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Goals for this talk

Set the context: T- and C-violation in EFT framework

Review the present & prospective EDM results &
implications

Review the theoretical treatment of P-conserving T-
and C-violation

Pose questions for discussion



Key Questions for Workshop:
A Personal View

Are nuclear and hadronic probes of P-conserving T- or
C-violation relevant in view of present & prospective

EDM results ?
If so, under what scenarios ?

Is there any relevant window for non-EDM probes of
P- and T-violation ?

Are there new opportunities for nuclear and hadronic
probes of ultra-light weakly coupled bosons ?



Key Questions for Workshop:

A Personal View
This talk

Are nuclear and hadronic probes of P-conserving T- or
C-violation relevant in view of present & prospective

EDM results ?
If so, under what scenarios ?

Is there any relevant window for non-EDM probes of
P- and T-violation ?

Are there new opportunities for nuclear and hadronic
probes of ultra-light weakly coupled bosons ?




Outline

I. Electric Dipole Moments
Il. P-conserving C- or T-violation

Ill. Summary and questions



lll. Electric Dipole Moments

Discovery potential & interpretation: need for
searches in multiple systems

Benchmark sensitivities: three examples

Challenges & new theoretical developments



EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 3.1 x1029 10-33 10-2°
ThO 8.7 x 1029 ** 10-38 10-28

n 3.3 x 1026 10-31 10-26

*95% CL  ** e-equivalent




EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 3.1x102° 10-33 10-2°
ThO 8.7 x 10-29 ** 10-38 10-28

n 3.3 x 10-26 10-31 10-26

*95% CL  ** e-equivalent

Mass Scale Sensitivity

singcp ~1 — M > 5000 GeV

M < 500 GeV — singcp < 10-2




EDMs: New CPV?

System Limit (e cm)” SM CKM CPV BSM CPV
199 Hg 3.1x102° 10-33 10-2°
ThO 8.7 x 10-29 ** 10-38 10-28
n 3.3 x 10-26 10-31 10-26
*95% CL  ** e"equivalent
% neutron
proton
& nuclei
*  atoms
~ 100 x better
Not shown: sensitivity

muon
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Why Multiple Systems ?

Multiple sources & multiple scales

11



EDM Interpretation & Multiple Scales

Collider Searches
~ BSM CPV ‘// Particle spectrum; also
SUSY, GUTs, Extra Dim... Scalars for baryon asym

Baryon Asymmetry

Early universe CPV

4
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QCD Matrix Elements Nuclear & atomic MEs
d., g\ - s Schiff moment, other P- &
T-odd moments, e-nucleus
Expt CPV
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Effective Operators: The Bridge

Lopv = Loxum + Lg + L%

1
eff L (n) ~(6)
Lpgm = A2 Z a; " O; +...
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EDM Interpretation & Multiple Scales

Collider Searches
~ BSM CPV ‘// Particle spectrum; also
SUSY, GUTs, Extra Dim... Scalars for baryon asym

Baryon Asymmetry

Early universe CPV

4

——

\ 4

()
d= 6 Effective Operators: “CPV Sources” S
fermion EDM, quark chromo EDM, 3 gluon, 4 fermion ‘Q,
a %
0
QCD Matrix Elements Nuclear & atomic MEs

d,, 9N - . Schiff moment, other P- &
T-odd moments, e-nucleus

Expt CPV
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Wilson Coefficients: Summary

quqd

lequ, ledq

C

oud

fermion EDM (3)
quark CEDM (2)
3 gluon (1)
non-leptonic (2)
semi-leptonic (3)
induced 4f (1)

12 total + 6

light flavors only (e,u,d)
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Wilson Coefficients: Summary

O fermion EDM (3)
5, quark CEDM (2)
C3s 3 gluon (1)
Cougd non-leptonic (2)
Clequ, ledq semi-leptonic (3)
Coud induced 4f (1)
12 total + O light flavors only (e,u,d)

