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one of the
most important discoveries

after Standard Model

Introduction

Solar

m? m2
A -V A
| 'V,'-*
| Vo
M’ ——
atmospheric
~2x107%eV? ]
atmospheric
~2x107%eV?
Neutrino oscillation between three generations solar~7x 1[}—5 c\fl
m - Lm2
fn 2 f~ 2 L 2 9
P, =sIn®(26; )sin”| — Am; :
4E 0 0
(two flavors) King ‘15

- neutrinos mix : SM

and have mass

m <2 eV prpc8



Two mechanisms

1) (light) right-handed neutrinos v, #vs=Cy” (v.)'

L=Loy+L, +... L, =—y ({@vz+H.c)
\ J
[

1%
¢ ) yvv <,
o2 X --a =—=—(Vvg+H.c)+...
<§0> / " /2
v = 246 GeV .
Dirac mass

C=ly,7,

Vo =V, +V, m ~01leV =p Y, ~ 107" possible but why?

—

y, ~3-10°°
cf. -

different from quark mixing pattern



Two mechanisms

1) (light) right-handed neutrinos v =vg; =Cy” (v)' Majorana ‘37

R
\ J
!

L=Loy+L, +... L, ==y ({pvg+Hc) - 'V;R (Vove +H.c.)

v y 0 » new
¢ __ v (> mass
(o)~/\2 Y-8 =5 (Vivg +HC)+... X M, mase
~246GeV A
° Dirac mass Majorana mass |AL|=2

My <Yy,v can explain some of the experimental anomalies

possible but why??




Two mechanisms

1) (light) right-handed neutrinos v =vg; =Cy” (v)' Majorana ‘37

L=Loy+L, +... L, ==y ({.pvs+H.c) —%(VEVR +H.c.)

\ J
!

v y 0 » new
¢ __ v (> mass
(o)~/\2 Y-8 =5 (Vivg +HC)+... X M, mase
~246GeV A
° Dirac mass Majorana mass |AL|=2

_ c

Gy o) 7
Mg >y,0 M ->U'MU = 5 R
U MR Vi

—— N=v,+v +... y
m, ~0.1eV mp Y, ~YeyMg/v decouples at L
alleviates fine-tunin low energies
-




makes
leptogenesis
possible

Natural possibility: M, ~M, >0 = (y,0)°/M, <0

Minkowski 77 | (type I) see-saw mechanism

Fukugita + Yanagida ‘86

More generally, independent on details of high-energy physics:

2) dimension-five operator We.ﬁﬁi‘sz"'gi 323
L=Lo+ Ly c+... Lo = I\(/I:S [(ETCg’b)(ngE)Jr H.c.]
¥
X\:X - CRZZ (7ve +He)+...
X" v i AL|=2

Majorana mass

m, ~0leV = M, ~c; 10 GeV comparable to GUT scalel
NDA:C, = O(4ra) coincidence?




Not exclusive mechanismsl!

B, L accidental symmetries at classical level

[ non-perturbative effects break B+L, but conserve B-L

J unless B-L is exact, dim-5 op is allowed and will be there;
it should be the most important effect of new physics

- coincidence that it can explain shortcoming of the SM?

, o ,
N.B. In some models, C; ~ Y, ~10 Prézeau, Ramiea’;‘:lsfg;

Talk by Dekens

hext week Graesser 17

- higher-dim ops could be important
Cirigliano et al.'17'18

Here: only light neutrinos and dim-5 op

heutrino oscillations: U(1), xU (1), xU(1),_ not a symmetry
isU@D,, ?




Ov2B decay

lots of nucleons for lots of time ==)most sensitive probe of B-L violation

-1 2
single-beta decay "Z > MNZ+D)+e +v, (T]/(zﬁ)) oC (GF fﬂz)
two-neutrino A A - 2v2p8) \ 1 2\
double-beta decay 2 Gy eertiov. (Tl/z ) x (GF fﬂ )
e.g. T Duerr et al."11 too small to measure except when
?& single-beta decay kinematically forbidden
0+

