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We show that inclusive single-spin asymmetries (SSAs) with transversely polarized protons or electrons
at a future electron ion collider (EIC) are sensitive to new physics contributions to electroweak dipole
operators of electrons and quarks. We use the Standard Model Effective Field Theory (SMEFT) to
parametrize possible heavy new physics contributions to these couplings. We show that new physics scales
at or beyond the TeV-scale can be probed assuming realistic EIC run parameters, and that the transverse
spin asymmetries are sensitive to different combinations of the dipole couplings than other measurements
such as anomalous magnetic or electric dipole moments. We also study the physics potential of SSAs at a
possible future upgrade of the EIC to collide muons and protons. Measurements at such an upgrade could
probe the same SMEFT parameters that explain the current anomaly in the muon anomalous magnetic
moment, and could also improve current bounds on the muon electric dipole moment.
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I. INTRODUCTION

The coming decade will see the construction of the
Electron Ion Collider (EIC) at Brookhaven National
Laboratory. The EIC will collide electrons with protons
and nuclei at energies spanning the range between fixed-
target scattering facilities and high energy colliders. It will
provide orders of magnitude higher luminosity than HERA,
the only electron-proton collider operated to date, and will
also be the first lepton-ion collider with the ability to
polarize both electron and light ion beams. The EIC was
designed primarily to explore unresolved issues in QCD
such as the composition of the proton spin in terms of its
constituent quarks and gluons [1]. The EIC also has the
potential to explore possible extensions of the Standard
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Model (SM). The possibility of polarizing both beams
provides novel opportunities for probes of new physics
complementary to those possible at the LHC. For example,
measurements of parity-violating longitudinal spin asym-
metries can constrain combinations of four-fermion
operators orthogonal to the combinations probed at the
LHC [2,3]. The EIC can also provide probes of lepton
flavor violation competitive with LHC and low-energy
probes through single tau-lepton production [4].
Choosing transverse polarization for the electron or
light ion beams at the EIC will enable measurements of
beam and target transverse single-spin asymmetries
(SSAs). The most basic transverse SSAs are obtained
for inclusive deep-inelastic scattering (DIS) and have
been studied previously within the SM in Refs. [5-9]. As
was shown already in [10], these asymmetries vanish for
purely electromagnetic scattering in the one-photon
exchange approximation. Beyond that, the spin-dependent
numerator of the SSA is suppressed by both a power
of the fine structure constant a and a factor of m/Q,
where m is the mass of the polarized particle, and Q is
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the deep-inelastic scattering (DIS) momentum transfer.
Although we will identify in this paper a new tree-level
source of transverse SSAs in the SM not previously
discussed in the literature, the upshot is that the SM
predicts that the inclusive transverse SSAs are strongly
suppressed, with target asymmetries that are numerically
of the order 10™* and beam asymmetries of the order
1077, These extremely small SM values, combined with
the expected excellent experimental precision of the EIC,
make these asymmetries a potentially powerful probe of
new physics that does not contain the suppression factors
present in the SM.

In this manuscript we study the sensitivity of trans-
verse SSAs to heavy new physics. We use the SM
Effective Field Theory (SMEFT) to parametrize physics
beyond the SM [11-13]. The SMEFT is formed by
adding higher-dimensional operators to the SM
Lagrangian that are consistent with the SM gauge
symmetries and formed only from SM fields. The
SMEFT encapsulates a broad swath of new physics
models, making it easier to simultaneously study numer-
ous theories without focusing on details of the their
ultraviolet completions. We show that measurements of
the SSAs at the EIC are sensitive probes of fermion
dipole couplings to photons and Z-bosons. In parti-
cular, transverse beam SSAs are sensitive to dipole
couplings of electrons, while target SSAs are sensitive
to quark dipole couplings. We find that within the
SMEFT both real and imaginary parts of the dipole
couplings can contribute to the transverse SSAs. Their
effects can be disentangled through their angular
dependence. Other experimental probes of these cou-
plings include anomalous magnetic moments, electric
dipole moments, and Drell-Yan measurements at the
LHC. Transverse SSAs probe different parameter com-
binations than these other searches and are therefore
complementary to these other measurements. We show
that new physics at the TeV scale could be studied at the
EIC. In addition to our SMEFT analysis we identify a
new source of transverse SSAs in the SM that will
provide the dominant contribution at EIC energies. One
possible upgrade discussed for the EIC is the replace-
ment of the electron beam with a high energy muon
beam. This could serve as a first step toward a high
energy muon-muon collider. We show that measure-
ments of SSAs at a muon-ion collider could probe
parameter space relevant for the muon g — 2 anomaly,
and could also improve upon current bounds on the
muon electric dipole moment.

