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Goals for This Talk

Provide the NTNP collaboration a framework for
communicating the scientific motivation, significance,

and impact of FSNN theory to our colleagues within
and beyond nuclear physics

lllustrate the multifaceted role for FSNN theory in this
context

Summarize some of the open challenges that the
NTNP collaboration can address



Key Themes

Fundamental symmetry tests with nuclei & hadrons
address compelling questions about the fundamental

laws of nature both within and beyond the Standard
Model

Advances in experimental sensitivities challenge
theory to push the state-of-the-art in Standard Model
computations and delineate the broader implications of
of these experiments for our understanding of the
strong interaction and beyond Standard Model physics

Theoretical developments are meeting this challenge
head on, uncovering new puzzles, and pointing toward
the next horizon in experimental sensitivity



Caveats & Thanks

Most of the work referred to in this talk will involve my
collaborations — due to time limitations in preparing
this talk and not due to any judgement about the
iImportance of work not cited

Many colleagues have made important contributions
not cited today, and our field is enriched by this work

| owe a debt of gratitude to the many students, post-
docs, and faculty collaborators with whom I've had the
privilege of working over the years on the topics
discussed today
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Il. Four Quests

Today @ Parity-violation with electrons
@ B-Decay: 65 years after Wu et al
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lime CP: Electric Dipole Moments & the Origin of Matter
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Ill. Concluding Remarks



I. Context



Fundamental Questions

Matter, Energy & Mass Nucleon & Nuclear Structure

Dark Mat

Park Energy

fermion masses

de se be

How does QCD build nucleons and

[iree g o e nuclei with quarks & gluons ?
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Nuclear Science Strategic Vision

1. How did visible matter come into being and how does
it evolve?

2. How does subatomic matter organize itself and what
phenomena emerge?

3. Are the fundamental interactions that are basic to the

b structure of matter fully understood?

The 2015 4. How can the knowledge and technical progress

LONG RANGE PLAN provided by nuclear physics best be used to benefit
for NUCLEAR SCIENCE soclety?”

@ e

RECOMMENDATION I
The excess of matter over antimatter in the universe is
one of the most compelling mysteries in all of science.

e What are the absolute masses of neutrinos,
and how have they shaped the evolution of the

universe? The observation of neutrinoless double beta decay
in nuclei would immediately demonstrate that neutrinos
® Are neutrinos their own antiparticles? are their own antiparticles and would have profound
implications for our understanding of the matter-

e Why is there more matter than antimatter in the
present universe?

antimatter mystery.

We recommend the timely development and
deployment of a U.S.-led ton-scale neutrinoless
double beta decay experiment.

® What are the unseen forces that disappeared from
view as the universe expanded and cooled?



Nuclei & Hadrons as Laboratories

EDM searches:
BSM CPYV, Origin of Matter

Ovpp decay searches:

Nature of neutrino, Lepton
o L N
number violation, Orl%%fgﬂo

P violatiol Matter 1 mbef
C Challenges (see Lepton
also J Engel talk)

Electron & muon prop’s &
interactions:

SM Precision Tests, BSM

“diagnostic” probes—
—yiolatio!
Parlty

Radioactive decays & other
tests

SM Precision Tests, BSM

lllustrative story

Challenges (see
also CY Seng talk)




Theoretical Challenges

\ / BSM physics
Nuclei as
v C laboratories
A >\
. -

“l want you to better
understand me”

“l am incomplete,
but | need you”

U Electroweak probes
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Theoretical Challenges

Early Universe BSM Physics
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Theoretical Challenges

Early Universe BSM Physics

/Precision Electroweak Studies\

Perturbation theory
Effective Field Theory
Non-equilibrium QFT
Dispersion Relations
Collider simulations &

\ phenomenology

Experiments S Theory
12
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Theoretical Challenges

 What level of precision/sensitivity is needed to have
significant scientific impact ?

 How reliably can we interpret electroweak processes
at the nuclear and hadronic scales in terms of
 nucleon & nuclear structure ?
 beyond Standard Model physics ?

« Whatis the theoretical error bar ?

© ¢
L s
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FSNN Theory: An Urban Legend

Fundamental Physics

Supply Chain

N2
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<LV

Factory

L%
S
/
Matrix Elements l

Dtnbution Retal

Scientific Significance
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FSNN Theory: Comprehensive Role

Fundamental Physics
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Theoretical Challenges
hysi®>

ales Early Universe BSM Physics

/Precision Electroweak Studies\

\ phenomenology

Perturbation theory
Effective Field Theory
Non-equilibrium QFT
Dispersion Relations
Collider simulations &

Experiments S Theory
16
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lIA. Parity-Violation with Electrons
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Parity-Violation & Weak Charges

e e, p e e, D
Parity-Violating electron scattering
2
Ny =Ny GO
APV = = | + )
Ny, +N,, 4+2na’
1 t /
“Weak Charge” # 0 in SM

Sensitivity to BSM physics QCD effects (s-quarks)

Challenge: reducing the
theoretical uncertainties ‘V “‘

Challenge: precision
electroweak probe ..y
$ ¢



Continuous interplay between probing hadron structure and electroweak physics
Parity-violating electron scattering has becomga precision tool
photocathodes, polarimetry, high po@ver cryotarge?s;'nanometer beam stability, Sst'd
precision beam diagnostics, low noise electronics, radiation hard detectors Model
PVeS Experiment Summary T S e e \
| Ploneering electron-quark PV DIS experiment SLAC E122 -
® Pioneering \@dp o do N T e b R i SR e S J
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107 GLER * Novel Probes of Nucleon Structure
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Electroweak Radiative Corrections

