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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?



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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EDM Experiments

PHYEICAL REVIEW VOLUME 108, NMUMBER 1 OQCTOBER 1, 19587

Experimental Limit to the Electric Dipole Moment of the Neutron

J. H. Sura* E, M. Purcers, anp N. F, Rausgy
Ook Ridge National Loboratory, Qak Ridge, Tennessee, and Harsard University, Cambridee, M assachusetts

(Received May 17, 1957)
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EDMs: New CPV?
System Limit (e cm)” SM CKM CPV BSM CPV
199 Hg 3.1x10% 10-33 1029
YbF 1.8 x 10-27 ** 10-32 02
n 3.3 x 10-%6 ot 702
*95% CL  **e equivalent: 10.5 x 10-28 (thanks: T. Chupp)
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EDMs: New CPV?
System Limit (e cm)” SM CKM CPV BSM CPV
199 Hg 3.1x10% 10-33 1029
YbF 1.8 x 10-27 ** 10-32 02
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Mass Scale Sensitivity

Singep~1 — M>

5000 GeV

M < 500 GeV — sing.p < 102
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EDMs: New CPV?

System Limit (e cm)” SM CKM CPV BSM CPV
199 Hg 3.1x102° e 1029
YbF 1.8 x 1027 ** = 02
n 3.3x 1026 ot 702
*95% CL  **e equivalent: 10.5 x 10-28 (thanks: T. Chupp)
% neutron
proton
& nuclei
atoms
| Li L ~ 100 x better
Not shown:

muon

sensitivity
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EDM Interpretation & Multiple Scales

Collider Searches

Baryon Asymmetry

+ 4 :
Early universe CPV I~ BSM CPV A1 Particle spectrum; also
SUSY, GUTs, Extra Dim... Scalars for baryon asym
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d, ,ENN y aee Schiff moment, other P- &
T-odd moments, e-nucleus
CPV
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Effective Operators

Lopy = Lok + Lg + L85,

1
eff [”} (6)
ILESM = E Q, Oi£




EDM Interpretation & Multiple Scales

Baryon Asymmetry

Early universe CPV

Collider Searches
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BSM CPV ‘/' Particle spectrum; also
SUSY, GUTs, Extra Dim... scalars for baryon asym
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d= 6 Effective Operators: “CPV Sources” ©
fermion EDM, quark chromo EDM, 3 gluon, 4 fermion c%
o
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QCD Matrix Elements 'I’Nuclear & atomic MEs

Schiff moment, other P- &
T-odd moments, e-nucleus

CPV
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Why Multiple Systems ?

Multiple sources & multiple scales

Exploit complementary sensitivity to
search for & identify CPV
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Paramagnetic Systems: Two Sources

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

Tl, YbF, ThO...

df = —

(1.13 x 103 efm) (%)2 Y
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Paramagnetic Systems: Two Sources

Tl, YbF, ThO...

df = —(1.13 x 103 efm) (%)2 Y

0) © (V)? A
™ ==& (z)

~ 100 x greater sensitivity
to C,, than to 6,
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Paramagnetic Global Fit
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Hadronic CPV: Nucleons, Nuclei, Atoms

« chromo EDM « Nucleons

* 3 gluon > « Diamagnetic atoms

« 4 quark (Schiff moments)
* Oocp * Light nuclei

Details: discussion period & back-up slides
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EDM Interpretation: Implications

Collider Searches

» BSM CPV ‘/' Particle spectrum; also
SUSY, GUTs, Extra Dim... scalars for baryon asym

Baryon Asymmetry

Early universe CPV
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25



EDM Interpretation: Implications

Collider Searches

Baryon Asymmetry

4 :
Early universe CPV A BSM CPV A1 Particle spectrum; also
SUSY, GUTs, Extra Dim... Scalars for baryon asym
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EDMs & EW Baryogenesis: MSSM

One-loop EDMs
preclude MSSM
baryogenesis
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EDMs & EW Baryogenesis: MSSM

One-loop EDMs
preclude MSSM
baryogenesis

Universal
gaugino
phases

Arg(uMb’) =
Arg(uMb’)

r8

.
.
.

