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The intensity frontier

Seek new physics through quantum effects

Precise experiments

_ Sensitivity to probe the rarest interactions
of the SM

_ Search for effects where there is no SM contribution

Important focus of experimental programs

_ Dark matter direct detection allowed B e

— Neutrino physics

_ Charged lepton flavour violation, BB-decay,
proton decay, neutron-antineutron oscillations. ..

Major component is nuclear targets



Qutline

Weak nuclear processes 1

1. Matrix element determmmg

pp%dey o -

fusion cross-section

2. Gamows- leller matrix
element In tritium

3. [wo-neutrino double-beta
decay matrix element




Proton-proton fusion

Stars emit heat/light from conversion
of H to He

Sun + cooler stars: proton-proton
fusion chain reaction

We calculate (d; 3| A2|pp)

= 1 4, 61,14, L1a,...
pp — de™ v cross-section

Related to:
~ Neutrino breakup reaction (SNO)

© Muon capture reaction (MuSun)

p+p — ?H+e* +v,
H+p — 3He
SHe + He — “He + 2p




Tritium [-decay

Simplest semileptonic weak

decay of a nuclear system We calculate

ga{GT) = (°He|qwys7 q|°H)

~

34 L e o 1 Kumar et al ). Phys. G43 2016)
0.14} systematically off
3He | by20-30%
0.12
| 2 0.10
Gamow-leller (axial current) .
: : : ~ 0.08]
contribution to decays of nuclel <)
& 0.06¢
not well-known from theory |
; : : 0.04 different nuclei
Understand multi-body contributions | 202 A<60
C 0.02}
to (GT) =g better predictions for .

decay rates of larger nuclel 0 004 008 0.12 0.16 020 024
(free-nucleon) R(GT)

Theo.



Double B-decay

Certain nuclel allow
observable PP decay

allowed B a
LN
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If neutrinos are massive 7
Majorana fermions Ovp[3 decay
s possible
We calculate two-current

nuclear matrix elements
= dictate half-life

neutrinoless B €



NPLQCD collaboration

QCD with unphysical
quark masses

M;~800 MeV, mn~ 1,600 MeV
M~450 MeV, my~1,200 MeV

Spectrum of light nuclel (A<5)

[PRD 87 (2013), 034506]

Nuclear structure: magnetic

moments, polarisabilities (A<5)
[PRL 113, 252001 (2014), PRD 92, 1 14502 (2015)]

First nuclear reaction: np—dy
[PRL 115, 132001 (2015)]
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Background field method

Hadron/nuclear energies are modified by presence of fixed/

constant external fields

Example: fixed magnetic field

landau level mag. mmt

B(B) = \/ M2 + (Inl+ 1)|QeB| —[- B

—2W5M0|§|2 — QWBMQTijBiBj oo

traceless,

polarisabilities
sym tensor

Calculations with multiple fields
= extract coefficients of response

e.g.,, magnetic moments, polarisabilities, ...

Not restricted to simple EM fields
This work: uniform axial background field

[NPLQCD PRL 113, 252001 (2014)]



Magnetic moments

Energy shift between ground states

a SE®

a SE®

spin-aligned/anti-aligned with B
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[NPLQCD PRL 113, 252001 (2014)]



Axial background field

Example: fixed magnetic field = moments, polarisabilities
This work: fixed axial background field == axial charges, other matrix elts.

Construct correlation functions from propagators modified in axial field

compound propagator constant

S0 (z,y)|= 8D (z,y) + Aq/alz S (z, 2) 375 S\ (2, y)

(u)
s — 9
C>\u;>\d (t) — .{H' 5 o:
time >

Linear response <=l axial matrix element

[NPLQCD Nucl. Phys. A743, 170 (2004)]



Axial background field

—— S(u)
S !
O)\ 2\ (t) — '? =
time
/ 2
® oo + o -
A A @
! \ @
Linear res ponse Implicit sum o
+ >\3 i "®" °s gives axial matrix ~~ curren t insertion
\ 4_(®_> lement time




Axial background field

Example: determination of the proton axial charge

_ rm e Implicit sum over
C/\“;/\d (t) O o . at current insertion
times
ime difference isolates matrix element part
t .
GMM@>():§:mmwwnﬂnmm> Excited states
O(A 7=0

