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The Electron-Ion Collider (EIC) provides unique opportunities in searching for new physics through its
high center-of-mass energy and coherent interactions of large nuclei. We examine how light weakly
interacting vector bosons from a variety of models can be discovered or constrained, over significant parts
of their parameter space, through clean displaced vertex signals at the EIC. Our results indicate that the
searches we propose favorably compare with or surpass existing experimental projections for the models
examined. The reach for the new physics that we consider can be markedly improved if “far backward”
particle identification capabilities are included in the EIC detector complex.

DOI: 10.1103/PhysRevD.108.075017

I. INTRODUCTION

A number of experimental observations, as well as
conceptual puzzles, lead us to the unavoidable conclusion
that new physics beyond the Standard Model (SM) is
required for a complete fundamental description of natural
phenomena. For a long time, conventional thinking largely
assigned new physics to ever shorter distances, correspond-
ing to increasingly larger energy scales. However, recent
years have seen a surge of interest in searching for new low-
mass particles that may have evaded discovery due to their
feeble interactions with known states. This view of physics
calls for new approaches in both theory and experiment in
order to explore various possibilities.

It may at first seem that one could always efficiently hide
new light states by suppressing their couplings. Yet, over
certain ranges of parameters, the reduced production rates
can be compensated for by a concomitant suppression of
back ground events, due to the longevity of the hypoth-
esized particles. An extreme version of this effect is the
basis for the impressive reach of “beam-dump” experi-
ments, where large amounts of shielding material remove
much of the SM background, while allowing long-lived
feebly interacting states to reach a downstream detector.
Less extreme longevity of the new states has also been used
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in conventional collider searches, where the macroscopic
decay length of a hypothetical particle would lead to
displaced vertices that could greatly reduce background
contamination of such signals.

In this work, we consider models where a light boson can
be produced and identified, through the aforementioned
displaced decay vertices, at the future Electron-Ion Collider
(EIC). In particular, we will focus on light hidden vector
models, characterized by mass scales of O(100 MeV), that
are produced by coupling to the electron beam. We study
three such representative models: a standard dark photon, a
gauge boson coupled to the B — L symmetry of the SM,
and leptophilic gauge bosons which couple to lepton flavor
number.

Although similar searches may be conducted at other
facilities, such as typical fixed target experiments, the EIC has
certain advantages that allow it to provide quite competitive
and often complementary probes of new physics. While some
experiments offer significant luminosities, they typically
have small center-of-mass energy +/s, limiting their reach.
In this respect, the EIC provides a marked strength, given its
relatively large beam energies of 18 GeV for the electron and
110 GeV per nucleon for the ion; for a gold nucleus, in the
nuclear rest frame, this is equivalent to roughly 4 TeV of
energy for the electron [1]. At the same time, the heavy ion
beam at the EIC, like in fixed-target experiments, can lead to
significantly enhanced interaction rates through coherent
scattering from large nuclei. An expected integrated lumi-
nosity of £ = 100 fb=!/A~0.5 fb~! operating in electron-
gold collisions [2], combined with large beam energy and
enhanced interaction rates, can give significant reach in
searches for new physics.

Some aspects of this work follow from our previous
work on phenomenology of axionlike particles at the
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EIC [1]. For a similar search for displaced hidden vectors
at the MUonE experiment, see [3,4]. Other recent studies
of potential searches for beyond SM physics at the EIC
are [5-12].

II. DISPLACED SIGNAL

A. Vector boson production

The process under consideration is ultraperipheral pro-
duction of a massive light vector boson A’ at the EIC,
represented by the process e”A; — e~ A,A’. If A’ is light
enough, it is likely that its decay will be displaced relative
to the production vertex, which yields a signal with
virtually zero SM background. In particular, we will focus
on the scenario in which the A’ decays into an ete™ pair,
taking advantage of the EIC’s electron tracking capabilities.
We only consider emission of the A’ from the electron and
not from the ion; emission from the ion will be suppressed
by the nuclear form factor except for fairly light A’ masses
my, where other experiments already provide stringent
limits.