SV

ompatible with
bserved BAU

Ritz CIPANP 09 +
Cirigliano, R-M, Tulin, Lee ‘06
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EDMs & EW Baryogenesis: MSSM
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EDMs & EW Baryogenesis: MSSM
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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
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Ovpp-Decay: LNV? Mass Term?

Lonass = YLEVR + h.c. I %Zcﬁf{lTL

Dirac Majorana
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Ovpp-Decay: LNV? Mass Term?

Yy

Lonass = YLHVR + h.c. oy = XZCﬁﬁTL
Dirac Majorana

See-saw mechanism
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Vi VR VL Mg

Leptogenesis

r('VR —>X) #F(VR —>X)
Lepton Asym -> Baryon Asym




Ovpp-Decay: LNV? Mass Term?

See-saw scale:
My ~ 1072 GeV

See-saw mechanism

H H
S - my

i VR VL MR
Leptogenesis

r('VR —>X) #F(VR —>X)
Lepton Asym -> Baryon Asym

Yy

ass — Xicﬁ ﬁ TL
Majorana




Ovpp-Decay: LNV? Mass Term?

Lmass — yzHVR + h.c. ass — %ZcﬁﬁTL

Dirac Majorana
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Ovpp-Decay: LNV? Mass Term?
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Ovpp-Decay: LNV? Mass Term?

Lonass = YLEVR + h.c. Lomass = %ZCHHTL
Dirac Majorana

Majorana




Ovpp-Decay: LNV? Mass Term?

Lonass = YLEVR + h.c. I %Zcﬁf{lTL
Dirac Majorana

KamLAND
-Zen

Super NEMO




Experimental Status

Candidate | Detector Present <m> (eV)
nucleus type (kg yr) T12"P (yr) )
Zo’xz_

%Ca >5.8%10% (90%CL> re,"
76Ge Ge diode | 47.7 | >1.9*10%5 (90* <0.35
82G¢ >2.1%107" 6“'00:‘-)
9%Zp >9 - bo* J0%CL)
1Mo Foil .Geiger [tubes of Y«0% (90%CL)
116Cd XS 1.7%10% (90%CL)
128 .\Q\ * 23

Te ,Q\, >1.1*1023 (90%CL)
130Te TeO- , X 042 >3*1024 (90%CL) <0.19-0.68
36 |V AV | ~a5 >1.2%10% (90%CL) | <1.1-2.9
oNd K >1.8%1022 (90%CL)
16C 5\(°‘Q| >1.3*102! (90%CL)

Courtesy: G. Gratta



Courtesy: G. Gratta

Observation ?
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Observation ?

Courtesy: G. Gratta
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Observation ?

Courtesy: G. Gratta
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Experimental Plans

Isotope | Experiment Main principle Fid mass | Status Lab
Majorana® E;:Ifslh tag, Cu 30-60kg | Construction | SUSEL
T6Ge Gerdat E"f‘s:zs'“ tag, LAr | o, 3 kg | RESULTS13 | & Sasse
shield
MaGe/GeMa See above ~1 ton | Planning ?
150Nd SNO+ Size/shielding 44 kg Construction | SNOlab
c
82Se SuperNEMOF | Tracking 100 kg | Planning nnfrnnt
Frejus
130Te" | CUORE E Res. 204 kg | Construction | & Sasso
136X e KamLAND-Zen | Size/=hiclding 400 kg | RESULTS ‘13 Kamioka
(a6 EXO-200 TF@.:RIHEIEPEE 150 kg RESULTS “12 WIPP
Xe
nEXO Track/Eres, Ba tag |5 ten Planning SNOlab?

Courtesy: G. Gratta



Experimental Plans

Isotope | Experiment Main principle Fid mass | Status Lab
Majorana® E;:Ifslh tag, Cu 30-60kg | Construction | SUSEL
T6Ge Gerdat E"f‘s:zs'“ tag, LAr | o, 3 kg | RESULTS13 | & Sasse
shield
MaGe/GeMa See above ~1 ton | Planning ?
150Nd SNO+ Si3  ONP: Next generation | | Censtruction | SNOlab
“ton scale)” expt C
828e SuperNEMOF | Trq ( )" exp Planning nnfrnnt
Frejus
130Te" | CUORE E Res. 204 kg | Construction | & Sasso
136X e KamLAND-Zen | Size/=hiclding 400 kg | RESULTS ‘13 Kamioka
(a6 EXO-200 TF@.:RIHEIEPEE 150 kg RESULTS “12 WIPP
Xe
nEXO Track/Eres, Ba tag |5 ten Planning SNOlab?

