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Key Theme for This Talk

Fundamental questions motivate the search for
physics beyond the Standard Model

«  TJests of fundamental symmetries at low-energy are
poised to

 discover the BSM physics that answers
several of these questions

 determine its character

» Robust hadronic & nuclear computations plus
high sensitivity experiments are essential



Goals For This Talk

Put nuclear tests of fundamental symmetries &
neutrino property studies in broader BSM context

Highlight a few areas of inter-frontier implications

Emphasize new directions for theoretical work
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I. The BSM Context
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Fermion Masses & Baryon Asymmetry

fermion masses
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Leptogenesis: Baryon Electroweak baryogenesis:
asymmetry & m , from Baryon asymmetry & m, from
lepton number violation EW symmetry breaking




BSM Physics: Where Does it Live ?



BSM Physics: Where Does it Live ?

SUSY, see-saw, BSM
Higgs sector...

Mass Scale

Sterile v’s, axions,

BSM ? | darku(1)...

Coupling



Low-Enerqgy / High-Energy Interplay

Discovery “Diagnostic”
A A

Low energy High energy
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Il. Lepton Number

Highlight: TeV LNV

Collaborators: T. Peng, P. Winslow; J. Harz, S.
Quirroga, S. Shen

PRD 93 (2016) 093002
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Fermion Masses & Baryon Asymmetry
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Ovpp-Decay: LNV? Mass Term?

Loass = yl_LﬁVR + h.c. Loass = %ECHHTL + h.c.
Dirac Majorana
Impact of observation ) )
e e

» Total lepton number not
conserved at classical level

» New mass scale in nature, A

* Key ingredient for standard
baryogenesis via leptogenesis
A(Z, N) A(Z+2, N-2)
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Ovpp-Decay: LNV? Mass Term?

— ~ y —
Loass = yLHvgp + h.c. Lonass = KLCHHTL + h.c.
Dirac Majorana
Impact of observation ) )
e e
What’s
» Total lepton number not inside ?

conserved at classical level

» New mass scale in nature, A

* Key ingredient for standard
baryogenesis via leptogenesis
A(Z, N) A(Z+2, N-2)
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BSM Physics: Where Does it Live ?

SUSY, LNV, extended

Higgs sector...

Mass Scale

Sterile v’s, axions,

BSM ? | darku(1)...

Coupling

Is the mass scale associated with m,, far
above M, ? Near M,,, ? Well below M, ,

15



LNV Mass Scale & 0Ovpp-Decay

Underlying s A(Z+2, N-2) + e e

Physics

3 light neutrinos only: source of neutrino
mass at the very high see-saw scale

3 light neutrinos with TeV scale source of
neutrino mass

> 3 light neutrinos

16



LNV Mass Scale & 0Ovpp-Decay

Underlying s A(Z+2, N-2) + e e

Physics

3 light neutrinos only: source of neutrino
mass at the very high see-saw scale

3 light neutrinos with TeV scale source of
neutrino mass

> 3 light neutrinos
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Ovpp-Decay: LNV? Mass Term?

Loass = yl_LﬁVR + h.c. Loass = %ECHHTL + h.c.
Dirac Majorana

“Standard’” Mechanism

» Light Majorana mass generated
at the conventional see-saw
scale: A ~ 1072 - 107° GeV

» 3 light Majorana neutrinos
mediate decay process

A(Z, N) A(Z+2, N-2)
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LNV Mass Scale & 0Ovpp-Decay

Underlying s A(Z+2, N-2) + e e

Physics

3 light neutrinos only: source of neutrino
mass at the very high see-saw scale

3 light neutrinos with TeV scale source of
neutrino mass

> 3 light neutrinos

Two parameters:

Effective coupling & effective heavy particle mass

19



Ovpp-Decay: LNV? Mass Term?

Loass = yl_LﬁVR + h.c.