Complementary searches needed

66



BSM Origins

- g':‘.'lgll f W, f
EDM: yff CEDM: ...+ Sy v
gff S A
Weinberg ggg: \ / \
E  —1 MsSM LRSM
Four fermion \
udHH L L ¢
- I
dL>WVK4’<MR
U, ' N,
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Complementarity: Three lllustrations

e CPV in an extended scalar sector
(2HDM): “Higgs portal CPV”

* Weak scale baryogenesis (MSSM)

* Model-independent

18



Inoue, R-M, Zhang:

Higgs Portal CPV 1403.4257

CPV & 2HDM: Type | & Il Ag 7 = 0 for simplicity

A A 1
Vo= SH(@8161)° + 5 (6302) + Xa(6161) (0]62) + Ma(0]62)(8h61) + 5 | As(@]62)” + hc.

1
—5{ T (pl1) + {m%2(¢1¢2)+h-0- +m§2(¢£¢2)}.
01 = Arg [Ag(m%2)2] : EWSB . 1_— A%)%sz )
0 = Arg P\;(mu)vlvz] > o Il =2 —A5”%12”2 1
Viable EWB & CPV:
HO/H+

* EDMs are 2-loop ) -

- CPV is flavor non-diag P S




Future Reach: Higgs Portal CPV

CPV & 2HDM: Type Il illustration Ag 7 = 0 for simplicity
All Constraints All Constraints All Constraints
1 1
Theoretically inaccessible Theoretically inaccessible
Hg
0.1+ 0.1
g g 0017 g 0.01)
0.001 4 0.001 ?/
1074 1074
Present Future: Future:
d,x0.1 d, x 0.01
d,(Hg) x 0.1 d,(Hg) x 0.1
: drpo X 0.1 drpo X 0.1
sin a,, : CPV e o
scalar mixing da(Ra) da(Ra)

Inoue, R-M, Zhang: 1403.4257 68



EDMs & EW Baryogenesis: MSSM

Heavy sfermions: LHC Sub-TeV EW-inos: LHC & EWB -

consistent & suppress viable but non-universal phases
1-loop EDMs

E

d,=10%ecm ACME: ThO

Compatible with |
observed BAU

d,=10%° e cm

— e _
= d,=10%ecm — Next gen d,
/0.0{ PRI R N ' M B R | PR SR S N ST S S A NN S nt M

Ll .
00 150 200 250 300 0950 150 200 250 300

NeXt gen dn M, [GeV] M, [GeV]

Li, Profumo, RM ‘09-"10 21



EDMs & EW Baryogenesis: MSSM

Heavy sfermions: LHC Sub-TeV EW-inos: LHC & EWB -
consistent & suppress viable but non-universal phases
1-loop EDMs
Compatible with | : ]
observed BAU = d,=10%ecm ACME: ThO
) ~
2‘_01 ;"0,_
= - e
@ | B d, =102 e cm
,N‘ d,=10%ecm %\j\ Next gen d
" . e
/0.0{00' - II;OI - l2(l)01 - |2;0| R W — A0 .2(1)0. T e a0
Next gen dn M, [GeV] M, [GeV]
Li, Profumo, RM ‘09-"10 Compressed spectrum 22

(stealthy SUSY)



Wilson Coefficients: Model Independent

quqd

lequ, ledq

C

oud

fermion EDM (3)
quark CEDM (2)
3 gluon (1)
non-leptonic (2)
semi-leptonic (3)
induced 4f (1)

12 total + 6

light flavors only (e,u,d)
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Paramagnetic Systems: Two Sources

-

Electron +\~.\M

EDM 4
-

Y
(Scalar q) -
x (PS e) T
N _

Tl, YbF, ThO... 24




Paramagnetic Systems: Two Sources

G, 2,2
-ImC, " (v/A)

e 20x10” 0 20
6 ' |
- 15
Chupp & R-M:
Electron 1407.1064 "
EDM
- s
&
o %
- s
N
- 10
(Scalar q) @ — 6x107 lThO : : | 1510
X (P S e-) /‘oomo'9 -200 g 200 400

