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Plan of the lectures

Review symmetry and symmetry breaking

Introduce the Standard Model and its symmetries

Beyond the SM:
* hints from current discrepancies?

o effective theory perspective

Discuss a number of “worked examples”

* Precision measurements: charged current (beta decays);
neutral current (Parity Violating Electron Scattering).

 Symmetry tests: CP (T) violation and EDMs;
Lepton Number violation and neutrino-less double beta decay.



Neutral Current



Parity violating electron scattering

e Speculation by Zel'dovich (1958) before the SM:
neutral analogue of V-A charged current interaction?

V C 7 € € We now know that such
® _ interaction exists,
XGF > Gr mediated by the Z boson
n p P P
o o IA + A I
EM weak

* In electron proton scattering, the
weak and EM amplitudes interfere
~|AT\I I 214] \IA\\( ak

Parity violating

e Expect asymmetry in scattering of L

and R polarized electrons! Apy = = 04" Oy
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Apv violates parity:
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Krishna Kumar
Apv violates parity:
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Estimate size of the effect: i
- 3%' L

A-l) L—t Aweak ~ GF QZ 4-momentum transfeé
' Oy+0, Apv  4ma Q" = 4EE'sin*

Apy~ 107 Q*GeV?) i
—~

Tiny asymmetries!



* Through 4 decades of technical progress, parity-violating
electron scattering (PVES) has become a precision tool
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Krishna Kumar

Apv in the Standard Model

e Recall neutral current in the Standard Model

0§~ O A _Gp
0’ H A‘/ 4 T O

/
§ — arctan =
g

e = gsinb.

(f) Weak charge of

Vv the fermion

* Precision tool: low g measurements of Sin(Bw)+ sensitivity to BSM



Krishna Kumar

Apv in the Standard Model

e Recall neutral current in the Standard Model

/
f = arctan g

, (f) . S\ g
Lint = 20089 2" vy (JV RERNE S T "5) Tl e =gsind.
g‘(/f) _ T?ff) _94in20 Q( f) quf) _ T?ff) Q( f) _ _9 g( f) V\/tehaekfce:f;:]*igoenof

Oi- O A G Q?
’ o(Qw ‘ §(sin’ @ T
Qw = 1 —4sin? Oy ) . 109 — 25 0:) -~ 0.5%

For electron and proton



Processes

Q-Weak (JLab)

Moaller Scattering e e

¥ X

DIS-Parity

e e




Recent result by Q-Weak

At forward angles and small Q2, Apy accesses the weak charge _ B(Q2,0) is a form-factor term.

c.—0 Q*—=0 Gr Qz About 30% correction to Apy for
APV _ R L e—0 _ _ [ {)}V + QZEB(Qza 9)] Qweak. Well determined by
GR +GL 4\/§’/TO£ - — B exisﬁng PVES data.

Qweak of the Proton
Apy = —226.5 £ 7.3(stat) £ 5.8(systt Q* = O.OQ49(GeV/c)2

vvvvvv

0.14 }

vvvvvv

Data Projected to Forward-Angle Limit «All nuclear PVES data up to Q2 ~ 0.7 GeV?
10.12 } (hydrogen, deuterium, helium)
0.10 } 5 parameters (Cy, C1q, isovector axial FF, ps, Ms)
0.08 |7 shon -Fit and data shown corrected to forward angle limi
" Extrapolation|
10.06 } Q20 I

® Qweak 2017

Qweak 2013 Standard Model:
HAPPEX

SAMPLE 2% = 0.0708 £ 0.0003
PVA4 :

GO

» SM (prediction)

o) xH O

Qweak + PVES data base:

. _— — - P =0.0719 + 0.0045
0.0 0.1 0.2 0.3 0.4 0.5 0.6

0°[GeV/c]?

