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Electric Dipole Moment(EDM)

Non-relativistic Relativistic

Hiny = —d § ' E » L= _d%QLquFW%w

The interaction with
Spin(s) & Electric field(E)

Parity(P) & Time reversal(7T =CP) symmetries are violated!!

under the CPT theorem
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Electron EDM (eEDM)

10'23 l l T l | l T I T T
. experimentally excluded ILA (2023)
10 ACME (2013) | | ACME 11 (2018)
1025 Csh 1d, A
= < 87x107cm < 1.1x10%cm
o JILA (2023)
= 10727
E ? L
2 10 Prediction in SM
Q 102 equiy —35
o d, ™" ~ 1.0 X 10"ecm
o 10° -
§ 10_31 Y. Ema, T. Gao, M. Pospelov,Phys.Rev.Lett. 129 (2022) 23, 231801
L
10752
-33 | ]
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10-34 , ! ! | ! ! 1 | | ! L~ :
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R. Alarcon et al. “Electric dipole moments and the search for new physics” in Snowmass,(2021),(2022) https://cfp.physics.northwestern.edu/gabrielse-group/acme-electron-edm.html
T. S. Roussy et al. Science 381 (2023) M. Pospelov, A. Ritz, Phys.Rev.D 89 (2014) 5, 056006

eEDM is attractive observable to probe BSM!
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Motivation In our work

- order estimate on the eEDM (n-loop)

;
d, A2\ m, . n : loop order A : BSM scale
“\1672) Az becp

e A : coupling constants sin ¢qp : CP phase)

\.
- constraints to BSM scale

7| Current Future Experiments

* <4.1x107%cm d, |

e C <0(0Hem A >1TeV (n=3)
(A~ g (SU(2); gauge coupling) €
| singep = O(1) } ] _ 010~ cm | A 23 TeV (n = 3)

A>80TeV (n=1) e

Az 4TeV (n=2) .

~ sensitive to TeV scale at 3-loop level
A = 200 GeV (n = 3) P

In the future eEDM experiments,
TeV-scale BSM that induces the eEDM at 3-loop can be probed!
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BSM(TeV) |<

Set Up

SM

4 )
» SU2), multiplets : y,, w5 (fermion), S (scalar)
CP violating Yukawa interaction £ O —YBggaq¥aS — Ya9igs¥BS™
(9pas = Xpags(s+95a) (s,a:complex number) )
gigs = Xipg(s™ —ysa™) ( Xpas Xips5 1 CO€fficients that depend on representation )
g \ P »cassumption: SU(2); multiplets couple to electron only through w ))
- The motivation of the SU(2), multiplets

» Minimal Dark Matter model M. Cirelli and A. Strumia, New J. Phys. 11(2009) 105005

- The neutral component is DM candidate.
* mass ~ O(TeV) ( Relic abundance )

- quintuplet fermion, septet scalar are favor ( DM stabillity )
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Set Up

4 )

» SU2), multiplets : y,, w5 (fermion), S (scalar)
BSM(TeV)|<  CP violating Yukawa interaction £ O —9'gggas¥aS — ¥agipsBS”

( 9pas = Xgas(s+795a) (s,a:complex number ) A
gins = X ipg(s* —y5a™) (Xpas Xips : coefficients that depend representation )
g \ P »cassumption: SU(2); multiplets couple to electron only through w ))

Our Work : Evaluate the eEDM In this model

SM

The 3-loop contribution is Leading Order(LO)!
Can this model de probed in the future experiment?

