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Neutrino masses imply Lepton Flavour Violation

The Standard Model Lagrangian (without right-handed neutrinos) is accidentally invariant under a phase rotation of each
lepton flavor U(l)La
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Neutrino masses imply Lepton Flavour Violation

The Standard Model Lagrangian (without right-handed neutrinos) is accidentally invariant under a phase rotation of each
lepton flavor U(l)La
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Neutrino masses break all symmetries
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Neutrino masses imply Lepton Flavour Violation

The Standard Model Lagrangian (without right-handed neutrinos) is accidentally invariant under a phase rotation of each
lepton flavor U(l)La
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Neutrino masses break all symmetries

I/Iuo: > I/e

Since there is no symmetry that forbids it, lepton flavour violation in the charged sector is inevitable:
T + + + — + F
- —> ey T > eTeTe h—tout...

must happen, but at what rates?
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Charged Lepton Flavour Violation (LFV)

~y
« SM+vj, predicts small LFV
W W _
Br(u — ey) ~ Ga(Am?>)* < 1070
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U:Z,' Vil Uei
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Charged Lepton Flavour Violation (LFV)

~
« SM+vj, predicts small LFV
7274 _
W Br(u — ey) = GX(Am2)? < 100
H—> > > e
UZ,' Vil Uei

* An observation of LFV would be a clear signature of new physics

* |t could shed light on the mechanism behind neutrino masses (and potentially on the baryon asymmetry if generated via
leptogenesis?)

* Many models that address unresolved puzzles (independently from neutrino masses) predict potentially observable LFV
signals
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Experimental searches at Belle-ll

* Meson decays Snowmass tau CLFV, 2203.14919P° I1s®  IV° I Ihh BNV -
S 10° °?® . ! =
BY s et7F | 2.8 x 1075 BaBar [110 > FE . P LTt -
B® — ¥ | 2.2 x 1075 BaBar [110] N : “eee, . P -
1.2 x 107° LHCb [62] S 1076 ° oo =
BY S aterrT | 75 x 107 BaBar [111 2 , o v T SEh 2';523
Bt — rtpErT | 7.2 x 107° BaBar [111 = 10_7; vy TTAx v v Vv v . s oms
Bt — Kte*rT | 3.0 x 107° BaBar [111 < N S AN ¢ LHCb
Bt — Ktu®rT | 48 x 107° BaBar [111] - ¥, I vt Iy P et et 4 BaBar
Bt - Kty 7t | 3.9x107° LHCb [63 O 48l B R R S e e e, — 4 Belle
: 0 107" 4, ¢ ¢ o Yot ¢ ¢ ¢ M
BY — py=rF | 3.4 x107° LHCb [62 S o o JEP ¢ ¢o .4, J¢Bellell(5ab?)
Y(1S) — e*rF | 2.7 x 1076 Belle [112] : _ ‘o | = Belle Il (50 ab™)
T(1S) — p*r¥ | 2.7 x 107° Belle [112] 107 Lo TaT e e e R R
T(2S) — e*7F | 3.2 x 107° BaBar [113 - h . o L
Y(25) = p*77 | 3.3 x107° BaBar [113 S0l L L]
: : 10 - , .
T(3S) — eF7F | 4.2 x 1076 BaBar [113 B T e AL S RAR LI
Y(3S) — p*rF | 3.1 x 107° BaBar [113] cres T Nt N0 n 0 bt bna s bbby | ARARAR]
B ey | 1.0x 1079 e 7 — [ decays
Bt = wtey | 9.2 x 1078 Not covered here, see L. Calibbi’s talk
-3 —2
N < _
Becirevic et al 2407.19060
Bt — Kteuy | 1.8 x 1078 _ _3
R D T—-> uX <107 - 107" X Br(t = uwv)
— K*%pu | 1.0 x 10~
Belle-ll, 2212.03634
M. Ardu B, — ¢ep | 1.6 x 1078 3 |



https://arxiv.org/abs/2203.14919
https://arxiv.org/pdf/2407.19060
https://arxiv.org/abs/2212.03634

7 — [ transitions

* The sensitivities of 7 — [ processes are Br(z — [) < 107° — 107'Y (Belle-ll, Belle, LHC(b), BaBar)

* If we see 7 — [ in the near future, it should be relatively large

* The big phase available means there is a plethora of different channels (possible to overconstrain models = distinguish

them)

* Belle-ll has the best projections in all channels

* High energy probes are sometimes competitive with the

decays
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Maybe we should expect large(r) T — [?
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Maybe we should expect large(r) T — [?

