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* Effective Field Theory (EFT) framework for OV[3

e OvPBP from light Majorana v exchange
* A new leading short-range contribution to the neutrino potential

e Quick tour of higher order corrections
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* Ton-scale OVPP searches will probe LNV from a variety of mechanisms

e Impact of OVBP results most efficiently analyzed in EFT framework:

|. Classify sources of Lepton
Number Violation and relate

OVBP to other LNV processes
(such as pp — eejj at the LHC)

2. Organize contributions to
hadronic and nuclear matrix = |
elements in systematic expansion 10% 107 107 107 50 100 150

mlightest (CV) A

= controllable uncertainties KamLAND-Zen coll., ‘16
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* Integrate out soft and potential V’s and TT’s N >
with (E||p[)~Q and (E,|p|)~(Q¥/mn, Q) — <
obtain nuclear hamiltonian HNucl Vi=2

/e
n ' )

Hyya = Ho + \/§Gpvud N (gvdﬂo — gA(Sm:O'i) TN ELYuVL + QG%Vfdmﬁﬂ éLeZ Vies




d Gk u

e AtE~Ay~mn~ GeV integrate out r v ; ~e mes=Y Ue? mi
hard V’s and gluons (E, |p| > Ay) q d_,_aéﬁue"

e Map AL=2 Lagrangian onto 1T, N n G p '/ n p
operators, organized according to r y | e %- n{'::
power-counting in Q/Ay (Q ~ kr ~ mp) m, IV n GF¢P e e : :

* Integrate out soft and potential V’s and TT’s N >
with (E||p[)~Q and (E,|p|)~(Q¥/mn, Q) — <
obtain nuclear hamiltonian HNucl Vi=2

/e
n ' )

HNuel = Ho + @GFVud N (gv 8" — gad*™o*) 7T N epy,vr - 2GEV,oymss eref, Vies

“Ultra-soft” (e, V) with |p|, E << kr
cannot be integrated out



e AtE~ Ay~ mn~ GeV integrate out r v ; ~e mes=Y U2 m;
hard V’s and gluons (E, |p| > Ay) q F"G‘ﬁue_

e Map AL=2 Lagrangian onto 1T, N n G p '/ n p
operators, organized according to r y | e %- {V:
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* Integrate out soft and potential V’s and TT’s N >
with (E||p[)~Q and (E,|p|)~(Q¥/mn, Q) — <
obtain nuclear hamiltonian HNucl Viz2

/e
n ' )

Hyya = Ho + @GFVM N (gV5“0 — gA(Sm:O'i) TN ELYuVL QG%Vfd?nﬁg éLeZ Vieo

“Ultra-soft” (e, V) with |p|, E << k¢ “Isotensor” OVBB potential mediates nn— pp.
cannot be integrated out It can be identified to a given order in Q/Ay by

computing 2-nucleon amplitude
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* Tree-level exchange of Majorana neutrinos
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* Tree-level exchange of Majorana neutrinos

2 2 .
(ab) _ L (a)+ (b){i 2 lo@. o) @ . qg® . q 2"t 4 Hadronic
Vu,o T\ 2 {1 gA [O’ o o qo q (E+m2)? inpuE: g

e Symmetries allow non-derivative contact term

gy~ |/(41TF7)% in NDA /

(@)+-(0)+ Weinberg counting

(and hence sub-leading)
But is it?

Vier=—29, 7




* Study UV divergences in nn—ppee amplitude, with LO strong potential

gﬁmf, e =" C~ 1/ |:1_r2
167F2 4nr

Varong (r) = €64 (r) +

from fit to anN




* Study UV divergences in nn—ppee amplitude, with LO strong potential
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* Study UV divergences in nn—ppee amplitude, with LO strong potential

- 2_.2 —Magr 6 ~ I/F1‘|’2
V — C5(3) a; €
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from fit to anN
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* Study UV divergences in nn—ppee amplitude, with LO strong potential

gﬁmf, e "mr C~ |/ |:1_r2

V. = C 6%
swong () = €070 + 162F2 ~dmr

from fit to anN

J finite

finite

2-loop diagram is
UV divergent!




* Study UV divergences in nn—ppee amplitude, with LO strong potential

N 2.2 _—mgr 6 ~ I/F 2
Vstrong(r) — C5(3)(r) n gam, € TT
167F2 4nr
from fit to anN

e Renormalization requires contact LNV operator at LO!