Dirac

TeV LNV Mechanism

* Majorana mass generated at
the TeV scale

 [ow-scale see-saw
* Radiative m,

* myy << 0.01 eV but 0Ovpp-signal

accessible with tonne-scale
exp’ts due to heavy Majorana
particle exchange

D = %ECHHTL + he.
Majorana
e e
F
|
B | i

A(Z, N)

A(Z+2, N-2)
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Ovpp-Decay: LNV? Mass Term?

Loass = yl_LﬁVR + h.c.

Dirac

TeV LNV Mechanism

* Majorana mass generated at
the TeV scale

 [ow-scale see-saw
* Radiative m,

* myy << 0.01 eV but 0Ovpp-signal

accessible with tonne-scale
exp’ts due to heavy Majorana
particle exchange

Lo =LIHHTL + h.c.

A

Majorana

A(Z, N)

A(Z+2, N-2)
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Ovpp-Decay: LNV? Mass Term?

Loass = yiﬁVR + h.c.

Dirac

TeV LNV Mechanism

Ay  Myk?
AL ASIHBB

O(1) for A~ 1 TeV

Implications

Lo = %ECHHTL L e

Majorana




Energy Scale (GeV)

TeV LNV & Leptogenesis

1072

103

1072
107

<_‘I'_ Standard thermal lepto

— 9 i Deppisch et
# Fast AL = 2 int: erase L al ‘14, 15
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Energy Scale (GeV)

o TE EE Em Em

TeV LNV & Leptogenesis
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103 # Fast AL = 2 int: erase L al 14, 15
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Baryogenesis alternatives
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Ovpp-Decay: TeV Scale LNV

25



Ovpp-Decay: TeV Scale LNV

Loass = yl_LﬁVR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV

Lo =LIHHTL + h.c.

T. Peng, MRM, P. Winslow 1508.04444

A
Majorana
Present e— e—
Tonne scale
F
|
S | s
A(Z, N) A(Z+2, N-2)
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Ovpp-Decay: TeV Scale LNV

Loass = yl_LﬁVR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV

Lo =LIHHTL + h.c.

A (TeV)

T. Peng, MRM, P. Winslow 1508.04444

A
Majorana
Present e— e—
Tonne scale
F
|
S | s
A(Z, N) A(Z+2, N-2)
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Ovpp-Decay: TeV Scale LNV

Loass = yl_LﬁVR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV

Lo =LIHHTL + h.c.

T. Peng, MRM, P. Winslow 1508.04444

A
Majorana
Present e— e—
Tonne scale
F
|
S | s
A(Z, N) A(Z+2, N-2)
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Ovpp-Decay: TeV Scale LNV & m,,

Loass = yl_LﬁVR + h.c. Loass = %ECHHTL + h.c.
Dirac Majorana

Implications for m,,:

(H) | (H)
v Controls N /
S0 - -~ - \\\ S0
vertex W : vry*er in S.M. o 2
Schecter-Valle: non-vanishing Simplified model: possible
Majorana mass at (multi) loop level (larger) one loop Majorana mass
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OvpBp-Decay: TeV Scale LNV & m,

Loass = yEﬁVR + h.c. Loass = %ECHHTL + h.c.
Dirac Majorana

Implications for m,,:

14f
1.2}
1.0¢

Ton Scale
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«—{ m, (loop)

saual PR 1 " PR sl
10° 102 10° 102 10*

1
10 g leV]

A hypothetical scenario



OvpB/ LHC Interplay: Matrix Elements

Loass = yl_LﬁVR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV

llllllllllllllllll

elscovery

Exclusion

1t Assume GERDA present limit
& different Nuc/Had MEs
Had ME: recent 1 2 3 4
LANL, Cal-LAT L(ab™)

T. Peng, MRM, P. Winslow 1508.04444

A(Z, N)

D = %ECHHTL + he.
Majorana
e e
F
|
S | s

A(Z+2, N-2)
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lll. CP (Flavor Conserving)

