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U boson interpolating between a generalized dark photon or dark Z,
an axial boson, and an axionlike particle

Pierre Fayet®

Laboratoire de physique de I’Ecole normale supérieure, 24 rue Lhomond, 75231 Paris cedex 05, France
and Centre de physique théorique, Ecole polytechnique, 91128 Palaiseau cedex, France

® (Received 10 October 2020; accepted 16 December 2020; published 26 February 2021)

A light boson U from an extra U(1) interpolates between a generalized dark photon coupled to
0O, B, and L; (or B— L), plus possibly dark matter, a dark Z coupled to the Z current, and one
axially coupled to quarks and leptons. We identify the corresponding U(1), symmetries, with
F=yyY4+ypB+y  Li+yaFs+ypF +y,Fy F, acting in a dark sector and F’ on possible semi-
inert Brout-Englert-Higgs (BEH) doublets uncoupled to quarks and leptons. The U current is obtained
from the U(1), and Z currents, with a mixing determined by the spin-0 BEH fields. The charge Qy
of chiral quarks and leptons is a combination of Q, B, L;, and T5; with the axial F4. It involves in
general isovector and isoscalar axial terms, in the presence of two BEH doublets. A longitudinal U
with axial couplings has enhanced interactions and behaves much as an axionlike particle. Its axial
couplings g4, usually restricted to <2 x 1077 my(MeV), lead to effective pseudoscalar ones
gp = ga X 2mg/my = 2'/46}7/2mq.1Ai. A, is proportional to an invisibility parameter r = cos0,
induced by a singlet v.e.v., possibly large and allowing the U to be very weakly interacting. This
allows for a very small gauge coupling, expressed with two doublets and a singlet as
g'/4~2x107% my(MeV) r/sin2B. We discuss phenomenological implications for meson decays,
neutrino interactions, atomic-physics parity violation, naturally suppressed z° — yU decays, etc. The
U boson fits within the grand unification framework, in symbiosis with a SU(4),, electrostrong symmetry
broken at the grand unification scale, with Qy depending on Q, B— L, F4, and T3, through three

parameters yy, 74, and 7.

DOI: 10.1103/PhysRevD.103.035034

I. A NEW LIGHT GAUGE BOSON

Could there be a neutral light gauge boson in nature,
other than the photon? We have long discussed the possible
existence of such a new boson called the U boson, with
weak or very weak axial and/or vector couplings to quarks
and leptons [1]. The vector part in the U current is generally
obtained, after mixing with the Z current, as a combination
of the conserved baryonic, leptonic and electromagnetic
currents [2]. An axial part may be present when the
electroweak breaking is generated by two Brout-Englert-
Higgs (BEH) doublets, at least, with different gauge
quantum numbers. The new gauge boson then behaves
very much, in the low mass limit, as an axionlike particle,
which may be turned into mostly an electroweak singlet so
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as to be very weakly interacting [1]. One can search for it in
e"e” annihilations, K, y, and Y decays, beam dump
experiments, neutrino scatterings, parity-violation effects,
etc. It may also serve as a mediator for the annihilation of
dark matter particles, providing sufficient annihilations to
allow for dark matter to be light [3,4], circumventing the
Hut-Lee-Weinberg mass bound of a few GeVs [5,6]. It may
contribute to anomalous magnetic moments of charged
leptons, providing potential interpretations for possible
deviations from their standard model (SM) expected values
[7]. The search for such light bosons, very weakly coupled
to standard model particles and providing a possible bridge
to a new dark sector, has developed into a subject of intense
experimental interest [8,9].

The many different aspects of the physics of a new light
gauge boson make it worthwhile to discuss and relate,
within a single unified framework, the cases of a dark
photon [10] or generalized dark photon vectorially coupled
to a combination of electromagnetic, baryonic, and leptonic
currents, and of spin-1 bosons with axial couplings, often
closely mimicking spin-0 axionlike particles (ALPs).

The properties of the new boson, denoted by U, will be
determined in a general and systematic way, under minimal

Published by the American Physical Society
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hypothesis, from the gauge symmetry principle, depending
on the number and properties of the Brout-Englert-Higgs
fields responsible for symmetry breaking; and, also, on a
possible grand unification of strong, electromagnetic, and
weak interactions, that would further restrict its couplings.
No reference to kinetic mixing is needed nor even useful,
the weak hypercharge Y being already (independently of
dark matter) a natural contributor to the extra-U(1) sym-
metry generator F, next to other operators like baryonic and
leptonic numbers B and L;, an operator F', acting axially on
quarks and leptons, F; acting in a dark sector, and possibly
F’ acting on semi-inert doublets uncoupled to quarks and
leptons (if present).

The extra U(1) gauge field C* slightly mixes with the
standard model one Z{; (and not with the photon field, in
this description), into

UF = cos ECH + sinE Z§, (1)

with cos & ~ 1 in most of the situations considered here. We
shall show how, by coupling to a combination of the extra-
U(1) and Z currents, the spin-1 U boson includes the
special cases of a dark photon, coupled to the electromag-
netic current through

g’ cosé& <X + T3, — sin’@ Q) = ¢’ cosécos’d Q, (2)
2 S———r

€e

or of a generalized dark photon coupled to Q, B, and L;
currents; or of a dark Z coupled to the Z current; or of a
light boson with axial couplings; and how, more generally,
it interpolates between all these situations.

We shall find the corresponding expressions of quark and
lepton couplings, obtained as a general linear combination
of O, B, and L; with the weak hypercharge Tx; and the
axial F 4. The seven chiral quark and lepton couplings, for
one generation, satisfy two independent relations. This
provides in particular a universality relation gu; = Gae.
between axial couplings of down quarks and charged
leptons, as well as a constraint on the neutrino couplings,
determined in this framework by the other quark and lepton
couplings.

We shall also discuss how axial couplings, originating
from T3, and F, when present (providing isovector and
isoscalar contributions, respectively), are at the source of
enhanced interactions for a longitudinal U boson having a
small mass m. These may be described by effective
pseudoscalar couplings obtained from the axial ones by

2my,,

q.l
= , 3
gp = ga B ( )

which are similar to those of an invisible axion, or axionlike
particle [1]. The U couplings to quarks and leptons are
obtained in a two-doublet + one-singlet model [11] from

g cosé <% — cos2f3 (T5, — sin’@ Q)) , (4)

up to additional vector couplings associated with Q, B, and
L;. tanf = v,/v, denotes the ratio of the two doublet
v.e.v.’s. This provides the axial couplings

/!
gi=1 ‘;055 (1 4 cos2p). (5)
reexpressed as
SI/AGL? my rcotf (foru,c,i), ‘
ra : (6)
rtanf (ford,s,b;e,u,7),

2 x 107 my(MeV)

thanks to the proportionality relation between ¢’ cos & and
my. r=cosf, <1, defined from tan 8, = |F,|w/vsin2p, is
an invisibility parameter, small if the extra U(1) is broken
at a high scale by a large singlet v.e.v. (¢) = w/+/2, further
contributing to my. We can then reconstruct from (3) the
effective pseudoscalar couplings of quarks and leptons as

r cot 3
r tan 3

(foru,c, 1),
(ford,s,b;e, u,7).

(7)

gp =4 %10 m, (MeV) x {

A small r is associated with a large singlet v.e.v.,
significantly increasing the U boson mass in a two-doublet
model, according to

J'vsin2p  (0) ¢'vsin2p
—_— _) —_— s

2 2r (8)

my =

with v = (Gpv/2)"1/2 ~246 GeV, disregarding here
cos &~ 1 for simplicity [11]. Conversely it leads, for any
given my, to a significantly smaller value of the extra-U(1)
gauge coupling ¢”, expressed proportionally to the invis-
ibility parameter r according to the formula

g _ 6
;= 2% 107 my(MeV) reTh (9)

It involves, for r =1 and tanf =1, the benchmark
value my/2v ~ 2 x 107 m;(MeV), corresponding to
d”?/8m}, = (&> + ¢%)/8m% = Gp/\/2, relevant in the
discussion of nonstandard neutrino interactions, as
compared with standard ones [1]. This illustrates also
how the U interactions may be arbitrarily small for small
r, for any given my;, in a 2-doublet + singlet model, with
in particular
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g"” . Gr m%} r’
8(m} — ¢?) =2 my, — g sin’2p’

After discussing many of the phenomenological effects
of such a light U boson, including w, Y, z°, K, and B
decays, neutrino interactions, atomic-physics parity viola-
tion, new long-range forces, etc., we shall express its
couplings in the framework of grand unification. They
are constrained by a SU(4). electrostrong symmetry
relating the photon with the eight gluons and commuting
with U(1), valid at the grand unification scale. All quark
and lepton couplings can then be expressed in terms of
three arbitrary parameters. The vector couplings, that
would be proportional to the SU(4)-invariant

0-2(B-L) (11)

at the grand unification scale (so as to vanish for up quarks,
belonging with their antiquarks to electrostrong sextets),
appear at lower energies as a general linear combination of
Q and B — L [including in particular the more specific case
of a protophobic coupling to Q — (B — L)].

(10)

II. THE GENERAL PICTURE FOR A LIGHT
SPIN-1 U BOSON

A. An axionlike behavior of a light U boson

The longitudinal polarization state of a light U boson
with axial couplings undergoes enhanced interactions, by a
factor ~ k*/m; which may be large for small m,. In fact
the U does not decouple even if its gauge coupling ¢’ gets
very small, its mass my getting very small as well, its
longitudinal polarization state interacting with amplitudes
x ¢'k* /my having finite limits. It behaves then very much
as the corresponding Goldstone boson, a spin-0 axionlike
particle a, but it has no yy decay mode. Its effective
pseudoscalar couplings to quarks and leptons gp are
obtained from its axial ones g, through the correspondence

_ 2m _
ga nyyﬂ}’sf . QAm—f afrsf, (12)
U

so that [1]

g g :
q q m

(13)
U

The resulting enhancement of U interactions for small
my; could lead to too large effects. One way to avoid them is
to diminish these effective pseudoscalar couplings by
introducing, next to the two doublets /; and %, considered
in this case, a spin-0 singlet ¢, now often known as a “dark
Higgs” field; it acquires a sufficiently large v.e.v. as
compared to the electroweak scale, so that the extra
U(1) symmetry gets broken “at a large scale” [1]. This
turns the equivalent axionlike pseudoscalar from an active
field A into a mostly inert one a, very weakly interacting or

nearly “invisible”. It is expressed in terms of its doublet and
singlet components as

a=cosf, A+ sind,(vV2Imo), (14)

its couplings to quarks and leptons being proportional to
the invisibility parameter

r=-cosf, <1,

(15)
as in (7). Its production rates are proportional to
r?> = cos” ,, with, in particular, when the axial generator
F, participates in the gauging so that a longitudinal U

boson gets produced much like an invisible axion,

Bly(Y) =y + U]

~ r’ B[y(Y) — y + standard axion],etc.  (16)

These rates are sufficiently small if » = cosf, is small
enough, i.e., if the pseudoscalar a, turned into the longi-
tudinal degree of freedom of the light U boson, is mostly an
electroweak singlet.

B. The U current, combination of the
extra-U(1) and Z currents

In this approach, initiated forty years ago, the SU(3) x
SU(2) x U(1), gauge group of the standard model (SM) is
extended to include an extra U(1) factor. Its gauge field
C*, taken to be very weakly coupled, mixes in general with
the Z% field of the standard model, according to

Ut = cosECH +siné Z5, (17)
with a small mixing angle £ given by [2]
v g//
tan & =~ QZGF =T (18)

g+g 9z

The mixing is determined by the extra U(1)g
coupling ¢’, and by a sum on the Brout-Englert-
Higgs doublets #;, denoted by I'. The h;’s are doublets
with weak hypercharges Y(h;) =¢; = +1 and v.e.v’s
v;//2, contributing to the mixing with the Z, with
v? =307 = 1/(GpV/2) ~ (246.22 GeV)?. Extra sin-
glets, when present, can contribute significantly to the
U mass but not to its mixing with the Z, in the small mass
limit. The U current is thus obtained in a general way as the
following linear combination of the extra-U(1l), and Z
currents:

W= g cosé
{ Jh+ (ZeF

r

)4 ) (J5, — smzeﬂc‘m)]
v?

(19)
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In the situations usually considered here the mixing angle &
is small so that cos &~ 1.

