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BSM in Tau decays

Looking for on-shell (i.e. light) new physics in tau decays:
» Taus provide largest leptonic mass reach for “light” BSM states
* Many new and exotic final states
- Tau width narrow in SM, BSM can compete
* Taus less well probed

* Many ongoing and upcoming experiments with potential to
probe a
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Axions/ALPs

- bPNGB of a spontaneously broken global symmetry
* One of the standard “portals” to the dark sector

p<s 1 miy o, OMa .
Lo = 5 (0ua)(0"a) — == a® 4 7 > Yreruir
F
s @ ~ o2 a ~ o1 a
‘|‘CGGﬁ?GZuGM ’a+CWWE?W£/WM 7A+CBBE?

[for review see eg Bauer, Neubert, Renner, Schnubel, Thamm JHEP 09, 2022]
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https://link.springer.com/article/10.1007/JHEP09(2022)056

Axions/ALPs

- bPNGB of a spontaneously broken global symmetry
* One of the standard “portals” to the dark sector

Breaks shift Generic 3x3
symmetry \‘ hermitian matrix
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Axions/ALPs — couplings to fermions
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No reason for couplings to be diagonal

If PQ charges of SM fermions not aligned with fermion masses axions
will have flavour violating couplings e.qg.

* DFSZ model with LFV
* Generation dependent PQ charges e.g. Froggatt-Nielsen

 Axiflavon models
[see eg Calibbi, Redigolo, Ziegler, Zupan

JHEP 09, 2021]
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https://link.springer.com/article/10.1007/JHEP09(2021)173
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FV ALPs

Quark sector
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FV ALPs

Lepton sector
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Axions/ALPs

* Focus on couplings to taus
*Focuson g/ =—gp
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1. Axions can be produced in heavy lepton decay
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Coupling scenarios
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Coupling scenarios —
Production and Decay
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Coupling scenarios
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Can compete because tau is narrow due of weak interactions.
Axions long lived



Coupling scenarios .
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Coupling scenarios )
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These decays are suppressed by GF and fa
So only long lived below muon threshold, or for muon-phobic
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ALP production & Detection



ALP production & Detection

PYTHIA
SoftQCD:all
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NuMI: 120 GeV beam
SPS: 400 GeV beam
LHC: /s = 13.6 TeV
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ALP production & Detection
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ALP production & Detection
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ALP production & Detection
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ALP production & Detection
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ALP production & Detection
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Experiment  p* Energy Exposure Baseline  Fiducial Volume Material(s) Cuts Refs.
Pyramidal frustum
SHiP 400 GeV 6-10°° POT 33.7 m (1-2.7—4-6)- He, Ee~ > 05GeV  [20]
(SPS) 49.6 m?® Ecal
DUNE ND 120 GeV 11-10*' POT 574 m (5-5-5.88) m” LAr Eo~ > 0.5GeV
(NuMI/LBNF) (10 yrs) 21]
677 [723] m (6-7-6)m”
protoDUNE ~ 400GeV  1.75-10" POT T2 dx = +3[—3] m, LAr Ep, >05GeV  [22]
NP02 [NP04] (SPS) (5 yrs) o0y = +1.5m
R =0.1m,
FASER /s=13.6TeV L =150 fb~" 480 m z=1.5m Air, E¢, >50GeV  [23]
(LHC) dy = 6.5cm Ecal
= 13.6 TeV Air,
FASER2  V° Y L£=3ab™'  650m 2.6-1-10 m® Y B, >50GeV [24]
(LHC) Ecal
120 GeV 803 2 x (2.67
ICARUS - 3-10°" POT N X 5 LAr  E¢;, > 0.1 GeV [25, 26]
(NuMTI) (5.67) :2.86) - 17.0m
120 GeV 4.2-10*' POT 990 3.9 - 3.9 Liquid
NOvA ND © o . A B > 01Qev [27]
(NuMI) (2024) (14.6 mrad) 12.7 m Scint.
120 GeV 685 2.26 - 2.03-
MicroBooNE ¢ 2.10%' POT - . LAr  E,, >01GeV [28]
(NuMTI) (8°) :9.42 m
400 GeV 3.57 - 2.52
BEBC - 2.72-10"* POT 404 m ; Ne/Ha  |pe,v| > 0.5 GeV [29, 30]
(SPS) -1.85 m
400 GeV 3-3-35m° Air,
CHARM N 2.4-10¥ POT 480 m o Y B, > 05 GeV [31, 32
(SPS) dr =5 m Ecal




