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http://www.quantumdiaries.org/

Symmetries of the Standard Model

* Rephasing lepton and quark fields:

U(].)B X U(]-)Le X U(]-)LH X U(]-)LT

U(]-)B—I—L X U(]-)B—L X U(l)LM—LT X U(l)LM-H-T—ZLe'
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Symmetries of the Standard Model

* Rephasing lepton and quark fields:

U(].)B X U(]-)Le X U(]-)LH X U(]-)LT

MB—FL x U(L)g—L x U(1)r,—r, x U(1)L,+L, —2L. -

\""\f""j

e B+L broken non-perturbatively,
AB=3 N ALe=AL, =AL, =1,

but unobservably suppressed

at low temperatures by

e—27r/aw ~ 10173

Neutrino 2018
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Symmetries of the Standard Model

Rephasing lepton and quark fields:

U(].)B X U(]-)Le X U(]-)LH X U(]-)LT

MB—FL x U(L)g—L x U(1)r,—r, x U(1)L,+L, —2L. -

W Lng[?L/m]

B — L could be conserved
If neutrinos are Dirac.

[Heeck, 1408.6845]
No Ov[3[3.

Dirac leptogenesis.
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Symmetries of the Standard Model

* Rephasing lepton and quark fields:

U(1)s x U(1)r, x U()r,, x U(1)L,

MB—FLXU )B— LXML L, XMHJFL —2L

g/\d
e
k j « Charged lepton flavor

g % < violation suppressed by M.,
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« Broken by Vg = V!

A(Lq — Lg) = 2.




Neutrino mass = charged LFV?

%4
« SM + Dirac neutrinos: N !
all LFV is GIM suppressed! b v 0

F(éa — 85’}/) B 304E1\/I J1
F(éa — fﬁyafﬁ) 321 Z UaJ M2

e SM + heavy seesaw neutrinos:

F(éa — 0 ’7) 304EM _
B_ ~ ](mDI\/I 2 T)QB\Q.

Not true with

Y fine-tuning or
M%/M% <« | structure in m,.

[1977: Petcov; Bilenky, Petcov, Pontecorvo; Marciano,
Sanda; Lee, Pakvasa, Shrock, Sugawara; Lee, Shrock]

Neutrino 2018 Julian Heeck (Bruxelles) - Rare decays with flavor 7



Neutrino mass = charged LFV!

Neutrino-mass induced charged LFV is unobservable.

Observation of CLFV - beyond SM and beyond M !

(Only exception: Ov(3[3 can probe LFV (AL_=2) via M, .)

arxXiv: many v-mass models can actually give large LFV:
- Low-scale/inverse/linear/SUSY/type-Ill seesaw;
- Radiative seesaw (Zee-Babu, Ma,...). [Cai++, 1706.08524]

M < LFV connection possible but not necessary.
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Symmetries of the Standard Model

* Rephasing lepton and quark fields:

U(1)s x U(1)r, x U()r,, x U(1)L,

MB—FLXU )B— LXML L, XMHJFL —2L

Still amazing approximate symmetry for charged leptons!

(SM+3N_: U(1)g—L x U(1)L, -, x U(1)L, 4L, —2.. anomaly free.)

[Araki, Heeck, Kubo, 1203.4951. Without N just L-L, He, Joshi, Lew, Volkas, "91]
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Charged lepton flavor violation

The violation of
U(D)L, -, X U(1)L, +L, 2L,
IN neutrinoless decays
C— 0y, €= 000" u—econv., h— 00, had — ¢¢', .. .*

*Assuming heavy new physics.

[recent review: Lindner, Platscher, Queiroz, 1610.06587]
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AB=AL=0 [Heeck, 1610.07623]
[Lew, Volkas, 9410277]

