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Goals for This Talk

Standard Model physics: outline two open
problems to interpretation of low-energy
fundamental symmetry tests:

e EFT in nuclei
« EW boxes w/ nuclei

BSM physics: illustrate complementarity of low-
energy symmetry tests & enerqgy frontier probes

* Origin of m,
* Leptoquark interactions

Tie together workshop topics, show preliminary
results & invite discussion



Four Components

Hadronic Parity Violation

Effective field theory:
applicable in nuclei ?

EW boxes:

Interpretation of precision
tests w/ nuclei

Ovpp decay searches:

Nature of neutrino, Lepton
number violation, origin of
matter, origin of m,,

PV electron scattering & 3
decay

Indirect BSM probes &
LHC complementarity
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Four Components

Hadronic Parity Violation

Effective field theory:
applicable in nuclei ?

EW boxes:

Interpretation of precision
tests w/ nuclei

Ovpp decay searches:

Nature of neutrino, Lepton
number violation, origin of
matter, origin of m,,

PV electron scattering & 3
decay

Indirect BSM probes &
LHC complementarity

Leptoquarks: weak decays, EDMs LHC




Outline

I. Hadronic PV & 0vBp decay: EFT in nuclei
Il. EW boxes

lll. PVES &m,

IV. Leptoquarks

V. Outlook



. SM Interpretation: HWI in Nuclei

T. Peng, G. Prezeau, MRM,
P. Vogel, P. Winslow
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* Problem with expt’ s

* Problem with nuc th’y

» Problem with mo@

* No problem (10)

12



Hadronic PV
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New and "improved” plot:




Hadronic PV: Few vs. Many-Body

Complete determination of PV NN &
yYNN interactions through O(p)

7

Attempt to understand
the A, h_etc. from

QCD

N\

Are the PV LEC’ s
“natural”?

Attempt to understand
nuclear PV observables

systematically

Does EFT power
counting work in nuclei ?
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4 quark
operator

EFT in Nuclei: HPV

L(n,N)

Few body
systems

Nuclei
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EFT in Nuclei: HPV

4 quark EFT
001221 10) g IR e :

Few body
systems

Nuclei




EFT in Nuclei: HPV
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EFT in Nuclei: HPV & Ovfp Decay
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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)
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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 T

_ %ZCHHTL L e

Majorana

A(Z, N)

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

— ~ y —
Loass = yLHvgp + h.c. Lonass = KLCHHTL + h.c.
Dirac Majorana
Impact of observation ) )
e e
What’s
» Total lepton number not inside ?

conserved at classical level

» New mass scale in nature, A

* Key ingredient for standard
baryogenesis via leptogenesis
A(Z, N) A(Z+2, N-2)
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BSM Physics: Where Does it Live ?

B SM 2 SUSY, see-saw, BSM
* | Higgs sector...

Mass Scale

Sterile v’s, axions,

BSM ? | darku(1)...

Coupling
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BSM Physics: Where Does it Live ?

SUSY, see-saw, BSM

Higgs sector...

Mass Scale

Sterile v’s, axions,

BSM ? | darku(1)...

Coupling

Is the mass scale associated with m,, far
above M, ? Near M, ? Well below M, ,

26



LNV Mass Scale & 0Ovpp-Decay

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
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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

A(Z, N) A(Z+2, N-2)
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LNV Mass Scale & 0Ovpp-Decay

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

30



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
|
B | i

A(Z, N)

A(Z+2, N-2)
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Ovpp-Decay: TeV Scale LNV

Loass = yl_LﬁVR + h.c. Loass = %ECHHTL + h.c.
Dirac Majorana
Ovpp-Decay pp Collisions

V)

A(Z,N) A(Z+2, N-2)
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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
St . Simplified models
LHC: pp — jjee F OJF

U 33




Ovpp-Decay: TeV Scale LNV

/:'mass — yl_;f{VR + h.

Dirac

Benchmark Sensitivity: TeV LNV
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A(Z+2, N-2)
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Ovpp-Decay: TeV Scale LNV

Loass = yl_LﬁVR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV

Lo =LIHHTL + h.c.

