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Electroweak dipole operators in the standard-model-effective-field theory (SMEFT) are important
indirect probes of quantum effects of new physics beyond the standard model (SM), yet they remain poorly
constrained by current experimental analyses for lack of interference with the SM amplitudes in
constructing cross section observables. In this Letter, we point out that dipole operators flip fermion
helicities and so are ideally studied through single transverse spin asymmetries. We illustrate this at a future
electron-positron collider with transversely polarized beams, where such an effect exhibits as azimuthal
cos ¢ and sin ¢ distributions which originate from the interference of the electron dipole operators with the
SM and are linearly dependent on their Wilson coefficients. This new method can improve the current
constraints on the electron dipole couplings by 1-2 orders of magnitude, without depending on other new
physics operators, and can also simultaneously constrain both their real and imaginary parts, offering a new
opportunity for probing potential CP-violating effects.
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Introduction.—The standard-model-effective-field theory
(SMEFT) provides a powerful systematic bottom-up appro-
ach in particle physics to parametrize possible new physics
(NP) effects beyond the standard model (SM) [1,2]. Measu-
ring the corresponding Wilson coefficients to reveal hidden
NP effects in the SM background has formed a major task of
current and future colliders. Global SMEFT analyses with
available data at the Large Hadron Collider (LHC) and other
facilities have been carried out for various subsets of the
dimension-six operators; see, e.g., Refs. [3-35]. Among
them, the electroweak dipole operators of light fermions,
which are likely to entail important information about heavy
particle interactions, are poorly constrained experimentally
[26,35-39]. Unlike the current interaction vertices in the SM,
dipole operators flip fermion helicities, so their interference
with the former is suppressed by the light fermion masses if
one considers only unpolarized rate observables as in some
typical analyses [25,40-48]. The leading contribution from
such operators then starts at O(1/A*), where A is the scale
of the NP. This makes dipole operators harder to probe at a
nominal experimental energy reach, should A be far from the
electroweak scale.
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To address this issue, in this Letter, we propose a novel
approach to probing dimension-six light fermion dipole
operators via single transverse spin asymmetries (SSAS).
We shall demonstrate it with the measurement of electron
dipole operators at a transversely polarized electron-posi-
tron collider, through the production processes of Zh, Zy,
WHW=, and u"pu~ at a center of mass (c.m.) energy /s =
250 GeV for a future Higgs factory. Even though the dipole
operators yield different helicity amplitude structures from
the SM and so do not interfere with the latter in construct-
ing unpolarized cross sections, the transverse beam spin
effects introduce exactly the interference of opposite
helicity states and so are directly probing the interference
of the dipole and SM operators. This results in nontrivial
azimuthal cos¢ and sin¢ distributions that are linearly
dependent on the Wilson coefficients of the dipole oper-
ators and serve as useful probes at O(1/A?). While such
SSA observables are well known in the study of hadronic
physics [49] and heavy fermion productions [50-53], it is
the first time for them to be used to enhance the study of
dipole operators at future electron-positron colliders.

Transverse spin and azimuthal distributions.—In the
c.m. frame, the electron (positron) beam is chosen to be
along the Z (—Z) axis. The spin-dependent amplitude square is

2(¢,S,§) = pala/l (s)p(lz(l/z (§)M(1|az (¢)MZ’IQ’2 (d))’ (1)

where the dependence on other kinematic variables has been
suppressed. Here, a’s denote beam helicities, M, ,, (¢) is the
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helicity amplitude of e e scattering into the final state Zh,
Zy, WW~, or utu~ with a characteristic angle ¢, which is
taken as the azimuthal angle of Z, W*, or u* inthe et e~ c.m.
frame, and we sum over repeated indices and final-state
spins. The p(s) = (1 + s - 6)/2 is the fermion spin density
matrix with ¢ the Pauli matrices. This defines the spin vector
s (§) for the electron (positron) beam. With respect to the
same % and § axes, we parametrize them as s = (s;,0) =
(by cos ¢y, bysingy,0) and  § = (§7,0) = (by cos ¢y,
—by sin by, 0), where by (by) > 0 is the magnitude of the
electron’s (positron’s) transverse spin and ¢, (¢) its
azimuthal orientation. We have neglected effects from
nonzero helicity polarization. Similar azimuthal distribu-
tions can arise from the interplay of a longitudinally
polarized beam and a transversely polarized beam; we leave
that study for the future.