4y AL, — L)
& HH—TT o T > Lupee
® uel— 7T o 7 - UUe
& T LY o lel— pe
o 7T T EY o L TrEY
o— ' CCH o T e
o M€Y ® T ey A(Lu T LT — 2Le)
.ué—)ﬁe .7"——>,wy
o T e o LETT
o T Hipee & M =TT
v
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AB=AL =0 [Heeck, 1610.07623]
[Lew, Volkas, 9410277]
\ AL, — L)
® il — 7T o 7 - uppee
® uel— 11
¢ 7 - Wy ® ue — ue
o 7 TEY
r L ced Yt Stands for all A(L,— L ) = 2 processes:
. - T N
,,/ K process current future
o M ™ey| | 2L6)
[ — e 4.2 x 1071 4 x 107
o [E 7 K — ® L — eee 1.0 x 10712 1016
i [ — e conv. O(10~12) 1017
= —4 —4
o T ffifice I\ h%e,u_ 3.5 x 10 7 2 x 10
Z — eji 7.0 x 10~ —
Y had— eji(had) 4.7 x 10712 1012

Neutrino 2018
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[Heeck, 1610.07623]

AB=AL=0
[Lew, Volkas, 9410277]
A(LM o LT)
L — TT o T e
uel— 71 "
— Ty o Fe — i
/ T eyl )
1 een | | ¥~ Stands for all A(L,— L) = 2 processes:
! U ey process current future OL,)
T — ey 3.3 x10°° 10—?
o HETTH T — eee 2.7 x 1078 1079
L T — elift 2.7 x 1078 1079
o 7 T Bipee T — e had (’)(1()—8) 10~9
h — et 6.9x 1073 5x 1077
Z — eT 9.8 x 107° -
had— e7(had) O(107°) _

Neutrino 2018
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Dimension 6 operators

[Heeck, 1610.07623]
[Lew, Volkas, 9410277]

Neutrino 2018
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[Heeck, 1610.07623]

Currently being probed.
[Lew, Volkas, 9410277]

& HH—TT | o T > Lupee
® uel— 7T | o 7 > U@ |
N & 7 Y %/ ‘ﬁe—>ué
S—
- \—/ 1] — 2) \
| o T €Y o [T EY — 1
. T eel — — ® %_é%
| [ g BTrEY o T T EY — L,+L;—2L,)
L — \
o M€ — ue — & T Iy —
— | T
— o T e — o LEI T
o 7 T Difiee — & ML —TT
\/
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Interpretation of LFV  UM)u.—, x U(M)L,41, a1

Observation of charged lepton flavor violation = Remaining symmetry
A(Ly, — Lg) =2 U(l)r,+15-2L,

A(Ly +Lg—2L,) =6 Ul)r,—1;

A(Ly +Lg —2L,) =6 and A(L, — Lg) =2 Lo: by — =L,
A(Ly+Lg—2L,) =6and A(L,+ L, —2Lg) =6 Zsz: (bo,lp,L) ~ (0,1,2)
A(Ly — Lg) =2 and A(Ly — Ly) =2 -

A(Ly — Lg) =2 and A(Ly + Ly —2Lg) =6 -

* At least two orthogonal channels required for full LFV.

* Flavor violation by higher units more challenging.

e Easy to build models that single out certain channels, e.qg.
T - Jyort — eep.

Neutrino 2018 Julian Heeck (Bruxelles) - Rare decays with flavor 16



Example: T - ee” Uy U()r,-1,
kT +2 0
+1

° — . S|
Conserves L - L, so impose this! Newr 0 0, 41, -1

e Simplest UV model:
(8- BRTR + Bee€RER) kT + yLHNR + 2N§ (MZ™ +ys S ) Ng.

Neutrino 2018 Julian Heeck (Bruxelles) - Rare decays with flavor 17



Example: T - ee” Uy U()r,-1,

) — . . |
Conserves L - L, so impose this! News 0 0, 41, =1

e Simplest UV model:
(817 TIRTR + BecBRER) kT + yLHNR + SNg (MP™ + ys(S)) Ng

\ J “ - /

~ "
* (H) (S) (H)
T_+/ (Mu)aﬁ | | |

« Only T — eep’isunsuppressed by M..

v oscillations but approximate symmetry in £ sector. \/
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Baryon number violation

The violation of

Ul)s | <UL x UL, -1, x U(1)L, 41, 2L,
IN processes

p — leptons 4+ had,n-n osc,pp — ¢T¢*" ,nn — had, ...*

*Assuming heavy new physics.

[Weinberg, ‘79 & ‘80]
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Baryon number violation

The violation of

U1)s [xU(L)L x U, —r, x U(D)L, 41, 2L,
IN processes

"~ p — leptons + had ,n-n osc,pp — £7¢*' ,nn — had, ...*

G J
Y *Assuming heavy new physics.

