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Goals for this talk

Set the context for the workshop

Highlight (some) opportunities for low energy BSM
discoveries

lllustrate complementarity with BSM searches at the
high energy frontier

Underscore the need for on-going developments in
nuclear and hadronic structure
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I. The BSM Context



Questions for Fundamental Physics*

«  Whatis the origin of matter (luminous & dark) ?
«  Why are neutrino masses so small ?

. Are fundamental interactions “natural” ?

*Partial List
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Low-Enerqgy / High-Energy Interplay

Discovery “Diagnostic”
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Low energy High energy
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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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Il. LNV: 0vBB — Decay & the LHC
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Ovpp-Decay: LNV? Mass Term?

Loass = yiﬁVR + h.c. Loinass = %ECHHTL + h.c.

Dirac Majorana

19



Ovpp-Decay: LNV? Mass Term?

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

A(Z.N)

A(Z-2,N +2)

36




Ovpp-Decay: LNV? Mass Term?

Loass = yl_LﬁVR + h.c.

Dirac

Impact of observation

» Total lepton number not
conserved at classical level

» New mass scale in nature, A

* Key ingredient for standard
baryogenesis via leptogenesis

Lmass —

JI*HHTL + he.

A

Majorana

A(Z.N)

A(Z-2,N +2)

36




Ton Scale Experiments

Ovpp decay Experiments - Efforts Underway

NLDBD Sub Committee Report to NSAC

2013 2014 2015 2016 2017 2018 2019
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2013 2014 2015 2016 2017 2018 2019 LRP Resolution Meeting
OvBf-decay — experiments 13 Apri 18,2015

Thanks: J. Wilkerson 22



Why Might A “Ton-Scale” Exp’t See It?

AZN) — [l — 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

« > 3light 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




Why Might A “Ton-Scale” Exp’t See It?

Three active light neutrinos
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Interpreting the Result

Three active light neutrinos
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Full implications require information on I(Amm

lightest mass & hierarchy -,
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Interpreting a Positive Result

Three active light neutrinos

Effective DBD neutrino mass (eV)
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Interpreting a Null Result

Three active light neutrinos

1p
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What Would a Null Result Imply ?
e B

Current generation

Current generation
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Neutrino Mass Hierarchy
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Interpreting a Positive Result

Three active light neutrinos
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Why Might A “Ton-Scale” Exp’t See It?

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

37



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
|
S | s

A(Z-2,N +2)

14




Ovpp-Decay: TeV Scale LNV

- ~ y —
Loass = yLHvgp + h.c. Linass = KLCHHTL + h.c.
Dirac Majorana
TeV Scale LNV
d Uu
e Can it be discovered
Ovpp - decay ) with combination of
‘ OvBB & LHC searches ?
d u
d , | > u
S+ . Simplified models
LHC: pp — jjee F OJF

U 39




Ovpp-Decay: TeV Scale LNV

Loass = yl_)ﬁVR + h.c. Loinass = %ECHHTL + h.c.

Dirac Majorana

TeV Scale LNV

Comparing Ovpp & LHC
Ovpp - decay sensitivities:

 LHC backgrounds
* Running effective op’s to low
d__, u energy
St » Matching onto hadronic d.o.f.
50 Jf « Long range NME
_ contributions

LHC: pp —+ jjee

u 40

S+I
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Ovpp-Decay: TeV Scale LNV

— = y _
Loass = yLHvgp + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
TeV Scale LNV
d U
- Effective operators:
Ovpp - decay
‘© et = S0 e
d U LNV~ A5 ! o
d— . - u O1 = QrdQr+dLL"”
LHC: pp — jjee FOJF
L e — O, (A 1/4
d__, o | N U Joff 1( ) 41




Ovpp-Decay: TeV Scale LNV

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

Benchmark Sensitivity: TeV LNV

Present €_ e—

Tonne scale

A(Z.N) A(Z-2,N +2)

T. Peng, MRM, P. Winslow 1508.04444
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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

46



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

!