76(?-9 4
» of T2 (™Ge — Se)=1.8471-10"y
7 T Q=2 MeV GERDA Collab. '15




Table 1 §~f~ decay transitions for naturally occurring parent isotopes*

Excitation energy of

Transition T, (ke¥) Abundance (%) first 2* state (keV)**
8Ca — T 985 00035 BEO
4By — 48T 4272 0.187 084
WZn - MGe 1001 0.62 —
T5Ge —+ %S¢ 2045 TR 559
B05e & B0y 136 49 8 —
Blge + BIKr 3005 9.2 776
BOKy ., 965y 1249 17.3 10777
T = Mo 114% 17.4 871
67r - Mot 3350 28 1718
*EMr — **Ru 111 24.1 —
10040 — 19%RYy 033 0.6 540
4Ry — Y™Pd 1301 18.7 556
Hopq _, 110y 2014 11.8 658
1140d - 1'%8n 540 287 —
LS — 1188y 2808 1.5 1294
12280 , 133 358 4.56 —
13480 — 1#%Te 2278 5.64 §03
128Tg ., 1283, 869 31.7 443
130T — 1303, 2533 34.5 536
134%e - 134By B43 10.4 605
13&:{:_. — ”EB-a :431 Eg 319
142 — 143Ny 1414 11.1 —
H46Nd —+ 14*Smt 61 17.2 —
1480 — 1488 1928 5.7 550
13004 — 1998y 3367 5.6 334
1548m — 1¥4Gd 1250 22.6 123
160Gq 4 159Dy 1731 21.8 87
IT0Er — 170Yh 655 14.9 84
L6y — TOHF 1077 12.6 B8
186y — LE60)y 489 28.6 137
1930)g 193y 408 41.0 317
198pg — 198y 1043 7.2 412
.E-If:l-l-:[_lE — IIH-Ph 414 6.9
33ITh - #¥Ug 850 100 48
238 s PPuy| 1146 99.275 44

pairing
v

parent : even-even, J¥ =Q°

A

daughter: even-even,
typically J¥ =07 (g.s.)

Al =2

Haxton + Stephenson '84

B a1 I Sesane



Racah '37

Furry '39
neutrinoless A A _
double-beta decay Z—>(2+2)+2e
. AL =2
2v3/3 Ovi33
A
(Z +2)
5 /zmﬁ + 2y X
c w33 +2y o
A Q — E(07) QO E R
VA

even rarer: e.g., T]/(gvzﬂ) (76(36 —> 7656) >8.0 -1025y

- .
- o . ’ M d
» - .-
": g - T 4 — =i R
B o ] W, T

GERDA-IT Collab. '18
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nuclear matrix element

m

Vi

~

<M, = (T0D) oMo

E Jreor A1 1 T T 1 =
— R-EDF —
- QRPA Jy B AR .
_—GFEF'ATU I k T A, =
C QRPACH + K i .
- Bv2 m | gL A =
C o osmmMmi T m P T -
FSMStMTE @ K a ]
- . .
= ®¢, ® Do =
- A r ® A
- . T -
C + * .
- | || L -
i 1 1 T 11 |
g I ™Y g
C e . + -
B T L% _
= i. E.?
= A & L —
= X [ =
= Y [ ] [ ] » 3
C [ » A% A
B - A A I
| [ | | | I T |
48 7682 96100 116124130136 150
A

12

effective
Majorana mass

PMNS matrix elements

C; =CO0s 6’ij
s; =Sin g,

2
m

2
ﬁﬁ‘

e.g. Haxton +

Stephenson '84

Mss = vai

n
=1

!

Majorana phases

) neutrino

masses

Dirac phase

~

_ 2 A2 2 A2 Aloy 2 Ai(ag—20)
mﬂﬂ - mvl C12C13 + mv2 S12C13 e + mv3 S13 €
; i '}CaScrerI;Jd{
‘N = 3 l C{'d'l'
1 E_ o Te
- Glc i l
. I Xe
2 10"'gKamland-Zen16 = l
nex‘r—genl =
expts £
10—25_ |
Engel + g NH
Menéndez ‘17 107F | 3
ETETETE TTT] B | N RETIT PRI RTIT N AN AT A AT AT A
; 0+ 10° 102 10" 50 100 150
m].ightcst (EV) A



major uncertainty: nuclear matrix element

L

uncontrolled many-body approximations

enormous progress in ab /nitio calculations:
48Ca in horizon

input?

Chiral or Pionless EFT




Q 4

~
M, ~

Mgy ~ov,m;,my,
~100 GeV

Moco ~ My.M,, 4zt ...