T. Peng, MRM, P. Winslow 1508.04444

A
Majorana
Present e— e—
Tonne scale
F
|
S | s
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Ovpp-Decay: TeV Scale LNV

Loass = yl_LﬁVR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV
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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__, 5t : U d u
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Ovpp-Decay: TeV Scale LNV

Lonass = yl_LﬁVR + h.c. L ass

Dirac

Low energy: Matching

L(n,N)

<€

Match onto O, at Aggy

Match onto O,,, at A,y

JICHHTL + h.c.
A
Majorana
d u
> ‘></ ¢
d | U

4 quark operator
(like HWI)
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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
39



Ov BB - decay in effective field theory

Tractable nuclear operators

Prezeau, MJRM, Vogel
PRD 68 (2003) 034016
Systematic operator classification
40



Ov BB - decay in effective field theory

€ € e e e
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Ov BB - decay in effective field theory

Operator classification U= M WEAK

~ab = L u_a — b
s O, =477 q, 4rY,T qx

our case):

o Prezeau, MJRM, Vogel
Ovpp -decay:a=b =+ PRD 68 (2003) 034016

42



Ov BP - decay in effective field theory

Operator classification U= M WEAK

Olaf = quMTaQL qRyMTbQR

Chiral transformations: SU(2), x SU(2)s

q, —=> Lq, L
dr —> Rq, R

N | U
T

= exp(iéé ' ) élaer c (3L’ 3R)

Parity transformations: q, ++ g5

Ov pp - decay: a=b = + O < 01+++ 43



Ov BP - decay in effective field theory

Hadronic basis
X¢=ET"EY, X =E'1°E, E=exp(iT 7/2)

Chiral transformations

o ~Tr(X;XZ)~%n'n' o

No derivatives ) K.~ O(p°)

44



Ov BB - decay in effective field theory

€ € e e e
v e*
E2ra “Ta
N N N N N
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Ovpp-Decay: TeV Scale LNV

Loass = yl_LﬁVR + h.c.

Dirac

Benchmark Sensitivity: TeV LNV

Lo =LIHHTL + h.c.

A (TeV)

T. Peng, MRM, P. Winslow 1508.04444
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An Open Question

Is the power counting of operators sufficient to
understand weak matrix elements in nuclei ?

A

5 n n OL
(%2) PP p P 2 2
\_._._ (FJ.;;’Z) ’( f;z)

7GGe
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e.g.

An Open Question

Is the power counting of operators sufficient to
understand weak matrix elements in nuclei ?

A

(=0...,9 OCLW ¢'=0Q...,5

>

Mg ~ P (=('=0 o
M, ~ P  (=20=0 )2
M, ~ p* (=Q(=2 )2
M, ~ P (=4(=0 o
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An Open Question

Additional complications:

- Bound state wavefunctions (e.g., h.o.)
don’t obey simple power counting

« Configuration mixing is important in heavy
nuclei

» More theoretical study required

» Hadronic PV may provide an empirical test

49



EFT in Nuclei: HPV & 0Ovfp Decay
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II. SM Interpretation: EW Box

Discussions: T.W. Donnelly, J.
Engel, J. Hardy, C. Horowitz...
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Two EW Boson Exchange

. j
| + 5' + '
v ' v Elastic | v ;Inelastic E
Born Coulomb distortions Dispersion corr.
V=20 W,y

Thanks: C. Horowitz
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Two EW Boson Exchange

. i
| + Voo+ .
v " Elastic |V | Inelastic |
: : i !
Born Coulomb distortions Dispersion corr.
V=2%W,y

 QED ( yy) in semileptonic interactions is still a puzzle !