Our manuscript is organized as follows. We review the
calculation of transverse SSAs in the SM in Sec. II. In
this section we point out a new mechanism for generating
these asymmetries in the SM that has not been discussed
previously, and that will be the dominant mechanism at
the EIC. In Sec. III we discuss aspects of the SMEFT

relevant for our calculation, and discuss the calculation of
transverse SSAs within the SMEFT. We present numeri-
cal results for the transverse SSAs in the SMEFT in
Sec. IV. We present simple estimates of the anticipated
experimental error at the EIC that indicate that TeV new
physics scales should be accessible with transverse
SSA measurements. In Sec. V we briefly discuss other
experimental probes of the parameter space and demon-
strate that EIC measurements will be complementary to
them. We discuss transverse SSAs at a muon-ion collider
in Sec. VI. We show that such measurements could probe
parameter space relevant for the current discrepancy
between theory and experiment in the muon anomalous
magnetic moment, and could improve current bounds on
the muon electric dipole moment. Finally, we conclude in
Sec. VIL

II. TRANSVERSE SSA IN THE SM

We revisit here the SM calculation of the transverse SSA
in the inclusive DIS process e(k) + p(P) — e(k') + X.
Assuming that both initial beams are along the Z-axis, we
can write the transverse spin vector of either the electron or
the proton as

87 = (0.cos(¢). sin(¢). 0). (1)

where ¢ denotes the angle between the transverse spin
and the direction of the outgoing lepton in the transverse
plane. The asymmetry is then defined as the difference of
the cross sections for positive and negative Sy divided by
their sum. If the initial electron is polarized it is called a
beam SSA, while if the initial proton is polarized it is
referred to as a target SSA. For instance, in the case of
the beam asymmetry the expression takes the form

o(el) —o(eh)

o) Folel) >

Ary =

where we have used up and down arrow superscripts to
denote positive and negative Sy. A similar expression
holds for the target asymmetry with the replacement of
polarized electrons with polarized protons.

In the SM neither SSA is generated by QED at tree
level [10]. The leading QED contribution comes from two-
photon exchange and is therefore suppressed by a power of
a, the fine structure constant. Furthermore, the calculation
of the two-photon exchange contribution requires a mass
insertion along either the electron line (for the beam SSA)
or the quark line (for the target SSA computed in the parton
model). The simplest way to see this is to note that the spin
projector for a massive fermion with transverse spin Sy can
be written as

u(p)a(p) =5 (P +m)(1 +7sfr). (3)

N[ =
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The terms dependent on S; change the numbers of
gamma matrices appearing from even to odd or vice
versa, therefore changing the number of mass insertions
required to have a nonzero trace when computing a
squared amplitude. The two-photon exchange contribu-
tion to the SSA can be shown to depend only on the
structure

€po kK'Y PP SF. (4)

This structure is naively time-reversal odd [14], and
requires a complex phase in order to contribute to an
observable. Combining these two effects leads to an
a x m/Q suppression.

The calculation of both beam and target asymmetries in
QED has been considered previously [5-9]. The result for
the beam asymmetry can be written as [7]

yz\/l_y Zqufq(x)
1=y +y*/230,00f,(x)

Here, f, denotes the parton distribution function (PDF) of
quark g, Q, denotes its electric charge, x denotes Bjorken-
x, Q is the usual DIS momentum transfer and y is the DIS
inelasticity parameter. Since the EIC will operate at
relatively high momentum transfers, the leading-twist
approximate is the appropriate language here. The calcu-
lation of the target SSA is more intricate. The same two-
photon exchange contribution gives [6]

JI=v 2
Al () = aﬂsin(d)) ﬂ;TZ/z <ln (%) + finite)
ZqQ?igg(x)
0, (6)

AT (¢) = azLsin(g) (5)

where gg denotes a higher-twist PDF, and M is the target
nucleon mass. 4 denotes a small photon mass that regulates
an infrared divergence appearing in the calculation, whose
presence clearly indicates the inadequacy of the parton
model in describing this result. As was later shown [9], the
dependence on 4 cancels once one takes into account quark
transverse motion and mass effects, as well as contributions
from ggq correlations in the nucleon. In this way, a well-
defined finite answer for A7/, is obtained. In addition, there
could also be two-photon exchange contributions for which
the photons couple to two different quark lines, turning out
to be sensitive to gyq correlation functions [8]. In any case,
simple model calculations give an asymmetry in the range
AM ~ 1074 - 1073 [5.,8].

At the higher momentum transfers relevant for the
EIC we must also include SM contributions mediated by
the Z-boson, which have not been previously considered.
The Z-boson contribution grows as Q*/M?% for moderate
values of Q. The leading contribution comes from

interference between photon and Z exchange, and for
the beam asymmetry can be written as

Z oy 2 mQ yJI-y
ATy(P) = 5575 575 08(9)
syey Mz 1—y+y7/2
% Zqufq(x) [galqu(l - y) + gvlguqy]
22493 4(x)
Here, sy and cy respectively denote the sine and cosine of

the weak mixing angle, while the vector and axial couplings
of the fermions are

(7)

T/ T/
gvfzf_Qfs%w ga:_i‘ (8)

For simplicity of presentation we have expanded this result
to leading order in the ratio Q?/ M%. The expressions for the
antiquark channels can be obtained by taking g,, = —Gaq-
Our numerical results include all partonic channels as well
as the full Q? dependence and the self-interference of the
Z-exchange diagram, both of which are numerically sub-
dominant. We note that the Z-boson exchange depends
on the dot product k' - Sy, and therefore has a different
dependence on the angle ¢». We also note that each term in
this expression depends linearly on an axial coupling of the
Z-boson to fermions, indicating that this is a parity-
violating effect. The full asymmetry in the SM is the
sum of the two-photon contribution and the one involving
the Z boson.

To show the relative size of these two contributions we
plot them assuming ¢ = z/4 in Fig. 1 as a function
of x assuming the representative momentum transfer
O =30 GeV. We note that for this choice of angle both

SM asymmetry

T T

1.0

Q=30GeV
b=m/4

‘| EEE Two-photon
. 7

I I 1

0.1 0.2 0.3 0.4
xT

FIG. 1. The magnitudes of the two-photon and Z-exchange
contributions to the SM asymmetry for y = 1/2 as a function of
momentum transfer. The y-axis is in units of 107°.