AB=1 and AL=1.3,... [Weinberg, ‘79 & ‘80]

N

[Hambye, Heeck, 1712.04871] [Fonseca, Hirsch, Srivastava, 1802.04814]
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AB=AL=1
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AB=AL=1 Dimension 6 operators

o 1 Dimension 10
— il I
pel = efutT T T > DU ,L/
= o o
+ Ly pyltet \!/ p— utute
o /g o
7t |— petet p = putal
e el L AL+ L -2k
p—etetu” T — pr
® o
T — petiu™ pet — 71t
@ @
T — ]_)€+EF71<,LL_\\ put — ’Ti
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Currently being probed: © Old results: = Doable: =

© o
pe | — €+,U:+'T T <7‘+ — plu"'lu‘|> ) I
@
e e ok
@ —— ® ——
T = pete’ I E— ‘ p— ptnl -
— +, 0 D N\
SENC A Ty AL+ Ly —2L)
® o ® ——
& — etetu” I T — pr’ /\
— — @
T=pet petl — 7‘+7'*\
L o ® \
T petlet P =gt
T~ IMB ‘99; SK can
T improve by ~30!
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Lepton-flavored proton decay

The decay p—~ e‘e'u (or p— p'pe’) could be dominant!
Conserves B-L, L, and L +2L -3L (or L +2L -3L).
35 d=10 operators of the form QQQLLH/AS.
Rate suppressed:
M oc (H2™2 ~ (1033 yr)~1(100 TeV /A)12.

Easy channels, Super-K can probe 103*yrs!
UV completion @ 100 TeV could show up Iin flavor physics.

Other channels, e.g. p— e*m°, suppressed by v mass.

[Hambye, Heeck, 1712.04871, PRL]
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p - ppe

« Minimal scalar leptoquark example, ¢1 ~ (3,3,—2/3)
L. (¢1) =1, Le(¢hp) = —1. ¢2 ~ (3,2,7/3)

L +2L —3L ensures simple structure:

Vil QS + fiTjdale + ApTd2H .

(H)
/> Nt 4\
)\y% fl UL ~ \!, - ML

A m?2
P11 P2

1
N\O

Y

 B-L and lepton flavor conserved: only p — pfu‘e’!

Neutrino 2018 Julian Heeck (Bruxelles) - Rare decays with flavor
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p - ppe

« Minimal scalar leptoquark example, ¢1 ~ (3,3,—2/3)
L. (¢1) =1, Le(¢hp) = —1. ¢2 ~ (3,2,7/3)

L +2L —3L ensures simple structure:

Vil QS + fiTjdale + ApTd2H .

* d = 6 operators:

m¢1

) ] ¢1\ \
yj—zyi(Equc)(QiLu) + n]:jfzi (Leu;)(TiLe) - <

2

= Lepton universality violation!

Neutrino 2018
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Lepton universality violation

The violation of
SU(3)¢
(in SM broken down to U(1),—1. x U(1)L, 41, —2.. by m)

IN processes

Z 00t B— KH—¢t W 5, B—DHp,, .. .1

TAssuming heavy new physics.
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Lepton universality violation

The violation of
SU(3)¢
(in SM broken down to U(1),—1. x U(1)L, 41, —2.. by m)

in processes

Z — 00t B%K(*)é z+ W — ¢7,,B — DWem,, .. .1

TAssuming heavy new physics.
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b—-suu

Hints for lepton flavor

non-universality In /
Y, 4 > ¢

§ () F ,—
R(K( )) — ?31?*)@5— - ; (\T) .
LHCb: R(K)~0.75, " W "

R(K")~0.67. B W K
4-60 iImprovement with d < 4

(30 ’%e\/)2 (by*PLs) (TivaPLp)-

Also explains anomalies in other b - spyu observables.

Resolution via Z’ or leptoguarks.

Neutrino 2018 Julian Heeck (Bruxelles) - Rare decays with flavor
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b—-suu

New physics 1n u

Hints for lepton flavor

non-universality In

R(K(*)) —

LHCDb:

4-60 iImprovement with

B—)K(*),u"',u_

1.6 [ TN\ T
1.4

B—)K(*)e‘i‘e— * 1.2

R(K)~0.75, < 10
R(K)~0.67. 0.8

(30 %eV)z (by*PLs) (TvaPLp).-

Also explains anomalies in other b - spyu observables.