Highlight: EW Baryogenesis, Dark Z

Collaborators: T. Chupp, K. Fuyuto, X.-G. He, S.
Inoue, G. Li, Y. Li, G. Ovanesyan, S. Profumo, S.
Shen
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Fermion Masses & Baryon Asymmetry
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Energy Scale (GeV)

Baryogenesis Scenarios

1072 <_‘I'_ Standard thermal lepto
109 <—T Affleck Dine
|
|
|
|
|
|
"""""""""""""""""" Electroweak, resonant lepto, |
2 L) ] 1
10 WIMPY baryo, ARS lepto... |
107 «—
v ——  Post-sphaleron, cold...

Era of EWSB: t,;, ~ 10 ps
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Electroweak Baryogenesis

« Was Yy generated in conjunction with
electroweak symmetry-breaking?

 Jo what extent can EDM searches test
this scenario?

35



EDMs & EWBG: MSSM & Beyond

Heavy sfermions: LHC
consistent & suppress

1-loop EDMs

Compatible with
observed BAU =

)

= o1}

5 C

=

(%))

> —— d,=10%ecm
/0'0}00' - ‘1;ol - '2(130' - 2;0' - '3JOO

Next gen d, M, (Gev)

Li, Profumo, RM ‘09-"10

sin(uM,b")

Sub-TeV EW-inos: LHC & EWB
viable but non-universal phases

ACME: ThO
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EDMs: What We May Learn

EXPERIMENT

THEORY

“.
|& \'9’ o
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\"
10-t -
d, (e cm) \-~
QG %6,
10 b ®
:"_'#-“ .
10° o - :
107
YEAR ; \
1T
REVIEW OF PARTICLE -l w1 Amm
ELECTRIC DIPOLE MOMENTS < :’ —
J. Mike Pendlebury -
M
(11 . . :
n-EDM has killed ‘
more theories than any
other single s
. g V4 ’_‘_: \..__""’_'
experiment Ay

‘o-l.

107"

Present n-EDM limit

Proposed n-EDM limit

Matter-Antimatter
Asymmetry in
the Universe:
MSSM

Theory: How robust ?
Can EDMs kill EW
baryogenesis ?



CPV for EWBG

Theoretical creativity
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“Two-Step EW Baryogenesis”

Two CPV sources for baryon asymmetry

Electroweak BSM CPV Vg “Partially Secluded CPV”
1F -
08 Present d,
06 d,=8.7+10"®ecm |
05k
04+ Future d w
& L d,=29+107%® e cm ‘2
£ 03 . 'z 02
@ |
02f -
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Inoue, Ovanesyan, R-M: 1508.05404
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BSM Physics: Where Does it Live ?

B SM 2 SUSY, LNV, extended
"_ | Higgs sector...

Mass Scale

Sterile v’s, axions,

BSM ? | darkU(1)...

Coupling

BSM Physics: T (CP) Invariant ?



Dark Photon Portal

[ Standard Model ]<

> [ Hidden Sector

J

New CPV ?
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Dark Photon Portal

SM
SU(2) Triplet

Mediator

X

Dark
Sector

Thanks: K. Fuyuto
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CPV Dark Photon

=) — Ly, sixer — Py, 3 x0

~

B

A A

/ CP-conserving / CP-violating

/

/ Thanks: K. Fuyuto

X -y Mixing EDM
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CPV Dark Photon

_5 5 _ "y 8 17 LV
£0=5) = LT {W,, X0 — ST, 3%

/' CP-conserving / CP-violating

/ / Thanks: K. Fuyuto

X Mixing
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Paramagnetic Systems: Two Sources

_ me. O
e 20x10° ImCeqo( » 20
6 | |
— 15
Chupp & R-M:
Electron 1407.1064 b
EDM
s
&
0 ’g:
- s
N
- 10
(Scalar q) NEP
x (PS e)
N e
A Z (1.5 TeV) x /sin ¢cpy Electron EDM (global)
A 2 (1300 TeV) x /sin ¢pcpy Cs (global)