YB
WA
eEDM .. v
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Set Up

4 )

» SU2), multiplets : y,, w5 (fermion), S (scalar)
BSM(TeV)|<  CP violating Yukawa interaction £ O —9'gggas¥aS — ¥agipsBS”

( 9pas = Xgas(s+795a) (s,a:complex number ) A
gins = X ipg(s* —y5a™) (Xpas Xips : coefficients that depend representation )
g \ P »cassumption: SU(2); multiplets couple to electron only through w ))

Strateqy : EFT approach

SM 2-loop

Electroweak-Weinberg Operator

3 ~
§ Ly = =5 Cu [ W, W, e

Y
Wa, - 1 HYPO I/ @
~y pur 56 po
YB wa " B “\’\V\ L Aq -I IOO
f N\ « o 1-loop
W, W~
eEDM € e

e » J — e eEDM
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eEDM induced by EW-Weinberg Operator

Calculate by EFT approach

N
BSM(TeV) - Yukawa interaction
A --—i--- - - )
B LD —YBIpasPaS —Vagips¥pS
- Y,
4 ) )
Vg EW-Weinberg Operator
3
SM - LW _ 93 CWfachg,VWbIjOchu
wa " B 1\“ W T. Abe, J. Hisano, and R. Nagai, JHEP 03 (2018) 175
\_ J
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Yukawa interaction > EW-Weinberg Operator

{

> ; v Yukawa interaction— QCD Weinberg Operator

T. Abe, J. Hisano, and R. Nagai, JHEP 03 (2018) 175

* We derive the EW-Weinberg Operator with 2 changes.

JHEP 03 (2018) 175 Our Work
S =) SU(N) = > N=2

v @ SU(3)

WCL

@ N u merlcal » Analytic S.P.Martin,Phys.Rev.D.65 (2002) 116003
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eEDM Iinduced by EW-Weinberg Operator

Calculate by EFT approach

BSM(TeV)
4 )
Vg EW-Weinberg Operator
3
SM —— g abcyrra bv yx7cC
L = —5-Cw forews, wh, weer
wa " B l\“ W T. Abe, J. Hisano, and R. Nagai, JHEP 03 (2018) 175
\- /
: DM
e
w— QM 7;
o y - L = —§dee(a-F)75e
pTI—)q D+ ¢ 79) F. Boudjema,Hagiwara et al,Phys. Rev. D43(1991) 2223-2232
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EW-Weinberg Operator > eEDM

(" )

» SU2), multiplets : y,, w5 (fermion), S (scalar)
BSM(TeV) |9 CP violating Yukawa interaction £ O —1gggscaS — Vagigat’sS™

3-loop

2-loop \/

IR-div

) UV & IR-div must be removed
Dipole Operator | DY the consistent regularization.

. ) w

UV-div dimensional regularization(DR)
1-loop

EW-Weinberg Operator

3 ~
Ly = —%CW fabew e W viens

Threshold
Our Work eEDM cqresnoc
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EW-Weinberg Operator > eEDM

¥ - Evaluate 1-loop diagram in DR
' »Lagrangian 4-dim — d-dim £(® = £4) | £d=
" l " » Treatment for ys & Levi-Chivita symbol Evanescent operator is added
Bollini-Méndez-Holeman-Veltman(BMHV) Scheme

~y G. 't Hooft and M. J. G. Veltman, Nucl. Phys. B 44 (1972) 189-213.

- %ﬁ .. - y5 & Levi-Chivita symbol are defined as 4-dimensional objects

p+q p+YL p 1 T iler N
V5= g€ WYY €T =0
- give up anticommutation property
{5/“7’7/5} — 07 [’?“775] =0
X bars and hats conventionally represent 4 and (d — 4)-dim.

EW-Weinberg Operator in d-dim
3 ~ 3 . =
Liy = =S O W, Wh Wk — SO peb W, W e
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EW-Weinberg Operator > eEDM

¥ - Evaluate 1-loop diagram in DR
g v/ F. Boudjema,Hagiwara et al,Phys. Rev. D43(1991) 2223-2232

l The formula for Levi-Civita symbol
7 EW-Weinberq O . dedi Cuvpo€ 1 = —gL GG} + 9,9,9) + 9.9.9, + 99,9,
g -Welnberg Operator in a-dim — 315°5° — °51a°
e —>» > > — ¢ d 93 (4) A b ~ 93 (d 4) b e =2
> 5 s < aocC a |4 Cp L _ aocC a 14 Cp L
N Liy = =5 Cw [ Wi, W W s Cw Wi W W
2ieq? L ~Ap _ —~+Au _ ~—Au\ | _ _ ~ AU
- 39 Oy \Wo, W F "+ F,, (W"’/\W - WW ) = 3W W F
2icg” =) [y yrr P e (e Y e M) o
s Cw W, WHsE - + Fup 5 - W3 = W, W