0.6
0.4

4\\\\\\/\\\\\\\\\\\\\\

Rk

Resolution via Z’ or leptoguarks.

Neutrino 2018
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Triplet Ieptoquark and b—suu

Assume my, < mg,, « ‘gbl ~ (3 3 2/3) 0o~ (3,2,7/3).

L +2L 3L ensures S|mple structure

(L QF)(Qily) o mjéil (LuaPLLu) Qv PLQi).

Generates C9’|_|_ operator preferred by b - sup:

my, =~ 30TeV,/y2y3 improves fit by 4-60.

[Alok+, 1703.09247; Dorsner+, 1706.07779; Capdevila+, 1704.05340]

Flavor symmetry ensures lepton non-universality and kills
coupling QQ¢; that would lead to d=6 proton decay.
[Hambye, Heeck, 1712.04871, PRL]
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Summary

Charged LFV gives info complementary to v oscillations.
Is U(1)g4L X U(1)g—L X U(1)L, -1, X U(L)L, 4L, —2L.
broken in ¢ sector?

= Need to probe all possible channels!
Non-trivial breaking: 1— eep, T ppe, p— euy, p - Hee, ...
R(KY) hint at lepton non-universality.

Wait for Mu3e, MEG-II, Belle-Il, Mu2e, COMET, DeeMe,
LHC(b), Hyper-K,...

Neutrino 2018 Julian Heeck (Bruxelles) - Rare decays with flavor
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Neutrino 2018

Backup
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o
Mu?2 E
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COMET @
@)
DeeMe c
=2
: n
Belle Il: T,B o3
=
—
Figure 47. — Projected time lines for different projects searching for CLFV decays. MEG Ilis 8
expected to start data taking in 2018 after an engineering run in 2017; Mu3de magnet and —

detectors are expected at the end of 2019; MuZ2e foresees three years of data taking starting in
2021; COMET Phase-I is expected to start commissioning and data taking in 2018 for two-three
years, followed by a stop to develop and deploy the beamline and detectors for Phase-II; DeeMe
is expected to start soon and take data with graphite and silicon carbide targets in sequence;
Belle II is schedule to start data taking at end 2018.
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Effective field theory view

e SM symmetry. G = U(]-)B—L X U(l)L,U,_L’T X l.J(].)|_M_|_|_T_2|_e :
» Effective field theory with Majorana v:

M,
,—A_\ / ’/
O O @
L=Llsm+ 50+ d+ 2+ +
N—

/4 _
~—
conserves G could conserve G or subgroup

i ‘welrd’ i 19
violates G = ‘welrd’ channels dominate!”
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Scales probed by LFV

LEV channel Example operator Coeflicient limit

L —> ey L,0“Per H Bag (6 x 10* TeV)~?

1L — eee ERVYYUR ERVaCR (200 TeV) 2

T — eefl ERVYYTR ERVa LR (10 TeV)~2

Ky, — nie SLYYdr BpYa€R (460 TeV) 2

OvBps L.HHL, (101 Tev)—1 AL =2
p — e QQQL, (3x 102 TeV)™2 |\ _
p — €el QQQLGZMHeR (100 TeV)~° AB=1
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b - clv

* Hints for lepton flavor / g
non-universality In W- . /
R(D(*)) _ B=>DWrw b (\8\) c

B—D)(p g =

« Belle, BaBar, LHCb: o . -

R(D™) ~ 1.2 R(D™)gr. d > 2

e 40 Improvement with

2 Ti\/)2 (cy*PLb)(TyaPLY).

e Strong constraints from pp — 77, B — 7. [e.g. Alonso, Grinstein,
Martin Camalich, PRL ‘16]

* Resolution via leptoquarks.
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b - clv

* Hints for lepton flavor
non-universality In

* B )
R(DU) = B

 Belle, BaBar, LHCD:
R(D™)) ~ 1.2R(D™))gum.
e 40 Improvement with

2 Ti\/)2 (cy*PLb)(TyaPLY).

BaBar had. tag
0.332 £0.024 = 0.018

Belle had. tag
0.293 £ 0.038 + 0.015

Belle sl.tag
0.302 + 0.030 £ 0.011

Belle (hadronic tau)

0.270 £ 0.035 £ 0.0Z7

LHCb
0.336 +0.027 = 0.030

LHCb (hadronic tau)
0.285 + 0.019 + 0.029

Average
0.304 £ 0.013 £+ 0.007

S. Fajfer et al. (2012)
0.252 + 0.003

HFLAV

FPCP 2017

0.2

0.3 0.4
R(D*)

e Strong constraints from pp — 77, B — 7. [e.g. Alonso, Grinstein,

* Resolution via leptoquarks.