075028-3



RADJA BOUGHEZAL et al.

PHYS. REV. D 107, 075028 (2023)

mechanisms contribute. For most values of Q relevant for
a higher-energy beyond the Standard Model analysis the
Z-boson exchange dominates. Thanks to their different
dependence on ¢ one may in principle disentangle the two
contributions by taking moments of the asymmetry
weighted with sin(¢) or cos(¢), respectively.

A similar contribution from Z-boson exchange occurs
for the target asymmetry. We can calculate it to be'

2 myQ y1-y

AZ =— cos
o) = e e s eos(

« Zquhq(x)[gaqgvl(l - y) + qugaly]

20Q5f (%)

The function h, denotes the twist-2 quark transversity
distribution [16]. These functions are currently still rather
poorly known, although some extractions from data have
been presented [17-20]. Transversity distributions satisfy
the Soffer inequality [21]

©)

2h(x, u)| < f(x,p) + Af(x 1), (10)

where Af is the helicity-dependent PDF. We will discuss
later various model estimates for the transversity distribu-
tions. For the lighter quarks, it has been suggested that the
quark mass appearing in this expression should be inter-
preted as a vacuum expectation value in the presence of
nonperturbative vacuum fields leading to a constituent mass
My ~ Myoion/3 [5]. We note that the integral of the trans-
versity distribution is related to the tensor charge that
appears when converting quark electric dipole moments
(EDMs) to nucleon EDMs [22]. In a later section we only
consider the muon EDM that can be probed by measure-
ments of the beam asymmetry, and therefore the tensor
charge does not enter our analysis.

III. TRANSVERSE SSA IN THE SMEFT

In this section we review aspects of the SMEFT needed
in our study, and discuss the leading contributions to both

'"We note that in this expression we only keep the contributions
by the leading-twist transversity PDF. As is evident from the
explicit proportionality to the quark mass m,, the asymmetry is
power-suppressed. As a result, there will be additional contri-
butions associated with higher-twist PDFs. Using the techniques

presented in [15] we find the replacements (1 — y)m,h, — (1 —
1 ).

y)(mgh, + Mxgl — M9(1T>,q) - Mgg%q in the g,,9, part of the

asymmetry, and m,h,y — y(m,h, + Mxgl — Mg(llT)‘q)

in the g,,9, part. Here, as before, gg denotes a higher-twist

PDF and gﬁ? , 1s the second moment of a transverse-momentum

dependent PDF. For our present analysis that aims at an order-of-
magnitude estimate of the asymmetry, we ignore these additional
contributions. Given that even less is known about the gg and

- ngg

g(llT) , distributions than about transversity, this appears justified.

beam and target SSAs. The SMEFT is an effective field
theory extension of the SM that includes terms suppressed
by a high energy scale A. Above this scale the ultraviolet
completion of the EFT becomes important, and new
particles beyond the SM appear. In our study we keep
terms through dimension-6 in the 1/A expansion and
ignore operators of odd-dimension which violate lepton
number. Our Lagrangian becomes [11-13]

L=Low+ Y P00+ ., (11)

where the ellipsis denotes operators of higher dimensions.

The Wilson coefficients Cl(-ﬁ) have dimensions of inverse
energy squared. Cross sections computed through linear
order in the Wilson coefficients will have interferences
between dimension-6 operators and the SM.

We will look for contributions to the transverse SSAs in
the SMEFT that are not suppressed like the SM terms. In
order to get a contribution from a SMEFT operator not
subject to the electron or quark mass suppression present in
the SM, there must be a chirality violation coming from a
new source within the SMEFT. Consideration of the
possible operators at dimension-6 reveals the following
categories that can potentially lead to such an effect: scalar
or tensor four-fermion operators, new Higgs-boson inter-
actions not proportional to fermion masses, and dipole
operators of fermions. Only the third category contributes
without an explicit mass suppression at the dimension-6
level. To illustrate this finding we will discuss the con-
tribution of the scalar and tensor operators in detail. There
are three such operators which we write below, suppressing
generation indices but keeping SU(2) indices:

Oledq ( )(dq])
Ogequ = (Z )ejk(qku)’
Oy = (Fore)eju(@ o). (12)

[ denotes the left-handed SU(2) lepton doublet, e denotes
the right-handed SU(2) electron singlet, g represents the
left-handed SU(2) quark doublet, and u, d denote the right-
handed singlet quarks. We can illustrate the main points of
the calculation using Oy, as an example. All Feynman
rules for these operators can be found in Ref. [23]. The
contribution to the parton-level amplitude for the process
e(k) + q(p) = e(kK') + q(p’) coming from O,,,, can be
written as

M = Ciog,[u(K) Pru(k)][u(p") Pru(p)]
+ Cleag[a(K) Pru(k)][a(p')Pru(p)l,  (13)

where P, p =% (1 F y°). When interfered with the SM
tree-level amplitude and summed over spins assuming the
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transverse spin for the initial electron shown in Eq. (3), all
terms contain the trace structure

Tr[(p' + mg) Pr(P + my)r"]. (14)

This has an odd number of y matrices and vanishes unless
there is a mass insertion along the quark line. The same
argument holds for the lepton line in the case of the target
asymmetry. This is also mass-suppressed if we consider
the dimension-6 squared contribution. In the massless limit
for the beam asymmetry this contribution has the trace
structure

|Creaq|*Tr[K PLE(1 + ys87) PR]Tr[f PrpgPr).  (15)