Volume 242, number 3,4 PHYSICS LETTERS B 14 June 1990

ELECTROWEAK CORRECTIONS
TO PARITY-VIOLATING NEUTRAL CURRENT SCATTERING

M.J. MUSOLF
Center For Theoretical Physics, Laboratory for Nuclear Science and Department of Physics, PHYSICAL REVIEW D VOLUME 43, NUMBER 9 1 MAY 1991
h Institute of Tech Ce idge, MA 02139, USA
d Observability of the anapole moment and neutrino charge radius
an
M. J. Musolf
B R. HOLSTEIN
“any o ﬂ;sms and University of Amherst, MA 01003, USA Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics,
> T ! M h Institute of Technology, Cambridge, Massachusetts 02139

Barry R. Holstein

r . ' Astronomy, Uni ity of M h Amherst, M h 01003
PHYSICAL REVIEW D, VOLUME 65, 033001 (Received 25 September 1990)
Electroweak radiative corrections to parity-violating electroexcitation of the A
Shi-Lin Zhu,'? C. M. Maekawa,” G. Sacco,!” B. R. Holstein,® and M. J. Ramsey-Musolf'*#

'Department of Physics, University of Connecticut, Storrs, Connecticut 06.

2Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, Calif PHYSICAL REVIEW D 72, 073003 (2005)
3Department of Physics, University of Massachusetts, Amherst, Massachusetts

“Theory Group, Thomas Jefferson National Accelerator Facility, Newport News, Vii Weak mixing angle at low energies

(Received 10 July 2001: published 20 December 2001)

Jens Erler' and Michael J. Ramsey-Musolf*

Ynstituto de Fisica, Universidad Nacional Auténoma de México, 01000 México D.F, Mexico
2Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125, USA
(Received 21 October 2004; revised manuscript received 11 July 2005; published 13 October 2005)

Strong interaction

Strong interaction:
_inside proton
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PV Electron Scattering

Continuous interplay between probing hadron structure and electroweak physics

4 Decades of Progress

Parity-violating electron scattering has become a precision tool
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photocathodes, polarimetry, high power cryotargets, nanometer beam stability,
precision beam diagnostics, low noise electronics, radiation hard detectors

PVeS Experiment Summary
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Parity-Violation & Weak Charges

Parity-Violating electron scattering

Ny, -N,,  G.0°
(] X! F 2
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“Weak Charge” # 0 in SM /

Sensitivity to BSM physics

Challenge: reducing the ‘
theoretical uncertainties ‘V “‘



Weak Charge & Weak Mixing

{\ Near cancellation
Ow =—0% =1 — 4sin” Oy

2
SlIl2 HW _ (gz(M)Y -
g(u)” + g(uwy
SU(Q)L/ U(Dy

Weak mixing depends on scale



Weak Mixing: Energy Scale Dependence

0.245

RGE Running
a+ Particle Threshold
Measurements
SLAC-E NuTeV
0.24
— Particle
= Qwe thresholds
- ARV N7 \
edis }
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MS bar scheme
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Electroweak Radiative Corrections

PHYSICAL REVIEW D 68, 016006 (2003) PHYSICAL REVIEW D 72, 073003 (2005)
Weak charge of the proton and new physics Weak mixing angle at low energies

Jens Erler,'”* Andry Kurylov' and Michael J. Ramsey-Musolf234#

1 . 2
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(Received 27 February 2003; published 17 July 2003)
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Full SU(2), x U(1)y

Weak Mixing in the SM: Uncertainties

da . ds* _by

Z N‘%Q,T,[l 3 &(u)]
Z Nc.le2 &(”’O) ,

Relate running of sin?8,, to running of «
Run o & sin?6y, to 1 ~ m,

Bound s-quark contribution to ao(m; ) --
relative to u and d contributions -- using
symmetry limits: heavy quark and
SU(3); limits

Renormalization Group

Erler & R-M

aM?
Aanap(M3%) = ZP/ ”L)S)ds
Z

R = o (e*e- 2 had)/ o (e*e 2 u'ur)

Dispersion Relation

\q




Weak Mixing in the SM: Uncertainties

Erler & R-M
Full SU(2), x U(1)y Renormalization Group
a M?2 R(s)
o d& X ds2 b2 X sz o Aanap(M3) = ZP/ —”Z S)ds
§2—— & 2+Z—aza-+
dt dt T > 77'2 /
R = o (e*e- 2 had)/ o (e*e 2 u'ur)
> alpm) . , R
sinfy () = 2000 sin?@y (1) Uncertainties: sin?6,, (0)
Mo
Z NC’)’:QIT'[I — a(p) ] +-3x 10°: da O(m.)
c 2 A ’
2.iNiviQ & (o) +/- 5 x 105 Aat @ (my)
+/- 3 x 10°: OZI

1. Relate running of sin?6,, to running of o +/- 1.5 x 104 : sin?6,, (M)
2. Run a & sin?6y, to u~m, —
3. Bound s-quark contribution to a(m,) -- T .

