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The Nuclear Physics Opportunity

Nuclear physics studies of fundamental symmetries &
neutrinos provide a unique window into deep
mysteries about the fundamental laws of nature

A targeted program of nuclear physics experiments
and theoretical studies are poised to make significant
discoveries and provide key insights about the new
Standard Model of fundamental interactions

The opportunities for both discovery and insight are
stronger and more compelling than ever



Goals for this talk

Set the context for town meeting discussion: What
are key scientific questions & how do they fit in the
broader context ?

Highlight compelling opportunities for NP

Ovpp — decay & EDMs: Articulate implications of
either discovery or null results & identify benchmark
sensitivities and time scales to maintain relevance

Highlight key theoretical challenges that must be
addressed to fully realize impact of experiments



Goals for this talk

Set the context for town meeting discussion: What
are key scientific questions & how do they fit in the
broader context ?

Highlight compelling opportunities for NP

OvpBB — decay & EDMs™: Articulate implications of
either discovery or null results & identify benchmark
sensitivities and time scales to maintain relevance

Highlight key theoretical challenges that must be
addressed to fully realize impact of experiments

** Theory landscape for other topics addressed by subsequent speakers
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Outline

. Fundamental symmetries & neutrinos: the
BSM context

Il.  0vBp - decay

Ill. Electric dipole moments

IV. Outlook






Scientific Questions

2007 NSAC LRP:

What are the masses of neutrinos and how have
they shaped the evolution of the universe?

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

 What are the unseen forces that disappeared
from view as the universe cooled?
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Ovpp-Decay: LNV? Mass Term?

Lonass = yl_Lf]VR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

 [s lepton number a good symmetry of nature ?

 What is the scale A of neutrino mass generation ?
Traditional see-saw scale ? TeV scale ?

* Do dynamics of neutrino mass generation provide
ingredients for baryogenesis via leptogenesis ?
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Scientific Questions

2007 NSAC LRP:

What are the masses of neutrinos and how have
they shaped the evolution of the universe?

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

 What are the unseen forces that disappeared
from view as the universe cooled?
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The Origin of Matter

Cosmic Energy Budget

Dark Matter

Baryons

68 %

Dark Energy

Explaining the origin, identity, and relative fractions of
the cosmic energy budget is one of the most compelling
motivations for physics beyond the Standard Model
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Symmetries & Cosmic History
EW Symmetry

Breaking: Higgs
New Forces ? Standard Model Universe
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Symmetries & Cosmic History

W Symmetry
yreaking. Higgs

Baryogenesis: When?
CPV? SUSY? Neutrinos?
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Symmetries & Cosmic History

W Symmetry
reaking: Higgs Baryogenesis: When?
CPV? SUSY? Neutrinos?
. —

Park Energy

EW Baryogenesis:
testable w/ EDMs +
Leptogenesis: , colliders
look for ingred’s I
w/ vs: DBD, v osc

Astro: stars,
| galaxies,..



Scientific Questions

2007 NSAC LRP:

What are the masses of neutrinos and how have
they shaped the evolution of the universe?

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

 What are the unseen forces that disappeared
from view as the universe cooled?
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The BSM Context: LHC Developments

< Observation of Higgs-like scalar

<> Non-observation of BSM particles
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The BSM Context: Questions

<> What are the BSM interactions and
what is the associated mass scale?

< Are fundamental interactions “natural” ?

20



Higgs Discovery




Higgs Discovery: Naturalness ?

Scalar fields are a simple

Scalar fields are theoretically problematic

ro) Am? ~ ) A2

Discovery of a (probably) fundamental 125 GeV scalar :

Is it telling us anything about A ? Naturalness?



Higgs Discovery: Implications

< Are fundamental interactions “natural” ?

Are there new Interactions that maintain
naturalness (e.q., SUSY) ?

<> Is there an extended scalar sector ?

Do its interactions conserve CP and/or
lepton number ?

23



Higgs Discovery: Implications

< Are fundamental interactions “natural” ?

Are there new Interactions that maintain
naturalness (e.q., SUSY) ?