Courtesy: G. Gratta



Ovpp-Decay: Theoretical Interpretation

Lmass — }’ZJ:IVR + h.c. ass —— %ZcﬁﬁTL

Dirac Majorana

Theory Challenge: matrix
elements+ mechanism
1000
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Ovpp-Decay: TeV Scale LNV

Yy

T T Tcrrogl
Lipass = YLHVER + h.c. Loass = XLCHH L
Dirac Majorana
Mechanism: does light Vg Theory Challenge: matrix
: elements+ mechanism
exchange dominate ?
EFF 2 2i8
Aheavy M%V kgff <mV> = E|Uek mk €
~ k

Ajight N> meHt
)

O(1) for A ~ TeV e I y ‘
U X W y U b 5
: 5 \ij_t\ .
How to calc effects reliably ;L / \\d d r

How to disentangle H & L ?




Ovpp-Decay: Nuclear Matrix Elements

T L y
Lpass = YLHVR + h.c. — ALCHHTL
Dirac Majorana
Light v,, exchange: . RQRP/: Vogel
can we determine m,, TR | ]

L] (= -~ oo
T T T

“(E,Z) | U ofes . ‘_
T1/2 =10 °. N )
o

Shell Model vs. QRPA

[s=] [a— [S] V5]
T I T T
|
|

Configs near  Levels above e
Fermi surface  Fermi surface
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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
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Weak Decays: CKM Unitarity

d—ue v, wv. vV .\d
s—>ue v, (“ C t) Vo Vo Vals

b—ue v, Vi Vi Vo )\b)

0.9999 £0.0006 ) Expt

0.9492 +0.0005| | 0.0507 £ 0.0004 0.00001+ 0.000007

Includes theory error



CKM Unitarity & BSM Physics
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CKM Unitarity & BSM Physics
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CKM Unitarity & BSM Physics
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CKM Unitarity & BSM Physics

d—ue v, @ V. V. \d)
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Next generation: ~ 10 precision



Worldwide Radioactivity
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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
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Parity-Violation & Weak Charges

Parity-Violating electron scattering

Ny =Ny GO
o Ny + Ny, 427

0, +F(Q".0)]

Atomic parity-violation

EfV/B=ieMx 10" a,(Qy/N)/p



Parity-Violation & Weak Charges

; >mf\0~<e,p ; >Wyw<e,p
e” e,p e e, D

Parity-Violating electron scattering

N, -N,  G.0’
T F 2
= = + F(Q",0
o Ny, + N, 4\/2.7105 (© )]

Atomic parity-violation

EPV/B=ie Mx 10 a, N)//5



Weak Charges & Weak Mixing: SM

Courtesy
_ . J. Erler
0.245 ||||| ]
oM . . . .
+ published
ongoing
0.240] ® planned Q,(e) NuTeV S
- SLAC &
— ’E.q;.
3 O
o Q.. (Cs) Se.. §
“c 0.235 " J,, ©
‘» &
i o
1 Qu(p) LEP 1
Mainz ITevatron -
T 1
0.230 JQ,(Ra) 18P i SLb
TQyle) -
JLab 1
02 5 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII ] =pu] ||| FH
] %.0001 0.001 0.01 0.1 1 10 100 1000 10000
u [GeV]
Marciano & Czamecki: Scale-dependence of Weak Mixing

Erler & R-M



Deviations: BSM “Diagnostic”

SUSY
e : o I y f
e x" f

Radiative Corrections

1]1 ; < 1]1

Z' Bosons Leptoquarks

e>rw?\,rvw<f q>_ e .<e
e f e_ q

/

Semi-leptonic only

Doubly Charged
Scalars

e e
\ A”
hee hee
e e

60
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PV Electron Scattering: Diagnostic Tool

RPV: No 5 DM

0.08 - but Majorana v s | ‘
0.06- SUSY loops : light &

' compressed spectrum
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5 Q5 SUSY / Q2 SM N
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PV Electron Scattering: Diagnostic Tool

RPV: No 5 DM
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PV Electron Scattering: Diagnostic Tool

RPV: No 5 DM
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PV Electron Scattering: Diagnostic Tool

RPV: No 5 DM
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Other Important Efforts

Not covered due to time: see back up slides

Muon g-2

Charged lepton flavor violation

Pion leptonic decays

66



Summary

NP studies of fundamental symmetries & neutrinos:

A growing pillar of the global NP program

*  Highly synergistic with HEP & a cornerstone of
the Intensity Frontier

«  Significant potential for discovery and insight
(origin of matter, nature of v, BSM diagnostic)

Rich opportunities for future interplay between
NP and HEP communities
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Thanks !