* No direct probes of EW boxes ( yZ, yW ) available, but
reliable SM computations needed. Can we trust the
quoted theoretical uncertainties ? Can we reduce them

further ?
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Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('°C) & nuclear p-decay;
beam normal asymmetry, Olympus... provide tests

| i J
| + ! + .
v I v ~ Elastic | v Inelastic |
: i : ; !
Born Coulomb distortions Dispersion corr.
V=20, Wy

o4



Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('>C) & nuclear f-decay;
beam normal asymmetry, Olympus... provide tests

- v ! Y Y

v I v - Elastic | v Inelastic

: i : ; !
Born Coulomb distortions Dispersion corr.

V=20 W,y T T

V=y Beam normal
asymmetry
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Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('>C) & nuclear f-decay;
beam normal asymmetry, Olympus... provide tests

S : :
Vv + v+ Vv
I v  Elastic | Inelastic .
: : i |
Born Coulomb distortions Dispersion corr.
_Zf Abrahamyan et al, PRL T T
i 109 (2012) 192501
_ of V=y Beam normal
g o asymmetry
<C<1of
- JLab Hall A
0.05 0.1 0.150 [GeOVZ] 0.25 0.3 0.35 o Future.. Mainz’ J Lab 56




Two EW Boson Exchange

Born

V=20W,y

v  Elastic | v Inelastic

: . !

Coulomb distortions Dispersion corr.

do A, Ap, ft., aA.. §E) d,

v v v % X X Vv

X X v X X X X
X X X v v v X

o7



Dispersion Corrections

Two-boson exchange in semileptonic processes: important
for elastic PV eN & eA scattering ('>C) & nuclear f-decay;
beam normal asymmetry provides, Olympus... provide tests

. ! j

| + ) + .
v I v ~ Elastic | v Inelastic

: : i |
Born Coulomb distortions Dispersion corr.

A A
V=20 W,y T T
V=y Beam normal
t
Important for O (0.1%) asymmeny

probes of PV 2C(e,e’) &
superallowed p-decay V=2% W Nucleus-dependent QED &

EW corrections 58



Dispersion Corrections

Proposal: (1) carry out a consistent set of computations for
A, , PV asymmetry, & 6,5 using different methods (2) develop
a program of A, measurements to test computations

| + ) + .
v I v ~ Elastic | v Inelastic

: : i |
Born Coulomb distortions Dispersion corr.

A A
V=20 W,y T T
V=y Beam normal
t
Important for O (0.1%) asymmeny

probes of PV 2C(e,e’) &
superallowed p-decay V=2% W Nucleus-dependent QED &

EW corrections 59



Beam Normal Asymmetry

® Increasingly important for many precision
measurements.

® Can isolate some radiative corrections with only
polarized electrons (no need for positrons).

® PREX, CREX provide unique data sets on high Z
targets. Comparing these to low Z data allows
“Rosenbluth like” separations of different coulomb
distortion, dispersion ... contributions vs Z.

Instead of long / transverse vs angle, have coulomb
distortion / dispersion contributions vs Z.

® Analyzing high Z and low Z data together can
provide important additional insight even if only
interested in low Z experiments.

60

C. Horowitz



Beam Normal Asymmetry

.' | i !

AV AR Y Y, 20 + | Y, Z°

| | Elastic | | Inelastic |
Born Coulomb distortions Dispersion corr.

® Coulomb distortions are coherent, order Za.
Important for PREX (Pb has Z=82).

® Dispersion corrections order & (not Z). Important

for QWEAK because correction is order o/Q,, — 10%
relative to small Born term (Qu). --- M. Gorshteyn

® Both Coulomb distortion and dispersion cor. can be
important for Transverse Beam Asymmetry A, for 26Pb,.
Note Born term gives zero by time reversal symmetry.

61
C. Horowitz



Weak Decays: BSM Implications

Decay Correlations: Scalar SUSY Corrections to
& Tensor Currents CKM Unitarity
0.0015 T T T T
0.008¢ 00012 Present
0.006- 0.0009
S 0.0006
0004 = 0.0003
JS) ! g 5 0
o 0002} LHC @ 1470, 300 ! S B
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Re (er) LHC Run Ii ’
Bhattacharya et al ‘12 Bauman et al “12

Neutron & Nuclear B-decay: 0* — 0*, Nab, °He...