<> Is there an extended scalar sector ?

Do its interactions conserve CP and/or
lepton number ?

Nothing else seen at LHC thus far
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LHC Implications

Weak scale BSM physics (e.qg., SUSY) is there but
challenging for the hadronic collider

BSM physics is there but a bit heavy (some fine tuning)

We are thinking about the problem incorrectly
(cosmological constant???)



LHC Implications & Open Questions

< Where are the new interactions ?

< What is the associated mass scale ? (Weak
scale but compressed ? Ultralight ? Heavy ? )

< What fundamental symmetries do new
interactions respect ? (Lepton number ? CP ?
Lepton flavor ? Baryon number ?)
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LHC Implications & Open Questions

< Where are the new interactions ?

< What is the associated mass scale ? (Weak
scale but compressed ? Ultralight ? Heavy ? )

< What fundamental symmetries do new
interactions respect ? (Lepton number ? CP ?
Lepton flavor ? Baryon number ?)

Compelling opportunity for nuclear physics !
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The Nuclear Physics Program

Targeted program of experiments & theory

<> Nature of the neutrino & search for lepton number
violation

< Yet unseen T-violation (CP-violation)

< Other key ingredients of the “New Standard Model”
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Four Components **

EDM searches:
BSM CPV, Origin of Matter

Ovpp decay searches:

Nature of neutrino, Lepton
number violation, Origin of
Matter

Electron & muon prop’s &
interactions:

SM Precision Tests, BSM
“diagnostic” probes

Radioactive decays & other
tests

SM Precision Tests, BSM
“diagnostic” probes

** 2012 NSAC Subcommittee Report
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Four Components This talk
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Four Components

EDM searches:
BSM CPV, Origin of Matter

Ovpp decay searches:

Nature of neutrino, Lepton
number violation, Origin of
Matter

Electron & muon prop’s &
interactions:

SM Precision Tests, BSM
“diagnostic” probes

Radioactive decays & other
tests

SM Precision Tests, BSM
“diagnostic” probes

Subsequent speakers
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Il. Ovpp - Decay

Discovery potential & its significance
Benchmark sensitivities

Implications of null results & interplay with other
experiments

Challenges & opportunities for theory

32



Ovpp-Decay: LNV? Mass Term?

Lonass = yl_Lf]VR + h.c. J— %ZCHHTL + h.c.

Dirac Majorana
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Ovpp-Decay: LNV? Mass Term?

Loass = yEﬁ]uR + h.c.

Dirac

See-saw mechanism

H \ / H 2
N ’ mp
S 2 my - —
vV Vi 7 M R
Leptogenesis

[(vg — (H) # T'(vg — (H*)

Lepton Asym -> Baryon Asym

Lo = LICHHTL + hec.

A

Majorana

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

Lonass = yEﬁ]uR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Benchmark Sensitivity

l<m>l [eV]

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

Loass = yEﬁ]uR + h.c.

Dirac

Benchmark Sensitivity
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0.001
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Lo = %ZCHHTL + he.
Majorana
Present e— e—

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

Loass = yEﬁ]uR + h.c.

Dirac

NOVA, T2K, LBNF, JUNO, RENO, Hyper-K,
PINGU, ORCA...

o %ZCHHTL e

Majorana

l<m>l [eV]

0.001

Present - -

Tonne scale =
14

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

Loass = yEﬁ]uR + h.c.

Dirac

[NOVA, T2K, LBNF, JUNO, RENO, Hyper-K,

PINGU, ORCA...

l<m>l [eV]

ol

0.0001 0.001 1
my, [eV

Cosmo future ?

o %ZCHHTL e

Majorana

Present - -

Tonne scale =
14

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

Loass = yEﬁ]uR + h.c.

Dirac

[NOVA, T2K, LBNF, JUNO, RENO, Hyper-K,

PINGU, ORCA...

o %ZCHHTL e

Majorana

l<m>l [eV]

le- ‘ e 1 T
Mo [ey'Q

Cosmo future ?

