PROCEEDINGS

OF SCIENCE

EDMs of the nucleon and light nuclei in Chiral
Effective Theory

Emanuele Mereghetti*
LBNL
E-mail: ener eghetti @ bl . go

| present the calculation of the EDM of the nucleon, deutehmtion and triton induced by the
QCD 6 term, and by the minimal set of dimension-six parity and tirmeersal violating operators.
Using the tools of chiral EFT, | discuss how different symmeiroperties of® andT violating
operators at the quark-gluon level imply qualitativelyfeliént relations between observables in
the one, two and three-nucleon sector. If experimentallseoked, these relations would pro-
vide important clues to connect time-reversal violatiorhadronic systems to its fundamental,
microscopic source.

Xth Quark Confinement and the Hadron Spectrum
8 - 12 October 2012
TUM Campus Garching, Munich, Germany

*Speaker.

(© Copyright owned by the author(s) under the terms of the Cre@vymmons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/


mailto:emereghetti@lbl.gov

EDMs of the nucleon and light nuclei in Chiral Effective Theo Emanuele Mereghetti

1. Introduction

Permanent electric dipole moments (EDMs) of particles, nuclei, atoms, and utedeare
powerful probes of physics beyond the Standard Model ($M) [T)ME are signal of parityF)
and time reversalT) violation 1) in the flavor diagonal sector. Therefore, they are insensitive,
within the current experimental sensitivity, to the only meas&violating parameter in the
SM, the phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Theh8Manother source
of PT, the QCD@ term. The@ angle is a free parameter in the QCD Lagrangian, and #us,
priori, a ¢(1) number. However, the stringent bound on the neutron ERiM,< 2.9- 10 e
fm [B], constrainsd to be unnaturally smalle_g 10-10. Because of the smallness &f and the
negligible contribution from the CKMCP violation from physics beyond the SM could provide
an important, even leading, contribution to EDMs. As a consequence, expehimental program
in under way, with the goal to improve the bounds on the neutron and atomicsEiyMne/two
orders of magnitude by the end of the decade. Furthermore, new teehbrtigue been proposed to
measure the EDMs of light ions (the proton, the deuteron, and, posdiidy, laht nuclei) directly,
and with the same accuracy as EDMs of neutral particles, in storage pegieents [3].

A positive signal in any of the next-generation experiments would be a sigaal of PT
beyond the CKM phase. But, will we be able to identify the dominant, microseopihanism(s)
that generates it? Is tr@term, or physics at some high energy scale? In this talk, | address some
aspects of this multifaceted question. | focus on hadronic EDMs, andustisasing the tools of
nuclear Effective Field Theories (EFTs), how different symmetry proogs of?T operators at the
quark-gluon level imply qualitatively different relations between obd@e&in the one, two and
three-nucleon sector. The observation of these relations in EDM exp#gntieen, would provide
strong hints on the nature of the dominEift source.

2. PT interactions at the quark-gluon and hadronic level

The first?T source | consider is the QCBterm. By performing &Ja(1) rotation, thed term
can be written as a complex mass term, which, after imposing vacuum aligr{ingst [4]

L= —m,r%(6)sin0qiy°q, (2.1)

whereq is a doublet of the two lightest quarks= (u,d), m, is the light quark reduced mass,
m, = mymy/(my 4+ my) and the functior () is approximately 1 for smaB.

The smallness o6 can makd?T beyond the SM competitive, if not dominant. We assume
new physics to be characterized by some high energy 8¢glenuch larger than the electroweak
(EW) scale. At the EW scale, new physics is integrated out, giving riseueajiavariant operators
of higher dimension. The most important are, presumably, the operattite tifwest dimension,
that is dimension-six operators. For nuclear observable®tHeagrangian at the EW scale must
be run down to the typical hadronic scale~ 1 GeV, and, in the process, heavy SM particles are
integrated out. After doing so, the minimal set of dimension-six operatorsdeslthe quark elec-
tric and chromo-electric dipole moments (qEDM and gCEDM), the gluon chrelectric dipole
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moment (QCEDM), and four four-quark operatdjs[]5, 6].
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do (do) andds (ds) represent the isoscalar and isovector components of the gEDM (qGEDieise

are dimension-five operators, but, since they bi®dk 2), they must be proportional to the Higgs
vacuum expectation value, making them of effective dimension djx.is the gCEDM. Of the
four-quark operators;, g are invariant under the SM gauge group, and can be generated directly
at the EW scale=; g are not invariant unde8U (2), and are generated by integrating out the weak
bosons[J7]. | define the couplings in Ef|. {2.2) as

2 2
o ﬁ(“h’;)z E) . Tie- ﬁ(“&l °> , (2.3)

in terms of dimensionless numbe’isS, w, &, ando. The size of these parameters depends on the
exact mechanisms of electroweak @&dndT breaking, and on the running to low energies.