« DPF, DNP, CSS Organizers

« 1. Chupp, J. Erler, G. Gratta, K. Heeger,
K. Kumar, P. Vogel, J. Wilkerson

Further reading: Talks @ CSS:

« EDM: 1303.2371, hep-ph/0504231 « PVES: S Su

* Ovpp decay: 1303.4907 « EDM: B. Casey
*  decay: 1303.6953 * OvBB: K. Heeger
« PV: 1302.6263, 1303.5522 . ...

* Project X: 1306.5009
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BSM Mass Scale Sensitivity

BSM Signal ~ (v/A)?

BSM Signal ~ (v/A)“4

BSM Signal ~ (v/A) 10

EDM: AV
Ov30: r light v
EWPQO: SM-BSM interference

CLFv I

ovpp: T TeV LNV
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EDM Experimental Status & Plans

Engel, R-M, van Kolck, 1303.2371
PPNP 71 (2013) 21

System Present 90% C.L. Sensitivity goal® Group
Limit (e fm )

Cs 1.2 x 1071 [169]

Tl 9.5 x 10~12 [170]

YbF¢ 10.5 x 10~ ° [152]

ThO! - 105 — 107"

n 2.7 x 10713 [171]

n (1—3)x 10" CryoEDM

n 4 x 107 nEDM/SNS

n 5x 10714 nEDM/PSI

n 5 x 1071 n2EDM]/PSI

n 2x 1070 nedm/FRM-II Munich

n 1074 — 1071 TRIUMF

p 10716 srEDM

199Hg 2.6 x 10716 (2.6 —5) x 107V [172]

5Ra (10 — 100) x 10~ 1 Argonne

21123Rn 1.3 x 1071 TRIUMF

21123 2x 1071 FRIB

129%e 5.5 x 1071 [173]
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EDM: ff
CEDM: gff

Weinberg ggg:

Four fermion

udHH

BSM Origins

(q) T ¥ \\I
P v '
R A’JP Hy ,"-"1 ¥, (g)

.’, \\
P v
1 II

X

—_—

. 1
_:_ P N
E” “«— MSSM

; @
I
dL>wVY‘K Up
up . “ dp
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EDM: ff
CEDM: gff

Weinberg ggg:

Four fermion

udHH

BSM Origins

(q) T ¥ \\I
P v '
R A’JP Hy ,"-"1 ¥, (g)

.’, \\
P v
1 II

X

—_—

. 1
_:_ P N
E” “«— MSSM

; @
I
dL>wVY‘K Up
up . “ dp
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Hadronic CPV: Nucleons, Nuclei, Atoms

PVTV N l___
interaction 7T

Neutron, proton & light nuclei (future), diamagnetic atoms
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Hadronic CPV: Nucleons, Nuclei, Atoms

PVTV N
interaction

)

» chromo EDM
* 3 gluon
* 4 quark

* Oqcn

Neutron, proton & light nuclei (future), diamagnetic atoms
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Hadronic CPV: Nucleons, Nuclei, Atoms

PVTV N L \NT
interaction 7 - F /'ﬂ“_“““' v
n
° Chromo EDM NUC/GO” EDM
* 3 gluon
* 4 quark
* Oacp + quark EDM

Neutron, proton & light nuclei (future), diamagnetic atoms
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Hadronic CPV: Nucleons, Nuclei, Atoms

PVTV N
interaction

» chromo EDM
* 3 gluon
* 4 quark

* Oqcn

Nucleon EDM Nuclear EDM &
T Schiff moment

+ quark EDM + quarkEDM

Neutron, proton & light nuclei (future), diamagnetic atoms
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Diamagnetic Systems: Schiff Moments

Schiff Screening
o Neutral atoms: nuclear EDM
4 invisible to external probe

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic

atoms (199Hg )
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Diamagnetic Systems: Schiff Moments

Schiff Screening

g s i

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic
atoms (199Hg )

e nue
AVAVAVA
P
S
() e nue

+ C. C.