Present - -

Tonne scale W~ Vv M

W-
2

* Ovppsignal: LNV & Majorana
mass

* Ovpp null result + hierarchy and/or
m,_... : Dirac mass & no LNV
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Ovpp-Decay: LNV? Mass Term?

Lonass = yEﬁ]uR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana
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* Ovppsignal: LNV & Majorana
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l<m>l [eV]

‘ T * OvpBg null result + hierarchy and/or
e [eyﬂQ 1 | m,... : Dirac mass & no LNV

Cosmo future ? KATRIN
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Ovpp-Decay: LNV? Mass Term?

Lonass = yEﬁ]uR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

NOVA, T2K, LBNF, JUNO, RENO, Hyper-K,
PINGU, ORCA...

_ Present - e—
T g,
7 Tonne scale W~ Vv .

le— g W~

l<m>l [eV]

* Ovppsignal: LNV & Majorana
mass

s * Ovpp null result + hierarchy and/or
e [eyﬂQ 1 | m,... : Dirac mass & no LNV

Cosmo future ? KATRIN
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Ovpp-Decay: LNV? Mass Term?

Loass = yEﬁ]uR + h.c.

Dirac

Benchmark Sensitivity

o %ZCHHTL e

Majorana

T U R R | T T T TrTIr T T T T 1177 LI

0.1

l<m>l [eV]

0.001

1‘nMIN

01
[eV]

Theory Challenge: matrix elements
+ mechanism
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Ovpp-Decay: LNV? Mass Term?

Lonass = yEﬁ]uR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Benchmark Sensitivity Theory Challenge: matrix elements

+ mechanism

<mv >EFF _ 2|Uek
~N

T U R R | T T T TrTIr U R R | LI

0.1

2 2id
m, e
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Ovpp-Decay: LNV? Mass Term?

Loass = yEﬁ]uR + h.c.

Dirac

Benchmark Sensitivity

o %ZCHHTL e

Majorana

0.1

0.01

l<m>l [eV]

T U R R | T T T TrTIr T T T T 1177

[eV]

1‘nMIN

Theory Challenge: matrix elements
+ mechanism

EFF 2 26
v ek k
<m > —E|U m, e
R
”\W<JLL\W U U é_JL[é‘
. SN Y

Heavy v,, or other heavy LNV 46




Ovpp-Decay: TeV Scale LNV

Loass = yl_Lf]VR + h.c.

Dirac

Mechanism: does light v,
exchange dominate ?

Aneavy N My kez:ff
Ajight N> meHt
O(1) for A ~ TeV

How to calc effects reliably ?
How to disentangle H & L ?

o %ZCHHTL e

Majorana

Theory Challenge: matrix elements
+ mechanism

2 2id
m, e

<mv >EFF _ E |Uek
k

e_

e e e
0
W Vi - o X
d d d
a7




Ovpp-Decay:.

mass — yl_;ﬁVR .C.