~1GeV

Q

I\/lnuc - f;z’]/rNN ’mﬂ'""
~100 MeV

N ~1/ay,
~ 30 MeV

The Way of EFT

unknown physics

Standard Model
+ higher-dim




momentum EffCCTiVC Fleld Theor'y ©

scales

A , non-analytic functions,
arbitrary from solution of dynamical eq.
M i UV regulator (e.g. Lippmann-Schwinger)
|
, v ! A M
T(V)(Q~M|O <<Mh|)ocz i Q Q’% ) 0
Q | M. M, A M, M.
M, | e . /
_ Q"™ Q “low-energy
N"LO +Q VL AV constants”
(unfortunately not the usage \ My~ MpA

by potential modelers)
controlled

RG invariance
(absent for “chiral potentials”)

A oTV O Qv+ to minimize cutoff errors, A > M,,
T® 6A MJA for realistic error estimate, A €[M,,, o )

(OTHERWISE, CUTOFF DEP NOT ERROR ESTIMATE)

model independent  (OTHERWISE, SENSITIVE TO HIGH-MOM DETAILS)
ﬂ_z;#M_._i e




QCD (-LITE)

u
d.o.f.s quarks: q:(dj gluons: Gz (+ photon: Aﬂ)

Qx M,
symmetries  SO(3,1) global, SU(3). (+U(1),..) gauge

Loco =T (10+ gSG)q—ETrG“‘”GW + mg(l-er,)q+...

\ 2 )\ )
Basic Y Y
mass scales MQCD ~ My, mp,47zf”,... ~1GeV m_ -~ 1/mMQCD =140 MeV
!
Gross + Wilczek ‘73 Voco 1
Politzer 73
2 v T decays (N3LO) o
aS(Q ) a E)ISje'rs (:I:L:Linf PDG
0 Heavy Quarkona (NLO)
03 1L o e'e Jets & shapes (res. NNLO)
® cw. pleusmn fits (N3LO)
s qq
0.2} -
. Nambu ‘64
0.1} sig SR N T q|7/5Tq d T
— QCD 04(M,) = 0.1181 £ 0.0011 ¥ .

1 10 O [GeV] 100 1000 ) fﬁ ~1M QCD /472' 4+ O(m) ~ ]_SOI\-AQV*‘&




Mg 1

G
Locp = +T;V ( Ve U ytd +H. C) —LEy! Cv, +

_ J
Y
e|u ule e Ul e
\._x_./ >
d d d
g2 M o G2 Mpgs
F




-
o
o
o
o
c
>
>
>
>




Q ~m < MQCD Chiral EFT

(" +7z_)/\/§
d.o.fs nhucleons: N :[Ej pions: m= i(72'+—7f_)/\/§ (+ photon: Aﬂ)
72_0
+ Deltas + Roper + ..?
symmetries  SO(3,1) global, SU(3), (+U(1),,,) gauge, SU(2)xSU{2)global
(trivial)
_ 1 2,2 | F 62 Ia NT= Y,
L eer = E(ﬁﬂn-ﬁ“n—mﬁn )+ N ('50 + 2m, N + 21 N 61N --Vr
+Cy N'NN'N +© expansion in:
other spin/isospin, [ Q/mN hon-relativistic
chiral partners, Q ~Jlo/m ool
more derivatives and fields, M / pr--- MulTipole
powers of pion mass QCD Q/arf pion loop

I =



Q< m_ Pionless EFT

d.o.fs hucleons: N :(:j (+ photon: Au)

symmetries SO(3,1) global, SU_(3) (+U,. (1)) gauge
(trivial)

+1 62 + + + + +
L e = N [|60+ ]N+CON NN*N +D, N*NN*N N N

2m, o
more derivatives
and fields,
iIsospin violation

Classically the same as Chiral EFT minus pions,
but renormalization different in general




Chiral EFT for definiteness:

Loeer =... 432GV, {@LyﬂveL ot -N'(8 —g,000 )N |+ H.c.} T

m
Lo =m Zﬂﬂ VaCvy +9,G2Vim, {g Cel N'z'NN'z"N +H.c.}+




v n 14 n |4 N
G.V GV, fQ1lQ
. p p 3 ud F " ud 7Z'Q Q2 f”
w OCZGEVUi mﬂﬁVV(O)(q) ~ oA oA 1.
S,(4)=0,-905,-q 501 O,
n n
(0) L1, gam; N
V., (0 )— q 1+9A{S12(q) — 0y Gz} (f]2+m”2)2 |:812(q)+501'02}
Cirigliano et al. ‘17
PP

e e
2\/2 ? ?) _
% e 2G"F Vud m,Bﬂ Vct (q) Vct o _gv TlJrT;




Georgi +

numb_er of fields (—\ Manohar ‘86

haive in operator [

N-2
dimensional perturbative I:>> c =0 (47) C_red]
. Y i D2 Ui
analysis renormalization o M l
Imension
A
(ND ) of operator Cred ( red reduced
coupling
fTelllelle insertions

underlying theory parameter

472' red h
eg.  gG2V} mﬁﬂzo(l(vl )’ (9.G2V2m,,) ]

QCD

re re re 1
(g.62vam, )" =0((6v3)" (m,)") - o :O[Msw}
(GF Vud )red — OLI(VIZ;D GF VudJ (mﬂﬁ )red - O( mﬂﬂ ]

BUT.. NUCLEAR AMPLITUDES NONPERTURBATIVE!




