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Prologue: v electromagnetic interactions

e Neutrino electromagnetic interactions: signs of New Physics?

— U electromagnetic interactions are described by operators of dim > 5
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polarizability

— For Majorana neutrinos the flavor conserving dipole moments vanish because
. . . . . . . — y — — D
the dipole is antisymmetric in flavor indices (v;,6* PLz/j) = — (vja” P;v))

— The dim-7 Rayleigh operators are symmetric: flavor diagonal transition possible
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Neutrino polarizability

e Polarizability: reaction to external EM field

— Example: nucleon polarizabilities are extensively studied in Compton scattering

Y Y

2 72
Hoecqp = —2m (aElE + BMlH )
Hagelstein, Miskimen, Pascalutsa

N N

e Neutrino polarizability

— neutrino polarizability is encoded in dim-7 Rayleigh operators

1 CY) « Cé?) (8% ~
L= Z[ Aéj 1o PilLvy) Fu ' + A})j g PiPLV ) Fp B A

(]

. . - 2 )
— ... which are related to polarizability, as, e.g. FWF”” =H - FE
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Naive dimensional analysis: masses and EM interactions

e Neutrino masses: scale of New Physics?
— Majorana: Weinberg terms (dim-5): yéﬁ(E;HCTHTLﬂ)/A
— Dirac: Yukawa terms (dim-4): yaﬁ(ZaHvRﬂ)
— need experiment, e.g. neutrinoless double beta decay

X

Y mm

Vi Y Yy 2R ZAY Y9 V5 Vi Y Y; Yy

e Neutrino electromagnetic interactions: scale of New Physics?

— Dipole moment: c6(L Ho" vRﬁ)F /A
— Rayleigh operators: CS(L HyRﬂ)F FH /A
— Both types of interaction flip chirality, so we naively expect

cgv/AN* ~ cgm, /A* or cgv/A* ~ cgm, /A?

— ... which is tiny and unobservable (similar for Majorana). So, why bother?

[ T S i S VS E S D i
Alexey Petrov (USC) 18 TAU 2023, 4-8 December 2023




Dipole moment

e Neutrino electromagnetic interactions: signs of New Physics?

— U electromagnetic interactions are described by operators of dim > 5

4
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2
1>

— For Majorana neutrinos the dipole operator is antisymmetric in flavor indices
(V6" Pry;) = — (06" Pry;), while the mass operator is symmetric
— Then, any New Physics that is odd under the same flavor exchange will only

contribute to the neutrino magnetic moments and not to the neutrino masses.

Voloshin
Neutrino electrodynamics and possible consequences for solar neutrinos

M. B. Voloshin, M. I. Vysotskii, and L. B. Okun’

Institute of Theoretical and Experimental Physics
(Submitted 25 April 1986)
Zh. Eksp. Teor. Fiz. 91, 754-765 (September 1986)

The neutrino electromagnetic moment matrix and the possibility that some of the elements of
this matrix are of the order of 10~ '? of the Bohr magneton are discussed. Flavor oscillations
and spin precession are examined for a neutrino in a magnetic field in the presence of matter.
The interaction between solar neutrinos and the magnetic field in the interior of the convective
zone of the Sun can lead, in this case, to the 11-year and semiannual variations in the neutrino
flux, shown experimentally to be correlated with the magnetic activity of the Sun.

— Is it possible to find a similar mechanism to enhance Rayleigh operators?
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Polarizability:

e Neutrino polarizability

Rayleigh operators

— neutrino polarizability is encoded in dim-7 Rayleigh operators
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— ... which are also symmetric in flavor indices, just like the mass operator
— But the smallness of the neutrino masses can be compensated:

— A prototypical example is pNGB interactions: majoron a, which couples to

AL = 2 interaction as 2;v,0,alf,
— Majoron would also generically have EM couplings, aFF/Ay
— Thus, for energies below m,: vWFF x (m,/f.)1/(m2A,)

We can study
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menology of vvFF interactions to probe New Physics

16

TAU 2023, 4-8 December 2023



Phenomenology of neutrino polarizability

e Consider two separate cases

— heavy mediator: effective operators and constraints on Wilson
coefficients/New Physics scale

1 [C\7 a e o
_ 1] g ~ .
E__Z|: A3 127_‘_(1/@PL1/])FFWF + A3 S_W(ViPLVj)FMVFM + ...