K. Paschke talk at CIPANP 2018



sin20,,(Q)

Impact of PVES on Ow

Qweak 2017 + PVES data base:

0.243 sin2Byw =0.2382 + 0.0011 | SM PI’EdiCtiOI‘]I

1 E158 | < relating EW
0.241 -: (ee) NuTeV

' i ¥ (ve) measurements at
0.939 : Q~100 GeV to

: low-energy

! T Qweak
0.237 4 (ep)

L APV = Marciano, Erler,
02351 (%Cs) Ramsey-Musolf
0.233 {

0.231 {
0.229 I 2 PR AJLALAI
0.0001 0.01
e e . . o e



Impact of PVES on Ow

0.243
. E158
0.241 § (e0)
0.239 {
i Best Collider 3(sin*0w):
i T ( \ A|(SLD): 0.00026
2 0.237 1 Awn(LEP): 0.00029
6‘ APV Future projections, similar time scale
= oo35] (=Cs) eDIS » Final Tevatron: ~ 0.00046
o ! 4 (€d) LHC 14 TeV, 300 fb' : ~ 0.00036
NC i Note: pdf uncertainties
‘B 02334 MOLLER: ~ 0.00028
- Mainz P2: ~ 0.00032
0.231 4
0.229 I i —_— A ST A —_—N\ —
0.0001 0.01 1 100 10000
Q [GeV]
MESA-P2 will improve SoLID@)]Lab will improve
Qw(p) by factor ~3.3 MOLLER@)Lab will improve eDIS by factor of ~3

Qw(e) by factor of 5



Impact of PVES on new physics

e Sensitivity to heavy new physics parameterized by local operators

| g . o
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€, P ';l// p L’/// \ »p P P I / (Al)
RPC SUSY Generic Z' RPV SUSY Leptoquarks

N ~5— 8TeV (Q-Weak)

Best contact-

N~6 TeV (SOLID) interaction reach for
leptonic operators, at
A~ 11TeV (MOLLER) low OR high-energy

ALHc ~ 5-10TeV (di-lepton searches)



Impact of PVES on new physics

 Q-Weak result provides constraint
on linear combination of Cy, C4

0.355

0.325

o) =-2(2C,, +C,))

New Physics Ruled Out
@95% CL Below Mass Scale of A/g

| u

W Alg=3TeV
4& / T~ -~ /,/'
P'QPJ / o b
Q2 o
’ > A/g gTeV
* >
/ >

/~ A/g 5TeV

Red square
at SM values

-0.20 -0.19 -0.18 017

——

Effective electron-quark couplings

Agreement with Standard
Model + APV constrains
the size (mass scale) of
possible new physics
contribution
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Impact of PVES on new physics

* Sensitivity to dark sector: U(l)q4 dark boson Z4 can mix with Y and Z

e e
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Plan of the lectures

Review symmetry and symmetry breaking

Introduce the Standard Model and its symmetries

Beyond the SM:
* hints from current discrepancies?

o effective theory perspective

Discuss a number of “worked examples”

* Precision measurements: charged current (beta decays);
neutral current (Parity Violating Electron Scattering).

 Symmetry tests: CP (T) violation and EDMs;
Lepton Number violation and neutrino-less double beta decay.



EDMs and T (CP) violation
beyond the Standard Model



EDMs and symmetry breaking

® EDMs of non-degenerate systems violate Pand T: 'H ~ ( J-E

4 p /
EDM tc1> SPIN - )
Classical picture — d = E G 7

Quantum level:
Wigner-Eckart theorem




EDMs and symmetry breaking

® EDMs of non-degenerate systems violate Pand T: 'H ~ ( J-E

4 p /
EDM 1(1; SPIN - )
Classical picture — d = E G 7

Quantum level:
Wigner-Eckart theorem

® CPT invariance = nonzero EDMs signal CP violation



EDMs and symmetry breaking

® EDMs of non-degenerate systems violate Pand T: 'H ~ ( J-E

4 )
EDM 1$ SPIN

\- J

® Measurement: look for linear shift in energy (change
in precession frequency) due to external E field

v = (2uB £+ 2dFE)/h




EDMs and symmetry breaking

® EDMs of non-degenerate systems

violate Pand T: ' H ~ dj~ E

\_

4 )
EDM t$ SPIN

Neutron = Earth

J

® Measurement: look for linear shift

in precession frequency) due to external E field

in energy (change

v = (2uB -

- 2dE) /h

Current neutron sensitivity dy ~ 1073 e fm ! charge separation =

human hair



EDMs and symmetry breaking

® EDMs of non-degenerate systems violate Pand T: 'H ~ ( J-E

4 )
EDM t$ SPIN

\- J
® Ongoing and planned searches in several systems,
probing different sources of T (CP) violation

* n, »

* Light nuclei: d,t, h

* Atoms: diamagnetic ('*"Xe, '"7Hg, **°Ra, ...);
paramagnetic (*°°Tl,...) .