In the previous study, the 4-dim formula was naively applied
to the evanescent operator.
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EW-Weinberg Operator > eEDM

¥ - Evaluate 1-loop diagram in DR
g v/ F. Boudjema,Hagiwara et al,Phys. Rev. D43(1991) 2223-2232

l The formula for Levi-Civita symbol
7 EW-Weinberq O . dedi Cuvpo€ 1 = —gL GG} + 9,9,9) + 9.9.9, + 99,9,
g -Welnberg Operator in a-dim — 315°5° — °51a°
e —>» > > — ¢ d 93 (4) A b ~ 93 (d 4) b e =2
> 5 s < aocC a |4 Cp L _ aocC a 14 Cp L
N Liy = =5 Cw [ Wi, W W s Cw Wi W W
2ieq? L ~Ap _ —~+Au _ ~—Au\ | _ _ ~ AU
- 39 Oy \Wo, W F "+ F,, (W"’/\W - WW ) = 3W W F
2icg” =) [y yrr P e (e Y e M) — p
s Cw W, WHsE - + Fup 5 - W3 = SWo, WS

In the previous study, the 4-dim formula was naively applied
to the evanescent operator.
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EW-Weinberg Operator > eEDM

¥ - Evaluate 1-loop diagram in DR
EW-Weinberg Operator in d-dim

wh we d 2i692 (4) |v5r— = ~ Al _ _ —~+Au _ ~—Ap\ _ _ ~ Al
l Ly = 2 Cy' | W W F 4 Fu (W_V/\W - W > = 3W, W\ F
02 - ~ A\ . —~—+A . /:/—A-
fj{ 2Z§g C D W W 4 Fy (W_”/\W gy “)
S Result]
We separately evaluate the 4- & (d-4)-dim contributions.
d a3 a2
p) 2 _

— =—m,C) +—m,Cl5™
e 6 O

In C{Y = C\~¥ case, this result is consistent to the Naive Dimensional Regularization.
W. Dekens and P. Stoffer, JHEP 10 (2019) 197
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EW-Weinberg Operator > eEDM

- Evaluate 1-loop diagram in DR
EW-Weinberg Operator in d-dim

! 2 _ _ ~ A\ _ _ —~+ A . —~— A | _ _ ~ A
£, = 2229 CW W W F + F, (W"’/\W W W “) — W W
‘ - ~ A —~+A /:/—A-
2229 C I W W F 4 Fyp (W"’/\W W “)
Resultl
We separately evaluate the 4- & (d-4)-dim contributions.
2
de _ % @
— =—m,C
e 6 W

We do not understand the Wilson coefficient for the evanescent operator C{5~.
In our study, we analyze the 4-dim result.
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Can our scenario be tested In the future eEDM?

Ex
(A,B,S) = (r,1,r) Im(sa*)=0.25 050 . 1=
- EW-Weinberg contribution is the window B
between the experimental constraints and SM. g 109" s
Result2 b
: : : SM
This scenario can be tested in the future eEDM!  sw LA
Exp
- In Minimal Dark Matter model, 1020 M §
higher representation is favored. E:z”\
Minimal DM might be tested in 203X. ;\
1073
107%° SM
300 103 10*

ma=mg [GeV] (mg=1TeV)
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Conclusion

TeV scale physics which induces eEDM by 3-loop level is attractive!

« Our Work
We consider the eEDM induced by Yukawa interaction of SU(2), multiplets.

