Neutrinos at the High Energy Frontier

Charged Lepton Flavour Violation

Adrian Signer

Paul Scherrer Institut / Universitdt Ziirich

18-20 Jury 2017, ACFI UMass AMHERST

A. Signer, July 2017 — p.1/34




warm up

why cLFV at a neutrino workshop?

N 2
e BR(p = ey) ~a (ﬁ;—;’)

e LFV in neutrino sector — cLFV

e there is nothing sacred about cLF

e but Am — BR(u — ey) ~ 1074

e could cLFV be much larger?
e in general: certainly yes
e cLFV through neutrinos / seesaw ?
o L=Lou+ LB+ £O 4.
<~ <~
Am=#£0 additional cLFV

e additional cLFV naturally present, neutrinos <> cLFV
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outline

introduction

o the obvious
o EFT vs models; above myy vs below my,
neutrinos < cLFV
e above myy: seesaw — cLFV
o below my: NSI below my, — cLFV
cLFV
o the golden channels  — ey, ©u—3e, uN —eN
o EFT above my, Lomett
o EFT below my,, Leg
¢ beyond the golden channels

conclusion
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introduction

playing with SM fields only:

dim 4: SM = most general gauge and Lorentz invariant Lagrangian

1 1 1 A ~
Lsy = _ZGMGW - ZWWWHV N ZBWBW +0G" G

+ (D, @) (D"®) — m%®Td — %(qﬂ@)?

+i(pl+ePe+...)— (Yel®e+...+hc)
+ nothing with vz — no cLFV

dim 5 violates lepton number, but might not affect SM much

dim 6, either we have cLFV or a 'problem’ (i.e. need an explanation)

[ cLFV a unique window with a view deep into the UV ]
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the obvious

scale of cLFV experiments my, < 1 < myy

high-energy behaviour might reveal properties of underlying theory

unified theory? stable universe ?
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need to evolve from to my,, to my (to combine experiments)
and from my to A,y > my (to get information on BSM)
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EFT vs models

1 _ 3 s

O = o= (¥sln) (14T 1p2) °
NP U1 1 )

pgl

(5) (6)
ET _ Z G (5) }: G (6)
EBSM - LSM + 7ANP Oz + ATNP Oz +

H ( SMEFT ) H
> oravity

mV[ ANP

QED + QCD SM BSM

O = (27" 1) (€R7Y,eR) v v\
Zﬂ TP " Osmeft = ( ’ >7p( " ) (€rRVpeR)
O = (Ve Vu) (eR'Yp@R) er 1227

SU(?))QCD X U(l)QED SU(S)QCD X SU(Q) X U(l)y
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EFT vs models

Example: doubly charged Higgs p TN w
; ; .
4

e as UV complete model: embed in multiplet, sort out p parameter ...
-+ valid ¥ p?, explains everything —— requires divine inspiration
e as simplified model: Line = A (Eli) ¢t ... few couplings, 1 mass

+— valid for p? > mi —+ more or less general

o via effective theory: Lint = cpijr (Lpy"l) (Liyulk) ... ¢'s <> N's
—— valid only for p* < mj ++ completely general

the EFT is never the goal, only the tool

(cp. C9 = —C'p scenario for B anomalies)

A. Signer, July 2017 — p.7/34




seesaw [

. 1 _
add fermion singlet(s) N,: LD Y. (Pe+ YNy IDPN — §N my N°
assuming my > myy integrate out N = vp
(5)

apart from usual £ ~ TC;;—:V (1507 )(®11,) we get also

(6)
©) 5 7 T 7 I ug . .
L w2 {((I> ﬁ ) (I,7"ly); (@ zﬁu D) (I,7 Y1,); dlpole}

Qi) = CcLFV Qai(3y — CLFV Qer

o L) violates L (lepton number), £ does not violate L.
e not unnatural to expect ¢® < ¢ in general