relative to u and d contributions -- using & e =

symmetry limits: heavy quark and s |

SU(3); limits T
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Electroweak Radiative Corrections

PHYSICAL REVIEW D 68, 016006 (2003)

Weak charge of the proton and new physics

Jens Erler,'”* Andry Kurylov' and Michael J. Ramsey-Musolf234#
Ynstituto de Fisica, Universidad Nacional Autonoma de Mexico, 04510 Mexico D F., Mexico
2Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195, USA
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PHYSICAL REVIEW D 72, 073003 (2005)

Weak mixing angle at low energies

Jens Erler' and Michael J. Ramsey-Musolf*
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Radiative Correction Uncertainties

_ 2 Erler, Kurylov
= Ny -Ny GO +F(Q2,E)] Hien (arge
NM +NH 4\@105

E-Independent e ¢ p e 4 p
14 4
ANTAND) ALY
Ve
YW VYW
W 14
e P e P

Sa | (M) —
Dyz=ﬁ““‘““)[h‘(?) CM——5Qy ~ 0.7%

l_afs(M{V)) SQu~0.1%

Order a4?




Radiative Correction Uncertainties

N,,-N 0’
Apy = N::+Nli 4\an0¢[

E-dependent: E = 1.165 GeV e 1% p
4
VYW
Ref. [11]  [Ref. [15] Ref. [17] This work %% W)')N\
(3+3)10-3](4.7711)102] (5.7 £ 0.9)103 [ (5.4 £ 2.0)10~2 - p
[11] Gorchtein & Horowitz Equivalent to ~ 2.8%

uncertainty in Qy,
[15] Sibirtsev et al

[17] Rislow & Carison Includes estimate of

**  Gorchtein, Horowitz, R-M *—_ model uncertainty
1102.3910 [nucl-th]



Radiative Correction Uncertainties

A _Ny-N,, G0 [ ]
A NM+NH 4\fmx

E-dependent: E = 1.165 GeV \
e 4 p
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Theoretical Challenges
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Intensity Frontier: BSM Footprints

New Symmetries

1. Origin of Matter F Je o we
2. Unification & gravity 2 Pk
3

4

. Weak scale stability
. Neutrinos

Fundamental symmetry tests: draw
inferences about BSM scenarios
from a variety of measurements

High energy searches:
does the observed BSM
‘species” fit the footprints ?




Precision ~ BSM Mass Scale

Precision ~ Mass Scale

AOYEV a(M)2

Oy = -
oM a\m

Loop effect

M=m, 0~2x107

dexp~ 1x 107

L N N g

» Special cases: SM-forbidden or suppressed processes

Onew ~ C (MW/A)2

A<1TeV (loop)

A~10 TeV (tree)

Above example

34



Deviations: BSM “Footprints ”

SUSY Z/ Bosons Leptoquarks
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Tll'teoretical Challenges

Available online at www.sciencedirect.com

Footprints

P e e o e

BSM Physics
SUSY ?
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Supersymmetric effects in parity-violating deep inelastic
electron—nucleus scattering
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Probing supersymmetry with parity-violating electron scattering
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PV Electron Scattering: Diagnostic Tool

RPV: No %° DM

0.08 but Majorana v s . | ‘
12 GeV
0.06¢f SUSY loops : light &
' compressed spectrum
5 0.04f 1 MESA @
&E / Mainz
S 0.02F-- @l |
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? Q-Weak (ep) 6 GeV
5
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PV Electron Scattering

Continuous interplay between probing hadron structure and electroweak physics

4 Decades of Progress

Parity-violating electron scattering has become a precision tool

DL L L L L L L L b L b L L L L L L) e b b b b b A b L L L b b B b B B B B b b b A bR L -

photocathodes, polarimetry, high power cryotargets, nanometer beam stability,
precision beam diagnostics, low noise electronics, radiation hard detectors

PVeS Experiment Summary
Ploneering electron-quark PV DIS experiment SLAC E122
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Deviations: BSM “Footprints ”
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wo-Loop EW Radiative Corrections

Closed fermion loops: gauge invariant

(a) (b)
> ( ) ( ) < > <§ ? (e)
(c) (d)

PHYSICAL REVIEW LETTERS 126, 131801 (2021)

Parity-Violating Mgller Scattering at Next-to-Next-to-Leading Order:
Closed Fermion Loops

Yong Du M Ayres Freitas,”" Hiren H. Patel,** and Michael J. Rmnscy-Musnlf““j'§
'Amherst Center for Fundamental Interactions, Physics Department, University of Massachusetts Amherst,
Ambherst, Massachusetts 01003 USA
zPillsburgh Particle Physics Astrophysics and Cosmology Center (PITT-PACC), Department of Physics and Astronomy,
University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
ADeparrmem of Physics and Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, California 95064, USA
*Tsung-Dao Lee Institute and School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China
5Kel[ogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125 USA
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Two-Loop EW Radiative Corrections

------------------

Quantity Contribution (x10~%) . % shift *

1 — 4sin® Oy +74.4 i

AQ5y (1.1 —29.0 L - 39%

AQw (1.0) + 3.1 i + 4%,

AQw (2,2) — 2.12%5 05 : i' -4.4% | Must |

AQiy (a.1) + 1.65%550; L 34%)

