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physics beyond the SM!

e Qv experiments will determine the nature of m,,



Introduction

1 2.
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1. Ovp0 is directly connected to neutrino oscillation

Standard mechanism
light neutrino exchange

2. the connection is more indirect

Ov 3/ is mediated by other LNV heavy particles,
which give some/small neutrino mass new symmetries, . . .



Introduction

e anon-zero signal in next generation

N NAT:
. > 7 MDBECC
of experiments R e BT

lepton number violation!
neutrino are Majorana!

...however ...
to discriminate between new physics scenarios

1. several different orthogonal systems/observables
several isotopes, electron spectrum, . ..

2. systematic connection to flavor and collider physics

3. precise theoretical predictions at high and low energy

one scale at a time:
Effective Field Theories



Strategy

new physics A > v

l

SUL(2) inv. operator LHC pheno
at EW scale

AL =2at1 GeV

my,, %, Cj(g), a0
Lattice QCD
B ppslizmiblly Chiral Effective Theory
& currents
Many body

T?}/z(o+ —07)



The Standard Model as an Effective Field Theory

3 —_;- F;v =
+ LDy wie

+ )('( ‘dqh e
+ R V@)~

Write down all possible operators with
e SM fields m, =0

e local SU(3). x SU(2). x U(1)y invariance no AL interactions

e dimension < 4 . .
assume no light sterile v



The Standard Model as an EFT

why stop at dim=4?

L= »CSM"‘Z 15(’)5;+ZQG(961+ZQ7O71

A is the scale of new physics A > v =246 GeV

Os are expressed in terms of SM fields
have the same symmetries as the SM
gauge symmetry!
but not accidental symmetries as L



The Standard Model as an EFT

why stop at dim=4?

L= ﬁszw-i-z 15051+2616061+2617O71

A is the scale of new physics A > v =246 GeV

Os are expressed in terms of SM fields

have the same symmetries as the SM
gauge symmetry!
but not accidental symmetries as L

one dimension 5 operator S. Weinberg, ‘79

neutrino masses and mixings

A ~ 10" GeV




Dimension 7 operators

€ij€mn L] C(DpL); Hy(D*H),

€ii€mn LT Cyue HiH, (D" H),

e 12 dim. 7 AL = 2 operators L. Lehman ‘14

V3

e W couplings & semileptonic 4-fermion with the ‘wrong’ neutrino

e WWe™ e~ couplings



Dimension 7 operators

ejdyuuL{ C(D"L);

u \Y e

é‘ijEan_l'L,' Q]TCLm Hn

e 12dim. 7 AL = 2 operators L. Lehman ‘14

V3

e W couplings & semileptonic 4-fermion with the ‘wrong’ neutrino

o WWe™ e~ couplings



Dimension 9 operators

hadron collider signatures

operator content o | <TMET | dett MET Low Energy | XPT (x7)
dilepton
dimension 9
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e many dim. 9 operators

e most interesting: 4 quarks & 2 electron
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from M. Graesser, ‘16



Connection to models

e specific models will match onto one or several operators

e e.g. LR symmetric model
dim. 5, 7 & 9 (with different Yukawas)

can match any model to EFT



Dimension 7 at LHC
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e affect pp — ev: new V, A, S and T interactions

V2
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Dimension 7 at LHC

2 T
5 ATLAS —W(@3TeV) o Data
[ -13TeV,36.1 10" —W (@4Tev) W
—W (5Tev) ERTopquark
DMultjet

W' - ev selection
Ozy*
[DIDiboson

Data/Bkg

2000
Transverse mass [GeV]

Data/Bkg

1000

e LHC can put some limits A < 2.5 TeV
e 1o way to disentangle from AL = 0 non-standard couplings

e no way to tell Dirac from Majorana



Dimension 7 at LHC

e e e
e W W
w* e e

to be sure is AL = 2:
analyze the neutrino with another weak interaction

pp—e e Whetv)
pp — e"e” W (j))
pp —>e e 2j



Dimension 7 at LHC
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e to be sure is AL = 2:

analyze the neutrino with another weak interaction
pp— e e Wh(ety)