Two classes of models are particularly interesting and
representative. With F taken as the weak hypercharge Y
(plus a possible dark matter contribution), a single doublet
as in the standard model (or two as in the supersymmetric
standard model, with F =Y =1 for h, and k) so that
I' =1, and an extra singlet ¢ to generate the U mass, the
1J% and J4, terms in Eq. (19), both parity violating,
recombine into Jhy,. The mixing of the Y current with
the Z current reconstructs exactly the electromagnetic
current, with

Ty = ¢'cos Ecos?0 Jom + Ty (20)

The U boson appears as a “dark photon” with a coupling
g’ cosEcos’d = etany to the electromagnetic current.
When F includes also, in addition to Y, terms proportional
to baryon and lepton numbers, the U appears as a
generalized dark photon coupled to a linear combination
of O, B, and L; currents [2,12],

1
T = g" cosé |cos?0Jem E(J’BJ/Z;JFYLiJIz,-) + T (21)

In contrast F may be taken as an axial symmetry
generator F, (equal to —1/2 and +1/2 for left-handed
and right-handed quark and lepton fields, respectively),
plus a possible dark matter contribution. This requires two
BEH doublets at least, taken as h; and h, with tanf =
vy/v; as in supersymmetric extensions of the standard
model [13]. These two doublets, taken with ¥ = 1 and
F, =1, may then be rotated independently thanks to
U(1), and U(1),. We thus have, as seen from (19) with
[ = (13— v})/1? = —cos2f [11],

1 .
Jh g cosé {EJZ —cos2p(J5, —smzHJ’ffm)} +J%. (22)
or, including B and L; contributions as in (21),
" /" 1o u 29 JH
=~ ¢’ cosé EJA —cos 2f (J5, —sin“0 Jem)
1
+g"cosé 3 (rpJ7s + VL,JIi,.) + Ta (23)

Doublet BEH fields uncoupled to quarks and leptons but
with nonvanishing v.e.v.’s, referred to as “semi-inert”, may
also participate in the mixing, again with C* very weakly
coupled to quarks and leptons through a linear combination
ofthe Y, B, L;, and F, currents. As a special case it is even
possible that the U(1) gauge field C* does not couple to
quarks and leptons at all, while still mixing with Z% as in
(17), (18) thanks to the v.e.v.’s of semi-inert doublets

transforming under U(1) . The resulting current for quarks,
leptons, and dark matter is then obtained from (17)—(19) as

=siné\/ @+ g% (Jh, —sin?0Jen) + T4,

~To

v

~ ¢’ cosé (Z €;F(h;) ?> (J5, = sin?0Jn) + Ty
(24)

Only semi-inert doublets contribute to I" when the other
doublets coupled to quarks and leptons have F' = 0, a semi-
inert doublet 4’ taken with F = 2 leading to I = 202 /v? =
2sin’f’ in (24). Such a U boson simply coupled to the Z
weak neutral current may be referred to as a dark Z boson
[14—-16]. Again, other contributions proportional to Q, B,
L;, and F, currents may be present as in (21), (23).

For I' =0, C* and Z’() do not mix, the U current for
quarks, leptons, and dark matter being simply given by

/!

g

C. The U charge as a general combination
of O, B, L;, T3;, and F,

We shall discuss more precisely in Sec. VI how the extra-
U(1), symmetry to be gauged may be generated by an
arbitrary linear combination of the axial generator F, with
Y, B, and L;, plus a dark matter contribution, and a possible
yp F' term acting on semi-inert BEH doublets uncoupled to
quarks and leptons. This extra-U(1) generator is then
given by

F=ysFy+yyY+vpB+y,Li+viFa+rrF.  (26)

This includes specific combinations for which U(1) does
not act on left-handed quarks and leptons but only on right-
handed ones, such as

Y B-L
Ty =5 =3 27)
or (3B+ L)/2 + Fy, equal to +1 for right-handed quark
and lepton fields.
For two active doublets &; and h, with ¥ = F1 and
F, =1, plus a singlet o, the mixing angle £ in (18) is
given by

g//
—=—= (ry=7a
/gz + 42

Remarkably, it allows us to unify within a single formula
the situations described in (20)—(23), with vector and/or
axial couplings of the U boson, by expressing the U current
in (19) as the sum of three contributions:

cos2f). (28)

tan & ~
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(1) a vector current linear combination of Q, B, and L;
currents, as for a generalized dark photon in (21)
[2,12];

(2) a combination of a universal axial current J%
with the standard weak neutral current J4; —sin®0J4,
as in (22), as for an axial boson mixed with
the Z [11];

(3) and a dark matter contribution [3,4].

This reads:

1
=~ ¢'cosé |:]/Y cos?0 Jhn + 5 (a5 + 71']/2[)]

1
+g"cosé yu [ EJZ —cos 2 (J5, — sin?6 J’ém)}

g//
+5 cosé yqJt. (29)

In a general way we can decompose F as yyY + F,
so that

2
- Uk
T=yy+ > eF(h) 5 =rtn (30)

with

|§
tof~to

n= Z €ilraFa+rveF'|(h)

1

. (31)

<

leading to

/!

tané = (v, 4 1), (32)
9z

as in (28). With the usual active doublets &, h, (Y = F1,
F, = 1), a semi-inert one &’ (taken for future convenience
with F/ = 2Y = 2), and a singlet ¢ not contributing to 7, we
have

2 _ 2 2
v — 1] v

N=ra— 5 +tr 5
= —y,4 cos2fcos’f + 2y psin?f. (33)

This reduces to n# = —cos2p for hy, h,, ¢ (choosing
ya = 1), and n = 20> /v* = 2sin? ' for a SM-like doublet
hg, and a semi-inert one A’ (choosing y = 1), with a
possible singlet.

The U current is then expressed as

g’ cosé

1
x| 3 (yadly + vyl +vpds + 71’*’2 +yedh +ralyy)

+ (ry +n)(J5, —sin?0Jem) | (34)

Recombining yy(3J% +J4, —sin®0J%,) into yycos?6 Jen,
we find the general expression of J%, as

1
=g’ cosé |:]/Y cos?0 Jim + B (raJp + 71']/2,-)]
1 o cosé { T 0 (= sin0 Jé‘m>] (35)

1
+¢'cosé 3 (rpdhe +vady)-

It involves a general linear combination of electromagnetic
and Z currents with baryonic and leptonic currents, and an
axial current, with an additional dark matter contribution.

The mixing with the Z current is determined by the
parameters yy and x in (30)—(33). For y, =n=0 we
recover a U vectorially coupled to Q, B, and L;. Fory, # 0
we recover the U current as an axial one mixed with the Z
current and combined with Q, B, and L; currents. For
74 =0, yy and n #0 we get a mixing between a dark
photon and a dark Z, also coupled to baryonic and leptonic
currents.

This corresponds to a U charge, associated with the
coupling ¢” cos & (in most cases close to ¢’), obtained from
the Z — U mixing in (17) as

1
Oy = EF + tan & % (T3L — sin?0 Q) (36)

It reads in the small m;; limit
1 !
Oy~ 5 YaFa+vyY +ypB+y,Li+ypF +vaF 4
+ (ry +n)(T3, —sin*6 Q), (37)

reexpressed as

1
Qu ~yycos?0 Q + 2 (YaFa+yvpB+yLL;)
(38)
) 1 /
+ 1 (T3, —sin“6 Q) +§ (rpF' +v4Faq).

in agreement with expression (35) of J7,.

D. Special cases of a U unmixed with the Z

When I' = yy 4+ 1 = 0 so that £ = 0, there is no mixing
between the standard model Z{; and the extra-U(1)C¥
gauge fields. Z¥ =Z{ remains coupled to quarks and
leptons as in the SM, and U* = C* is coupled to the
extra-U(1) current J% as in (25). This is the case, in
particular, for an axial gauge boson unmixed with the Z
(with yy =0, y4 =1, and n = —cos 2 = 0 for v; = v,),
which may also be coupled to B and L; [1].

035034-5
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This may also occur with a semi-inert doublet 7/, for
ya=0 and ' = yy + 2ypsin> f/ = 0. As a very special
case we may take yy = —yp = 1 with SM-like and semi-
inert doublets A, and /' having opposite F = +1 and
equal v.e.v.’s (tan /' = 1) so that C* and Z;; do not mix. In
all such situations with no mixing we get from (34) the U
current

g//
Jy = ?J/fv

/!

Q

(radh +rvdy + vty +ridL, +vedp +raly).

v |

(39)

It corresponds to

— /
- 1
Qv (YaFa+yyY +ygB+yiLi +ypF +y4F,),

(40)

N\"'J

T2

acting on quarks and leptons as a linear combination of Y,
B, and L; (including possibly T3z) with the axial F4. This
unmixed expression of Q; = F/2 is also easily recovered
from the general expression (38), under the no-mixing
constraint 7 = —yy.

E. Vector and axial parts in the U charge

Returning to the general situation of the U current in (34)
the couplings of chiral quark and lepton fields are
expressed as ¢” cos £ Qy, with Qy given in (38) as a linear
combination of Q, B, L;, T3;, and F, (the colorless
neutral symmetry generators in the standard model and
its extensions) [17]:

Oy = (7YC0S29—77sin29)Q+ 5 B+ 2’L

+%AFA+17 T, (41)

The couplings are expressed in terms of five independent
parameters if we assume lepton universality, yy, yz and y;,
74, and 7, all of them multiplied by ¢” cos & This allows for
many interesting situations, with in particular the possibil-
ity of reduced couplings to neutrinos, and to protons. In
addition to vector couplings involving Q, B, and L;, we
also get in general axial couplings, involving isoscalar as
well as isovector contributions.

Let us separate the parts corresponding to vector and
axial couplings, with Q = T3; + Tsx + (B — L)/2 so that

T T T —T
T3, —sin’0 Q :731‘—; R _sin2gQ - 28_3L 5 =
| | s
— (== - B-1) -2, @

and

(Qu)y = rycos?0Q + 5B +

2

I 1
| (5-sie)o-2B-L)].| @)

2 4

/4 n
(Qula = EAFA_ETSA-

With T3 = T3L + T3R’ T3A = _T3L + T3R’ and T3L =
(T3 —Tz4)/2, one can also write, if one prefers,

(T30)a = —T34/2, and (T3.)y=T5/2=0/2—(B-L)/4.
Let us consider as a check 7 = —yy so that there is no
mixing with the Z. Then

(Qu)y = ry[Q = (T3)y] + 18 > °B+ 2' L;,
(44)
(QU)A = %AFA—VY(Tu)A-

Summing the two we get for the quark and lepton
couplings, with Q — T3, = Y/2,
0y =Dp 4y tep Ty Lpo s
2 2 2 2 2
which provides back Q; = F/2 as in (38), (40), in the
absence of mixing with the Z.

F. More on the vector couplings
The vector couplings involve a linear combination of the
conserved B, L;, and electromagnetic currents. The pure
dark photon case corresponds to the specific direction
(1;0,0,0,0;0,0) in the seven-dimensional parameter
space

(rys7B-7L,37asM). (46)

As a result of the mixing with Z we recognize in the
vector contribution to the U charge the part corresponding
to the weak charge [11,18], defined as

(0z)y = (T3)y —sin*0 Q
- G - sin2e) 0-(B-L). (@)

When conventionally renormalized by a factor 4 into

Owew = 4(Qz)y = (2 —-4sin®0) 0 — (B-L), (48)
it reduces to the usual definition of the weak charge for a
nucleus, Owea (Z, N) = (1 —4sin’0) Z — N [19].

For sin? @ having the grand unification value 3/8 [20] the
vector couplings of the U are fixed by
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gut

8 =10 (B-L). (49)

They vanish for up quarks, as do the Z vector couplings to
up quarks. We shall come back to this in Sec. IX, in
connection with a SU(4),, electrostrong symmetry relating
the photon with the eight gluons.

With sin? 6 close to 1/4 however, the Q, contribution to
the vector couplings in (47), close to be proportional to
B — L — Q (rather than to B — L — Q/2 for sin’> § = 3/8),
is significantly smaller for the proton than for the neutron
[11], and thus naturally “protophobic”, instead of being
“u-phobic” at the GUT scale.

G. P, C, and CP properties of the U boson

There are different representatives within the general
class of models considered, associated with different
choices for the gauged extra-U(1) quantum number F in
(26), the doublet and singlet v.e.v.’s, etc. The resulting U
current in (19)—(25), (29) or (35) may be purely vectorial,
purely axial, or in general appears as a combination of
vector and axial parts, with

{ vectorially coupled U: CP~~ (as the photon),

U: CP*T. (50)

axially coupled

If both couplings are present the U interactions are C- and
P-violating, the U still having CP = +. Its interactions
generally preserve CP except for very small effects,
including a possible very small CP-violating monopole-
dipole spin-dependent interaction [21].

Let us now concentrate on the axial couplings.

