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Symmetries of the Standard Model

* Rephasing lepton and quark fields:

U(l)B X U(]-)Le X U(]')Lu X U(]-)LT

%H x U(1)g—L x U(1)r, -, X U(D)L,+L, 2L, -

* Broken non-perturbatively, but unobservable. [t Hooft, PRL 76]

* True accidental global symmetry:

Z§B+L)/2 X U(l)B_L X U(l)LH—LT X U(l)LM+LT_2Le .
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Symmetries of the Standard Model

* Rephasing lepton and quark fields:

U(l)B X U(]-)Le X U(]')Lu X U(]-)LT

%H x U(1)g—L x U(1)r, -, X U(D)L,+L, 2L, -

* Broken non-perturbatively, but unobservable. [t Hooft, PRL 76]

* True accidental global symmetry:

~

Z§B+L)/2 x U(1)g_L Xi\U(l)LH—LT X U(l)LM+LT—2Le;L

Lepton flavor conservation!
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Neutrino oscillations = flavor violation

- Observations of v — v, LYy
prove that M_ # 0 and g
U(L)L, -, X U(D)L,+1, -2t ’

_ “
IS broken!

N )
 Amplitudes for 5 j
charged lepton flavor violation <

are suppressed:
%4 %4
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, <\S\> Al — 05) MM, )as 1024

M3,
l, \\ {s
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Neutrino mass # charged LFV!

Neutrino-mass induced charged LFV is unobservable.

Observation of CLFV - beyond SM and beyond M !

M < CLFV connection possible but not necessary.

= Can ignore M in CLFV studies!
(How) Is U(1)L,—r, x U(1)L, 4L, —2L, brokenin CLFV?

Heavy new physics: SMEFT! [Lew & Volkas, 9410277; JH, ‘16]
— 888 CLFV operators at d=6:
Ci'nm Ci'nm Ci'
/J\2 Vbl #f%dﬁdm , A—;éfaaﬁejHFaﬁ .

[Weinberg ‘79; Buchmiuller & Wyler, ‘86; Grzadkowski++, ‘10; Fonseca, ‘17]
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[JH, 1610.07623]

CLFV = breaking of U(1)L, ., x U(1)L,+L, —2L.

AL, L)
& MU — TT o T T pupuee
o Hel—= T1 o T T Lue
& 7 MY o HeE — ue
o 7 T EY ® n > ey
< o T > eefl o T > €el
o M — ey ® T > ey A(L,u + LT — 2Le)
‘ué—>ﬁe .7"——>,wy
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[JH, 1610.07623]

CLFV = breaking of U(1)L, . X U(1)L, 4L, 2L,

A A(L, — L;)
¢ M= TT o T T puuee
® uel— 71 M
¢ - uy ® pue — ue
o 7 €Y
| , Stands for all A(L,— L ) = 2 processes:
< ® T T+ eel — /
e I g K process current future
< pn— ey 42x 1078 6x10714
o HEZHHE & |1 ete 1.0 x 10~12 10—16
[t — e conv. O(10~12%) 10— 16
o T T Lififiee | h — eli 6.1 x 107° 10—°
Z — ef 7.5 x 10~7 10—10
¥ had— efi(had) 4.7 x 10712 10—12
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[JH, 1610.07623]

CLFV = breaking of U(1)L, . X U(1)L, 4L, 2L,

2 A(Lu— L)
¢ M= TT o7 > LEe
o [iE— 71 L
— & T Y o 1€ — e
Ao bal
. o e AN \i_/7\‘ Stands for all A(L_— L) = 2 processes:

process current future
_ R B | P 3.3x10° 1079
G 17— ell 2.7x107% 107
T — ehad O(10-%)  107°
o T Dfifiee $ 1 om A7 % 10-3 10—
V7 —eT 9.8 x 107¢% 1077
had— e7(had) O(1079) -
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Dimension 6 operators

[JH, 1610.07623]
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Impose U(1),, —, to make T eep dominant.

[JH, 1610.07623]

\ AL, — L)
® il — 7T ® T 1 uuuee
® uel— 11 ® T > uue
¢ 7 - Wy ® ue — ue
B o 7 T EY ® u - ey |
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— o M TrEY o T T EY — L,u‘l‘LT_ZLe)
‘,ué—>ﬁe o T Y
® T > JUUe o MEITT
® T > uppee & M —TT
\/

TAU2023 Julian Heeck - Tau LFV

11



Impose lepton triality Zs .