The Feynman diagrams representing the process are
shown in Fig. 1. Following Ref. [13], we label the incoming
momenta p* for the electron and P/ for the incoming ion and
the outgoing momenta p* for the electron, k for the vector
boson, and P; for the outgoing ion. It is useful to define the

virtual photon momentum transfer ¢* = P’} — P% as well as
the 4-momentum sum P¥ = P’ + P{. Treating the ion as a
scalar, the photon-ion interaction vertex is given by

iV¥(q*, P;,P;) = ieZF(q*)P* (1)

where F(g?) is the elastic form factor of the nucleus. In this
work, we will consider collisions with a gold (Z =79,
mass number A = 197), corresponding to a mass of
M = 183 GeV. For the form factor, we use an approxima-
tion of the Fourier transform of the Woods-Saxon distribu-
tion applied to a gold nucleus [14], given by

1

3 .
F(q*) = =55 (sin gR, — gR, cos gR,) Trag (2)
0

IR}

where ay = 0.79 fm and R, = (1.1 fm)A'/3.
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FIG. 1. Vector boson production at the EIC.

With these specifications, the amplitude of the Feynman
diagrams in Fig. 1 can be computed. Following the EIC
Yellow Report [2], we take the initial-state laboratory-
frame energies of the electron and ion to be 18 and
110 GeV/nucleon, respectively. Then, we integrate the
squared amplitude over the phase space to obtain the total
cross section. The EIC has electron detection capabilities
for any electron within || < 3.5, so when integrating over
the phase space, we impose this restriction on the A’. The
details of the amplitude calculation and cross section
integration are shown in Appendix A.

B. Displacement within the detector

If the lifetime of the A’ is 7 and it has boost y; and speed
vy in the laboratory frame, the probability of it undergoing a
displaced decay which is detectable is

Pgisp = e~ min/ (1k0kT) — =dmax/ (rivi7) | (3)

where d,;, is set by the resolution of the detector and d,,,,
is set by the geometry of the detector. The lifetime 7z in
Eq. (3) is given by the inverse width of the A’, which
depends on the various charges of SM particles under
U(1),; see Appendix A for details.

To determine d,;,, we refer to the design document
for the ECCE detector (now the ePIC Collaboration) at
the EIC, [15] which provides resolutions for the two-
dimensional (2D) distance of closest approach (DCA,p) of
pions. In particular, DCA%“ < 100 pm for almost all track
transverse momenta (p7) and pseudorapidities. If we adopt
this as the resolution for the DCA,p, of electrons at the EIC,
we can relate dy;, to the lifetime 7 of the A’. In particular,
the transverse DCA 1is defined as the spatial separation
between the primary vertex and reconstructed particle paths
projected onto the transverse plane (for details, see Fig. 6
in Appendix B and the following discussion). Assuming
m, <<my, we find dpi, ~7(DCARD) /v, cos 01, where
0l is the angle the dark boson makes with the electron
beam axis in the laboratory frame. We have chosen
dnax = 1 m, which is in line with the proposed geometry
of the ECCE/ePIC detector [15].

One of the main limiting factors of our production cross
section is the production of dark photons with far-backward
pseudorapidities (7 < —3.5), which are beyond the EIC’s
current tracking capabilities. Notably, the ECCE detector
proposal includes a far-forward detector, the BO spectrom-
eter, with the capability to track particles with 4 <5 < 6
[15]. Thus, we consider a scenario in which a similar
detector is installed in the backward region at around
z=-5m, with the ability to track electrons with
—6 <n<—4. We assume that this detector has a
weaker DCA resolution than the rest of the detector,
DCADIN =200 um, so we take dpin =74 (200 pm) /v, cos 9120
and d, =5 m.
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C. Signal selection

The selection criteria we choose to search for displaced
vectors at the EIC is the identification of an electron and
positron each displaced from the primary vertex. The
corresponding cross section for signal events is given by

do
. /) = P... —— dv,dn.B(A 4 - : 4
Gblg(gA) / disp dykdnk Vi Alk ( —> e e ) ( )

where y, and 5, are the boost and pseudorapidity of the
vector in the laboratory frame and B(A’ —» eTe™) = I, /T
is the branching fraction into electron-positrion pairs. For
the base EIC limits, we numerically integrate 1, over the
region || < 3.5 and y; from 1 to (18 GeV)/m,. For the
far-backward detector scenario, we integrate #; from —4 to
—6. The dependence of the rhs on the vector boson-electron
coupling g, comes from the lifetime 7 in Pgg, and the
differential cross section. Given the size of the displace-
ments considered in this study (d.;, > 0.1 mm), we
assume that there is negligible SM background.