Tl, YbF, ThO...
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Paramagnetic Systems: Two Sources

Electron
EDM

(Scalar q)
x (PS e)

G, 2,2
-ImC, " (v/A)

e 20x10° 0
|

20
|

Chupp & R-M:
1407.1064

— 15

— 10

o
(ZV/Z“)°Q'

N 5
[ -15x10

A Z (1.5 TeV) x +/sin ¢cpy
AZ (1300 TeV) X 4/ sin qbcpv

Electron EDM (global)

C's (global)

Tl, YbF, ThO...
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Hadronic CPV: Nucleons, Nuclei, Atoms

PVTV N
interaction

g

e e ]

n

» chromo EDM
* 3 gluon
* 4 quark

* Oacp

Nucleon EDM Nuclear EDM &
‘ Schiff moment

+ quark EDM + quark EDM

Neutron, proton & light nuclei (future), diamagnetic atoms

27



Diamagnetic Systems: P- & T-Odd Moments

Schiff Screening
e nuc
e
'(’1' + N
) Eext “-'
4 Pr + C. C.
e S
Atomic effect from
nuclear finite size: (c) e nuc
Schiff moment
Schiff moment, MQM, ...
EDMs of diamagnetic

atoms ( %°Hg )



Diamagnetic Systems

Nuclear Moments

pT #1 PT #7

C,|E ® % O
TMJoxxE

TE,| % O E %

29



Diamagnetic Systems

Nuclear Moments

pr 1 Pf #7

™,

TE,

E %
O %

X |O

x

x
E

)

E

x

EDM, Schiff...

MQM....

Anapole...
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Diamagnetic Systems

Nuclear Moments
pT T PL #7
cC,|E % % |O EDM, Schiff...
™| O % =% |E MQM....
TE, | ® |O |E % Anapole...

Nuclear
Enhancements

31



Diamagnetic Systems: Schiff Moments

Schiff Screening

s i,

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic
atoms ( %°Hg )

e nuc
AVAVAVA

P + C. C.
(c) e nuc

Schiff moment, MQM, ...

Nuclear Schiff Moment
S ~ / d’x x* ¥ p(x)FY

(Ry / R,)? suppression

32



Nuclear Schiff Moment

Nuclear Enhancements
e nuc N =
WL e W | e
s
(c) e nuc N N
Schiff moment, MQM, ... Nuclear polarization:

mixing of opposite parity
states by H'VPV ~ 1/ AE

EDMs of diamagnetic atoms ( 9°Hg )

33



Nuclear Schiff Moment

Nuclear Enhancements:
Octupole Deformation

N N
1 \AVA
+) = — o ' + C. C.
)= (19 £ 18)) P
A5 SS
Calculated ??°Ra density Opposite parlty states
mixed by H™VFV N N
Nuclear polarization:
“Nuclear amplifier” mixing of opposite parity

states by H'VPV ~ 1/ AE

EDM s of diamagnetic atoms ( ??°Ra ) Thanks: J. Engel
anks. J. £nge

94



Diamagnetic Global Fit

Chupp & R-M:
1407.1064

Cr x 107 §7(r0) g.('\l) dn (e-cm)
Exact solution 1.265 —6.687 x 10~ 1.4308 x 10~ " 9.878 x 10~ **
Range from best values of a;; | (—=7.6 —9.5) | (=5.0 —4.0) x 107" [(—-0.2 —-0.4) x 10| (=5.9—-7.4) x 10~*°
Range from best values
with a1 (Hg) = —4.9x 107" | (7.6 —-84) |(=7.0-4.0)x107°| (0-0.2) x107? | (5.9—-10.4) x 10>
Range from best values
with o (Hg) = +1.6 x 10717 | (=9.2—12.4) | (=4.0 — 4.0) x 10~° [(—0.4 — 0.8) x 10~°?| (—-5.9—5.9) x 10~
Range from full variation of a;|(—10.§— 15.6)[(—10.0 — 8.1} 10 °[(-0.6 _ﬁ) x 10 °[(—12.0y 148) x 10 =
N e \/ N
Y
o - I o Y
N e N
Tensor eq TVPV 7NN Short distance d,