2V

— light mediator: constraints on a simplified model parameters

o c 1
Lig = ——— —L F,,F’“/——— F, W U, Pru. h.c.
t = 127 f, OF, 87 1, OF, T 201/ (v LVJ)¢+ C

where C)s Cy ¢, and c’] are dimensionless couplings, whllef¢ isa UV scale (e.g.

related to pNG symmetry breaking)

(¢ — vy) = (;)2 4:% [4(07)2+ (ch) ]

(¢ — /) = 16—“ Z 2?2,
af

/
_ @&
— also, 9oy = %f_(p an

Light mediator phenomenology depends on what is larger, I'(¢p — yy) orI'(¢p — vv')
[T w5 VNS S S D
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Phenomenology of neutrino polarizability

e Constraints on the light resonance parameters from various sources

Process mg =eV mg =keV Constraints on g, from Planck bounds
< -5 < —6
BBN ¢, S4x10 ¢, S44x10 on Neff(blue)
v self-interaction ¢, <2.8x1077 c, <2.8x1074 1
HBstar  gg € [3.5x 1073,10°1] g4, € [3.3 x 10-3,10-11] R '
v = [
€[1072,5x 1076 €[1072,5x 1076 0.01F R NS,
SN1987a 9or € ] 9o € ] i : 10~
¢, € [1073,1] ¢, € [1076,1072 10-4 .
Borexino Cvgsy < 5.3 x 1078 Cvgoy < 5.3x 1078 T> i S,
Xenon-nT Cvgsy < 2.5 x 1078 Cvgsy < 25 x 1078 & 1076 { g
MiniBoone Cy <4x10°6 Cy <4x10°6 e I , 1
9oy or 5 b% 10-8F Planck Negg . %~ Ino
M /T rare dec. c, <4x1073 c, <4x10™ I 0~19
0v28 c, <8x 1076 c, <8x 1076 10-10F
Beam dump — 9oy < 1072 0 ol
efe” = 3y — — 1 100 10* 10° 108
70 =y = v Cugpy < 2 X 10~2 Cugéy < 2 X 10~2 my (eV)
B 54y 5w Cvgsy < 180 Cvgpy < 180
—4 —4
BaBar 9oy <1.5x 10 9oy <15 x10 S. Bansal, G. Paz, AAP, M. Tammaro, and J. Zupan

h— vy —vv

Cugpy < 2.4 Cugpy < 2.4 JHEP 05 (2023) 142

Can we use tau decays to constrain some of the parameters?
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FCNC in tau decays

e Tau FCNC electromagnetic & gluonic interactions: signs of New Physics?

— interactions are described by operators of dim > 5

C](-T.75) e
L‘EFT D) Z K 32 (sz"uVPLT)FMV
P>
1 . £7'.,7) o 057,7) o )
S - Ui PLT)Fy FHY = i Pp7)Fpy FHY
+2ij- A5 12p PR ET A e (G E, ]
, photonic polarizability
i1 G (6; PLT)G GW+C§’T£?) & (0, PLT)G G | 4+ hee. +
24| A% 127 LT/ v A3 gy Ry “

gluonic polarizability

— Similar to neutrinos: both heavy NP and light NP is possible

— constraints on both types of polarizability S F]-)Floor;u(nzaéze;)aﬁ 015027
ys.Rev. ,
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Effective Interactions for taus

% It is important to understand ALL relevant energy scales

T e
New Physics generates lepton FCNC
Anp >< viEg g
u,d,c,s,b,t SM EFT
T e
T (e
¢
t cee heavy
quarks
u,d,s,c,b decouple
1 7.8
mp
T e
Me T e
X t’ b, c LN ]
Scale of the tau decay experiment
u, d
7,8 7,8
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Effective Interactions for taus

% Naive power counting: largest contribution from lowest dimensional operators

% Can write the most general LO Lagrangian £§22 — Az Z Z qule2Qqele2 +He.,

=1 gq

- scalar operators Qqele? = (L1rf2r) (qrAL),
% — (1plor) (GLar),
qe 2 — (81142R) (GrqL),
qelez = (L12¢2r) (qLgR),

- vector operators Qqele2 — ( 1L’Y”£2L)(‘7L7¢LQL)’
295 — (L0y"o1) (GRYuGR),
998 — (01rY*lar) (@ Y,uaL),
448 — (0 rY*aR) (TRYuYR);

- tensor operators (do not contribute to considered tau decays)

Is this correct?

11 TAU 2023, 4-8 December 2023
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Effective Lagrangians: gluonic operators

% Let’s integrate out heavy quarks and concentrate on gluonic operators

82 el

7 1 0102 18
£§1%2 — FZ:cil 20;** + H.c.,

4
1=1

% we can calculate their contribution to tau decay rates!