* The coupling scales as gy ~ |/F«* >> 1/(41TF«)?, same order as |/q?

from tree-level neutrino exchange
8



e Same conclusion obtained by solving the Schroedinger equation

e Use smeared delta function to regulate
1
short range strong potential: 60 (r) = — /e
S

C - (Re)~I/Fr?
e Compute amplitude Av = / &1 (r)Vo (1) ()

s




e Same conclusion obtained by solving the Schroedinger equation

e Use smeared delta function to regulate

short range strong potential:

C —C (Re)~1/F2

e Compute amplitude

* Logarithmic dependence
on Rs =

need LO counterterm

gy ~|/F+*log Rs to obtain
physical, regulator-
independent result
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) Match XEFT & lattice QCD calculation of hadronic amplitude nn—pp

iISGZV2m
S%Lz? 5G V“d PP /d4:ce (z)e (x /d4y S(x— y)T(uL’Yde(l’) UL’)’de(ZI))g”V

-

Scalar massless propagator




) Match XEFT & lattice QCD calculation of hadronic amplitude nn—pp

286’2 V2m
SAL = ud e /d433 er(r)er(x /d4y S(z—y) T(ﬂL’Yde(x) ﬁL'Y#dL(y))QPV

_— /

Scalar massless propagator (J+ X J+) VS (JEM X JEM) 1=2

2) Chiral symmetry relates gy to 1=2 electromagnetic LECs (hard v vs Y)

— ot
e*C) (NQLNNQLN — [?L] NTN -NTN + L — R) QL =u'Qru
OL=Z.0r=7% (0, Ol Qg = uQgu’
6202<1VQLN1VQRN— é‘ RNTN - NTN+L—>R) u:l+i7'{'.7'+
2F

Two 1=2 NN non-derivative operators: chiral symmetry = g, = C,

|0




but provide data-based estimate of C+C;

70

C, + C; controls IB combination of
'So scattering lengths an, + app - 2 anp

(o))
o

Phase Shift [deg]
wn
S

Fit to data, including Coulomb
potential, pion EM mass splitting, and
contact terms confirms that

Ci+Cy ~ I/Fn? >> |/(4TTFr)?
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* NN observables cannot disentangle C| from C; (need pions),

Piarulli et al, 1412.6446
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Assume C|=C; and hence
gy=(C+C,)/2 at some scale Rs

ANNTAy is Rs (or ) independent
and AnN/Av ~ 10% (30%) at
Rs~0.8 fm (0.3 fm) **

** Actual correction will be
different because in general C,#C;



p(r) (MeV

nn — pp ’ Al=0

nn - pp

— o] - (Rs=0.8 fim) |
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1 (fm)

Assume C|=C; and hence
gy=(C+C,)/2 at some scale Rs

ANNTAy is Rs (or ) independent
and AnN/Av ~ 10% (30%) at
Rs~0.8 fm (0.3 fm) **

** Actual correction will be
different because in general C,#C;

To gain Insight on this result, look
at “‘matrix-element density” as
function of inter-nucleon distance
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What about nuclei?

For light nuclei: used wavefunctions
obtained via Variational Monte

Carlo from AVI8 (NN) + U9
(NNN) potentials

Hybrid calculation at this stage:
can’t expect Rs-independence

gy~(C+C,)/2 taken from fit to

NN data (ours vs Piarulli et al.
1606.06335)
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gy contribution sizable in
Al=2 transition (due to node):
for A=12, AnN/AY = 25%-55%

~
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have Al=2 and node =

mpgp phenomenology can be
significantly affected!
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Figure adapted from Primakoff-Rosen 1969
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ground state of
initial nucleus
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Leading amplitude controlled by ground state matrix element of Vo

New short range contribution




Figure adapted from Primakoff-Rosen 1969

Vi=2

>- >
ground state of ground state of
initial nucleus final nucleus

* NLO: New short range derivative operator Vy,;~ND?N NN ?