° e.g Qg1) leads to cLFV Z — 1,1, (and Z — v, v, )
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seesaw |1

add scalar triplet A D (AT AT A?) JJ,J
At
LOYALT Al+puadt 7 - Ad+ AtmiA 2k N
. )2 1
assuming ma > myy integrate out A I

o

N YAMA
mi

L& 1+ £ 4 £0 with ®)

two couplings: Ya and pa/ma can be very different !

ll B _ D
£O® 5 { 2L (1"1) (") o (21D°0)!(@1D,®); dipole}
A S——m—— A g

Qu — CLFV Qou Qew
2 Y, 1}2
with C pars ~ YA2 and Cd)D ~ 'u% and my, ~ A 'uiA
A ma ma
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seesaw 1]

add fermion triplet ¥ > (2%, %0)

_ - 1- w ,Jj
£3Y22¢TFZ—§EmZEC !

assuming msyx > myy integrate out X 0

9]

apart from £%)

we get £9) 5 { (@Tiﬁu ) (I7"1,); (@Tiﬁd ®)(I,71y"1,); dipole}
——

Qar(1) — cLFV Qaiz) — cLFV Qen

compare to seesaw |:

EFT does not care any longer where operators come from
possible 'conspiracies’ are lost

(e.g. Qai(1) — Qai(s)/2 of seesaw | does not produce Z — 1,1, )
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model X

e just write down any dim 6 operator that can lead to cLFV

e worry about interpretation, once something is found
(recall B anomalies)

e above myy: — Lomett

related to seesaw, 'low scale’ means (¥ /m% not too small
e below my: — Lo related to NSI
L~ Gy 0 V) (frpf) =~ Gr Y (1) (F1pf)

o for Log (below myy) might need to work with simplified models
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Universitt

cLFV

evolution of limits — very rich experimental programme with substantial
improvements on all muon-related processes expected in near future
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cLFV with muons

7E5 beamline at PSI: 108 mu/s — ~ 10 mu/y
® Tou ~ 2.2 pus — ~5x 102 mu/y for single y in target
e operate with many p in target — accidental bg

° u— ey

o current MEG (2016) Br(p — ev) < 4.2 x 10713

o MEG II: (2018-2021) expect: Br(u — ev) ~ x10714

® 1L — eee

o current Sindrum (1988) Br(i — eee) < 1 x 10712
e new experiment Mu3e

Phase 1 (2020++): Br ~ fewx 1077,

Phase 2 (20??++): new beamline Br ~ 10716

ulN — eN

e current Sindrum Il (2006) Br(y Au — e Au) <7 x 10713
» new experiment DeeMe ? (2017++): Br ~ 10714
 new experiments Comet and Mu2e (2020++): Br ~ 10716
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p— ey

signal: monoenergetic, simultaneous,
back-to-back e and ~

in SM (with massive v):
BRsm(p — ey) ~ 10754

still, there is background ...

accidental background:

e and v not quite back-to-back nor
quite monoenergetic nor quite simul-
taneous = upgrade MEG II

SM process radiative decay

m Ve in region where v very little energy
e and v not quite back-to-back nor
e quite monoenergetic
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w — e+~ + 2v in the SM

radiative decay, fully differential

2
! ! !
§ t % v [
“ +... “ +... + ~

+...

polarization: §= —0.85% and toy cuts: E, > 40 MeV, E, > 45 MeV
|cosf,| < 0.35, || >271/3,|cosb| < 0.5, |¢p| < 7/3

no 2°d photon with £, > 2 MeV

e.g. the invisible en-
ergy spectrum

F=my,—E.— E,

[Pruna,AS,Ulrich; 1705.03782]
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n — 3e

signal: 2 e™ + 1 e~, simultaneous,
from same vertex, Y p. = Mmu

dipole part 'same’ as u — ey

contact part completely new

accidental background:

e and v not quite from same vertex
nor quite simultaneous and with miss-
ing momentum

= timing, vertex and momentum res-
olution very important

SM process rare decay
I . . .
in region where v very little energy

missing momentum > p. # My
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u — 3e + 2v in the SM

fully differential NLO calculation

2
! 7 ! 7 ! 7
1 1% .
o o + +...