«—{ m, (loop)

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

1
10 g leV]

A hypothetical scenario



Low-Enerqgy / High-Energy Interplay

TeV LNV
Discovery “Diagnostic”
A A

Low energy High energy

48



OvpB/ LHC Interplay: Matrix Elements

Loass = yl_LﬁVR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV

Lo =LIHHTL + h.c.

B S s e -
5: Discovery
S Exclusion
JS+B 2[immmsr ====-==s-ssmssssesmmsoscoooeo
1t Assume GERDA present limit
& different Nuc/Had MEs
1 2 3 4

T. Peng, MRM, P. Winslow 1508.04444

A
Majorana
e e
F
|
S | s

A(Z-2,N +2)
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OvpB/ LHC Interplay: Matrix Elements

Loass = yl_LﬁVR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV

lllllllllllll

Lo =LIHHTL + h.c.

@mﬂwl

Exclusion

1t Assume GERDA present limit 1
& different Nuc/Had MEs
1 2 3 4
L(ab‘1)

T. Peng, MRM, P. Winslow 1508.04444

A
Majorana
e e
LLJ
|
S | s
A(Z.N) A(Z-2,N +2)




lll. CPV: EDMs, LHC, & Yg
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EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 3.1 x102° 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
19 Hg 3.1 x102° 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

Mike Pendlebury: 1936-2015 The Guardian 9/23/15

53



EDMs: New CPV?

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 3.1 x102° 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

Mass Scale Sensitivity

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

System Limit (e cm)’ SM CKM CPV BSM CPV
19 Hg 3.1 x 102 103 10-2°
ThO 8.7 x 1029 ** 10-38 10-28

n 3.3 x 1026 10-31 10-26

*95% CL  ** e"equivalent

* neutron

proton
& nuclei

*  atoms

~ 100 x better

Not shown: sensitivity

muon

95



Complementarity: Three lllustrations

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

* Weak scale baryogenesis (MSSM)

» Model-independent

56



What is the CP Nature of the Higgs Boson ?

 Interesting possibilities if part of an
extended scalar sector

o7



Inoue, R-M, Zhang:

Higgs Portal CPV 1403.4257

CPV & 2HDM: Type | & II As 7 = 0 for simplicity

A
Vo= T(si01)’ + 72(%@) + As (8] d1) (912) + Aa(@]2) (B51) + [A5(¢1¢2)2+h.c.
1
5 {mi(@01) + [mix(8]2) + hic.| +m3y(0162)
01 = Arg [Ag(mfz)z] : EWSB o 1_ >\5mv_112v2 )
02 Arg [A;(mfz)vlv’;] > o 1-—2 Ai:i:z 1
HO/H+




Future Reach: Higgs Portal CPV
CPV & 2HDM: Type Il illustration As 7 = 0 for simplicity

All Constraints All Constraints All Constraints

Theoretically inaccessible Theoretically inaccessible

0.1} 0.1

0.011

|sin ap|

001

|sin ap|
|sin ap|

’ t '
0.001f 0.001f

1074

1074

Present Future: Future:
d,x0.1 d, x 0.01
d,(Hg) x 0.1 d,(Hg) x 0.1
: d-nx 0.1 drnXx 0.1
sin a,, : CPV o 1o
scalar mixing da(Ra) da(Ra)

Inoue, R-M, Zhang: 1403.4257 63



Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration

All Constraints

|sin ap|

Present
sin oy, : CPV
Scalar mixing

0.1}

|sin ap|

0.001}

1074

0.011

As 7 = 0 for simplicity

All Constraints

Theoretically inaccessible

Future:

d, x0.1
d,(Hg) x 0.1
d7no X 0.1
da(Ra)

B-a=n]2
1. .
0S5k
Theory Inaccessible
0.1}
7§ 005} I Excl. by
e | hy 1-Zh, ->1lbb
£ ,
0.01¢ eEDM Excl.
0.005 -
LHC Current :
0.001 = L N

05 1 2 5 10 20 50
Dawson et al: 1503.01114 t@nfg  M,, =400 GeV

Future:

d, x 0.01
d,(Hg) x 0.1
d7po X 0.1
da(Ra)