Dirac

LNV at the LHC

ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: ICHEP 2014 [Ldt=(10-203) o y5=7,8TeV
Model Ly Jets EP™ [rogm) Mass limit Reference
T T
ADD Gioe + 5814 - 12 ves 47 Mg 47TV n-2 12106401
ADD non-resonant ¢ 2eu - - 203 n-3HZ ATLAS-CONF-2014.030
ADD QBH— g tew 1] - 203 n-s 1911.2008
ADD QBH - 2] - 203 n-6 10 bo submittnd 1o PR
ADD BH hgh Nus 2u89 - - 203 6o — 1.5 ToH. ron ot 4 1308.0075
ADD BHNgh X pr step 22 - 203 16, Mo — 1.5 To¥,renrot 84 1405 4254
RS1 G — 2 2en - - =3 K =01 105123
RS1 Grx — WW — tvty 2ep - Yes 47 G mass. 1.23TeV KM =01 1208.2880
5 BUKRS Gix — ZZ — tlaq 2ep 210 - 203 |G Kbl =10 ATLASGONF. 2014030
BUKRS Gyx — HH — bbbb - 45 - 195 [Gmass 500710 Gev_ I KMy -10 ATLAS-CONF-2014-005
Buk RS gix — €7 Tep 210212 Yes 143 | BR- 0525 ATLASCONF-2013.052
S'Z; ED 2ep - - 50 Mg = R ATITeV 1206.2535
UED 2y - Yes 48 | CompactwaR 141 TV ATUASCONF 2012072
SSMZ' 2en S - 203 |z 14054123
SSMZ’ —rr 2r - - 195 AT 2013086
SSMW &y tTew Yes 203 ATLAS CONF-2014.017
EGM W' — WZ — tv ¢ Sep - Yes 203 14064456
§ EGM W’ — WZ — gqtt 2ep  2j/1y - 203 ATLAS-CONF- 2014039
& suw b Ten  20.01] Yes 143 ATLAS CONF-2013.050
LASM W, — b Oep 21B1J - 203 1 bo submimed 10 EFUC
Clageq - 2 - a8 |W TETV -+l 1201718
S  Cigo 2ep - - 203 PTEY ATLAS.CONF- 2014030
Cl e 2cu(S9) 21b21] Yos 143 -1 ATLAS CONF-2013.051
R 5 05 cosetr vy Ocu 121 s 105 = 200 Cltor my) < 80GaV | ATLASCONF-2012.147
EFT D8 operator (Dirac) Oep  14<1] Yes 203 #90% CLtor miy) < 100 GoV 130.4017
Scalar LO 1= gen 2e F=1 11124808
S scawl0zdgen 24 p-1 ez
Scaler LO3 gen Tepir p=1 12030526
Vectorike quark TT — He + X lep T in (1,8) doublet ATLAS-CONF-2013-018
ig Vector-ike quark TT — Wb+ X Bospn snget ATLAS-CONF-2013-080
Vector-ike quark TT — Z¢ + X Tin (1.8) octlet ATLAS.CONF-2014.038
Vector-ike quark BB — Zb+ X i (B) doudit ATLAS CONF- 20140
Vector-ike quark BB — We + X 8 (T8) doutiot ATLAS-CONF-2013.051
B Excited quark ¢" — gy 1y coly u and d, A = mig") 130.3230
Excited quark g* — qg - 2j - 203 only u* and &", A ~ m{q") 10 be subemitted 1o PRO
sg Excted quark b — We 1or2en1b2jort] Yos 47 |Bimess 870Gev. ofhanded corpiing 1901.1583
egton £ = &y 2emty - - 130 A-22700 12081304
LSTC a7 — Wy Temly - Y 203 |G 1050 abmmed 0 LB
LRSM Majorana v 2ep 2j - 21 |Nemass 15Tev m(Wa) =2 ToV, no midng 12085420
Veln0.085, |V,=0.063, |V, =0 ATLAS-CONF-2013-019
g Higgs tripiet Ho= — £¢ 2en(SS) - - 47 | 400 Gev. I LNV O producton, BAH* —» z0)et 1210507
O prodiucson, i - 46 120572
Magrelic monogcies. - - — 20 |monpoemes 862GV O producson, s~ 10 12076411
I L L
10 1 10 Mass scale [Tev]

mena is shown

limits on new stat

*Only a selection of the av s or pherx

TeV Scale LNV

mass —— _ZCHHTL + h.c.

Majorana

Theory Challenge: matrix elements
+ mechanism

EFF 2 26
m, = E|Uek m, e
k

40



Ovpp-Decay: TeV Scale LNV

— ~ y —
Loass = yLHvr + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
d__, | , u
St -
LHC: pp — jjee FOJF
d__, 5" : U
d Uu
Ovpp - decay
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Ovpp-Decay: TeV Scale LNV

Loass = yEﬁuR + h.c.

Dirac

d > |
St
LHC: pp — jjee F OJF
a5

d

Ovpp - decay
d

Lo = LICHHTL + hec.