III. AXIAL COUPLINGS AND EFFECTIVE
PSEUDOSCALAR ONES
A. Universal expressions of axial couplings

The rearrangements leading to expressions (29), (35) of
the current may also be understood by considering the axial
part in the quark and lepton contribution to 7%,

(Tl =o'cosé | Bos e 1)

which is independent of yy, and obviously of yz and y; . It
leads to the axial couplings g, = (9z — 91.)/2,

_ g'cosé

Gar =g cosE(Qp)as = 1 [va F nl. (52)

1 1

isoscalar isovector

independently of yy, y, and y; . It corresponds to (Qy,) , in
(43), with the y, and F 5 terms providing isoscalar and
isovector contributions, the latter induced by the mixing

with the Z. All axial couplings are given by the two
universal expressions

g’ cos &
9a+ = JAucr = 4 (}/A - ’1)’
B (53)
g’ cosé
9~ = Gaeur = Gaash = —5— (ra+n)-
They satisfy the general universality relations
{gAu = 9ac = Yar- (54)
9ae = 9Aau = 9ar = 9ad = YAs = GAb-

These are in fact a consequence of the hypothesis that up
quarks on one hand, down quarks, and charged leptons on
the other hand, all acquire their masses from the same BEH
doublet, as in the standard model, or from %, and A, as in
supersymmetric theories. However, should we use more
doublets and allow for different axial generators acting
separately on leptons of the three families, and on quarks,
to participate in the U(1) gauging (cf. Sec. VI B), then the
universality relations (54) and subsequent constraints on
the axial g,’s would have to be abandoned.
For a purely isoscalar axial coupling or a purely isovector
one, all axial couplings have the same magnitude
|gAuct| = |gAdsb| = |gAe;n|v (55)
but the two active doublets #; and h, (Y = F1, Fy = 1),
with the singlet o, lead to a combination of isoscalar
and isovector couplings. Normalizing ¢” so that y, =1,

n=(v3 —v?)/v* = —cos2f, we recover [11]

(Th)a = o'c0se | 304 —eos26 ()] (650

providing

cos’p

sin?f

_ g'cosé

g COSg(l +cos2p) = X {

ga+ = 3 (57)

The upper sign + is relative to up quarks, and the lower
one — to down quarks and charged leptons.

All these expressions (51)—(57) for the axial couplings
are also compatible with grand unification and the SU(4),,
electrostrong symmetry, as we shall see in Sec. IX.

B. g” as proportional to m; and to the invisibility
parameter r

Let us consider two BEH doublets 4§ and h;, (or Ay, and
K') with different gauge quantum numbers, breaking
spontaneously the U(1), symmetry and making the U
massive, its current having an axial part. Its mass, initially
given in the small m; limit by
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g’ coséw

my ~ > sin 243, (58)

where tanff = v,/v, gets increased by the effect of an

extra singlet v.e.v. (6) = w/+/2. It can then be expressed
as [11]

/! ! s 2
my =2 ‘:2035 \/v2sin228 4+ Fw? = $50% "2035 vsin2f - sq)
r

with the invisibility parameter

vsin2f
V2sin?28 + F2w?’

r=cosf, = (60)

as we shall rediscuss in Secs. VII and VIIL

In such a situation involving axial couplings we can then
view, conversely, the gauge coupling ¢” as proportional to
my and r, with

g’ cosé _omy_r
2 v sin2p

— 21/4G;~/2mU S'nr . (61)
1

It also reads

/!
%cosg ~ 2% 1076 my(MeV) ﬁ (62)
which reduces to the simple benchmark value
g//
7= 2% 107% my(MeV) r (63)

for tan # = 1, disregarding for simplicity cos £ ~ 1 [1]. This
is of interest, in particular, when discussing nonstandard
neutrino interactions with g(v;) and g(e) ~ ¢” /4, as done
in Secs. VA, V B. As a result of (62) the axial couplings
(57) read, in the small m limit,

m r cot 3,
Ja+ = 21/4G;/27U X { (64)
r tan f3.

2 x 107%my(MeV)

We can also consider a SM-like doublet A, (possibly
replaced by h, and hf, taken with the same quantum
numbers so that y, = 0), and a semi-inert one /', choosing
for convenience, without restriction, the normalization
of ¢ so that /' has F=F =2Y =2 with yp = 1.
F is here taken as in Eq. (26) with y4, = 0. Then
n =20v7?/v*> = 2sin? . With hg, and h’ having F =y,
and yy + 2 differing by the same |AF| = 2 as earlier for ¢
and h,, my; is still given by the same Eq. (59) as in [11] with
p replaced by f#, independently of yy, y5, and y; .. The axial
couplings in (53), now isovector, read

g’ cosé
Ja+r = F )

sin?f ~ 21/4G}/2%(:Fr tanf). (65)

In general axial couplings may be parametrized
proportionally to the benchmark value 1/v = 2/4G}/* ~
4 x 107® MeV~!, according to

gas = 214G %Ai ~2 % 107 my(MeV)A.. | (66)

A, proportional to the invisibility parameter r = cos 0, is
given for the two active doublets 4, &, transforming under

U(I)A? by

A, =r cotp, A_ =rtanp, (67)
and for a SM-like doublet Ay, (or h,, h§ with the same
quantum numbers) with a semi-inert one 7, by

AL = Frtanf. (68)

C. From axial couplings g, to pseudoscalar ones gp

A longitudinal U behaves, in the small mass limit, much
as an axionlike particle with effective pseudoscalar cou-
plings to quarks and leptons obtained from (13), (53), (66) as

2mg

g"cosé
grql = 9a = 5
ql ql my

sz

My (va F 1)
214G my, Al (69)
4% 107%m,(MeV)

We get from g, in (57), (64) the effective pseudoscalar
couplings of a longitudinal U to quarks and leptons,
expressed in the small m; limit as

2m 214G m, 1 cot B,
ql { F ﬂ (70)

9pql = Yaql =
my 214G my, r tan B,

as for a quasi-invisible axion; or similarly, with a semi-inert
doublet #’,

gpg = F2V4G* my rtanp, (71)

which vanish in the limit »* — 0, for which the semi-inert
doublet 4’ becomes inert.

D. Recovering the pseudoscalar couplings
of a longitudinal U

These effective pseudoscalar couplings gp of a longi-
tudinal U boson, proportional to the invisibility parameter
r = cos 84, may also be obtained directly from the couplings
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of the equivalent pseudoscalar a, as found from its expres-
sion (14). Indeed in the case of (70) the Goldstone field
eliminated by the Z is z, = v2Im(—cos 1} + sin S 1),
and the pseudoscalar a reads

a=V2ImIcosO(sinf 1 + cos p 1Y) + sin,6].  (72)

With the Yukawa couplings of 4 and h9 expressed as A,, =
mg.\/2/(vcos B) and 1, = m,/2/(vsinfB), vV2ImhY and
v21Im h(z) have pseudoscalar couplings to down quarks and
charged leptons, and up quarks, my,/(vcosf) and
m,/(vsinf), respectively. We thus recover directly the
couplings (70) as

m
gpu = —cosfycotff = 21/4G}/2mu r cotf,
v
Mg, 1/2 (73)
Gpae = —cosO,tan f = 24GY my, r tan B,
v

They are the same as for a standard axion [22,23], multiplied
by the invisibility parameter r, as for a quasi-invisible axion
[1,24,25] (see also Sec. VIIB).

Similarly in the case of a semi-inert doublet 4’ leading
to (71), the Goldstone field eliminated by the Z is

z, = V2Im (cos f'h%, + sin f'h"), so that
a=+/2Im[cosO,(—sinf' hd, +cosfh'°) +sinb,6]. (74)

The Yukawa couplings of the SM-like doublet hQ,,
with v.e.v. vcosf'/v/2, are enhanced by 1/cosf as
compared to the SM. hQ,, (respectively A%, with opposite
imaginary part) plays the role of A3 (respectively hY)
in giving masses to up quarks (respectively down quarks
and charged leptons). Multiplying by —cos 8, sin ' from
(74) and including the extra — sign for down quarks and
charged leptons we recover the pseudoscalar couplings of a
in (71) as

m
gpg =F —4 cos@,tanf = F 21/4G,1V/2mq, rtan .

(75)

E. U lifetime and beam dump experiments

Let us give the partial widths for U decays into quarks
and leptons, from their vector and axial couplings gy =

g'cosé(Qp)y and g4 = ¢’ cos & (Qy) 4 obtained from (43)
[see also later (81)—(84)]. From the decay widths

into massless particles I';; = (my/127) (g7, + g3 ;), and
including the phase space factors (34— °)/2 and $* for
vector and axial couplings, respectively, we have with

Br=vy/c=(1=4m3/my)'2, (3 = f7)/2 = 1 + 2m3/my,

(U - ff)
4m7 2m? 4m?
my f| 2 f 2 f
v 1-— 1+ S A
e\ T m [gi< +m%,>+9f*f< m>]
_my [ 4my
247w m?,

2 2 m% 6m}
X (gLf +ggp) | 1 - Py + 9rr9rf 2 | (76)
U U

The resulting lifetime varies considerably depending
principally on m; and ¢’, especially with ¢" proportional
to my; as given by Eq. (62) in a 2-doublet+1-singlet model,
leading to

72

sin?2p" (77)

FU X g//sz X Gpm‘?]

This leads in particular, sufficiently above threshold and
depending on the axial and/or vector couplings considered,
and accessible channels, to typical estimates like

(10%t01078) s

N 78
’ my(MeV)3r? (78)

[reexpressed as 7 ~ 10% y/(my(eV)3r?) for a very light U
decaying into neutrinos]. The resulting decay length,

2
py Sin“2p
I = Byrycr Gt 7 (79)
is of the order of [1]
MeV
|~ 7 mxPuMeV) (80)
my(MeV)*r

for an axially coupled boson decaying into ete™ or v
pairs, e.g., [~6 m for a 20 GeV boson of mass my =
7 MeV with r = 1.

The decay length / plays an essential role in the derivation
of experimental constraints in terms of my and ¢’ (or
r/sin2f), in particular from beam dump experiments.
They require / to be sufficiently short, or sufficiently large,
for the U boson, if sufficiently produced, to remain unde-
tected. This originally allowed to exclude, from the results of
early beam dump experiments at Brookhaven [26,27], an
axially coupled U boson in the 1 to 7 MeV mass range, in the
simplest case r =tanf# = | [1]. Beam dump experiments
can now constrain the existence of such particles in the 1-10
orup to 1-100 MeV mass range, depending on the couplings
considered and the strength of their interactions [8,9].

We now present in Secs. IV and V the main conse-
quences of this analysis for U boson phenomenology.
We leave the more technical aspects on the choice of the
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extra-U(1) symmetry to be gauged, and on the generation
of the U mass and mixing angle &, for the subsequent
Secs. VI-VIII. We finally discuss in Sec. IX how the U can
find a natural place within the grand unification (and
supersymmetry) frameworks, and resulting implications
for its couplings.

|

9L=g”COS§[(yycosze—nsm )Q+ B+’ Lip. __iz}
gR:d/COScf[(choszﬁ—nsm )Q-|- B+

valid in the small m; limit. The vector and axial couplings gy = (g, + gR) /2 and g4 = (gr

—7s U
> T grY

1
g

are

| |
gvzg”cosf[ y00529Q+ B+ 2'L +n((§—sin29)Q—Z(B—L))},

ga+ = fCOSgyA i 'I

as also seen from (43). The vector couplings may also be
reexpressed using Q —3(B—L) =T; = =1, as

gy = ¢'cosé |:]/yC0$20Q+ 5 B+!

1 (i% — sin%0 Q)] . (84)

The seven couplings of chiral quark and lepton fields
within a single generation are expressed in (41) as a linear
combination of the five charge operators Q, B, L, T5;, and
F,. They verify two independent relations:

9ae = 9ad>
{gw ) vl -gol@.

The second one is related to the fact that the vector part in
the U current is a combination of Q, B, and L currents. For
purely vector couplings to Q, B, and L it reduces to
9(vr) = gv(u) + gy(e) — gy(d). It extends for three gen-
erations into

{gAeﬂr =
9viL) -

B. Limits on g4 ’s and gp’s from y and Y decays

9A dsbs

gv(li) = glup.cr.1r) (86)

—gyv(d,s,b).

Upper limits on axial couplings g4 and associated
pseudoscalar ones gp from yw and Y decays are rather
stringent. With the correspondence rcotff — A,
r tanf — A_, we get the branching ratios [1,7],

IV. EFFECTS OF AXIAL COUPLINGS: y, Y, K, B
DECAYS, PARITY VIOLATION, ...

A. Quark and lepton couplings

Let us write the couplings of chiral quark and lepton
fields, as obtained from (41),

2 4

(81)
DL+,

2
— g1)/2, defined according to

= 7*(gv + 9a7s) (82)

(83)
I
B U) Gpm?
W= 7U) [ GEme o 4z wg 107,42,
By —pu™) 2za (7)
B(Y U G
( -7 ) FmbCYAZNSXIO SCY_AZ
B(Y = ptp ) 2na
so that
{B(z// - yU)=5x107C,A%, (88)
B(Y = yU) ~2 x 1074CyA2.

C, and Cy, expected to be larger than 1/2, take into
account QCD radiative and relativistic corrections. We
obtained long ago

{ |gAuct| S 1.5 x 10_6mU<MeV)/ V Binv’ (89)

|gA€,MT = gAd.s'b| § 8 x 10_6mU(MeV)/ V Binv-
The improved experimental limits for a light U [28-32],

{ B(y — y + invisible U) <7 x 1077, (%)
B(Y — y + invisible U) <107,
now imply

{|A+| < 17/v/Biny. 1)

|A—| 5 'l/VBinv’

corresponding, as seen from (64), (66), to

{ |gAc| S 3.4 x 10_7mU(MeV)/\/ Binvv
|gAb| 5 2 x 10_7mU(MeV)/V Binv'
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They may be combined into

VIALA| £ (.1310.16)/+/Biny. (93)

for my in the 0 to 1 GeV/c? mass range. When A, =
r cotff and A_ = rtan f this reads

r < (1310.16)/+/Biy. (94)

independently of tanf. A longitudinal U boson is then
required to behave mostly as a spin-0 electroweak singlet,
as anticipated long ago.