AQW (2.0) + 0.18 (estimate) i | *-0.4%; Safe!
/\ # of closed * Relative to preceding order

Loop order fermion loops
Du, Freitas, Patel, MURM PRL 126 (2021) »

131801 [1912.08220]



PV Moller Scattering

Search for additional neutral weak force that is
inaccessible to the Large Hadron Collider

0242 Mdark 7 = 100 MeV
" Mgark 7 = 200 MeV
0.240 Qweak (first)
~ 0.238
I©
> 0.236]
7 02340
i {
0232 Moller
F MESA
[ Qweak
0.230 i "Anticipated sensitivities" SLAC
D é_li’k Z,'2 -] 0 1 Davou?diasl
Log, Q[GeV] et al (2012)

Dark Sector: Z’

JH
g 0.1 3 - /’T:\\\i;
- = N\ ]
- Dev, MJRM, Zhang
102} //' %_ PRD 98 (2018) 5 ]
- - parity—violating case
05 1 5 10

LR Symmetric Model Mg [TeV]

Type Il Seesaw: H**
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PV Moller Scattering

Interplay with 0vpg decay & collider searches

10"
10°F
1071 foeentt ]
1072
E
— -3L
g 10 ‘ 102
- 104k KamLAND-Zen \
- 110
g
10°F © T 4
. £ § 110
10°F ;
: 41075
-7 —r
100.5 5 10 50

Mg [TeV]

|(fR)ee|

£=0.35, My, =7TeV (NH)

: KamLAND-Zen |10
1073F : 5
: 10°
104F :
: 10
£,
10° RS & 1074
TR i
: 110-°
-7 - "
%5 5 10 50

Type Il Seesaw & H**: G. Li, MJURM,
S. Urrutia-Quiroga, J.C. Vasquez

Mg [TeV]
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Minimal LR Symmetric Model: Ovip-Decay

Long range chiral enhancement

® There are the following contributions (on top
of the usual light neutrino contribution)

LL or RR
J w ol
/ —_
We - l/\{ R -
1
e SL R
| —r— .
N 7 —
g
We WL, K
%/———— >
o n o
RR contribution Suppressed by heavy
6+t masses and LFV constraints (Tello and The Blue contributions are
Senjanovic. ArXiv: 1011.3522) .
Suppressed | mall heavy-light
ATLAS limit ~ 800 GeV) (arXlv: 1710.09748) )
Neutr m ]

44
Thanks! Juan Carlos Vasquez



PVES: Lessons

Integrated treatment of physics at a wide range of
scales is essential - draws on multiple theoretical
tools and variety of expertise

Sustained effort over many years required

Close collaboration with experimentalists:
experimental advances challenge theory while
theoretical advances open new horizon for experiment

Fundamental interaction physics is multifaceted &
dynamic - must continually incorporate results from
multiple frontiers
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lll. Concluding Remarks
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FSNN Theory: Comprehensive Role

Fundamental Physics

-
aaaaaaa
- S

Supply Chain /A .

V4
4
(]
I
|
1
\
é

\ . ,
\ Precision Calc’s /
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Theoretical Challenges
hysi%>
scales Early Universe

d
/Precision Electroweak Studies\

* Perturbation theory

« Effective Field Theory
 Non-equilibrium QFT
 Dispersion Relations
« Collider simulations &

\ phenomenology

BSM Physics

+ other important methods

not in my personal Experiments ~ Theory

scientific tool kit ! 48
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Key Themes

Fundamental symmetry tests with nuclei & hadrons
address compelling questions about the fundamental

laws of nature both within and beyond the Standard
Model

Advances in experimental sensitivities challenge
theory to push the state-of-the-art in Standard Model
computations and delineate the broader implications of
of these experiments for our understanding of the
strong interaction and beyond Standard Model physics

Theoretical developments are meeting this challenge
head on, uncovering new puzzles, and pointing toward
the next horizon in experimental sensitivity
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Theory & Exp’t: Close Collaboration

C PHYSICAL REVIEW C 76, 025202 (2007)

Global analysis of nucleon strange form factors at low Q2

Jianglai Liu,” Robert D. McKeown, and Michael J. Ramsey-Musolf
W. K. Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125, USA
Received 1 June 2007; published 2 August 2007)
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Exciting Challenges Remain

Atomic EDMs Future Circular e*e- & pp

CEPC-SppC Layout

Electroweak precision calc’s

“Old School” >N®)< Ig)i ><m:
theoretical physics M %@ o

91



Thank You !
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lIB. Beta-Decay
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Weak Decays: CKM Unitarity

d—ue v,
s—ue v,

b—ue v

e

(u ¢ 1

2018 Status

1Vud Vus Vub r
Vcd Vcs Vcb
\th Vts th /

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

1

0.05031 + 0.00022|

~.-——_—

Theory challenge:

™~

0.00002

reduce uncertainty

Ackm = —0.0006 + 0.0005

b.‘d
© ¢
A




Error Budget

2018 Status

Ackm = (IVual® + [Visl? + Vi1 exp — 1

0.94906 & 0.0-604j) 0.05031 +0.00022  [0.00002

———————

Theory challenge:
reduce uncertainty

Future goal: 10 precision

A~10 TeV (tree)