Schiff moment, MQM, ...
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Diamagnetic Systems: Schiff Moments

Schiff Screening

g s i

Atomic effect from
nuclear finite size:
Schiff moment

EDMs of diamagnetic
atoms (199Hg )

e nue
AVAVAVA

P +C. C.
() e nue

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 ™ -
bl Pr reG VU 7 +C.C.
— IS
(c) e nuc N N
Schiff moment, MQM, ... Nuclear polarization:

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

EDMs of diamagnetic atoms ( "°Hg )
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Nuclear Schiff Moment

Nuclear Enhancements:
Octupole Deformation

N N

1 \AVA o

£) =710 18)) #E| tec
ESSSSSSSS
Calculated ??*Ra density Opposite pal’ll‘y states :
mixed by H™VPV N N

Nuclear polarization:
“Nuclear amplifier” mixing of opposite parity

states by H'VFV ~ 1/ AE

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



Hadronic Matrix Elements: QCD Theory

Param Coeff Best value® Range
0 n 0.002 (0.0005-0.004)
trp 0.002 (0.0005-0.004)
ImCyc  (CEDM) e 4% 104 (1—10) x 10~
— 8 x 104 (2—18) x 10~*
ImC,, (EDM) n 0.4 x 10~ (0.2 —0.6) x 10~
ar —1.6 x 102 —(0.8 —2.4) x 10~3
Cz (3 G) pL 2 x 1077 (0.2 — 40) x 107
ImCpa  (qqH) yud 3 x 108 (1—10) x 108
Im Clyeg (40) Ju 40 x 1077 (10 — 80) x 10~

Neutron EDM sensitivity
to CPV sources

Engel, R-M, van Kolck, 1303.2371
PPNP 71 (2013) 21
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EDM Probes: EWB Implications

e
Light staus: LHC
consistent & suppress
1-loop EDMs

Viable EWB & CPV:

« EDMs are 2-loop
* CPV is flavor non-diag

No CEDM (9% Hg): EWB-viable
but m, — New scalars for EWPT

=40, A =100 GeV, u=1000 GeV
Next gend, —_ e
\ ,
Ay

1400 —

5= Yobs o,
—— m, =82GeV =
]

Compatible with"|

N\
Y
AY
\\
1000 b N
observed Yg ;\\
(5] . SN
S 800 —\\ “%\\\ _

&

\
600 \ —

SN
100 [ -
>
(N

200 ‘«.\_\ |

o~ ]
200 400 600 800 1000 1200 1400
Mg [GeV]
3

Kozaczuk, Wainwright, Profumo, RM



Flavored CPV & EWB

CPV & 2HDM
L= —H%Qi(ﬁﬂl}ﬂ-“jq — yff Q'Hyd%, Combination
—ANLQ Hguly — \LQ' (eH))dy, + hec.. of H, 4 vevs
Liu, R-M, Shu ‘11; X
see also Tulin &
Winslow ‘11; Cline
etal117 T ____ > <¢(X)\/
CP Violation
Viable EWB & CPV: clREn e

« EDMs are 2-loop
* CPV is flavor non-diag




Flavored CPV & EWB

CPV & 2HDM
__uAi j d Ai j S
L=—y;;Q (EH;E,}“R —;; @ Hudp n;m
_ : g ~i . _
~ALQ Hauly — ML QH(eH))d}, + hec..
042 08¢
Liu, R-M, Shu ‘11; 042 Z
see also Tulin & 2 ool LHCb :
Winslow ‘11; Cline 2 .
etal ‘11 3 7
| 021
=105
constant ng/ s >
042 %
-1.0} ogs | ENig & 189+
-005 0.00 0.05

Viable EWB & CPV:

« EDMs are 2-loop ,
Largely unexplored.:
« CPV is flavor non-diag flavored EWB







Ovpp Decay vs. 2vBp Decay

dN/d(K ./Q)