The next step is to calculate hadronic observables from the Lagrangiysif2.1L) and[(2]2).
To do so requires a complete solution of QCD, which is not in sight. Therelattise calculations
of the nucleon EDM for thé term [8,[9], but they are not at the physical pion mass yet, and an
extension to light nuclei is non trivial. On the other hand, the chiral symmé@@GD and its spon-
taneous breaking allow to develop an EFT, chiral perturbation theorgsrithe the interactions of
pions, nucleons and photons at ener@esuch smaller than the strong interaction scilgcp ~ 1
GeV. ThelPI EFT Lagrangian stemming from Eqg$. (2.1) ahd](2.2) can be obtained Isyraoting
all the operators that transform undgi (2) x SUr(2) as the sources at the quark-gluon level, and
by assigning them a scaling in the EFT expansion param@éocp. Unfortunately, the cou-
plings in the EFT cannot be derived from QCD, but they can be estimateailg dimensional
analysis (NDA), and extracted from data, when enough observatdewvailable.

It is therefore important to look at the transformation properties offfheperators in Egs.
(-1) and [2]2). Thé term and gCEDM break chiral symmetry as componentS@#) vectors.
The 6 term and isoscalar CEDM respect isospin, while the isovector compohém qCEDM
breaks also isospin. The gEDM has the same transformation properties @SHEDM, with the
important difference that if one is interested in purely hadronic operag¢ag$’T pion-nucleon
and nucleon-nucleon couplings, the photon needs to be integrated usityga large suppression
of aem/41. The gCEDM and the two four-quark operatarsg are chiral invariant. Having the
same transformation properties, they generate exactly the same couplingsEfThso that in
our approach their effects are not distinguishable. | will discuss theethieg and denote them
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collectively as chiral invariant sourceglSs). =1 g, which, because of their properties | will call
four-quark left-right operators (FQLR), break chiral symmetry andpin, as the 34 component of
a symmetric tensor.

The EFT Lagrangian induced by tR& operators up to dimension-six was discussed in detail
in Refs. [IP[p]. For the observables | discuss here, the most impodaptings are

glr@NN+C1NN0u(NS“N)+CZNTN0H( SIN)

"%V:

Z|:TI‘(Q|

_ D
—2N (do + ds T3) o NFuv, (2.4)

whereF,; = 186 MeV. The relative importance of the couplings in Hqg.](2.4) depenttseaimansfor-
mation properties of tHgI' source at the quark-gluon level. For sources that break chiral sygymetr
the non-derivative pion-nucleon couplings appear at lowest ordéelpl’ EFT Lagrangian, with
nucleon-nucleon and nucleon-photon couplings suppressed by wergofQ/Mgcp. The main
difference between thé term and the qCEDM is that the qCEDM, having both an isoscalar and
isovector component, generatgsandg; at the same level, while for th@ term 01 is suppressed
by em?/ M(%CD with respect tayg. The FQLR is purely isovector, but does contributggan LO,
because of vacuum alignmefi [6]. In the case of the gEDM, the purelphi operatorgg; and
C?Lz are suppressed byem/4m, and they are irrelevant for all the observables we consider. The
most important couplings are the short-range contributions to the isoscalas@vector nucleon
EDMSs do andd;. For xISs, in order to generate the chiral breaking coupligggandgs, an inser-
tion of the quark mass is needed, which costs two powe@/Mqcp. On the other han(fl,z and
d?).,l are not suppressed, so that all the interactions in[Ed. (2.4) are ofrtieecrder.

In summary, the pion-nucleon coupligg andg; scale as
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The short-range contributions to the isosclar and isovector nucleon EBM as

Gr—ofa M § ™ 5 Mi | Moco MQCD (2.7)
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The four-nucleon coupling@lz are only relevant for theISs, for which they scale 6(5172 =
o (wMQCD/FﬁM%), the same order a1 and dG_]l. However,(fl,z are only relevant to théHe
and®H EDMs, and, though expected to be leading, their contribution is actually mcatig small
[LT]. | will neglectC; » in what follows.