Goal: ¢~ 0(10%) 62




Weak decays p-decay

n—>pev,
(L+Ar, =Ar) | AZN)=>AZ-LN+De'v,

> AR ANARY

Gy
Gy

Vi

u

Nuclear 0*—=0" Neutron

SM theory input

Pion beta decay
V,,= 0.9740+0.0005 V,,=0.9745:0.0016

V,,= 0.9743+0.0056
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Pre 2006

Exp

Pre 2006
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Weak decays p-decay
; n—>pe v,
G
i =V (1+Ar, -Ar) | AZN)=A(Z-1N+De v,
F + 0 +
—~ A AN
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0" — 0" Dispersion Corrections: dyg

| Q-value
[ Half-life
10 | Branching ratio

H 8a

[]6c - 8Ns

Parts in 10*

140 26mA| 34C| 38mK 42Sc 46V
Parent nucleus

0 10C

*Mn*Co

br : scalar currents

Input for V ; & CKM
unitarity test

Towner & Hardy, PRC 91 (2015) 2, 025501
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0" — 0" Dispersion Corrections: dyg

-k
=y

'y
N
T

S

br : scalar currents

sy
o
T

I Q-value § &g i
[ Half-life [ 8, { Bs
| Branching ratio .

Parts in 10*
e

1 L L. l l l n. l L Input for V,; & CKM

10C 140 26mA 34C| 38mK 42Sc 46V SOMn54Co un'tar’ty teSt

Parent nucleus

Towner & Hardy, PRC 91 (2015) 2, 025501
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0" — 0" Dispersion Corrections: dyg

14
121 I Qvalue § 8 i
[ Halt-life 0 8¢ @)

B 10r l | Branching ra'lo .
£ 8 l \
©
s .| |

el

0

10C 140 26mA| 34C| 38mK 42Sc 46V SOMn54Co
Parent nucleus

Towner & Hardy, PRC 91 (2015) 2, 025501

br : scalar currents

Input for V ; & CKM
unitarity test
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0* — 0" Decay: dys

+
N One-body Two-body:
GS — GS
or
? Full nuclear Greens fn:
excited intermediate states

68
J. Engel



0" — 0" Decay: Oy

W
Nuc.

Nuc.*

One-body Two-body:

\N GS - GS

Towner 1992; T&H compilations

Full nuclear Greens fn:
excited intermediate states

J. Engel
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0" — 0" Decay: Oy

W
Nuc.

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

124

One-body

Two-body:
GS — GS

Towner 1992; T&H compilations

~

Full nuclear Greens fn:
excited intermediate states

J

J. Engel
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0* — 0% Dispersion Corrections: g

-k
=y

'y
N
T

sy
o
T

| Q-value
[ Half-life
| Branching rafio

§ 3,
[]Sc'sus

l

Parts in 10*
[o0]

Ll llll‘“
Thwll

oL

b : scalar currents

10C 140 26mAI 34C| 38mK 42Sc 46V SOMn54Co
Parent nucleus

Input for V ; & CKM
unitarity test

Towner & Hardy, PRC 91 (2015) 2, 025501

Re-compute with state-of-the-art many-body methods

Test w/ A, predictions & expt for 1°B, "N, 26Mg, 34S, 38Ar, 42Ca, 4°Ti, °°Cr, **Fe

Investigate strategy for obtaining reduced error bars
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Ill. PVES & m,

B. Dev, MRM, Y. Zhang in
prog
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Neutrino Masses

fermion masses

(large angle MSW)

Partners
Vi evaevs Partners
= o T = )
(0] CBD < @ % G -
< 2 ® 5 : :




Neutrino Masses

fermion masses

Partners

(large gfigle MSW)

it Partners

o
<
J

A9M
AdW
Ao

\_

[Something else ? ] [Higgs Mechanism }
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PV Moller: Type I, Il See-Saw

Left-Right Symmetric Model

g
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PV Moller: Type Il See-Saw