(See talk by Innes Bigaran.)

[JH, 1610.07623]

A(L, — L;)
u — 7T o 7 - uupee
uel— 71 o 7 - Uue
] T > Wy i — o e — Ve
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o ME — e | T > WY L
T > e o MEITT
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Impose Z; under which e is odd. [JH, 1610.07623]

1 /A/ ’Ju\ P
& LAl —TT o T —@
D o HEITT — o T LUE \,
-
& 7 LY o\ e
— o T T EY — o H ey ]
< A p G -l T EH
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Impose Z, under which p is odd. [JH, 1610.07623]
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Currently being probed: ©  Future: =

[JH, 1610.07623]

A(L,— L
p A= L) —
_ & M —TT B o @
S P pel— 7T | B o Lpe -
\,::/ ¢ 7 > WY E/ ® ue|l— ue
— o 7 TEY — o L€ —
T — eefl ~ | = _>%
< o 2 — — [ o £
o ME—pe | 1 [ b 7oy —
—— -
\*f = ' 7_- _+ ﬂ ﬁ 6 | \—#/ | . ,[1‘6 % T7- \ \~,,,,<A/
| h <
® T b pppee) — 11— & M =TT ¥
AT1=2, no v-less modes!
| v
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AT = 2 operators
« 10 complex d=6 SMEFT operators, €.9. TT U |

LL | .« 1 | O 0 RR p .« 0
Yoprulr Y Ly Levably + Y70 LeY L bevaly + Yoy bry ™l bevaly

* No neutrinoless decay modes, no limits for d=6 LFV op?!

TAU2023 Julian Heeck - Tau LFV
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AT = 2 operators
10 complex d=6 SMEFT operators, e.g. TT | [:

LL 1 « 1 LR 6" 0 RR / .« n
Yoprulr Y Ly Levaly +y70, L0y LMKTWOAEM*‘VWWKTV Clryal,

No neutrinoless decay modes, no limits for d=6 LFV op?!

For y-- and y® still have wrong-v-flavor decays: 7 — ¢ vuv-

[JH & M. Sokhashvil,
In progress]

- Violates flavor universality, comparison with p= — e v,V
gives limits around |[y*5'R| < (0.6 TeV) 2. (Seetalk by P. Feichtinger.)

- Only modifies 1 lifetime, not spectrum.

yRR is difficult, either Z—ttp porpp — t1atnew collider,

or analyze UV completions (Z’ or k**).  (see talk by W. Altmannshofer.)
[Altmannshofer++, PLB ‘16; Altmannshofer++, 2205.10576; Bigaran++, 2212.09760]

Not done with d=6 LFV yet!
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Currently being probed: © Future: =

[JH, 1610.07623]

A(L, — L
A/ (VK T) / ’\\
1 & M —TT T ——)uuyéé
_ o HeI™TT — o7 T L \”
| o T T EY — o BT EY ~
) T — eejl — S
/—E _L L
T > eeepii [ ey F > &y -~ A(L,+ L,
® ® ® —
w N
T o T T Bile — o €I T1 }
\ o T rrpppee) [l (b =TT S~
. v

Belle I, but d=10 operator!
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T - Juypyee?

Impose LH+4Le—5LT to H
kill other LFV. i // .
Not difficult, but — o <,
rate is suppressed: AN
e
BR ~ 5 x 1010 (M)lz g X\<
ms ' (H) S p

Secretly dimension 10 operator.

Better constraints on S from Z - SS etc.? [JH, in progress]

Requires full models

TAU2023 Julian Heeck - Tau LFV 19



Baryon number violation

So far assumed AB = 0, but can also do LFV with AB # 0.
Example: proton decay ( ).

Super-K limits on p - e*mt®, y*mt® are 10°** years!

Probes scales up to 10> GeV!

Future: JUNO (China), DUNE (US), Hyper-K (Japan).

