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We consider models with a gauged U(1)', to which is coupled a fermionic standard-model
singlet Q. If g s close the Universe, a Lee-Weinberg calculation gives the four-fermion coupling
t

' from the mass my. We can then calculate the germanium scattering cross section as a
function of my. The results are nearly model independent and close to experimental limits for
10 GeV & my & 100 GeV. In the region 400 GeV ( my & 40TeV the scattering cross section
depends on Mzl, and again approaches experimental limits if Mzt & 2TeV.

I. INTRODUCTION

In addition to their standard-model interactions, the
known quarks and leptons may interact via gauge bosons
somewhat heavier than the W+ and Zo. Such extra
gauge bosons can be sought in particle accelerators, e.g. ,

by direct production at e+e or hadron colliders, or by
measuring deviations from standard-model predictions
for neutral-current and charged-current phenomena. In
this paper we demonstrate that present and future dark-
matter detectors provide powerful, indirect probes for a
Z'. Furthermore, searches can cover a large mass range,
Mz & MzI & 2TeV.

This probe rests on the assumption that the dark
matter is a neutral Dirac fermion g, which interacts
with ordinary matter only through the Z', with coupling
strength

~2 (gi)'
8 Mzz~

A freeze-out calculation gives a relic abundance for g of
approximately

I 2~2 2

(1+my/MG, )z ' (4)

where A is the atomic weight and MG, is the mass of the
nucleus. This is correct even for en~ ) Mzt, since the
momentum transfer is low. Equations (2), (3), and (4)
combine to give

1
(my & Mz),

rr j~em'/Mzl (mg & Mz& & MQe) (5b)

Thus, for my & Mzi, o',i is large and constant when

my & MG„ then drops as I/m& at larger values.
increases again (as m&z) for rn~ & MzI, so it is possible
to get observable signals over large ranges of m@ and
MzI. Our calculations show the most likely regions for
observable signals are

(I) 10 GeV & my & 100 GeV (mq & Mz ),
(II) 400GeV & mq & 40TeV (m@ & Mz&) .

(1/66 TeV)

where

(o v) -(g', ) /m~ (mg & Mz),

(2)

(3b)

In this Introduction we have argued that experiments
searching for elastic scattering of dark-matter particles
may allow for a probe of a new U(1)' gauge interaction.
After an overview of some U(1)' models in Sec. II we cal-
culate cross sections in Sec. III for both D'rac and Majo-
rana fermions. The results for Dirac fermions (Secs. III A
and III B) are close to experimental limits. In Secs.
IV and V we look at additional model-dependent con-
straints, and our results are summarized in Sec. VI.

and ho ——2. Constraining gi & /4s' limits us to the
region 1GeV ( en@ ( 40TeV.

This dark matter could be directly seen by
germanium (or superconducting granule ) detectors,
which register the nuclear recoil from an elastic collision
between g and a nucleus. The coherent elastic scattering
cross section from Z' exchange is

II. U(1)' MODELS

A. A prototype U(l)'

The choice of a U(l)' will affect our final result for o,~

by a small multiplicative factor 4, generally in the range
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(7)

Q is our dark-matter candidate, coupling to ordinary
matter only through the exchange of a TeV-scale Z'.

We omit all couplings like LN'h' which would make

g unstable, by imposing some discrete symmetry (e.g. ,

N -+ iN, N' -+ —i¹).One can view such an SO(10)-
violating discrete synirnetry two ways. The first is to
simply accept the low-energy model as it stands, with
Yukawa couplings

8 = QU'h'+ QD'Ii + LE'Ii+ PN'N (8)

and with the gauged U(1)~, without worrying about
grand-unified-theory (GUT) embeddings (or even super-
symmetry). The second is to invoke the Hosotani break-
ing mechanism, in which Yukawa couplings do not main-
tain the expected relations, and may vanish by a discrete
symmetry or for topological reasons. 4

Another possibility we will consider, in the absence
of the SO(10) singlet N, is that ¹ forms a Majorana
fermion. Since Majorana fermions only have axial-vector
couplings, they are much harder to detect.

& @ & s (though 4 « 1 in cases of accidental can-
cellation of the proton and neutron charges). We choose
in this subsection a prototype U(1)', for which we take
4=1.

