D0 [2] data. The data put a lower limit of about 250 GeVon MZ0

for " ) 0:035 and 375 GeV for " ) 0:06.
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• Z mass shift requires (mZ/M1 ! 1)

|δ| ≤ 0.061
√

1 − (mZ/M1)2

• Drell-Yan data of Stueckelberg Z ′

mZ′ > 250 GeV for δ ≈ 0.035 ,

mZ′ > 375 GeV for δ ≈ 0.06 .

• Z ′ width is narrow, since Z ′ → SM fermions are suppressed by

mixing angles!
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Hidden Fermions

• Add a pair of Dirac fermion χ and χ̄ in the hidden sector. Then

J µχ
X = χ̄γµQχ

Xχ

−LNC
int = · · · + gXCµJ

µχ
X

= · · · + χ̄γµ
[

εχ
γAµ + εχ

ZZµ + εχ
Z′Z ′

µ

]

χ

εχ
γ = gXQχ

X(−cθsφ) ,

εχ
Z = gXQχ

X(sψcφ + sθsφcψ) , εχ
Z′ = gXQχ

X(cψcφ − sθsφsψ)

• Z ′ couples to χ is not suppressed. Its width needs not to be narrow.

Drell-Yan constraint may be relaxed, if Z ′ → χχ̄ is kinematic allowed.

• Photon couples to χ can be milli-charged! (εχ
γ # e)

• χ is stable! In general, all hidden fermions are stable w.r.t. U(1)X .

[Feinberg, Kabir, and Weinberg, PRL 3, 527 (1957)]
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Collider Phenomenology

• Z ′ → invisible χχ̄ mode is dominant.
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• LEPII constraint (e+e− → Z ′γ → γ + missing energy).
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• CDF Drell-Yan constraint (pp̄ → Z ′ → e+e−)

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

 200  300  400  500  600  700  800  900

!
(Z

’)
 *

 B
(Z

’ 
->

 e
+
 e

- ) 
  

(p
b

)

 mZ’   (GeV)

CDF 95% C.L. upper limit

Stueckelberg Z’

15



• LHC prediction: pp → Z ′+ monojet
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• ILC prediction: e+e− → Z ′ + γ
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Astrophysical Implication

• χ as milli-charged dark matter candidate.

[Goldberg and Hall (1986); Holdom (1986)]

• WMAP constraint

ΩCDMh2 = 0.105 ± 0.009 (WMAP)

Ωχh2 !
0.1 pb

〈σv〉
! 〈σv〉 ! 0.95 ± 0.08 pb

• Relic density calculation

• χχ̄ → fSMf̄SM, γZ ′, ZZ ′ are considered.

• Thermal average in σv is ignored and v2 ! 0.1 is used.
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• WMAP constraint =⇒ gX ∼ g2 and δ = tanφ = M2/M1 ∼ O(10−2)
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• Indirect detection of χ

• Monochromatic line from χχ̄ → γγ, γZ, γZ ′ could be “smoking

gun” signal of dark matter annihilation at Galaxy center.

• Photon flux

Φγ(∆Ω, E) ≈ 5.6 × 10−12 dNγ

dEγ

(

σv

pb

)(

1 TeV

mχ

)2

J(∆Ω)∆Ω cm−2 s−1

with the quantity J(ψ) defined by

J(ψ) =
1

8.5 kpc

(

1

0.3 GeV/cm3

)2 ∫

line of sight

dsρ2(r(s, ψ))

• J(ψ) depends on the halo profile ρ of the dark matter
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• TeV gamma-rays from Sgr A* (hypothetical super-massive black

hole) near the Galactic center had been observed recently by

CANGAROO, Whipple, HESS.