% c; probe couplings of heavy quarks to New Physics AAP and B. Zhuridov

PRD89 (2014) 3, 033005
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Effective Lagrangians: gluonic operators

% ... get an effective Lagrangian

...Where we defined operators

...and Wilson coefficients

Alexey Petrov (USC)

4
7 1 0105 AL
Eglzz = cmil 202-1 2 +H.C.,
i=1

AAP and D. Zhuridov

BL PRD89 (2014) 3, 033005

0%z = I1plyr. 1o, G, G,
05%2 = 1ty 4'302 quéa“",
04 = [, 4y f(fs Ge, G,
03" = liplor f:s quéauv,

2 I
e = -2y DR gree g g,

g=c,b,t Mq
2i I
cglez — _1 2(mq) (Cqulez _ Cgelez),
mg
g=c,b,t
2 Ii(m
Cglez S Z 1(myg) (Cg31£2+04q£1€2),
g=c,b,t q
2i I
Cﬁlez — 61 Z 2(m(1) (Cgflfz _022122),
My
g=c,b,t
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Constraints from FCNC tau decays

% Gluonic polarizability constraints from FCNC tau decays to hadrons
— use designer modes to project out relevant operators

€ e
T
T n’ T -
T
€ e-
T T i T
n’
— T
Partity-violating Parity-conserving
operators operators
[T L S VST S DS S LU Tt R RS P ST T RN EN T S e e T e U S T
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Hadronic Physics |

% To calculate FV tau decays we need a bit of hadronic physics

- matrix elements of parity-conserving operators
(m 7~ |gql0) = (KK ~|gq|0) = 6" By

(M* M~ |g7,4/0) = MG (Q?) (p+ —p-),
2 2

—1 % ~apv a
<M+M IﬁG # Gp.u|0> =_§q )

- .. where Bo=1.96 GeV from m2 = (m, + mq) By
Black, Han, He, Sher

bog
8T

GMVaGZV+ Z mq(ﬁ]

q=u,d,s

- ...and we used (95’ = —

Voloshin

% Can do better on hadronic side by using data

Celis, Cirigliano, Passemar
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Hadronic Physics |l

% To calculate FV tau decays we need a bit of hadronic physics

- matrix elements of parity-violating operators

(M (p)|gy*s5q|0) = —ibg f3,p",
(M (p)|gvsq|0) = —ibgh},,
(M (p)| -GG, 0) = anr,

- .. where g=u,d,;s and b,4=1/21/2, while bs=1

- ..and in the FKS scheme of eta-eta’ mixing

2 2

mn/ - mn . .
a,r, = —T S1n 2¢ (_'fqbq Sln¢ + fs COS ¢) 7
m2, — m?2
Uy = —"T" sin 2¢ (f by sin @ + fs cos ),
| L T S A SO SOVNESE S D RS R S LS SN IV S ARSI T AR . o AR L P e T v D]
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Bounds: parity conserving

% Looking at the scalar operators only

dl(r = IM*M~)  m,
i = 33(2r)7A4 [lAMMl + [Bumm| ]
e mz)

- ...with the following coefficients

2¢T , 1 p o\ o
Ay = — 9 —q +3 Z (CfT+C’§T)5q By,
q=u,d,s
Cg 2 qét qéT M
BMM = 9 —q + . Z C + C 5 BO
q—u d,s
Bound on |cf™|/A%, GeV ™3
Coef |B(tr »pn n7)|B(r —en n™)|B(tr > uK"K™)|B(t = eK"K~)| B(t = un') | B(tr = en) | B(t — un) | B(t — en)
<21x1078 <23x1078 <44 x 1078 <33x107% |<13x1077|<16x1077|<1.3x1077|<1.6x 1077
c1 6.8 x 1078 6.5 x 1078 9.4 x 1078 8.2 x 1078 — - — —
cs - - - - 23x1077 | 25%x1077 | 1.6x 1077 | 1.5 x 1077
c3 6.8 x 1078 6.5 x 1078 9.4 x 1078 8.2 x 1078 = - — —
c4 - — — — 23x1077 | 25%x 1077 | 1.6 x1077 | 1.5 x 107"
T YA TOERE LT T UL R T S R T e T e N S W P
TAU 2023, 4-8 December 2023
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Bounds: parity violating

% Again, looking at the scalar operators only

m, m2,\?
rr = ) = 7 (1Al + Burl?] (1- 2 )

- ... with the following coefficients

: q
21 or o\ b h"ll\/[ By = _% T qu'r _ atT bth
Ay =——=csay + ciT o) LML M= Cqy apm + E (€ 3
9 q=u¥i:3 ( ' ) 4mq 9 g=u,d,s 4mq
1 T T 1 £ £
T M Z (que -cg’ )bquxf — oM 2 : (Cg "-Cg T) bafir
g=u,d,s g=u,d,s
1 ér br 1
- gme 3 (cF-c) ety D (e S LW
q=U,d:3 —
g=u,d,s