Low-energy Effective Lagrangian for AL =2



AL = 2 Lagrangian at 1 GeV

Integrate out W & Higgs

Ae=0 Ae=1 Ae=2
Lar=2 = Lai— + LAr=> + LA1=>

o L£R¢=5 includes v masses and magnetic moments

LAj— = —E(Vn,/),:/ T CV' + Wi vTi CoHvy! eF;w —+ ...

e SU.(2) invariance forces the couplings to scale A~

Vv 1 V2
mo o) o (i)



AL = 2 Lagrangian at 1 GeV

=)

\4 v

o LA} starts at dim. 6
[ decay with the “wrong” neutrino, & all possible Lorentz structures

6 2GF 6) = _
E(A)Lzz = W {Cle) diy*ur Z/LT Cyuer + C\<,6R) dry*ug VLT Cyper

+C§i) ;iRuL ZIZ C(?L =+ Cé? ZZLMR VZ CeL + C%G) ERO'#UML ZIZ CO"U,VEL}

e two dim. 7 operators

2Gr - = - =
EX)L:Z = ﬂ’v{c&) diyHur VLT Ci0 per+ C\(]R) dryHug VZ Ci 0 HeL}



AL = 2 Lagrangian at 1 GeV

c® =0 (ﬁ)
[ ) A3

o effects of C7) at low-energy suppressed by mr /v

e SU.(2) invariance !

e but ¢, c? prop. to different high-energy operators

cannot neglect them



AL = 2 Lagrangian at 1 GeV

E I e

dim. 7 ops. dim. 9 ops.

o LA¢72 starts at dim. 9

i i
i=scalar i=vector

2G2
Q) _ = = { 3 (c@) eLCE{Jrc”)’@RCEg) 0 + earyuCel > o
Scalar operators
1. 1 LL LL four-quark: O1 = ugy*dug yude
2. 2LRLR four-quark: Oy = fizdr itz dg, Os = ugdy ) dg
3. 2 LL RR four-quark: Oy = Ay dy g Yudr,  Os = ufy"d? ul ~v,dg



AL = 2 Lagrangian at 1 GeV

E E

dim. 7 ops. dim. 9 ops.

e O; and O, 5 receive contributions from dim. 7 operators
© ) v
G, G5~ o (F)
° Cl(g)', Cl.(g) receive contributions from dim. 9 operators see M. Graesser’s talk

9)s 9 Vv
C$’,C,»“~0(F>



Chiral EFT

1 o
Lar=(v,e,u,d) = —E(m,,),»juT’Cu' +Cri 'CTeOr + Crie' CT e O

quark bilinear  four-quark
match onto theory

of nucleons and pions

1 L /
Lar=2(v,e,m,N) = —E(ml,),-jZ/T'/Cz/ + CX v CTe ox + Cff/eTCF e QF,



Chiral EFT

1 o
Lar=(v,e,u,d) = —E(m,,),»juT’Cu' +CrviCTeOr + Cre' CT e Ops

quark bilinear  four-quark
match onto theory

of nucleons and pions

1 o ,
Lar=2(v,e,m,N) = —E(ml,),-jZ/T"Cz/ + CX v CTe ox + Cff/eTCF e QF,

e OF and OF contain N and = fields

ox :8H7r+, N7~ @aN,..., OX:rxtat Nr o -Va'N



Chiral EFT

1 o
Lar=(v,e,u,d) = —E(m,,)ijl/T’Cu' +CrviCTeOr + Cre' CT e Ops

quark bilinear  four-quark
match onto theory

of nucleons and pions

1 o ,
Lar=2(v,e,m,N) = —E(ml,)l-jVT"Cz/ + CX v CTe ox + Cff/eTCF e QF,
e OF and OF contain N and = fields

ox :8H7r+, N7~ @aN,..., OX:rxtat Nr o -Va'N

e C¥, C¥, are non ptb. functions of the quark-level couplings

C £ C¥(my, Cr,C1), €Y, = €Y (m, Cr, CF)