N Calculate by EFT approach

Result]l We separately evaluate the 4- pmaew [ e _

& (d-4)-dim contributions. : LD ~PpgsastaS — Pagips¥sS”

d C{ 2 CI 2 ( > EW-Weinberg Operator \

€ 2 (4) 2 (d—4) z 9 0p
— _m C + _m C SM === 93 abcirra bv 117C
e e Lw=—-—"Cwf WW/W pW P

e 6 W 9 W me ’ -
Result2 This scenario can be tested in the A o .

future eEDM!! SR B

F. Boudjema,Hagiwara et al,Phys. Rev. D43(1991) 2223-2232
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Electric Dipole Moment(EDM)

¢ EDM has many observables (nucleon, pala-magnetic atom, etc)

¢ The most recently results _—
Neutron EDM (201 8) e ?

1E-20
— 1E-21
|dn‘ < 18 X 1() 26€Cm C. Abel, et al., Phys. Rev. Lett. 124 (2020) 081803 & %
815 s ®TF oI
s 1E-23 L o

Electron EDM (2023) e “e 09 eHg

electron

‘ de ‘ < 4. 1 X 10—30ecm T. S. Roussy et al. Science 381 (2023) - g nautron T o1 O
1627 ® proton Tl ovbp u
1E-28 O  muon OTho
merc
I\/lercury EDM (2023) €294 | 0 yenon @
1 19'60 | 19l80 | 20'00 | 20l20

‘ ng ‘ < 7.4 X 10_3Oecm B. Graner et al., Phys. Rev. Lett. 116 (2016) 161601

Year of publication

Figure 2. Plot of the history of upper EDM limits (CL 90%) as
function of the year of publication.



Future Experiment in eEDM

- ACMEIII
The aim Is to iImprove sensitivity by a factor of 30 over previous( ACME Il) results.

A.Hiramoto et al., Nucl. Instrum. Meth. A 1045 (2023) 167513

- JILA B —————

» , L 1
HfE+ >ThE+ 10 ACME (2013) | | ACME Il (2018)

-25
d d
10 .| <8.7x107%®cm .| <1.1x107%®cm

Alm for sensitivity improvements of
more than one order of magnitude.

—_
2 9
N N
~ ®»

_ A
Q<2 9
@ N N
o © (o)

Electron EDM Limit [e cm]
S

10732

10* by about 20 times in 10 years.
-34 ! ! ! ! ! ! ! ! ! L
10 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

Year
R. Alarcon et al. “Electric dipole moments and the search for new physics” in Snowmass,(2021),(2022)

T. S. Roussy et al. Science 381 (2023)




Equivalent EDM

¢ In theoretically, We have to discuss eEDM including nuclei effect

¢ Equivalent EDM is defined as the eEDM including nuclel effect
- Effective Lagrangian

d G _
& = —i—eo,yseF*" + —CgeiyseNN  N= (")

9) H \/5 n

M. Pospelov and A. Ritz, Annals Phys. 318 (2005) 119 [hep-ph/0504231]

d*™ = d, + Cy X X(molcule depend) e cm
e.0.) X=0.9x107?" ( HfF" )
X=15%x10"%" ( ThO )



Equivalent EDM induced by SM

¢ Equivalent EDM predicted by Standard Model

- In ThO case dS™ = d, +|Cgx 1.5 X 1072% cm =~ 1.0 x 1073%ecm

d, ~ 0(10~*)ecm Cy~6.9x 10710

M. Pospelov, A. Ritz, Phys.Rev.D 89 (2014) 5, 056006

Y. Ema, T. Gao, M. Pospelov,Phys.Rev.Lett. 129 (2022) 23, 231801

de o~

In the SM, C, contribution is dominant!