TAU2023 Julian Heeck - Tau LFV 20



AB=AL=1

TAU2023
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AB=AL=1
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AB=AL=1
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Currently being probed: ©  Old results: =  Doable: . =~ AB=AL=1

[Belle, PRD 20] A(L, — L)
\\
® \ \ \ ] 3
pe | — %4_,&\7'_7'_ — T = I_?,U+N+/ T
\ ( ) \v °
/\K | | /\ — pute
® B ¢ )
T+ petet S J p— ,u+7r0\\ -
L
I s et —

TN A(Ly+ Ly

T petiu” pet — 7'+7'\
— \

T petet T Pt = T —_

—9L,)

[Super-K, PRD ‘20]

———[Hambye, JH, PRL ‘18]
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Currently being probed: ©  Old results: = Doable: =

AB=AL=1

Better:
P— T Vs

[Marciano, NPB ‘95]
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Currently being probed: © Oldresults: -~  Doable:. =~ | AB=AL=1
Better:
_— T \\ 1
p— €+€/i7T:FVT/)\ =
e (s ottt L
B ( ~ fj % ytut j
}t \ ? — Py utute
T > petaT I — p— N+7TN =
+.10 ‘ — = Ho—
./,\ \ p— et : T —p DU A(L# + LT 2Le)
EEONSEEEN.
PS == o
T — petet Tl put = 7Tt N
Better:
P
P — T,
[Marciano, NPB ‘95]
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AT = AB =1 operators

« d=6 operators: y'duQL, + y*QQQL, + y’QQu¢, + y*duul-
* Allinduce 7= — pn°, pn.

 But y* and y2 immediately give n — 7, 7°, 7, 7.

 p— .t probes a linear combination of y2 and y*. P

. . . . F /
e Last linear combination induces PNl e,

p— DT7T+77, only ancient inclusive limits! [JH & Watkins, in progress]

e Still, even with finetuning it seems difficult to get 7~ — pr°, pn.
e Currently analyzing d>6 At = AB = 1 operators in analogy.

Don’t be discouraged to look for AB tau decays!
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Probing light particles

SMEFT only works for heavy new particles!
Light new particles X give new signhatures:

u—e Xort-{X, followed by (displaced) X - "0, yy?
[JH & Rodejohann, PLB ‘18; Cheung++, JHEP ‘21]

Mu3e and Belle Il can improve limits, maybe others too?
[ Tormo++, PRD ‘11; Uesaka, PRD ‘20; Calibbi, Redigolo, Ziegler, Zupan, JHEP ‘21]

Light particles as mediators change rate expectations.
X = axion/ALP/majoron/familon/Z’, connected to DM?

Or: SMEFT + X.
[Georgi, Kaplan, Randall, ‘86; Brivio++, ‘17; Dror, Lasenby, Pospelov, ‘17 & ‘19]

Far from finished!
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(MpMD) ap/(f V)

Limit on Kyp

Example: Majoron

Sweet spot
n JorTau LRV - |
\ |K111|
(T=NJ)
0.01F j\’l .
Belle’ g
1074 |
1Ky WMMWV\WW
(u—ed) .'
_6 | ] |
1 O _-M_u_s_e ____________ zl
0.001 0.010 0.100 1 10
Majoron mass my in GeV
TAU2023 Julian Heeck - Tau LFV

T.*,-j

[JH, Garcia-Cely, JHEP ‘17]
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Summary

Charged LFV gives info complementary to v oscillations.

Tau LFV fertile ground for new-physics searches:
— Access to many directions in flavor space.

- Essential to study fate of U(1)r,—1, X U(L)L, L, —2L.
even If y- ey found tomorrow.

Future goals: tackle At =2 and d > 6 operators at
Belle-II and future colliders.

Light new physics open new avenues, can probe
particles up to m .

Explore every corner of our lamppost!

TAU2023 Julian Heeck - Tau LFV
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Effective field theory view

e SM symmetry: G = U(]-)B—L X U(l)l—,u,_L’T X U(]-)L,u,—i_LT_2Le
» Effective field theory with Majorana v:

MV
I_A_\ 7
L = Lgm + =57 - Z%—FZJM—FZJ%—F
/‘ f — g _
conserves G could conserve G or subgroup
= ‘weird’ channels dominate!?

violates G

TAU2023 Julian Heeck - Tau LFV 32



Example: T - eel’

« Conserves L - L, soimpose this!
e Simplest UV model:

Uy U()p,-r,
kT +2 0
S 0 +1
Nepr 00, +1, -1

(g,uTHCRTR =+ geeéCReR) kt+ + y[HNR + %NCR (MSRym —+ y5\<S>/) NR .