Consider SO(10) -+ SU(5) U(1)x. The SU(5) is

taken to be the usual Georgi-Glashow model, and we

break U(1)x at roughly the TeV scale with a Higgs field

P (from a 16). Our prototype U(1)' is then just U(1)x,
whose normalized charge is

(6)

In addition to the 15 standard-model Weyl spinors (Q,
U', D', L, and E'), the 16 of SO(10) contains an ¹

which transforms under SU(5) U(1)x as (1, +5/8). A

term P¹N couples N' to an SO(10) singlet N, giving
rise to a Dirac fermion

the known particles can be embedded in three different

ways, s corresponding to Georgi-Glashow, s flipped, 7 and
doubly flipped SU(5) (see Table I), and in each case
different syrrunetry-breaking mechanisms can lead to dif-
ferent low-energy U(1)' symmetries. Any anomaly-free
U(1)' can be characterized as P(B—L)+AY+ rcP, where

P is a variant of Peccei-Quinn symmetry. (B —L), Y,
and P charges for particles in the 27 are shown in Table

Georgi-Glashow SU(5), broken by an adjoint Higgs
field (or the Hosotani mechanism), has two leftover U(1)
syinmetries; we must choose one linear combination to be
our U(l)'. String phenomenologists have three favorite
choices, known variously in the literature as A, B,C
(Ref. 9) or i1, y, I (Ref. 10) or Y"',Y",Y' (Ref. 11).
Model B (y, Y") is identical to our prototype S(i), dis-
cussed in the previous subsection. Model C (I,Y'),
which we call S(z), is popular because the N' can take a
large Majorana mass and drive the neutrino-mass seesaw

mechanism; in that case our g would have to consist of
N (if Majorana), or of N and an Es singlet P (if Dirac).
Model A [g, Y"', or Y~ (Ref. 12)], which we call S(s&, is

the only one which arises from Hosotani breaking of Es
directly to the rank-5 group.

Flipped SU(5)U(1) x is broken to the standard model
with Higgs fields in the (10,—1) and (10,1) representa-
tions. Depending on where these Higgs 6elds reside in

Es, they can leave different U(1)' syrrunetries unbroken.
If they come from 27 and 27, they leave symmetry S(~&,

while if they come from a 78, they leave S(s). Doubly
flipped SU(5) U(1)x U(1)ri is broken to the standard
model by Higgs fields in the (10,—1, 1) and (10,1, —1)
representations (from 27 and 27), which leave yet an-
other U(l)' candidate, S( &.

Finally, we consider S( ) = B —L, which comes, for
example, from a Pati-Salam model. is Our seven popular
U(l)"s, with their [P, A, z] values, particle charges, and
normalizations, are listed in Table II.

B. Other popular U(l)'s

Nothing in the calculations of Sec. III requires unifica-
tion; however, in order to sample some other U(1)' theo-
ries, we now consider several models which arise from Es
unification.

When E6 breaks down,

Es ~ SO(10) U(1)ri ~ SU(5) U(l)x g U(1)n

III. CROSS-SECTION CALCULATIONS

A. A light Dirac fermion

In this subsection we predict the germanium scatter-
ing cross section for a Dirac fermion with my « 2MzI.
This is the most interesting case, since our results are

nearly model independent and close to experimental lim-

its. g must consist of two Weyl spinors of different U(l)'
charges; otherwise the calculations of Sec. IIIC apply.
Under our various candidate syaunetries, we could take

TABLE I. Particle assignments for the 27 of E6.

G-G:
1-Flip:
2-Flip:

(10, —1, 1)

Q, U', E'
Q, V',

¹

Q, B', N

(5, 3, 1)
O', L
U', L
D', A,

'
QC
EC

Pf C

B', h
B' Il,

'
U' C

(5, 2, —2)

B,A'

B,h

B,L

(1,0, 4)
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TABLE II. Charges for candidate U(1)' symmetries.

EC Pf'C Norm

B —L 1 0 0

0 1 0

0 0 1

—1
3
1
3
2
3

—1
3

—2
3
2
3

2

1

0 0
1
2

—2
3-1
3

-2
3

2
3
1
3

3

ga/6
+3/6
ga/20

g(1)

g(2)

g(3)

g(~)

g(5)

g(6)

g(~)

10

0 -2

2 6 1

3 0 0

0 2 5

3

4 2 0

4 10

4

-2

0 0

4

2 0

10

10

2 2

2 0

Ql /40

gl/160

y 1/240

Ql/16
gl /96

gl/4
gl/24

lf, ( )(4)( )(7) —
I I

@(2)( )( ) —
I I (10)&Pr '

where P is some other particle with zero charge under
the relevant symmetry.