Renormalization




LO S O 1 S=0 Kapl
plan, Savage
Weinberg 91 |0 -+ Wise'96

— S = Nogga, Timmermans + vK ‘05
- | < Birse '06

A ~ 1_ _ mi
= M 71°Tz[812(Q)+§O'1'02}{1_qz 2}

rnN NN + mﬂ'
\ J
singular, requires counterterms Ao i
in waves where it is iterated = {Co (351)+Co (1So)+—§ D, (150)
ITIN M NN M NN

A7 f PP 3 3

M =270 f o f b C,(°R)+C,(*R) |+2
gam

Kaplan, Savage + Wise '98 larger than NDA!

Long + vK ‘07

subLOs  NDA relative to LO (except spin-singlet Swave) | 1.7 vang 12

=1




1 - A m m 4 ~ _
SO VZ(O)(CI):mM{Co(130)+M§D2(150)+1_ ~2 g :|E —ﬂ-C+VY(q)

-
o

singular regular

©

.
S

-1 Kaplan, Savage
X (0'1 s ) X + Wise '96
Long + Yang '13
. . 2 2
well-defined  well-defined m A k
oc A +#—2| [—]+#—+...
M NN NN A
need for counterterms: two at LO one at NLO

scattering length

- 2 determined from
LO dim reg with min sub: C™*(u)=—-# I\/T” In(ﬁ |+
at physical pion mass

== T sameeen, i



Cirigl

A\

iano et al.'18

(e O

(now) well-defined
well-defined

well-defined

+ @ x (@1- @)'1x

E + (reversed)

well-defined

x (@1- @)'H@



Il
I
7~ X\
S
N Z3
e
H
_|_
NN
(@)
> N
_|_
=1
EN
o
_|_
| R,
—
_|_
o
+
|
_|_

1
e gty Cevien) 1 GSURE BB

K

0) _
V' =-0,7,7,




2

2
dim reg with _ (ﬂ) w9, (1) 1+ 20, In U
min sub Ar C2(u) 2 (| p|+|p’ )2 +i0"

d MliNg (1)

=) U

.la-"‘_

1 1
WV =1+2g9; =) gV:O( ]>>(’)
du  C*(u) a— M Moo,

3 ;__‘jﬁa:..._——.} ot

T



Alternative: numerical solution of Schradinger equation in coordinate space
R SO (F) s A v 2 m; R Beane, Bed
Co¥F)>C(R)SP(F) mm) C(R)=#R+# ™ R?In @} §§3§§efv?<q'l6?

_r?/R?

determined from
scattering length

e

3) (7Y —
here 63 (F) = e

g, 5%(F) > g,(R) 6 ()

1/ (fm)
V) _ [A3 — 2\ A/ O) (&N 1+ (7 0T — A9 LRy
AAL:2 =—|d’r l//f)’ (r) Vv (r) l//r) (r) 006: ~~~~~~~~ — AaL=2(Rs) ]
’ —~ N - AV 5w |
. Tooost N 4Ai'§(m i
(NN) _ 3¢ 1, (Y N/ O (&Yt (B B N — Far= |
A =—| a7 Ty (F) V' (N y (r) 2 .
: o 0.04f DS
= H S Sty .
_ AW) (NN) = ] "ﬁ‘_
Ans = Anl + Ao 0.03} :
5 0.0-01 | | 0(;05 IO.IOIIO | | 0(;"1001I00 | | 0‘400
M R Rs (f
“lNzgv(ﬂ):—(1+2g,§)ln(—j+#R+... e
C™ () ®) p|=1MeV |p'

=38 MeV P, =p,, =0

) determined how? :




higher waves  well defined without enhanced counterterms

Perturbative pions? LO same as Pionless EFT

Renormalization in Pionless EFT Cirigliano et al. ‘18

Mig _ :—(m'\' j21+3gf\ A+1In i +
A (1 e \ ar) 2 —(|pl+[p1) +i0"
q




LEC Estimate

cf. Nicholson et al. '16'18
Shanahan et al. '17

» eventually, match to lattice QCD L-violating amplitude
as done in strong-interacting sector of. Barnea ef al 15

> for now, estimate from connection with isospin violation

(1% (1%

¥ = X - 4.5
hiral

syfnr;\rc'aa’rry renormalization @ @

g, g, =C C/+C,




1
g, o« <pp|?| nn> same as electromagnetism for | =2

O, = N'u'Q,uN N'u'Q,uN —%Tr(uTZQLuzQL) N'tNeN™tN +(L <> R)

0, = Z{NTUTQLUN NuQ.u'N —%Tr(uTZQLuzQR) NTTN. NTTN}

—

.
E&M Q =Qe==
u=exp(iten/2f) - R 2

L violation Q, =7" Q,=0

—

= L. = ...+%a(C1+C2)[NT13N N'z,N —%NTTN-NTTN}
+GZVZm,,C) B CEN'Z N N'Z"N +(_.)