. We know that 4 — e is very suppressed Br(u — ¢) < 10717 — 10718

e If we see 7 — [, then it should be orders of magnitude bigger than y — e
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Maybe we should expect large(r) T — [?

» We know that i — e is very suppressed Br(y — e) < 10719 — 1071

e If we see 7 — [, then it should be orders of magnitude bigger than y — e

» Perhaps large 7 — [ is connected to the Flavour Puzzle and residual flavour symmetries at the low energy may favor 7 LFV
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. We know that 4 — e is very suppressed Br(u — ¢) < 10717 — 10718

e If we see 7 — [, then it should be orders of magnitude bigger than y — e

» Perhaps large 7 — [ is connected to the Flavour Puzzle and residual flavour symmetries at the low energy may favor 7 LFV
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—> e
. |
- 3 _I_/“=2. Te=4
A‘\";!o

T > /«* e~ e
) -2 +41 +1
AT':O Nwod 3


https://arxiv.org/abs/1006.3524

Maybe we should expect large(r) T — [?

» We know that i — e is very suppressed Br(y — e) < 10719 — 1071

e If we see 7 — [, then it should be orders of magnitude bigger than y — e

» Perhaps large 7 — [ is connected to the Flavour Puzzle and residual flavour symmetries at the low energy may favor 7 LFV

Ma, 1006.3524
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* |In general, new states that dominantly couple with third generation fermions may lead to larger LFV involving taus


https://arxiv.org/abs/1006.3524

B meson decays
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B meson decays

» The SM has an approximate U(2)> symmetry (because only third generation Yukawas are large)

 |f the NP respects this approximate symmetry (couples predominantly with the third generation): in the quark sector, we may
expect deviation in B meson decays
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B meson decays

» The SM has an approximate U(2)> symmetry (because only third generation Yukawas are large)

 |f the NP respects this approximate symmetry (couples predominantly with the third generation): in the quark sector, we may
expect deviation in B meson decays

B, — u*rT
» Several models with this feature predict large B LFV decay rates Bt — Ktu*r¥

BY — K*0,x77F



B meson decays

» The SM has an approximate U(2)> symmetry (because only third generation Yukawas are large)
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expect deviation in B meson decays

B, — u*rT
» Several models with this feature predict large B LFV decay rates Bt — Ktu*r¥
BY — K*0,x77F

« Many models were motivated by Ry, but flavour non-universal deconstruction is also gaining popularity as a Flavour Puzzle

solution Barbieri+lsidori 2312.14004
Greljo+Isidori 2406.01696
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B meson decays

» The SM has an approximate U(2)> symmetry (because only third generation Yukawas are large)

 |f the NP respects this approximate symmetry (couples predominantly with the third generation): in the quark sector, we may
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B meson decays

» The SM has an approximate U(2)> symmetry (because only third generation Yukawas are large)

 |f the NP respects this approximate symmetry (couples predominantly with the third generation): in the quark sector, we may
expect deviation in B meson decays

B, — u*rT
» Several models with this feature predict large B LFV decay rates Bt — Ktu*r¥
BY — K*0,x77F

« Many models were motivated by Ry, but flavour non-universal deconstruction is also gaining popularity as a Flavour Puzzle

solution Barbieri+lsidori 2312.14004
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https://arxiv.org/abs/2406.01696
https://arxiv.org/abs/2312.14004

A jungle of possible models that give LFV...



Effective Field Theories

* If LFV New Physics is heavy” (A > few TeV), it can be parametrised in terms of non-renormalizable operators

*See L. Calibbi talk for light new physics
v [
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Effective Field Theories

* If LFV New Physics is heavy” (A > few TeV), it can be parametrised in terms of non-renormalizable operators

*See L. Calibbi talk for light new physics
v [

/i J2

* Add to the Lagrangian the relevant contact interactions (non-renormalizable operators) compatible with the symmetries

C.0.
3EFT—3d<4+Z A4
n>4

and calculate observables...
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Outline

e Leptonic zdecays (t — Ly, t — LI, © — L)

e Semi-leptonic 7 decays (ex: 7 — )

® Meson decays

® Conclusion



Outline
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LFV Radiative decay: branching ratio

m; T ] T ] a
//‘< 0L 1, = F(CIZD,RZGOQBPRT + C;)’LlaaﬁPLf)F p

T [
Br(t — ly)

Br(t — lvv)