Existing Limits
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Existing Limits
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Existing Limits
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New and Future Sensitivities
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New and Future Sensitivities
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Prompt mulilepton tau decays

» Dark sector showers leading to SM-rich final states

- Tau mass allows many more final states than for other leptons

» Many candidate models — lepton “fingerprints”

Low energy description: flavour violating scalar coupled to a
dark vector, “flavour protected scalar”,...

Leg D gvVMJ“ + Uy ¢VMV’M -+ (Cij ¢ZL,i€R,j -+ hC)

JH =Yy Qrir + Yy QrYR



Kinetic mixing

U(1)’, kinetic mixing, no SM states charged

]‘ 1 74
Lyay = —ZF,;?, — 5F' " 4+ |D,®|? — V()

Higher (dim-6) operator gives off-diagonal scalar coupling

Ki4q —
—L1rvI = A—g|<1>|2LiHeRj + h.c.

Leads to dSu, pude, 3u2e, 3u2m— etc final states, eg

B(t — 50) ~ B(1 — ¢l) x B*(A" — 0¢)

106G6V : v’ ° 2
X~ (0.9
~ 1 ““( A > (1OG6V> (0-5)




Gauged lepton flavour

Gauge Lmu-Ltau, or some other (anomaly free) combination

Higher (dim-5) operator gives off-diagonal scalar coupling

~
~

kii - k..o
_‘CLFV,II — KJ(I)Lzng -+ fq)*Lngz + h.c.
Qp =1 Qp =2
Charge of scalar dictates decay mode: 7™ — ¢ T — U@

Vector now has invisible decays, but no hadronic modes

Vector also has FV couplings, opening up 3-body decays

(1t — ¢f) |

14 _
oz = (r— 2Z2'0)
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Kinetic mixing
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Kinetic mixing

Secluded U(1) 4+ kinetic mixing
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Kinetic mixing

Secluded U(1) 4+ kinetic mixing

S F_CC‘ee “quesstimates”
10 Nem—=——""""""" T T Tt mamdn = ~ e~
-\, ——————————————————————————————————— -~ \\
Belle 11 SN
S\
\\].
LHCDb best ch. }
— "-.-..--------:..-...-.-.-:..-:--.:..-:;: ------------------------------- . l
=~ — LHCb 7 — 5 ™ =~ o |
E .| S "
< 10 _: '\. ‘:
\,\ :
.
‘vo \l
I
i
— 7 lifetime (Ygg Br < 5 x 1072) ?
101 1

e=10"% ay = a, Cup = Crp =1, Cre =0

T — 3

e ~

my > (m,; —my,)/2

0.3 0.4 0.5 0.6 0.7 0.8
my |GeV]




Kinetic mixing
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Kinetic mixing
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Kinetic mixing
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Gauged lepton flavour

1010 :

109 -

10°

Lo 2L Hen + ¢ o L Hrp

my |GeV]

1

A A
Ry = 7 I%M * T
+ L Hpup + ~“®"L,Hrp + h.c.
Gauged L.+ L, —2 L,
Qo = —3, Ky, = Ky, ke = 0
______________ FCC-ee
e T Both scalar and
Belle 11 vector flavour
Scale by increased lumi violat.ing
Belle 7 — pnee = Coupllngs
£
LHCb best ch. (B =0) Dbellell7—=3u . Rl — [(1 — ¢f) -~
'n;‘—-. """ .----.-.....-.. .................. :E/ ¢Z F(T% Z/z)
[/ LHCb 7 — 5 =m0 e A
\.\ ‘en, i =
~, | E
o CLEO 7 — pee + inv \:
— Belle Il 7 — pu + inv
7 lifetime (3 g Br <5 x 1077)
0.3 0.4 0.5 0.6 0.7 0.8



ais long lived

¥
H
2
%

YOU'RE THE

{ TOT

~  BYD.TERMAN

- =
® % A
CHOOSE YOUR OWN ADVENTURE "+ 8 =

SIS ORY!
HERQ OF THE STORY! o

L ““BY BALLOON
RE SAHARA

3
.