When the axial part in the U current originates totally,
either from the universal axial current Jﬁ, isoscalar, or from
the mixing with the Z, then [g4 /| = 94 euc| = 94 asp| as in
(55). The Yukawa couplings of a in (13) are all proportional
to quark and lepton masses up to a possible sign, with

Mg
9P g1l = Tq Ax 21/4G1]'~‘/2mq1A
~ 4% 10", (MeV) A. (95)

w and Y decays then cease to give complementary
indications on the couplings to ¢ and b quarks. It is thus
important that y decay results [29] be expressed independ-
ently of Y results [32], to be applicable in a model-
independent way (not just with next-to-minimal-super-
symmetric-standard-model-like situations in mind). The
present limit from Y decays then implies

|A+| = |A—| S 1/ V Binv- (96)

This applies in particular to semi-inert doublet models
with isovector axial couplings, for which A* = F rtan ' as
in (75). Then a small A does not necessarily imply a small
as tan #/ may also be small. One might even have r = 1 i.e.,
no extra singlet, with a small /', i.e., a small semi-inert
doublet v.e.v. v'/+/2 (as compared with v/v/2 ~174 GeV).
This is not surprising as for v" — 0 the semi-inert doublet
model tends towards an inert doublet one with a in (74)
becoming decoupled from quarks and leptons, even with no
extra singlet. Still such a possibility (not strongly motivated)
gets disfavored in view of the stronger limits on |A, | = |A_]
from K and B decays [see later Eq. (121) in Sec. IV F], then
requiring v’ to be much smaller than .

C. Axionlike couplings to e’s must be very small

Let us move to the discussion of effective pseudoscalar
axionlike couplings of the U boson to electrons. The
universality relations (54) imply that g, and g,, must
obey the same bounds as obtained for g4, from Y decays
[33], or for g4, from K decays, thus, with [A_| < .1/+/Bjny
as deduced from [32],

{ |94l < 2% 107my(MeV)//Biy, 97)

|gPe| 5 2 x 10_7/\/Binv-

B;,, denotes the branching ratio for the U to be undetected
in the experiment considered, due to a long enough lifetime
or to invisible decay modes into vv or light dark matter
particles. For small /B;,, complementary results can be
obtained from visible U decays into eTe™ or putu~,
depending on my;.

Furthermore, if the axial couplings are purely isoscalar or
isovector so that |gs.| = |ga,|, the even stronger constraint
that may be derived on the latter [see later Egs. (122), (123)
in Sec. IV F] can also be applied to the electron, then
leading to

L <2 x 10%my(MeV),
{IgA\ my(MeV) (98)

|gPe| S 2 x 10_9.

D. An extra U(1) broken at the ~ 10 GeV scale?

What about even smaller values of g4, and gp,? A very
light U boson with energies in the keV range and very
small effective pseudoscalar coupling to electrons gp, ~
3 x 1072 might possibly be responsible for the excess
electronic recoil events recently observed in XENONIT, if
attributed to a solar axionlike particle rather than to some
other effect [34]. Such a small gp,, and associated axial
coupling

;Z/ gpe 3 x 1075 my(keV), (99)

Jae =

would then correspond, using the expression of the
effective pseudoscalar coupling to the electron as

gpe =2 % 1070 r x (tan B or tan '), (100)
from Egs. (64), (66), (69) or (75), to
A_=r(tan for tan )~ 1.5x107°%,  (101)

so that gp, ~2 x 107°A_ ~ 3 x 1072 (leaving aside pos-
sible astrophysical constraints).

Such a small value of |A_| may be associated with a very
small value of the invisibility parameter r [1] originating
from a large singlet v.e.v. typically ~ 10° times the
electroweak scale. More precisely this large singlet v.e.v.

w/+/2, obtained from (60) as

v sin2B  v2sin’p
r A

1.6 x 108 GeV x (2sin’p),

|[Folw

1R

14

(102)

should then be of the order of ~# 10® GeV. [In the absence
of a singlet, i.e., with r = 1 one may also consider a very
small semi-inert v.e.v. v’ & 1.5 x 107%» ~ 370 keV as seen
from (101), but this would require a large amount of fine
tuning. ]

035034-11



PIERRE FAYET

PHYS. REV. D 103, 035034 (2021)

E. Parity-violation effects in atomic physics

A positive aspect of a very strong constraint on g,,, as in
(98), is that it facilitates considerably satisfying another
constraint from parity-violation effects in atomic physics.
This one requires [18], for the change in the weak charge
Qw of the cesium nucleus to be less than 1 [35],

\/ |gAequ| <1077 my(MeV), (103)
|
Gae = g cosé& “:",

1 1
3(Z+N) gy, =g’ cosé yyc0520Z+%B(Z+N) +7 KZ—sin%?)Z—ZN”,

allowing to express AQyy, in present notations, as [18],

2V3 ga, x3(Z+N)
- 2

qu
K .
G, m’, (my)

AQy (106)

K (my) takes into account the effect of the U mass, varying
between about .5 for my of a few MeV, approaching 1 for
my larger than about 50 MeV.

Let us check this general formula on the very specific
case of a dark Z, the comparison with the Z exchange
amplitude being immediate in this case. Ignoring for
simplicity cos £ ~ 1, we have in this approximation, with
Yyy=v=r,=ra=0,n= 2sin?f,

B ‘d/ g//

Gne ="M 3(Z+N)gyg =" [(1-4sin’0)Z=N]n, (107)
so that
2 2
AQy = ZZ T p2[(1 - 4sin20) Z - N1 K(my).  (108)
9z my

It is proportional to Qw(Z, N), and may be reexpressed
with tan & = (¢” /g, )n from (32), as

2
mz

AQy = tan*¢ 2 Ow(Z,N) K(my), (109)
U

as immediately found for a dark Z of mass m; rather than
my, coupled to the Z current with relative strength tan &
[14,15]. With

/! !
m m v
tané _Z — g__Z — 'd
my  gzmy 2my

= =rtanf (110
=g " anf’ (110)
from (18), (30) and (61), (65), the relative effect of a dark Z
on Qy is given by

corresponding to

|gAequ‘

2
my

< 1073G,, (104)

for my, larger than a few MeV/c?.

More precisely the axial coupling of the electron g,, and
the vector coupling gy, of an average quark in the nucleus
are obtained from (43), (53) as

(105)

|
AQy
Ow

This effect is <1% as experimentally required if the
invisibility factor r is small enough, typically < .1; or if the

= r’an’f' K (my). (111)

semi-inert v.e.v. ©/v2 is small enough (typically
<17 GeV for r =1) so that tanf’ is small, or also if
K(my) is small, with e.g., K <.025 for my < .1 MeV,
atomic physics experiments loosing some of their sensi-
tivity for a too light U boson. However, the factor A =
rtan ' gets in any case more strongly constrained from B
and K decay experiments than from atomic-physics parity
violation, in the case of a dark Z.

More generally returning to Egs. (103)—-(106) we getin a
similar way, for g,,~(g"/2)sin?f ~[my/(2v)]x (rtanp’)
and gy, «x ¢'/2 =~ (my/v) x r/sin 2,

AQw , 1
xr
Ow cos’f
Similarly with the active doublets h;, h, leading to
Gae in (57), (64), we get, with g, ~(¢"/2)sin’f~
[my/(2v)] x (rtan ),
AQyw , 1
——xr
Ow cos’p

The exact expressions depend on yy, y as well as on y, and
17, in particular through gy, in (105).

K(my). (112)

K(my). (113)

F. Other limits from meson decays

A light U boson may be produced in meson decays.
A preliminary estimate of the decay rate for K™ — z7U
was proposed in [1] before the top quark was known or
even imagined to be so heavy, based on

Gas =2 x 107%my(MeV) A_,
{ (114)

2m
gps = Gasi— =6 x 1074 A_,
my
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and

1 b

B(K™* U
( -7 )ocﬂ_4ﬂ

~ 107842,  (115)

leading to consider an order of magnitude estimate in
the ~ 1078A2 (up to possibly ~ 1075A2) range. This led
tentatively, from

B(K* =zt +invisibleU) < (.73 to # 1) x 10719 (116)

for my < 100 MeV [36] (see also [37]), in the absence of
cancellation effects involving large couplings to the top, to
|A_| < .1 for an invisible U, i.e., [38]

lgas| < 2% 1077 my(MeV)/\/Biy-

This is also what is now found for |g,,| from Y decays
in (92).
The top quark, however, is very heavy, leading to

(117)

2m m
It = ——Gar = 7ZA+ =~ TA,,

(118)
my

resulting in (1/7) g3,/4x =~ 1.2 x 1072 A2 For processes
involving the coupling of a longitudinal U to a ¢ quark the
branching ratios may be expressed as

B(K* — U
{ (KE=270) Lo | nwi02a2. (119)
n 4n

B(B - KU)

These ratios have been estimated in [14,15] in the special
case of a dark Z, for which yy =yg =y, =74 =0,
n=2sin’f,tanémy/my ~ rtanff = A, as in (110),
then denoted in this specific case by 6. The results may
be transposed to general situations dealing with the
production a light U from the axial top quark current,
allowing us to express the rates (119) in terms of A , even if
this one is in general no longer to be identified with 6 =
tan&my/my [due to yy in tang = (¢"/gz)(yy +n) in
(32)]; and indeed tan & # O for a dark photon, which has
no significant axial couplings.
We can then write

{ B(K* > ntU) m 4 x 107 A2,

(120)
B(B— KU) ~ .1A%.

This leads to stronger bounds on |A_ |, such as, from kaon

decays and for m;; < 100 MeV,

Ay £ 107/ /Biny.

and even down to < 107*//B;,,, depending on my [39].
Considering also charged decay modes it is reasonable to
retain the estimate |A_ | < 1073, corresponding to

(121)

|9ai| £ 2 % 107my (MeV),

2m (122)
or |gp| = =1ga] S .7 %1073,
my

For a purely isoscalar or purely isovector axial coupling this
leads to a very small effective pseudoscalar coupling to the
electron,

m, _
|9pel = —1gp| £2x 107, (123)
my;

a limit still allowing for the much smaller axionlike electron
coupling ~ 3 x 1072 tentatively discussed in Sec. IV D.

V. NEUTRINO INTERACTIONS, 7’ — yU DECAYS,
U-INDUCED FORCES, ...

A. Nonstandard neutrino interactions,
with a small g" o my

The exchanges of a new U boson would lead to
nonstandard neutral-current neutrino interactions, a prime
potential effect discussed forty years ago [1], that would not
exist for a pure dark photon, uncoupled to neutrinos.
They must be somewhat smaller than the standard ones,
otherwise they would have been detected already. The
comparison between nonstandard and standard neutrino
interactions involves at first comparing ¢"?/(8m3,) with

Gr/V2 = g%/(8m2). It leads to a benchmark value
g//

7= 274G my ~ 2 x 1076 my(MeV),  (124)

such that

9 _ 9 _Gr

8m3,  8m% 2’

(125)

with ¢” naturally proportional to m. Furthermore in the
presence of two doublets and a singlet with an invisibility
parameter » < 1, we have as in [11]

.
sin2p3

o my r
- 20 sin2p

Z_cosé ~2x107% my(MeV)

) (126)
(cf. also Sec. VII). It serves in the evaluations of the U
couplings ¢” cos & Qy, as in (64) for the axial couplings gy.

The couplings to neutrinos should then generally be
small, especially for small values of m. Indeed from v, e
scattering experiments at low energies at LAMPF and
LSND [40,41] we got, some time ago, a limit on the

product of couplings g(v; )g(e) ~ ¢ Qy(v.)Qu(e) 3,71,

Vlgwr)gle)l S 3 x 107 my(MeV)

for my = afew MeVs. (127)

This limit, of about 3 x 10~ for m; ~ 10 MeV, applies
in particular for a coupling to B — L, which should then
also verify |gg_;] <3 x 107 my(MeV). It remains rel-
evant in present discussions of neutrino-electron scattering
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experiments (including from XENONIT [34]), which
lead to slightly more constraining limits < (1to3)x
10~ m;;(MeV) for my > a few MeVs (depending on the

experiment considered), down to < (4 x 1077 to 3 x 1079)
for my <1 MeV [42-46].