* Molecules: YbF, ThO, ... A




EDMs and new physics

|. Essentially free of SM “background” (CKM) *!

EDMs in e - em

System | current | projected | SM (CKM)
€ ~ 107 | 107% ~ 1038
7 ~ 10~ ~ 1073
T ~ 10716 ~ 10734
n ~ 1072 10~2° ~ 10731
P < 10-23 | {02 = ~ 1031
9o | ~ 102 1030 ~ 1033
Xe | ~10777 ] 107 ~ 107
Ra | ~102] 10% | ~105

*I Observation would signal new physics or a tiny QCD 0O-term (< 10-'9),
Multiple measurements can disentangle the two effects.



EDMs and new physics

|. Essentially free of SM “background” (CKM) *!

with mass ~ A

Y New particles
2. Sensitive to high scale BSM physics (A~10-100 TeV) d,j\ /

[ mg d’ 9 \d
3. Probe key ingredient of baryogenesis I
Sal<hérov ‘67 ° B violation \\ 'ﬂVw
(/ & R broken
/ electroweak
® (C and CP violation 9" phase 9‘

5

',/' <H>*0
® Departure from equilibrium* ol ’V\



Connecting EDMs to new physics

!
e
ee

=1, ,-.

Dynamics involving . MSSM v, 9 MSSM
particles with Masm > A N 2HDM
F Ve f

Describe dynamics below the scale Mgsm ~ A\ >> v= GF'2in terms of Leg

v 6) QCD
do=— 3y C%;
‘ perturbative

matrix elements




Connecting EDMs to new physics

e At E ~GeV, leading BSM effects encoded in handful of dim-6 operators

g )
- ( - i
LoV = — 5 Z di fo-Frysf — B Z (/(, gs qo-Gysq + dyy 6000 =+ Z (' 4f)
f=eud,s q=u,d,s
\_ A VA y

JE JE [df-f?q'v

\

/

Electric and chromo-electric

dipoles of fermions

1
Vew

A2

]

Gluon chromo-EDM
(Weinberg operator)

/

1
[d w A2

]

Semileptonic and
4-quark



Connecting EDMs to new physics

e At E ~GeV, leading BSM effects encoded in handful of dim-6 operators

g )
YD1/ 1 — [ y
EGCP‘" = — 5 Z (/f Jo-Fysf — 5 Z (/(1 gs qo-Grysq + dyw 6000 + Z C 4f)
f=eud,s q=u,d,s
N J

* Hadronic / nuclear matrix elements not very well known.
Can be improved in lattice QCD. Example of neutron EDM:

n=2GeV
d, = —(0.22x0.03)d, + (0.74 £0.07)d; + (0.0077 £ 0.01)d |

—(0.55 £ 0.28)ed, — (1.14 0.55)edy & (50 & 40) MeVe dyy

QCD Sum Rules (50% guesstimate) QCD Sum Rules + NDA (~100%)



EDMs in the LHC era

e LHC output so far:
e Higgs boson @ 125 GeV LHC

VEW
* Everything else is quite heavier

(or very light)

|/Coupling
e EDMs more relevant than ever:
e Strongest constraints of non-standard CPV Higgs couplings
 One of few observables probing PeV scale supersymmetry
 Non trivial constraints on baryogenesis models

e Sensitivity to axion-like dark matter Abel et al., 1708.06367



EDMs and CPV Higgs couplings (I)

® | eading interactions with q,g strongly constrained by gauge invariance

Pseudo-scalar Yukawa

’ h
- 6" x X n X . S
Higgs-gluon-gluon Re : ', r:\ Quark Chromo-EDM
r\.'\d N/
, q ,
g m Yo' O q
/ g 1 7 v
v ,Inﬂq ~ 3 d, 1z

27



EDMs and CPV Higgs couplings (I)

® | eading interactions with q,g strongly constrained by gauge invariance

Pseudo-scalar Yukawa

’ h h
.o 0 X X X o3
Higgs-gluon-gluon :\S"'N b ]/144 \r'\”/ Quark Chromo-EDM
=~ _/
’ q ’
g mYy @ q
/ i 1 7 v
v . Im} q ~/ p (lq E
~
CPV ) s a vapy 2 gl = 2 7 - | h 2
Li7 = —vl — hG,G*™ + v ImY, qivsqgh — -dy9s qo-Gysq (1 +— | + O(h )
ST 2 v
Y,