Acky ~ C (V/A)?
CKkM ( ) A <1 TeV (loop)
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CKM Unitarity & BSM Physics

d—ue v, V. V., \d
Ss—ue _e (l/l ¢ Vcd Vcs Vcb S
b—ue v, Vi Vi Vu D,
V4
. o =GRRaaT=
L <0001
N S .
“ 0 =
_ 3
e g B
~0 ~ ~ .
I ‘ I Ve = .l |
Vi : : v, +--- -0:001: . Future MSSM
! l o005l
100 200 300 400 500 600 700 $00 900 1000
X ¢ SUSY Bauman etal 12 Lightest chargino mass

Next generation: ~ 10-4 precision



SM Theory: Radiative Corrections &
Ft Values

Corrected ft values:

Ft = ft(1+0g) (1+dns —dc) (1 + Az®)

N \

correction Nucl wavef'n

Nuclear struct
Nuc;le%Wstruct Not a RC part of M.y,
part o
w E-dependent

E-independent
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Theoretical Challenge: Wy Box

Dominant source of uncertainty:

Ve 4 0*(f)
W G FVud 0% M 2
My = =5 [1 ( 7 ) T Cw(d)
oo )
Y
e 0*(i) Short distance: Long distance:
perturbative non-perturbative
Long distance V J
Sensitive to hadronic & nuclear dynamics ‘L !
- P |
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Theoretical Challenge: Wy Box

Dominant source of uncertainty:

Ve 0% (f)

A
W Gpvud 0% M2
My = 7 5 [1 ( K ) +C,YW(A)]
v _—/
Y
e 0*(i) Short distance: Long distance:
perturbative non-perturbative

Long distance V A, N\
Sensitive to hadronic & nuclear dynamics ‘L !
. |

Dispersion Relations: Incorporate
experimental data 60



Input for C , : Had & Nuc Response F’n

Nuclei Free nucleons

O O Elastic

. Hadronic
Elastic |

Resonances

Regge/
Deep Inelastic

Quasi-
Elastic

Hadronic

R
esonances Regge/

Deep Inelastic

Discrete

Levels SDR

7 Pion Production

PHYSICAL REVIEW LETTERS 121, 241804 (2018)

Reduced Hadronic Uncertainty in the Determination of V

Chien-Yeah Seng,' Mikhail Gorchtein,”” Hiren H. Patel,® and Michael J. Ramsey-Musolf**

'INPAC, Shanghai Key Laboratory for Particle Physics and Cosmology, MOE Key Laboratory for Particle Physics,
Astrophysics and Cosmology, School of Physics and Astronomy, Shanghai Jiao-Tong University, Shanghai 200240, China
2Institut fiir Kernphysik, PRISMA Cluster of Excellence Johannes Gutenberg-Universitit, Mainz D-55128, Germany
*Amherst Center for Fundamental Interactions, Department of Physics,

University of Massachusetts, Amherst, Massachusetts 01003, USA
“Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125, USA
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Interlude: - Decay, V,,, & CKM Unitarity

V, . 0*(f) Single nucleon (one-body) : use dispersion
relations to obtain from v p scattering - radiative
correction depends on Nachtmann moment

Factor of 2 reduction in V,4; uncertainty

e - O+(|) 0'08:_— This work

2,0, 2
Q%M 2)
o
S

A

e
(=)
B

© (1,02 /(

Previous state-
¥ of-the-art

™

M

0.02

AT ETEE T BTN ET] BTEN T BT ET] BTN T BT R T] BT Y] BTE R T B |
10 10* 10® 10 10*" 10° 10' 10 10® 10* 10¢
Q2 (GeV?)

L - WA25 PHYSICAL REVIEW LETTERS 121, 241804 (2018)
): A CCFR
X = BEBC/GGM-PS . - -
= Reduced Hadronic Uncertainty in the Determination of V,,
0.5 - Regge + BO[n + A Chien-Yeah Seng,' Mikhail Gorchtein,>" Hiren H. Patel,® and Michael J. Ramsey-Musolf**
= — mCD 'INPAC, Shanghai Key Laboratory for Particle Physics and Cosmology, MOE Key Laboratory for Particle Physics,
- Astrophysics and Cosmology, School of Physics and Astronomy, Shanghai Jiao-Tong University, Shanghai 200240, China
0 C sl " saaaul T | PR 2ln.\'l‘imrﬁir Kernphysik, PRISMA Cluster of Excellence Johannes Gutenberg-Universitit, Mainz D-55128, Germany
3 . . . .
‘Ambherst Center for Fundamental Interactions, Department of Physics,
0‘1 1 1 0 1w University of M h Ambherst, M ch 01003, USA
Q2 (Gevz) *Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125, USA
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Input for C , : Had & Nuc Response F’n

Nuclei Free nucleons

O O Elastic

. Hadronic
Elastic |

Resonances

Regge/
Deep Inelastic

Quasi-

. Hadronic
Elastic

Resonances

Regge/
Deep Inelastic

Discrete
Levels

7 Pion Production

PHYSICAL REVIEW D 100, 013001 (2019)

Dispersive evaluation of the inner radiative correction in neutron
and nuclear § decay