4 2
§
= 384x* (%) (ICERIP+1CE, 1) <2%x 1077 — (X) |Ch x| ST7T%x107°

2 = (24/2Gp)~" ~ (174 GeV)? A2 4x10% (if Cp ~ 1)
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LFV Radiative decay: branching ratio

m _ _
//‘\j\ 0L}y = A_;(CIZDT,RZO-(X,BPRT + Cg,LlaaﬁPLf)F ap

T [
Br(t — ly)

Br(t — lvv)

4 2
= 384x* (%) (ICERIP+1CE, 1) <2%x 1077 — (%) |Ch x| ST7T%x107°

2 = (24/2Gp)~" ~ (174 GeV)? A2 4x10% (if Cp ~ 1)

 Simple two-body decay

 Belle-ll expects to push the limit up to ~ 1 order of magnitude
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e Sensitive to large sources of chiral symmetry breaking (ex: heavy fermion)
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LFV Radiative decay: branching ratio
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e Sensitive to the mixing of tensor with heavy up-type quarks
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LFV Radiative decay: branching ratio

m _ _
/}\j\ 0L}y = A_;(CIZDT,RZO-(X,BPRT + Cg,LlaaﬁPLf)F ap

T [
Br(t — ly)

Br(t — lvv)

4 2
= 384x* (%) (ICERIP+1CE, 1) <2%x 1077 — (%) |Ch x| ST7T%x107°

2 = (24/2Gp)~" ~ (174 GeV)? A2 4x10% (if Cp ~ 1)

 Simple two-body decay
 Belle-ll expects to push the limit up to ~ 1 order of magnitude

 Sensitive to large sources of chiral symmetry breaking (ex: heavy fermion) C% (IoPy7)(qoPxq)

T
e Sensitive to the mixing of tensor with heavy up-type quarks l T

—
t,C
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Kitano, Okada hep-ph/0012040

LFV Radiative decay: distinguishing chiralities

Frame 2 sin 6. cos ¢,

R v oge, dQ 12 2 2
N \/v o dR;‘ —[Ty — [ GFzmS < ‘ CIZ)TL _— ‘ CIZ;-R > Sin 914_ Sin ¢l+
T | dr I'nm ’ ’
Y2
0, _ _ L .
et ] \ e~ * Angles in Frame 2, and taking the normalization A = v for the dipoles

I- I-
‘/\/‘ g S dQ, 1 Gim?

dR? =1 = P Too 2x%(1 — 2x)| sin ;- sin ¢,
cos 0,

¥ Frame 3 Y1  Frame 1

« Anglesin Frame 3and x = (2E,-)/m,_
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Kitano, Okada hep-ph/0012040

LFV Radiative decay: distinguishing chiralities

Frame 2 sin 6. cos ¢

(S)% + + dQ 1 2 2 2
N \/ o dR;‘ —[Ty — [ GFsz? < ‘ CgL _— ‘ CZDTR > Sin Hl"‘ Sin ¢l+
T | dr I'nm ’ ’
/ COS 91+
Y2
0 . . L .
et e \ e~ * Angles in Frame 2, and taking the normalization A = v for the dipoles

10 ¢ [~ [~
A)/ T /—’ <1 [ ] 1 l%j ] Z’?

dR? =1 = o0 2x%(1 — 2x)| sin .- sin ¢

¥ Frame 3 Y1 Frame 1
cos 0,

« Anglesin Frame 3and x = (2E,-)/m,_

* The lepton angular distribution (P asymmetry) can distinguish between left-handed and right-handed dipoles

do(ete” - 717 - 'y + l_Dy)

dcos 0. dcos 0,

=0 (e+e_ — T+T_) B (T+ — l+;/) B (T_ — l_Dv) dx2x?
— Im?
X< 3—2x— —(1 — 2x)Ap cos 0. cos 0,
S+2m§( Ar : l
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LFV Radiative decay: distinguishing chiralities

Frame 2 sin 6. cos ¢

(S)% + + dQ 1 2 2 2
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Y2
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et e \ e~ * Angles in Frame 2, and taking the normalization A = v for the dipoles

10 ¢ [~ [~
A)/ T /—’ <1 [ ] 1 l%j ] Z’?