- 304
2.0 o 20 1 3 .
© ratio
;o 2v S 1:106
1.5 1 4/ 0 -
0.90 1.00 1.10
K./Q
1.0
/ assumed 2%
0.5 / resolution Ov
v ratio
; 1:100
0.0 | | B /I\
0.0 0.2 0.4 0.6 0.8 1.0
K./Q

Courtesy: P. Vogel



Ovpp-Decay: Nuclear Matrix Elements

_ Yy T
Linass = YLHVR + h.c. Lonass = ALCHH L
Dirac Majorana
) ) P. Vogel
Light v, exchall”lge. p—— e
can we determine m, AT A
“(E,Z) | v ... _:
Tl / 2 524__ ®a * A ]
3| ° o |
. = m “ v |® A
Shell Model vs. QRPA L4 ’ . | 7
Configs near  Levels above e T e e

Fermi surface  Fermi surface
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OvBp & Lepton Number Violation

Whatever processes cause 0vfp, its observation would
imply the existence of a Majorana mass term:

Schechter and Valle, 82

(V)r

By adding only Standard model interactions we obtain

( v)x — (v)_ Majorana mass term
Courtesy: P. Vogel



Ovpp-Decay.

u

Ovpp signal equivalent to
degenerate hierarchy

Loop contribution to m,, of
inverted hierarchy scale

cifective pp Mass (meV)

Interpretation

‘ d!)’,~.-~.d1
+... 4 W + .
) DA SR
U

0.1

.866 om’, =70 meV’ |
2 2(F
atm = 2000 meV©|E

o

2 3 as567
10 100
Minimum Neutrino Mass (meV)

567
1000

I+



Next Generation Reach

Lomass = YLEVR + h.c. Lomass = %Zcﬁf{lTL

Dirac Majorana

1000

100

(meV)

10

Effective pp Mass

U,, = 0.866 &m’_ =70 meV’

2 2
U,=0.5 am’, = 2000 meV
Us=0

R L L
1 10 100 1000
Minimum Neutrino Mass (meV)




Next Generation Reach

Lmass - yif‘IVR —+ h.c.

107"

Imgg|  [eV]

107° E

107

102 3

Dirac

Present EXO-200 Limit o

Ultimate EXO-200 Sensitivity

9
R
@
g

\ G. Gratta
11 raal 1 o1 vl 1 11 vl L 1

a

F Wi [eaiBojowso) Juesaid

107

107° 1652 1071

Loarss = %ZcﬁﬁTL

Majorana




Next Generation Reach

Lonass = YLEVR + h.c. Lorss — %ZCHHTL

Dirac Majorana

1 -

mwnannnnsboiiFEEAE B Fpdesn s

QUORE DL e

jwr [eaibojowson

T U
[+~

104 10? 102
AL Ffrom &1 Mo [eV]

10"
K. Heeger




Ovpp-Decay: LNV? Mass Term?

Lonass = YLEVR + h.c. e = %ZcﬁfiTL

Dirac Neutrinos ? Majorana

1000

100

(meV)

Effective pp Mass

1 U,, = 0.866 &m°_ =70 meV® |L

2 2|E
o = 0.5 om", = 2000 meV"|E
Us;=0 -

c

2 3 4567 2 3 2567 2 3 4567
1 10 100 1000
Minimum Neutrino Mass (meV)




Ovpp-Decay: LNV? Mass Term?

Lonass = YLEVR + h.c. e = %ZCEU?TL

Dirac Neutrinos ? Majorana

Long baseline  [3-decay

'-’ l

100

(meV)

10 -

Effective pp Mass

L A B R T L
1 10 100 1000
Minimum Neutrino Mass (meV)




Lmass — ij:IVR + h.c.

Long baseline  [3-decay

1000

Effective pp Mass (meV)

100

Ovpp-Decay: LNV? Mass Term?

rriaarr

ret VeJ B-decay

entire
spectrum

Ll Ll
2 6 10 14 18

L] o
Dlra C electron energy E [keV]

rel. rate [a.u.]

o
@

o
o
T

o
~
T

02

region close to 8 end point e

m(ve)=0eV

7

only 2 x 1013 of all
decays in last 1 eV

E-EjpleV]

KATRIN

?