=3, multi-pion E&M interactions
can separate C, andC,

- -——
- a g -
- . - N
- "t . s



- a _+a
bUT dlff|CUIT. esTimaTe C]_ + C2 fr.om aCIB — pp nn . anp ~ 103 .I:m
for now: 2

assume C, ~C,

uncontrolled

error

vK 93
¢ 0- Friar, Goldman + vK '96

2
Ar  am M, Q 1 aMéCD N dr  amy M,
mNMNN MMy Q° f.) Q" 4r MMy,  Q°

T

LO for Q<.Jam M, ~30 MeV

d | M2 C(u)+C m°, —m?,
# NN (,U) (,U) 1+gi 7;2 27[
“du| € () 2 e°f;

M rle C (1) +C, (1)

e My Ci(1)+C,(1) ~
C*(u) 2

C?(u) 2

~5 or

R=O.5 fm



AL, =—|dr y (A VO P wi(F) oo

. T 0.05}
(NN) _ 3 — (7 ) (=Y 1+ (¥ o |
AAL:Z =—|d°r l//r)’(r) Vct (F) Ve (F) = |
) o 0.04
i oo
— AW (NN) =
AAL:Z T AAL:Z + AAL:Z 0.03F
N
0.0-01 | | O(;OSOOIIO | | O(;SOOIIOO | | OSIOO
Rg (fm)
AAL:Z — J‘drp(r) \
| — m-epp || C(u)=C for 1 e[0.002,0.8] fm
T EET =G [0.002,0.8]
- EI: - |.I|:"1-'I - {R.E':['-i ﬁ:ll}
T 3n I. — oyl — (Rs=028 fﬂl}:
E N — leanl — (Rs=0.3 fm)
s | (NN)
z Av2 ~0.3
(v) '
AL=2 |R=0.1 fm




Ab Iﬂ/of'l.a Example cf. Pastore et al '18

{Varia’rional Monte Carlo :""Qli'b:;a q:\ccm 10°
agrees with experiment < 10%
Wiringa, Stoks + Schiavilla '95
AV18+UIX Pieper ‘08 for A<10

uncontrolled
' error

Pastore et al '17

~ :
three * our extraction
strategies
for — « fit to phase shifts from a chiral potential .
shor’r—r'ange Piarulli et al. '14'16 Slm|||Clr'
—ren resultfs
contribution * replacement with AV18's short-range CIB

N

- ; =
e ; M - c_; .
- - -
~ . o=y — A -
= - = WP S, .



pr) (fm™h

[
LA
T

‘He —»5Be .
— oyl -
— |l (Rge[0.6, 0.8] fm) ]
- [P (Rsel0.6, 0.8] fim)]

Al =0 i
wavefunctions -

differ only 1
in I3 3

I2Be -»12C
- Py '
-~ lennl (Rse[0.6, 0.8] fm)

- || (Rse[0.6, 0.8] fm)|;
Al =2 1

=05
0

r (fm)

orthogonality initial/final states

- .
- o . ’ M d
» - -
": g - T 4 — =i R
B o ] W, T

Simkovic et a/.'08
Menéndez et al. '09

robust feature of realistic transitions



Discussion

correlations at distances <1/M,
< why “"new"?
not accounted for internucleon potential

==) not the same as correlations missed in single-particle basis
cf. Miller + Spencer ‘76 Haxton + Stephenson ‘84

<» why "leading”? needed for the model-independent definition
of light-neutrino exchange

= not the same as a model for a form-factor refinement Vergados'8l

(e.g. a ~10% in ab initio calculations)
Pastore et al '18




However,
exactly how important depends on
effective scale in (consistently derived)
strong-interaction potential
in many-body environment

N.B.
Range of effect NOT smaller than
that of the internucleon interaction

perspectives for implementation
in realistic nuclei?



Conclusion

Effective field theory allows us to connect
B - L-violating physics beyond the Standard Model
and nuclear physics in a controlled and systematic way_

A leading QCD-range contribution to
neutrinoless double-beta decay can be identified
from renormalization

Proper determination requires matching with lattice QCD,
but an estimate can be obtained
from electromagnetic nuclear processes
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