For dark photons in particular, a potentially concerning
background is ordinary photon conversion. Because our
signal is concentrated at large || in the direction of the
electron beam, the vast majority of signal events will occur
in a region of the proposed ECCE/ePIC detector which is
very sparse, consisting of isolated silicon-tracker disks with
a separation of ~25 cm [15]. As a result, cutting away
displaced vertices which originate at the disk could be an
effective way to remove photon conversions without losing
many signal events. Reconstruction of the invariant mass of
lepton pairs could be another experimental handle to
distinguish A’ events from photon conversions in order
to satisfy our assumption of negligible SM background.

Another potential source of background is misidentifi-
cation of charged pions, which will be copiously produced
in ion collisions, as e*. However, in the electron end cap
where our signal is concentrated, the fake rate is quite low,
approximately 10~ [15]. Since our signal requires both e~
and e as well as the displaced vertex, this background
should be negligible.

Finally, there is also the possibility of signal reduction if
electrons or positrons from the A’ decay are lost down the
beam pipe. We have used our kinematic distributions with
some simplifying assumptions to estimate that, conserva-
tively, this rate is no larger than 20%-30% even with the
signal strongly collimated in the backward direction. Since
our estimate is somewhat crude (and would not affect our
projections significantly), we do not include it in our
projections, but a future study with a full Monte Carlo
detector simulation could take this possibility into account
for more accurate bounds.

To place limits on the coupling g4/, we find the values of
gy for which

EU(QA’) 2 Miax s (5)

where n,,,, = 3.09 is the upper limit of the 95% confidence
interval on the mean number of signal events given zero
expected background events [16], and we take L =
100 fb~' /A~ 0.5 fb~! in line with Ref. [2].

III. MODEL LIMITS
A. Dark photon

The dark photon refers to the vector boson of a hidden
U(1), gauge symmetry under which none of the SM matter
fields are charged. However, one can write down a kinetic
mixing term of the form

£

—F,, F
2 cos HW duvt'y (6)

between the U(1), and the SM hypercharge field strength
tensors, denoted by F,,, and F',, respectively. Here, ¢ is a
small parameter, and 6y, denotes the weak mixing angle.
With the above normalization, after kinetic term diagonal-
ization, SM states of electric charge Q, couple to the dark

photon (A’) with strength Q,ee, where e = v4ra is the
electromagnetic coupling constant; « ~ 1/137. If there are
heavy states charged under both gauge sectors, a small
value € ~ eg,/(167%) (assuming unit charges) can naturally
be induced for the mixing parameter through a one-loop
diagram [17], where g, is the U(1), gauge coupling, which
can be O(1) or less. The dark photon has been of interest in
recent years, in particular as a connection between a new
sector containing DM and the SM [18,19]. For the dark
photon, we take g4 = €e.

In Fig. 2, we show our projected limits for displaced dark
photons from the EIC. We also show for comparison
various existing limits (gray shaded region) and projected
limits from current experiments (dashed lines) and future
proposed experiments (dotted lines). The solid filled region
shows our baseline projection using the EPIC detector and
a luminosity for gold ion collisions of £ = 100 fb~!/A.
We see that the EIC can provide significant new constraints
on the parameter space for masses my ~ 100 MeV and
moderately weak couplings ee ~ 107, Even comparing to
other projected experimental bounds, the EIC provides
useful reach in this parameter space. The dashed line
labeled “EIC-FB” shows how the projected bounds from
the EIC could be improved by the addition of a far-
backward detector in the direction of the electron beam,
as described above in Sec. IL