The scalings in Eqs.[(2.5) [(2.7) are based on NDA. For&term, one can do better by
exploiting a relation between matrix element of isospin breaking operatoigfangerators[[12],

@) omy 1— g2 ~

= 6 =15-1026, 2.8
Fr Fp 2¢ (2.8)
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wheredmy is the strong interaction contribution to the neutron-proton mass differéacehich
we used the value in Ref[ [13]. For couplings in the subleading EFT bagaa,e.g. g; or d_l,o,
the relations betweeRT andPT operators is still formally valid, but in practice not useful] [10]. A
recent estimatd [14] foung To be less suppressed than expected by N@Ago ~ 0.1, roughly

a factor of ten larger than expected. For the low-energy constants) (di?ﬁ_Cl will just use NDA.
Also, | will not go beyond NDA for all théT couplings stemming from dimension-six sources.

3. Nuclear Observables

The EFT Lagrangiar{ (3.4) can be used to comp{it@uclear observables. | focus here on the
EDMs of the nucleon, the deuteron, and®ble and®H.

In the one-nucleon sector, the electric dipole form factor (EDFF) casybematically com-
puted in an expansion in powers QfMqcp. The EDFF receives contributions at tree level from
the short-range operatcxd_gl, and at one loop from tHgI' pion-nucleon couplinggo 1. The addi-
tional loop costs two powers €J/Mqgcp, and it can be neglecteddh ; are of the same order as, or
smaller than, the LEOsBl. For thex1Ss and the gEDM, therefore, the nucleon EDFF is at leading
order (LO) completely determined by two LECs

do=do, di=dh, (3.1)

and is momentum independent. The first contribution to the momentum dependelycap-
pears at NNLO, and it is governed by the schlgcp. With the NDA estimates in Eq.[(3.7),
the current bound on the neutron EDM can be converted in bounds amethigohysics scale:
5/Mf < (10°TeV) 2 for the gEDM, andv/M7 < (10°TeV)~? for xISs.

For the term, the qCEDM and the FQLR, mgCD suppression causes the loop diagrams
and the contribution frondg 1 to appear at the same order. For these sources, at NIL.Q [15,]16, 17]

—  eghdo 3mTmy ( 01 >
O T 2mF? 4 my T 300 (3:2)
o — dy 4 2% [L—Iogm’2T+5nm" <1+§1>] (3.3)
(2nFy)? pz o 4 my 500/ '

At LO, the isoscalar EDFF is momentum independent, and fixaﬂ)the first non-analytic con-
tributions arise at NLO, where one also finds the first contribution to the momesiépendence.
Pion loops contribute to the isovector EDFF already at LO, where the oldyarg pion-
nucleon coupling ig. The diagrams are logarithmically divergent, with the divergence encoded
by L. Renormalization requires the countertefio be of the same order as the loop, in agreement
with power counting. The momentum dependence of the EDFF comes entoglytliie loop, it
is governed bym?, and only depends ogo.” At NLO, one finds the first contribution frorg;.”
However,g; contributes only to the EDM, not to the EDFF, and cannot easily be disedthgla
the LECsdG_]l. Since the main difference between tBéerm and the isospin-breaking qCEDM
and FQLR is the relative size gf andg;, the nucleon EDFF alone, without further input from the
lattice, does not allow to disentagle tBeerm from dimension-six chiral breaking operators.
To estimate the nucleon EDM, | need to make some assumptions. Though thaiputen
at the same order, | do not expect cancellations between the shogt-gantibutions, analytic in
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mZ, and the long-range, non-analyticnnf. | estimated; by neglecting the LEG), and setting

U ~ my, to obtaind; ~ 0.15g0/Frefm. Fordy, the non-analytic piece is subleading, and provides
a lower bounqdo| > 0.01go/Fre fm, roughly a factor of 3 smaller than the NDA estimate dl@r

For to thed term, using Eq.[(2]8) the bound on the neutron EDM can be converted on atidjt

6 < 10719, For the gqCEDM and FQLR, the bound on the neutron EDM, combined with B N
estimate foigo/Fy, indicates a new physics scale of several &y, 5/ MJ? < (10°Tev)—2

In summary, for all thé?T operators in Eqs.[(3.1) anfl (P.2), the nucleon EDM depends on
at least two undetermined LECs. A measurement of the EDM of proton artdonen the next
generation of experiments, while clearly a signdPdfbeyond the phase of CKM, can be fitted by
any of the sources | consider. In particular it would not allow to determinetier the culprit for
CPviolation is the QCDQ_term, of physics beyond the SM.