35




Diamagnetic Global Fit

Cr x 107 g,‘,") g,(.‘” d, (e-cm)
Exact solution 1.265 —6.687 x 10" 1.4308 x 10~ 9.878 x 10~
Range from best values of a;; | (—=7.6 —9.5] | (=5.0—4.0) x 107" [(}0.2 —0.4) x 107°| (=5.9—-7.4) x 10~*°
Range from best values
with a1 (Hg) = —4.9x 107" | (7.6 —84] | (=7.0-4.0)x107? | |(0-0.2) x 107 | (5.9 —-10.4) x 10~*
Range from best values
with ag (Hg) = +1.6 x 1077 | (-9.2—-124) | (—4.0—-4.0) x 107° |(}-0.4 — 0.8) x 107?| (=5.9—-5.9) x 10~**
Range from full variation of a;; [(—10.8 — 15.§) [(—10.0 —8.1) x 107 [(}0.6 — 1.2) x 107 [(—12.0 — 14.8) x 10~ =

. W, 2 .
Iggzc;/ar 5(§+) (K) S 0.01 AZ (2 TeV) x \/Sln OCpPV

Caveat: Large hadronic uncertainty

Chupp & R-M:
1407.1064

36



Nuclear Matrix Elements

S=aog3? +a,93" +ay95?

Nucl. Best value
ap ai a

99Hg 0.01 + 0.02 0.02

189%e —0.008 —0.006 —0.009

225Ra —15 6.0 —4.0
Range
dp a az

0.005-0.05 —0.03-(+0.09) 0.01-0.06
—0.005-(—0.05) —0.003-(—0.05) —0.005-(—0.1)
—1-(—6) 4-24 —3-(—15)

Engel, R-M, van Kolck “13




|sin ap|

Had & Nuc Uncertainties

CPV & 2HDM: Type Il illustration A7 = 0 for simplicity
ACME exclusion Neutron EDM exclusion/uncertainties Hg EDM exclusion/uncertainties
1 1 1
Theoretically inaccessible Theoretically inaccessible Theoretically inaccessible
0.1} 0.1+ 0.1/
001/ S 001 S 001
0.001} 0.001 - 0.001 -

1074 1074 1074

Present

sin oy, : CPV
scalar mixing

Inoue, R-M, Zhang: 1403.4257 30



Schiff Screening & Corrections

Schiff Screening

s i,

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic
atoms ( %°Hg )

Inoue

e nuc é nuc
AVAVAVA
& VUV P te
S
e nuc (C) e nuc
Screened EDM Schiff moment, MQM, ...
pT T P #7
c,|E % %[O EDM, Schiff...
™, O % %8 |E MQM....
TE,| ¥ | O ||E |% TE ., @TEJ=2 ?

39



Electric Dipole Moments

Present EDM reach ranges from few to ~ 1000 TeV

Next generation experiments will increase mass reach
by an order of magnitude; sensitivity scales as (v /A )?