— ... Irrelevant constants

= Zoe " [C + 1 (| AS (0)lp) + O(e~)

Matrix element

= Zoe~ Mot (p| ALY (0)[p) + O(e™%)
O(N)

(CAu§>\d (t + 1) = O>\u5>\d (t))




Proton axial charge

Form ratios to cancel leading time-dependence

background field

-orm ratios to cancel leading
time-dependence

<C§\i>;>\d20(t> - Cii)ZO;Ad (t)) ‘

Cii):o;xd:o(t)

O(A
Rp<t> — 2

At late times:

t—>o\o gA

Ry(t+1) = Ry(t) =% 722

Matrix element revealed

through “effective matrix elt. plot”

ga/Z 4

1.5

1.1

Extract matrix element through linear response of correlators to the

constant fit to
plateau region

1.4r

1.2




Tritium [-decay

Simplest semileptonic weak

decay of a nuclear system We calculate

ga{GT) = (°He|qwys7 q|°H)

~

34 L e o 1 Kumar et al ). Phys. G43 2016)
0.14} systematically off
3He | by20-30%
0.12
| 2 0.10
Gamow-leller (axial current) .
: : : ~ 0.08]
contribution to decays of nuclel <)
& 0.06¢
not well-known from theory |
; : : 0.04 different nuclei
Understand multi-body contributions | 202 A<60
C 0.02}
to (GT) =g better predictions for .

decay rates of larger nuclel 0 004 008 0.12 0.16 020 024
(free-nucleon) R(GT)

Theo.



Tritium [-decay

half-life

(1 -+ 5R)fvt __ vector ME 1 axial ME
K/Gy 2[R fal fv 93(GT)?

known from theory or expt.

Form ratios of compound |
correlators to cancel leadin constant fits 1o
5 plateau region

time-dependence: smeared-point

<
_ < +
3 £ ~ 1.30
=

1.10¢}

1.02¢
Ground state ME revealed *

through “effective ME plot”

0.98¢

(GT)
94(°"H) /g

0.94}

Experiment (physical point) 0 N B

(GT) = 0.9511(13) M



Proton-proton fusion

Stars emit heat/light from conversion
of H to He

Sun + cooler stars: proton-proton
fusion chain reaction

We calculate (d; 3| A2|pp)

= 1 4, 61,14, L1a,...
pp — de™ v cross-section

Related to:
~ Neutrino breakup reaction (SNO)

© Muon capture reaction (MuSun)

p+p — ?H+e* +v,
H+p — 3He
SHe + He — “He + 2p




Proton-proton fusion

Extract matrix element through linear response of
correlators to the background field

matrix elt. is linear in A

t
351, U
CLER 0 = A 37301, (x, 8) A% ()X, (0)]0)

correlator formed with : 5 =]
background field + co A\l + c3 A\,
coupling to u quark

=0 X

irrelevant consts.

Calculate correlators at multiple values of Ay, Ag
=P extract matrix element pieces



Proton-proton fusion

Example: correlator formed with background field coupling

to u quark
time chosen (=)
for example — 7 ||
i
T <
O

2. X107 =T T T e
\ cubic fit
1.x1071 ¢
0 N _
-1.x10 _ \\ _
: ~
-2.x10 e N .
-04 —0.2 0.0 0.2 0.4
Ay

six choices of field strength:
can fit up to A0



Proton-proton fusion

Form ratios of compound correlators to cancel leading
time-dependence

transition pieces linear in A

S,,1s S1, S
CiR )| - @)

O(Ay) O(Aa)

35,357 180,15
\/C( 0. xa=0( (t)CY =0, f)_o(t)

diagonal pieces with no field

R351 150 (t) =

constant fit to
plateau region

-t a constanttothe /
‘effective matrix element 2 5ol ({)
plot’ at late times e ;
E 2.601 o &—@ ) (I)
R3Sl,150 (t —I- 1) — R3517150 (t) QC—CO @ @
t—00 <351; J, = O|A§|1SO;IZ = O> g“ 2.407 ®
’ ZA ®
_ (d;3|A3|pp) 220 © smeared-point ||
Zao T e
2 4 6 8 10 12