Neutrino 2018

Martin Camalich, PRL ‘16]
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R(D*)

B ] ] ] ] ] ] ] ] I ] ] ] ] I ] ] ] ] I _

05 BaBar, PRL.109,101802(2012) ) ]

"~ ——— Belle, PRD92,072014(2015) A" = 1.0 contours -

_ LHCb, PRL115,111803(2015) - -

0.45 - Belle, PRD94,072007(2016) e=== SM Predictions _

""" ——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) -

[ ———— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) -

0.4 |:| Average R(D*)=0.252(3) S. Fajfer et al. (2012) __

035 .- —

03 | | ¢ =

- .[ -

0.25 F- l & :

0.2 | | | | P(x)=71.6;’70—_
0.2 0.3 0.4 0.5 0.6

R(D)

Neutrino 2018 Julian Heeck (Bruxelles) - Rare decays with flavor 39



Neutrino osclillation parameters

NuFIT 3.2 (2018)
Normal Ordering (best fit) Inverted Ordering (Ax* = 4.14) Any Ordering
bfp £1o 30 range bfp £1o 30 range 30 range
sin? 012 0.30710:015 0.272 — 0.346 0.30770515 0.272 — 0.346 0.272 — 0.346
012/° 33.621078 31.42 — 36.05 33.6219 78 31.43 — 36.06 31.42 — 36.05
sin? 03 0.53819-033 0.418 — 0.613 0.55470 035 0.435 — 0.616 0.418 — 0.613
023/° 47.27%59 40.3 — 51.5 48.1777 41.3 — 51.7 40.3 — 51.5
sin? 013 0.0220610 00072 0.01981 — 0.02436 | 0.0222715000%:  0.02006 — 0.02452 | 0.01981 — 0.02436
613/° 8.54101° 8.09 — 8.98 8.5801% 8.14 — 9.01 8.09 — 8.98
Scp/° 234133 144 — 374 278128 192 — 354 144 — 374
Am%l +0.21 +0.21
Amge 10.033 10.032 +2.399 — +2.593
m +2.494_0.031 +2.399 — +2.593 —2.465_0.031 —2.562 — —2.369 9536 — —92.395

Neutrino 2018

[JHEP 01 (2017) 087 [arXiv:1611.01514], see www.nu-fit.org]
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Limits on CLFV

Group Process Current Future Group Process Current  Future
~ 1L — ey 4.9 x 10~ 13 4 x 10 "4[16] A(L,+ L, —2L.)=6 T—eei 1.5x107% 1077
] 1L — eée 1.0 x 10~ 107" A(Lr +Le—2L,) =6 7 — ppe 1.7 x 107° 10~°
E [t — € conv. 0O(1071?) 1017 Alle + Ly —=2L7) =6 pe o 77 B B
| hoen 351077 21070 TABLE II: CLFV witl d L and B cp

$ _ — : with conserve an , omittin con-
“3’ Z— e,u_ 7.5 % 1(11: s _ jugate processes. Current limits at 90% C.L. °
had— eji(had) 4.7 x 10 10
T — ey 3.3x10°8 10°*
| T ede 2.7 x 107¢ 1079 [28
~ T — efijL 2.7 %108 10°° Group Process Current Future
“f T — ehad O(107%) 1077 AL. =2 ?vgﬁ - fffogfg‘fin 132_61?
. _ -3 —3 1ad— ee had 6.4 6
»3/ ;12:__ 22 z 18_6 o 10 AL, =2 had— pphad 8.6 x 1071 10712
AL, =2 had— 7 had - -
had— er(had) ©O(107°) - - A(Le+ L) =2 ji— econv. 3.6x 1011 < 10-1
N T — uy 4.4 x 10" 10 had— pehad 5.0 x 10710 107
I T — peée 1.8 x107° 107° A(L.+L.)=2r—>échad 20x10°° 10-°
E T = [ 21 x107° 1077 had— Tehad - -
| T — phad O(10™%) [30] 1077 [28] A(L,+L,)=27—jphad 39x10°% 10°°
3 h — ut 1.2 x 1072 5x 1072 had— 7phad — -
a Z — ur 1.2 x107° -