Inoue, R-M, Zhang: 1403.4257 63




Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration As 7 = 0 for simplicity
f-a=1J2
All Constraints All Constraints L. ¥ = )
1 05 hy 3> WW/ZZ Excl,
Theoretically inaccessible fiz3-+Zh, —+11bb Excl,
Hg
0.1F 0.1
3 005} Theory Inaccessible
§ & oot -
izl izl - ¢EDM Excl,
001} 1
00011 0.005 ]
' LHC Current \
10—4 L L | | Nam O(Ill L
1 2 5 10 20 03 1 2 3 10 2 30
tan3 Dawson et al: 1503.01114 ., 5 M, = 550 GeV
Present Future: Future:
d, x0.1 d, x 0.01
d,(Hg) x 0.1 d,(Hg) x 0.1
. d70 X 0.1 d0 x 0.1
sin oy, : CPV o o
scalar mixing da(Ra) da(Ra)

Inoue, R-M, Zhang: 1403.4257 63



Higgs Portal CPV: EDMs & LHC

CPV & 2HDM: Type Il illustration

All Constraints

|sin ap|

Present
sin oy, : CPV
Scalar mixing

0.1}

|sin ap|

0.001}

10~

0.011

As 7 = 0 for simplicity

All Constraints

Theoretically inaccessible

B-a=n]2
1. . -
0S5k
Excl.
) 3= WW/Z, Theory Inaccessible
0.1k
7§ 005} I Excl. by
e | hy 1-Zh, ->1lbb
£ , .
0.01¢ eEDM Excl.
0.005 -
LHC Future ? \
0.001 = s P

05 1 2 5 10 20 50
Dawson et al: 1503.01114 t@nfg  M,, =400 GeV

Future:

d, x0.1
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d7no X 0.1
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Future:
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Low-Enerqgy / High-Energy Interplay

Higgs Portal CPV
Discovery “Diagnostic”
A A

Low energy High energy
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|sin |

Had & Nuc Uncertainties

CPV & 2HDM: Type Il illustration

ACME exclusion Neutron EDM exclusion/uncertainties
1 1
Theoretically inaccessible Theoretically inaccessible
0.1+ 0.1}
0017 S o001}
0.001 - 0.001} -
Range of hadronic
matrix elements ;
—4 —4 L L L e L T
10 10 1 2 5 10 20 50
tan
Present
sin oy, : CPV
Scalar mixing

Inoue, R-M, Zhang: 1403.4257

|sin |

0.1/
001+

0.001 -

1074

As 7 = 0 for simplicity

Hg EDM exclusion/uncertainties

Theoretically inaccessible

Range of nuclear N
matrix elements R
1 2 5 10 20 50
tanf
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|sin |

Had & Nuc Uncertainties

CPV & 2HDM: Type Il illustration

ACME exclusion Neutron EDM exclusion/uncertainties
1 1 -
Theoretically inaccessible Theoretically inaccessible
0.1+ 0.1}
0017 S o001}
0.001 - 0.001} -
Range of hadronic
matrix elements ;
_4 —4 | 1 L e ) L M
10 10 1 2 5 10 20 50
tan
Present
2% % B AONERE A" 8
sin oy, : CPV
Scalar mixing

|sin |

0.1/
001+

0.001 -

1074

ge

As 7 = 0 for simplicity

Hg EDM exclusion/uncertainties

Theoretically inaccessible

N ".
Range of nuclear R
. N
matrix elements SRR
L L - - | I L - \_\_\J:
12 5 10 20 50

tanf

#2

W W w—

Inoue, R-M, Zhang: 1403.4257 30



Was the baryon asymmetry produced during
electroweak symmetry-breaking ?