Proton-proton fusion

Treatment of uncertainties: MEs at m,. ~ 800MeV

Statistical
. . stat. + sys.
bootstrap/jackknife over configs. errors
correlated ratios of correlation functions || \
Systematics in fit 61,
range of field strengths in fit 2.62;
t-range of plateau fit to ratio S 960 -
= o --
: : : & 2587 ‘
Systematic in analysis % % i 1 i !
™ [
method S
range of analysis procedures chosen 2,52§

by different collaboration members , ,
Different analysis methods



Proton-proton fusion

Want to relate lattice QCD ME to
LECs of EFTs

pp-fusion cross section

Finite-volume quantisation condition: relate (d; 3|A3|pp) to scale-indep. LECs
* Pionless EFT:  L; 4
* Dibaryon formalism: #; 4

Define a new related quantity, L;%; ", which should have mild pion-mass
dependence (remove effective range terms in Ly 4 )

Extrapolate L%, to the physical point
=P Prediction for I, 4, ¢, 4 at the physical point

=P Prediction for physical cross-section

Detmold and Savage, Nucl. Phys. A743, 170 (2004).



Finite-volume quantisation

Axial field splits degeneracy of the nucleon doublet
351 and ' So channels mix

Construct 2x2 inverse scattering amplitude matrix in background field

4 OB o= +><+XO(+ ...
o« (. + @O0 | o= +><+H XA+ ...

Continuum integrals from bubble diagrams =4 discrete sums

Det = 0 <@=P» poles of scattering amplitude <@=P» eigenenergies

Briceno, Davoudi ,Phys.Rev. D88 (2013) 094507



Finite-volume quantisation

Det of inverse scattering matrix = 0 <= cigenenergies are
solutions of

two-body LEC
peot 8™+ 0GY (p; L)| [peot s + 9GO0 (p; 1) | = (WagaMlral- W3gaGY (p; )]

N )\\, < 7‘/'

from effective range expansion finite-volume sums weak coupling

=g [Matrix element related to scale-indep. LEC
OE51 50| /Wy = | (*S1 [A3]' So)| = Z§ (4947 L1.4 + 294)

Define combination that characterises two-nucleon contribution
Expect mild pion-mass dependence == can extrapolate

L3%% = ((d; 3| A3 |pp) — 294)/2

Za=1/y/1—p

Briceno, Davoudi ,Phys.Rev. D88 (201 3) 094507/



Proton-proton fusion

N 2.80] ¢
< ®
2 260 5 © ©&—&—9—0 * ,
2% 2.40| o ° B | o
- o © constant fits to :
o 2.207 - < 0.00
= plateau region N :
= ——————————————————————~ " = Ii 001k . ] ]
- 0.025] <}> |3 | }
N 9000} v {> ! 002
S ® O —9P—¢P <I> |
< —0025t©® © © § 00
S = : Different analysis methods
~  _0.050| |
_______________ smeared-point B
2 4 6 8 10 12
t/a
7 5d—2b Extrapolate,
1,A

= —0.0107(12)(49) =P predict physical

Zu )
Cross-section



Proton-proton fusion

Low-energy cross section for pp — de™ v dictated by the
matrix element

| A 32
(d; 7 | Ay | pp)| = 9aCy ’Y—;T A(p) 6%

Relate A(0) to extrapolated LEC using EFT

A(0) = \/11_—{6X - 'Yapp[l — xeXI'(0, x)] +

1 /— sd 2b ‘ extrapolated
7 App\/T1P }_ Va’pp 1- L ‘ lattice value

C, Sommerfield factor , . : :

v Deuteron binding mtm N2LO 7f EFT with effective range contributions
r1, p Effective ranges resummed using the dibaryon approach
app  pp scattering length

I'(0, X) Incomplete gamma func.

Butler and Chen, Phys. Lett. B520, 87 (2001)
X = alMy/y Detmold and Savage, Nucl. Phys. A743, 170 (2004).