: JOURNEY UNDER
" THE SEA

v

i

YOU'RE THE STAR OF THE STORY!
CHOOSE FROM 37 POSSIBLE ENDINGS.

DEADWOOD

T 0 O WA
Ay

15 !

a is prompt

YOU'RE THE STAR OF THE STORY!
CHOOSE FROM 30 POSSIBLE ENDINGS.

bl CHOOSE YOUR OWN ADVENTURE *-12 J— ¥

YOU'RE THE DETE ]
—AND IT'S YOUR FIRST MORDER sy

WHOKILLED
HARLOWE.
THROMBEY?

BY Eﬁ“’mmﬁo“ —

INSIDE
~ UFO 54-40

BY EDWARD PACKARD

li

Modulation

Teriod = 1077 months
Tpering = 107 months
Thuiod = 10" months

)

2
X

X (8)/ (ponafm

t [months]



DM and time-variation in lepton decays

Assume coupling of DM to SM is guadratic in dark sector

DM-background dependent processes eg

' . y \
?i é I\\\ Lint 2 2f . _—
N —
| T
|
dc \/7 15
2p¢ 107 eV
¢.(1) = ¢g Cos(mqﬁt 0) Po = Mg =2 T6V< " )

, . 2r 10715 eV
Leads to large time variation 75 =—>~4s
M M

Allows removal of static systematic backgrounds



Model Building (some) details

Non-abelian pseudo-Nambu Goldstone bosons (hpNGBs) G — H

Eint O Ir (QUTZ(?MU)ZLW“(C’X@ -+ C’v’é?gj’}%)gj —+ h.C.,
Generated by integrating out a mediator, SM leptons charged
U=MT/f with U—V/UVg and Q — VIUVR

Shift symmetry preserved, so light DM protected

G110, P2 P2 10,01
Jo2f Jo2f

Ling D ( )Zm“(CXEj + Cg‘jgj%)éj +h.c +...
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DM and time-variation in muon decays

Clids my,
B¢, = ¢¢') = 64;]2 F,;l cosz(m¢t + 0)

Mu3e collected ~1E15 decays, 1E13 in “endpoint” bin E. = m,, /2

Ogtat = \/Nbg/nbina Osys = ANpo [/ Npin

Systematics limited

Time-variation allows measurement of backgrounds in situ,
removes systematics uncertainties
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DM and time-variation in muon decays
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Time-variation allows measurement of backgrounds in situ,
removes systematics uncertainties
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DM and time-variation in muon decays
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DM and time-variation in MUON decays
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Conclusions

* ALPs — “standard” BSM, coupling to taus somewhat overlooked
- Broad array of possible couplings to leptons (anarchy, hierarchy,
FV, FC)
- Beam dumps are rich source of taus and provide strong constraints
for long-lived ALPs
- Old data at CHARM, BEBC provide new constraints
* New parameter space can be probed by NOVA, Icarus,
MicroBooNE
- DUNE and SHiP will have greatest reach
* Prompt exotic tau decays can be searched for at LHCDb, Belle-II,
FCC-ee.
* With reach to 103-10° TeV scale.
» Many possible final states, high charge multiplicity
- Quadratic couplings can be leading effect in some models
* Time variation, allows digging below systematics
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* ALPs — “standard” BSM, coupling to taus somewhat overlooked
- Broad array of possible couplings to leptons (anarchy, hierarchy,
FV, FC)
- Beam dumps are rich source of taus and provide strong constraints
for long-lived ALPs
- Old data at CHARM, BEBC provide new constraints
* New parameter space can be probed by NOVA, Icarus,
MicroBooNE
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* Prompt exotic tau decays can be searched for at LHCDb, Belle-II,
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* Many possible final states, high charge multiplicity
- Quadratic couplings can be leading effect in some models
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Model Building details — example
SU(3)L X SU(S)R — SU(3)V