Minimal Dark Matter Model

M. Cirelli, A. Strumia, and M. Tamburini, Nucl. Phys. B 787 (2007) 152-175.

- Representation  Collider search
Quantum numbers DM can DD Stable? o a
SU(2)L, U(1l)y Spin | decay into || bound? Mass Spllttlﬂg
2 1/2 S EL X X M.—M, =AM = O(100) MeV
2 1/2 F EH x x d d
X X p o \*f ’ he constraints to SU2).triplets by LHC
3 1 S HH,LL X X
3 1 F LH X < _3 = 0600GeV
j i;g 2 ('Zgg:) z: z: ATLAS,Aad et al, 2201.02472,CERN-EP-2021-209,Eur.Phys.J.C,(2022)
4 3/2 S HHH X X - -
) 3/ A ' ' * Direct Detection
5 0 S (HHH*H*) \/ X 10_41 ' | I I | | L
A A - -
5 1 S | (HH*H*H*) X X 10-42
5 1 F — X vV :
5 2 S | (H*H*H*H*) X X 10~ L
5 2 F — X vV o E
6 1/2,3/2,5/2 S — X V > 10-% O
7 0 5 - i V/ ; \ SuSy CMSSM MDM 5—plet
8§  1/2,3/2... S - x V 8 s\ o .
g’ 10 =\ o 3F ”/”’
- E \ 25 2F ”;4””/’
* Thermal relic abundance of the DM 046k N ¢ _la-Em oy
= Mol supe ML - T O
N “‘-*.,a.-:——’—"—’ :,
2 10_47; \T~4-g_—-|‘r I’II‘T— | | | | III:II | | | I A I
QDMh < 0.11 » 10 ’ 102 103 104
MpM < 25TeV DM mass in GeV



How to derive EW-Weinberg Operator

- evaluate by Fock-Schwinger gauge
S * gauge fixing : (x — xp)*Aj(x) =0

+ For gauge-invariant quantities, translational
symmetry IS restored

1 0

1 1 01 0

Aa __ T 1xsa 4 a
A“(k)_ Wp“zé’k 0" (k) + S(D Wp“)zﬁk 1 0k, 5(k)
1 191010
i (DBD Wp“)zﬁk i Ok i Okg

3

D Lw D =L Cw frtew, W e

i

o S e -

DDW?

iy DWDW = 27gWWW
oo WDDW = — 18gWWW

T. Abe, J. Hisano, and R. Nagai, JHEP 03 (2018) 175




(A.B.S) Group factors

A B,S VaBS X7 XTaTaX" XTuX'Tg XX'TgTg
BAS

(2,2,1)  (¥4)a(¥B)6S 69 1/2 1/2 1/2
(2,1,2) (Y4)a¥BS: 5 1/2 0 0
(3,3,1)  (¥a)a(¥B)gS 6% 2 2 2
(3,1,3)  (Ya)a¥BSy, & 2 0 0
(3,2,2)  (Ya)a(¥B)pSi (T)” 1 1/2 3/8
(2,2,3)  (¥a)a(¥B)pS, (T7)™ 3/8 —1/8 3/8
(3,3,3)  (¥a)a(¥B)pS, € 4 2 4
(1,r1)  a)e @B S 8 r(2—1)/12 (2 —1)/12 r(r? —1)/12
(r,1,7) (Y4)a,¥BS;, gartr  p(r? —1)/12 0 0

Table 2: Group factors in the SU(2), representations. The last two rows show the simple
cases of the r-dimensional representations.



How to derive EW-Weinberg Operator

- The Wilson coefticient for EW-Weinberg operator

W = (amy

Im(sa™)mamp

x { (XTATAXT) g1 (m%, m%, m3) + (XXTTBTB) g1(m

2 2
BamAamS)

2

+ (XTAXIT5) [ga(my, miy, m3) + ga(my, m, mB)] |

loop functions

91(331, L2, .’133) — (2'7(4;1) T 43311_(5;1)) (mla L2; 333) 9

g2(T1, T2, x3) = (1:(3;2) + 211, (4;2)) (z1;22;73),

1 a—1 gm-1

I—(n,m)(xla L2, 333) — (

n—1)(m—1)! da;’f_l da;g"_l

I

~Master Integral

. group factor

1

I(x); x5 %3) = Jddkjddq

(k% = x)(g? — x)[(k — g)? — x3]

= I(xy; %05 x3) + Ly (315 %55 X3)

=

S.P.Martin,Phys.Rev.D.65 (2002) 116003

(331; X2, .’133) .