B. Three mechanisms for small nonstandard
neutrino interactions

More precisely, with two BEH doublets U-exchange
amplitudes between two particles 1 and 2 are found [using
expression (61) of ¢” cos £] to be proportional to

g"?cos?¢  Gr  mj, r?
8 — ¢) QuiQuz = V2 = § sin?2p 0u1Qu2:
1 T 1
(1) 2 3
(128)

to be compared with SM amplitudes, « Gz/+/2. This
expression plays an essential role to ensure that these
nonstandard neutrino interactions are sufficiently small.
Beyond the choice of a small extra-U(1) gauge coupling,
with ¢” naturally proportional to m;; as seen above, having
this expression small as compared with G;/+/2 may be
realized using one or the other of three mechanisms
(possibly combined) acting on the factors (1), (2), or (3)
in (128) [1]:
(1) A sufficiently small my compared to \/|q*| in the
experiment considered, which motivated very early
a light or even very light U boson, so that m3,/|q?| is
small. For the scattering of low-energy neutrinos on
electrons at rest, this means, for example, favoring
values of my; smaller than /2m,E .-

In view of the recent interest for interpreting the
possible excess of events with electronic recoil
energies of a few keVs observed by XENONIT
[34], this would mean, with E,...; = 2.5 keV, favor-
ing values of my < 50 keV. Such a light U would
also make U effects generally too small to be
detected in experiments performed at a higher ¢2,
thanks to the small m?,/(—q?) factor in (128).

For my = 50 keV the central value of the gauge
coupling ¢’ in (125), (126) is ~ 4 x 1077, so that

my <50 keV with ¢" ~ 4 x 1077 =

/12
9

2

P (501)
8(my —q°)

V2

for E ..ol & 2.5 keV, allowing for a comparison with
standard solar neutrino interaction amplitudes. Not
very surprisingly when dealing with corrections to
weak-interaction cross sections, this is what may be
needed for a possible interpretation of the excess

(129)

(should it be due to new physics...), depending also
on the values of Qy(v;) and Qy(e) [44-46].

(2) The U-induced amplitudes in (128) may be reduced
thanks to a small value of the invisibility parameter r
associated with a large singlet v.e.v., with ¢’ ex-
pressed proportionally to my; and r as in (61),
thereby further decreasing the value of ¢’ for any
given my as shown by (126).

(3) These amplitudes may also be reduced owing to
small or even vanishing values for the U charges of
neutrinos. This was also initiated in [1], noting that
the U charge of neutrinos in (41) would vanish for a
coupling to F, + L/2 corresponding to y, =1,
vy = 1/2, without mixing with Z (yy =5 =0).
We can also consider couplings to B, Q, and
L — 2T, or equivalently T3x=0Q—T3,—1(B—L),
which all vanish for v; . In general Qy, is expressed in
(41) as a five-parameter (assuming lepton univer-
sality) linear combination of Q, B, L, T5;, and F,,
so that we have for neutrinos

g(vy) = g cosé <%L -Hy g) (130)

Thus

9(v) =0< Qpy = linear combination of

(131)
0.B.Tsg, and L +2F,.

Some of these operators may be replaced by other
combinations like Fy 4+ T3, or L —2T5;, .... If we
exclude F'4 a vanishing coupling to neutrinos simply
corresponds to having Q;; as a linear combination of
Q, B, and T3R'
An early example of such a situation is obtained for an
axial current combined with the Z current as in (22) [11],
with y4 = 1, n = —cos 23, so that

(132)

1
g(vy) = ¢’ cosé <_Z_§COS 2,6),

vanishing for cos2ff = —1/2. For f~=n/3, n=1/2,

1

Oy = 5 (F4 + T3, — sin®@ Q) is “ neutrinophobic. ” (133)

The possibility of a small or even vanishing Q; is some-
thing to keep in mind when discussing nonstandard
neutrino interactions and interpreting possible excesses,
especially if it turns out that there are no such excesses.

C. 7' = yU decays and possible protophobia

The singlet positronium state (parapositronium), with
C =+ and decaying into yy, can also decay into yU
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through the vector coupling of the electron but not the axial
one, with a branching ratio

2
B('SyPs — yU) =~ 2<%> : (134)

e

in the small m,, limit [1]. In a similar way the z° can decay
into yU through the vector couplings of the U to u and d
quarks, with a branching ratio [47]

B(x® > yU) = 2<729V“ +9Vd>2 - 2(M>2. (135)

e e

Axial couplings do not contribute, the axial quark current
being a C = + operator, as indicated in (50).

The 7° — yU decay rate gets suppressed for small
gv(p) 2 ¢"(Qu)y(p). This may be obtained with a small
value of the gauge coupling ¢”, naturally proportional to
my; as we saw. This may also be obtained with a suppressed
value of the U charge of the proton, as naturally obtained
long ago [11] as a result of Z — U mixing effects, with a U

charge (Qy)y = n(Qz)y in (43), (47), (48), where

(Qz)y = (T31)y — sin’6 Q

(L Gwe)o-Lti_

= (2 sin 9>Q 4(B L). (136)
Then
av(p) _ Qwealp) 409 1o 007, (137)

gv(n) B Oweak(n)

using the recent values of p and n weak charges [48]. The
U boson is then naturally “protophobic”. Such an inhibition
of 7% — yU decays gets increasingly favored by the recent
limits from the NA48/2 experiment [49,50], in particular,
requiring

lgv(p) = g" cos £[(Qu)v(p)| = lev,el
<3x107*/y/B(U — ete).

Equation (137) for gy(p) is valid when the vector part in
the U current mostly originates from the mixing with
the Z as in (22) or (24) (including the very specific case of a
pure dark Z), with (Qz), = (3 —sin’0) 0 —;(B—L) in
(48), (136) approaching the protophobic combination
[Q — (B —L)]/4 for sin? @ close to 1/4.

We note that the U charge in (133), corresponding to

(138)

g’ cosé
2

Ty = (J4 + T4, —sin?0Jh,)  (139)

is, for sin® @ close to 1/4,

1
Qu= E(FA + T3 — Q/4) neutrino- and protophobic, (140)

in the sense indicated above. Still our purpose is not to
emphasize a U uncoupled or little coupled to neutrinos or
protons to avoid experimental constraints; nor to overtry
interpreting possible excesses as signs of a new boson, but
rather to identify regions, in a multidimensional parameter
space (¢".my.yy.Vg-Y1,»Yas"-...), for which various
experiments may be sensitive, or not, to a U boson,
depending on its properties.

D. A possible U boson near 17 MeV ??

The example of a ~ 10 MeV boson mediating the
annihilations of light dark matter particles ~ 4 MeV was
given in [3], as an illustration of how the Hut-Lee-Weinberg
lower mass bound of a few GeVs [5,6] could be circum-
vented thanks to a new interaction, effectively stronger than
weak interactions but only at lower energies. Long before
2015, the Atomki group has been looking in ®Be transitions
for such a light U boson decaying into e e~ [51]. Possible
signs that might be interpreted as a neutral isoscalar axial-
vector U boson with J* = 17 already showed up in 2012 at
~ 30 [52], then at more than 5¢ in 2015, with a mass of
16.7 MeV/c? [53]. Complementary indications appeared
recently in “He transitions [54].

A light U with vector couplings [2,12], taken as
protophobic to satisfy 7°—yU decay constraints [49,50],
has been advocated as a possible interpretation of these
events [55,56], also subject to the necessity of simulta-
neously avoiding too large effects in neutrino scatterings,
and other requirements and constraints [57], as from NA64
[58]. Other interpretations involving axial couplings have
been discussed, as e.g., in [59]. The possibility of a U
boson with both axial and vector couplings, a naturally
protophobic behavior originating from the mixing with the
Z [11], and even reduced couplings to neutrinos as in (132),
(133), (140), may also be noted. Still more experimental
information is desirable before going too far in discussing
interpretations for these results, which have not been
confirmed independently yet.

E. Spin-dependent forces, EP violations,
and a possible link with inflation

Other possible manifestations of a spin-1 U boson
include a CP-conserving dipole-dipole interaction [11]
of the same type as for an axion [60], thanks to
Eq. (13), and a CP-violating monopole-dipole interaction
leading to a mass-spin coupling [21,61], both originating
from an axial part in the U couplings.

A very to extremely light (or even massless) U boson
with extremely small couplings to a combination of B, L,
and Q could lead to a new long-range force. By adding
its effects to those of gravitation, it could be detected
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through apparent violations of the Equivalence Principle
[2,11,62,63]. This constrains its gauge coupling to be
extremely small, ¢’ < 10724 [64].

The extreme smallness of this gauge coupling may be
related, within supersymmetric theories, with a very large
extra-U(1) Abelian &’D” term [13,65], where the scale

parameter \/Eﬁ is proportional to 1/ \/? . It corresponds to
a huge vacuum energy density that may be at the origin of
the very fast inflation of the early Universe, in connection
with an extremely weak new long-range force, as already
pointed out in [66]. The strength of the new force may
then be related with the inflation scale A through a

relation like
_d/ ~ Mgparticle 2
A 9’

leading to ¢ of the order of ~1072* for sparticle masses in
the ~1 to 10 TeV range with A ~ 10" to 10'® GeV [64].

We shall now discuss in Sec. VI the general expression of
the F symmetry generator which may be gauged, in
connection with the Brout-Englert-Higgs sector responsible
for gauge symmetry breaking. In Sec. VII we return to the
simple case of F as an axial generator F, as initially
motivated by the 2-BEH structure of supersymmetric
theories, recalling how a longitudinal U boson behaves
much as an axionlike particle. This led us to make it very
weakly interacting as in (14) thanks to a “dark Higgs”
singlet &, with the extra U(1) broken at a higher scale. We
discuss in Sec. VIII the mass of the U boson and its mixing
with the Z occurring for v, # v, leading to the U current
(23). We then extend these results to an extra-U(1)
generated by an arbitrary linear combination of the axial
generator F, with Y, B, and L;, plus a dark matter
contribution, and a possible yxF’ term acting on semi-
inert BEH doublets uncoupled to quarks and leptons. We
finally deal with grand unification in Sec. IX.

(141)

VI. WHICH EXTRA-U(1) SYMMETRY?

A. A combination of F,Y,B,L;, F', and Fg

Which U(1) symmetry generators may be gauged is
restricted by the invariance of the Yukawa couplings
responsible for quark and lepton masses, and depends
on the number and characteristics of Brout-Englert-Higgs
doublets, coupled or uncoupled to quarks and leptons. With
a single doublet, responsible for their masses as in the SM,
any extra-U(1) generator F must act on quarks and leptons
as a combination of the weak hypercharge Y with baryon
and lepton numbers B and L,,

F=ypB+y,Li+vryY +viFa (142)
The U current is then obtained in the small mass limit,
after mixing with the Z current reconstructing the

electromagnetic current as in (19)—(21), as a linear combi-
nation (21) of the B, L;, and electromagnetic currents with a
possible dark matter current [2,12].

There are additional possibilities with two or more BEH
doublets. We often concentrate on the remarkable situation
for which two doublets, taken as

h hi
o= () e ()
hy hy

give masses to charged leptons and bottom quarks, and up
quarks, respectively, through the usual trilinear Yukawa
couplings as in supersymmetric extensions of the standard
model, allowing for these theories to be made supersym-
metric if desired [13]. These couplings, proportional to
hiegly, hidrq., and hyiigq, (+h.c.), originate within
supersymmetry from the trilinear superpotential

(143)

W = AHEL+ A,H,DQ + 3,H,UQ. (144)
Their gauge invariance requires
F(hy) + F(Ip) — F(eg) =0,
F(h) + F(qr) = F(dg) =0, (145)

F(hy) + F(qr) — F(ug) = 0.

This allows for the gauging of an axial U(1), symmetry,
with

{FA(hl) =Fy(hy) =1,

(146)
FA(C]LJL) = —%, FA(QR’eR) :%7

as in supersymmetric extensions of the standard model
known as the USSM, with the yH,H; mass term replaced
by a AH,H, S trilinear coupling with a singlet superfield S
having F, = -2 [13,67].

This gauging of an extra-U(1) may be done as well for
F(hy) # F(h,), i.e., with F extended to a linear combina-
tion of Fy and Y, y4,F4 + yyY, possibly combined with B
and L;. Indeed choosing in a supersymmetric extension of
the standard model with an extra-U(1) gauge group [13]
equal values of F for the two BEH doublets, F(h;) =
F(h,) =1, was only considered as a simplifying
assumption, so that the extra-U(1) gauge field C* be
axially coupled to quarks and leptons.

In fact, the seven values of F for (hy, hy;q;, I ;ug, dg,
eg), for a single generation, related by the three Egs. (145),
depend on four parameters and may be expressed as
F=y,F,+vygB+y L+ yyY.Equations (145), extended
to the three families and taking into account CKM mixing
angles between quarks, imply that the gauged quantum
numbers of chiral quark and lepton fields, and of the two
doublets /; and h,, may be expressed as

F=yaFy+ygB+yLLi+7ryY, (147)
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with
F(h F(h F(hy) —F(h
o= () + (2)’ vy = (ha) (1). (148)
2 2
This includes in particular couplings to
Y B-L 3B+ L
T3R :E—T, and/or + +FA7 (149)

which act only on right-handed quark and lepton fields.
Even in these cases the resulting U current, obtained as a
combination of the extra-U(1); and Z currents, in general
involves left-handed quarks and leptons as well through the
term proportional to (yy + 7) J% in Eq. (34), unless this one
is absent as in (39), (40).