Q interacts with a germanium nucleus via a t-channel
Z' exchange, as in Fig. 1. The effective Lagrangian is

8 = +2G'gp" (V~ —A~ps)/Gee„(VG, —AG, ys)Ge .

Here V~ ——SL, + S~ and A@ ——SL, —S~, where SL, and
S~ are the U(1)' charges of g~ and g~, respectively. VG,
is a sum of constituent charges, so it is of the order of
the atomic weight A = 72.6. AG, (the "Gamow-Teller
strength" ) is a sum of spins, so it is of the order of the
nuclear spin, which is only nonzero for "sGe with natu-
ral abundance of 7.8%. Thus we can ignore AG in our
calculations.

The standard-model neutrino interaction (via the Zo)
can be recovered from (11) by

tp~v, G'~Gy, SL, ——2, S~ ——0,
(12)

VG, ——(2 —2 sin ggr)Z —qN,
while in our prototype U(1)' model we have

Sg ——S(¹)= ~, SR = S(N) = 0, —

VG, ——JfZ+ ~~~M = 71.6.

In the nonrelativistic limit, o,l is

o,(
———(G'mg V@) I

'
I VG, ,

, (
7r my + MG, ) (14)

where MG, ——68 GeV.
A Lee-Weinberg analysis gives the relic abundance

of g particles from their annihilation cross section og.
We assume no particle-antiparticle asymmetry for g.
Define

45Z—: mgM~(ogv), (ogv)—:a+ bXy,
4m3g'

XQ = Tj'/m@

where g is the effective number of relativistic particle de-

grees of freedom at the freeze-out temperature TF. Above
0.2 GeV, g' approximately obeys~"

g'(T~) = 90 —g(22S GeV)/T~ . (16)

a+ 2bXF

VVe set

(In Z) (12 1
no =

I I I
—,

I
Tosme/p

Z J I, g 27S)

The numerical factors in the second term arise from a
depletion in g', and a consequent rise in temperature,
associated with the QCD phase transition and the elec-
tron freeze-out. This gives

(Qh~o) g' ( 24 )

FIG. 1. Interaction with germanium.

Uncertainty in the normalized Hubble parameter ho al-
lows 0.16 & Qhso& l. (Ifwe only require @'s to constitute
the halo, then 0.016 & Qho2& 0.1.) The value Qh2o——4
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is preferred on theoretical grounds to close the Universe

and give it a sufficient age for stellar evolution.
The annihilation diagram of Fig. 2 in the nonrelativis-

tic limit 8 gives

(oAn) = —(t" myVg)2(l+ 2RXF) )
f

(19) FIG. 2. Annihilation diagram.

where

V~~ + A~~

22
(20)

(V,/A)

) g2

f

(23)

R = 1 in all the models we are considering, and in any

case since XF = (lnZ) 0.04, R is unimportant
here. The last term in (19) is a sum of U(1)' charges
over all kinematically allowed final states, three genera-
tions of standard-model particles except possibly the top
quark. In our prototype model, for m~ & m&, we have

= 4.125.

We put (19) into (18), to find that (G'm@V@) is a con-
stant:

70 x 10 GeV

) g2

f

Values of 4~ for our candidate symmetries appear in Ta-
ble III [for other U(1)"s see Appendix A].

Note our result (22) depends only on m~ [and the
U(1)' factor 4g], not on Mz~, gr, or even Vy. A plot
of o,l vs my appears in Fig. 3, for symmetry $'&rl and
various values of Qhos. A discontinuity appears at our
postulated top-quark mass of 100 GeV; we have chosen
not to smooth this out so as to show the effect is small.
The experimental limits shown are from a germanium
detector, r under the assumption that Q's have the galac-
tic halo density and velocity distribution. In Fig. 4 we

have fixed Qhso——&, and plotted rr, ~ for the seven candi-
date U(l)' syrnrnetries listed in Table II.