46

Tl YbF, ThO... LHC inaccessible




Paramagnetic Systems: Two Sources

- -ImC, O(v/A%)
€ 6x10°0 4 2 0 2 4 6
| | | | | |
- 4x10°
Electron Y "
EDM '
-2
— OS—.
e .
G b
i 00 Lo S
\:) >§J
- ~’
0.5
_ )
N e
1.0
Y ThO
vy | = HFF' - -4
(Scalar q) @ - 15x162 I ,
X (PS e-) / s xlO“q 0 5
Cs
N e

Chupp, Fierlinger, R-M, Singh 1710.02504;
Fleig & Jung 1802.02171

Inclusion of HfF+ : ~ 6 times stronger
bounds on d, & C5 — 2.5 higher on A

ity Mol 108 miifs New ThO - even stronger ! 4



lllustrative Example: Leptoquark Model

e
At Al =0.1
v z , S ,
Elect v § 2
Eglf\:ﬂron +\IWV~  — ,’/ . \ Constant d, ,
e e Ug e ' |
ng 0 Allowed —
N e ) |
Y
(Scalar q) & — © Y 30 i )
x (PSe) 7 >Y< B I
N e w e my [TeV]
Fuyuto, R-M, Shen 1804.01137
(3, 2, 7/6)

L3> -2"a%5XTel” — A% XTQ% + h.c. 48



lllustrative Example: Leptoquark Model

Orange: |d,| = 10%°, 1037, 102 e cm
- Green: |d,| = 1030, 1037, 1032 e cm

e
v
Electron Ra §
EDM + ¥/ -
!
e_ \

€

\dy.ql = 107,107,102 e cm

Allowed —

(Scalar q) & -
x (PS e) /7 > -

N e U

10*

Fuyuto, R-M, Shen 1804.01137
(3, 2, 7/6)

L3> -2"a%5XTel” — A% XTQ% + h.c. 40



IV. Precision Tests

Highlight: p-decay
Collaborators: M. Gorchtein, H. Patel, C. Seng

PRL 121 (2018) 241804 [1807.10197], 1812.03352
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Precision ~ BSM Mass Scale

Agpr = (Opxp = Ogp ) 7 Ogyy

Precision Goal: *

8 Agyy ~ O(104)

Heavy BSM Physics:

) C (VA A~10 TeV (tree)
SM "~

A <1 TeV (loop)

* Can be ~ 103 or larger if Og,, suppressed ‘.



Weak Decays: CKM Unitarity
d —> U e_ ‘_/e (Vud Vus Vub \
s—ue v, (” c 1 ) Va Vo Vo
b—ue \_/e \th Vts th/

(d)

\b)

ACI(I\/I — (qud|2 + |VuS|2 + |Vub|2)exp — 1

0.94906 £ 0.00041  ]0.05031 = ().00022|

0.00002

Acknm = —0.0006 4 0.0005




Precision ~ BSM Mass Scale

Precision Goal:

5 ACKM =~ 0(1 0_4)

Heavy BSM Physics:

A~10 TeV (tree)
Acky ~ C (V/A)?

A<1TeV (loop)

Ultralight BSM Physics:

Aciy ~ & (a/4n) e <1 (loop)
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Error Budget

ACKI\/I — (qud|2 _l_ |‘/uS|2 _l_ |Vub|2)exp o 1

_—

0.94906 4= 0.0004 1

1

0.05031 + 0.00022|

™~

0.00002

o4



Error Budget

ACKM — (lvud|2 + |Vus|2 T |Vub|2)exp — 1

/

0.94906 4= 0.0004 1

Radiative Correction

Factor of 2 reduction
using disp relations

.9800
Vud

.9750

.9700

=)
=
@

Uncertainty
' S
N

(=]
o
-

O,

V., = 0.97420 + 0.00021] ]|

|

nuclear
ot—>» ot

neutron

nuclear
mirrors

‘;@- -
D Experiment

Radiative correction

- Nuclear correction

Thanks: J. Hardy
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Error Budget