Minimal type Il See Saw

L= ghw [[_/CiéALLj} - 4 h.c. AL — (
AT 2
hee >_ _Qee L 5~ £
- B g
AQS Ree|?
%V (MA/l TeV)

AtV/2
AO

AT
—A+\/§

)

| _
4 hijhzm[MT(llejR)(lle,cnR) + (L < R)

77

}



Ovpp-Decay: Type Il See-Saw

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

Introduce “Complex Triplet”: A, ~ (1, 3, 2)

A — A+\@ AT
7L A _A+H2

L= ghw [Zci€ALLj] == h.c.
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Ovpp-Decay: Type Il See-Saw

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

Introduce “Complex Triplet”: A, ~ (1, 3, 2)

Aty/2 AT
Ar = ( AC —A+ﬂ) (M), o< ghy; (AL

h,. linked to neutrino

9 & CLFV pheno

L= ihw [Eci€ALLj] + h.c.
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PV Moller & Type Il See-Saw

parameters NH IH
AmZ2, [eV?] (7.53£0.18) x 10~° (7.53 £ 0.18) x 10~°
|Am3,| [eV?] (2.45 4+ 0.05) x 10~2 (2.52 +0.05) x 10—

sin? 012 0.307 =0.013 0.307 = 0.013
sin? fyg 0.51 4 0.04 0.50 + 0.04
sin? 012 0.021 £ 0.0011 0.021 +0.0011
dcp [0, 2] [0, 27|
o [0, 2] [0, 27|
B [0, 27] [0, 2] PV Moller

Neutrino phenomenology

D
£
<
2
Excludable /¢
V,&-

Inaccessible

PV Moller
B. Dev, MURM, Yongchao

Zhang in preparation 80



PV Moller & Type Il See-Saw

constraints on (

E+3
e 100 GeV

constraints
process current data [ M2, \2 NH H
(m) ] m1 =0 m3 =0
L aWrat-4 3L L FaWrat-d A AN
=t =t
p~—eete” | <1.0x1072 | |fl f..| <23 x1077 4.6 (36) 23 (43)
r—r—r St =it 0-28-(+=Y o2y
- —eptpT | <27x107° | |fl fur| <5.2%x 1070 1.1 (1.0) 1.1(1.2)
" —pTetp” | <L7x107% | |fl f..| <6.8x107° 1.1 (2.4) 0.97 (2.4)
s pete” | <18x107% | |fl,for| <6.4%x107° 0.55 (1.1) 0.47 (1.1)
T e pte | <15x1078 | |flfu-| <74x107° 0.47 (1.6) 2.9 (2.3)
T o pptpm | <21x1078 | |ff fur] <6.8 %1073 2.0 (1.9) 2.1 (2.2)
p ey <42x107 8 | |, flfur| <0.027 6.9 (6.9) 6.9 (6.9)
™ ey <33x107% | |, £l frr| < 0.0018 0.27 (0.27) 0.27 (0.27)
T pTy <44x1078 | |30, £ fril < 0.0021 0.52 (0.52) 0.54 (0.54)
electron g —2 | <5.2x 1071 Sk lfer? <12 0.0058 (0.033) | 0.032 (0.045)
muon g — 2 <4.0x107° S fur]? <017 0.06 (0.1) 0.061 (0.11)
tscillation <82x1071 | fI. fue| < 0.0012 0.13 (1.1) 0.7 (1.3)
ee — ee Aegr > 5.2 TeV | fee|? < 0.0012 0.033 (0.98) 1.0 (1.4)
ee — pup A > 70 TeV | |feu]®> <6.4x 1074 0.17 (0.36) 0.15 (0.36)
ee —TT A > 7.6 TeV | |fer|? <5.4x 1074 0.19 (0.39) 0.16 (0.39)

CLFV & other probes

B. Dev, MURM, Yongchao

Zhang in preparation

PV Moller
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PV Moller & Types | & Il See-Saw: LRSM

Two sources of m,,:

L = Zhi; [[%eAr L] + (L & R) +he

Type | see-saw Type Il see-saw

= 0 m v N
e (o 3o) G e

—

my, ~ ghy (A})
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PV Moller & Types | & Il See-Saw: LRSM