All terms with the S; dependence have an odd number
of y matrices in the trace. Helicity flips are needed on both
the lepton and quark lines. Similar arguments hold for the
following operators which mediate Higgs (¢) exchange
corrections:

(16)

These arguments leave the following dipole operators as
potentially enhanced contributions to the transverse SSAs:
|

gz, O yWi—y Zqufq(x){gaqRe[Ceze_iﬂ T swew

qod)pB,, . (17)

Here, W/ and B are the field strength tensors of the SM
SU(2) and U(1) gauge groups, and the 7/ denote the Pauli
matrices. We have written down these operators assuming
first generation fermions. Identical operators with different
Wilson coefficients can be written down for other fermion
generations. The operators O,y and O,z provide the
chirality flip needed for a nonvanishing beam SSA. The
other operators lead to nonvanishing target SSAs. Whether
the Wilson coefficients associated with these operators are
proportional to the masses of the corresponding fermions
depends on the details of the ultraviolet theory that lead to
these operators. In the presence of new mass scales in the
high-energy theory these parameters can be uncorrelated
with the electron or quark masses. In this paper we make no
assumptions about the underlying UV theory and treat the
Wilson coefficients as free parameters. To leading order in
the Q?/M?2 expansion we can write the SMEFT-induced
correction to the beam asymmetry as

e[C, e
M [qugal(l - 2/)7) - gaqgvl]}

AATU(qs) = ) 2
2raMz 1 —y+ r

.02, - 18

where ¢, is related to the electric charge and weak mixing angle according to g, = e/(swcy). For simplicity of
presentation, we have again shown the expression expanded to leading order in Q% /M2; in our numerical results we include
the full Q2 dependence. The results for the antiquark channels can be obtained from these results in the same way as for the
SM antiquark expressions. We have written the result in terms of the linear combination:

C [=swCew + cwClepl.

ey — ﬁ
v
Coz = ﬁ [—CWCeW - SWCeB]’ (19)

which have dimensions of inverse energy. We note that the combination C,, is the Wilson coefficient of the operator
O,, = e 0" egl,, that describes the anomalous magnetic and electric dipole moments of the electron below the
electroweak symmetry breaking scale. The particular combinations of Wilson coefficients and angle that appear in the result
can be expressed in terms of the combinations Im[C,,] sin(¢) and Re[C,;] cos(¢). This dependence on the angle indicates
that the real and imaginary parts of the Wilson coefficient can be separately determined via angular measurements. The
asymmetry in Eq. (18) grows with momentum transfer, making the EIC an excellent facility to search for them. A similar
expression holds for the target SSA. We show the expression below:

i Re[Cq,ef"’]
AA (¢) _ g_ZQ_3 y\/l -y Zquhq(x){_galRe[Cqu ¢] T swew [gﬁlgaq(l - 2/y) - galqu]} (20)
U dmaMyy—y 42 >, 02 f () ‘

We have again shown the expression expanded to leading order in Q?/M3.
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IV. NUMERICAL ANALYSIS
OF THE SMEFT ASYMMETRY

We study here numerical predictions for the SMEFT-
induced corrections to the various asymmetries at a future
EIC. To isolate either the real or imaginary parts of the
Wilson coefficients experimentally we can weight events
by the value of ¢ determined experimentally by forming an
integrated asymmetry:

Aty = /0 () Aro(). 21)

For example, the weight function w = cos(¢) projects out
the real part of the Wilson coefficient in AAz;(¢), while
the sin(¢) proportional to the imaginary part integrates to
zero. This angle is determined by the directions of the
initial-state transverse spin and the final-state lepton direc-
tion. We expect that this angular quantity can be accurately
measured at a future EIC.

We show in Fig. 2 the SMEFT contribution to the
asymmetry for the real parts of C,, and C,; for represen-
tative values of Q as a function of Bjorken-x. We have
chosen Re[C,;] = v/TeV? in both cases, where v is the
Higgs vacuum expectation value. This scaling is consistent
with the expectation that these coefficients are generated by
dimension-6 operators in the SMEFT at the TeV-scale. We
assume 10 GeV x 275 GeV collisions for a center of mass
energy /s = 105 GeV. Although this is not the highest
possible energy at a future EIC, it is expected that this
configuration will lead to the highest integrated luminosity.
Previous studies have shown that maximizing the inte-
grated luminosity leads to higher sensitivity to SMEFT
parameters than a slight increase of energy [3]. We
have imposed the inelasticity cuts 0.1 <y < 0.9 in pro-
ducing these results. As expected from their Q° functional

Re[C, | =v/ TeV?

ATCIO/S(@

107 i i
0.01 0.02 0.04

i i T T
0.06 0.1 0.2 03 04
xT

dependence at intermediate momentum transfers the
SMEFT asymmetries increase quickly with energy, exceed-
ing the 1073 level for Q > 30 GeV. The imaginary parts
of the Wilson coefficients leads to identical integrated
asymmetries after the appropriate change in the weight
function. This is due to the structure of the asymmetry,
which depends on the combination Re[C,; e~ =
Re[C,;] cos(¢p) + Im[C,;] sin(¢p) with i=y,Z. We note
that the photon and Z dipole contributions come with
opposite sign.