BSM scenarios & matter-antimatter asymmetry strongly
motivate effort required to achieve next generation
sensitivity

Diamagnetic atom sensitivity may be even stronger due
to previously neglected TF,., @ T ., contribution

40



Il. P-Conserving T- and C-Violation

Motivation & theoretical background

Relating TVPC and CVPC interactions and EDMs
in the EFT framework

Open questions

41



C and P Symmetries
D. Mack, MENU (assuming CPT)

C,P,CP C,B cP

Strong, EM Weak (loop-level)
Big SM "background” Small SM "background” .
in any search for new forces New sources of B, P
constrained by EDM
searches
€, P, cP ¢, P, CP
Weak (loop-level) Weak

Small SM "background”.
New sources of P, CP
less constrained by EDM
searches

Big SM "background”
in any search for new forces

New sources of PV also
constrained by amplitude-
sensitive PV asymmetry
measurements




C Violation Basics
D. Mack, MENU

The charge conjugation operator C reverses all generalized charges, effectively
replacing a particle by its anti-particle.

C violation is known only in

1. Weak interactions at tree level which violate P (hence conserving CP)
2. Weak interactions at loop level which violate CP

Both C- and CP-violation are among the Sakharov criteria for baryogensis.

Everybody knows strong and EM forces conserve C ... but direct bounds on C
violation in these amplitudes are only ~0.5%. How to improve this?

It is surprisingly hard:

i.  Only a few neutral particles are states of good C and thus suitable for tests
(v, m°, n, J/y, or a self-conjugate system like e*e-).

ii. Most of the particles of good C appropriate for initial states aren't easy to make
in large quantities (and with sufficiently low backgrounds).

43



D. Mack, MENU

n Decays Testing C Violation

Why n's?

« The n full width is only 1.3 keV . It cannot decay by the isospin conserving strong
interaction. This means that achievable BR's of 10 to 107 probe the weak scale.

« ndecays are flavor-conserving, a sector less thoroughly studied than AS =1, efc.

« Theory calculations predict large mass enhancements, hence relatively crude n decay
BR upper limits place tighter constraints than more precise m° decay BR upper limits.

« The n has a significant s-sbar content, unlike the 1° or nucleon.

PDG

——> 3y <1.6-10° 2012
“moy" < 9105 3
— > 2n% < 5104
3ymo Nothing published .
3Oy < 6105
3y2mo Nothing published 7

Considerations of acceptance and phase space have focused us on 77 >3y and 7 >

20y .
44

Most C test channels are all-neutral except for 7 > 7°y *> 79I .



D. Mack, MENU
Theory Issues for C Violation

Placing the tightest direct limits on C violation sounds interesting to experimentalists,
but what about theorists?

Little literature on C violation with P conservation.
(appropriate models for this would be non-renormalizable - Herczeg)
«Some literature on T violation with P conservation
(under CPT, equivalent to C violation with P conservation).
By contrast, tremendous literature on CP violation and EDM's.

«C violation without P violation is apparently not on the radar of those working with
SUSY, leptoguarks.

*C violation does arise in discussions of violation of Lorentz invariance, but the
predicted C violating 77 decay BR's are effectively zero for any experiment, ever.

We'd like theorists studying T violation with P conservation to know that
77 decays can place tight limits in an isospin-violating sector. ;



TVPC Interactions: Background

46



TVPC Interactions

* Herczeg: No renormalizable TVPC boson-exchange
interactions involving only SM fields [ Hyperfine Int, 75

(1992) 127 ]

* Low-energy ( k << Ag,,) four fermion flavor conserving
interactions first arise at d=7 :

ff’ ff' 5
07" =7 YD yysirlpy*ysis

Khriplovich ‘91
Conti & Khriplovich ‘92 o
Engel, Frampton, Springer ‘96



TVPC Interactions, cont’d

 Additional low-energy ( k << Ay, ) d=7 interactions:

07 = C1% Yo, N Y FHGYY

Z Z - -
07" =C7 Yo yF*"Z;

MR-M ‘99
Kurylov, McLaughlin, MR-M ‘01

48



TPVC Observables

* “D Coefficient” in S-decay:

er 1
dE.dQ.dQ),  (2)

o B (Bo—E 24145 4 o P
=PeEe(Eo )€{+ Ee“EeE,,

 Correlations in n+A scattering:

49




TPVC Observables

* “D Coefficient” in S-decay:

C. Seng talk
RN

—

er 1
dE.dQ.dQ,  (27)°

Mg _‘e . —.l/ J ﬁe ﬁu ﬁe Xﬁu
D B (Bo—E )21+ b e L gPePr 2y | g2 L gP
PeEe(Eo )5{ thp e TG AR B P

 Correlations in n+A scattering:

V. Gudkov, D.
Bowman, ...talks

C. Seng, S.
Gardner talks

50




TPVC Interactions & EDMs

* Conti & Khriplovich: TVPC interactions + SM radiative
corrections (PV) induce non-vanishing EDMs

a) ! b)
g H 05 = = C§o sy F*”
N : D — 7 5 Qv
c) ) )

 EDM limits imply vanishingly small effects from TVPC

Interactions
! Apy ) ‘
CTff < ( T\ PC) % 103

1 TeV

51



How Robust Is Bound?

* Non-renormalizable interactions: EFT, running, matching
& “naturalness”

* [llustration with neutrino magnetic moments

» Application to TVPC interactions

52



Non-Renormalizable Interactions & EFT

ABSM

AHAD

/ Full theory; unknown d.o.f.

run

match

S Effective theory I: W, B, H, g,

/ Q1 qR1 L1 eR

run

match

S Effective theory Il: v, g, q, |

e

match

< Effective theory III: y, I, , N...

53



Effective Theory |

Lopv = Loxum + Lg + L%

1
eff L (n) ~(6)
Lpsy = A2 Z a; O

/

Effective theory I: W, B, H, g,
Q1 qR1 L1 eR

54



Effective Theory Il

Effective theory Il: y, g, q, |

95



Effective Theory Il

‘EDCW -

Effective theory Il: y, g, q, |

Matching | & Il: compute in
Il with massive W,Z

56



Fermi Effective Theory

Matching



Fermi Effective Theory

~ O(Gg)

u e

Standard Model

Matching

¢ ~O0(G2m2)

g Loop momenta
p << M,

~ O(Gg a / n)

Loop momenta
p~ M2



Fermi Effective Theory

~ O(Gy)
u e

Standard Model

VM e
-
>ww< ~ O(Gg)

Matching

Match EFT onto full theory
by considering p ~ A (NDA)

V” e
Vi e ~ O(GF2 mez)
W v Loop momenta
p <<M,?
~ O(Gg a / n)

Loop momenta
p~ My?



Applying to TVPC Interactions & EDMs

Khripolovich approach: compute in EFT Il w/ cut-off
regulator

Khriplovich approach a la MR-M: compute in EFT Il w/
dim reg

Recast in EFT | framework

60



Applying to TVPC Interactions & EDMs

- //”'"‘\ . + ...
07° = C1 Yo u A YFHGY” o

Z Z - -
07" =C" Yoy FHZ} %

2 2

f vz Mz )( 1 ) f( 1 ) M7
~ 1

Cs ~ el (Awpc SWCW 54\ 9672 l,uz

61



Applying to TVPC Interactions & EDMs

> (@

£f ! .
O7° = C7 YrD pysbrbpy ysp

62



The EFT | Computation

_ T4 ~
Otws = Fo - H fr W, B "
Ofw = Fo' - H faWyo H'H f §
.
Oy = Fo"Hfr B®, H'H B

8 - (8)
Cf(v) ~ <4_7r) CTVPC

63



ABSM

AHAD

Interpretation

run
—

match

run
—

match

match

64



ABSM

AHAD

Interpretation

run

match

<€

.'ll‘,

1] 6

run

match

match

Matching: uncertain

'l"

A

Rl

,l )
A

)2...]