27



EDMs and CPV Higgs couplings (I)

® | eading interactions with q,g strongly constrained by gauge invariance

Pseudo-scalar Yukawa

’ h
8 x x " x \
Higgs-gluon-gluon 5\'@] 7 Quark Chromo-EDM
F\J\J\ /]/l./'[ O
-9 q & qu q q
, , 1 ~ v
v, ,Inﬂq ~ 2 d, 12

e Affect Higgs production and decay at LHC and EDMs (n,'”’Hg, e), e.g.
Low Energy: quark (C)EDM + Weinberg

LHC: Higgs production via gluon fusion
4 p

Sr e

28

-
8
g égﬁ‘\\h —_— @
*
a9 9 q &

g

~N
J




EDMs and CPV Higgs couplings (2)

vImY, vImY, o*ImY] o'mY! o’mV] PImV] Pd/m, 2?0 ] (Tey)

Top Yukawa Top C-EDM h-g-g

|E+00 l
|E-02 2.5
|E-04 25
[ EDMs |
|E-06 . LHC 250

Y.-T. Chien,V. Cirigliano, W. Dekens, J. de Vries, E. Mereghetti, JHEP 1602 (2016) 011 [1510.00725]



EDMs and CPV Higgs couplings (2)

Top Yukawa Top C-EDM h-g-g

v’ ImY,] v ImY] ?ImY! 0’ImY! 2’ ImY] 2?ImY] %d,/m, 226’ (TeV)

|E+00 l
|E-02 2.5
|E-04 25
[] EDM:s |
|E-06 . LHC 250

Y.-T. Chien,V. Cirigliano, W. Dekens, J. de Vries, E. Mereghetti, JHEP 1602 (2016) 011 [1510.00725]

® Neutron EDM is teaching us something about the Higgs!

® Future:factor of 2 at LHC; EDM constraints scale linearly

® Experimentat 5 x 10%” e cm and improved (25-50%) matrix
elements will make nEDM the strongest probe for all couplings



EDMs and high-scale SUSY (1)
“io

Standard particles SUSY partlcles

® Higgs mass + absence of other
signals point to heavy super-partners

® “Split-SUSY”: retain gauge coupling 4

unification and DM candidate Squarks,
103 TeV + sleptons (m)

EDMs among a handful of observables
capable of probing such high scales 1 TeV Higgsino (p)
Gauginos (M123)




EDMs and high-scale SUSY (2)

g

UR ury,
L ap U s
X in i £

dg ~

Qg Mg

(4m)% My
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J as my M3 5L R
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q q

Sin ¢,




EDMs and high-scale SUSY (2)

1026}
10727}
5
Oy M -28
Z -~ w q L‘. 5 \Q_)/ 10 ;
“a (4m)? pMs S 2 :
~
~ .
1029}
10730

— | — - — g
mg|l=|my|=|mg|/5=2TeV " "
T T T Carrent NEDM Timit T T up UL

I *.tr tL F
i X
i m g =500 TeV / LL'H(
v / s 9
; / d N%&%deR sin ¢
| 1000 TeV | N Y Ar mg 'm% utOtu S Pu
.l
v 1 XQ Maximal CPV phases.
/ g Squark mixings fixed at 0.3
2000 TeV A
PN PP I .;:.l "..'.......1 N
1 10 100 1000  10*
| (TeV)

For |h| < 10 TeV, mg ~ 1000 TeV, same CPV phase controls de, dn — correlation?



p (GeV)

EDMs and high-scale SUSY (3)

1 x10* [ % T,
Current limit from \ .

| _ThO (ACME) \ sin(2)=1] |

5000 | |de=8.7x10-%° e cm |, tan(B)=1| -

kN

2000 | .
1000 | %0 ~

[ Oo d,=10-28¢ cm

| v \ ‘\\ -

500 F % % _

d,=5%10-28 ¢ cm \-\
I A
d,=10-27 ¢ cm \
200 1 ] \ | \I | R
200 500 1000 2000 5000 1><104

M, (GeV)

Both de and d, within reach of
current searches for My, U < 10 TeV



p (GeV)

EDMs and high-scale SUSY (3)

