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The operators come with unknown constants (LECSs)
 Parametrize non-perturbative physics

Need a power-counting scheme
- Usually Weinberg’s power counting (based on NDA)

Manohar, Georgi, 84; Weinberg, 90, 91
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« At LO in Weinberg counting, only need the nucleon one-body currents

 The needed low-energy constants are the nucleon charges gv, ga
* Known from experiment / Lattice QCD
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The potential is based on Weinberg power counting

| » Known to fail in the strong interaction (NN scattering)

e Does it hold for Ov3B?

Doi et al. ’85; Horoi, Neacsu ’17; Hyvarinen, Suhonen ’15; Horoi, Neacsu ’17; Menendez 18; Barra, Kotila, lachello ’15;
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Checking the power counting

Check that A(nn — ppee) is finite

* Requires inclusion of the strong interaction
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e Coordinate-space cut-off

J » Clear u or Rs dependence
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Need for a new counter term

Need a counter term to absorb the divergence/regulator dependence

n p
€ _ — _ _
g, 8= Lor = 2G3V2mss g, pnpn e Cer
n p

Dressing with strong interactions:

M + W + -
g

| Can absorb the divergence |

e The renormalization group suggests this counter term is leading order

dinp (myCfam?2 2 77 A ™

e Same conclusion in a cut-off scheme
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Impact of the counter term

e To obtain a physical amplitude we have to include ¢2Y* in the potential
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- Finite part of 9,  is currently unknown, hard to estimate its impact

- Could be determined from a lattice calculation of A(nn — ppe™ e )

« Estimate from relation to EM
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Relation to electromagnetism

LNV contact term
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EM contact term

+ Hard part of two Weak currents
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- Leptonic part combines to boson propagator

- Hard part of two EM currents
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- Non-hadronic part is the photon propagator
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Relation to electromagnetism

LNV contact term EM contact term

o=

q > /; q n p q > #q

Ve i ' » gIZ/VN \0/</:6

R SN

q q n p ” ”
\e q q

+ Hard part of two Weak currents

NN | T4 (2) 11 () N )

X : |

* Leptonic part combines to boson propagator - Non-hadronic part is the photon propagator

The appearance of the photon propagator allows one to relate the two!



Wouter Dekens, Fermilab 10/05

Relation to electromagnetism
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Relation to electromagnetism

 Only two Al=2 operators can be induced

2 . .
OlzNQLNNQLN—TI.QLN?NN?N—I—(L%R) with spurions
¥ = Tr QLQR — — QL — U’TQLua QR — 'U/QR’U,T,
OQZNQLNNQRN— NTNNTN—I—(LHR) u:exp(iﬁ-T/ZFw)
EM LNV
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Relation to electromagnetism

 Only two Al=2 operators can be induced

_ _ Tr O2 _ _ . .
Oy = NOLN NOLN — L9L NN N2N + (L — R) with spurions

_ _ Tr 91 9r - . Qu = u'Qru, Qr = uQrul,
OQZNQLNNQRN— NTNNTN—I—(LHR) u:exp(iﬁ-T/QFﬁ)
EM LNV
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Chiral symmetry
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Relation to electromagnetism

 Only two Al=2 operators can be induced

2
Tr Q7 with spurions
Qr = u'Qru, Qr = uQgrul,

— — TrQLQR \T = \7 =
Oy = NOLNNORrN — 6 NTN NTN + (L < R) u = exp (im - 7/2F;)

- EM induces an extra term
Equivalent up to 2 pions

Hard to disentangle

Chiral symmetry
NN
9, =
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Relation to electromagnetism

« Al=2 in NN scattering

» Charge-independence breaking (ann + app)/2 — anyp
- From photon exchange & the pion mass difference g 2 I o C1+0C
« (1 +C5 (needed at LO in isospin breaking) \\
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« Al=2 in NN scattering
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- Uncontrolled error

« Assume ¢ ()
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. Allows an estimate of ¢V

Extract C;+ C5 from CIB

_ Ci(p) + Co(p)
2

* Roughly 10% effect for Rs = 0.6 fm

Uncontrolled error

« Assume ¢ ()
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M. Piarulli, R. Wiringa, S. Pastore

+ Combine estimate ¢, = (C7 + C3)/2

« With wavefunctions:

« From Chiral potential
M. Piarulli et. al. ’16

- Obtained from AV18 potential
R. Wiringa, Stoks, Schiavilla, ‘95
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Light nuclel

M. Piarulli, R. Wiringa, S. Pastore

+ Combine estimate ¢, = (C7 + C3)/2

« With wavefunctions:

« From Chiral potential
M. Piarulli et. al. ’16

- Obtained from AV18 potential
R. Wiringa, Stoks, Schiavilla, ‘95

« ~10% effect in 6He — 6Be
« ~60% effect in 12Be — 12C

« Due to presence of a node

- Feature in realistic Ov33 candidates
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Estimate of impact
Light nuclel

M. Piarulli, R. Wiringa, S. Pastore

- Combine estimate g, = (C} + Cs) /2>

« With wavefunctions:

« From Chiral potential
M. Piarulli et. al. ’16

- Obtained from AV18 potential
R. Wiringa, Stoks, Schiavilla, ‘95

« ~10% effect in 6He — 6Be
« ~60% effect in 12Be — 12C

« Due to presence of a node

- Feature in realistic Ov33 candidates

Uncontrolled error }
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Higher-dimensional
operators
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Other mechanisms

>
o0
()
C
(NN
-
L
Ll
>
) Electroweak symmetry
breakin
~ 100 GeV |-: f
-
L
Ll
I
E Match to ChiPT
vl Do RN S S—— A (LECs in Table 1)
~ 1GeV / \
ConstructOv (33
____________________________________________________________________ operators (Eq. 24)
~ 100 MeV :
OvBB operators OvBpB operators
(Long- and pion-range) (short-range)
NMEs (Table 2)
AAAP,PP,MM AP,PP
M GT, T ) ’ MT,sd
Phase space integrals
~ 1 MeV (Table 4)
Master formula
\ 4 (Eq. 38)




Matching to Chiral EFT

Weinberg power counting

Wouter Dekens, Fermilab 10/05

Dim 3 Dim 6 & 7 Dim 9
Vector Scalar
t o mgp 5 d i u
cen Rl e e
‘ Al IANEIAS
Mgcep ‘ |
1 GeV \
v v 4 \
n i /j_p n /jp n A . D n p
| e N e
VAL 2 — [ Ve il o .
n T\\# p n ‘\\= D o > QI//"{; ) / \
_ _ n p
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Matching to Chiral EFT

Beyond NDA / Weinberg

Dim 3 Dmo6 &7
Scalar
A m, d U
| fﬂ | d\\.ﬁ \. /</:e
vr vl VL// \'\e e
Mgop R
1 GeV
¥
” . /jp " n\ } " S ’
\ e | e o e
VAaL=2= v e o~ | ‘e
! e e S e
n \\= p n n/ \> n ‘4; - ’ .
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Matching to Chiral EFT

Beyond NDA / Weinberg

Dim 3 Dim6 & 7
Scalar
[ N NP
- @
S \ /
Mocp B

1 GeV

e
<
\;

Need additional contact tekms
' (beyond Weinberg counting)
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Summary

0.065 1/” (fm)\ T T
- EFTs allow a model-independent description of AL=2 scenarios §
- Renormalization requires counterterms beyond NDA e
- The additional contact interaction appears at leading order ;
- Estimates suggest an O(1) impact on the amplitude A
- Based on assumptions with uncontrolled errors By IR (S5 HR T
(fm)
- Same framework applies to dimension-7,-9 operators
~ 100 MeV :j:;'_ """"""""""""""" oo —
- Issues with NDA power counting appear here too = — - -~
~ 1 MeV = Eé : MGTY[TY 1 - - l .
' T 2 07) o
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Dimension-7,-9 operators
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

S R
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

. ’ So why keep dimension 7 & 97?
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

. ’ <1 So why keep dimension 7 & 97?

m, ~ csv? /A implies two possible extremes:

o c5 = 0O(1), A = 10" GeV dimension-7, -9 irrelevant in this case (no signal at colliders)
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

. “ <<;%*1‘4 So why keep dimension 7 & 97?

m, ~ csv? /A implies two possible extremes:

o c5 = 0O(1), A = 10" GeV dimension-7, -9 irrelevant in this case (no signal at colliders)

* 6 <O, A = O(1 - 100)TeV dimension-7, -9 relevant whe
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Effective Field Theory

Naive scaling of Dimension 5, 7, 9 operators

. F <1 So why keep dimension 7 & 97?

m, ~ csv? /A implies two possible extremes:

o c5 = 0O(1), A = 10" GeV dimension-7, -9 irrelevant in this case (no signal at colliders)

¢ c5 < O(1), A = O(1—-100)TeV dimension-7, -9 relevant whe

e This happens in well-known BSM models
* For example the Left right model gives

co=0(1), =0), =0y
Yo = Me/V ~ 107°

* The dimension-5, -7 and -9 operators can all be relevant for A = O(1 — 100)TeV




Low-energy operators
Matching

SU(3)xSU(2)xU(1) invariant EFT

N
A

NI
NN,

Dim-7 Dim-9 scalar

SU(3)xU(1) invariant EFT

Wouter Dekens, Fermilab 10/05

d U
(&
o
(&
d U
Dim-9 vector
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Low-energy operators
Matching