• These may play the role of continuum background for dark matter

detection. Detectability of photon line above continuum background

at GLAST and HESS [Zaharijas and Hooper, PRD 73 (2006) 103501]

Photon flux >∼ 1.9 × (TeV/mχ)2 × (10−14 − 10−13) cm−2 s−1
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synchrotron self-absorption of radiation in an optically thick
source (Melia et al. 2000). It should be noted, however, that the
measurements of photon scattering by interstellar plasma in-
dicate that the radiation at different wavelengths is produced at
different distances from BH (Lo et al. 1998; Bower et al. 2004).
Namely, while the millimeter emission originates from a com-
pact region of a size RIR ’ 20Rg (Rg ¼ 2GM=c2 ’ 1012 cm is
the gravitational radius of the BH in the Galactic center[GC]),
the radio emission is produced at larger distances. On the other
hand, the near-IR and X-ray flares, with variability time scales
tIR "104 s (Genzel et al. 2003) and tX " 102 103 s (Baganoff
et al. 2001; Porquet et al. 2003), indicate that the radiation at
higher frequencies is produced quite close to the BH horizon.
It has been shown recently by Liu et al. (2004) that acceler-
ation of moderately relativistic electrons (!e "100) by plasma
wave turbulence near the BH event horizon and subsequent
spatial diffusion of highest energy electrons can explain the
wavelength-dependent size of the source. The same electron
population can explain the X-ray flares through the IC scatter-
ing due to dramatic changes of physical conditions during the
flare (Markoff et al. 2001; Liu et al. 2004).

Very hard X-ray emission up to 100 keV, with a possible
detection of a 40 minute flare from the central 100 region of
the Galaxy has been reported recently by the INTEGRAL team
(Bélanger et al. 2004).

In the gamma-ray band, 100 MeV–10 GeV gamma rays
from the region of the GC have been reported by the EGRET
team (Mayer-Hasselwander et al. 1998). The luminosity of
MeV–GeV gamma rays (LMeV GeV ’1037 ergs s#1) exceed by
an order of magnitude the luminosity of Sgr A* at any other
wavelength band (see Fig. 1). However, the angular resolution
of EGRET was too large to distinguish between the diffuse
emission from the region of about 300 pc and the point source at
location of Sgr A*. GLAST, with significantly improved per-

formance (compared to EGRET), can provide higher quality
images of this region as well as more-sensitive searches for
variability of GeVemission. This would allow more conclusive
statements concerning the origin of MeV–GeV gamma rays.

TeV gamma-radiation from the GC region recently has been
reported by the CANGAROO (Tsuchiya et al. 2004), Whipple
(Kosack et al. 2004), and HESS (Aharonian et al. 2004) col-
laborations. Among possible sites of production of the TeV
signal are the entire diffuse 10 pc region (as a result of inter-
actions between cosmic rays and the dense ambient gas), the
relatively young supernova remnant Sgr A East (Fatuzzo &
Melia 2003), the dark matter halo (Bergström et al. 1998;
Gnedin & Primack 2004) due to annihilation of supersymmetric
particles, and finally Sgr A* itself. It is quite possible that some
of these potential gamma-ray production sites contribute
comparably to the observed TeV flux. Note that both the energy
spectrum and the flux measured by HESS (Aharonian et al.
2004) differ significantly from the results reported by the
CANGAROO (Tsuchiya et al. 2004) and Whipple (Kosack
et al. 2004) groups (see Fig. 1). If this is not a result of mis-
calibration of detectors but rather due to the variability of the
source, Sgr A* seems to be the most likely candidate to which
the TeV radiation could be associated, given the localization
of a pointlike TeV source by HESS within 10 around Sgr A*.
However, for unambiguous conclusions, one needs long-term
continuous monitoring of the GC region with well-calibrated
TeV detectors and especially multiwavelength observations of
Sgr A* together with radio, IR, and X-ray telescopes. With the
potential to detect short ($1 hr) gamma-ray flares at the energy
flux level below10#11 ergs s#1, HESS should be able to provide
meaningful searches for variability of TeV gamma rays on
timescales <1 hr, which is crucial for identification of the TeV
source with Sgr A*.