Proton-proton fusion

Physical cross-section dictated by

A(0) = 2.6585(6)(72)(25)

A’[C \

. e fitting quark mass extrap.
statistical - -
stica * analysis (50% additive)

e uncertainties of
phys. mass inputs
Can also extract l

Li 4 =3.9(0.1)(1.0)(0.3)(0.9) fm’

corrections
(power-counting)

renormalisation scale (4t = M \ higher-order 7t EFT




Proton-proton fusion

Physical cross-section dictated by

A(0) = 2.6585(6)(72)(25)

A(0) = 2.652(2) (models/EFT)

E. G. Adelberger et al., Rev. Mod. Phys. 83, 195 (201 1)

Can also extract

Li 4 =3.9(0.1)(1.0)(0.3)(0.9) fm®

Ly 4 =3.6(5.5) fm° (reactor expts.)

M. Butler, J.-W. Chen, and PVogel, Phys. Lett. B549



Double B-decay

Certain nuclel allow
observable PP decay

allowed B a
LN
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If neutrinos are massive 7
Majorana fermions Ovp[3 decay
s possible
We calculate two-current

nuclear matrix elements
= dictate half-life

neutrinoless B €



Righer-order insertions

Can access terms with more current insertions from same
calculations

Recall: background field correlation function

4 & e
Cruna(t) = g %t A g M1 | T e o, b8
. \ @
Linear response Implicit sum over
-+ )\3 % 4_®_> °e gives axial matrix current insertion

\ <_®_> element times /



Righer-order insertions

Can access terms with more current insertions from same
calculations

Quadratic response
from two insertions
on different quark lines

Recall: background field correlation function

4 o e )
Cruira(t) = 3 %+ )\ g % T\ e
8 Implicit sum over
+ )\3 e° <X e current insertion

\ <_®_> times /



Second order weak interactions

NPLQCD arXiv:1701.03456, 1702.02929

Background axial field to second order allowed B fe

» NN—pp transition matrix element

M =6 [ dad'y(oplT (75 (@) ()] o)

nn — ppeev.V. decay not observed in nature because
the dinucleon Is not bound

BUT

Nuclear matrix element well-defined and an important
subprocess in double-beta decays of large nuclel



Second order weak interactions

In effective field theory
Effect can be described by ‘quenching’ gA

o b b L

m(éébm+ &lg previously-neglected + 0\

? short-range contribution
Hy s

One body (ga), two body single-weak current (Lia), two-body second
order weak (Hzs)

Ha2s ~ isotensor axial polarisability igcnored in all phenomenological
analyses (unconstrained except by DBD)



Second order weak interactions

In effective field theory
Effect can be described by ‘quenching’ gA

o b b L

m(éébm+ §|§ previously-neglected + 0\

? short-range contribution
Hy s

PROPAGATING DEUTERON

o. o o

SHORT-DISTANCE PIECE

@ s%
o %\*

LONG-DISTANCE PIECE



Second order weak interactions

From lattice calculations: differentiate terms by their distinct
time-dependences In correlation function

a2Cnn—>pp(t) - 2ZPPZT 6_Ennt { eAt - o i] <pp|j§—|d> <d|j;_|nn>
£
El><palnd +§i [5[, 2 } (ol 10) (€15 )
oAt 3 ) - i i
contmbuﬂon; to D S . ( 2o o ond + -l ) J3+|n>>
the correlation b i | &
function + > D 515 (ZZ—“<n|J§|I’><[’J;nn> + Z—;‘<pp|J;t'><v|j;|n>>
nZnn,pp l'#Ad ICn pp Znn
+ D - Z, Zn (n]J5 |d){d| T3 [m) + O(e™, e ¢
n,m=£nn,pp (A i 5n>(A T 5‘“) ZPP Z;rm ’ ’ 7
R so(t) = Cnn(:g(t) _ [_t . BNA - 1] <pp|J;|d>A<d\jgr|nn> - <pp|j§r\[’is<[’|j§r\nn>
2C’O;O (t) ['£d 4

+ C + D GAt—I—O(G_&,G_é/t)

C,D irrelevant constants



Second order weak interactions

Challenging!