Chiral EFT

current and potentials: perturbative expansion in O/ Ay

iterate potentials to find bound states (non perturbative)

Goals

5 X X
. write down OF, QF,

. estimate the couplings

3. write down Ov 33 currents



Hadronic matrix elements for AL = 2

n p

1. standard mechanism

e leading effects are long distance
e at LO: nucleon axial and vector form factors

o at N2LO: two-body currents, short-range effects, rel. corrections ...

well determined hadronic input



=1

L

(6,7)
AL=2

Hadronic matrix elements for AL = 2

n p
e
.
n p

o still long distance

e at LO: nucleon axial, vector, scalar, pseudoscalar and tensor form
factors

M. Doi, T. Kotani, E. Takasugi, ‘85,
H. Pas, M. Hirsch, H. V. Klapdor-Kleingrothaus, S. G. Kovalenko, ‘99.

well determined hadronic input



n P
< °
T~ e
n p

Hadronic matrix elements for AL = 2

n P n p
: e e
: e e
n p n p

Lgizzs new short distance effects

wee operators
NNefe operators
NN NNe‘e operators

G Prezeau, M. Ramsey-Musolf, P. Vogel, ‘03

need to fix LECs!
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Standard mechanism




Standard mechanism

AtLO
J\‘/L = (gV70) 8v = 1
T a -
Jy = s (0,a—q2+mia~q) ga = 1.27
The neutrino potential
2 2\2
_ 4MsB 2 () () ( 2 q 1 (q9)
Vo = A2 d1x1- : 1-= -
M ¢ { e 3¢2+mk 3 (g +m)?
e (7 2 (@) )
3 @ +mi o (@ +mi)?) [



Standard mechanism. Higher orders

AtN’LO  O(q*/A%)

P l(l + I{l)
JE = ), — ——Lox =37
v (gv(q ) 2y 2mn o Xq K1
P (T S T
A 2my Q2 +mk
1. correction to the one-body currents (magnetic moment, radii, ...)

2
e (q’) = g (1 - ri% +.. ) ra = 0.47(7)fm

R. Gupta, et al ‘17

2. two-body corrections to V and A currents



Loop corrections to the standard mechanism

3. short range effects
e.g. from the VV component of current
8 (2 12 1
Vo = Amﬂﬂ?("' cot Y = 87) (4nFn)?
2 2y2 2
L @ 5 (@) (L
@ +mp (@ +mp)? me

V. Cirigliano, W. Dekens, EM, S. Pastore, A. Walker-Loud, preliminary

2
e UV divergence L, = log ’:‘—2 + ¢,
need local counterterms, encode physics at ~ 1 GeV
see potentials in S. Pastore’s talk



Loop corrections to the standard mechanism

3. short range effects
e.g. from the VV component of current

1
(4mFr)?

{-Grm —wrr) v ()

2
Vwio = Amﬂﬂ%("'(l)'o(z)_sn)

V. Cirigliano, W. Dekens, EM, S. Pastore, A. Walker-Loud, preliminary
. 2
e UV divergence L, = log ’:‘—2 + ci,
e

need local counterterms, encode physics at ~ 1 GeV

see potentials in S. Pastore’s talk



Loop corrections to the standard mechanism

z far(2)
0.25
0.20f

0.15f

0. 10—\

005%
1 2 3 3 2 (rma)
e f(q*/m2) : non-analytic dependence of the loops
2(1 — %) Tx
= ——log(1 -2
1) = 2 o (140 —24 15

e probe much shorter ranges

e is it important? ...in progress



Non-standard long-range contributions

need axial, vector, pseudoscalar (P) and tensor (T) currents

P dominated by pion pole, prop. to the quark condensate

Jp = guB o-q B(2GeV) = 2.4(2)GeV

Q@ + mx
FLAG ‘16
neutrino potential

)= B(c) ) & (o0 o -7 {18

1 2 +1 (q2)2 }
q 3@ +my o 3(¢? +m3)?