To this goal, more low-energy observables are needed. A promisindidirégto investigate
the EDMs of light nuclei. The EDM of a bound state receives severdribotions: from the
EDMs of the constituent®I corrections to the bound state wavefunction, two- or many-Jdy
currentsetc The power counting of the EFT allows to systematically organize these aafitrib.

For systems wittA > 2, the infrared enhancement of nucleon lines with almost on-shell nucleon
has, as a main consequence, the result that adding extra loops, withxplanges between dif-
ferent nucleon lines, only costs powers@fMnn ~ Q/Fy, rather tharQ/Mqocp. Therefore, we
expect that in the case of tifeterm, the gCEDM and the FQLR, the EDMs of light nuclei are dom-
inated by pion-exchange corrections to the bound state wavefunctiox|&s,PT corrections to

the wavefunction, both from one-pion-exchange and short-r&figeotential, and the one-body
contribution from the nucleon EDM should contribute at the same level, whilthéogEDM the
EDMs of light nuclei should not be significantly different from the EDMstleeir constituents.
These expectations can be tested on the deuteron, helion and triton.

In the case of the deuteron, because of spin and isospin selectiongeulie®s not contribute
to the EDM at LO, whileg; does. The deuteron EDNl is then a crucial observable to identify
isospin breaking sources,gthe qCEDM.dy was recently computed in chiral EFT in Ref§.][18,
[L3,[14]. In the perturbative pion approach, REf] [18] finds

G M 1+E oy 023% efm, (3.4)

Go = On 0= o2 (112672 =

whered, + dp = 2dg, andé = y/my, with y the deuteron binding momentump= 45 MeV. The
pion-exchange contribution dominates for the qCEDM and the FQLR, witkxp@cted enhance-
ment of a factoMQCD/mnMNN ~ 10 with respect talp. To be more quantitative, one needs to know
the precise dependencedyfandg; on the couplmgsS andé&. In absence of that, NDA suggests
do ~ 0.03g; /Fre fm, so thatdy should be no more than 30% of the pion-exchange contribution.
In the case of thé term and the(ISs the pion-exchange contribution is suppressed, by a factor
Q/Mnn ~ 1/3, with respect to the one-body piece. Resorting again to NDA the contnibotigy
should be about 10% afy. Obviously, the LECdB could be smaller than NDA, and then the two
components of Eq[(3.4) could be of the same size. In this case, howeeeshould also observe
a big difference betweedy andd;. For the gEDMg; is small, anddy should not differ from 2.
From this discussion, we see that only for the qCEDM and F@LR expected to differ sig-
nificantly from 2y. The observation of the nucleon and deuteron EDM, then, would givertanuto
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hints to identify, or exclude, these two sources as the dominant mecharn of

With more nuclei, one can collect more pieces of the puzZlde and®H are interesting
because there is no selection rule suppressing the contributigyn @ calculation that used an
“hybrid” approch,i.e the EFTPT potential of Ref. [[19], and high-precisid?T phenomenological
potentials for the three-nucleon wavefunction, was performed in R&g1fl], and found

d3H + dBHe
2

d3H - dBHe

01
_ 0.84d— 0288 &
0 g, o 2

— 0.94d; +0.152 efm, (3.5)
Fn

where | am neglecting the numerically small contributionsfgf, and showing results for AV18.

The discussion for the isoscalar combinatidgy + dsye, parallels very closely the one for the

deuteron. For the gqCEDM and FQLI, provides a 10% correction to the contributionqf

while for all the other sources no large deviation frdgris expected.

For the isovector combinatiah, — dsye, the enhancement df due to the chiral log, and the
smallness of the nuclear matrix element in fronggfcause the one- and two-body contributions
to be of similar size for thé term, the gCEDM, and the FQLR. Contrary to the power counting
expectation, we cannot therefore negldgt For the xISs, even though one expedsg; to be
important, the smallness of their nuclear matrix elements causes the EDM to be thuhiipd,; .
For the gEDM, as usual, no deviation fraimis expecteddsy — dspe would then help to understand
if the dominanfT mechanism generates a la@g and to isolate thé term.

4. Conclusion

The observation of an EDM in the next generation of experiments wouldopah end a
hunt began with Purcell and Ramsey’s experiment more than seventy ggar At the same
time, it would open the question on the fundamental mechanism behind thevethBgr. We
have discussed how chiral and isospin propertieBlobperator at the quark-gluon level imply
qualitatively different relations between the nucleon, deuteron and-thueleon EDMs. If experi-
mentally observed, these relations would provide important clues on the mditine dominarPT
mechanism(s).
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