B. B - L gauge boson

In the SM, B — L—where B and L are the baryon and
lepton numbers, respectively—is not violated by any
interaction. With the addition of three right-handed com-
plete singlet neutrinos, which can lead to nonzero masses
for active neutrinos as required by experiment, one can
make this quantum number anomaly free. Hence, it is well
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FIG. 2. Projected constraints (95% C.L.) on the kinetic mixing
of a dark photon at the EIC (blue filled region). Exclusion limits
(gray filled) include U70/NuCal [20,21], Orsay [22], E137 [23],
E141 [24], E774 [25], and (95% C.L.) and NA48 [26], BABAR
[27,28], KLOE [29-32], and LHCb [33] (90% C.L.). Compared
to Ref. [34], we have updated the excluded region to include
NA64 [35] at 90% C.L. Projections from current experiments
(dashed lines) are shown from STAR [36] and Belle-II [37]
(90% C.L.); a second Belle-II projection for displaced decays
[38]1 (90% C.L., 50 ab™!); and HPS [39], FASER [40], and LHCb
[33,41,42] (95% C.L). For an alternative set of Belle-II displaced
projections, see [43]. To make our plot easier to read, we show
projections only for currently operating experiments; for a more
complete set of projected bounds, see the Snowmass white paper
[44]. Finally, we show a projection for inclusion of a far-
backward detector at the EIC (dotted blue line, 95% C.L.), as
described in Sec. II. Digitized plot data are available as ancillary
files in Supplemental Material [45]

motivated to consider a U(1),_; gauge symmetry. In fact,
this gauge group was considered early on as an extension of
the SM electroweak symmetry [46—48]. Since SM fermions
couple with O(1) charges (assuming conventional charge
assignments) to the corresponding gauge field A’, a low-
mass my < GeV for this new vector boson can be
phenomenologically viable only for tiny gauge coupling
constants gy < 1.

Figure 3 shows our projected limits on the B — L gauge
boson from the EIC, as described for the dark photon search
above. Here again, we see reach for the EIC which is
significantly beyond existing bounds and complementary
to other planned experimental searches, particularly in the
far-backward detector scenario.

C. Leptophilic gauge bosons

Differences L; — L;, with i,j=e, p, v and i # j, of
lepton flavor numbers are anomaly free in the SM. One
may gauge one of these quantum numbers at a time and
obtain an anomaly free U(1);; [56]. Like in the case of the
B — L gauge interaction, since the SM leptons directly
couple to the corresponding gauge field A’ with unit charge,
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FIG. 3. Projected constraints (95% C.L.) on the interaction
strength of a U(1),_, vector gauge boson at the EIC. Colors and
references follow Fig. 2. The excluded region (gray filled) has
been expanded to include constraints from Borexino [49] and
Texono [50]. We show additional projections for Belle-II [34,51],
a projection from DUNE [52], and a recast FASER projection
from DarkCast [53-55].

the coupling constant here needs to be quite small, g4 < 1,
if the gauge vector boson has a mass <GeV.

Searches for displaced bosons at the EIC are sensitive
to both (L, —L,) and (L, — L,) gauge bosons; the third
combination (L, — L,) does not couple to electrons and so
cannot easily be produced at the EIC. The limits obtained
on each of these hypothetical gauge bosons are shown in
Figs. 4 and 5 in blue.

See also Ref. [58] for projected limits from beam-dump
experiments at future lepton colliders such as the ILC; we
do not include their projections in our plots because they
are generally applicable at much weaker gy.
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FIG. 4. Projected constraints (95% C.L.) on the interaction
strength of a U(1) 1,-1, vector gauge boson at the EIC. Details
of the regions shown follow Fig. 3. For DUNE, we show a
combination of the projections from Ref. [52] and from
Refs. [34,57].
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FIG. 5. Projected constraints (95% C.L.) on the interaction

strength of a U(1), _; vector gauge boson at the EIC. Details of
the regions shown follow Fig. 4.

Figures 4 and 5 show our projected limits on leptophilic
gauge bosons which couple to electrons, again as described
for the dark photon search above. Qualitatively, these
projections are similar to those obtained for the B — L
gauge boson scenario and show distinct sensitivity to parts
of the parameter space, more strongly in the presence of the
far-backward detector.

IV. CONCLUDING REMARKS

In this work, we have considered how the future EIC
capabilities can be used to probe a number of models that
include light hidden vector bosons with masses in the range
~few x (0.01-0.1) GeV and couplings < 1 to the SM
fields. For all of the new-particle searches we consider,
electron-gold ion collisions at the EIC have considerable
projected reach for unexplored values of the coupling
strength. Compared to other collider experiments, the reach
of the EIC is improved due to the enhancement of the cross
section by the nuclear charge Z. Relative to fixed-target
experiments, the EIC provides a controlled environment
with good detector coverage and a large center-of-mass
energy (in the ion rest frame, the electron energy is
approximately 4 TeV [1].)