-6 B TABLE IV: Processes violating total lepton number L by two
0(1077) @ units (90% C.L. limits), assuming conserved baryon number.
TABLE [: CLFV with conserved L and B, omitting CP con-
jugate processes. Current limits on the branching ratios are
at 90% C.L. (h/Z decays at 95% C.L.). A full list of CLFV
involving hadrons (had) can be found in the PDG [30].

had— p7(had)

[Heeck, 1610.07623]
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90% CL upper limits on t LFV decays
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T — ee’ plus M breaks U(1)

)
- 1
- ’ . X 73 <«+—  ConservesL —L,
o
g
T - ~ Lo Am?, Additional suppression
- N2 M\2N factors from loops,
phase space and lepton
mass flips depending on
actual operator.
T = All heavily
, T o L (Mo )ee suppressed!
A2 me
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Baryon number violation

Can also do LFV with AB # 0!

Example: proton decay (AB = 1).

Super-K limits on p — e*m®, py*mt® are 103 yrs!

More interesting for flavor: p — 000:

channel (AL.,AL,) limit/years <—
p—etete” (1,0) 793 x 10°Y
p—etutu” (1,0) 359 x 10°%°
p— utete (0,1) 529 x 10°Y
p—ututu” (0,1) 675 x 10°%°
p— utute (—1,2) 359 x 10°Y
p—etetu” (2,—-1) 529 x 10°Y

Neutrino 2018

F

Julian Heeck (Bruxelles) - Rare decays with flavor

IMB ‘99; SK can
improve by ~30!

Different flavor
fromp - £

44




Neutrino 2018

(QQ)1,1 (QL)1,3 (LEH )1 3, 039 23
(QQ)1,1 (QL)13 ((LH); 5 O34 25
(QQ)1 (LL)3 ((QH)3 O34 27
(QQ)1 (¢0), (LQH)1 , Oq8
(QQ)1 (LL)3 (LuH)s3, Oz
(QQ)1 (¢0)1 (LuH ), O30
(QQ)1 (ul)y (LEH)y O3]
(QQ)1 (uf)1 ((LH): , O35
(QL)13(QL)33((QH)3 3, O35
(QL)13(QL)3,3 (LuH)3 3, O34
(QL)1,3 (ul)1 (?QH)L:& ; O%Q
(QL)1.3(df)11 ((QH)1 3, O30 37
(QL)3 (uf)y (E'UJH)S ; Oég,:sg,am
(QL)1 3 (df)1 1 (LuH )1 3, Oy

Ou3

[Hambye, Heeck, 1712.04871, PRL]
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p - p'u'e plus M breaks U(1)

AB=AL=1,d=10:

(H) Conserves
+ Ao X~ u(L)

AB=AL=1,d=6:

(Hym, Am; GIM: Not
Ag N\O @ 1672 dangerous
) AB=-AL=1,d=7":
T (H)mp (m,)
A e Small
L T N6 16m2 enough!

Neutrino 2018 Julian Heeck (Bruxelles) - Rare decays with flavor 46



« AB =1 proto
- QQQL:
- QQLHd:
~ LLfudd:

~ dddLLLH:
- QudLLLH

Effective operators

n decay operators:

d=6, AL=1, e.g.p— e*m’.
d=7, AL=-1, e.g. p— e K"

d=9, AL=-1, e.g.p— vee'K".
- QQQLLHE: d=10,AL=1, e.g.p- e‘ee"

d=10, AL =-3, e.g. p— e vv mI'm.

H: d=11,AL=3, e.g.p— e*wv.

Different symmetry properties

COFI, May 2018

Julian Heeck (ULB) - LFV

[Weinberg, ‘79 & ‘80]
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But what If new physics is light?