Since by and by enter Eq. (1) in a linear way through the
density matrices, X(¢, s,§) can be decomposed as

2(¢.5.5) = Zyy + brZry(d) + brZyr(d) + brbrZrr(9).
(2)

The Xy does not depend on the beam polarization nor the
azimuthal angle ¢, while 2, and ;7 depend singly on the
transverse spin of the electron and positron beams, respec-
tively, X7 captures the transverse beam spin correla-
tion, and they contain nontrivial ¢p dependence. By using
Mo, (p) = el @2 A,  with A, , being independent
of ¢, the azimuthal dependence of Xy 77y can be
obtained from Eq. (1) as [54,55]

1 .
Sy = ERC [P~ (A, _A*_+ A, A )],
1 (T
Zyr = ERC [e PP (A, AL, + A_AZL)],
Lo o -0
Yo = ERe [e7P=d0) A, A+ e CI=t=d0) A, A* ],

(3)

where the subscript + refers to @« = +1/2. So Xy and Xyp
contain cos ¢ and sin ¢ distributions, whereas Xy gives
cos 2¢p and sin 2¢) distributions.

Equation (3) entails the double roles of the transverse
spins by and by. First, they break the rotational invariance
around the beam axis and induce nontrivial azimuthal
distributions. Second, the single spin observables Xz
and X;7 arise from the interference of amplitudes that
differ by one single electron helicity flip. In the SM, this
can happen for the gauge interactions only via a mass
insertion and is then suppressed by the electron mass.
Within the SMEFT, in contrast, a helicity flip can be
induced by dipole operators of the electron without such
mass suppression. Hence, the unique cos¢ and sin¢
distributions are linearly dependent on the corresponding

Wilson coefficients. The Xy part, on the other hand, is the
interference of amplitudes that differ by double helicity
flips and so can happen for both the SM and SMEFT
operators, depending quadratically on the dipole couplings.

SSAs from electron dipole operators.—We consider the
SMEFT dipole operator in this Letter:

Lo = 12/” I'$B reaWaH H
eff—_7§ 10" (1 TgB,, + g1y0 MD)FER_F .C.,
4)

where ¢ (eg) is the first-generation left (right) -handed
lepton doublet (singlet) field and H is the Higgs doublet
field, with » = 246 GeV being the vacuum expectation
value. B, and Wy, are the gauge field strength tensors of
the U(1), and SU(2), respectively, with g; and g, the
corresponding gauge coupling strengths. The dimension-
less Wilson coefficients I'; and I'j, quantify the dipole
operator coupling strengths.

At tree level, the amplitudes A, ,, in Eq. (3) are real up
to possible complex phases of I'; and I'j,,. It is then evident
that the real parts of I'; and I}, generate only cos(¢ — )
in 7 and cos(¢p — ¢b) in Zy7. With nonzero imaginary
parts, they would break the CP symmetry and also induce
sin(¢p — ¢py) and sin(¢ — ¢b,). Beyond tree level, quantum
loop effects would also generate imaginary parts to the
amplitudes A, ,,, which also contribute to the sine (cosine)
modulations for real (imaginary) parts of the dipole
couplings; the magnitude is generally suppressed [51]
and will be neglected in this Letter. For convenience, in
the following discussion, we define the electron dipole
couplings to the photon and Z boson, I'y =T}, —I'; and
Iy = ¢, I'%, + 53,14, respectively, where sy = sin 0y, and
cw = cos Oy, with 6y, being the weak mixing angle.

Given the simple dependence on ¢, and ¢, in Eq. (3), it
is sufficient to consider two experimental setups:
(i) aligned-spin setup ¢y = ¢py = 0 and (ii) opposite-spin
setup (¢bg, ¢o) = (0, x). Then, the azimuthal distribution of
a two-body final state i with transversely polarized lepton
beams can be written as

2rdo’
cldeg

=1 + AlR(bT, BT) COS ¢ + A;(bT, BT) Sin¢
+ bybrBicos2¢ + O(1/A%), (5)

where, as examples, i = Zh, Zy, WTW~, or y*u~ and, for
simplicity, we have integrated over cos 6. The ¢ angle is
taken as the azimuthal angle of Z/W=* /u™ in the e*e™ c.m.
frame. For the Zy production, we require the transverse
momentum of the photon p%. > 10 GeV to avoid collinear
singularity. As indicated from Eqs. (2) and (3), the
coefficients Aﬁe, ; depend linearly on by, by, and the dipole
couplings I'y and I'7, with AL proportional to their real parts
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and A} their imaginary parts. To the accuracy of O(1/A?),
the coefficient B’ has no dependence on the dipole
couplings. It receives contribution only from the SM
(and other nondipole NP) interactions through the second
term of ;7 in Eq. (3), while the first term vanishes in the
massless lepton approximation. The azimuthal cos ¢ and
sin ¢ distributions can, therefore, be used to give sensitive
constraints on the dipole operators.