dR? =1 = o0 2x%(1 — 2x)| sin .- sin ¢

¥ Frame 3 Y1 Frame 1
cos 0,

« Anglesin Frame 3and x = (2E,-)/m,_

* The lepton angular distribution (P asymmetry) can distinguish between left-handed and right-handed dipoles

do(ete” - 717 - 'y + l_Dy)

dcos 0. dcos 0,

=0 (e+e_ — T+T_) B (T+ — l+}/) B (T_ — l_DU) > > dx2x? B CIZ)T,L 2 Cll{R :
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Kitano, Okada hep-ph/0012040

LFV Radiative decay: distinguishing chiralities

Frame 2 sin 0, cos ¢y,

R e, d€ 12 2 2
.\ \ P dR, Ity _ 70 Gzm? ‘Cg,L - ‘C};R sin 0,. sin ¢,
d dr I'm
/“3‘7’ COS (91+
0, | | o |
et e \ e~ * Angles in Frame 2, and taking the normalization A = v for the dipoles
A L1 |

> sin &,_ cos ¢;-
A/\/“T/ /I—» i dR? =17 = ﬁa,’x | Gem; 2x%(1 — 2x) sinﬁl sin jl
¥ Frame 3 Y1 Frame 1 a At " 19273 [~ [~

cos 0,

« Anglesin Frame 3and x = (2E,-)/m,_

* The lepton angular distribution (P asymmetry) can distinguish between left-handed and right-handed dipoles

do(ete™ > t¥t” - Ity + v

d cos 0,. dcos 0,

=0 (e+e_ — T+T_) B (T+ — l+}/) B (T_ — l_DU) > > dx2x? B CIZ)T,L 2 C;{R :
N Ir 12 Clk 2
s — 2m>2 Cool” +1Cok
X < 3—2x— ~(1 — 2x)Apcos 6, cos 0,
s + 2m?

Need to look at the both 77 /¢ angular distributions, if

not polarised
M. Ardu 9
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LFV three body decays (AF = 1)

 All decays with only one flavour changing current: 7 — uuu, © — pee, Tt — eee, T — elu

Can be neglected because of 7 — [y
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LFV three body decays (AF = 1)

 All decays with only one flavour changing current: 7 — uuu, © — pee, Tt — eee, T — elu

. . O > [ l
Y l,
lk
Can be neglected because of 7 — [y Can include four-lepton scalars, vectors and tensors*
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LFV three body decays (AF = 1)

 All decays with only one flavour changing current: 7 — uuu, © — pee, Tt — eee, T — elu

,m,l- ] .

T ! i four-lepton tensors are at dimension eight in SMEFT
/ e + T > ©< lk four-lepton scalars are Yukawa suppressed or at dimension eight
Y l,
lk
Can be neglected because of 7 — [y Can include four-lepton scalars, vectors and tensors*
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LFV three body decays (AF = 1)

 All decays with only one flavour changing current: 7 — uuu, © — pee, Tt — eee, T — elu

T > /\ > li li * four-lepton tensors are at dimension eight in SMEFT
%/L< lk + T > ©< lk four-lepton scalars are Yukawa suppressed or at dimension eight
Y l,
lk
Can be neglected because of 7 — [y Can include four-lepton scalars, vectors and tensors*

| _ _ _ _ _ _
LI A2 Z [Cy xy(Liy “Pxo) Uiy Lyl) + Cs x(LiPxt) ([ Pxly) + Cp x(LioPxt) (L oPxl)) ]
X,Y=L,R

4
Br(t — 1%
@ = i) _ <—> [2\CV,LL+4€CD,R|2+ \CV,LR+4€CD,R\2+ |CS,R|2/8 + (64 log(m,/m,) — 136)\eCD3R\2+L < R

Br(t — uv,v,) -\ A
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LFV three body decays (AF = 1)

 All decays with only one flavour changing current: 7 — uuu, © — pee, Tt — eee, T — elu

T > /\ > li li * four-lepton tensors are at dimension eight in SMEFT
lk + T > ©< lk four-lepton scalars are Yukawa suppressed or at dimension eight
Y l,
lk
Can be neglected because of 7 — [y Can include four-lepton scalars, vectors and tensors*
1 o o _ _
0Z N _A2 Z [Cv,XY(liV Pxt)(lyy, Pyl) + CS,X(l Pxt) U Pxly) + CT,X(Z ioPx7) ([, oPxl})]
X,Y=L.R

4
Br(t — 1%
@ = i) _ <—> [2\CV,LL+4€CD,R|2+ \CV,LR+4€CD,R\2+ |CS,R|2/8 + (64 log(m,/m,) — 136)\eCD3R\2+L — R]

Br(t — uv,v,) -\ A

Br(z — upp)
Br(t — pv,v,)