similar story for 7, A, V more details in M. Horoi’s talk,



Short-distance contributions

@, o,
o, o,
o, o,

Construct the representations of
1. LL LL four-quark: O1 = wy*dyug yude

2. LR LR four-quark: Oy = iirdr iy, dg, 05 = agdy w, dg
3. LL RR four-quark: Oy = my"drug yudr, Os = ﬁ,‘f"y“df ﬁg Yudy



Short-distance contributions

@, o,
o, o,
o, o,

Only few couplings are important (at LO)

2G}.
L = f{ CronF2m 7™ +2C(I)F28#7r_6“7r_
2v

relative importance depends

on O's chiral properties!
+V284FxCrn pS - (O7~ )1 + Cyypnpn peCe’



Short-range contributions

[0} ®,
o,

case 1 can construct a non-derivative pionic operator at LO
013 & Oy 5

Crn = £?§,4,5 X O(A3), CY), Crn, Cry = C§?3),475 x O (1)
mm exchange dominates
case 2 no non-derivative pionic operator at LO, O

) Coy,Cuy = C x 0 (1)

LECs for w7, m & contact of the same size



7 matrix elements

e chiral symmetry relates 7~ — 7" to Ko — Ko M. Savage ‘99

1. LLLL O1 = wy*dyur yude (27L7 IR) §g27>< 1FSLM12LTL2
2 LRLR Oz =idpiinde  (61,68)  gous 2Te(H"U £U)

3. LLRR  Ous = iy diigvude  (81,88)  gsxs LTr( U £ UY)

U =exp (ﬁ""),L# = iUta,U.

Fo



7 matrix elements. Loop corrections

e at tree level

M6><6 7< +|01+i2,]+i2

— i7,6—i7
oxs T ) (K105 IK) = Ml
+ 12,142 _— i7,6—i7
MiZs = (xH oS 2 mm) = (K105 TR = MiKs -
o different loop corrections for 77 and KK
F721' KK
Mgiy = M8><8 X X (L4 Agyg) = Mgyg X Rsxs
K
M7 MKfoﬁx(l—f—A ) = MEK xR
6x6 6x6 F2 6x6/ — 6%6 6%6

corrections to

everything else
decay constants ything



7 matrix elements. Loop corrections

* Bsxs
“ Boxe
M
600 800 1000 1200 1460 #(MeV)

1 m? 3
Agxg = W [Tﬂ-(*“ + SLﬂ-) - m%((*l + 2LK) + Zm%L,, — agxs§ (m%( — mz.r)i|

® agxs, gy unknown LECs
can be extracted from m, m dependence of MKE
e loop corrections are small
Agxg = 0.02 £+ 0.30, Agsxe = 0.07 £0.20
error from scale variation

e most of the correction from F /Fx
Rgxs = 0.72 £ 0.21, R¢x5 =0.76 £0.14



Ne=2+1+1

Ne=2+1

=2

Extraction of the 7w ME

e using FLAG averages of Ky — Ko

(nT|Oa|7
(nT|Os|7
(7| O4|m
(77| Os|m

o)
o)
o)
o)

B B By Bs FTAG2016
] el | Lo ¥ I
Ll (_al - our average for Ny=2+1

o] | ZBE o 7| or [T v
0.4 .5 0.65 .85 0. 0.9 04 06 0.8
= —(274£03£0.5)x 107> GeV* benchmark for
= (0.940.1+02) x 1072 GeV* direct LQCD cale.
= —(26+08+0.8) x 1072 GeV* A. Nicholson, 16 &
= —(11 £2 +£3 )x 1072 GeV* talk here

LQCD error xPT error



7 matrix element for LL LL operators

“ .

LN e L
/ =) | - LS

n,/ e K

chiral corrections to M*¥ are large

better use K — 7
Savage, ‘99
using RBC & UKQCD ‘15 for (77~ |Ox|K ™)
(THOr™) = (1.0 £ 0.1 £0.2) x 107 GeV*

quite small . . . follows chiral counting very well
at the same order, need 7NN and NN NN operators

no info at the moment
hyperon decays?