To extract the coefficients A% and A, it is convenient to
define the SSA observables:

ai _O(cos¢>0)—a'(cosg <0) 2,
LR 6i(cosgp > 0) + o'(cosp <0) 7z X
; _o'(sing>0)—o'(sing <0) 2 ,
Ayp = oi(sing > 0) + oi(singp < 0) n_Ap (6)

which can be referred to as “left-right” and “up-down”
asymmetries, respectively, for the event distribution in the
transverse plane. Here, ¢/ (cos ¢ > 0) is the integrated cross
section with cos¢ > 0, etc. By this construction, the
coefficient B?, which can receive contribution from the
SM and other nondipole NP operators, does not contribute
to the SSAs in Eq. (6), so that this method is exclusively
probing the electron dipole operators. By combining the
measurements of A;p and Ayp, we can simultaneously
determine the real and imaginary parts of the dipole
couplings, allowing one to also probe CP-violating effects.

An interesting constraint follows from properties of the
CP transformation, under which the initial state e™ and e~
exchanges only their spins, and the final states W W~ and
utp~ are left invariant, whereas Zh and Zy flip their
momentum directions. As a result,

Al(sy,573T5,) = £A (5,573 T%,), (7)

which holds for both A% and A¥, with “+ for i = W W~
or Ty~ and “~” for i = Zh or Zy. This constrains the
coefficients A% and A} to have definite dependence on the
beam spins, namely,

WW.uu s Zh,Zy _
(Ag AT & s+ S,

, h, =
(A1WWW’A§ Zy) X ST —S7. (8)

Therefore, we can take advantage of both beams being
polarized to enhance the signals of SSAs. For probing

AV and AIZh’Zy, we shall use the aligned-spin setup,

while A" and AZ"" are better measured with the
opposite-spin setup.

Numerical results and discussion.—Now we present the
projected constraints of the SSAs in Eq. (6) on the dipole
couplings I';  at an ete™ collider. Since each final-state
particle is color neutral, the parton showering and hadro-
nization effects in their hadronic decay channels will not be

correlated with the overall azimuthal distributions and so
will not affect the SSAs, nor will the detector effects, as we
have verified explicitly.

The Zh and Zy events at lepton colliders can be
identified by the recoil mass method. We combine all
decay modes of the Z boson in the Zy channel, and, for the
Zh process, we include all decay modes of the Higgs boson
and Z — £7¢~/jj with £ = e, pu, and 7. To measure the ¢
distribution in the W+ W~ production, we select the decay
channel WW~ — jjf*v,(t,). The kinematic cuts for the
decay products of final states can change the total event
numbers but shall not significantly alter the azimuthal angle
distribution and will be neglected in the following analysis.
The statistical uncertainties of the SSAs in Eq. (6) are
given by

1 - (ALpup)’ 1

N TN

where N is the number of the selected events of the final
state i for a certain spin setup after the kinematic cuts and
the “~” in the second step takes the approximation
Al pup =0 in the SM. We assume the systematic uncer-
tainties are canceled in the SSAs in this Letter [56].

While there are several options in the market for a future
lepton collider with a c.m. energy /s = 240-250 GeV,
such as the Circular Electron Positron Collider (CEPC)
[571, the Future Circular Collider (FCC-ee) [58], and the
International Linear Collider (ILC) [56], none of them have
explored the potential of using transversely polarized
beams. As a benchmark study, we adopt the polarization
parameters (br, by) = (0.8,0.3) for our analysis [56].

Figure 1 presents the expected constraints on the real and
imaginary parts of the dipole couplings I';, at 68%
confidence level (C.L.) for the Zh (red bands), Zy (green
bands), WTW~ (blue bands), and u*u~ (purple bands)
channels with an integrated luminosity of £ =35 ab™! at
/s =250 GeV for each spin setup, under the SM
assumption. The linear dependence of the SSAs in
Eq. (6) on the dipole couplings lead to linearly shaped
confidence regions, among which the Zh process is solely
constraining I, whereas the other channels are probing
almost orthogonal linear combinations of I'; and I']. As
expected from Eq. (8), the constraints of the aligned
(opposite) -spin setup on the real parts of I'; and Ty are
the same as the opposite (aligned) -spin setup on their
imaginary parts. It also confirms that the aligned (opposite)
-spin setup gives better constraints on Rel7  for the
WTW~ and putu~ (Zh and Zy) channels and conversely
for ImI'7 .