1x10* [ VR Y T
Current limit from . .
| _ThO (ACME) } sin(§2)=1
5000 [ |de=8.7x10-%° e cm|, tan(B)=1 |
TN
2000 i
1000 | */0 ~
[ o dn =10-28¢ cm
) . _
v \‘ .
\

500
- < d,=5%x10-28 ¢ cm

L s
d,=10-27 ¢ cm \
200 1 | \ \I | R
200 500 1000 2000 5000 1x10%

M, (GeV)

Both de and d, within reach of
current searches for My, U < 10 TeV

Studying the ratio d, /de with

precise matrix elements —
upper bound d, <4 %102 e cm

Split-SUSY can be falsified by
current nEDM searches

Example of model diagnosing enabled by multiple
measurements (e,n) and controlled theoretical uncertainty



OVBP and
Number Violation




OvBPB and Lepton Number Violation

(N,Z)>(N—2,Z+2)+ e + e )

| 2B |
\ Ovpp

D ()
dN/dE
/

Lepton number changes by two units: AL=2 0 0z E/Qjﬁ

® B-L conserved in SM — new physics, with far-reaching implications

® Demonstrate that neutrinos are their
own antiparticles

® Establish a key ingredient to generate
the baryon asymmetry via leptogenesis




OvBPB and Lepton Number Violation

* Ton-scale OVBP searches (Ti2 >10%7-28 yr) probe at
unprecedented levels LNV from a variety of mechanisms

LNV dynamics at M >>TeV:
it leaves as only low-energy footprint
3 light Majorana neutrino

M |

“Standard

Mechanism”
(high-scale see-saw)

d; > > "

VEW > '

> e
dp - = uy

. ¢ ¢
| /Coupling - 9
‘ VEw




OvBPB and Lepton Number Violation

* Ton-scale OVBP searches (Ti2 >10%7-28yr) probe at
unprecedented levels LNV from a variety of mechanisms

LNV dynamics at M ~TeV:
1) new contribution to OVBP not
related to light neutrino mass;
2) pp — eegjj at the LHC

“Standard

Mechanism”

(high-scale see-saw)

Left-Right SM dy = - (7.
VEW RPV SUSY _ -
Left-Right
SM -
- €x
dg - = ug

| /Coupling



OvBPB and Lepton Number Violation

* Ton-scale OVBP searches (Ti2 >10%7-28yr) probe at
unprecedented levels LNV from a variety of mechanisms

LNV dynamics at Mr : eV — GeV:
additional light Majorana states

M

“Standard
Mechanism”
(high-scale see-saw)

Left-Right SM

VEW RPV SUSY

Light sterile V’s

| /Coupling



Connecting OVPBP to new physics

A
a [ Lpsu J
l Integrate out
> ?e V) heavy particles
CO e e o cO
Qurks | [Fr=3 00 2 qw O+ 2 4 O “Standard Model EFT”
A Hadronic matrix
(~GeV) l elements
Nucleons, -\ A .
pions Ly =) Ci(C) O Chiral EFT
| 1 Nuclear matrix
elements
Nuclei For general analysis see
e Tin[ G IC. VC, W. Dekens, M. Graesser, E.
| [ GG Mereghetti, J. de Vries 1806.02780

Chain of EFT +
lattice QCD & many-body methods » Tin[C[C]] ~ (Mmw/N)A (A/mw)B (ke/Ay)©

theoretical uncertainties



High-scale seesaw

e Strong correlation of OVB with neutrino phenomenology: I o« (mgg)?

(mgg)? |Z( -y |

D — ()" (m, )" e— —
Am ).ol
(m,)’ 4
VC
(Am®)__
" (Amd),_
VT
E— ()’
(‘m ) ) ~
- (m,)” (m,)n ——
A
NORMAL SPECTRUM INVERTED SPECTRUM
n"lightest2 =1




High-scale seesaw

e Strong correlation of OVB with neutrino phenomenology: I o« (mgg)?

(mgp)* = 1) Ulimuil?