Chien-Yeah Seng.l‘:" Mikhail Gorchtein,**" and Michael . Rumsey-Musnl’r"'ﬁ
'INPAC, Shanghai Key Laboratory for Particle Physics and Cosmology,
MOE Key Laboratory for Particle Physics, Astrophysics and Cosmology,
School of Physics and Astronomy, Shanghai Jiao-Tong University, Shanghai 200240, China
Helmholtz-Institut fiir Strahlen- und Kernphysik and Bethe Center for Theoretical Physics,
Universitit Bonn, 53115 Bonn, Germany
*Institut fiir Kemphysik, PRISMA Cluster of Excellence Johannes Gutenberg-Universitdt,
55128 Mainz, Germany
*Amherst Center for Fundamental Interactions, Department of Physics,
) University of Massachusetts, Amherst, Massachusetts 01003, USA
°Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 91125 USA

SHelmholtz Institut Mainz, Johannes Gutenberg-Universitit Mainz, 55128 Mainz, Germany 63



Leptoproduction: Had & Nuc Response

Nuclei Free nucleons
o . O Elastic Hadronic
Elastic
Resonances
Quasi- Regge/
Elastic Hadronic Deep Inelastic
Resonances Regge/
Deep Inelastic
>
Pion Production
= a) / a)

!

Quasielastic response |--->»| Part of Syg : “ Cghue!”

Abyg = 0%s — 68, = —(5.1+£3.2) x 1074

64
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Impact on oyg

/

Y

=
SN

\ ]

A A//

\/

A/

Adng = 0g — 68, = —(5.14+3.2) x 107

/

Neglects A-
dep variations

/

/jptimistic:

Ave over 20
transitions

 Correlations
« 2-body currents
 Rel corrections
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Refinements

Apply state-of-art methods

=<
)
Z%

N « Correlations
J L « 2-body currents

A’ » Rel corrections

Consistency w/ CVC ?

zzMg ssca szGa 74Rb

| Iﬂc 3AC|35mK 46V 54c°
3080 “0 *"Al *Ar “Sc*Mn { 3090

D e . ‘1’%” +

. I
3040 i » 3060 Lo oo oo e e

3090

3030 S 5 10 15 20 25 30 35




Other Nuclear Corrections

Nuclei Free nucleons
o . O Elastic Hadronic
Elastic
Resonances
Quasi- Regge/
Elastic adronic Deep Inelastic
Resonances Regge/
Deep Inelastic
e M
m w 7 Pion Production
AN

__________ > Part of 5NS

Low-lying transitions

NTNP Challenge 67



0* — 0" Decay: oys

A
+
W
“ Nuc. N One-body Two-body:
GS —+ GS
or
Nuc.* ? Full nuclear Greens fn:
I excited intermediate states

68
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0* — 0" Decay: dyg

W
“ Nuc.

One-body

Two-body:
GS —+ GS

Towner 1992; T&H compilations

Full nuclear Greens fn:
excited intermediate states

J. Engel
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0* — 0" Decay: dyg

W
Nuc.

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

v (]

One-body

Two-body:
GS —+ GS

Towner 1992; T&H compilations

Nuc.*

~N

Full nuclear Greens fn:
excited intermediate states

L

J. Engel
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IID. EDMs
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EDMs & SM Physics

dn =~ (10-16 e Cm) X QQCD + dnCKM

72



EDMs & SM Physics

d,~ (10"%ecm) x Oqcp +

CKM
dy

d.CKM = (1 - 6) x 1032 e cm

C. Seng arXiv: 1411.1476
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EDMs & BSM Physics

d~(10"%ecm) x (v/ A)? x sing x y; F
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EDMSs & BSM Physics

d~(10"%ecm) x (v/ A)? x |sing|x y; F

CPV Phase: large enough for baryogenesis ?
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EDMSs & BSM Physics

d~(10"%ecm) x |(v/ A)?|x sing x y;F

BSM mass scale: TeV ? Much higher ?

v=246 GeV  Higgs vacuum expectation value
A>246 GeV  Mass scale of BSM physics
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EDMs & BSM Physics

d~(10"ecm) x (v/ A)? x sing x|y;F

BSM dynamics: perturbative? Strongly coupled?

Yy Fermion f Yukawa coupling
F Function of the dynamics

a4



EDMSs & BSM Physics

d~(10"%ecm) x|(v/ A)?|x |sing|x|y;F

Need information from at least three “frontiers”

* Baryon asymmetry Cosmic Frontier
* High energy collisions Energy Frontier
« EDMs Intensity Frontier

/8



Specific lllustrations: “Portals”

_________________________

'« Higgs boson | This talk

n

————————————————————————

A
1
i Back up slides /
i question period
:
/

s

------------------------

Where is BSM CPV hiding ?
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The Higgs Portal

NOT SURE IF HIGGS

80



What is the CP Nature of the Higgs Boson ?

* Interesting possibilities if part of an
extended scalar sector

» Two Higgs doublets ?
H—H,, H,

* New parameters:

tan = <H,>/<H,>
Sin p
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What is the CP Nature of the Higgs Boson ?

* Interesting possibilities if part of an
extended scalar sector

» Two Higgs doublets ?

H—H,,H,

* New parameters:

tan = <H,>/<H,>

Sin p

CPV : scalar-pseudoscalar
mixing from V(H,, H,)
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Higgs Portal CPV: EDMs

CPV & 2HDM: Type Il illustration Ae 7 = 0 for simplicity

2014 Status

All Constraints All Constraints All Constraints

Theoretically inaccessible

0.1r 0.1

001}/

|sin ap|

001

|sin ap|
|sin ap|

7 f e
0.001F 0.001?