We can still add extra terms to expression (147) of F,
provided they vanish for quarks, leptons and the BEH
doublets responsible for their masses. This leads to

F=ysFp+ypB+y Li+yyY +ypF +y.Fy  (150)

F, acts only on particles and fields in a dark or hidden
sector. F' may act on semi-inert BEH doublets 7/,
uncoupled to SM quarks and leptons but contributing to
the mixing with the Z as in Egs. (18), (30)—(33).

We may even consider identifying F; = yxR with the
generator of continuous R-symmetry transformations—the
progenitor of R-parity R, = (—1)® in the supersymmetric
standard model. Indeed F, including its possible R con-
tribution, is generally intended to be spontaneously broken
so that the U acquires a mass, then also allowing for the
R-carrying gluinos and gravitino to acquire U(1)y breaking
masses, after spontaneous supersymmetry breaking. R does
not act on SM particles but on their superpartners, including
neutralinos and gravitinos which are potential dark matter
candidates, then coupled to the U boson which may act as
the mediator of their annihilations.

B. Further possibilities for an extra U(1),

One can generalize further expression (150) of F, still
using conventional dimension-4 trilinear Yukawa cou-
plings, by considering that up quarks, down quarks, and
the three charged leptons may acquire their masses from up
to five different spin-0 BEH doublets (still allowing to
avoid unwanted flavor-changing neutral current effects).
This would allow one to replace the single axial generator
F 4 acting universally on quarks and leptons as in (146) by
up to four different ones F, and F; acting separately on
quarks, and on leptons of the three families, leading to

F=ysFpg+va,Fa, veB+rr,Li+ryY

+ryeF +vaFa (151)

The resulting axial couplings are modified accordingly,
those of down quarks and charged leptons being no longer
systematically equal as in (53), (57), (66).

One might go even further by generating quark and lepton
masses through unconventional dimension > 5 multilinear
Yukawa couplings involving additional singlets charged
under U(1), so that Egs. (145) would no longer have to be
satisfied. The F values for (hy, ho; g1, I ; ug, dg, eg), and,
subsequently, the resulting values for the g,’s and gy’s of
quarks and leptons would then become unrelated parame-
ters. There is also the possibility of flavor-changing neutral
current couplings of the U boson, however a potential source
of difficulties. Although we shall restrict this study to the F
generator in (150) for simplicity, it can be extended to more
general situations. This is usually done, however, at the price
of motivation, elegance, and predictivity, with full general-
ity implying a total loss of predictivity.

C. An extra singlet contributing to m

We also introduce a neutral singlet ¢, intended to provide
a small mass for the U boson if the electroweak breaking is
induced by a single BEH doublet (or two or more but with
the same gauge quantum numbers) [2,12]; or to provide an
extra contribution to its mass as in (59) if the axial generator
F, contributes to F, to make the longitudinal degree of
freedom of a light U with axial couplings sufficiently
weakly interacting. This gauging involving F 4, possibly in
combination with Y, originates from the supersymmetric
standard model with a singlet superfield S coupled through
a A HyH S superpotential, with F, = 1 for H; and H, and
F, = =2 for the singlet S [13,67]. One may also consider S
without coupling it to H; and H,. Independently of
supersymmetry, one may consider a dimension-3 coupling
 hyh 6 with F,, = =2, or a quartic coupling « h,h;c>
with F,, = —1, or more generally consider F, as an
arbitrary parameter.

We express the doublet and singlet v.e.v.’s as

{ () = vi/V2 () =w/VD (o
(0) = WiV,
with
v, = vcosf, v, = vsinf, (153)

where tanf=1/x=v,/v;,and v = 27/4G;"/* ~ 246 GeV.
The SU(2) x U(1), x extra-U(1) covariant derivative is
given by

g g’
SYB, + ?FC,,). (154)

iD, =i0, - (g TwW,+
No “kinetic-mixing” term proportional to B, C** needs to be
considered, as it may be eliminated by returning to an
orthogonal basis, with C* redefined as orthogonal to B*.
The C* coupling involves in general a contribution from the
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weak hypercharge current J%, already taken into account in
expressions (142) or (150) of F.

D. About anomalies

There are additional constraints from the requirement of
anomaly cancellation. They allow for the gauging of Y,
B—L, and L;—Lj, in the presence of right-handed
neutrino fields vp. We may also consider axial generators
such as F, in (146), (150), assuming anomalies to be
canceled, e.g., by mirror fermions, or exotic fermions
similar to those in 27 representations of E(6) (decomposing
into 16+10+1=10+5+1+5+5+1), or using
other mechanisms. In particular one may consider the
same neutral currents as in E(6), associated with 75,7,
[Y —3(B —L)], and F,, and those associated with L, — L;.
This leads to

F=ysFy+yp_(B=L)+yyY+ypF +v,F,

+56(L6_LT) +5M(LM_LT)‘ (155)

It corresponds to the earlier expression (150) of F with
the relation ) ;y; = —3yp. Still we intend to perform the
present study in a way as general as possible, irrespectively
of the constraints from anomaly cancellation, which may
involve presently unknown fermion fields; or, otherwise,
one may also choose to exclude the axial generator F'4 from
the gauging by taking y, = 0.

VII. STARTING WITH AN AXIAL U

A. v scatterings and beam dump experiments

‘We now return for a short time to the simple gauging of the
axial generator F = F, in (146), choosing v, = v, = v/v/2
so that the extra U(1) gauge field C* does not mix with the
standard model one Z% = cos @ W5 — sin @ B*. This results
inan axially coupled U* = C¥, with 7%, = (¢"/2)J"; as from
(19). The gauging of this extra U(1), allowing to rotate
independently /; and h, in supersymmetric theories, was
originally done in connection with spontaneous supersym-
metry breaking, triggered by the extra-U(1) &” D" term [13].
This already provided a possible motivation for a very small
coupling ¢’ and a large supersymmetry-breaking scale from
a very large & parameter inversely proportional to ¢”,
associated with a huge vacuum energy density o< 1/¢".

The left-handed and right-handed projectors (1 —y5)/2
and (1 + y5)/2 are combined with Fy = —1/2 and +1/2
for the chiral quark and lepton fields, respectively, as in
(146). The U current [including ¢’/2 from the covariant
derivative in (154)] is expressed for quarks and leptons as

Jy=5T= % (—V'LJ/”VL +> fy“ysf)- (156)

ude

Without extra singlet v.e.v. the U mass is, for v; = v,,

! /! !
mU:ﬂ:g—mW:gimZ, (157)
so that
G 2 2 /2

V2 8mi,  8mi  8mj

The neutral current effects of the U, for example in neutrino
scattering experiments, are then generally too large if the U
is heavy. If it is light, however, neutral current amplitudes,
proportional to

G mh
8(my—q?) Vamy—q* 84

for m} <|q*

. (159)

can be sufficiently small if ¢” is small enough, with the U
light as compared to |g?| in the experiment considered,
providing an early motivation for making a new neutral
gauge boson light (cf. Sec. III E).

The gauge coupling ¢” and axial couplings to quarks and
charged leptons may then be expressed proportionally to
my, reading in this first simple situation as

g g my my 1 12 My
=L 2 Y __"Y_olAag /-2
T T A my, 20 F

~2x 1075 my(MeV). (160)
This benchmark value appears in many discussions of a
new light gauge boson as a mediator of nonstandard
neutrino interactions, or produced in meson decays or
beam dump experiments, or contributing to atomic-physics
parity violation, etc. Its axial couplings are then expressed
as in (66) as a fraction of this benchmark value, according to
gar =2 x 1070 my(MeV)A,. (161)
Such a U boson axially coupled with full strength
as in (160), i.e., with A, =1, was constrained long
ago to be heavier than 7 MeV to be sufficiently short-
lived in beam dump experiments [1], with a decay rate
I g”?my xmj, and a decay length [ = fyct «
g"72m? «cmy* (cf. Sec. IIIE). It had also to be lighter
than 300 MeV, to sufficiently benefit from propagator
effects in neutrino-electron scattering experiments for m?,
smaller than the relevant |g?| under consideration at the
time. This left, forty years ago, a window of opportunity
between 7 and 300 MeV for an axially coupled boson, in
the absence of an extra singlet allowing for |A.| to be
significantly smaller than 1. This early example illustrates
the complementary roles of neutrino scatterings at lower
|¢*|, and beam dump experiments, in the search for new
light gauge bosons.
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B. The need for an invisible axionlike behavior

The longitudinal degree of freedom of an ultrarelativistic
U boson with axial couplings would behave much as an
axionlike particle, with effective pseudoscalar couplings to
quarks and leptons given by Eq. (13). With g4, = ¢’ /4 as in
(160) they would read, for equal doublet v.e.v.’s,

2m
9gpql = m

51 ga = 2Y4G my = 4 x 1076 my; (MeV),

(162)

reconstructing the pseudoscalar couplings of a standard
axion A, for v, = vy [22,23].

We thus considered very early a large singlet v.e.v.
(6) = w/+/2, increasing m to

g \/ﬁ g my
== Fow* = — —, 163
my ) + I q r ( )
defining the invisibility parameter [1]
v
r=cosfy = ———= < 1, (164)

V2 4+ Fow?

the equivalent pseudoscalar a in (14) being mostly an
electroweak singlet for small r = cos6,, with tan@, =
|Fylw/v.
The axial coupling g4 = ¢’/4 in (156) gets expressed
proportionately to m;; and r, with
g _ g my

gr="= 2 —Zr ~2x107° r my(MeV).

= 165

The effective pseudoscalar couplings (13) of a longi-
tudinal U,

2my, 1/2
Gpg = ga—2 =24G}* rm,,
my

~ 4 x107% rm,(MeV), (166)
get proportional to r = cos 8,4, in agreement with (14). For
a given my;, the amplitudes involving a U, proportional to
Ggvs ga, OF gp, and thus to r, are sufficiently small if r is
small enough, i.e., |F,|w large enough compared to the
electroweak scale. The U decay rate gets reduced, leading
to a lifetime and decay length increased by a factor 1/72,

167
[ = Byer « ¢">my? o« mytr 2, (167)

{ o ¢ 2myt o« mPr,
allowing for a sufficiently weakly coupled U boson of any
mass to satisfy direct experimental constraints, including
from beam dump experiments.

C. “Invisibility” and high scale symmetry or
supersymmetry breaking

This mechanism relying on a large singlet v.e.v. w/v/2
making the U boson almost “invisible” also led us
independently [1] to the “invisible axion” mechanism
[24,25] for an anomalous global U(1).

We had already used this property of a very light gauge
boson behaving as a Goldstone boson (as in the standard
model in the limit g, ¢ — 0, my, m; — 0 with v fixed),
and interacting with amplitudes inversely proportional to
the symmetry breaking scale. It provided a laboratory to
establish this equivalence property for supersymmetric as
well as for gauge theories, with, furthermore, the gauge
particle, either fermionic or bosonic, interacting quasi-
“invisibly” if the supersymmetry-breaking or gauge-
symmetry breaking scale is large [68].

Avery light spin-3 /2 gravitino then behaves very much as
the corresponding (“eaten-away”’) spin-1,/2 goldstino. It can
also be made almost “invisible”, i.e., with very reduced
interactions « 1/d or 1/F, thanks to a very large super-
symmetry-breaking scale parameter (d or F), i.e., a very
large auxiliary-field v.e.v. within an extra-U(1), dark, or
hidden sector. This also provides an early decoupling
of a very weakly interacting gravitino. For an extra-U(1)
this is associated with a very small gauge coupling ¢’ (and
effective couplings of the equivalent goldstino) [13,64,66].
Supersymmetry, spontaneously broken “at a high scale” in a
hidden sector, gets softly broken in the visible one.

VIII. U MASS AND MIXING ANGLE WITH Z

A. U as an axial boson mixed with the Z

We now discuss more precisely mixing effects between
the extra-U(1) gauge field C* and the Z5 of the standard
model, when the two doublets have different v.e.v.’s so that
the U current picks up an extra term proportional to
JY = J4; —sin’0 Jem, proportionally to (v3 —v?)/v? =
—cos2f, as expressed in Egs. (19), (23), (29). We first
consider the gauging of the axial generator F'4, with i, and
h, having Y ==F 1, and F = F, = 1, and a singlet o (now
often referred to as a “dark Higgs” field). When 4, and A,
acquire different v.e.v.’s C* mixes with the Z% of the

standard model through the mass® terms

(9225 + g'C*)?v? N (9228 + ¢'C*)*v3
8 8
g//zF?,WZ

['m =

c, c, (168)

with ¢% = ¢+ ¢?. This includes a C* mass term
me = ¢'|F,|w/2, induced by (6) = w/+/2, and leads to
the mass? matrix [11]
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et ( G(i+v3)  —gzg"(v3—v}) )
4\ —gz9 (112—1)%) g//z(vl +”2+F¢%W2)
22 97 9z9' cos2p
- 2w |-
4\ g,9" cos2p ¢"* (cos22/)’+s1n22ﬁ—|— u )
(169)
Its mass eigenstates are
ZM = cos £ ZE —sin & CH,
T (170)
U* = sin é Z5 + cos € CH,
with
ZE = cos@ W4 —sin B¥,
) (171)
AF = sin W4 + cos 6 B,
as in the standard model, so that
/K C:Ce _0559 —S§ WI;
A'u = So Co O B* (172)
UH SéCg —S§S6 C{;: Cﬂ
The Z — U mixing angle ¢ is given by
2 (2 _ a2
taan _ 9z9 (UZ Ul) (173)

(97 = d") (v} + v3) — g Fow?*’

In the small m; limit and considering the contribution from
the last two terms in the CC matrix element in (169) as a
perturbation, ¢ is approximately given by [11]

o2 g2 /"
tané ~ =— 2—1 = g (—cos2p).