(
Dark bands:
unknown phases

Light bands:
uncertainty from
oscillation

parameters(90% CL)
N\ J

A Assume most

Wil ‘pessimistic” values
for nuclear matrix
elements

~~ T TTTTIT I I FrrrrT T TTTTI ||||! I TTTTT I I T TTTI
>
E

(<= X -, y Wior

3§ i ﬁﬁﬁ xpected Mﬁ Ehbes i
\E/ msﬁ% b
(m)>15 meV TO n scal e (m,)>15 meV
10

[a—
IIII

- Inverted Spectrum

IIIIII| | lIIIlIII | L1 1

IIlI

Normal Spectrums:

lIlll 1 I IIIIIl| | llIIIlII | 1 1 1111

1 10

100 1 10 100
Myjpest (meV) Mo hgest (meV)

e Discovery possible for inverted spectrum OR miightest > 50 meV



TeV scale LNV

e eV sources of LNV may lead to significant contributions to
NLDBD not directly related to the exchange of light neutrinos

Left-Right Symmetric Model
with type-ll seesaw

10°
GERDA 90% C.L.
GERDA + HDM + IGEX 90% C.L. .
ol M; x m;
3 VPMNS _ VPMNS
Q, fi :
— 2 L
= 10
E
M; = 7+M3, for NH
f. — my A,
107 M; = ;;1\[2, for TH.
30 Range - Prior —— -
Posterior N M2,3 — I Tev
10-4 pal 11 3 a1l JE RS adaa) L il

my 3 [eV]

Ge-Lindner-Patra 1508.07286



TeV scale LNV

e eV sources of LNV may lead to significant contributions to
NLDBD not directly related to the exchange of light neutrinos

Ms = Mr = Mesr (gerf ) = 817 g2?

e e )
S | F s/u Peng, Ramsey-Musolf,
J

-
u
' Winslow, 1508.0444
¢/ 8 & & g|\d

\
Aovps ~ (gefr)*/ (Mer) °

1.4 — '£'=1'0(')f5'1' - Sensitivity study:

1 of~=" £=300fb™" OVBB vs LHC
o [..-- £=3000fb" (current and future)

5 0.8f PP —eej] lllustrates
0.6} competition of
0.4} Ton-scale
0.2 NLDBD and
0.0E LHC



Low-scale LNV

Low scale seesaw: intriguing example with one light sterile vk with

mass (~eV) and mixing (~0.1) to fit short baseline anomalies

Extra contribution to effective mass  mgss = mps|, .00 + |Uea|” €2F my '

Inverted Spectrum

[ inverted 3v

Normal Spectrum

1T

T T T T T TTrrTg T T TrrrT 1
3+1

fNormal 3v Ordering 3+1
— 10 — 10 1

H -— 10 — G
1 — 20
w— 3 30

— 35

—h
<

Impg  [eV]
3

=
b

1 Giunti-Zavanin

1505.00978

107* ‘
-4 -3 -2 -1
10 10 10 10 1 10 10°3 1022 107
Lightest mass: m; [eV] Lightest mass: m, [eV]

Usual phenomenology turned around !



Summary

e The precision / intensity frontier plays a key role in the search for
the “new Standard Model” and its symmetries

e Broad and vibrant experimental program

* Probes very high scales

B Current

B Future

Proton decay
Neutrinos (LNV)
LFV (muons)
Quark FCNC
EDMs

(2-2)

CC (P)

CC V)

CC (5,T)

NC (Moller)
NC (eq)

0 2 4 6 8 10 12 14 16 I8
EWSB GUT Planck

Logio [Ni(GeV)]




Summary

e The precision / intensity frontier plays a key role in the search for
the “new Standard Model” and its symmetries

e Broad and vibrant experimental program

e Connects to big open questions

V oscillation

V mass measurements (KATRIN,
Project 8)

Sterile V’s

Leptogenesis

OVBB arKk matter

e
N

EDMs
Dark gauge boson
Electroweak \ WIMP searches
Baryogenesis - dark matter
Muon g-2

N \ B-decay
PVES

~~ Muon LFV




luoy JnsdT

E\ ¥
A drawing by
Bruno Touschek




Additional material



V4 from 0" — 0* nuclear [ decays

O | Vaa| " o 2984.48(5) s
1 ol Vad"me L s
— () () . ft(l+ RC) = -
t 73 log 2 f(@) (1+ RC) ) |V |?