“ _J ~— _

"4l '

+ ’// o ‘\\\
! @ )
T ~ (My)as : :
\ e
= N, Ng
< e Vo > = | < I > VB

« Only T - eep’isunsuppressed by M..

v oscillations but approximate symmetry in £ sector.

TAU2023 Julian Heeck - Tau LFV
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Flavor violating decays & S

* Prime example: y-ey @ MEG.
* Observation = new particles (beyond SM and M,).

* U - e conversion @ Mu2e can probe scales up to 10’ GeV.

LFV  process current future exp
]‘ [ — e 4.2x10713 6 x 10~ MEG-II
= U —>eee 1.0 x 10712 10~16 Mu3e
2 [ — e conv. O(10~12) 10716 Mu2e, COMET
N h—eji 6.1 x 1075 10~° LHC
E Z — el 7.5 x 1077 10—10 FCC-ee
<1 had— efi(had) 4.7 x 10712 1012 NAG2
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s ¢ S
Flavor violating decays % *i\?_j

* Produce tauons at B factories (BaBar, Belle, LHCDb).

* Observation = new particles (beyond SM and M,).

s

/ |

e T-.e-ere- @ Belle Il will probe scales up to 2 x 10*GeV.

LFV  process current future exp
T T — ey 3.3x1078% 1072 Belle II
— T —ell 2.7x 1078 1079 Belle II
37— ehad O(107%)  10° Belle II
N h—er 4.7 x 1073 1074 LHC
S Z—eT 9.8 x107% 1077 FCC-ee
<4 had— er(had)  O(1079) ~  Belle II

TAU2023

Julian Heeck - Tau LFV
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Upcoming CLFV

84 LORENZO CALIBBI and GIOVANNI SIGNORELLI
~ oo o o e N ™ < LN O D~
— — — N N N N N N N N
o = = o = o o o = = =]
N N N N N N N N N N N

| ]

Mu3e

MuZ2e

COMET

DeeMe

1,B

Figure 47. — Projected time lines for different projects searching for CLFV decays. MEG Ilis
expected to start data taking in 2018 after an engineering run in 2017; Mu3e magnet and
detectors are expected at the end of 2019; Mu2e foresees three years of data taking starting in
2021; COMET Phase-1 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.

[Calibbi & Signorelli, 1709.00294]
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Probing light particles

Mu3e: BR(U - e X) from 107° to 1078.

Belle Il: BR(t - £ X) from 1073 to 107>. [JH, PLB 6]
Followed by (displaced) X - 0, yy? [JH, Rodejohann, PLB ‘18]
Example: Majoron.

- Pseudo-Goldstone boson of lepton number.

— Potential dark matter candidate. [JH, Garcia-Cely, JHEP ‘17]
- Tree-level coupling only to neutrinos.

14
7 <
1
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1 i |
=
q (t>
< 0.01- J} 7
Q /
S .
I
Q
X 107¢| |
S tr(K)
:E Ierl WMMWNW“ gunn, SN1987
— (u~>ed) :'
10_67 Muse - Il K ) t K |
__________________ | a[3| <53 r( )
0.001 0.010 0.100 1 10

Majoron mass my in GeV
[JH, Garcia-Cely, JHEP ‘17]
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0.01

K |
(B->KJ)

1
Belle Il

J

Limit on Ky = (MpME) o/ (f v)

GUNN, SN1987

(u-ed)
107° i :
Mz - Kag| < L tr(K)
0.001 0010 0100 1 10

Majoron mass my in GeV
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[JH, Patel, PRD ‘19]
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M—e X with X visible

utse" X, X-e'e

10°¢
. e 104
Take Xey.e m /A_.
103
* Decay length >
determines 5 10°
signature. TS
* Displaced vertex 10°
gives new observable. . ... | . .
[JH, Rodejohann, PLB ‘18] 1071 10° 10! 102

* Muon at rest:

2

2
o mm A Nee 2 (10 MeV
TET = Teme 2.5cm (1567 ( mx )

Sub-GeV X with ee coupling allowed?