9z U%‘FU%_ 9z

(174)

This is a special case of the general formula (18) for any
set of BEH doublets, referred to as ¢; with ¥ = 41, or
equivalently A;, with Y =¢; = £1 [2],

J 1} 1)
tan & ~ W ZF((pl —2— ZeF(h —2
Z

Taking the last two terms in the CC matrix element of
M? as a perturbation, we identify

(175)

2 <92 +g/2) 1}2 _ (92 + g/z +g//2coszzﬂ) 122

~ , 176
"z 4cosE 4 (176)
then get, from these last two terms,

112 2
ml =~ %‘M (v’sin228 + F2w?)  (177)

g’ cosé vsin2p
2 ro

We have defined, as in (164) for § = z/4, the invisibility
parameter

my = (178)

vsin2f
VP sin? 28 + F2w?’

with tan@, = (|F,|w)/(vsin2p). ¢’ can be expressed
proportionally to m;; and r as in (61), with

r=-cosf, =

(179)

g ng ~ 2% 1076 my(MeV) — (180)

sin 2ﬂ

where r is small when |F,|w is large compared to v sin 2/3.
g"/4~2x107% my (MeV) occurs as the natural bench-
mark value for the extra-U(1) gauge coupling, as seen for
nonstandard neutrino interactions in Secs. VA and V B.
Altogether we have in this case

/!

9

\/92 +g%+ j’200s22ﬂv my,

tan & ~ — cos 23,

2 COS& (181)
!
my =~ q (:2055 \/sin22ﬂ v? + F2w?,
in2,
r=cosf, ~ vsin2p .
V/12sin22f + F2u?

Equations (61), (180) determining the gauge coupling ¢’
in terms of my;, the invisibility parameter » = cos 8, and
the ratio of spin-0 v.e.v.’s tan 3, in a two-doublet + one-
singlet model, remain valid under more general circum-
stances, through essentially the same calculation.

B. General case: U as an extra U(1), gauge
boson mixed with Z

The extra-U(1) generator F may involve as in (150), in
addition to the axial F'4, terms proportional to Y, B, and L;,
a (light) dark matter contribution y,F,, and a ypF’ term
acting on semi-inert doublets uncoupled to quarks and
leptons. There is no need to consider a kinetic-mixing term
xB,,C*", immediately eliminated by redefining C* as
orthogonal to B*.

For h; and h, taken with ¥ = 1 and F = F;, and a
singlet ¢ with F' = F, the mixing angle £ is given in the
small ¢’ limit by (18),

/!
tan & =~ g (Fysin®B — Ficosf).

. (182)
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The quantum numbers of A, h,, and ¢ are

Fo=7aF s+ VaF do-

{F1 =74~ Yy (183)

Fr=7a+7vy,

This allows for ¢ to transform under U(1), and/or under a
dark U(1), symmetry generated by F,. (The calculation,
formulated with F' = y,F, +yyY =yy F 74 for h{ and
h,, applies as well for a SM-like doublet A, and a semi-
inert one A’, with F = yyY + yp F' taken as yy and yy + 2,
respectively.)

The mass terms (168) read

1 v?
L =75 9275 = ¢'(ry = vacos28) C'P
1 g/lz
—+ 5 T (}/‘%SIHZZ’B Uz —+ F%W2> CﬂC”, (184)

and the mixing angle £ is given in the small mass limit by
(182), which reads

/!

tan & ~ g—(yY—yA cos 2f3). (185)
9z
The first mass? term in (184) leads to
2 2
m o~ gr9 +2‘q v?
4cos &
2 ) (., _ 24)2
o TG Gy —racos2f)” 5 (186)

4

The second one, « C,C* = (coséU* —sinéZ¥)? and
considered as a perturbation, leads to

/12 2
m}, o~ el C:S ¢ (y3 sin? 2802 + F2n?).

(187)

It is independent of yy, and reduces to (177) fory, = 1. We
define as in (14), (179) r = cosé,, given by

[Fol w

_ 1
alsin280 (188)

tand, =

We summarize these results on the U mass, mixing angle
&, and invisibility parameter r by

g//
tang =~ \/9274‘79/2 (ry —racos2p),
> g +9°
cosE = m——m—s 2
g+ 9%+ 9" (ry —racos2p)
VG + 9>+ 9% (ry —vacos2p)*v  my
mZ ~ =~ )
2 cosé
!
my g Czosf\/yf‘sinzzﬂ v? + F2w?,
g'cosE wsin2p
= 2 |7/A| ’
B B [yalvsin2p
r = cosf, = s -
V73i0%sin?28 + F2w

(189)

For y4 # 0 and normalizing ¢’ to y, = 1, this reduces
for yy =0 to (181), the U being coupled as in (156)
to an axial current, plus a contribution induced by the
mixing with Z, fortan § # 1. For § = n/4 there is no mixing

and we recover m; = gyv/2 as in the SM and m; =
g'\/v* + F2w? /2 = ¢"v/(2r) as in (163). In the other limit
sin2ff — 0, e.g., through a small »; with f~z/2 and
cos2ff~—1, we approach a one-doublet-v.e.v. situation
with mz ~+\/¢* + ¢ + ¢ v/2, my~g'cosé|F,|w/2,
and vector couplings of the U to massive up quarks.

For y,4 # 0 and normalizing ¢” to y4 = 1, we have again
as in (180), independently of yy, yg, and y;,
r

~ 2 x 1076 my(MeV) — — |
x 1070 my(MeV) 25

g’ cosé
4

(190)

with 7 = —cos 2.

When F, does not participate in the gauging so that
v4 = 0, and normalizing ¢’ to yy = 1, the U would remain
massless without the singlet 6. Then we have

g//
/g2 +g/2
/92 +g/2+g”2v
2 9
g cosE|Fy|w

Moo= T

the 3 x 3 mixing matrix (172) reducing to [2,12]

gW;-gB—-g'C

gWs+gB

9'(gWs - gB) + (¢ +9°)C
VE+IE+P g%

with the U vectorially coupled to quarks and leptons.

tané =~

(191)

mgz

7/ =~
A = (192)

U

035034-21



PIERRE FAYET

PHYS. REV. D 103, 035034 (2021)

C. Exact determinations of m; and &

The mass’> matrix corresponding to (184), which
includes the element

12

mc= e [(ra—ry)? 01+ (ra+ry)*v3+ Fon?]
= glivz [(h —74c0s23)* +7isin22ﬁ+Fiﬂ . (193)
reads
=9z9" (vy +n)

e < 9
4 \=g29"(rv +n) 9"*(ry +n)*+H]

where yy +n = F,sin? f— F| cos? B = yy — y4 cos 23, with

), (194)

F2w?

v:

H =y5sin*28 + (195)

m% and m?, are obtained from their product and sum,

(92 + g/2)v2 g//2 1)2

II = H
4 4 ’
2 2 ” 2 )2
s_l@+g"+yg (y4y+n) +HH) v (196)
so that
)y / 411

also valid for a heavy U. The mixing angle £ is given by

29,9" (vy +n)
-9 (ry +n)* + H)'

tan 2& = (198)

reducing to (173) for yy = 0,74 =1, and n = —cos 2f,
and to (185) for small my;, with n = —y4 cos 2.

These formulas giving the exact values of m and £ in a
general two-doublet + one-singlet situation may also be
applied to not-so-light or even heavy U bosons, that could
be detected through their decays U — pu~, as in LHCb
for example [69,70].

m% and m?, can be developed in the small m; limit,
according to

o Ir

5 s (199)
, 1 1 21'[
A first approximation,
11 g//2y2
T H, 200
My = 5 4 (200)

leads to
m oyl [9° + 9 + g7 (ry +n)*] 0
z 4
2
Y 201)
and at next order to
m3, o~ le% ~ cos’é @H
~ 9”23’525 (2sin228 0% + F2w?).  (202)

It gives back m% and m?, in (186), (187), in which m?, could
be directly obtained as

2 32 /12,2
(mz.c)
m?, =~ cos*é <m2CC - ZC ) =~ cos?é gTH.
mz.z,

(203)

There is no need to consider further corrections if the U is
light, T12/£* ~ m},/m?, being very small.

With  y, = (F, + Fy)/2 = [F(hy) — F(h{)]/2, this
expression of my reads, in any two-doublet + singlet
situation where the two doublets (called /S and h,, or & and
h’) have the same Y = 1,

my ~ g//cos‘f\/ (F (W) —F (h)>2v2sin22ﬁ+F§w2. (204)

2 2

This also illustrates how two doublets with the same F and
Y act as a single one, breaking only one neutral gauge
symmetry generator, thus providing no contribution to m?,.

D. Application to a semi-inert doublet 7/’

In particular, let us consider a SM-like doublet A, with
ve.v. vcosf/v2 and F =yy, and a semi-inert one A’
with ve.v. vsinf//v/2, taken with F/ =2,y =1, and
F = yy + 2. With the same difference F(h') — F(hyy,) = 2
as for F(h,) — F(h§) = 2y, = 2 before, my, is still given,
independently of yy, y, and y; , by Egs. (177), (187), (204),

!
my = 9 Cosf\/ V2s5in22f + F2w?

2
g’ cosé vsin2p
= , 205
2 r (205)
leading as before to
g'cosé  my r 6 r
~— ~2x107° my(MeV) ———, (206)

4 7 20 sin2p sin2p’’

just changing f into f'.
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All this remains true if we further replace kg, by h, and
h{ (taken for y4, = O with the same Y =1 and F = yy),

with v.e.v’s v,/v/2 and v,/+/2 such that

vy = ucosff = vcosficosf,

vy, = usinf = vsinfcosf, (207)

v =wvsing.

In both cases # = 20v%/v* = 2sin? f#/, the mixing angle &
being given by

!

tan & ~ g (yy + 2sin?f'), (208)
9z

and the mass my by (205), with mz ~m; /cosé as in
(189), (201).

In these situations for which y, = 0 (with A, &’ and o,
or hi, hy, I, and o), the axial part in the U current,
isovector, originates from the mixing with the Z, inde-
pendently of yy, yg, and y; . The U charge of quarks and
leptons is a linear combination of Q, B, L;, and T5;, the
current being given by Eq. (35) with y4, =0, i.e.,

1
=g cosE | rycos’Jem + 5 (vpdy + 1L

2

(I, —sin20 T4 |. (209)

vy cos? 6 and 5 provide, respectively, effective measures of
the pure dark photon and dark Z contributions to the U
current.

To illustrate explicitly the calculation of my;, adding the
M? matrix obtained from A, alone, or & and h,, with
Y=1and F =yy,

2 2 /"
u 9z —9z9 7y
ME = 4 (‘gzg//ﬁ/ 9"ry >’ 10

that would lead to a massless U, the similar one from /A’
(with Y =1 and F = yy + 2),

M? = ”_2( Z
4 \—g29"(ry +2)

and the singlet contribution, we get as in (194)

_ /! + 2
929" (ry )), (211)
g (ry +2)°

M= v_z( 9z =929 (vy+2sin’f) )
4\ —g,q" (ry +2sin2f) g?((ry+2sin?p)>+H])’
(212)

with

2

H = sin?2p + F> % (213)

This provides £ given in the small mass limit by (208),

my =~ (g" cosEv/2)v/H by (205), and my ~ g,v/(2 cos &)
as in (186).

IX. THE U CHARGE, GRAND UNIFICATION,
AND AN ELECTROSTRONG SYMMETRY

We recall that, as an effect of our assumptions on the
BEH sector, the couplings of the U boson considered here,
flavor-diagonal, do not contribute directly to proton decay
or neutron-antineutron oscillation amplitudes.