Although an experimental simulation of this asymmetry
at a future EIC is beyond the scope of this analysis, we
briefly discuss the experimental reconstruction of this
asymmetry and estimate the precision achievable at a
future EIC. We denote the number of measured events
with positive and negative transverse polarization as Ny .
Setting the achievable magnitude of transverse polarization
as |Pr|, we can solve to find

_ 1 Jgmdgcos(¢)[Ny(¢) — Ny ()]
|Pr| Ny+ N, )

ATU (22)

In the limit that the asymmetry is much less than one, and
assuming that the only errors come from the polarization
and the statistical error, we can write the uncertainty in the
asymmetry as the sum in quadrature of two pieces:

oP
SAry = Ay @

I (23)

1
|Pr|\/Ny +N,

Since the error in the determination of the polarization
fraction is expected to be at the percent level, the first
term in this expression should lead to a small relative error
on the asymmetry measurement. The potentially limiting
uncertainty is the statistical uncertainty represented by the

Re[C, /] =v/TeV?

10 GeV
15 GeV
20 GeV
25 GeV ||
30 GeV

29987

3

i i i i i
0.06 0.1 0.2 03 04
xT

i i
0.01 0.02 0.04

FIG.2. The SMEFT contribution to the asymmetry for the real part of C,, (left panel) and C,, (right panel) for representative values of

Q as a function of Bjorken-x.
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Vs =105 GeV, £=100 fb!

10° |
< o £ i f i
3 0% L e e b -
4 10 J ‘ : : ‘
T Y S PO T F
-10? ‘ ‘ ‘ ‘
10 15 20 25 30 35
Q (GeV)
FIG. 3. The estimated statistical uncertainty on the asymmetry

at a future EIC for Q bins ranging from 10 to 35 GeV. Bins of
width 5 GeV are assumed, and Bjorken-x is integrated over
subject to the constraint x < 0.5.

second term. We evaluate this by calculating the total
number of events expected in the SM for various bins of
momentum transfer, integrated over Bjorken-x subject to
the constraint x < 0.5. We assume 100 fb~! of integrated
luminosity at /s = 105 GeV, a realistic operating point
used in previous EIC studies [3]. The results are shown in
Fig. 3. The statistical uncertainty is at or below the 1073
level for Q < 25 GeV, commensurate with the size of the
beam SSA. We note that integrating the asymmetry over
Bjorken-x would increase the magnitude of the asymme-
tries presented in Fig. 2. Although this simple estimate does
not replace a realistic experimental analysis, it indicates that
new physics scales at the TeV level can be probed at a
future EIC.

We can perform a similar analysis for the target asym-
metry. The target asymmetry probes the up and down quark
dipole couplings Cy,, C,z, Cg4, and Cg4z. This study is
complicated by the fact that there are currently only rather
poor experimental constraints on the transversity distribu-
tions h,,. To estimate the effects of potential nonzero values
of the quark dipole couplings at the EIC we use model
calculations for transversity from [24]. Two different model
calculations are assumed: a max scenario in which the
transversity distributions saturate the Soffer bound of
Eq. (10), and a helicity scenario where the transversity
distributions are equated to the longitudinal helicity PDFs
of Ref. [25] at a low scale. These two scenarios are meant to
represent the two extremes of the possible transversity
distribution values. We focus on the real part of C,, and
show results in Fig. 4. The results for Re[C,, ] are similar in
magnitude with the opposite sign. The estimated target
asymmetries are slightly smaller than the beam asymme-
tries. We note that the differences between the two studied

Re[C, ] =v/TeV?, Vs =105 GeV

C |l Q=20 GeV, max

BN Q-20 GeV, hel
. [mEE Q=30 GeV, max
I Q=30 GeV, hel

10 i i i i i
0.04 0.06 0.1 0.2 0.3 0.4

FIG. 4. The SMEFT contribution to the target asymmetry
assuming nonzero Re[C,,], for two different scenarios for the
transversity distributions.

transversity distributions are not large. The size of the
asymmetries indicate that it may be possible to observe
TeV-scale new physics in quark dipole couplings at the
EIC, although a quantitative bound on the associated
Wilson coefficients will require a determination of the
transversity distributions.

V. OTHER EXPERIMENTAL CONSTRAINTS

We review here other experimental constraints on the
Cy,, Cyz couplings in the SMEFT. The dipole couplings to
both the quarks and leptons can be probed through the
Drell-Yan process at the LHC. The constraints have been
studied in [26]. It is important to note that these contribu-
tions to Drell-Yan occur at the subleading 1/A* level in the
SMEFT expansion. For nonzero fermion masses there is
no interference between the dipole contributions and the
SM in Drell-Yan, and therefore the deviation first occurs at
the dimension-6 squared level. It is therefore subleading
compared to dimension-6 vector operators that contribute at
1/A?. This is in contrast to the SSAs studied here, where
the dipole terms represent the leading contributions.
Assuming that only a single dipole operator contributes
at a time, the analysis of [26] found TeV-scale bounds on
linear combinations of the couplings C;, and C;;, where
i =e,q. We conclude that the potential EIC probes are
competitive with those of the Drell-Yan at the LHC and
are advantageous from the perspective of new physics
interpretation since they represent the leading SMEFT
contribution.