 EDMs provide most powerful probe of CPV

* Phase transition — Separate talk (back up slides)
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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,=102ecm ACME: ThO

Compatible with |
observed BAU =

1)

o
% 0_1: 23‘0[:_
= L =
£ = |
@ B d,=10%ecm

> —— d,=10%ecm X\j\ Next gen d,
/0.0} PRI B R R i n v lwes e le T
00 150 200 :

150 200 250 ’ 300
Next gen d,, M, [GeV) M, 1Gev)

Li, Profumo, RM 09-"10 67



EDMs & EW Baryogenesis: MSSM

Heavy sfermions: LHC
consistent & suppress
1-loop EDMs

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

Compatible with |
observed BAU =
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Heavy sfermions: LHC
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o | d,=10%ecm

A
P = 10-28 r
T g, = 10" e cm % Next gen d,
O.O}J.A.l..,.l..,.l...x n [ T
00 150 W20 250 300 o0 150 200 250 300
Next gen dn 1 [GeV] M, [GeV]

Li Profumo, RM ‘09-"10 Compressed spectrum Next gen 69
(stealthy SUSY) lepton collider




Low-Enerqgy / High-Energy Interplay

EWB for Compressed SUSY
Discovery “Diagnostic”
A A

Low energy High energy
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Model Independent: Effective Operators

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 +\N.\M %
EDM

-

Y
(Scalar q) —
x (PS e) T
N _

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

_ -mc, C07/AY
e 20x10” 0 20
6 ~ I L
N - 15
Chupp & R-M:
Electron 1407.1064 0
EDM
N 0N RN
(Sca/ar q) o— — -6x107" — \
X (P S e-) /100:(10'9 -200 g 200 400

Tl, YbF, ThO...



Paramagnetic Systems: Two Sources

Electron
EDM

(Scalar q)
x (PS e)

0,22
-ImC, (v /A7)
e 20x10” 0
l

20
|

Chupp & R-M:
1407.1064

— 10

[=]
(V2

N s
[~ -15x10°

A Z (1.5 TeV) x /sin ¢pcpy
AZ (1300 TeV) X 4/sin ¢CPV

Electron EDM (global)

Cs (global)

Tl, YbF, ThO...
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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 ¢pcpy Electron EDM (global)
A 2 (1300 TeV) x /sin ¢pcpy Cs (global)
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Tl YbF, ThO... LHC accessible?




Mass Scale

IV. Precision Tests

SUSY, LNV, extended
Higgs sector...

Sterile v’s, axions,
dark U(1)...

BSM ?

>
Coupling
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Muon Anomalous Magnetic Moment

o
£ =
& "BNL E821 + {

2 -50(=
100

As0F- Goal

E 360

-200:—

-2502 !

4002010 e*e” Thy f :
Aa(expt-thy) = (287 + 80) x 10! (3.6 ©)
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Muon Anomalous Magnetic Moment

111111
€ o

ESZ:BNL E821 * t Tl’ue deViation fl’0m SM ?

-150§ I Goal

_2005_ 360

Taeeem } | Challenge #3
A':l(expt-thy) = (287 £ 80)x 1011 (3.60)
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Muon Anomalous Magnetic Moment

o
& °[ BNL E821 * ¢

sl
100

A50[- Goal

E 360

-200:—

-2502 1

3002010 e*e” Thy + +

350l ! ! 1 1 1 1
Aa(expt-thy) = (287 + 80) x 10! (3.6 ©)

New TeV
Physics (SUSY)
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Muon Anomalous Magnetic Moment

x10-11
t F
£ 50|-
[}

]
é.-SOT
o -
Z100F-
=k
150
2001
250[-

-3

S

350

& °/BNL E821

13.6 c

02010 e*e" Thy *

Goal

+

Aa(expt-thy) = (287 + 80) x 10! (3.6 ©)

[Arkani-Hamed et al '08; Pospelov & Ritz '08; many others] Ll
- 107 BaBdr
AN . : [PAMELA '08] o /o N
\) NN, < 1%x10°%
> > YA %o
2 2 32 2 =" sx10
A ; ; S ‘ s é pa APEX Test MAMI
o <2 pd , <
mg ~ GeV LH"@ % ~ 1x10°6
7 1 - ‘g"“ \\ 5x10
. 7 A’—>ete provides a new El41
primary source of positrons " N
Enorgy (GeV) o
[and subsequently Fermi, AMS-02] 5 10 50 100 500  1000|
o \WVI