Further restrictions on the U couplings may be obtained
in the framework of grand unification [20], if we demand
the extra-U(1) generator F to commute with SU(5) within
a SU(5) x U(1) gauge group, so that

5
F:}/AFA +7y|:Y_§<B—L):| +7F/F/+ded' (214)

The vanishing of the vector coupling of the U to up quarks,
for sin?@ = 3/8, is an effect of a SU(4),, electrostrong
symmetry group within SU(5) x U(1)y [71], relating the
photon with the eight gluons. (u;,#;) transforms as an
electrostrong sextet so that the up quark contributions to the
U current should then be axial (or vanish identically in the
small my; limit), as for the Z current itself [12]. Indeed for
ya # 0 the antiquintuplet and quintuplet v.e.v.’s (h;) and
(h,) break spontaneously [71]:

SU(5) x U(1), <h‘ﬂh2>

SU(4)electrostr0ng’ (215)

giving masses to the quartet (Y¥!/3, W*) and singlet Z and
U bosons, with the U remaining light for small ¢”, and the
X*4/3 massless at this stage. SU(4),,, commuting with
U(1), x U(1)y, is further broken to SU(3)ocp X U(1)gpp
by an adjoint 24 or an equivalent mechanism, as within
N =1 or N =2 supersymmetric (or higher-dimensional)
grand unified theories.

With a single quintuplet A, acquiring a v.e.v. (or two or
even four as in supersymmetric theories but with the same
gauge quantum numbers) one has with y, = 0 the sym-
metry breaking pattern

(hsm)

SUG)x U(1); - SU4), x U(1),. (216)

The U can then stay massless, or acquire a mass, possibly
very small if ¢” is very small, from the v.e.v. of the dark
singlet o, if present.

In all such cases the extra-U(1) and Z currents, and
resulting U current obtained from their combination, are
invariant, above the grand unification scale, under the
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SU(4),, electrostrong symmetry group relating the photon
with the eight gluons. It is spontaneously broken into
SU(3) x U(1)qgp at the grand unification scale, with the

X*4/3 and Y*'3 gauge bosons acquiring large masses,
related in the simplest case by [66,71]

my = \/my, + m%.

This construction also provides a natural solution for the
triplet-doublet splitting problem in grand unified theories,
with the doublet mass parameters automatically adjusting
to zero so as to allow for the electroweak breaking. This
mechanism can be transposed to (or originates from)
supersymmetric grand unified theories in higher dimen-
sions, for which my ~ zh/Lc [72].

Independently of grand unification, and of the possible
values of ¢’ and my, supersymmetry can provide the
associations [66,71]

(217)

U <> 2 (or4)uinos <> 1 (or5) spin-0 BEH bosons,

(218)

all with mass my as long as supersymmetry is unbroken;
this is also in agreement with gauge-BEH unification,
allowing to view BEH bosons as extra spin-O states for
massive spin-1 gauge bosons. We then have to take into
account additional superpotential and supersymmetry-
breaking terms, allowing for very small ¢’ and m; even
with a very large extra-U(1) &’D"” term. (There is also the
further possibility, especially for very small ¢’ in N =2
supersymmetric GUTs, of viewing &’ as a dynamical
quantity, very large in the first moments of the
Universe.) Some of these uinos (and associated spin-0
bosons) may remain lighter than the U through a see-saw
mechanism, in the presence of susy-breaking gaugino or
Higgsino mass terms.

(Qu)y and (Qy), in (43), now restricted by the grand
unification and electrostrong symmetries, depend only on
the three parameters yy, 74, and 7, instead of up to seven
before. They read, with y;, = —yp = 37y,

GUT:
5
Q0 =re[eov00 -3 (8- 1)

219
—H][(——sinZG)Q—%(B—L)], (219)
(Qu)s = BFs =TT,

with (T'5;), = —T34/2. The axial couplings, already given
in (53) independently of sin? @, and of grand unification, are
the same for down quarks and charged leptons, as also
required by the SU(4), electrostrong symmetry.

This one becomes manifest for the vector couplings for
sin? @ having the grand unification value 3/8 [20]. We then
have

Q-2(B-L)
8
It is proportional to the SU(4),, invariant combination

appearing in (49), and as the weak charge (Qy), =
Oweak/4 in (47), (48), (136) [12],

(Qu)y = (Sry+n) =(5yy+n)0%. (220

0 for 6= (u),.
gut_Q_z(B_L)_ _1 4_( )
=" g = 8 3= L+R>

+}1 for 1 = v [+uvg].

(221)

It vanishes, as required for a vectorial charge, for the
(u, 1), sextet (the vector coupling at the grand unification
scale then appearing as “u-phobic”).

At the same time (Qy ), in (219) involves F, and T3,,
both invariant under the SU(4),, electrostrong symmetry

group, with
QZ (u’ ﬁ)La
1 4=(d.e"),,
Fy=—= for{ ~ (d.e")y (222)
2 é = ( 76_)L7
1=y, [+7,).
and
-5 for 6 = (u,),,
+1 ford=(d,e"),,
Toyp=Tsg—=Ty =3 - 7 (223
+5 ford=(d,e”),,
-3 for1=u,[+0,]

This shows how a new U boson, originating from an extra
U(1), symmetry commuting with SU(5) and mixed with
the Z, is associated with a U(1),, symmetry commuting
with a SU(4),, electrostrong symmetry group associating
the photon with the eight gluons [12,71]. For yy = yp =
yr, =0 we still have a situation compatible with grand
unification with Qy; depending only on y4 and # as in [11]
(or just on 5 as for a dark Z), its vectorial part becoming
almost protophobic for sin? @ close to 1/4.

X. CONCLUSIONS

The standard model of particle physics is a great
construction for understanding the world of particles and
interactions, but it leaves many questions unanswered; and
cannot be taken as a complete theory, among them, the
nature of dark matter, possibly made of new particles not
present in the SM, and of dark energy. The latter is related
with the cosmological constant and vacuum energy density,
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extremely large in the very first moments of the Universe
but extremely small now. Furthermore, if we know four
types of interactions, other ones may well exist.

Essentially all extensions of the standard model motivated
by these questions involve new particles and fields, and new
symmetries. The main approach has been, for several
decades, to turn to higher energies to search for new heavy
particles. The discovery of the BEH boson at 125 GeV was a
triumph for the standard model, but superpartners in its
supersymmetric extensions have not been found yet, and
compactification scales ~ #/Lc may well be far away; so if
there must be “new physics”, where is it?

A complementary approach, which has grown into a subject
of intense interest, involves moderate or even low energies,
searching for new interactions and their mediators. This may
involve interactions significantly weaker than weak inter-
actions, down possibly to the strength of gravity and even less.

Using symmetries has good chances to remain a valid
guiding principle for discussing new particles and inter-
actions, all four known ones being associated with gauge or
space-time symmetries. Supersymmetry provides an exten-
sion of space-time to fermionic coordinates, with a new
U(1)g symmetry acting chirally on them. It leads to R
parity, R, = (—1)%, at the origin of the stability of the
lightest supersymmetric particle and of its possible role as a
dark matter candidate.

Just as U(1)g acts chirally on gauginos and Higgsinos,
one can consider a U(1), symmetry acting chirally on
matter fields, as also suggested by the 2-BEH doublet
structure of supersymmetric theories. Both chiral sym-
metries play an important role in discussions of sponta-
neous supersymmetry breaking, possibly through the £D
term of an extra U(1), and they might get related within
extended supersymmetry, enlarging U(1), up to SU(4).

One may also consider extra space dimensions, which
naturally combines with supersymmetry. The possibility of
performing translations or moving along compact dimen-
sions in the higher-d space-time may result in additional
U(1)’s, as associated with (central) charges in the extended
supersymmetry algebra, and gauged by graviphotons that
may be described by extra components of the gravitational
field. Many such U(1)’s tend to be generated from (super)
string theories, and it is natural to expect their remnants to
act in 4 dimensions.

We may also extend directly the SM group beyond SU(3) x
SU(2) x U(1)y, or SU(5) for a grand unified theory.
The minimal approach involves an extra-U(1), symmetry,
focusing here on small values of its gauge coupling ¢”’. Its
possible generators naturally appear as linear combinations of
Y,B,and L,or B — L,withanaxial F4.Y —3 (B — L) and F,
have a special status as they both commute with the SU(5)
grand unification group. The resulting U(1), generator
commutes with a SU(4),, electrostrong symmetry group,
spontaneously broken to SU(3) x U(1)qgp at the grand
unification scale, possibly through extra dimensions.

These extra U(1)’s can provide a bridge to a new dark
sector, allowing for dark matter particles to annihilate and
opening the possibility for them to be light. The associated
light neutral gauge boson, called U forty years ago, may
manifest under different aspects, depending on its mass, the
vector and/or axial character of its couplings, the strength
of its interactions, its lifetime, and decay modes, etc.

We have presented a unified framework relating the
different aspects of such a new gauge boson. Its possible
couplings appear in the visible sector as linear combina-
tions of Q, B, and L;, with the weak isospin 75;, and an
axial generator F,. This relies on a minimal set of
hypotheses, illustrating the crucial role of the BEH sector
in determining the properties of the new boson. Its current
is a linear combination of the extra U(1), and Z currents,
determined by the Z — U mixing angle £. This one, small if
the U is light, is given in this limit by a sum on BEH
doublets, with tan & ~ (¢’ /g,) >_; €:F(hi)v?/v* = (9" /97)
(yy + 1), so that (disregarding for simplicity cos &~ 1)

1 .
g <§J’} + (ry +n)(J5, — smzejfc‘m))

~ ¢’ (yYJg‘m +nJy + %BJ’; + %Jﬂ + %‘Jﬁ)

+ jﬁark +oe (224)

The U boson may manifest as a generalized dark photon
also coupled to B and L;, a dark Z boson, an axial boson,
and a (quasi-“invisible”) axionlike particle. It connects
these different aspects and interpolates between them, the
dark photon case corresponding for example to the specific
direction (1, 0, 0,0,0; 0, 0) in a 7-dimensional space
parametrized by

Yy Y8 (YL, 7L, 70,)7a and 7. (225)

The U may also couple to dark matter (in particular if the R
current is involved in the gauging), possibly more strongly
than to ordinary particles. Invisible decay modes into light
dark matter may be then favored.

In the visible sector we have the correspondences:

yy —  dark photon,
n o - dark Z (quasi-“invisible™)
isoscalar — axionlike behavior
Va axial boson

of longitudinal U

yg= — yr — B—L gaugeboson,

etc.

(226)
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The U charge is expressed for vector couplings as a
combination of Q with B and L;, or B— L in a grand
unified theory,

(QU)V = yYCOSZHQ‘Fy?BB—F%Li

+n K%—sinze)Q —%(B—L)} (227)

When the 7 term from the mixing with Z dominates, the U
has a nearly protophobic behavior, with (Q), almost
proportional to B — L — Q, which may favor a small z° —
yU decay rate. In the framework of grand unification, all
vector and axial couplings of the U may be expressed as in
(219) in terms of three parameters only, yy, y4, and 7,
instead of the seven ones in (225).
Axial couplings

g =9"(Qu)a = %(m F 1) (228)

may be isoscalar, or isovector from the contribution of the Z
current, or a mixing of both, as with g, =~ (¢’/4)(1 £
cos2f3) in a two-doublet + one-singlet model. The extra-
U(1) gauge coupling ¢”, then proportional to m; and to the
invisibility parameter » = cos 8y, is given by

g my
4 20 sin2B

2x107° my(MeV).  (229)

sin 23

It is naturally very small if the U is very light, or if r is small
from a large singlet v.e.v., with the extra-U(1) symmetry
broken at a large scale.

Axial couplings of the U, when present, are respon-
sible for enhanced interactions of a longitudinal U, inter-
acting in the small m limit with effective pseudoscalar
couplings

2my; 1/2
gp = 9a —L = 21/4GF/ As
my

r cot f,

~ 4 x107° MeV) x
qu( V) {rtanﬂ.

(230)

This reconstructs the same pseudoscalar couplings as for a
quasi-invisible axion, with r = cos8, as the invisibility
parameter. With a semi-inert doublet /', one has, simi-
larly, gp ~ F4x107° m,(MeV) r tanf'.

v, Y, K, and B decays lead to strong limits on axial
couplings, typically <2 x 10~7m;;(MeV) or even down to
<2 x 107 my(MeV). Such a strong limit on g, may
facilitate satisfying the atomic-physics parity-violation con-
straint. The U couplings to neutrinos may also be very small,
thanks to a small ¢ naturally proportional to m; and r; or to
asmall Oy (v, ), if Qyp is close to a combination of Q, B, T,
and L +2F,. The neutrino and electron couplings,
proportional to myr Qy, are constrained from v — e scatter-
ing experiments to /g, 7. < (1t03) x 107° my(MeV)
for my 2 1 MeV, depending on m; and on the experiment
considered, much in line with expression (229) of ¢’/4
as 2 x 1078 my(MeV) x r/ sin2p.

The extra-U(1) coupling ¢’ may vary between sizeable
values for larger m’s ~ a few ten GeVs, down to < 1072
for an extremely light or even massless U boson. It could
then be detectable through apparent violations of the
Equivalence principle. The extreme weakness of such a
new long range force might be related, within supersym-
metry, with a very large energy scale > 10'® GeV, asso-
ciated with a huge vacuum energy density that may be at
the origin of the inflation of the early Universe.

The possible existence of a new interaction, that may fit
within the grand unification framework and have connec-
tions with the fundamental structure of space-time, is both a
fascinating theoretical subject and a very rich field for
experimental investigations.
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