Equation (21) can be rewritten, using prototype values

(0.25) 90 (ln Z) ( 1.04

qQho2) g E 24 ) pl+ RX
(21)

for Vy and (Q& Si), ss

I 2m = (9.3 x 10 GeV ') (24)

Hereafter we will drop the last term, since it differs neg-
ligibly from l. But now (14) gives our final result for the
germanium cross section:

To keep our U(1)' in the perturbative regime, we take

gr ( g4x. For a given Ms, this places a lower limit on

m~, for example, if Mzl = 350 GeV then my & 1 GeV.

2

o,i ——(2.15 x 10 b)4g i"Em~+M«)

(0.25) 90 (lnZ) ( A

(Qh', ) g' ( 24 ) q72.6p
(22)

B. A heavy Dirac fermion

Heavier dark-matter candidates, with m~ &
2r Mz~,

require modification of the above calculations, resulting
in a germanium cross section which now depends on Mzl
and Vy. Equation (19) is modified by the pole factorr4

4g is a numerical factor which depends on the U(1)' sym-

metry, and on whether my lies above or below the top
quark mass; it is normalized to unity for our prototype
S( ) in the region m~ ) rn&.

(4m~ —M,', ) +r, ,M, ,
(25)

For m@ & Mz~ a new annihilation channel opens, gQ ~

TABLE III. Mnltiplicative factors for candidate U(1)' symmetries.

g(i)
g(2)
g(3)
g(~)
s(')
g(6)
g(7)

Also known as

B, y, Y"
C, I, Y'

A, q, Y'", Y@

l-flip, 27, 27
l-flip, 78

2-flip
B —I

C, (&mg)
d

1.0378
0.1228
0.8362
0.5858
0.6590
0.0034
1.3744

C, ()mg)

1.0000
0.1146
0.6875
0.4882
0.5858
0.0029
1.3038

1.0000
0.0964
0.6547
0.5696
0.7459
0.0034
1.4668

C, (&mg)
m

1.0378
4.4198
0.3716
0.0000
1.3751
2.2918
0.0000

C, (&mg)
m

1.0000
4.1250
0.3056
0.0000
1.2222
1.9643
0.0000

1.0000
2.3151
0.2528
0.0000

11.3403
5.5061
0.0000
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Ir,
&

vs m&. Dirac, U(1)' = S, Various Qhe(1) 2

10-8

10-9

10-10

10-11

o 10-12
0

10-13

FIG. 5. @Q ~ Z'Z'.

m4~ ~
f~ 1+ RXJ;

fIt( @) (4m2 M2 )2 + P2 Mz

10-14
10 100

m& (Gev)

I »I
1000

R2y2 m (m& M& )s/2

8 (m2 —-'Mzz, )z
(28)

FIG. 3. e,~ vs my. Dirac, S( ~, various Oh0. For my
~ &Mzi, u, 1 is independent of M2;i, y&, and V~. The last term of (28) vanishes for my & MzI. Note

fg(m~ )) MzI) ~ 0.346 (for S( )), and (27) reduces to
Z'Z', from Fig. 5. 9 In the nonrelativistic limit, this con-
tribution is~o

R2 (g& y )4 (m~(m&2 —Mz2, )s~z)
(~»)z z = 64,'

& (m, ——,'M, ,)

(26)

mg —(3 x 10 GeV)(g', )' .

The requirement gi & +4z restricts mq & 40TeV.
We combine Eqs. (27) and (14) to get o,i,

~Mz ) iM')

(29)

where

7.29 x 10 GeV ( m~ 5
mq Vg f.(m~)

(0.251 90 (ln Z)
gAh2o) g' ( 24 ) (27)

where R was defined in (20). Note the last term goes to
unity for my )& Mzl.