Y/
47
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R
< )}O
Vv

V. Cirigliano, W. Dekens, M. Graesser, E. Mereghetti, S. Pastore, J. de Vries, U. van Kolck
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Figure adapted from Primakoff-Rosen 1969

Vi=2

>- >
ground state of ground state of
initial nucleus final nucleus

e N2LO (I):

e Factorizable corrections to

|-body currents (radii, ...) - . ,,
e Ground state matrix element of .( ><
Vv ~Vv,o (ke/4TTFr)? — .,
[TT-N loops and contact terms] \ .
e New non-factorizable terms as = one-loop
important as form-factors™* E o
TT‘,‘\ \Y /

** S. Pastore, J. Carlson, V. Cirigliano, W. Dekens, V. Cirigliano, W. Dekens, E. Mereghetti
E. Mereghetti, R. Wiringa 1710.05026 17 A. Walker-Loud, 1710.01729



Figure adapted from Primakoff-Rosen 1969

e e
e Ultrasoft v
Vv contribution
=2
> > + > > > >
ground state of ground state of all n ground state of n th state of ground state of
initial nucleus final nucleus initial nucleus intermediate nucleus final nucleus

N2LO (2): ultrasoft vV loop suppressed by (E. - Ei)/(4T1TkF)

Tuon(re) = 55 S (Vb)) { (Bx+ErEi) (108 5 @5) +1)+1 02

* Ultrasoft neutrinos couple to nuclear states: sensitivity to E, -Ei and <f || |n><n|JH|i>
that also determine 2VBp amplitude — corrections to closure approximation

®* Hus dependence cancels with Vy2 Non-trivial consistency check!




Figure adapted from Primakoff-Rosen 1969

e e
e Ultrasoft v
Vv contribution
=2
> > + > > > —>—
ground state of ground state of all n ground state of n th state of ground state of
initial nucleus final nucleus initial nucleus intermediate nucleus final nucleus

e Beyond N2LO: “2-body current x |-body current ” starts at N3LO

n4 P pl

nA nn T A

Woang-Engel-Yao 1805.10276



e Chiral EFT analysis of light vm exchange contribution to OV

* Key new result: leading order contact nn — pp operator.
LEC enhanced by (41T)? compared to naive dimensional analysis.
O(l) impact on sensitivity to mgg

e At N2LO, identified new non-factorizable potential &
corrections to closure approximation due to“ultrasoft” V’s

* |Important aside: same enhancements affect nn — pp contacts
induced by dim-9 LNV operators (= short-distance mechanisms)

e Qutlook / future work:

* Determination of LO coupling gy: match to lattice QCD,
|I=2 EM observables, models...

20
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V. Cirigliano, W. Dekens, E. Mereghetti, A. Walker-Loud, 1710.01729

NN
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* Need leading order counterterm to make the S-matrix element

scale-independent

- NN
A (nn(*Sg) = pp(*Sp)) ~ Gimygg { (Cs(,u)) (( Ngr (#)) (1+3g3) 2 — (ji;;'o)z) * }

47 d ~NN 1 +3g%
my(as' — p) dlogp ™ 2

Cs(n)\*
g " (n) = (4nFp)? (mN47r ) ) MV  Cs=Cs—3Cr=
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* Leading amplitude controlled by ground state matrix element of V¢

* Modulo contact term, standard analysis agrees with Vo if use closure
and neglect E - E;

3y (f17#(a)|n)(n]J.(—q)|i) > (f17*(@)Ju(=a)]2)
al(lal + En — E3) al(la] + £ — E;)

[15
|q| > En T Ez E

n
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e Strong correlation of OV with neutrino phenomenology: I o (mgg)?

(mpg)* Z iMyil?

2 2

B — () (m,)
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(Am?),_,
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vT
(mz)2
(Am®)_,
(m,)’ (m,) s —
A
NORMAL SPECTRUM INVERTED SPECTRUM
|T\Iigh'cest2 =1
\ 2
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e Strong correlation of OVB with neutrino phenomenology: I o« (mgg)?

(mﬁﬂ = | Z U2 iMyi 2

~~ T TTTTrT I T TTTTT I T TTTTT I T TTT FTTTTI | I |||||| I | FTTTrTT | | | L L
= b BEBREREELLE %ﬁﬁ?‘.ﬁﬁ?‘.ﬁ?ﬁ SEREEREARRRRLES !
= E ROV il A w»mw ; i : Assume most
~100 i SRR il G i pessimistic  values
for nuclear matrix
[D « band N\ ] elements
ark bands: 0 i
unknown phases m >15mev A TOn scale (m )>15meV ]
10 E
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uncertainty from - .
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S J 1= E3 E
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WETIT Lol Lol Lo ol R AR
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Myjohtest (meV) My est (meV)

e Discovery possible for inverted spectrum OR miightest > 50 meV
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Engel-Menendez 1610.06548
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