ACKM — (lvud|2 + |Vus|2 T |Vub|2)exp — 1

/

0.94906 4= 0.0004 1

Radiative Correction

Factor of 2 reduction
using disp relations

Nuclear Correction

Increase due to
previously omitted
contributions

.9800
Vud

.9750

.9700

=)
S
@

Uncertainty
' S
N

(=]
o
-

O,

V., = 0.97420 + 0.00021] ]|

|

nuclear
ot—>» ot

neutron

nuclear
mirrors

D Experiment -

Radiative correction

- Nuclear correction

Thanks: J. Hardy
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Radiative Corrections

Dominant source of uncertainty:

Ve 4 0*(f)
W Gpvud 87 M2
o 0= () <t
/ /
e
e 0*(i) Short distance Long distance

Long distance

Sensitive to hadronic & nuclear dynamics

o7



Dispersion Relations

0*(f) Dispersion relation: I
W Write T, as integral B
over discontinuity
i along cut
AVYW
! +(i (1) 2 2 [ / 1
O(|) T3 (V’Q):Z/dy V’—y+

0

Electroproduction structure functions:

Iy 1 v
WS = o= > 2m)'s* (p+ g - px) (bl I 1X) (X Ty )
X
L 4] oy PP ) 1€ Ppags
= |—g" +—]F + Fy'l + F.
[ @2 ]t (pra)? 20p-q) °

do o< L, W
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Dispersion Relations

Ve 0*(f) Radiative Correction:
" vao _ o [ QM /OO av L 2D 5oy, g2)
AL W T TM | M2+ Q2 v(v+q)2 3
0 0
AN
_ y +(: — 3_04 = dQ2M5V M(O)(l Q2)
¢ ot C oo @M+
Nachtmann Moments: I
1
(0) 2_N+1/daf€N N0 e do oc L, WH
Mg (N,Q)_N+2 |2y B z
0

—1
=2 <1+ 4]\2;552)
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Dispersion Relations

v, | 0*(f) Radiative Correction:
4 VA (0) o [ dQ?* My, i (v +2q) 0 2
AVAVATAN D’YW — M M%,+Q2/dyy(y—|—q)2F3 (v, Q%)
0 0
_ i : 3a [ dQ*M3E, 0) )
e 0°(i) = o), oG o (B9

* Relate F; and M, to data and/or

« Compute F;© and M, using same
methods used to describe semi-
leptonic scattering processes with
nucleon & nuclear targets -



Leptoproduction: Had & Nuc Response

Nuclei Free nucleons
o . O Elastic Hadronic
Elastic

Resonances

Regge/
Deep Inelastic

Quasi-

. Hadronic
Elastic

Resonances Regge/

Deep Inelastic

Discrete

GDR
Levels

7 Pion Production
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Leptoproduction: Had & Nuc Response

Nuclei Free nucleons
o O Elastic Hadronic
Elastic
Resonances
. Regge/
Quasi- .
Elastic Hadronic Deep Inelastic
Resonances

7 Pion Production

!

Single nucleon: PRL 121 (2008) 241804
AgY =0.02361(38) > 0.02467 (22)
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Wy Box: Update from 2006

nyW = o [ODIS + Cp + C*e99e 1 0™ 4 CFes]

CMS =0.829(83) — CB¥ =0.91(5)

CM> = 0.14(14) — CFev9e L 0™V 4 CFes = 0.48(7)

| —— This work
L ——- Ms

4 12
I Fys(0?) = @M?)(L 0?)

M;©@ (1,0 7 (1 + Q%M 2)

o
(=]
[\¥]
T

e PR R R R R AP B AR B
10 10* 10® 10 10" 10° 10' 10 10® 10* 10¢
Q2 (GeV?)