- U, =0.866 &m = 70 meV |
E U,=0.5 am?, = 2000 meV:|E
Us;=0
U 2 3fase7 ] 2 3 2567 2 3 4567
1 10 100 1000
? Minimum Neutrino Mass (meV)







LHC BSM Challenge:
Light but Compressed ?

= =0
q g q—q+Xj
>l\lé\]JW "
v e
\ \ '] ]
g N Final state: 2j + Z;
o SRR s
iR e
£“1Dm? Oy 14
i e 1 .35 . . . .
800- jws | __ Noexclusion yet (jets analysis): is
s00) | sub-TeV SUSY hiding here?
4 0.2
4m— 0.15
ool B pus-11- E;ﬁ If so, will it show up in precision
-pas .
300 600 800 1000 1200 © tests ?
my (GeV)




LHC BSM Challenge:
Light but Compressed ?

~ =0

q .G qg— q+Xi

'

= RS - . Y

q ~ G Final state: 2j + £
B0 wlana-atinoeng” (W

o onnl " Expected Limit 4#G exp. 1 ) ; ; ;
K 1, No exclusion yet (jets analysis): is

sub-TeV SUSY hiding here?

95% CL upper limit on ¢ (pb)

If so, will it show up in precision
{ o tests ?

I I (i 1
600 700 800 900 1000
Myguar (GEV)

10°




LHC BSM Challenge:
Light but Compressed ?

Pair production of squarks CKM Unitarity Tests
q ¢ o

Cj S Cj * Bauman, Pitschmann,
Erler, R-M preliminary

—
d

DY AR
ESOO’ pp — 44,8 > q7,; m@P>>m( ﬁl
B
4
£

—y

—
<

400 71b CMS: 2013 -

95% CL upper limit on ¢ (pb)
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—

=)
n

1
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'
oo
o
1
1

i E [ -3
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LHC BSM Challenge:
Light but Compressed ?

Pair production of squarks CKM Unitarity Tests

q _-q
g -’
-’
N
_ o _
q S q Bauman, Pitschmann,
Erler, R-M preliminary
F ool o 'ona. ?ml /7 | W° 3 e
0 800 PP—>5ﬁ.ﬁ—>qi;m(ﬁ)>>m” = 0
D ' 1 o
8 700 ] c
? o
- | -1
- ] E)
4 o1
oy o]
3 3
—
CMS: 2013 510" 0
| : l‘.,r\')
— - o
) 107
:\ ' [ 103
300 400 500 600 700 800 900 1000 . B
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7 ,, & B Decay: Diagnostic Tool

0.002 . —
SUSY
Loops
0.001 .
CKM S ol ]
Unitarity <
-0.001 | . .
-0.002 : : :
-0.002 -0.001 0 0.001 0.002
ﬂ‘eﬁu

Bauman, Erler, R-M Lepton Universality



7 ,, & B Decay: Diagnostic Tool

0.002 . _ .

Light squarks,

Light selectrons, . heavy sleptons

heavy squarks &

0.001 r smuons
\ .’

0k '..ﬁ."'ﬁ:.g:

A{ZKM

-0.001

Light smuons, + .
heavy squarks &
selectrons i
-0.002 : : :
-0.002 -0.001 0 0.001 0.002
ﬂ‘efu

Bauman, Erler, R-M



7, & B Decay: Diagnostic

A(ZKI"n«’l
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PIBETA Spectrometer
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Parity-Violation Electron Scattering

PVeS Experiment Summary

e Ploneering “ﬁ"'
+| ® Nuclear Studles (1998-2010) A
107°E ¢ s.m. Study 2003-2012)
- ® Future
10°
8
—~ 107
S =
2 -
< -
i
0 107
10° =
107 =
e Courtesy:
C K. Kumar
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PV



Parity-Violation Electron Scattering

PVeS Experiment Summary

e Ploneering “ﬁ"'
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Parity-Violation Electron Scattering

PVeS Experiment Summary

e Ploneering “ﬁ"'
+| ® Nuclear Studles (1998-2010) A
107°E ¢ s.m. Study 2003-2012)
- ® Future
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Weak Charges & Weak Mixing: SM

Courtesy
. J. Erler
9.245 IIIII : : : I B e B
— SM
+ published
ongoing
0.240] ® planned IDW(G)
=]
=
=
£ 0.235
7