A

Majorana

u
e s———
| Ms=Mg=1TeV
e [
u SIS
72
u 1l E
) ; PRELIMINARY
) 530 #00 600 K00 1000 1200 1400
© L(fb )min
u

T. Peng, MR-M, P. Winslow in prog
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Ovpp-Decay: TeV Scale LNV

_ o~ Y -
Loass = yLHvr + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana

d_—_, | u

St _
— ¢ ST T .
LHC: i e e F° | Present }
pp— i Jf . o| e | |
d__, ST : " U Q 3 ! ]
d u 1/
B : PRELIMINARY
OvBp - decay ) 06200 300 00§00 000 1200 1400

© L(fb 1)min
d U

T. Peng, MR-M, P. Winslow in prog
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Ovpp-Decay: TeV Scale LNV

- ~ y —
Loass = yLHvr + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
d__, | u
St .
—— ¢ SpT T T S .
LHC: i ee- F° | Present ]
pp— i Jf . o| e | |
d__, ST : " U Q 3 ! ]
d u 1/
) : PRELIMINARY
Ovpp - decay ) 06200 K400 &00 500 000 1200 1400
e 1 )
~2022) ) min
d u

T. Peng, MR-M, P. Winslow in prog



Ovpp-Decay: TeV Scale LNV

Lonass = yl_Lf]VR + h.c. J— %ZCHHTL + h.c.

Dirac Majorana
(H) , (H)
Controls \ /
m, \\/é
d > I S U S0 // \\‘\50
S+ /7 N
'_,_ e S / |
LHC: pp — jjee F* .. [ Present |- = .
_ | °Ge equiv ]
I ,
+ 1 L
i . S | ' " @ 35 !/ |
d u i
; PRELIMINARY
e oL . . k.
Ovpp - decay 0 200 $400 600 800 1000 1200 1400
e 1
LA™Y i
~2022 (o) min
d U

T. Peng, MR-M, P. Winslow in prog



Ovpp-Decay: LNV? Mass Term?

Lonass = yEﬁ]uR + h.c. J— %ZCHHTL + h.c.
Dirac Majorana

Theory Challenge: matrix elements
+ mechanism

<mv >EFF _ E|Uek
~N

0.1

2 2id
m, e

l<m>l [eV]

0.001

le-05 0.0001 0.001 0.01 0.1
my [eV] \_ )




OvpBp-Decay: Nuclear Matrix Elements

Loass = yl_Lﬁ]VR + h.c.

Dirac

Light v,, exchange: can we
determine m,,

E Z ‘ eff
T1 /2

Shell Model vs. QRPA

Configs near
Fermi surface

Levels above
Fermi surface

Y7 T
Emass —_ KLCHH L —l_ h.C.
Majorana
P. Vogel
8 @® | RQRPA
H | NSM 7
T+ A | IBM-2 —
= _
T A
5H@ —
i oA
S o. | 4 g
3+ ° A o _
L A
Lm . . i o A
i . ]
0 ! 00. 130,
G S Z Mo T X Nd

See Jon Engel Talk 99



OvpBp-Decay: Nuclear Matrix Elements

Loass = yEﬁ]uR + h.c.

Dirac

Light v,, exchange: can we
determine m,,

1

E Z | eff
T\ /2

Shell Model vs. QRPA

Configs near  Levels above
Fermi surface  Fermi surface

Lo = LICHHTL + hec.

Majorana

S NSM ———-

sin“(04,) = 0.318 (best-fit) Tue ———-

J - -
‘ ‘ B -
GM —-— -
I I PHFB — - —- -
10 § Pseudo-SU(3) -------- _
! T -
lil S S I:
,\; I T+I JT i | T T _ J'I'T T i )

e ! L EJ I T [ S S
I_r‘\A 1 ! l _|_|_ 1=
E Lo i L i
1 L -
0.1
48‘Ca 7SGe BZSE 96‘Zr TOO‘MO ‘HOIPd 'I'Iﬁcd 124‘Sn 13(;Te 136‘Xe 'ISO‘Nd
NSAC Subcommittee

See Jon Engel Talk
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lll. Electric Dipole Moments

Discovery potential & interpretation: need for
searches in multiple systems

Benchmark sensitivities: three examples

Challenges & opportunities for theory

o7



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
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EDMs: New CPV?