Bound on |cf™|/A%, GeV ™3

Coef |B(tr > pn n™)|B(r —wentn™)|B(tr — uKTK™)|B(r = eK"K~)| B(t — un') | B(r > en) | B(t — pn) | B(t — en)
<21x107% <23x10°8 <44 x1078 <33x107% |<13x1077|<16x1077|<1.3x1077|< 1.6 x 1077
ci 6.8 x 1078 6.5 x 1078 9.4 x 1078 82 x 1078 — — — —
cs - - - - 23x1077 | 25%x1077 | 1.6x 1077 | 1.5 x 1077
c3 6.8 x 1078 6.5 x 1078 9.4 x 1078 82 x107® - - — —
c4 - - - - 23x1077 | 25x1077 | 1.6x 1077 | 1.5 x 107"
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Explicit models: leptoquarks

% Leptoquark interactions
- scalar leptoquarks

Ls = (ALs,@5im2lL + ARs,@ker) Sy + (/\le RURLL + ARS, /2t7LiTzeR) S’I o +He,

- vector leptoquarks

Lv = (ALve@rvele + Arvodryuer) V¢! Lt ()\LV1 1205 YlL + ARy, /262’7#63) Vl% + H.c.,

% Matching to the general result above, get

Davidson, Bailey, Campbell

C¥/A?| Expression ||C¢/A*| Expression
£qu fou £9b £1b
ct RS1/2"LS1/2 cf LVipa"BViya
A2 M2 A2 2
f 7 bV1/£'2b
£1u (Eou 2 1
Qé‘_ Arsg sy gg_ ALV AR
fou (£qu £1b [ £9b
cy ARrso M Lsg cgd ALV EVy
A2 2Mg A2 M
0 Vo
£ou fqu £1b £ob
d % RV
(o) RSyy9 " LSyy2 gg_ LVyy2 1/2
A 2M2% A M%
1/2 1/2

Alexey Petrov (USC)
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Explicit models: leptoquarks

% Leptoquark interaction parameters for tau-mu transitions

|)‘RS ATE | A% RS AL, .l
b b 1/2 1/2 —4 —2
— < 23x107* GeV™~,
2 2 ’
MSO MS1/2
b
ATb \Kb |}‘LV ARV, .|
| LXOJ RV0| _ 1/22 M2 <« 4.4x1078 GeV 2
Vo V1/2

% ... and the same for tau-e

>‘ | RS LS |

| RS°2LS"| = T <22x 107 GeV 2
MS’o 5'1/2

\Tb AT LV RV |

By Mive | _ 2 T2 4.2 %107 GeV
MVO MV1/2

AAP and D. Zhuridov
PRD89 (2014) 3, 033005
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Epilogue

» Flavor-changing neutral current transitions provide great opportunities for
studies of flavor in the SM and BSM
— charge lepton transitions offer practically SM-background-free playground
e large contributions from New Physics are possible, but not seen
e EFT approach can be useful in studies of tau FCNC decays
e ... ascurrent methods rarely go beyond dim-6 operators
... and thus do not constrain NP-heavy fermion couplings very well

» Tau decays can be used to put additional constraints on neutrino properties
» Maybe flavor physics will be the first place to see glimpses of New Physics
» ...but then again, maybe not.
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Effective Interactions for taus

% (Pseudo)scalar operators as given do not respect EW gauge invariance

- need to be induced by higher dimensional operators in SMEFT, e.g.

2

| S
>\e

f_ (ﬁlRHﬁgL) (QRHQL) » (€1R€2L> (GRQL)

- model examples? Note that we always have two scales present...

g - g Q ‘-
SO
9 o o+ 9 "
— m —
CiN_Etan26 C,L-Nﬂ'oés
v
A* ~ (4mv) M2 At ~ (4mv)2M% Potter, Valencia

- ..and for FCNC Higgs A ~ v

* To simplify our discussion redefine C; so power of A tracks operator's dimension
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FCNC Higgs

Celis, Cirigliano, Passemar

% FCNC Higgs gives another example

........ . P
‘F ©

% Constraints on FCNC Higgs Yukawa’s

Process (BR X 10%) 90% C.L. V'Y el + 172,12 Operator(s)

T— WYy <4.4 [86] <0.016 Dipole

T— W <2.1[87] <0.24 Dipole

T—umtT <2.1 [88] <0.13 Scalar, gluon, dipole

T— up <1.2 [89] <0.13 Scalar, gluon, dipole

T— w7’ <1.4 X 10° [90] <6.3 Scalar, gluon

Process (BR X 10°) 90% CL Y2 [* + [Y% | Operator(s)

T— ey <3.3 [86] <0.014 Dipole

T— eee <2.7 [87] <0.12 Dipole

T—em <2.3 [88] <0.14 Scalar, gluon, dipole

T—ep <1.8 [89] <0.16 Scalar, gluon, dipole . .
7 — emdmd <6.5 X 102 [90] <43 Scalar, gluon Celis, Cirigliano, Passemar
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