Leptoproduction: Had & Nuc Response

Nuclei Free nucleons
o : O Elastic Hadronic
Elastic
Resonances
Quasi- Regge/
Elastic Hadronic Deep Inelastic
Resonances Regge/
Deep Inelastic
>
e con
Pion Production
0] r'd
A | 0]

A 4

Quasielastic response [--->  Part of 6yg : “ CgNucl ”

New work 64



Impact on oy

ol
IS

A A T A

O — qg0>chB) — _(46+0.9) x 107

/

Our new work:
QE response

TC
//F'eatures: e Fewx 10™4

Towner &  Errorbar?
Hardy * Refinements ?
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Other Nuclear Corrections

Nuclei Free nucleons
O-Elastic o Elastic Hadronic
Resonances
Quasi- Regge/
Elastic Hadronic Deep Inelastic
Resonances Regge/
Deep Inelastic
e o M
W 7 Pion Production
A
Low-lying transitions |--——""""" »| Partof oys

Challenges & opportunities for nuclear th’y



Outlook

Fundamental questions motivate the search for
physics beyond the Standard Model

Tests of fundamental symmetries at low-energy are
poised to

 discover the BSM physics that answers
several of these questions

 determine its character

» Robust hadronic & nuclear computations plus
high sensitivity experiments are essential

67






Energy Scale (GeV)

TeV LNV & Leptogenesis

1072

103

1072
107

<_‘I'_ Standard thermal lepto

— 9 i Deppisch et
# Fast AL = 2 int: erase L al ‘14, 15
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 10-30 10-35 10-30
ThO 8.7 x 1029 ** 10-38 10-29

n 3.3 x 1026 10-31 10-26

*95% CL  ** e-equivalent New ACME: < 1.1 x 10-?°

Mass Scale Sensitivity

P singcp ~1 — M > 5000 GeV
Yy )‘U\I'\N\y
> M < 500 GeV — singcp < 10-2
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
199 Hg 7.4 x 10-30 10-35 10-30
ThO 8.7 x 1029 ** 10-38 10-29

n 3.3 x 1026 10-31 10-26

*95% CL  ** e-equivalent New ACME: < 1.1 x10-%°

* neutron

proton
& nuclei

*  atoms

~ 100 x better

Not shown: sensitivity

muon
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Future Tests

 Lattice computation of M, (Q?)

* PV electron scattering

Isospin relation

0 n
4F§):F§NZ_ 3,72

« SolLID ?

- EIC?

* More neutrino data for M;@ (Q?)
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0" — 0" Decay: Oy

W
Nuc.

Needed: state of
art calc’s & tests
w/ A,

124

One-body

Two-body:
GS —» GS

Towner 1992; T&H compilations

~

Full nuclear Greens fn:
excited intermediate states

J

J. Engel
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Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('>C) & nuclear f-decay;
beam normal asymmetry, Olympus... provide tests

S : :
Vv + v+ VY
I v  Elastic | Inelastic .
: : i I
Born Coulomb distortions Dispersion corr.
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Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('>C) & nuclear f-decay;
beam normal asymmetry provides, Olympus... provide tests
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Important for O (0.1%) asymmeny

probes of PV 2C(e,e’) &
superallowed p-decay V=2% W Nucleus-dependent QED &

EW corrections 75



Radiative Corrections & Ft Values

Corrected ft values:

Ft = ft(1+0g) (1 +dns —d0) (1+ Ap”)

e

Outer

correction Nucl wavef’'n Nuclear struct
N:;Ig?';tmd Not a RC part of M,,W
p w E-dependent

E-independent
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Radiative Corrections & V

Superallowed Neutron
2984.43s
’Vud|2 — ]:t<1 - AV |Vud|2 _ 5099.34s
k) To(1+ 3X32)(1 + Ag)
(gA/gv)2
Hadronic & short Contains AR

distance part of M,
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