Y

New Ultralight

New TeV

Physics (SUSY)

Physics (Dark v )

New excitement
since 2008
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Muon Anomalous Magnetic Moment

x10" [Arkani-Hamed et al '08; Pospelov & Ritz '08; many others] DP exclusion summary
E 50: ] = € C KLOE ee —yee WASA KLOE ¢ _fee
: o ERN 5 [PAMELA 08] p— <
o 0| & <,
& °BNL E821 ¢ o o ] 105 &
>-50 S \ P > A ';7 + E
o I > S > S =% = AD 1
8. F S < < S ot ‘ C
E100F AS S S 7S + - RS s ] B
F S 2 2 S 8 SNt -
As0f- Goal > o 2 I £ | . M‘“
b 380 / nf ~__ 1078
“E ) . 1l Eoor - NA48/2 RN
250 ' .~ A’—ete provides a new ~ r prefiminary
: . : s 90% CL
2012010 e*e- Th primary source of positrons " N e
E y Energy (GeV) 107 = E‘"" |
Y | | ) 3 \ i | | [and subsequently Fermi, AMS-02] : 1 > — P *
. 0 107y covee
Aa(expt-thy) = (287 + 80) x 10! (3.6 ©)

Muon g-2 region
Y essentially ruled
out (assumptions)

NAPEARMR New Ultralight

' ‘ New ToV/ Physics (Dark v )

Physics (SUSY)

New excitement
since 2008
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The Hunt for a Dark Z

107"

1072

10°°
w
107
10°°
107° 75 -2 e T
10 10 10 1 10 10 10
sz [GeV]

Curtin et al, ‘14
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107"

1072

10°°

The Hunt for a Dark Z

w
104 Collider searches
10°° .

Low energy
10-6 AN . Y N |
10° 1072 10 1 10" 10 10°
sz [GeV]

Curtin et al, ‘14
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The Hunt for a Dark Z

107"

1072

10°°
w
107
10°°
10-6 -3 -2 -1 . T, 1 o 2 L 3
10 10 10 1 10 10 10
sz [GeV]

Curtin et al, ‘14
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The Hunt for a Dark Z

107"

1072

Collider searches

Red: pp2>Zp-

Blue: h-ZZ5-4¢ .
Solid: LHC8, 20/fb
Dashed: LHC14, 3000/fb
Dotted: 100 TeV, 3000/fb E

EWPT w/ Central Values @ ILC/GigaZ:
as currently measured (purple dotted) -
assummg xsM =0 (green dotted) )

ul

1073 1072 107" 1 101 102 103

Curtin et al, ‘14



The Hunt for a Dark Z: PVES

107"

1072

1073

107

10°°

1073

\'_\gh‘

HP:

APEX

BaBar

Collider searches

v-DIS

i |

My z = 100MeV ]
Mk 7 = 200 MeV

0232 Moller =
MESA
Queak 3
0.230 "Anticipated sensitivites" SLAC
-3 ) ) 0 1 2
Log;, Q[GeV]

mz, [G&V] pavoudiasl, Lee, Marciano 14
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Dark Z: Mechanism

Lo 2 Lo oo L @ 5 am L 5 o
'CC_ZB/U/B“ _ZZD.UVZZ% +§@ZD“VBM +§mD,OZgZDu

Vo(H, S) = —p*|H|* + A H|* = ug|S® + Xs|SI* + «[S]*|H[?
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Dark Z: Mechanism

1o oo Lo s e o0 A1l o s
E C _Z BMVB'u — ZZD/“/ Zl% -+ i cos 0 ZD/U/BM == §mD’O Zl/g ZDN
Kinetic Mixing Mass Mixing
Vo(H,S) = —p|H|* + M H|* — ug|SI° + Xs|S|* 4 s|S]°| H|?
Higgs Mixing
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Dark Z: Mechanism

PVES

Magz = 100MeV ]

VOIS ez = 200 MeV

1 A A
H — m2D’O Zg ZD,LL

1~ -
o C —— By IBI — 5

i~ ]

Queeak

'Anticipated sensitivides" SLAC
1 1 1 1 1

-3 -2 -1 0 1 2 3

Log,, Q[GeV]

Mass Mixing

Vo(H, S) = —p’|H|* + A H|* — ug|S® + Xs|S|* +{ 6] S]*|H|?