For the Zy and p*u~ processes, parity symmetry requires
the dependence of A; (A;) on Rel’; (ImI7}) to be also
proportional to the vector component of the SM Zee
coupling, ¢ = —1/2+ 252, ~—0.038, which is nearly

©)
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FIG. 1. Expected constraints on the real and imaginary parts of
the electron dipole couplings I';, from the SSAs Ay yp. The
black bands are combinations of the four production channels.

zero. As aresult, the sensitivity to I'S is much stronger than
I's. A similar conclusion holds in the W* W~ channel due to
the larger WWZ coupling than WWy and that the trans-
lation Iy, =T + s%VF§ gives a heavier weight on I',. After
combining the four processes (black bands in Fig. 1), we
have the same constraints for the real and imaginary parts
of the dipole couplings, with typical upper limits of the
order of 0(0.01%) for I'y and O(0.1%) for T7.

Without the use of such SSAs, dipole operators contrib-
ute only to cross sections at O(1/A*) and are also hard to
be disentangled from other NP operators, which severely
limits the ability to constrain their Wilson coefficients. This
is true for the studies in the literature using the Drell-Yan
process at the LHC [26] and Z-pole data at the LEP [36,59],
which constrain [ | within O(1%) only when one
operator is considered at a time. They also lack the
sensitivity to distinguish the real and imaginary parts of
dipole couplings. This makes the SSAs at the transversely
polarized e*e™ collider a unique opportunity to constrain
the dipole operators.

Before closing this section, we note that the real and
imaginary parts of Iy can contribute to the electron’s
anomalous magnetic (MDM) and electric dipole moment
(EDM), respectively, and have been severely constrained
by the experimental measurements. It was found that
Rel¥ ~ O(107%) and ImI% ~ O(1071%) [60], for arising
from tree-level contributions. It is also important to note
that the photon and Z dipole operators can mix under
renormalization at the loop level. As a result, the measure-
ments of electron MDM and EDM can provide strong

constraints on the Z dipole interactions when considering
one operator at a time, which yields Rel'y ~ O(107?) and
Iml% ~ O(107%) [60-62]. However, the conclusions drawn
from these constraints heavily depend on the theoretical
assumptions made in the analysis. For instance, the
presence of four-fermion operators can also contribute to
the electron MDM and EDM at the loop level, which could
potentially affect the accuracy and reliability of the
extracted values from data. In contrast, the measurements
of SSAs proposed in this Letter do not depend on other
dimension-six SMEFT operators except the dipole oper-
ators listed in Eq. (4). Furthermore, the expected limits for
the parameter Rel, (cf. Fig. 1) would be 2 orders of
magnitude stronger than the constraints derived from the
low-energy measurements of the electron MDM. Finally,
we notice that the Yukawa-type operator H'HZ; Heg/A?
could also contribute to the W W~ process, whose effect,
however, is found to be negligibly small, as compared to the
effect of dipole operators.

Conclusions.—In this Letter, we proposed a novel
approach to sensitively probing new physics dipole oper-
ators via single transverse spin asymmetry observables,
using as a concrete example the constraining power of such
observables on the electron dipole operators at a trans-
versely polarized electron-positron collider. By inducing a
single fermion helicity flip, the interference of such
operators with the SM generates unique cos ¢ and sin ¢
distributions that are linearly dependent on their Wilson
coefficients, with no contribution from the SM and other
new physics operators. This gives much stronger sensitivity
to the electron dipole operators than other approaches in
Drell-Yan and Z-pole processes, at the LHC and LEP,
respectively, by 1-2 orders of magnitude. It also allows one
to simultaneously determine the real and imaginary parts of
those couplings, giving the opportunity to directly study
potential CP-violating effects. Our approach can be readily
applied to similar studies at a muon collider [63,64] and
forthcoming electron-ion collider [65] when beams are
transversely polarized. With measurements of final-state
spins [66,67], it can also be applied to the studies at
unpolarized colliders such as the LHC.
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