We focused on a clean and essentially background-free
regime of parameters where the produced vector bosons
have sufficiently long lifetimes that lead to displaced
decay vertices in the detector. We found that with realistic
integrated luminosity allocations, of order 100 fb~!/A,
coupling parameters down to ~5 x 107® can be probed.
The search for the low-mass physics considered in our
work can be significantly improved with the addition of
far backward particle detection capabilities at the EIC.
Our estimates suggest that such an addition can push the
reach down to couplings ~10™® and up to masses
my ~ 500 MeV.

The analysis in this paper mainly assumed the expected
excellent electron final-state identification capabilities of
the future EIC detector. However, a significant branching
fraction into p"u~ is present in parts of our model
parameter space, particularly at heavier A’ masses. Muon
detection capability at the EIC could provide additional
statistics and strengthen our bounds somewhat. In general,
muon detection could provide an additional handle on
searches for beyond-the-SM particles more broadly, par-
ticularly for heavy particles above the dimuon kinematic
limit or final states with more significant SM backgrounds.

The EIC will also possess the capability to collide
polarized electrons with ions, which is not a common
feature of most current and future experiments that may
probe the same mass and coupling parameter space. In
principle, this can give an additional handle to probe the
chiral structure of the A’ couplings, for example, to
distinguish a generic dark photon from something like a
dark Z boson [59]. We did not examine the prospects for
using the EIC electron beam polarization in our study.
However, an analysis using this handle on the new physics
would be interesting, and we leave it for future work.
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APPENDIX A: DIFFERENTIAL CROSS SECTION
AND SIGNAL

The polarization and spin-averaged squared amplitude is
given by

— Z2F(1)? ——
MP = e, = AP,

(A1)

The normalized spin-averaged squared amplitude |.A|?
can be written in terms of the Mandelstam variables 3, ¢, i,
and t,, defined by

5= (p' + k) —m; (A2)
i=(p-k)’—m; (A3)
t=(p'-p) (A4)
t=—q, (AS)

which satisfy § + @i + 1, + 1 = m%,. With these variables,
the squared amplitude can be written as
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~2 ~2 8t
ST+ u P2 _ |:(P p) +(P'p’)2+

S S

tz + mir

JAP =2

The ion-frame production cross section is then given by

k|E 2z dgp
512713M2V|p|/ / q|M|2' (A7)

do 1
dxd(cosby)

Here, E is the energy of the initial-state electron, E|, is the
energy of the vector boson, V = , cos @ is the angle
the vector boson makes with the beam axis, and x = E; /E
is the fraction of energy transferred to the vector boson. In
the laboratory frame, the expected kinematics are E'2 =
18 GeV and E =197 x 110 GeV = 21.67 TeV [2],

|

0on

k* = (Ey, |k|cos 0,0, |k|sind;) =

Let i = El®/m, and o1 = |k%®|/El®. Additionally,
if the pseudorapidity is n]ab = —log(tan(6}*/2)), then
cos 01 = tanhy}®® and sin O = sechni®®. With these
substltutlons the equation for the zeroth component reads

lab

xE = y7%my (1 + v;0 tanh ), (A9)

and the quotient of the third and first components yields

ldb sech nldb

Y1 ( 1db tanh ;,Ildb ) :

tan 0, = (A10)

The corresponding Jacobian determinant of the transfor-

mation from (x,cos6;) to (yi°, k) is

0x 0(cosby)
ay}{ab an}{ab

_ 9(cos ) ox my

— lab
ay}(ab a’,]}cab E

sech 77;° sin 6.

(Al1)

Hence, the differential cross section with respect to boost
and pseudorapidity in the laboratory frame is

do
d},lab d?’]lab E

do
dxd(cos0;)

lab

~2 sech 1" sin 6y, (A12)

The decay width of a given hidden vector A’ can be
written as

Ty =Y 05+ 0 +Tha  (Al3)
v 4

where for one flavor of left-handed neutrino

(71(ER® + v/ k™| cos G),

54 17)2 iP - P - p\2
Yl [p4(u) ]
s°u S+ u

(A6)

corresponding to a boost of y; = E;,,/M ~ 118 and a
velocity of v; ~#0.999964. Hence, in the rest frame
of the ion, the energy of the initial electron is E =

(Elab + v;|p'®]) ~ 4250 GeV.