LHC14, 300/, L < 1m

107" T S - —
R 2 ancsiG Higgs Mixing
1078 a'e Colns oy 'v\;nm )
-3; A rtn Tl
Ui h — Zp Zp
1075
10}
w I Elocyon & Proken

10'5, Boermn Dures

107}
10 5 E% .L:v:‘ Brih
10-10 acenul o — <
10* 10* 01 1 10 10* 10° 89

mz, [GeV]




V. Outlook

Tests of fundamental symmetries & neutrino
properties provide powerful windows into key
open questions in fundamental physics

There exists a rich interplay with BSM searches
at the high energy frontier & both frontiers are
essential

Exciting opportunities for discovery and insight
lie at the frontier interface

Fully realizing them poses new challenges for
hadronic & nuclear structure theory
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Ovpp-Decay: TeV Scale LNV

Loass = yiﬁVR + h.c. Lonass = %ECHHTL + h.c.
Dirac Majorana
Our analysis:

* Include backgrounds
* Incorporate QCD running

* Include long-distance contributions to nuclear matrix elements
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Ovpp-Decay: TeV Scale LNV

Loass = yiﬁVR + h.c. Lonass = %ECHHTL + h.c.
Dirac Majorana
Backgrounds:

« Charge flip
» Jet faking electron
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Ovpp-Decay: TeV Scale LNV

- ~ y —
Loass = yLHvgp + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
Backgrounds:
8
er e
« Charge flip Z
« Jet faking electron . et
8

e* transfers most of p; to conversion e ;
Z/y* +jets — apparent e e jj event
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Ovpp-Decay: TeV Scale LNV

Loass = yiﬁVR + h.c. Lonass = %ECHHTL + h.c.
Dirac Majorana
Backgrounds:

« Charge flip
» Jet faking electron

e* transfers most of p; to conversion e ;
b’s not tagged — apparent e e jj event

97
48



Ovpp-Decay: TeV Scale LNV

Loass = yl_LﬁVR + h.c.

Dirac
Backgrounds:
= RAREE RAREE REREE RELRN RRARE RELEE R ML MRS RS
2 120 ATLAS Data2010, \5=7TeV, [Ldt=-40pb™' ]
5 ok :
Electron reconstruction 7
B:_':‘ - Feedata .
5:_ o FeeMC D _:
4 ] + -
2 »—E-*—l ] ;—:i—' —:
0F S 3
1 il il sl il iasalag v i lasiiliiiil
-25 2 <15 41 0.5 0 05 1 15 2 2
n

Lmass

SomisiD ['n"K "‘]

12 ATLAS Data2010, \s=7TeV, [Ldt=40pb'
10 -
. Tight identification .
B -+ Data 3
EE_ O MCZ - ee _E
4f v
= +
- S
0 — 0 —
¥ ] pelas il esasbavaslovaslsipsls oo bissilvigil
25 -2 15 1 05 0 05 1 15 2 25
n

_J
A

Majorana

Bin in n and apply charge flip prob

L°HH'L + h.c.



Ovpp-Decay: TeV Scale LNV

— ~ y —
Loass = yLHvgp + h.c. Lrass = KLCHHTL + h.c.
Dirac Majorana
Backgrounds: Jet fakes

o Fr before cuts = OJF MG+ Pythia+PGS X (1/5000 % 1/2)# of jet-fakes v ( # ijets )

# of jet-fakes
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Ovpp-Decay: TeV Scale LNV

Loass = yiﬁVR + h.c. Loinass = %ECHHTL + h.c.
Dirac Majorana

Backgrounds: Cuts



Ovpp-Decay: TeV Scale LNV

Loass = yEﬁVR + h.c.

Dirac

Lmass

_J

A

L°HH'L + h.c.