polarization: §= —0.852 toy cuts: F; > 10 MeV, |cos6;| < 0.8

1078 5
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L S
e.g. the invisible en- = e ..-f.' fos_
ergy spectrum o Ed v
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Universitt
chen

n—3e+ X

beyond cLFV, other weird stuff

! ! \

o better suited for small-coupling small-mass scenario

o simplified-model scenario better suited?
e.g. doubly charged Higgs or dark photon or neutrinos

0.5 0.0 0.5
[Pruna,AS,Ulrich; 1611.03617] 08 LEERRTIaa,
e.g. cosf of hard e, L e~ g Tt
no stringent cuts: Agpeory < 0.1% 5%
~ 02|
diagnostics @ Mu3e very useful

0.983| " H=
0.982
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uIN — eN

14 conversion: [t~ N? — e N‘Z4
signal: single 105 MeV e~

photonic part 'same’ as u — ey

contact part completely new

p capture: u~ NZ — v, N§_,
denominator of 'branching’ ratio

for larger Z, shorter life time

DIO: u~N§ — e vev,N§
(decay in orbit)
S Pe > My /2 — My, possible

nuclear recoil
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uIN — eN

01

04

energy spectrum 2

[Czarnecki et al.] 1 100

10 1]

WhICh Z7? [Féssler et al; Cirigliano et al ]

SINDRUM with Au, COMET /Mu2e plan Al (initially)
large Z — increase sensitivity — small life time ( ?? pulsed beams 77?)
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Lomert above myy

an EFT Lgnere (above the EW scale), respecting also SU(2)

CoET D
[ | | > g

My my  myy Axp
QED + QCD M BSM

'old’ and 'new’ operators , e.g.
Qew = (l_pauuer)TI ® W/{u = _Qe’y sw — Qez cw
Qe = ([po—wjer) @ B;w = Qev cw — Qez sw
Qairy = (D1 Dy, @) (1,7"1,) Que = (@1i D, @) (E7""e,)

Qe = (p’Y/L )(657 et) Qecp = ((Iﬁ@)(liperq))

Qlequ(?)) = (lpU#VeT)Ejk((jEU”VUt) QleqU(l) = (ig;eT)ij(qfut>
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w— ey @ NLO

i — ey in SMEFT at NLO
e only two dim-6 operators can produce ;1 — e + 7y at tree-level:

dipOIe operators Q6W7 QEB or Qe'ya QeZ
e direct limit on C“e/A from MEG

e can we get more information from p — e~y 7 — yes

o contributions through mixing in rge (and matching at one-loop)

Yy ey

o @ one-loop: ~ Ct¢, ~ C*¢ and ~ C*)

[ lequ divergent — rg-running

e others finite (C{é“e, Cc(bll), ng)r Cs and Cg,) or zero
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w— ey @ NLO

o closed system of operators (rge at one-loop, matching at tree level)
ngf — Cum‘ Cly and Cpy

® rge not (yet) a precision issue, but induces qualitatively new effects

e obtain limits on ¢;(A,,) = most direct link to underlying theory

e limits not to be understood as strict limits, merely indications:
e.g. Barr-Zee effect not considered (could be important numerically)

e.g. naive one-at-a-time limits (not very realistic)

b —> €7Y [Pruna,AS: 1408:3565] H
Coefficient || at A = 103 GeV \ at A = 10° GeV \ at A = 107 GeV H
Cre 2.7-10710 2.9.-10°6 3.1-1072
cty 2.5-1078 1.0-107* 7.1-107"
o, 3.6-107° 1.4-107° 9.8-1072
o', 1.9-10°6 251073 n/a
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p— ey

[Pruna,AS: 1408:3565]

=10° Gev

~
)
2
e
~

3 4 5 6 7 8 -5 -4.5 -4 -3.5 -3
Log,,(A/GeV) L0g,5(Cle)
. e two couplings
e constraints on ¢;(Ayy) ping
non-vanishing at A,
e behaviour is not