65



ABSM

AHAD

Interpretation

run

match

l,

1 6 v 2
e ) e

<€

Matching: uncertain

run

match

match

Running & mixing: calculable

66




ABSM

AHAD

Limits: Short Distance Parity Cons

run

match

v

1 6 v 2
R [05\") (&) +

<€

Matching: uncertain

o (%

.

run

match

match

8 o :
. .. Cf(v) (4_) C’(Fg\?'PC
Running & mixing: calculable T
A. Apy < Arype 1G9 =0
(8) v ’
8 J 7
< {
Crvpo ( A > < 10
TV PC

67




ABSM

AHAD

Limits: Naturaleness

run

match

v

1 6) /U 2 g) / V¢
A [05\") (3) + (3

<€

Matching: uncertain

run

match

match

Running & mixing: calculable

B. “Naturalness’:

68




ABSM

AHAD

Limits: Symmetry or Conspiracy

run

match

Matching: uncertain

run

match

match

Running & mixing: calculable

C. Symmetry or conspiracy:

d: suppressed — Cqpc
unconstrained

69




Implications

A. Apy < Arypc i Ca® =0 B. “Naturalness”

C)(S) ] v ; ? <
ap = <f| TV PC > ~ C%*S\),rpc ( L ) ( p ) ,S 10—1.3

(f]1 Oqcp 1) Arvec ) \Arvec

for Ajypc ~V, p~1GeV

C. Symmetry or conspiracy

(8) ; . . 3
o = <f|C?TVPC ‘2> C"([‘8\)Pc< U ) ( P ) <107

< C)QC‘D | 7’> ATV PC AT VPC




Il. P-Conserving T- and C-Violation

Does the conspiracy scenario survive one-loop RGE ?
If so, does it survive at higher order ?

Are there well-motivated BSM scenarios that generate
non-vanishing Cypc 7

What is the corresponding situation for other TVPC
observables (D coeff) ?

What are implications for P-conserving C-violation ?

Can there be ultralight mediators of P-conserving T-
violation/C-violation that evade these arguments ?

71



Implications: Further Thoughts
C. Symmetry or conspiracy

08 = Fa‘“’%H faWe B°

pa—v

C)SZ’ — Fo’l“/fR ﬁpaE? 77 — 3 )/
Ofny = For Hfp We, Wae

OBy = Fo™ Hfn BBy Ofy = Fo fnF.aZ; ~ EDM

? _
Cowe» Coww Cgg ——> G20, G 70

y 72



Summary & Outlook

» C-Violating «+» TVPC interactions are a largely unexplored
direction for fundamental symmetry tests

* Analyzing their effects for light quark systems requires an
EFT approach, as the do not arise at tree-level via
renormalizable gauge interactions

* In general, EDMs place stringent constraints on such
interactions via EW radiative corrections from the standpoint of
short distance parity restoration and/or naturalness

« Exceptions may exist in the presence of a conspiracy or new
symmetry at the TVPC matching scale

« Magnitude of low-energy amplitude ~ (p/A)3> < 107 for A > v

« C-Violating ++ TVPC interactions are an interesting direction
worthy of further exploration 73



Il. P-Conserving T- and C-Violation

Does the conspiracy scenario survive one-loop RGE ?
If so, does it survive at higher order ?

Are there well-motivated BSM scenarios that generate
non-vanishing Cypc 7

What is the corresponding situation for other TVPC
observables (D coeff) ?

What are implications for P-conserving C-violation ?

Can there be ultralight mediators of P-conserving T-
violation/C-violation that evade these arguments ?
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EFT llustration: m , & u,

Bell, Cirigliano, R-M, Vogel, Wise ‘05
Also

Bell, Gorchtein, R-M, Vogel, Wang ‘06
Erwin, Kile, R-M, Wang ‘07

Kile, R-M ‘07
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Neutrino Magnetic Moments

Can neutrinos have magnetic moments?