Majorana
Backgrounds: Cuts
o(fb) Signal Backgrounds \/SSiB (Vfb)
Diboson Charge Flip Jet Fake
WW™4+2)|\W™Z+2)|ZZ4+25| Z[~*+2j| tt | t& | t+3) (W +3j| 4j
Before Cuts 0.142 0.541 6.682 | 0.628 | 903.16 | 68.2( 6.7 | 0.45 | 15.09 |(362.352 0.0038
Signal Selection 0.091 0.358 4.66 0435 721.7 (289 (237| 0.22 | 11.73 | 72.03 0.0031
Hr(jets) > 650 GeV | 0.054 0.04 0.187 | 0.015 56 0.266|0.025]| 0.0003 [ 0.102 | 0.027 0.0213
me, e, > 130 GeV 0.039 0.029 0.105 |0.008 [ 0.163 |0.127(0.024|3x10~*| 0.101 | 0.027 0.0493
Hp <40 GeV 0.036 0.005 0.036 | 0.007 | 0.126 [0.014[0.005|3x10~>| 0.03 0.017 0.0684
(1.2 — Mey 2 )maz < 2.2| 0.033 0.003 0.022 | 0.005| 0.093 |0.009(0.004|2x10~>| 0.019 | 0.011 0.0738
101

T. Peng, MRM, P. Winslow 1508.04444




Ovpp-Decay: TeV Scale LNV

= = (U T
Lonass = YLHvg + h.c. Loass = KLCHH L + h.c.
Dirac Majorana
Low energy: Matching
d > | > u d u
St - Match onto O, at Aggy
FOJF <€ > ‘
d__, S : U d u
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Ovpp-Decay: TeV Scale LNV

— ~ y _ T
Lonass = YLHvg + h.c. Loass = KLCHH L + h.c.
LI Majorana
Low energy: Running
Energy
A~ .\[_s'v R .\[14'11
EW o e )
A~ -\]”'
QCD — e
AHad
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Ovpp-Decay: TeV Scale LNV

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

Low energy:  QCD Running

02 e (’L_I.LO'“UdR)(ﬂLUuudR)(ELG?{)a ')’ij _ _%
O3 = (I_I.LtadR)(ﬂLtadR)(éLC%), 27
Oy = ('l_l.LtaO’w/dR)(’l_l.LtaU,wdR)((;_BLC%).

2/9 -1 5/12

Oy = (urdgr)(urdr)(eLey), 8 0o 0 1
0 —8/3 48 0
0
32/3 0 20 19/3

Lo = Z CJ (/'t)

A5 0_7‘ ([.t) + h.C.,

dp 104



Ovpp-Decay: TeV Scale LNV

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

Low energy:  QCD Running

Oy = (urdgr)(urdr)(eLey),
Oz = (L_l 0"”dR)(uLa“,,dR)(eLeR)
O3 = (ﬂLtadR)(uLt“dR)(eLcR)

O4 = (upt“oc"dg)(urt*oudr)(€Ley).

Cyr, C3, Cy

s

Assuming C, = 1 atu=5 GeV — 0 0 a0 e0 g0 10w
Effective DBD amplitude for O, Anp (GeV)
substantially weaker for given

LHC constraints
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Ovpp-Decay: TeV Scale LNV

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

Low energy:  Nuclear Matrix Elements: Long Range Effects

— >—L » - —»
Py ql'?('_ ()_P3 S I
ve | |
:KEI ) \ . /
2 | |
q2lp— € ! .
P T Py |
— — > > > >
(a) (b) te (d)

Exploit Chiral Symmetry & EFT ideas
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Ovpp-Decay: TeV Scale LNV

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

Low energy:  Nuclear Matrix Elements: Long Range Effects

—i- > »- - »>- T -
Ay N |

- A \ ¥ /

2 | |
P2 QQlﬂ'_ € P4 | |
— —, — > >-

(a) (b) te (d)
Our work Helo et al

Exploit Chiral Symmetry & EFT ideas
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Why Might A “Ton-Scale” Exp’t See It?