(14+ RCY) = (1 —d¢) (1+8g) (1+ Ag)

/ / S~

(flT4]2) = \/5(1 — 0¢/2) Nucleus-dependent Nucleus-independent
Coulomb distortion rad. corr. short distance rad. corr.
of wave-functions (Z, E™ nuclear structure)

/ D AU
, | _ | Ap ~ 2.4%
oc ~ 0.5% Or ~ 1.5%
Marciano-Sirlin ‘06
Towner-Hardy Sirlin-Zucchini ‘86
Ormand-Brown Jaus-Rasche ‘87




V4 from 0" — 0* nuclear [ decays

-

1 Gﬁ | ‘;Ldl 2771?

, . 2984.48(5) s
— = - f(Q) (1+ RC) - ft(1+ RC) =

. 7,2
t 3 log 2 ' | Vid|
> |
. Towner-Hardy, Sirlin-Zucchini, Marciano-Sirlin
) “Ar “Rb
3090: “0 zzMg om0y 4 -[ fl‘ (1 + R( Y)
3080 “C  AI" *Cl**Sc *Mn *Ga 3100 |
3070 - - 3090 + T
i 3080
3060 [ ] I i L f I { e
' 3070 F I
3050 | { B ¥y = _ I |
3040 | - 5 10 15 20 25 30 35
] Z of daughter nucleus

3030---.n----llA.-!.A---l-;--a----!.-.a.ma.!.a.-.m
5 10 15 20 25 30 35
Z of daughter nucleus

(Vaa= 097417 1)) monermomson




CKM unitarity: input
[l‘/udl‘z + | Vis|? +D§Q|2 =1+ ACKM(F;)J

28] - CKM unitarity

2:2265- 7_\ / (from Vud)
% ;
V 0.2225_ w l -
us 0.2205-

0.2185—
0.2165—
0214 T— s
;ﬂlv K= v 1=Ky inclusive

(V| K) o< f+(0)(pr + pr)p + - (0J]AL|K) o< Fk(pK ),

‘/;L — ,§A’,f‘ p U A U= S YuYsU



CKM unitarity: input
[\Vud\z + | Vis|? +M\2 =1+ ACI\Z\I(W)]

28] - CKM unitarity

3365_ 7_\ / (from V)

w l
2205—

0218 [

© o o o o

us

0216

0214°L

TS

K=o T1ilv K—=2puyv T1—=2Kv . :
inclusive

® New LQCD calculations have led to smaller Vys from K— TTlV
f<=1T(0)= 0.959(5) — 0.970(3) Vus = 0.2254(13) — 0.2231(9)
Fc/Fre = 1.1960(25) [stable] I Vus IVud = 0.2313(7)

mn — mgP", a = 0, dynamical charm FLAG 2016




EDMs in the Standard Model?

* Weak interactions (CPV in ui-dj-WV vertex): highly suppressed

et Ae,t

i dn ~ 103 e cm

Lon u,d J u,d

l“’lJ

n

* Strong interactions (complex quark mass m. 0): potentially large but...

dh <3 1026 e cm

s m _ L .
P @ 4 dn ~ \2 - el ~ 10 17 fecm | — Iﬁl < 10—9
H_ w

Motivated mechanisms to dynamically relax O to zero



Ca g°

L

— b ~buv
int — fa 3972 aGuuG g

Oscillation frequency (Hz)
10° 10°® 103 10° 103 106 10°

10-3
Supernova energy-loss

Big Bang
nucleosynthesis

10—18

1l Super-Planckian {
axion decay constant

\ short time-base

Gala- | long time-base
xies

10—21

10—24

10-24 10-2! 10~ 10-15 10~ 10-° 10~
Axion mass (eV)

Abel et al., 1708.06367
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First laboratory
constraint on the
coupling of axion
DM to gluons

Ample room for
improvement in
next. gen. nNEDM



broken
electroweak

@P in the bubble wall (Mab) -
B 'in unbroken phase

phase
VH, <H> + 0
(mass matrices) /'\
i i
W H

For a review see: Morrissey & Ramsey-Musolf 1206.2942

 Requirements on BSM scenarios:
e |t order phase transition: new particles, testable at LHC

e New CPV: EDMs often provide strongest constraint.

e Rich literature: (N)MSSM, Higgs portal (scalar extensions),

flavored baryogenesis,...
See M. Ramsey-Musolf talk at APS April Meeting 2018
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In Supersymmetry, |t order
phase transition disfavored by
LHC in minimal model (MSSM),
need singlet extension (NMSSM)