. e large impact, can
completely linear

invalidate previous limits
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Eeﬂ‘ below mw

effective Lagrangian Leg (below EW scale) for 11 — ¢ processes

allow for ;u — e but otherwise flavour diagonal (i.e. no small?)

what is often used: [Kuno,Okada:hep-ph/9909265]
ok if coefficients are interpreted at p = my,, no link with e.g. Z — eu
Leg = LqeDp + Locp
4G
V2

+ g1(Frer)(€rer) + g2(fiLer)(eLer)

ARmHﬁJ"”eL Fl“’ + L+ R

+ 93(trY"er) (€rRVuer) + 94(izy"er) (€L VueL)

+ g5(tr"er) (€Lvuer) + g6 (ALY eL) (€rYuer) + h.c.
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Eeﬂ‘ below mw

effective Lagrangian Leg (below EW scale) for 11 — ¢ processes

allow for ;u — e but otherwise flavour diagonal (i.e. no small?)

what we use: [Crivellin,Davidson,Pruna,AS:1702.03020]
needed if coefficients are to be evolved (e.g. up to u = mw)

Leg = Lqrp + Locp

1 .
+ 13 [Cfe mu (Lo np) Fu + ) [C}gfLL (€rpr)(frfL)
f=q,t

+ CY ey un) (Fuvufu) + CFHF (HVMML)(E7ufR>]

+ > (OB RO ) (ro he) + Ci P (emps) (hhn)|

h=q,t

+asm,Gr(€rpuL)G), G + L+ R+ h.c}
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observables

express observables u — ey, u — 3e, uN — eN through Leg

v

/%\ Br(p — e7) ~ acm,, (’05{2+’C§‘2)
e n
D

CL/r

B(u—>3e)~am (}C’f‘ +|C§)|)<810g[ }—11)
\,// +m (\CSLL| +16|CY P[P 8oy R +L<—>R>
e I

(Vrér ) (V(‘[ q q

\\/

[ 3
e ©

Ci Cio
™ ‘eC’L DN+f(CSLL+C]fLR CVLL+CVLR) +LoR

pn—re
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effective lagrangian

o express BR(p — ey) and BR(u — 3e) through C;(my,,) and
BR(uN — eN) through C;(un) (we choose uny =1 GeV)

e include 'leading’ two-loop effects

mixing of vectors into dipole as for » — s+

e at low scale only few operators contribute, at high scale 'all’ do

e operators mix under RGE:  one loop two loop
b b e e g
and
e )% e 2 € 1%

(ezy"pr)(bryubr) — (€ ) (€vuer) or (€L’ pr)Fu
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Universitt

cLFV

naive one-at-a-time limits on (some) coefficients C;(my/)

Br(pt —eTy) Br(ut —eteme™) Brﬁi/eAl

4.2-1071 4.0-107* | 1.0-107'2 5.0-107% | 7.0-10" 1.0-10716

chb 1.0-107%  3.1-107° | 20-1077 1.4-107% | 2.0-1077 29-107°
CSLL || 48.107% 15-107° | 81-1077 58-107% | 1.4-1073 2.1.107°
cSEL || 23.1077 7.2-107% | 46-10% 33-1077 | 7.1-107% 1.0-1077
cSLL 1 12.107%  37-1077 | 24-107% 1.7-107% | 24-107°% 3.5-1077
CTLL 1129.107° 9.0-107'9 | 5.7-107% 4.1-107% | 59-107% 8.5-10710
cgtt || 28-107% 86-1077 | 54-107° 3.8-107% | 9.0-1077 1.2-1078
ChEE ] 21-107% 64-1071°] 41-107%  29-107° | 4.2-107® 6.0-10710
CVER 1 '30.107> 941076 | 2.1-1077 1.5-107% | 21-107¢ 3.5-1078
CcyBRE ) 35-107* 1.1-107* | 6.7-107° 4.8-107% | 6.0-107%  1.0- 1077