There are additionally low-energy constraints on the
dipole couplings, particularly for the electron. The real
parts of the Wilson coefficients are probed by mea-
surements of the magnetic moments, while the imaginary
parts are strongly constrained by electric dipole moment
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searches. We note that there is currently an over Sc
discrepancy between determinations of the electron mag-
netic moment using either Cesium or Rubidium measure-
ments of the fine structure constant [27,28], making this an
interesting target for future EIC analyses. We note that the
difference is

m, [—1.8(7)%

Aae exp—th _
(Aa,) m, | 1.0(6)R®

x 10710 (24)

A recent analysis of constraints on the C,y and C,p
coefficients from magnetic and electric dipole moment
measurements can be found in [29]. The result for the
electron anomalous magnetic moment can be written as

(Aa,)SMEFT — %{2.8 x 103C,; — 1.5 x 103C,y}
U
x (250 GeV)2. (25)

Converting these to the C,,, C, basis using the MS values
of the weak mixing angle, we find

(Aa,)SMEFT — %{1.4 x 103C,, — 1.3 x 1075C,}
i
x (250 GeV). (26)

The sensitivity to C,z is less than C,,. This arises because
the low-energy theory below the electroweak scale contains
only C,,. The C,; dependence is generated by running
above the electroweak scale. Assuming C,; ~ v/A?, we
find that scales of 100 TeV for C,, are needed to match
the experiment versus theory difference quoted above in
Eq. (24). Scales of order 10 TeV for CeZ are needed to
address the difference. We note that the anomalous mag-
netic moment probes only a single linear combination of
C,, and C,z. Using the y dependence of the SSA shown in
Eg. (18) both C,, and C,; can be separately probed at the
EIC, making its contribution to the exploration of this
sector of the SMEFT important. Although the scale for C,,
reachable by the anomalous magnetic moment is beyond
what the EIC can probe, the EIC should be able to provide
competitive constraints on C,z, especially since the Z
dipole contribution can be isolated at the EIC.

VI. PROBING THE MUON ANOMALOUS
MAGNETIC MOMENT
AT A MUON-ION COLLIDER

One proposed upgrade for the EIC would replace the
initial electron beam with a high-energy muon beam [30].
In addition to providing a first step toward a TeV-scale
muon-muon collider, this machine would extend the
physics program of the EIC to include topics such as
Higgs physics [31]. It is possible to achieve a muon

Re[C, /] =v/TeV?

-10° . . 2
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Q=100 GeV
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! I | T | I I
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FIG. 5. The SMEFT contribution to the asymmetry at a muon-
ion collider for the real part of C,; for representative values of Q
as a function of Bjorken-x.

polarization reaching 50% at such a machine with a slight
reduction of integrated luminosity [30], allowing the muon
beam SSA to be measured. Muon beam SSAs are sensitive
to the dipole couplings of the muon, C,,, C,;. The real
parts of these coefficients are exactly those needed to
explain the discrepancy between theory and experiment for
the muon anomalous magnetic moment [32], and a muon-
ion collider could therefore shed light on this outstanding
issue. The imaginary parts of these coefficients lead to a
muon electric dipole moment. The current constraints on
this quantity are significantly weaker than those on the
electron electric dipole moment (EDM) [33]. We will find
that a muon-ion collider can potentially provide stronger
probes of Im[C,,;]| than current muon EDM bounds.

To study the physics potential of beam SSAs to probe
muon dipole couplings at a muon-ion collider we assume a
960 GeV muon beam and a 275 GeV proton beam, leading
to a center-of-mass energy slightly over 1 TeV. We assume
50% transverse polarization of the initial muon beam [30]
and 50 fb~! of integrated luminosity. This amount of
integrated luminosity is less than the expected 100 fb~!,
consistent with the expected reduction of luminosity with
higher muon polarization. We set Re[C,z] = v/TeV? as
before and show the expected SMEFT contribution as a
function of x and Q? in Fig. 5. The result for Re[C,,] is
similar in magnitude with opposite sign. As discussed
before, the imaginary parts of the Wilson coefficients give
identical contributions to the asymmetry upon replacement
of cos(¢) — sin(¢) in the weight function. The expected
statistical error on the asymmetry given the parameters
above is shown in Fig. 6. The asymmetry becomes
significantly larger at a higher energy muon-ion collider,
and we expect that scales approaching several TeV can be
probed.
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FIG. 6. The estimated statistical uncertainty on the asymmetry
at a future muon-ion collider for Q bins ranging from 50 to
300 GeV. Bins of width 50 GeV are assumed.

To understand the impact of potential muon-ion collider
probes of C,, and C,; we first recall the analysis of the
muon ¢g—2 within SMEFT provided in [29]. As the
momentum transfers at a muon-ion collider will be far
above the Z-boson mass it is appropriate to compare
directly in the SMEFT. Converted into our notation, the
result given there for the muon anomalous magnetic
moment correction in the SMEFT is

AGEFT — 11 x 10-2 ( RelCur)
1 TeV

RelCur] ) (27)

—1.1x 1075 —£=
1 Tev~!