CPV phases appearing in the
gaugino-higgsino mixing

contribute to both BAU and EDM

X 7V
i broken 4

¢ electroweak < _ o
‘9" phase | g“

W <H>#0
/ V
¥ N

In scenario with universal phases

(P 1=, successful baryogenesis
implies a “guaranteed signal” for
next generation EDMs searches

Compatible with baryon
asymmetry

Sin (¢1)

d =3x10" e cm

d=10"ecm

00}lll/l|||.|...,|,,,,

- 100 150 200 350 300
My (GeV)
Next generation
neutron EDM L, P"°f”(r;;3°l’|.'73r;;e¥-Musolf

VG, Li, Profumo, Ramsey-Musolf,
55 0910.4589



In Supersymmetry, |t order
phase transitinn dicfrravad b

LHC in mini cAVEAT: current uncertainties in
need singlet |)  hadronic matrix elements;
2) early universe calculations;
CPV phases may shift these lines and alter the
gaugino-higg conclusions
Contribute tU WJLUII WIr\\J aAllid kw1l 1

X 7V
broken 7

electroweak ‘
g‘ ~ phase | Q‘ ‘

<H>=+0
/V
¥ N

In scenario with universal phases

(P 1=, successful baryogenesis
implies a “guaranteed signal” for
next generation EDMs searches

Compatible with baryon
asymmetry

d =3x10.27 e cm

d=10"ecm
—

01

Sin

oo}n-./l....l....l.,,,

~ 100 150 200 250 300

M;(GeV)

Next generation
Li, Profumo, Ramsey-Musolf

neutron EDM 0811.1987

VG, Li, Profumo, Ramsey-Musolf,
55 0910.4589



Neutrinoless double beta decay

( (NZ) > (N=2,Z+2)+ e + e‘J

Lepton number changes by two units: AL=2

m/|

*Enabled by nuclear physics energetics

Unique laboratory to study lepton number violation (LNV)



Engel-Menendez 1610.06548

E rJFI—EDF A [ [ F T E
_ REDF v N
- QRPAJy X AL -
—ORPATU T L i Aa =
~ QRPACH + v ) v
- BM2 W, L V a =
- SMMi T 0 K Vv L(v =
[SMStMTk @ b X | =
— T1 X g N ] B _:
=M ®e © e m
- A - _ ® A -
- H Tz i
Sy ! =
S| N I
i [ [ (1 |
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@ < 4 .
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|
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See-saw and leptogenesis

{ See-saw mechanism for m,, } Type | for illustration

" ‘I' 2 = 7 I R | / 7
L (A IR);, 1./£“ C 1./% — N vp(H :f Li ) + h.c.

Heavy Vv
VR A, :CPand L, violation
H H
Mg
—@——— @ —— @ — |
L NR NR L
AT An




See-saw and leptogenesis

( See-saw mechanism for m,, }

L
v J- ."[ . Ti .~ _J \.‘,' -1 HT LJ l -
L D 5 (MR)j; vy C vp — Ay vgpld, L)+ h.c.
Mg : L violation
A, :CPand L, violation
J,
1) XP and J/” out-of-equilibrium T

decays of N. (T ~Mg) = n,

[r( N; — I H') £ T(N, — I H) ]




See-saw and leptogenesis

( See-saw mechanism for m,, }

L

» ‘I' 3 12 v 7 13— 7 5
L D - (Mg),; v Cvn — N ok (H] L;)+ h.c.

4 N

Mg : L violation
A, :CPand L, violation

1) P and /" out-of-equilibrium
decays of N, (T ~Mg) = n,

SL t
[F(‘\Tf — . H)#T(N; — I H) ] CL b,
dL bL
2) EW sphalerons = ng =- k n_
dL V.

ng _ up Vi
{,’BET:&()] Ve




See-saw and leptogenesis

( See-saw mechanism for m,, 1

L )

» ‘I' 3 T 7 I BT 7
L D - (Mg),; v Cvn — NI ok (H] L;)+ h.c.

4 N

Mg : L violation
A, :CPand L, violation

\- J

1) XP and J/” out-of-equilibrium
decays of N, (T ~Mg) = n,

If CP & L, violation is communicated
to particles with mass /\~TeV

DNy — [ HY) # D(N; — [ H) | / \

2) EW sphalerons = ng =- k n_

" Observable Observable
{r;B == * ()] LFV lepton EDMs

T~y