COFI, May 2018 Julian Heeck (ULB) - LFV
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Simple example: majoron

\ X
"\

. 3singlets N_ + new scalar ¢ = (f + 0% +iJ)/v2.

Goldstone boson:

B — L breaking scale Heavy scalar :
majoron

(inflaton?)

[Chikashige, Mohapatra, Peccel, ‘81; Schechter, Valle, ‘82]

. Break U(1),, spontaneously: £ = —LyHNg — 1NgAoNg + h.c.
-

Mg = 2%

e For Mg > mp: M, ~ —mDI\/Ilglm[T)

mp 2 1013GeV
~ leV ( ) .
100GeV MR

COFI, May 2018 Julian Heeck (ULB) - LFV 49




Majoron couplings

* Tree level coupling only to neutrinos:

v

N
7 £ i
IJ — —1 J _
= ST s (MM mb)asrs = — 5 30, Diysmir
R
 One loop

i

V. @\M<f FFsf gamt it (mDmD) Off-diagonal!

” z %ZO‘ (8’7‘(’ 2y2 Pr — v2 ) 65 (mDmE)aé

o tr (mDmJr )2

* Twoloop: T(J—vy) ~ —5ger oo

oNTiQre (2

[Heeck, Camilo Garcia-Cely, 1701.07209; see also Pilaftsis ‘94]
COFI, May 2018 Julian Heeck (ULB) - LFV 50




Properties

Crucial observation: the two matrices are independent!

{mp, Mg} < {M,, m yml}.
[Davidson, Ibarra, hep-ph/0104076]
Jo’ coupling can be large and of arbitrary structure.

Similar couplings arise for familons or flavor Z'.
[Wilczek, ‘82; Reiss, ‘82; Grinstein, Preskill, Wise, 85; ...]

Boson not necessarily massless: pseudo-Goldstone.
Experimental signature depends on decay channel:

C—= 1), J—inv 0707 .

COFI, May 2018 Julian Heeck (ULB) - LFV 51



£—-0 J with J - Invisible

Standard LFV In seesaw:

[(4—£'~) ~ 3 |(m M mJF

2
r(£—>€’Vgl/£/) — 8w D)££’| '

Great signature, but requires light N,

With majoron: look for mono-energetic lepton:
[Pilaftsis, ‘94; Feng, Moroi, Murayama, Schnapka, ‘98; Hirsch, Vicente, Meyer, Porod, ‘09]

r(¢—¢'J) t

~ _3 _1 2
r(£—>€’l/g7e/) — 1672 m%f2|(mDmD)€€/| .

: ! 2 >1 for M<K f
M= diag(M): T=22) ~ 2 £ ,
R g(M) NOEYIR) QM2 M2 <1 for M~ f>my.

COFI, May 2018 Julian Heeck (ULB) - LFV 52



u—-e Jwith J- Invisible

e TWIST, ‘15: limits on
different anisotropies.

. Chiral coupling pP eJ
suppresses sensitivity!

[Heeck, Garcia-Cely, 1701.07209]

 Bremsstrahlung is

competitive: y—e Jy.
[Goldman et al, ‘87]

e Approximate limit

[(mpml) e

Tpluel < 1075,

COFI, May 2018

Mass of X (in MeV/c2)
80 70 60 50

. 40__ 30 20
90% C.I., A=-1

6

Branching Ratio ( X 10 )

90%C.I,A=0

90% C.I., A= +1

f—
N
T[T |||||||||||||||||||||||||||||||||||||||||||||||||||||||

(a)
Julian Heeck (ULB) - LFV
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80 70

4030 20

 TWIST, ‘15: limits on
different anisotropies.

. Chiral coupling pP eJ
suppresses sensitivity!

[Heeck, Garcia-Cely, 1701.07207

* Bremsstrahlun~ \0“
competitive’, .
P \(Q

[Goldman et -

. Apa‘a’(\\oe amit

- el <1075

vf

(a) (b)
COFI, May 2018 Julian Heeck (ULB) - LFV 54



u—e X with X- visible

ur-e" X, X-e'e"

10
° e 10* |
Take Xey.e m /A __.
103 E
* Decay length >
determines < 10 ]
signature. TS 5
* Displaced vertex 10° ]
gives new observable. . | B
[Heeck, Rodejohann, 1710.02062] 101 10° 10! 102

e Muon at rest:;

2

y,
~ Tl A 2 (10 MeV
VT = "mem2 2.5cm (15567 ) ( mx )

Sub-GeV X with ee coupling allowed?