We combine Eqs. (19), (25), and (26) to get the total
annihilation cross section (o~v), then put this in (18) to
get

fg(oo)
fg(mg)

'

where U'g consists of some factors of unity:

(30)

( m@ l (0.25) 90 (inZ'I ( A

(mt/r + MG ) (fIho) g' ( 24 ) (72.6)

Tz is a factor which depends on the U(1)' syriunetry, nor-
malized to unity for S( ), and listed for other symmetries
in Table III:

a', i vs m&. Dirac, Qhe = '/~, Various U(1)'s

10—8

T = 0 356
fg(oo)

(32)

10

10-10

10-11

10-12

Thus, the last three terms of (30) are approximately unity

Note that we do not include the coherence loss fac-
tor g~, since the experimental limits we quote have
already accounted for it.

a'
~ from (30) is plotted against m~ for various values

of Mzl in Fig. 6. We have used the prototype symmetry
S( ~, and taken Oh~ =—

10 13

10-'4

-- S(6)
I »»I

10 100

mV (GeV)

I I [ I I I I I I

1000

C. A light Majorana fermion

Suppose our prototype model does not contain an JV;
then in place of Eq. (7) we have a Majorana fermion

FIG. 4. n, I vs my. Dirac, AIIe = 4, various U(l)"s. o',I

depends on the U(1)' only through 4g, from Table III.
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o,&
vs m&. Dirac, S( ), Qhe ——'/4, Various Mz

1O-6

o,&
vs m&. Majorana, U(1)'

I I I I I I I I

S~, Various Bho(1)

I I I I I I I I I

10 10—13

1O-8

1O-9 10—14

10-10

10—11
4l

b
10-'a

1o-'3

1O-'4 i ti&il I I

1o1

, I

i ii&il I

10~

I I
&s i
I i

(
I

li
I 4l I I II.II

103

m& (GeV)

104

1O-'6

10 17
10 100

m& (GeV)

1000

FIG. 6. g, ~ vs my. Dirac, S,Ah
this range cr,1 depends on Mzl.

~, various Mzl. In

Then [see (11)]V@ = 0, AV, ——2S~.. In fact, the calcu-
lations of this subsection are valid for any fermion with
no vector coupling, such as a g of the form (7) under

symmetries S( ) or S( ).
The germanium cross section is greatly reduced. Equa;

tion (14) is replaced by14

FIG. 7. cr,~ vs m@. Majorana, S~ ~, various Aho. These
o',~'s are experimentally inaccessible.

D. A heavy Majorana fermion

If g is Majorana and m~ & ~~Ms~, the annihilation
cross section is

6, (
o,~

= —(G'm@Aq)
~

' '

A
~m, + M,.&

VVe take

(34) 0'g V = — 77ly
4, , (M, .)'

(m~)

AG, = (0.078)(0.37)(Sg + SD )

where the first numerical term is the relative abundance
of 7s e, and the second is from Table III of Goodman and
Witten. ~ Note the axial-vector strength does not scale
as the atomic weight. Thus the Majorana cross section is
over 5 orders of magnitude smaller than the Dirac case.

The annihilation cross section [compare to (19)] is14

f f X+f7l

(4m~2 —Mg, )2+ I'2g, M),

A~s m@(m~s —Mg, ) ~

(39)

4
(ogv) = —(G'mv, Ag) XF ) S

f
(36)

0,&
vs m&. Majorana, Hho /4, Various U(1)'s

Combining this with Eqs. (18) and (34) gives oem' [com-
pare to (22)]

2

o,i
—(1.8 x 10 b)4

(m~+ MG, )
f'0.251 90 (1n Zl
&~ho) e" & 24 )

10-13

1O-'4

10-15

I I f I I I I I

4 = 41.3 ) Sf
f

(38)
1O-'6

Again, 4~ is normalized to unity for S~~&, and listed for
other symmetries in Table III. Equation (37) is plotted
for our prototype symmetry, with various values of Oho,
in Fig. 7. Figure 8 shows o,i for our various U(l)' sym-
metries, with Qh = —Axed.

O

1O-'7
10 100 1000

m& (GeV)

FIG. 8. o,~ vs my. Majorana, OA, e ——4, various U(1)"s.
u, ~ depends on 4~, from Table III.
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Then Eqs. (18) and (34) give [compare to (30))

f (oo)
f ( )

(40)

Now f (m@) is

) XF
f-(-&) =2(4 z Mz-)2+r2 M2

A@2 m@(m@ —Mz', )
32 (m~2 —2Mz2, )z

(41)

(again the last term vanishes for m~ & MzI) and U
consists of some factors of unity:

IV. QUANTUM COMPLICATIONS

Wave-function and mass mixing between the Z and the
Z' have been studied extensively in the literature,
especially for our first three candidate syrnrnetries (note,
however, that mixing does not occur in all models, e.g. ,
S( ), pure B L)—Wa. ve-function mixing, from Fig. 10(a),
changes the current to which the Z' couples, slightly al-

tering the 4 and T values given in Table III. Mass mix-

ing, from Fig. 10(b), introduces a small coupling of t(I to
the 91-GeV gauge-boson mass eigenstate. Measurements
of standard-model parameters (such as p = 1) place lim-
its on the Z' mass and the mixing angle.