We have assumed a simple leading-order scaling to convert
the result of [29] at the renormalization scale 4 = 250 GeV
to the ¢ =1 TeV assumed in the above equation. The
effect of higher-order running in this translation is small.
The current difference between the theoretical and exper-
imental values is

A M = 251(59) x 1071, (28)

If we assume the scaling C,; = v/ A2, and turn on only a
single coefficient at a time, we find that scales approaching
A ~ 300 TeV for C,, are needed to explain the discrepancy,
while A =30 TeV is needed for C,;. Both energy scales
are beyond the reach of a future muon-ion collider.
However, if both coefficients are turned on simultaneously,
then the solution to the Aa, discrepancy can be addressed
with A= 1 TeV and C,, = 0.01C,z, which is a suppression
of about a loop factor. Although we will not speculate here
on the possible origin of such a ratio between the dipole
couplings, it is important to probe all possible explanations

Re[C, /| =v/TeV?, Vs =1.03 TeV

Il Q=150 GeV, max
Il Q=150 GeV, hel
S : : : Hl Q=300 GeV, max
S o B Q=300 GeV, hel

-102

AIC/;:*(@)

-10° I
0.02 0.04

I ! I I I
0.06 0.1 0.2 0.3 0.4
x

FIG. 7. The SMEFT contribution to the target asymmetry
assuming nonzero Re[C,,], for two different scenarios for the
transversity distributions, at a future muon-ion collider.

of the Aa, discrepancy. A muon-ion collider can test this
region of parameter space since it depends upon an entirely
different linear combination of the C,; than Aa,,.

We now study existing constraints on the EDM of the
muon, and investigate whether a muon-ion collider can
improve upon these bounds. We can again convert the
results of [29] for the muon EDM into our notation:

Tm|C Im[C
— 73 x 102 M 18 L”f]l . (29)
I Tev 1 TeV

If we again assume the scaling C,; = v/A? and turn on
only a single coefficient at a time, we find that scales
approaching A ~ 13 TeV are probed for Im[C,, ], beyond
the reach of the muon-ion collider. However, only A =
700 GeV is reached for Im[C,]. A muon-ion collider can
improve upon this constraint.

We can also leverage the higher energy of a proposed
muon collider to study the target asymmetry. We show the
value of the target asymmetry assuming a nonzero Re[C, /]
in Fig. 7. The asymmetry is significantly larger than at the
nominal EIC, indicating the possibility of significant probes
of these Wilson coefficients. To achieve this will require
precision extractions of the transversity distributions during
the initial running of the EIC, which is possible using semi-
inclusive DIS data from polarized EIC collisions [34].

1

Ad
"

VII. CONCLUSIONS

In this manuscript we have studied the potential of
transverse SSAs at the EIC to probe electroweak dipole
operators of fermions. In the SM these quantities are
suppressed by the fermion mass over the momentum
transfer, and are much smaller than TeV-scale new
physics contributions. We organize potential new physics
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contributions using the SMEFT. We show that beam SSAs
are sensitive to electron dipole couplings to the photon and
Z-boson, while target asymmetries are sensitive to quark
dipole couplings. These couplings are also probed by both
high-energy LHC data, and low-energy anomalous mag-
netic and electric dipole moment measurements. We show
that the EIC probes are competitive with the high-energy
constraints, and are complementary to the low-energy
measurements since they probe different combinations of
the new physics couplings. We study the possibility of SSA
measurements at a future muon-ion collider. Such an
upgrade of the EIC could probe parameter space relevant
for the observed discrepancy of the muon anomalous
magnetic moment, and could improve on the current muon
electric dipole moment limits.

ACKNOWLEDGMENTS

This work originated from discussions at the Center for
Frontiers in Nuclear Science (CFNS) workshop “Precision
QCD predictions for ep Physics at the EIC”, Stony Brook,
August 1-5, 2022. We thank A. Manohar and E. Jenkins for
helpful communication regarding [29], and M. Schlegel for
discussions on the target spin asymmetry. R.B. is sup-
ported by the US Department of Energy (DOE) contract
DE-AC02-06CH11357. The work of D.d.F. has been
partially supported by ANPCYT and Conicet. F.P. is
supported by the DOE Grants DE-FG02-91ER40684 and
DE-AC02-06CH11357. W. V. is supported by Deutsche
Forschungsgemeinschaft (DFG) through the Research Unit
FOR 2926 (Project 409651613).

[1]1 A. Accardi et al., Eur. Phys. J. A 52, 268 (2016).
[2] R. Boughezal, F. Petriello, and D. Wiegand, Phys. Rev. D
101, 116002 (2020).
[3] R. Boughezal, A. Emmert, T. Kutz, S. Mantry, M. Nycz, F.
Petriello, K. Simsek, D. Wiegand, and X. Zheng, Phys. Rev.
D 106, 016006 (2022).
[4] V. Cirigliano, K. Fuyuto, C. Lee, E. Mereghetti, and B. Yan,
J. High Energy Phys. 03 (2021) 256.
[5] A. Afanasev, M. Strikman, and C. Weiss, Phys. Rev. D 77,
014028 (2008).
[6] A. Metz, M. Schlegel, and K. Goeke, Phys. Lett. B 643, 319
(2006).
[7]1 M. Schlegel and A. Metz, AIP Conf. Proc. 1149, 543 (2009).
[81 A. Metz, D. Pitonyak, A. Schifer, M. Schlegel, W.
Vogelsang, and J. Zhou, Phys. Rev. D 86, 094039 (2012).
[9] M. Schlegel, Phys. Rev. D 87, 034006 (2013).
[10] N. Christ and T. D. Lee, Phys. Rev. 143, 1310 (1966).
[11] W. Buchmiiller and D. Wyler, Nucl. Phys. B268, 621
(1986).
[12] C. Arzt, M. B. Einhorn, and J. Wudka, Nucl. Phys. B433, 41
(1995).
[13] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek,
J. High Energy Phys. 10 (2010) 085.
[14] K. Hagiwara, K.-i. Hikasa, and N. Kai, Phys. Rev. D 27, 84
(1983).
[15] K. Kanazawa, Y. Koike, A. Metz, D. Pitonyak, and M.
Schlegel, Phys. Rev. D 93, 054024 (2016).
[16] V. Barone, A. Drago, and P. G. Ratcliffe, Phys. Rep. 359, 1
(2002).
[17] M. Radici, A. Courtoy, A. Bacchetta, and M. Guagnelli,
J. High Energy Phys. 05 (2015) 123.