Neutrino potentials from xEFT

n p n p n
T . \ggxg = (17G6V)2
e e g% = —(3.6GeV)?
< _ ; _ Zoxs = —(18GeV)
! € g € g% = +(1.0GeV)?
: 7 gx1 = +0.4
n p n p n .
7o contribution
1
Vi@ = AD {Cftg)gsxs + g — o — g + Im el )g”“}

2 2
84 (,,(1) oe® _ 5(12>) a
6

LEC are well determined

7N and NN contributions

c®
Volg) = A {

1%

for O all three pieces important

@ +n2)?

.
Con, 21— P + + Cwn, 27}

— check size of nuclear ME!



Bounds on new physics. Example 1

3
(%) e Opup L"CL' HY

e matches onto Cé;)

e frompp — Iy, A > 2.5 TeV
o from Ov 35

1 2

m B 1
%8 Mgy + — C) (—M?;? + Mg+ M + M»fp>

[7i7] " = Gt !
me me 2 2

phase space matrix elements
J. Kotila and F. Iachello, ‘12 J. Hyvarinen and J. Suhonen, ‘15



Bounds on new physics. Example 1

matches onto Cgg &
from pp — I, A > 2.5 TeV
from OvB3  e.g. **Xe

[1?72}_] =146-107"

phase space
J. Kotila and F. Iachello, ‘12

TV, > 1.07-10% yr

yr_lgf; 2.9@

me

(v

3

F) i Ofur L"CL' H'

MeV (6)
—0.6-10°—=C
m, SR
matrix elements
J. Hyvarinen and J. Suhonen, ‘15

KamLAND-Zen, ‘16

A > 325 TeV



Bounds on new physics. Example 2

d e e
: >'< V >‘< () = @

matches onto C§,7R> & C§9>
generate CS(Q) via running
mg m

2
8 x ~1 (1, ap pp, L, ap
py Mgy + mngSL) (EMGT + Mgr + EMT -‘rM;P)

—1
[Tf)/uz} = Goigh

1 ; . :
e (g + gty ) (M + M)

Vi,

(mix

short range dominates g 8) > mk



Bounds on new physics. Example 2

d e e
a >'< V >‘< () = @

e matches onto Cm & C§9>
generate CS( ) via running

—1 MeV
[705] 7 =146 1073y g 20722 — 10222 (2. 1073 + 1267 + 5. 3c(9))‘
me me
phase space matrix elements
J. Kotila and F. Iachello, ‘12 J. Hyvarinen and J. Suhonen, ‘15

(mix

e short range dominates gsxg) >

A > 110 TeV



Conclusions

EFTs & Ov 33 decay:

model independent connection with collider observables

model independent parameterization of low-energy AL = 2 operators

e organize contributions to neutrino potentials

to be checked by realistic calculations!

determine low-energy hadronic couplings for non-standard mechanisms

e.g. mm couplings
88x8> 86x6> 827x1
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Backup



Tensor currents

e T dominated by nucleon interaction, prop. to the tensor charge

, va Pa + Pl &r(q’ v
i = 2 (vo P ) 5 - ) g gy
"¢, 2
7gT(q )Eaﬁp,uqasﬂ )
my

gr(0) = 1.020(76) PNDME collaboration
e neutrino potential

1 _ ¢
Vi) = 20O G el S ath) Prci (o) {g’r(q2>gv(q2>m2
N

NI 2 2
+45%(‘1 )gT(qu)l(qf)z(q )gm(q”) (h/g/Tu(qz)a(l) e +h’¥M(q2)S(12)) (})



The Standard Model as an EFT

LS
three/four bosons h self-coupling scalar-gauge
s
Yukawa dipole vector/axial currents four-fermion
e many dimension 6 oc 1/A” half of them CPV!

Buchmuller & Wyler ‘86, Weinberg ‘89, de Rujula ez al. ‘91, Grzadkowski et al. ‘10 . . .

e no AL = 2 operators
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