SU(3)xSU(2)xU(1) invariant EFT

d
L N4 . O
128 VT, V/\'\G 1 y ue i

B N R N A
B T T

Dim-3 Dim-6 Dim-7 Dim-9 scalar Dim-9 vector

SU(3)xU(1) invariant EFT

'Majorana massa
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Low-energy operators
Matching

SU(3)xSU(2)xU(1) invariant EFT

d
L N4 . O
128 VT, V/\'\e 1 y ue i

B N R N A
e A e

Dim-3 Dim-6 Dim-7 Dim-9 scalar Dim-9 vector

SU(3)xU(1) invariant EFT

ﬂ Majorana mass|  Beta-decay like operatorsm
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Low-energy operators
Matching

SU(3)xSU(2)xU(1) invariant EFT

d
L d\%wcm e 9
I v V/\'\e i d ue C,

B N R N A
e A e

Dim-3 Dim-6 Dim-7 Dim-9 scalar Dim-9 vector

SU(3)xU(1) invariant EFT

ﬂ Majorana mass | Beta-decay like operatorsm N Contact interactionsﬂ




Nuclear matrix elements

» All NMEs can be obtained from those of light/heavy neutrino exchange

* 9 long-distance & 6 short-distance

Wouter Dekens, Fermilab 10/05

. . . 76
« Have been determined in literature NMEs Ge
m4 31 [81] [82,83]
Mp -1.74 -0.67 059  -0.68
Mgs 548 3.50 3.15 5.06
. . . MAE || -2.02 -0.25 -0.94| NMEs 6Ge
[ ]
Follow ChiPT expectations fairly well MEE | 0s6 03 030 ap a6 ies s i
* E.g. all O(1) MM | 051 025 022 pa4 |l 111 403 487  3.62
M4 - = = MR, |[-535 2.37 226  -137
M#P|-035 001 001 MEP |l 199 085 082 042
Mp® | 010 0.00 000| aMAP |.085 001 -005 -0.97
MM |1-0.04 0.00 000 MEP, || 032 0.00 0.02  0.38
e Hyvérinen et al. [74]
"™ Horoi et al. (31]
9 — %o Menéndez et al. [81]
Barea et al. [82,83] ¢
- 15
* The NMEs differ by a factor 2-3 between methods
]_ A A A A A A A A A A A A A A A A A A A
* For Majorana-mass term & other LNV sources ‘oo ® . :
0.5 o ~ s ® e L  ® o m - Y =
. - ¢ O N ¢ N o
O ) <) (<} Q ‘ Q <] (<] (] (] [ <] (] ) [ (<] Q ) ) (<) Q
PeEr PPEX DPEX DX O fX
R(M,) |R(Mps)| R(Mre) R(Mga,1) R(Msq2)

Barea et al. '15; Hyvarinen et al, '15; Horoi et al. ’17, Menendez et al, ‘18
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Current limits

« Assumes Cj = v3/A3

- Uncertainties:

136X€ 103E 3;0 |
= -
& 10} B2
< i 15
101 |
c® c® c© O (6) o) R0 o

¥ J
W —

d
: LI\Jlrl]l((:?eoa\ll\r/T\/Il_allfr(iiseIements d\'\ // \\'/</:e
N RN

 Dim6&7 ~ Dim9




Current limits

« Assumes Cj = v5/A5

Wouter Dekens, Fermilab 10/05

o

Ut

A ( )?cf:

6.3

4.4

oy

3

C§9) CiQ) CéQ)

) - g
—~—

- Uncertainties:
« Unknown LECs
* Nuclear Matrix elements

N N
NN

U U
Dim 9 Dim 9
Scalar Vector
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Matching to Chiral EFT

Checking Weinberg power counting

n 6_ p
1 1
2, 3 13
v, ~ d°qd’ k VAar— —
M M mN/ U myE “myE -k
o— _
n € P

Dimension-6,7,9

- Several potentials have the same behavior

- The case for the vector operators Var=2~1/ q
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Matching to Chiral EFT

Checking Weinberg power counting

n p
iy N myE — ¢? myE — k?
n | p

Dimension-6,7,9

- Several potentials have the same behavior

6
- The case for the vector operators C‘(/ %,v rR: Var=2~1/ 7

 The dimension-nine terms
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Matching to Chiral EFT

Checking Weinberg power counting

n p
nt N myE — ¢ myE — k?
n | p

Dimension-6,7,9

- Several potentials have the same behavior

6
- The case for the vector operators C‘(/ %,v rR: Var=2~1/ 7

 The dimension-nine terms

* Need to include contact interactions at LO in these cases

- Often disagrees with the Weinberg / NDA counting