CEP 4.7-107%  1.5-107% | 9.3-107®> 6.6-1076 | 9.6-107° 1.4-10°6
CcLs 6.7-107¢ 21-107% | 1.3-100* 92-107% | 9.1-1077 1.2-10°%
CEA 42-107*  1.3-107* | 6.5-107% 4.6-107* | 1.3-107% 2.2-107°
chvV |l 21-107%  6.4-107* | 6.7-107° 4.7-107% | 6.0-107% 1.0-10°7
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cLFV

what to read from these tables, and what not

e absolute value of Wilson coefficients is irrelevant (depends on
conventional prefactors)

e limits are naive (no acceptance included)
one-at-a-time (only for presentation !1)

BUT

e statements like
“u — ey is not sensitive to contact interactions”
“uN — eN is not sensitive to axial vector interactions”

are plain wrong, completley wrong, horrendously wrong
e if you have a new model and want to check it:

o check all operators

e match at high scale, use combined rge

o check if there are numerically important (formally)
higher-order contributions missing
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cLFV

naive one-at-a-time limits compare golden channels

SLL
BR(e7) " lu=my BR(3¢)
— BR(uAlseAD : : : { -
1077 {| == MEG (BR<4.2:10 %) !
== MEG (BR<4-107") 10-12
1071 [| = SINDRUM (BR <107'2)
== Mu3e (BR<5:107) 10°13
M 10"t == COMET (BR<10'¢)
. T T T o1
6 10713 _10715

10" o

10717 o

1071 0"
13

10"
BR(Al—eAl)

14 10"
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A

(ERey cLFV

naive one-at-a-time limits compare golden channels

VRR
BR(u—ey) Cee ™ lu=my BR(u—3e)

T T T M
1071 107

wel o A

103 107

10| {107

6 6 10°° L

109 L

7 ¢

1078 L

0"

10720

102

10'11 1 0'10
BR(Al—eAl)
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cLFV

naive two-at-a-time limits

VRR
Cee

VS.

MEG (BR<4.2:10""*)
MEG (BR<4-107"")
SINDRUM (BR <10°?)
Mu3e (BR<5-107"")
SINDRUM Il (BR <7:107)
COMET (BR<107)

I
-107 -10°
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cLFV

naive two-at-a-time limits

SLR
Cip 10°

=

H =My

VS.

T T
MEG (BR<4.2-10"")
MEG (BR <4-107"*)
SINDRUM (BR <107"?)
Mu3e (BR<5:10""")
SINDRUM Il (BR<7-107**)
COMET (BR<107"%)
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beyond

many ways to go beyond the golden channels

examples (ordered according to increasing energy):

[Babar, Belle, LHCb, CMS, Atlas, many theorists .. .]

o golden channels with 7 [Babar, Belle]

BR(T —30) <(1-2)x 1078 BR(r — £y) <4 x 1078
o hadronic decays with 7 such as 7 — (K*) or 7 — ¢ntr—
e involving B decays (very topical !!)

B — KW', B—nll', Bi—
e involving Z and H or anything at A 2 mgw

Z =T, H—1p
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beyond

RGE and matching of Leg with Lopert
combine processes from p = mpyy to © = mew
obtain limits on Wilson coefficients at . = A, here A = my

Coeff. = uty | Z—pErF | ot = ptppt
A=myg BR< 4.4-10% | BR< 1.2-107° BR< 2.1-1078
3% | 505 | 151077 8.7-10°7
23 -7 _7

%, | 1710 1.5-10 131078
Coeff. H — p*rT
A=mg BR< 1.8-1072
2 19.10 | 0051058 | 161070
3112/2113

Ci 48-10"
3332/2333

Ci 14-107T
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summary

e cLFV is a window with a view deeply beyond EW scale
e suppressing cLFV in BSM models requires tweaking

e not seeing cLFV could mean that new physics simply is at

a very high scale
* % %

o EFT approach is ideal for investigating cLFV
of course, we still want the explicit BSM in the end

e quantum corrections are essential, an EFT is a QFT
here not a precision issue but qualitatively new effects

e huge experimental progress expected within 5 — 10 years

* % %

o what can cLFV tell us about light "heavy’ neutrinos 77

e can we agree on neutrino mixing <> limits on cLFV 7?7
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