Dark QCD-like theory, but with different quark masses etc

2 2
L= fUTVTr (D, UD*UT) A f‘év Tr(X'U+U'x) +--

D“U — a“U + ig,A;LQU Q — C]U)\S X X (mgidv mgidv m?id))
0
(Gem xf K
0
- : — T 0
U = eEXP (Z\/iHD/fU\/) and II; = TH _TDQ + % KD

Expand...

2 2
f%v Tr (D, UD*UT) > fU?Vg’A; Tr (QU@@MUT — i&MUUTQ) -

_ fUVQIQU,

2v/2

/
LA (Rpio K — Kpio"KD) +---

A’Mﬁuﬂ% +




Model Building details — example
SU(3)L X SU(S)R — SU(3)V

2
fU?VTI. (D, UD*UT) > ftévg’A’ Tr (QU@@ Ut —io UUTQ)

fUVg Qu 4
A %)
24/2 a

9'qu —0 - o
mh + AL (RDio" K — Kpio"KD) +---
Work in limit: m., > mg,  "Kaons” are DM, coupling quadratic

SM side: charge some leptons L, = ig cwsz Y; + h.c..

Y, Cij Y

N 22 B
" — CZ?‘;@Q (Piv" ;) (Ki0, K +h.c.)
A/

KD qu KD

f 2mar 2-10° Gev< ma ) (10—3)
\/ Cij g \/CZJQU \/Cijqu 06 GeV g




AXxions

QCD Lagrangian is “simple”

Il 1 a 1% (9
EQCD — lp(lm o m)@D IR ZGMVGZL G472

PG GaP

Neutron electric dipole moment d,, ~ 107'%f ecm

Experimental bound: |d,| <2 x 107°° ecm

What is reason for smallness of 67
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PQ Symmetry

Elevate 6 to a dynamical variable

Introduce a spontaneously broken global chiral U(1) symmetry,
charge a coloured field

b — feia(x)/f

The QCD-U(1) anomaly means that theta term becomes dynamical

6472 f

QCD instantons (topological susceptibility) give a potential
- 11/2

Via) ~ A1 — msinQ(H + A%)

1
(9 + AQ> dvebge Gof

mwfw — mafa




Models and other couplings

KSVZ (Kim-Shifman-Vainshtein-Zakharov): introduce heavy quarks
with PQ charge

DFSZ (Dine-Fischler-Srednicki-Zhitnitsky): give SM quarks (and
2HDM) PQ charge
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DM and time-variation in TAU decays

Clids my,
B¢, = ¢¢') = 64;;1 Ffl cosz(m¢t + 0)

Belle Il collected ~60M tau pairs, systematics limited

Ogtat — \/Nbg/nbina Ogys — aNbg/nbin

T — 4X Invis
oo} o o e T Due to neutrinos need
. 12000k O o to construct tau’s
S 1:;’22 N m}:;-gss/:zcz pseudo rest frame
? . Ei
ool —
. M, /2

Time-variation allows measurement of backgrounds in situ,
removes systematics uncertainties



DM and time-variation in TAU decays

2 42 3
Ciihg my

B¢ —» .4 = Lcos?(mt + 6
Belle Il collected ~60M tau pairs, systematics limited
K "'2-3%
Ogtat — \/Nbg/nbina Ogys — aNbg/nbin
T — gXiIlViS
14000} ﬁ:’e 6’; e e 1 ot uncertainty Due to neutrinos need
[ : & * TUVV ;
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Time-variation allows measurement of backgrounds in situ,
removes systematics uncertainties