COFI, May 2018 Julian Heeck (ULB) - LFV
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u—e X with X - ee

[Heeck, Rodejohann, 1710.02062]

utse" X, X-e'e

0; —
i (g—Z)e
° Decay |ength \\—1\ ____________ yer(X—e*e™) = 0.01cm
typically below cm. %  KiSsss, o - “izz |
_ Ol — i
=> |looks prompt. s oem
» Below beam dump: &
A _>30 TeV; - 4
ee 7
mostly invisible, but | = |
m LSS .,
some DV! ~2.5 —2.0 1.5 ~1.0 ~0.5 0.0
Log,o(mx/GeV)

COFI, May 2018

Possible In
Mu3e!

Julian Heeck (ULB) - LFV 56



. [Heeck, Rodejohann, 1710.02062]
u—-e Xwith X- yy

pr et X, X-yy

ete” » %4

« Decay length
always below cm.
= |ooks prompt.

f < yer(oryy) = 001em
- ete” o ytiny w SN O-em -
L e = [ ‘&’* j 1 ”‘Q lcm E

: 10cm

* Below beam dump:
supernova
constraints!

Log,0(g,,/GeV ™

. SN1987A T |
* Prompt channel -2.5 -2.0 -1.5 -1.0 -0.5 0.0
still interesting, maybe Logy(mx/GeV)
MEG(H) or Mu3e extension? [Recent limits: Dolan et al, 1709.00009]

Muons difficult, taus easier.

COFI, May 2018 Julian Heeck (ULB) - LFV 57



T - £J with J— Invisible

lle, ‘16 prelim.; 1e9 taus.

O(20) times better
than ARGUS!

« ARGUS, ‘95; 5e5 taus.  Be
I,‘i O-Odél!"l"' LIS IR SR B L “‘I'% i&_; 1.9F
DO [N
f 0.04 [ = m
\l"_"z ] HC_) 1_
Y - — 3
: IOEYY
N L 5 08¢
Lo Teel 1 Bor

- T R I S DS > -
= [Il | ‘0?2' To1 06 08 1 12 14 ie 0
m, (GeV) |

e Also interesting for LFV Z'.

[Foot, He, Lew, Volkas, ‘94; Heeck, 1602.03810;
Altmannshofer et al, 1607.06832]

* Improvement with Belle-II.

COFI, May 2018 Julian Heeck (ULB) -

T500 1000 1500

m, [GeV/c]
.i.

[(mpmp)rel <6x1073,
vf

(Mpmb)rl 13
vf ~ '

LFV 58



Mz =10 MeV
T - £ Jwith (oo
104
+ ARGUS, ‘95; 5e!
107°

0.06 T
B _
=~ 0'055_ NS 10_6; preferred
I 0.04 [ . 0 7
5 0.03 10
;8 007;— 10—3;
- - Texcludedby - uZ'

P 10 10 10 0.001
m, (GeV) Viul

» Also interésting for LFV Z'. (mpmp)re| _ 103

[Foot, He, Lew, Volkas, ‘94; Heeck, 1602.03810; Vf ~ 6 X O !

Altmannshofer et al, 1607.06832] i

: MM _
 Improvement with Belle-II. (mp fD)T“| <1073,
V

COFI, May 2018 Julian Heeck (ULB) - LFV 59



[Heeck, Rodejohann, 1710.02062]

T—e X with X— visible

e X, X-yy

-1 EESNE OO T
28 |
* Tau at reSt’ -~ -3 = /: 9 . \: yer(X-yy) = 0.01cm
higher X boost. > N ) 0.1cm
_ O -4 = NGRS lcm
* Arbitrary decay S s e NGRS 10cm
lengths possible. S I NN
— —0Or
e Similar for 7
X — ee, Ju, Je. A
L -25 -20 -15 -10 -05 00 05 1.0
* Worthwhile in LHCDb Log,,(my/GeV)

and Belle (lI).

[Recent limits: Dolan et al, 1709.00009]

Muons difficult, taus easier...

COFI, May 2018 Julian Heeck (ULB) - LEV 60
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