2
)
S15x1077 = = (Cox Cuxx Crxr Cox) S(83x107° 24x107 3.4x 107 9.7x107)
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LFV three body decays (AF = 2)

 All decays with two flavour changing currents: 7 — f[iee, T — eupu,

lk * four-lepton tensors are at dimension eight in SMEFT
T > > l four-lepton scalars are Yukawa suppressed or at dimension eight
k

Can include four-lepton vectors, scalars and tensors*
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LFV three body decays (AF = 2)

 All decays with two flavour changing currents: 7 — f[iee, T — eupu,

lk * four-lepton tensors are at dimension eight in SMEFT
T > > l four-lepton scalars are Yukawa suppressed or at dimension eight
k

Can include four-lepton vectors, scalars and tensors*

1 _ _ _ _ _ _
0L [l = ~ Z [Cy xy(Ly *Pxo) Uy Pyly) + Co x (L Pyt ([ Pxly) + Cr (1, 6Py 7)([ oPxl;)]

X,Y=L,R
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LFV three body decays (AF = 2)

 All decays with two flavour changing currents: 7 — f[iee, T — eupu,

lk * four-lepton tensors are at dimension eight in SMEFT
T > > l four-lepton scalars are Yukawa suppressed or at dimension eight
k

Can include four-lepton vectors, scalars and tensors*

1 _ _ _ _ _ _
0L [l = ~ Z [Cy xy(Ly *Pxo) Uy Pyly) + Co x (L Pyt ([ Pxly) + Cr (1, 6Py 7)([ oPxl;)]
X,Y=L.R

_ 4 _
Br(t — pee V |
( fee) (X) l\CV,LL‘Z'F ‘Cv,LR‘Z‘l‘g‘Cs,R+4CT,R‘2+L<—>R

Br(t — uv,v,) ;
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Three body decay: lepton angular asymmmetries

Kitano, Okada hep-ph/0012040
mFrame 2 A/ “

. \/m /Au

> Frame 3 Y1 Frame 1
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Three body decay: lepton angular asymmmetries

, Kitano, Okada hep-ph/0012040
4
Frame 2 A/ e
1
.

L\ P /A

> Frame 3 Y1 Frame 1

do (e+e_ st > ututuT + 72'_1/)

; = dx,dx,d cos Odg

52
G dcos 6
=0 (e+e_ — T+T_) B(tT - nv) ( ¥ /F>

12874
S—ZmT2 , . _
X | X — {Ycos@+ Zsinfcos¢ + Wsinfsing}cos o,
s + 2m?
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Three body decay: lepton angular asymmmetries

, Kitano, Okada hep-ph/0012040
4
Frame 2 A/ .
1 .
.

L\ /A

> Frame 3 Y1 Frame 1

do(ete™ - ¥t - ptutu~ +7v)

(ete™ = t+17) B(r~ = 171) oG\ 4080 i d 0dep
_ N N COS
oleTe 7T T TV T > x,dx,
s —2m; | o
X | X — 1Ycos@+ Zsinfcos¢+ Wsinfsing}coso,
s + 2m?

e

Can distinguish Cy,; y, Cy | x, Cg g from Cy, v, Cy px, Cg; but not scalars from vectors
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Three body decay: lepton angular asymmmetries

Kitano, Okada hep-ph/0012040

Frame 2 A i‘l
G /

W / \‘
et > < \ 0 - > Ya f o
L Tl ¥ y 2 = >y4
\/ T — 2] = ¢ 2
%5 Frame 3 Y1 Frame 1 wt T4

do (e+e_ s>t tT > ututuT + 71'_1/)
52

m>G dcos O,
LT

12874

S—2m
—{Ycos O+ ZsinOcos ¢ + Wsinfsin ¢ }cos 6.
) 2m?