Before wave-function renormalization, let the field Ar
couple to Jv (hypercharge current) and the field Ax
couple to Jx. Mixing will cause Ar to couple to
Jr + eJx and Ax to couple to Jx + eJy, where e

(gi /16m ) ln(MG/MzI) 1/20. The standard-model B
field, which couples to Jy only, must then be

8 = Ay —eAx (44)
( my ) (0.25) 90 (inZ) t' A

&m~+ MG. ) &~I o)
(42)

T~ is a factor which depends on the U(1)' syrrrrrretry,

normalized to unity for S(r), and listed for other symme-
tries in Table III,

= O.833( ~+
f (oo)

(43)

The last three terms of (40) are approximately unity for
Mz.

o',
~ from (40) is plotted against m~ for various values

of Mzj in Fig. 9. We have used the prototype symmetry
S( ), and taken Qh

and the orthogonal combination, the Z', couples to Jx
+2eJv. This changes the ratios A/p and A/It by O(2e)
for the candidate symmetries we listed in Table II.

Mass mixing of the Z and Z' is usually studied under
the GUT assumption

I
9'y =91= = 0.46

cos Ogr
(45)

which is true if g& ——g~ at the GUT scale and none
of the particles in the 27 are heavy. Under these as-
sumptions, and leaving the mixing angle unconstrained,
neutral-current data and measurements of the Z and W
masses (giving p 1) place lower limits on Mz~. We
quote the 90% confidence level limits from Costa et al. ,

s

using only the constraint p = 1, for our first three candi-
date symmetries:

Oel VS m

10-11

Majorana, S, Qho /4, Various Mz,

M, & 352Gev (S(')),
Mz' & 180 GeV (S( )),
Mz & 129 GeV (S( )) .

(46)

1p-12

1p
—13

10-14

10-»

b 10—16

From the same source, we find limits on the mass mix-
ing angle 8;„(in radians):

IO; i & 0.05 (S(r)),
Ie;„i & o.o5 (s(')),
l~mIx I

& 0.20 (S )

As pointed out by Enqvist et al. ,
24 even these small an-

10-17

10—18» I »II
1O'

l,

. „0!l
103

m& (Gev)

I IIII
1O4

H2

'~

FIG. 9. cr,~ vs m@. Majorana, S, Oh, o ———,various(1)

Mz.
FIG. 10. (a) Wave-function mixing, (b) mass mixing (Hs

is the Higgs doublet).
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g, vs m&. Dirac, S~ ~ Hh
I I I I III I I

0 4 & g mix
I I I I III

io-e

0'ei VS IYl Dirac g '= g Oh 4, Various U(1)'s

10 10-9

10—8

10

10

10-10

1O-"

10 11

b
1p-12

10

10 14 I I I I Ill

10'

I

Ill& I&l

ca~lit& I ill

1Q2
w i ii&lll

103

me (Gev)

I I I I I IILI I I I I I I

1O4

10-12
b

10-»

1p-14
10 100

m& (Gev)
1000

FIG. 11. Figure 6 modified fo 8mix = 0 03.
FIG. 13. &,i » my' . Dirac,
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APPENDIX: FORMULAS FOR kgb ~df @fllj
AND T

VG, /A = 2p+ 0.94k

Sg+ SD- —-'A+]c . (A2)

N
V@ =P —2a,

The terms Vq and A@ depend on the form of g [see
Eq. (10)],

Equations (23), (32), (38), and (43) can be calculated
for any U(1)' symmetry from its P, A, and x values using

g2) (m ( ~ ) 37P2 ~ lti3g2 ~ 43 2
3

+—PA ——P~ ——A~
43 46 17
3 3 3

my & mg ——13 + 10k + 16K

t'N'l
A@ =20,q¹)'

(A3)

+16PA —16Pa —8Am,

VG, /A = 2p+ 0.94k —z,
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