AZN) — [l — 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

« > 3light neutrinos
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Effective DBD neutrino mass (eV) —

Why Might A “Ton-Scale” Exp’t See It?

3 light v's

3 + 1 light v’s

Lightest neutrino mass (eV) —
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EW Phase Transition: St’d Model

Lattice: Endpoint

| F 1st order | ' 2nd order
Lattice Authors M,f (GeV)
4D Isotropic [76] 807
- 4D Anisotropic [74] 72.4+1.7
3D Isotropic [72] 72.34+0.7
3D Isotropic [70] 724+0.9

v

Increasing m,,

S’td Model: 15t order EWPT
requires light Higgs
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EW Phase Transition: MSSM

| F 1st order | F 2nd order

.

v

Increasing m,,

o

« New scalars

MSSM: Light RH stops

Carena et al 2008: Higgs
phase metastable




EW Phase Transition: MSSM

v 1st order | F 2nd order

v

Increasing m,

o

« New scalars

MSSM: Light RH stops

Inconsistent w/ Higgs data:

Curtin et al ‘12, Katz et al ‘15

Katz, Perelstein, R-M, 113
Winslow 1509.02934



EW Phase Transition: Higgs Portal

v 1st order

L F

2nd order

 F
T>T,

/5 ¢>

) N

* Renormalizable

* ¢ . singlet or charged
under SU(2), x U(1)y

 Generic features of full theory
(NMSSM, GUTS...)

» More robust vacuum stability
* Novel patterns of SSB
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Electron Scattering

Continuous interplay between probing hadron structure and electroweak physics

4 Decades of Progress

Parity-violating electron scattering has become a precision tool

Ll b B D L bbb b b b b b bl b b b b b b b b b b b g DD TR TR R R TR

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

e Pioneering &
o o e o\ 1 State-of-the-art:
= T N » sub-part per billion statistical

10 . reach and systematic control

= oL o » sub-1% normalization control
-
< - -
3 107 Physics Topics
e Strange Quark Form Factors
10° ® Neutron skin of a heavy nucleus
: N i iger MIT-Bates | ® Indirect Searches for New Interactions
10° o Mainz ® Nowel Probes of Nucleon Structure
Jefferson Lab | e Electroweak Structure Functions at the EIC
107° *® Charge Lepton Flavor Violation at the EIC

10* 107 1oy 10° 10* 103
Apy K. Kumar

L;)zﬁ-r.—r—‘i:fd A st e 4'—'—" S ——— — Tt o G A TR T iR = O — At =




Electron Scattering

Continuous interplay between probing hadron structure and electroweak physics

4 Decades of Progress

Parity-violating electron scattering has become a precision tool

QQQQQQQQQQQQQQQQQQQQQQQQQQQQQ LA L LA L A L L L L 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

State-of-the-art:

» sub-part per billion statistical

Pioneering
Nuclear Studies (1998-2010) . 0(\
S.M. Study (2003-2012)
Future

10*

05 reach and systematic control
10° » sub-1% normalization control
107 Physics Topics

e Strange Quark Form Factors
® Neutron skin of a heavy nucleus
® Indirect Searches for New Interactions

MIT-Bates
i ® Nowel Probes of Nucleon Structure

Mainz
Jefferson Lab

*® Charge Lepton Flavor Violation at the EIC

Apy K. Kumar

L;)zﬁ-r.—r—‘i:fd A st e 4'—'—" S ——— — Tt o G A TR T iR = O — At =
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Electron Scattering

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

Qweak (first)

Mgy 7 = 100 MeV
Mgark z = 200 MeV ]

Leptophobic 2’

Buckley & RM (2012) q
Gonzalez-Alonso & RM (2013)

€ q

SOLID can improve sensitivity:
100-200 GeV range

~ 0.238
S
x (.236
D L
5
@ (234
0232* e Moller
r MES
I Qweak )
0.230 i "Anticipated sensitivities" SLAC
Dé_ii’k Z’—Z B 0 ! pavoikiasi
Log,Q[GeV] et al (2012)
MOLLER: PV ee

SolLID & EIC: PV eD
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