EW-Weinberg Operator > eEDM

: We separately evaluate the 4- & (d-4)-dim contributions.

lW“ - Evaluate 1-loop diagram in DR
;l\\ Resultl

4-dim. (d — 4)-dim.
e % - —z'eg%W‘W"’ﬁ’ O : (1/18)Cw O : (1/9)Cy(a-a)
0 —iegng(W_W*' —WHtW") Oy : (1/18 +1/18)Cw
total (1/6)Cw (1/9)Cyy(a-a)
Fu (W—"{-\’Ifivf“L'e‘z—7é MZ/?%_\W_M>

» 0, do not contribute because F;; has (d-4)-dimensional momentum or polarization.



(A,B,S) = (r,1,r)
Im(sa*) = 0.25

de/e [cm]

de/e [cm]

de/e [cm]

10-31
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|
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//

/

— —
O' Ol
w w
‘T N

[N

|
w
=S

1 0-35,

300

|
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10°
mg=mgs [GeV] (m4=1TeV)
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10*

10735

300
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10°
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10733
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10°
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>
o 10°
'é" 10733
103 //-—_ \
10%2
300 T~
300 103 104
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(b) ma = ms
10°
sM 12
B .4
10
%% 1034
5
g 10—33
103 }
10~
300 -
300 108 104
mg [GeV]

(c) ma =mp

>
0} 10*
w
S
b
g
100 N\107%
300 /
300 103 104
my [GeV]
10°
(5, 1, 5)
SM
S —34
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- —33
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EW-Weinberg Operator

(A,B,S) = (r,1,r)

(‘T’,l,’f‘) _— 1 * 2 .
Cy ' = (4’ Im(sa*)ymampr(r® — 1)gi1(ma, mp, mg)
1
! Im(sa*)r(r* — 1) (mag < mp =mg)
36(47)? MmAMB
1 * 2 mp .
~ 2(47!')2 Im(sa )7’(7’ — ].),rn—?4 (mB < Mg = ms)
1
! Im(sa*)r(r? — 1) (ms <ma =mp)
12(47)? MAMB



In the case of S = SM Higgs

N
2-loop level 3-loop level
. RG effect for CP violating operator at
CP violating operator
1-loop level
T ' 3 1
H H ¥ ’Ygrg’yr) — — _6012 (02(7“) Z) 6CMY (YTQ Z) — 3)\/ — 6()zt:|
Con (1 Yy) _ 1 1 :
@ /Vtt’ - — 60&2 CQ(’I“)—Z —|—60éy Yr—|—1 — A —GOét
y _
_ e e a/ayla /) . SM coupling G, (r) : casimir operator
X X X =Yun _ _
Barr-Zee diagram(LO) Barr-Zee diagram(NLO)
N. Nagata and S. Shirai, JHEP 01 (2015) N W. Kuramoto, T. Kuwahara, and R. Nagai, Phys. Rev. D99 (2019) 095024 y

EW-Weinberg
(Our Work)



In the case of S = SM Higgs

Barr-Zee diagram(NLO) vs EW-Weinberg

(A, B.S) = (3,2,2H)

(my K< my < mpg) (my <K mg < my)
-30--o.__ 300 e

107 BZ (LO+NLO) 1075 T BZ (LO+NLO)

108" T 103" T
— BZ (NLO) """~ — BZ (NLO) el
g 107%2. T g 10-32. T
o 0w
o 10—33 ..... Py 10—33 .........
o T O barg -

103 T 10-34 EW-Weinberg "o

EW=Weinberg ~“"----... T
107 T 10735
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EW-Weinberg « Barr-Zee diagram(NLO)
In the Yukawa interaction with Higgs, EW-Weinberg contribution can be neglected!



Barr-Zee diagram(NLO) vs Electroweak Weinberog
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