0.230

0.235

.0001 0.001 0.01 0.1 1 10 100 1000 10000
u [GeV]
Marciano & Czarnecki: Scale-dependence of Weak Mixing

Erler & R-M



Muon g-2: Theory Error Budget

a,(EW) = 154 (2) x 10-"1
a,(HVP-LO) = 6894 10-11
a, (HVP-NLO) = -98 (1) x 10"
W 132 100 Mt
oa,™ = * 48 x 107"
0a," = * 63 x 107" BNL E821
* 15 x 107 FNAL New g-2
Aa,=afxP-a TH= 316 (79) x 10"

W. Marciano, arXiv: 1001.4528/hep-ph 114



Charged Pion Contribution: xPT

Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM

Beyond leading order: subgraphs

R Pion charge radius:
L first non-trivial term in
- _(" N é I - expansion of F_ (q?)
é’ O (p*) LEC: a
é’\ Pion polarizability:

s - ﬁ;‘ distinct physics from ff
55*‘ % é O (p?) LEC: ag+ a4
Factor of two discrepancy:
new J Lab experiment
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Charged Pion Contribution: xPT

Kevin Engel (Caltech), MRM

Beyond leading order: embedding
subgraphs in full HLBL contribution

radius

—§ - %
# - » = %. -
Charge ’ A ’ * 2T T P
¥ ] # ¥ 1
h ] H i r ‘I i '
% ' * o L K [ [
- _"* ) » "
S - et
# Al
¥ *
i "
[ 1
L4

Ssh o Svh o 8% %

2
>y

to high-k regimes:

5
£y
L
I
]
i

{ E% A « Increase discrepancy w/

% exp’t by up to 0.50

Pol’bility

% Interpolating from chiral

-h *
- -
S .
. 0
'
'
.
’
s e

* New source of uncertainty
(interpolation)
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Hadronic LBL: Lattice

L attice efforts

Collaboration Method Ny  Fermion action
RBC QCD+QED 2+1 domain-wall
JLAB w0 — v form factor 2+1 Clover
JLQCD 7% — v form factor 2 overlap
QCDSF direct (JJJJ) 2 Clover
R. van de Water talk
g _I"|' .'.'|'-|'_
- = §J L% +O(ah) o= —_—— )
QCD+QED g
M H/ acp+ <u H>QED u ’é' m E_ B |
QED g —0— -
Blum et al é o—i
o goms| H Bium et al
I 12

T T - TR T 1
05 04 03 02 01 ¢ 01 02 03 04 05

E,Q)
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T CLFV w/ Leptoquarks: EIC & HERA

HERA & EIC
€ LQ T e | [
e _ :LQ
Qo as ﬁ3/1'\fr—
s-channel u-channel

Rare Decays

Gonderinger, R-M JHEP 1006:045

General Classification

L=hiutRE+nEqirseRY+T,d ¢ R+ gtqCiT € ST

o (fb)

+gRuce SR+ g,d eS8+ gyqtiT, 70 S5+ hiqyre U‘iu
+hRdyre Ufﬂ+ﬁ]:_{y""e ﬁfﬁ+!13(}y“:r—f Us,

+g3d Y Vs, +g3q v e Vs, +guy* 4V, +He.,

100F" T T — T r
i
10k RL /.

1k

107

01— — - . ]
.01} !
/ T—>€Yy
0.001} i )
I Als=90GeV

0.01 0.02 0.05 0.10 0.20 0.50 1.00

z2=(02/M2)/(A2/ M) prn g



T CLFV w/ Leptoquarks: EIC & HERA

HERA & EIC
e L(} T e : ﬁ;
e _ :LQ
Qo as ﬁ3/1'\fr—
s-channel u-channel

Rare Decays

Gonderinger, R-M JHEP 1006:045

General Classification

L=hiutRE+nEqirseRY+T,d ¢ R+ gtqCiT € ST

+ oRuce SR+ 9, de S8+ 0.qi T, 7 S+ Mgy UL

Extend HERA reach & compete with
super B factories w/ 10 to 100 fb-?

100FT T T T T T

10k RL /.
01— — —_— — —” —_—
0.01f k

e
0.001F o

- s =90 GeV

o (fb)

107
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