Two sources of m,,:

L = Zhi; [[%eAr L] + (L & R) +he

Type | see-saw Type Il see-saw

_ = 0 m % _
Emass:(VL Ng)<mD Mi) (N;>+mLZgVL

—

my, ~ ghy (A})

my ~ ghg (A%)

h.R not tightly linked to neutrino & CLFV pheno <



Moller & LNV: Phenomenology

Left-Right Symmetric Model

g e . 5t /N2 81
L=2hy [L% AL + (L < R) +he. Bon=1"" ’ :

2 J [ L :| ( ) L,R ( 52’R _8ZR/\/§
PV Moller Ovpp Decay
e_ e_ d U

A 4 / W % A hee |
d u c
e _ —

€

hee < 1077 x (Myy,, /100 GeV)3(Ma /100 GeV)? N



PV Moller & Type Il See-Saw: LRSM

R
Q/,,,%Q
¥

OvBp decay constraints

B. Dev, MURM, Yongchao
Zhang in preparation
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PV Moller & Type Il See-Saw: LRSM

B. Dev, MURM, Yongchao
Zhang in preparation
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IV. Leptoquarks

V. Cirigliano, MJURM, T. Shen & Fuyuto, MJRM, T. Shh
in prog
&1 @ MP=2 GeV (MS-bar) H .
Weak decays ™ <> /8 gme reverse?/ tgsts.
vs LHC o ) I 00 aramagnetic Systems
& 0000 } ) e_ N e_
LH@C . K\ / Y
Bhacacars SIS oo N » _
Mereghett- 1804.07407 ( \\ \( M y .—
o LA % A N
( g5=|0|(|0) -0.002 -0.001 ﬂ;;(‘\(ﬂ\ 0.002 e_ N e_
ang:.(y)if(:)nmomm b (*He) @ 0.001
L 2018, to appear
 To what extent does use of EFT  Does the electron EDM

operator adequately represent always dominate ?
LHC reach ? \ 87/




Leptoquarks: p-Decay & the LHC

General Classification: Buchmuller, Ruckl, Wyler

Lr—o = (hortprly, + hopqriteer)Rs + hordrl Ry
+(P1.q Yl + hirdry*er)U1,
+7leﬂ.R7“eRU1u + thqL?’)"“lLﬁgp + c.c.
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Leptoquarks: p-Decay & the LHC

General Classification: Buchmuller, Ruckl, Wyler

Lr—o = (hortrly, + horqriteer)Ra - hordrl Ry
+(P1.q Yl + hirdry*er)U1,
+7leﬂ.R7“eRU1u + thqL?’)"“lLﬁgp + c.c.

Scalar & Tensor Interactions

h h* .o .
—3 a7 e (@rdl ) (Ertt)

lh‘)LhoR ] |7 v 1
8—?_—1\1 eV (upot qL (eRUWEL)
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Leptoquarks: LHC production

Pair production

7 i gfzg e

Belyaev et al ‘05

Decays:
final states

LL
* LV

20§
LV
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Leptoquarks: LHC production

Pair production

o(fb)

Pair scalar LQ production at the LHC

0 500 1000 1500 2000 2500 3000
M, (GeV)

o(fb)

Single LQ production

10 Single scalar LQ production at the LHC
ug —Ige’
10 _—mm— Ug—lg €
10 dg — IgVv
———— dg—lq v

&

——

0 500 1000 1500 2000 2500 3000

M, (GeV)

Belyaev et al ‘05
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Leptoquarks: -Decay & the LHC

)
»
<,

W Exclusion from eej channel at £=300fb™"

< . . 1
¢ Exclusion from eej channel at £=100fb

v‘ﬁj_ Exclusion from eejj channel at £=300fb™"

Exclusion from eejj channel at £=100fb™"’

Exclusion from evjj channel at £=300fb™"