107*

1074

Present /Veh, > Future: Future:
Q>4cﬂ//5 dy x 0.1 d, x 0.01
da(Hg) x 0.1 da(Hg) x 0.1
sin a;, : CPV Ao X 0.1 drho X 0.1
scalar mixing ds(Ra) [10-?7 e cm] ds(Ra)

83
Inoue, R-M, Zhang: 1403.4257



Higgs Portal CPV: EDMs & LHC

2017 Status

CPV & 2HDM: Type Il illustration

All Constraints

|sin ap|

Present

sin a;, : CPV
Scalar mixing

All Constraints

Theoretically inaccessible

0.1r

001}/

|sin ap|

7
0.001F

Ae 7 = 0 for simplicity

1074

Future:

d,x0.1

ds(Hg) x 0.1

dro x 0.1

ds(Ra) [10-27 e cm]

lSin le

0.001%

LHC 300 fb" 1

LHC 3 ab™"1
H =2 Zh

]

05 1 2 5 10 20 50

Alignment limit 4, g

Chen, Li, R-M: 1708.00435

Future:

d, x 0.01
da(Hg) x 0.1
dro x 0.1
da(Ra)

84
Inoue, R-M, Zhang: 1403.4257




EDM Complementarity
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Paramagnetic Systems: Two Sources

Electron N\
EDM 4
-
N e
Y

(Scalar q) & - I
x (PS €)

N e

Tl, YbF, ThO... 86



Paramagnetic Systems: Two Sources

Electron
EDM

(Scalar q)
x (PS €)

Tl, YbF, ThO...

-27
* — I -6x10 T 1
-400x10” -200 0
CS

0,22
-mc, C07/a)
20x10" 0

20
|

Chupp & R-M:
1407.1064

15

— 10

o
(ZV/‘;‘)°Q‘

N 6
= -15x10°

A Z (1.5 TeV) x y/sin ¢cpv

A 2 (1300 TeV) x +/sin ¢cpy

Electron EDM (global)

C's (global)

LHC inaccessible
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Paramagnetic Systems: Two Sources

_ -ImC eq(-)(VZ/AJ)
e 3 2 5| 0 1 2 3x107
4] | | | | |
Chupp update:  +-1.0
St e\ Y PDG 2020
EDM \2_
~-0.5
0.0 ’i
>N
- 0.5
N
- 1.0x10°
(Scalar q)
x (PS €) 4
N e
A Z (1.5 TeV) x y/sin ¢cpv Electron EDM (global)
Update: slightly stronger
A 2 (1300 TeV) x 4/sin ¢pcpy Cs (global)

Th O@ New Dec 22 LHC inaccessible




lllustrative Example: Leptoquark Model

e
y
Electron Y - §
EDM Pt T T
e_ e u (&
N e
Y
(Scalar q) & - I ° “
x (PS &) _—7 >_Z__<
N e u e
(3, 2, 7/6)

L3> -2*a%5XTel” — A% XTQ% + h.c.
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lllustrative Example: Leptoquark Model

e
A A = 0.1
Y T o .
Electron 4 § ’ |
.\my \ /’-"\\ COI’)St ntd |
EDM // \ \ e
_ : ‘, y |
€ e Ug e
Allowed —
N e

X (PS e-) / 2102 103 104

N e u e my [TGV]

y e u -
(Scalar q) & — > v < )

Fuyuto, R-M, Shen 1804.01137

See also: Dekens et al

1809.09114
L3 -2PahpXTel? — M4 XTQ" + hec. 00

(3, 2, 7/6)



lllustrative Example: Leptoquark Model

Orange: |d,| = 1030, 1037, 1032 e cm
= Green: |d,| = 1039, 1037, 1032e cm

e
:&SQ \dynl =107°,107%, 1072 e em
Electron N\ e -
EDM T T |
e e o J
Allowed —
N e ]
(Scalar q) & — I il
x (PS g) > < ol
10
N my [TGV]
Fuyuto, R-M, Shen 1804.01137
(3, 2, 7/6)

See also: Dekens et al

_ _ 1809.09114
L3> -2*a%5XTel” — A% XTQ% + h.c. o
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Matter Over Antimatter

LONG RANGE PLAN
for NUCLEAR SCIENCE

Dark Mat

Park Energy

Sidebar 5.2: Matter over Antimatter

Why Is there more matter than antimatter in the present
universe?

This question is one of the most compelling in physics,
and its answer Is vital to explaining the fundamental
origin, evolution, and structure of the nuclear matter that
we observe today.

By many accounts, the fireball generated during the
Big Bang was democratic: it contained the same
number of electrons and quarks (matter) as positrons
and antiquarks (antimatter). While it is possible that
something gave the Big Bang a slight preference for
more matter than antimatter, the subsequent period
of cosmic inflation—a brief period of rapid spacetime
expansion in the early universe—would have render
that imbalance imperceptible today. What happene:
then, to tip the balance in favor of the matter that
up nuclel, stars, and life itself?

kes

Physicists do not yet have a definitive answer, byt we do
know the ingredients for one. According to phygicist and

Fundamental symmetry tests in nuclear phy®ics are
looking for evidence of such violation, while nuclear

theorists are working to relate the results of these tests

to the matter-antimatter imbalance.