System Limit (e cm)” SM CKM CPV BSM CPV
19 Hg 3.1 x 102 10-3 102
ThO 8.7 x 1029 ** 10-38 10-28

n 3.3 x10-26 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
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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

——

)
©
&S
%)
? S
2
L
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 g
L
QCD Matrix Elements Nuclear & atomic MEs
d., g\ - . Schiff moment, other P- &
T-odd moments, e-nucleus
Expt CPV

65



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 + 0

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
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Complementarity: Three lllustrations

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

* Weak scale baryogenesis (MSSM)

* Model-independent
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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 70



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 71

(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 + 0

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... 73




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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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,

76




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
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Engel, R-M,

van Kolck ‘13

Hadronic Matrix Elements

Param Coeff Best value?® Range
" o, 0.002 (0.0005-0.004)
ap 0.002 (0.0005-0.004)
Im Co6 ue 4x107* (1-10) x 107*
G 8 x 1074 (2—18) x 107*
d, ep —0.35 —(0.09 —0.9)
epd —-0.7 —(0.2—1.8)
8q er! 8.2 x 107° (2 —20) x 107°
ecd 16.3 x 1072 (4 — 40) x 1072
Im Cyy -4 0.4 x 1073 (0.2—-0.6) x 1073
dy —1.6 x 1073 —(0.8 —2.4) x 1073
d, P! —0.35 (—0.17)-0.52
Pl 1.4 0.7-2.1
8q u 8.2 x 107° (4—12) x 1079
¢l —33x 107° —(16 — 50) x 10°
Cz G 2 x 1077 (0.2 — 40) x 1077
Im Cyyq oud 3 x 1078 (1—10) x 1078
Im Clyg uad 40 x 1077 (10 — 80) x 1077
ImCly g 127 11-145
Im CS 2 0.9 0.6-1.2

&s

n

78



Engel, R-M,
van Kolck “13

Hadronic Matrix Elements

Param Coeff Best value?® Range
é oy 0.002 (0.0005-0.004)
ap 0.002 (0.0005-0.004)
Im Cyc uG 4x10* (1—10) x 107*
G 8 x 1074 (2—18) x 107*
d, ep —0.35 —(0.09 —0.9)
epd —-0.7 —(0.2—1.8)
5 | (CEDM) et" 8.2 x 107° (2—20) x 107° ]
ecd 16.3 x 1072 (4 — 40) x 1072
Im Cyy -4 0.4 x 1073 (0.2—-0.6) x 1073
dy —1.6 x 1073 —(0.8 —2.4) x 1073
d, P! —0.35 (—0.17)-0.52
Pl 1.4 0.7-2.1
8q u 8.2 x 107° (4—12) x 1079
¢l —33x 107° —(16 — 50) x 10°
Cz G 2 x 1077 (0.2 — 40) x 1077
Im Cyyq oud 3 x 1078 (1—10) x 1078
Im Clyg uad 40 x 1077 (10 — 80) x 1077
ImCly g 127 11-145
Im CS 2 0.9 0.6-1.2

&s

n

79



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



IV. Outlook

Nuclear physics studies of fundamental symmetries &
neutrinos provide a unique window into deep
mysteries about the fundamental laws of nature

A targeted program of nuclear physics experiments
and theoretical studies are poised to make significant
discoveries and provide key insights about the new
Standard Model of fundamental interactions

The opportunities for both discovery and insight are
stronger and more compelling than ever

82






Scalar Fields in Particle Physics

Scalar fields are a simple

Scalar fields are theoretically problematic

ro) Am? ~ ) A2

Discovery of a (probably) fundamental 125 GeV scalar :

m.? ~Av? & Gg ~ 1/v°: what keeps G “large” ?
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LHC BSM Challenge:
Light but Compressed ?

G— q+x)

IO ¢ -4 _ . i
>""JW< §—q¢+x"—L+v+qd+X3

= ~ =

q S~ q”

Final state: 2j + &, 2j + [+ E/T

PP — 48,4 qX ; m@>>m@

3 12007 Luisbrcuinary | ? °o %
€ | E=7TvLain’ A eSS
EQ'"1000_— O = 0.4
800_— ] ] ] . !
; | No exclusion yet (/et.s .anaIySIs). IS
600 sub-TeV SUSY hiding here?
400'_

CMS:
SUS-11-016-pas

If so, will it show up in precision
0 tests ?