H O N =

Exclusion from evjj channel at £=100fb™"
Exclusion from weak decays

| |

Non-prompt decay

V. Cirigliano, MJRM, T. Shen in prog

Detailed Monte Carlo sim; validate w/ 8

92
TeV data; Boosted decision tree



Leptoquarks: -Decay & the LHC

)
»
<,

W Exclusion from eej channel at £=300fb™"

< . . 1
¢ Exclusion from eej channel at £=100fb

v‘ﬁj_ Exclusion from eejj channel at £=300fb™"

Exclusion from eejj channel at £=100fb™"’

Exclusion from evjj channel at £=300fb™"

H O N =

Exclusion from evjj channel at £=100fb™"
Exclusion from weak decays

| |

Non-prompt decay

V. Cirigliano, MJRM, T. Shen in prog

Detailed Monte Carlo sim; validate w/ 8
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Paramagnetic EDMs

Electron
EDM

(Scalar q)
x (PS e)

.
+vv'\m Y
.

Tl, YbF, ThO...

- Two Sources
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Paramagnetic EDMs: Two Sources

_ -mc, C07/AY
e 20x10” 0 20
6 ' l
- 15
Chupp & R-M:
Electron 1407.1064 b
EDM
- s
&
- s
N
- 10
(Scalar q) o — -6x10” = lThO | : : NS
X (P S e-) /’oomo'9 -200 g 200 400

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

_ ] O 22
e 20x10° ImCeqo( » 20
6 | | s
Chupp & R-M:
Electron 1407.1064 b
EDM
s
&
0 3
- 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)

Tl, YbF, ThO...
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Paramagnetic EDMs: 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)

97

Tl YbF, ThO... LHC inaccessible




Paramagnetic EDMs: Two Sources

- -ImC, (/A%
€ 6x10°0 4 2 0 2 4 6
| | | | | |
- 4x10°
Electron Y "
EDM '
L2
— OS_
e .
) b
S X Lo S
\:) >§J
- ~’
0.5
— -2
N e
1.0
Y ThO
vy | = HFF' - -4
(Scalar q) @ - 15x162 I ,
X (PS e-) / s xlO“q 0 5
Cs
N e

Chupp, Fierlinger, R-M, Singh 1710.02504;
Fleig & Jung 1802.02171

Inclusion of HfF+ : ~ 6 times stronger

bounds on d, & C5 — 2.5 higher on A
Tl, YbF, ThO, HfF+ 98



lllustrative Example: Leptoquark Model

- Constant d,

.
v A, Al =0.1
EIeCtron ’)/ ’_Ys § ;l ' ' LI | T T r rrrrr
EDM 4 > T
!
e PR

Uq e 4

S .
N = Allowed eq ]
f(s((géa;-?) e /yy e> 1% <u/ e
= “10? 10° 10*
N © “ ¢ my [TeV]
(3, 2, 7/6) Fuyuto, R-M, Shen 1804.01137

L3> -2Pa%5XTel” — A% XTQ" + h.c. o6



lllustrative Example: Leptoquark Model

Orange: |d,| = 10°, 103" e cm
- Green: |d,| = 1030, 103" ecm

A, Al =0.1

e
Electron -
EDM +‘"‘M ¥/
]
e— \

€

(Scalar q) & —

x (PS e) /7 >_

N e U e

my [TeV]
Fuyuto, R-M, Shen 1804.01137

(3, 2, 7/6)

L3> -2PapXTel” — A\%epXTQ" + hec.




V. Outlook

Studies of parity violation continue to provide unique
probes of both Standard Model & beyond Standard

Model physics

Obtaining a more robust description of weak
interactions in nuclei is a “next frontier” for PV &
Standard Model physics, with important implications for
the interpretation of Ovp decay, CKM unitarity tests,
nuclear Schiff moments...

Interplay of PV studies with other low-energy symmetry

tests (CLFV, Ovpp decay, EDMs), neutrino pheno, &
enerqy frontier probes will yield important insights into

key open BSM questions: origin of m,,, Agsy, ---
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Thanks UMass Amherst & MITP Mainz !

1'Amherst Gimbadga
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