Dirac neutrinos
,VL s elOLL

m,, VvV = m\,{{’L\’R

Vi, VR — e' R VR

VRVL}

L not invariant if m, # 0 and o # oy

Magnetic moment operator forbidden

Py \_’Oaﬁv F " = ﬂv{\_’LOa[SVR 1 {’RO’O(B’VL}F @



The Scale of m, and u,

Minimal extension of the Standard Model with vg and non-vanishing
m, gives

iy ~ 3 x 10~ Pug [m,/1eV]

Too small to be observed

What about new physics at scale A > v ? NDA
uy~eG/A , m,~GA

A? Hv Hv A . vV
T e g 10~ \1TeV ) *
e UB MUB C




Evading the NDA Estimates

NDA

Vo 2meug 107 B8up \1TeV

The “Voloshin” mechanism : a loophole

SU(2), symmetry:

(v ,v ©) transf as doublet

m, term transforms as triplet  forbidden
u, transforms as singlet allowed



Evading the NDA Estimates

NDA

M, ~ A2 &N Hv A 2eV
Vo 2meug 107 B8up \1TeV

The “Voloshin” mechanisnt a loophole

gw\% Radiatively-induced
AN )

- + o neutrino mass

electroweak u, operators

Voloshin sym & generalizations broken by SM gauge & Yukawa
interactions: m,, bounds on u,



Dirac Neutrinos

S TR LA 4\6('"8")6 C.=Co+(8
my = — 3(V)2\/§A2 ”B—— A2 +(v) + =0 +G

Operator Basis:

~

Oy =Live ¢ =it0"
01" = g1(L"$) By

056) = g, (ZG”"I‘@)VR W
0% = (Lovg) (076)



Dirac Neutrinos

dmy = —C5(v) s aN) (mv) Ci(v) Co=C+CS
vV 3 2\/§A2 Ip A2 + + 1 2

Operator Basis:

~

O =Lpve ¢ =1iTr0"

6 —_ ~
0'” = ¢1(Lo"$)lr B,
Close under

0&6) = gz(Z()’W'c‘@)VR W renormalization

0% = (Ljvr) (¢¢)




Dirac Neutrinos: Mixing

Oy =Livi ¢ =it T A,
0\ = &1(Lo")( By
(6) N " Close unQer_
02 — gz(LOlW‘Ea(I))VR W;V renormalization
6 -
0\ = (Lvr) (¢79)




Dirac Neutrinos: Mixing & “Naturalness”

Renormalization Group: Leading Log

Solution with C;°(A) = 0 : dm,, generated
entirely from radiative corrections

uy|  Gpm, [ Sy, ] 327 sin® Oy
Mg \/2mo o In(A/v) 9 f]

2 1
f:(l—r)—grtanzﬁw—§(1+r) tan* Oy r=C_/C,

YV — V 1
|ﬂ |58><10 15 (6m>_
HUB leV |f|




Dirac Neutrinos

S TR LA 4\6('"8")6 C.=Co+(8
my = — 3(V)2\/§A2 ”B—— A2 +(v) + =0 +G

Operator Basis:

4) == ~ . . Matching at
O,/ = Lvg ¢ = 1T scale A
|
6 — ~
0'” = ¢1(Lo"$)lr B,
Close under

0&6) = gz(ZO”V'E‘@)VR W renormalization

0% = (Ljvr) (¢¢)




Dirac Neutrinos: Matching & “Naturalness”

Solution with C;°(A) = 0 : dm,, generated
entirely from radiative corrections via k,,,
~ A, thereby inducing nonzero Cy*(A)

a A w,

327 m, ug

2
Py < 4o-14 1 TeV om,,
LB A 1 eV

om,, ~




ABSM

AHAD

Interpretation

run

run

Matching:
uncertain lﬂ'u| < 10-1
match | < g "
<
match
match

KB

™ <8 10-15 (5772,,) 1
- |

1 TeV > om,,
A 1 eV

Running & mixing:
calculable

1eV ) |f]|
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