In this paper we assume that Sgr A* does indeed emit TeV
gamma rays, and we explore possible mechanisms of particle
acceleration and radiation that could lead to production of very
high gamma rays in the immediate vicinity of the associated
supermassive black hole. At the same time, since the origin of
TeV radiation reported from the direction of the GC is not yet
established, any attempt to interpret these data quantitatively
would be rather premature and inconclusive. Moreover, any
model calculation of TeV emission of a compact source with
characteristic dynamical timescales of <1 hr would require
data obtained at different wavelengths simultaneously. Such
data are not yet available for Sgr A*. Therefore, in this paper
we present calculations for a set of generic model parameters
with a general aim to demonstrate the ability (or inability) of
certain models to produce detectable fluxes of TeV gamma rays
without violating the data obtained at radio, IR, and X-ray
bands (see Fig. 1). More specifically, we discuss the follow-
ing possible models in which TeV gamma rays can be pro-
duced because of (1) synchrotron/curvature radiation of protons,
(2) photo-meson interactions of highest energy protons with
photons of the compact IR source, (3) inelastic p-p interactions
of multi-TeV protons in the accretion disk, and (4) Compton
cooling of multi-TeV electrons accelerated by induced electric
field in the vicinity of the massive BH.

2. INTERNAL ABSORPTION OF GAMMA RAYS

The very low bolometric luminosity of Sgr A* makes this
object unique among the majority of Galactic and extragalactic
compact objects containing black holes. One of the interesting
consequences of the faint electromagnetic radiation of Sgr A*
is that the latter appears transparent for gamma rays up to very

Fig. 1.—Broadband spectral energy distribution (SED) of Sgr A*. Radio
data are from Zylka et al. (1995), and the IR data for quiescent state and for
flare are from Genzel et al. (2003). X-ray fluxes measured by Chandra in the
quiescent state and during a flare are from Baganoff et al. (2001, 2003). XMM-
Newton measurements of the X-ray flux in a flaring state is from Porquet et al.
(2003). In the same plot we also show the recent INTEGRAL detection of a
hard X-ray flux; however, because of relatively poor angular resolution, the
relevance of this flux to Sgr A* hard X-ray emission (Bélanger et al. 2004)
is not yet established. The same is true also for the EGRET data (Mayer-
Hasselwander et al. 1998), which do not allow localization of the GeV source
with accuracy better than 1%. The very high energy gamma-ray fluxes are ob-
tained by the CANGAROO (Tsuchiya et al. 2004), Whipple (Kosack et al.
2004), and HESS (Aharonian et al. 2004) groups. Note that the GeV and TeV
gamma-ray fluxes reported from the direction of the Galactic center may orig-
inate in sources different from Sgr A*; therefore, strictly speaking, they should
be considered as upper limits of radiation from Sgr A*. [See the electronic
edition of the Journal for a color version of this figure.]

TeV EMISSION FROM GALACTIC CENTER 307

• TeV gamma-rays from Sgr A* (hypothetical super-massive black

hole) near the Galactic center had been observed recently by

CANGAROO, Whipple, HESS.

• These may play the role of continuum background for dark matter

detection. Detectability of photon line above continuum background

at GLAST and HESS [Zaharijas and Hooper, PRD 73 (2006) 103501]

Photon flux >∼ 1.9 × (TeV/mχ)2 × (10−14 − 10−13) cm−2 s−1

• Aharonian and Neronov, Astrophys. Journal 619, 306 (2005)

21



100 200 300 400 500 600
mΧ !GeV"

1."10#18

1."10#16

1."10#14

1."10#12

$
Γ
!
c
m
#
2
s
#
1
"

Gamma Ray Fluxes from ΧΧ
#
& ΓΓ,ΓZ,ΓZ,

J
''''
( 100, )* ( 10#3
MZ' ( 300 GeV

ΧΧ
#
& ΓΓ

ΧΧ
#
& ΓZ

ΧΧ
#
& ΓZ,

22



Conclusions

• Stueckelberg Z ′ extension of SM is interesting.

• Phenomenology of Stueckelberg Z ′ is different from traditional

Z ′. Mass limits can be much lower.

• Hidden fermion carries milli-charge.

• Hidden fermion is viable dark matter candidate.

• New invisible decay mode of Z ′ → χχ̄ other than neutrinos has

great impact on phenomenology.

• Hidden fermion annihilation at Galactic center can give rise

“smoking gun” signal of monochromatic line that can be probed

by next generation of gamma-ray exps. However, it faces big

challenge from astrophysical background, e.g. gamma-ray from

Sgr A*. Perhaps continuum spectrum from secondary photons

due to processes like χχ̄ → fSMf̄SM, W+W−, ... are important!
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