TAU2023 Julian Heeck - Tau LFV 40



” N e X W|th X N ée [JH, Rodejohann, PLB ‘18]

u-e "X, X-e'e"

0, —
I (g—’l)e
e Deca |en th —1;: ........... yer(X—>ete™) = 0.01cm
-ay N9 - " 0.lcm
typically below cm. , o
= |looks prompt. 3 Jocm |
» Below beam dump:  § 2SR IR .
. | e \-“ cm
/\ee > 30 TeV, _47 ......................... 104cm ]
mostly invisible, but S — =\ 10%cm
m TS R ]
some DV! 25 _2.0 15 1.0 _0.5 0.0
Log,o(mx/GeV)
BR(px — eX)BR(X — ee)(1 — P(lgec)) _ _
p Possible in
~ BR(u — eX)—= . Mu3e!
YCT
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” N2 X W|th X N yy [JH, Rodejohann, PLB ‘18]

u—e" X, X - yy

ete” » vy

* Decay length
always below cm.
= looks prompt.

~ ...
‘‘‘
~

yer(X-yy) = 0.0lcm -
0.1cm
lem -
10cm |

.’.
L]
~

* Below beam dump:
supernova
constraints!

| SN1987A |
 Prompt channel 5 20 15 10  -05 00
still interesting, maybe Logso(mx/GeV)
MEG(II) or Mu3e extension? [Limits: Dolan et al, JHEP ‘17]

Muons difficult, taus easier.
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T X W|th X N VlSlble [JH, Rodejohann, PLB ‘18]

e X, X-yy

_1 “““““““““““““““““““
—2 N
’ Tau at reSt’ ] 7 . : ”””””” yer(X-=yy) = 0.01cm
higher X boost. > | NN 0.1cm
. G -4 SRR S lcm
e Arbitrary decay S s Deag ol WD 10cm
lengths possible. 2 N
 Similar for i
X - ee, UM, pe. I @ |
25 -20 -15 -10 -05 00 05 1.0

 Worthwhile in LHCDb
and Belle (lI).

Log,o(mx/GeV)

[Limits: Dolan et al, JHEP ‘17]

New signatures from light physics!
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Neutrino mass = charged LFV?

e SM + Dirac neutrinos: L = Lgm — (YLHur + h.c.) + ivr@rr

\ )

Y

114 oy m, = y(H)

f\f\l\/ = Udiag(my, my, m3)VR
lo 4 lg !
> > > 5 ev
 All CLFV is GIM suppressed:
2
(o — €37) 30EM Amp 53
~ o 1 :
[(lo — LgvaTs) 327 J_:23U M2, Vig| <210

[1977: Petcov; Bilenky, Petcov, Pontecorvo; Marciano, Sanda; Lee, Pakvasa, Shrock, Sugawara]
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Seesaw mass = charged LFV?

SM + seesaw neutrinos: L = Lgy + iNR@NR
— (%MRNCRNR + yEHNR + hC)
——

Violates AL = 2. For large M.

MNZMR,

T

—1

Majorana neutrinos!

LFV: [(le — Lp7y) 3aEM

F(Ea — 551/0475) 3T \

[Cheng & Li ‘80]

TAU2023

mp7LNR

U* diag(m1, mo, m3)UT.

~ (MpMgZmp )as .

J

Y

O(M;/mp)

Julian Heeck - Tau LFV

Not true with
fine-tuning or
structure in m_.
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Neutrino-mass models can give LFV
Lecesaw = Lsn 4+ iNR@Ng — (3 MgNRNg + mp7Ng + h.c.)
= M, ~-mpMg'm} & BR(la — €57) o |(mpMg2m)asl?.
* Onetoone correspondence

—2 7 Broncano, Gavela, Jenkins,
1Mo, Mg} <> 1My, mpMg“mp }. [hep—ph/0210271]

« Matrix structure decouples LFV from M.

LFV complementary to M |

e Fairly generic conclusion, makes it difficult to predict LFV.
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Scalar-triplet seesaw

[Konetschny & Kummer ‘77; Magg & Wetterich, ‘80; Schechter & Valle ‘80; Cheng & Li, ‘80; Mohapatra & Senjanovic, ‘81]

L = Lgm + |DaA? — (yL AL + gHAH + h.c.)

(H) . ) (H) 0,
N / y/<

| /

v | v Ly /’yA‘\ A
(0
~ 2pv° / 000 2lvi: 12 /M

= (MV)ozB = Yap M2 & BR( a 7 Lt k) X |Yak| |YU| /MA-
A

[Pich, Santamaria, Bernabeu, ‘84; Abada++, 0707.4058]

Prediction of LFV ratios via M !

CDF’s W-mass first hint for this triplet with O(100 GeV) mass? [Heeck, 2204.10274]
47
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