It is more useful to integrate the cross section in the
laboratory frame, because limits of integration coincide
more directly with detector requirements. In what follows,
we will denote quantities in the laboratory frame with a
“lab” superscript. Then, boosting the vector boson’s
4-momentum from the laboratory frame to the ion frame
yields the equation

71(|K'%®| cos 02 + v, El) 0, [K!%®| sin 02).  (AS)
2
Gy
I, ==—"my Al4
7% 24 myr, ( )
for charged fermions
2 2m?2 4m2
9u f
Iy = 1 1-—1, AlS
7= o™ < * m§,> w2, (AD)
and for hadrons
2
I
24905 [,R(m3). (Al6)

l—‘h d =
§ %Zurfm + %Zdrﬁ'd H

Here, R(m3,) = o(e*e™ — hadrons)/c(eTe™ — putu™) is
the experimentally determined R ratio. The detailed charge
assignments Q; which we use for the dark photon, B — L,
and leptophilic gauge boson follow Ref. [34].

APPENDIX B: DISTANCE OF CLOSEST
APPROACH

The DCA for a particle is defined as the minimal distance
between the particle’s reconstructed trajectory and the
primary vertex. For particles produced in a displaced decay
(such as the lepton pairs in our process), the trajectory is
reconstructed assuming the particle was produced at a
much earlier time. The transverse DCA (DCA,p) is then
given by projecting the DCA onto the transverse plane.

A diagram showcasing our estimation of the DCA in
terms of the kinematic properties of the dark boson can be
seen in Fig. 6. For simplicity, we take the angle of the
lepton with respect to the vector to be half the opening
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FIG. 6. Schematic showing the definition of the transverse
DCA. The dark boson travels a distance d in the detector (shown
in blue), before decaying into a pair of leptons (shown in red).
The transverse DCA of these leptons is found by tracing their
trajectories backwards (red dashed lines), then projecting onto
the transverse plane. This diagram shows the scenario in which
the leptons decay with a polar angle of ¢_ =0 and ¢, =7,
but the polar angle can in general be anywhere between 0 and 7.

angle between the two leptons, 0,,/2; a more detailed
study of the event kinematics shows that this situation is
|

typical. To estimate the DCA, we assume that the leptons
follow a straight-line path backward from where they were
produced. To justify this assumption, note that in the EIC
the magnetic field is expected to be B ~ 1 T, and the energy
ym, of the electron decay products is typically much larger
than the mass ms of the dark photon. Hence, the radius of
the final-state electron or positron’s trajectory is given by

_}/mev > < my (Bl)

R="8 100 MeV> -

Hence, for the parameter region of our study, it is on the
order of a few meters, which is much larger than the
minimum DCA requirement.

Note that the schematic is a special case, in which the
leptons are traveling with a polar angle ¢ = 0 or ¢ = 7 with
respect to the detector, with the DCA drawn for the lepton
with ¢ = 0. Regardless of this angle, for a straight-line
trajectory, the DCA can be related to the travel length by
The relationship between the DCA and the transverse DCA
depends on the polar angle . In general, it is given by

DCA,p = DCA\/I — (cos Oy, Sin(Oyz2) + sin Oy, cos (O4/2) cos ®)>.

For the cases ¢ =0 and ¢ = x, the transverse DCA is
given by

DCAZD = DCA cos (Hlab + (9”/2) (B4)
Depending on the angle ¢, the transverse DCA can be
anywhere between these values. For simplicity, we assume
that the average transverse DCA is given by the average of
these maximum and minimum values, which yields

DCA,p = DCA cos 8y, cos (0,,/2) (B5)

1
= Ed COS Hlab sin 6ff. <B6)

The angle 6,, can be related to the boost y through
4-momentum conservation:

ymy =2y,mg, <B7)

(B3)

yony = 2}/;Ufmf Ccos (9/,/»/2) (BS)

Solving for sinf,, yields

2yvmy

2v
e /m3, —4mE =, (B9)
yzmi, — 4m§ A ‘ y

since m, = m, < my for this study. The minimum resolv-
able value of transverse DCA for particles at the EIC is
cited to be around 100 pm [15]. With this, the minimum
distance the dark photon can travel before being considered
displaced is

sin 9{/ =

4

dmin ~
v cos Oy,

(100 pm). (B10)
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