200\

1 1 1 FONN T T [NTO T  NT S S H |
400 600 800 1000 1200
My (GeV)
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LHC BSM Challenge:
Light but Compressed ?

G— q+x)

IO ¢ -4 _ . i
>""JW< §—q¢+x"—L+v+qd+X3

= ~ =

q S~ q”

Final state: 2j + &, 2j + [+ E/T

CMS Preliminary, 19.5 b, 5 = 8 TeV
—~ 600 ~
> pp—> 44 g — q%; NLO+NLL exclusion 10 &
S ==Observed £ 10y, S
& 500| =z: Expected 10,,paiment 3
E . o
400__ _'qL*qH ('U,‘aS:,'(??"\ ] ! g . [ . .
- oo~ 13 51 Noexclusion yet (/et's .analySIS). is
300 O sub-TeV SUSY hiding here?
L ‘.‘ L g
200 i A =)
NN | T ; iSj
ma ARREE I If so, will it show up in precision
300 405500 600" 700 800 %00 1000 10° tests ?
my (GeV) CMS: SUS-13-012-pas
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LHC BSM Challenge:
Light but Compressed ?

g—q+x)
§—qd+xT—=l+v+qd+X}

Final state: 2j + &, 2j + [+ E/T

q - q
8 e
-~
= ~
q ~q”
@q production; G- q i?
S‘ illllllllllll IIIIIIII I llllllll Illllllllllllll:
& 700 —ATLAS o Obsenedimit (t10500) ]
~ [ } 7 mmem Expected it (£10,,)
E 600 _—J. Lat=20310", (58 TeV . [ Observed imit (4.7 f0", 7 TeVy|
[ Oleptons, 2:6 jets S e Expected it (4.7 f0", 7 TeV) ]
500 - Vs E
400 - Ko -
300 -
0 " :
A e |
100 &7 \\ *
: 3| o, VR
0|I|‘I|I|I||IIIII:‘II|I|A:IIIIIII|IIIII|II:I| IIIillllll-
200 300 400 500 600 700 800 900 1000 1100
m; [GeV]

No exclusion yet (jets analysis): is

. sub-TeV SUSY hiding here?

If so, will it show up in precision

tests ?
ATLAS: 1405.7875
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Moller & Lepton Number Violation

Left-Right Symmetric Model

— . 5-1— 2 5++
L= %hz’j [LYeALL’] + (L < R) +h.c. Apgp = ( Lr/2 ol )

S(L),R _‘SIJ:,R/\/z

e e
~ g’ | - _
h,, = N\ Nee L= Zhijh;:m[MT(llejR)(llefnR) + (L < R):|-
8x"
e o
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Moller & LNV: Phenomenology

Left-Right Symmetric Model

L= ghij [LALLY] + (L < R) + hc.

Neutrino Mass: <99>=0
OvBp : ht # hR
u — 3e:

Mgis
|h, ki, < 1.55 % 107 B““3e( oLy
" 102 1TeV

AL,R - (

81 r/V2

0
(SL,R

++
01 R

_‘SIJ:,R/\/i

)
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Moller & LNV: Phenomenology

Left-Right Symmetric Model

Neutrino Mass: <99>=0

OV : ht = AR

PLSSO Mp=0.5TeV | |

u — 3e:

St Mp=10 TeV

Mp=15 TeV

—= 001}
i ~,
4 B,LL—»3e M+ ) = b N
|hehie] = 1.55 X 107 (= -
0 — \ d AN
pe'tee 102 1Tev" | NN,
1074 F e,
. .
1073
10‘—4 0.601 0‘(‘)1 O‘.l ‘l 10

Chao, Li, R-M in prep 90



BSM Origins

EDM: vff
CEDM: gff \y
Weinberg ggg: o
Four fermion ]

f f (p

d I W*' Up
udHH
\ dy
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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
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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
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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 )
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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
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