Correlation function ratio clearly dominated by exponential

BUT: Deuteron contribution well-determined by
calculations with single axial current insertions

200__ ''''''''''''''''''''''
: ® SP
i SS
. 150F D
- I
\.a - (D
F o :
100
~ - @
é [ ®
i ®
I @
I & S]
O H>—EC C ®
0 2 4 6 8 10 12 14



Second order weak interactions

Subtract deuteron pole term determined from (correlated)
single-insertion calculations

_ A=E,,E
: (pplJg )] [ ¢ e — 1} o
Rnn—pp(t) = Run—pp(t) — a3A _a + N determined from
d :
- - ratios of two-
+1¢\ /(| T
_ E Z <pp“]3 ’[><[ ‘JS ‘nn> +e+d €At. point functions
a aoy .
['£d ¢,d irrelevant constants
5t
= 0 : Linear in t:
% ° ] SP sink has a highly
s ! > % 5 ] suppressed overlap onto
@ 1ol ¢ b % % % % _: the nn scattering states
i )
~15}
0o 2 4 6 8 10 12 14

NPLOQCD arXiv:1701.03456, 1702.02929



Second order weak interactions

Form ratios to extract isotensor axial polarisability

(eCLA + 1)7%”/”_)}9]9 (t + CL) T 7/\znn—>pp(t + 2@) — eaATénn_ﬁjp(I» t—o0 1 5542)

(lin) _
Rnn%pp(t)_ edA _ 1 ’ CLZEX §
(I=2)
IIIIIIIIIIII A__
0.4}
a
" 02f § |
= 00} ¢ [l
~— 8 T @
% : CI’ Cﬁ 5 Y [ ¥ o
! |
:&2 i
0
-04
0 2 4 6 8 10 12 14
t/a

NPLOQCD arXiv:1701.03456, 1702.02929



Second order weak interactions

NPLQCD arXiv:1701.03456, 1702.02929

Non-negligible deviation from
long distance deuteron
intermediate state contribution

Isotensor axial polarisability

My i
MéVT — _Tppmdl 61(4]:2) 02
Epp — b N '
I 0.0
-
D 0.2}
*Quenchmg of ga In nuclel Is o4l
insufficient! "
-0.5
3310
Connect to EFT for larger =
-1.5
systems
-2.0

allowed Bp fo

12

14




Second order weak interactions

NPLQCD arXiv:1701.03456, 1702.02929

Match QCD matrix element to low-energy constants of
bionless EFT

Correlation function matrix in coupled nn, np(*S1), pr
channel space

Crn—snn Cnn—>np(35 1) Cnn—)pp
CNNoSNN = Cnp(331)—>nn Cnp(3S1)—>np(3S1) Cnp(351)—>pp
Cop—snn Cpp—>np(351) Cop—spp

axial background field changes both spin and isospin
= no coupling of np('So)



Second order weak interactions

NPLQCD arXiv:1701.03456, 1702.02929

Match QCD matrix element to low-energy constants of
bionless EFT

Effect can be described by ‘quenching’ gA

oAb ld Aoy

% -%i + O (XY

previously-neglected
short-range contribution

_ _Mypa® | Mgh Hy g = 4.7(1.3)(1.8) fm
4/}/8 (. ! m, = 806 MeV



Second order weak interactions

Future challenges:

Lighter quark masses

Hierarchy between dinucleon-deuteron mass splitting and gap to excitations of
dinucleon changes

*Transition matrix elements of excited states not negligible

Need new techniques
e.g., separate source and sink from background field region

Initial, intermediate, final states no longer bound Detmold + Savage, Nudl. Phys A743 170 (2004)
. . : : Briceno + Davoudi, PRD88 94507 (2013)
-> need multi-particle finite-volume formalism  Briceno + Hansen PRD94 13008 (2016)

Christ et al. PRD91 114510 (2015)
Neutrinoless double-beta decay

Contraction of nuclear matrix element with
leptonic tensor == integration over the
Intermediate neutrino momentum in ME

Both axial and vector currents important |
neutrinoless B ©



Larger nuclei

Move to larger (phenomenologically-relevant) nucler?

Nuclear effective field theory: <

o |-body currents are dominant

o 2-body currents are sub-leading
but non-negligible

Determine one body contributions from single nucleon
Determine few-body contributions from A=2,34...

Match EFT and many body methods to LOQCD to make
predictions for larger nuclel



Summary

Current state-of-the-art: significant systematics

but phenomenologically interesting at current
precision

o Spectroscopy of nuclel

o Structure, I.e.,, magnetic moments,
polarisabilities

o Electroweak interactions

Nuclear matrix elements important to
experimental programs e.g,

© Neutrino breakup reaction (SNO)
© Muon capture reaction (MuSun)

© Double-beta decay