One of the most powerful probes is the experimenta
search for an as-yet unseen property of neutrons,
protons, electrons, and atoms known as a permanent
electric dipole moment, or EDM. As indicated in

Figure 1, its discovery would indicate a violation of time-
reversal symmetry. In many candidates for the new
Standard Model, this violation Is intimately connected
with the origin of the matter-antimatter imbalance. For
example, new supersymmetric, time-reversal-violating
Iinteractions would have generated this imbalance about
0.000000001 seconds after the Big Bang, while leaving
observable “footprints” today in the guise of permanent
EDMs.

EDM searches

EDM 1$ SPIN EDM 1# SPIN

TIME FORWARD TIME BACKWARD

Figure 1 Ifan EDM is observed, then time-reversal transformarion (T)
is not a symmetry of namre: it takes a particle with EDM parallel to the
spin and transforms it to the same particle with EDM anti-parallel 1o the
spin—a different object that does nor exist.

Another powerful probe is the search for the
neutrinoless double beta decay of atomic nuclei (see
Figure 2 and Sidebar 5.1). The observation of this nuclear
decay would immediately imply that neutrinos are their
own antiparticles and indicate a never-before-seen
breakdown In the balance between leptons and their
antiparticles. This symmetry violation would point to the
existence of very heavy cousins of today's neutrinos
whose decays in the early universe—possibly well
before 10 picoseconds after the Big Bang—generated
the excess of matter over antimatter.

Ny
Ovfp decay
@ Searches

Figure 2: Neutrinoless double beta involves the radioactive decay of a
nucleus whereby rwo electrons are d without their usual anti; ino

parmrrx.
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Ingredients for Baryogenesis

Scenarios: leptogenesis,
EW baryogenesis, Afflek-
Dine, asymmetric DM, cold
baryogenesis, post-
Sphaleron baryogenesis...

Standard Model BSM

* B violation (sphalerons) 4
» C & CP violation % v
» Qut-of-equilibrium or o /

CPT violation
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Electroweak Baryogenesis

Was Yz generated in conjunction with
electroweak symmetry-breaking?
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Fermion Masses & Baryon Asymmetry

fermion r}'yégses )
! (F 3
| Partners
(large afigle MSW) !
V{—® eV,y0Vy ; Partners
= = @ Js‘
dlLe <) ¢
l
|
|
|
l
[Something else ? ] ! [Higgs Mechanism ]
l
Z ' N
|
l
Leptogenesis: Baryon | Electroweak baryogenesis:
asymmetry & m, from : Baryon asymmetry & m; from
lepton number violation \ EW symmetry breaking

N o S BN SN B SN NS BN NN BN NN B SN SN B NN BN BN BN B N B e

EDM probes 96
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Ingredients for Baryogenesis

(~SEOFRHIGS Ieptogenes:s

. EW baryogenesis, :Afflek—
‘Dme“awnﬂm'mv'DM cold
baryogenesis, post-
Sphaleron baryogenesis...

Standard Model BSM

v
1
i * ’
=. Out-of-equilibrium or i 2 v
: CPT violation AN

First order EWPT
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CPV in EW Baryogenesis

PHYSICAL REVIEW D 71, 075010 (2005)

Resonant relaxation in electroweak baryogenesis

Christopher Lee,™ Vincenzo Cirigliano.+ and Michael J. Ramsey—Musolfi
California Institute of Technologev. Pasadena. California 91125. USA

PuBLISHED BY IOP PUBLISHING FOR SISSA

RECEIVED: September 21, 2009
ACCEPTED: October 22, 2009
PUBLISHED: December 23, 2009

Supergauge interactions and electroweak baryogenesis

Daniel J.H. Chung,® Bjérn Garbrecht,” Michael. J. Ramsey-Musolf** and Sean Tulin®

week ending

PRL 102, 061301 (2009) PHYSICAL REVIEW LETTERS 13 FEBRUARY 2009

Yukawa Interactions and Supersymmetric Electroweak Baryogenesis

Daniel J. H. Chung,' Bjorn Garbrecht,! Michael J. Ramsey-Musolf,"> and Sean Tulin?

"University of Wisconsin, Madison, Wisconsin 53706-1390, USA
2California Institute of Technoloov. Pasadena California 91125 TISA

PHYSICAL REVIEW D 81, 103503 (2010)

Flavored quantum Boltzmann equations

Vincenzo Cirigliano
Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico, 87545, USA
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CPV in EW Baryogenesis: SUSY
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EDMs: What We May Learn

EXPERIMENT THEORY
~ .\ ‘s
o Fan «
10 g <
| t
~
\"
10 .\"
~
d, (@« cm)
-~
Q:’ L)
10 Y
e,
-’
'H~ pa
\‘ p
10° Y
o °
10°

'
1960 1070 1980 1900 1000

YEAR

REVIEW OF PARTICLE
ELECTRIC DIPOLE MOMENTS

1. Mike Pendlebury

“n-EDM has killed
more theories than
any other single
experiment”’

Present n-EDM limit

Proposed n-EDM limit

Matter-Antimatter
Asymmetry in
the Universe:
MSSM

Theory: How robust ?
Can EDMs kill EW
baryogenesis ?



EDM Theory: Challenges
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