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Tree-level exchange of Majorana neutrinos
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= The operators’ structure is
determined by chiral symmetry

= Each of them is accompanied by
unknown constants (LECs)

= They are organized according to
power-counting in Q/A,
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Chiral symmetry also allows a contact term

SUQ (INT)

New Perspectives

Mar 17 - 21, 2025



Checking nn — ppe~e™

nn — pp amplitude: LNV + strong interactions
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* Some diagrams are divergent! Here y, is the renormalization scale in MS
* New interaction is needed at LO to get physical amplitudes:

Lor = 2GEV2mgg g2 N pnpnépCer
géVN TBD from

n /ep Lattice QCD; active
area of research!
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Cirigliano et al. '18, '"19
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Challenge: determining g."'¥

Analytical Approach Cirigliano et al. ‘20, '21; Cirigliano, Dekens, SUQ, '24

: : . W. Cottingham '63;
e Analogy to the Cottingham approach for pion/nucleon mass differences .. "

e AL =2 amplitudes controlled by neutrinoless effective action:

3+n

(erespp|S3E2 1nm) = 22" 69(p; — p) (4GEV2, iy (puf(p) ) X 2, Uamiet )
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v For a generic Majorana / m; /
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A (m;) J [d4x e (pp| T{J:(x) Jy,(0)} | nn)

with mass m; S A,

v Results valid for limit m; — 0
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Challenge: determining g."'¥

Analytical Approach Cirigliano et al. ‘20, '21; Cirigliano, Dekens, SUQ, '24

: : . W. Cottingham '63;
e Analogy to the Cottingham approach for pion/nucleon mass differences .. "

e Matching at the amplitude level:

S ) = lm)  Fe=(2)

d*k 1 9 " P
2r)* k2 — m? + ie

*szf/uu(mi)= aJd|k|a(|k|,mi)=[

e Estimation of o™ by modeling integrand: e Challenges of the (QWU(EFT calculation:

» Theregion |k| < A, is determined by yEFT - The behavior of g (m.) is expected to be
» The region | k| > 0(GeV) matches the OPE corrected by terms of O(m;/A,) that we do
»  The intermediate region is modeled using not control

Form factors
Off-shell effects from NN intermediate states
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Modeling &/

e High momentum region: For | k| > A (scale at which the OPE becomes reliable),

—  [1.2 2
2|k|—|—a)k » W = k+mi

4o
S —
Cl>( | k | , ml-) = —gzl\]NFi > > gZIVN ~ O(1) is proportional to the nn — pp matrix element of the local
4 Wy | Kk | (a)k + | k | ) operator ity y*d i, y,d;

e Small and intermediate momentum region: For |k| < A, we use the yEFT representation

2 2 (12 212 k giy(k®)
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Encodes the momentum-
dependence of the short-range
(not mediated by pions) 1,
scattering amplitude
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Modeling &"!: IR behavior

Introduce an auxiliary scale 4 (|p|,,, < 4 S m,) to isolate the external momenta dependence

e Region /< |Kk| <A:

Re I5(| k (k| —[pl.)
- We introduce the ratio r(|k|) = c( l),whereReIC(|k|)E P lex
Rel-(|k]) 81k|
10! 5
: LO yEFT!
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Modeling &"!: IR behavior

Introduce an auxiliary scale 4 (|p|,,, < 4 S m,) to isolate the external momenta dependence

e Region |k| < 4:
- We can safely neglect the dipole effects in the form factors — g (k%) & gq(0) = (1 + 2g%)
- We can use the yEFT NLO expansion for ReI5(|k|), appropriate for |Kk| < 4

8C
Re [S(|k|) =~ Re I5(| k = ~d|k d=—2=
TR ReIEIKRD| = |O01K] = IRl = dIK] | (4=--%)
NLO
A (14202 | A m?+1plo, \
dIK| a(|K|.m)= 4 [2g 2 — 2dmtan~ [ = | + log =
< l 2 l 9) /12
0 ] & my + ]
= Explicit external momenta
) dependence
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Chiral EFT amplitude &#="": LO

e As argued before, the yEFT amplitude is divergent, requiring the introduction of a
counter-term:

. 2
A (m) = A, my) + 2 gV (my) 8x = (%C(uﬁ) 8x

C(p,): leading non-derivative NN coupling in the 1S, channel

e At leading order, the singular amplitude takes the form:
I_ZZ[ Same |p]|_,, dependence as A 5o gN

2 is external- ta ind dent
. (1 + 2&%) M){ is external-momenta independen
ﬂSIHg(M m) = — 1 + lgg [CJ Doesn't give the correct m; dependence:
1% v 9) 2 gV (m,) = Z 5NN(2n) 2n
O Linear term in m; mismatched
e The correct dependence on m; arises at NLO:
_ ) -
- (1+2¢2) u
7 A X
A=, my) = — 1 + log > — | +dam
NLO 2 i m; T | P |ext i

SUQ (INT) ChEFT: New Perspectives Mar 17 - 21, 2025



Matching condition — Results

* Imposing the matching condition at the amplitude level, one gets:

1 A A 00 -
NN —
gy = | | dikladikl.m)+ | dik] ad(lkl.m)+ | dlkl a(Ikl.m) =T (s, m)
Jo A A ]
16 v —e . —————
| ——  Full matching expression Since the small-m; behavior is phenomenologically
af == Low-mass regime expansion: 8" + gV m? | interesting, we provide the explicit first few terms for the
expansion in the IR limit of m; < 4 < A:
12}
~ |
=100 o 12062\ , (-16735\ ,
I eV (m;; u,=m_) = 1377 + m: + m;
= Co T GeV2 ) " Gev4 )
N
=
150
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Example: A minimal v, scenario

e Add n singlets, vg, to the SM:

. l_ - -~ |
v, = Wrllp — EIJ%MRI/R — Y, LHup, + M

<

o After EWSB,

( v )
I _ vl ’ v P
gmass — —NCMVN N = c M,=1, + Vmass = UNfavor
2 VR Vel My
\ )
: . e
e Ovff contributions: . Far i ,
“Usual’ contributions: , i \\./</:€
e Similar t ! / \\ ‘
imilar to my; case —— \<>—p . »
= NMEs and LECs are now m; dependent e~

e Vysoft e
New: “Ultrasoft’ neutrinos: M

e See the nucleus as a whole, have momenta ¢* ~ |g| ~ k,%/mN ~ Q
Cirigliano et al., "17; Castillo et al.,'23, '24
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Example: Minimalistic minimal scenario (3 + 1)

(0 0 0 M)
e Add just one sterile neutrino to the SM P

. | 0O 0 0 M,
= Assume a simple mass matrix M, = 0 0 0O M
D

Mp Mp Mp Mg

J
A Not realistic: [4 Simple scenario to test the impact:
* [t does not reproduce all neutrino masses/mixings e Similar features to more realistic cases
1x10%°
5x 1028
E Adding g¥N(m,) to the interpolation
> formula
§< 1 % 1028 :
gé 5x10%7
e _

Interpolation formula between giVN(O)
2

1x1027 v 1 oy and ~m“ scaling region
50 100 500 1000 Dekens et al. [2402.07993]

my [MeV]
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Summary

e Combining EFTs and the Cottingham-like [ — Pl matting exprsin
. . uk o Low-mass regime expansion: gV (©) 4 gNN(2) ml2
matching strategy successfully determined
the mass dependence of the short-range . i
S 10t 4
nn — pp eftective couplings .
§8
= 100 200 300 400 500
v Generalizing the previous massless results -
v Subtleties in the matching analysis from the IR 2|
qO‘ 162 103
v Explicit expansion in powers of m, S— kit —
. . . . 1)(1029 '
e Impact in Ovpp predictions from sterile IPPPH AN
neutrino models: vSM = |
2 1x10%
. o[ . . . . NN 3?5)(1027
v Significant modifications by including g, (m;) &
1x10%7 L ' —_—
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my [MeV]
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