[18] Z.-B. Kang, A. Prokudin, P. Sun, and F. Yuan, Phys. Rev. D
93, 014009 (2016).

[19] H.-W. Lin, W. Melnitchouk, A. Prokudin, N. Sato, and H.
Shows, Phys. Rev. Lett. 120, 152502 (2018).

[20] M. Radici and A. Bacchetta, Phys. Rev. Lett. 120, 192001
(2018).

[21] J. Soffer, Phys. Rev. Lett. 74, 1292 (1995).

[22] T. Liu, Z. Zhao, and H. Gao, Phys. Rev. D 97, 074018
(2018).

[23] A. Dedes, W. Materkowska, M. Paraskevas, J. Rosiek, and
K. Suxho, J. High Energy Phys. 06 (2017) 143.

[24] D. de Florian, Phys. Rev. D 96, 094006 (2017).

[25] D. de Florian, R. Sassot, M. Stratmann, and W. Vogelsang,
Phys. Rev. Lett. 113, 012001 (2014).

[26] R. Boughezal, E. Mereghetti, and F. Petriello, Phys. Rev. D
104, 095022 (2021).

[27] R. H. Parker, C. Yu, W. Zhong, B. Estey, and H. Miiller,
Science 360, 191 (2018).

[28] L. Morel, Z. Yao, P. Clade, and S. Guellati-Khélifa, Nature
(London) 588, 61 (2020).

[29] J. Aebischer, W. Dekens, E. E. Jenkins, A. V. Manohar, D.
Sengupta, and P. Stoffer, J. High Energy Phys. 07 (2021) 107.

[30] D. Acosta and W. Li, Nucl. Instrum. Methods Phys. Res.,
Sect. A 1027, 166334 (2022).

[31] P. Ahluwalia et al., arXiv:2211.02615.

[32] B. Abi er al. (Muon g-2 Collaboration), Phys. Rev. Lett.
126, 141801 (2021).

[33] G. W. Bennett et al. (Muon (g-2) Collaboration), Phys. Rev.
D 80, 052008 (2009).

[34] L. Gamberg, Z.-B. Kang, D. Pitonyak, A. Prokudin, N. Sato,
and R. Seidl, Phys. Lett. B 816, 136255 (2021).

075028-10


https://doi.org/10.1140/epja/i2016-16268-9
https://doi.org/10.1103/PhysRevD.101.116002
https://doi.org/10.1103/PhysRevD.101.116002
https://doi.org/10.1103/PhysRevD.106.016006
https://doi.org/10.1103/PhysRevD.106.016006
https://doi.org/10.1007/JHEP03(2021)256
https://doi.org/10.1103/PhysRevD.77.014028
https://doi.org/10.1103/PhysRevD.77.014028
https://doi.org/10.1016/j.physletb.2006.11.009
https://doi.org/10.1016/j.physletb.2006.11.009
https://doi.org/10.1063/1.3215707
https://doi.org/10.1103/PhysRevD.86.094039
https://doi.org/10.1103/PhysRevD.87.034006
https://doi.org/10.1103/PhysRev.143.1310
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1016/0550-3213(86)90262-2
https://doi.org/10.1016/0550-3213(94)00336-D
https://doi.org/10.1016/0550-3213(94)00336-D
https://doi.org/10.1007/JHEP10(2010)085
https://doi.org/10.1103/PhysRevD.27.84
https://doi.org/10.1103/PhysRevD.27.84
https://doi.org/10.1103/PhysRevD.93.054024
https://doi.org/10.1016/S0370-1573(01)00051-5
https://doi.org/10.1016/S0370-1573(01)00051-5
https://doi.org/10.1007/JHEP05(2015)123
https://doi.org/10.1103/PhysRevD.93.014009
https://doi.org/10.1103/PhysRevD.93.014009
https://doi.org/10.1103/PhysRevLett.120.152502
https://doi.org/10.1103/PhysRevLett.120.192001
https://doi.org/10.1103/PhysRevLett.120.192001
https://doi.org/10.1103/PhysRevLett.74.1292
https://doi.org/10.1103/PhysRevD.97.074018
https://doi.org/10.1103/PhysRevD.97.074018
https://doi.org/10.1007/JHEP06(2017)143
https://doi.org/10.1103/PhysRevD.96.094006
https://doi.org/10.1103/PhysRevLett.113.012001
https://doi.org/10.1103/PhysRevD.104.095022
https://doi.org/10.1103/PhysRevD.104.095022
https://doi.org/10.1126/science.aap7706
https://doi.org/10.1038/s41586-020-2964-7
https://doi.org/10.1038/s41586-020-2964-7
https://doi.org/10.1007/JHEP07(2021)107
https://doi.org/10.1016/j.nima.2022.166334
https://doi.org/10.1016/j.nima.2022.166334
https://arXiv.org/abs/2211.02615
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevD.80.052008
https://doi.org/10.1103/PhysRevD.80.052008
https://doi.org/10.1016/j.physletb.2021.136255