= T

Can distinguish Cy,; y, Cy | x, Cg g from Cy, v, Cy px, Cg; but not scalars from vectors T asymmetry related to CP violation in LFV decay
(phase between dipoles and vectors)

=0 (e+e_ — T+T_) B(tT = 7n7v)

= dx,dx,d cos Odg
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Three body decay: Dalitz plots

e Dalitz plots could also assist in distinguishing operators
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Outline

e Semi-leptonic decays (ex: 7 — 7))



Semi-leptonic 7 LFV decays

e Various decay channels probing LFV interactions between 7 flavoured currents and quarks
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e Various decay channels probing LFV interactions between 7 flavoured currents and quarks

e 7 — [P where P = 7°, n,n, K

o T — lVWhere V= ,0, a)aK*9¢
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Semi-leptonic 7 LFV decays

e Various decay channels probing LFV interactions between 7 flavoured currents and quarks

o T — lPWherePZﬂ'O,ﬂ,ﬂ,aK
o T — lVWhere V=,09 a)aK*9¢

e 7> Ilnm, IKK, [Krx...
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Semi-leptonic 7 LFV decays

e Various decay channels probing LFV interactions between 7 flavoured currents and quarks

o T — lPWherePZﬂ'O,ﬂ,ﬂ,aK
o T — lVWhere V=,09 a)aK*9¢

e 7> Ilnm, IKK, [Krx...

For a recent EFT analysis see Plakias, Sumensari 2312.14070
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https://arxiv.org/abs/2312.14070

Black et al. hep-ph/0206056

Semi-leptonic 7 LFV decays .......00000

* Rate predictions depend on the hadronic matrix elements

2
f M

(m,, + my)

<O | 172 (iy“ysu — dy“ysd) | ﬂO(P)> = P, <O | 1/2 (Ift}/su — CZ}/5d) | 7z0> —
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Black et al. hep-ph/0206056

Semi-leptonic 7 LFV decays .......00000

* Rate predictions depend on the hadronic matrix elements

P 0/ 1.,0 5 Y04 > 1 0 . fJZ'mJ%
<O |1/2 (l/t)/ YsU — d]/ J/Sd) | ][O(P)> = 1P fﬂ <O | 1/2 (l/t}/sl/t — d}/Sd) | T > — (mu_|_md)
202 4 ,
Br (T — lﬂ()) _ 37 sz' 1% Clwu - Clwu - Clm’d 4 Clm’d
Br(t — liv) m2 A4 | VAR ZVXLT RVXRT HVXL
4 9) .
12472 e I Y| ol _ ol _ oledd - olrdd ’
" m m. + m J A4 S, XR S, XL S, XR S XL
u

T
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Black et al. hep-ph/0206056

Semi-leptonic 7 LFV decays .......00000

* Rate predictions depend on the hadronic matrix elements

- a 1.0 ‘P _ — 0 _ ﬂmg
<O |1/2 (l/t]/ YsU — d]/ J/Sd) | ]Z'O(P)> =P fﬂ <O | 1/2 (l/t}/slxt — d}/Sd) | T > — (mu_|_md)
272 4 2
Br (T —> 171'()) _ RY/ fyz' Vv Clmu _ ltuu  ledd 4 Clm’d
Br(t — Ilov) m2 A4 | VAR ZVXLT RVXRT HVXL
4 9) .
+24 2 mnO fﬂ V_ CZTMM __ ltuu . lrdd 4 Clz'dd :
" m m, + m A4 S.XR S, XL S,XR S, XL
T u

* Sensitive to all vector that can mix with the axial current at one-loop, and also marginally to tensors that can mix with the
pseudoscalar current. QCD running is relevant to get numbers right!
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Semi-leptonic 7 LFV decays

o Effective coefficients probed by 7 LFV decays (dimension six SMEFT operators)

Snowmass tau CLFV, 2203.14919
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& : . . . .
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Differential distributions to distinguish operators

» In three body decays like T — [z can distinguish effective operator by looking at the invariant mass distribution of the hadron
pair
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» In three body decays like T — [z can distinguish effective operator by looking at the invariant mass distribution of the hadron
pair
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Differential distributions to distinguish operators

» In three body decays like T — [z can distinguish effective operator by looking at the invariant mass distribution of the hadron
pair

O = (iP XT)GO‘fﬁG““ﬁ * Og = (#Px7)(GPyq)

<7m | G“ G| (

> #* 0, can receive matching contributions from Higgs LFV interactions via heavy quark loops
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Differential distributions to distinguish operators

» In three body decays like T — [z can distinguish effective operator by looking at the invariant mass distribution of the hadron

pair

dBR(r-ux*77)/dVs x 10" [GeV ™)
— N

o

O = (jiPy1)G G P *

1 1 r 1. 1.1 1.1 1.1 1 1] T 1T ] & 1T T J1
dBR(r-ur*n7)/dVs x 10" [GeV ] |

H ]

p fo -

Gluonic operator:
Ca=1
Ce|se=0, A=1 TeV h

I e, o W NN N N N T \o |I| L1 111-1 .

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Vs [GeV]

O¢ = (uPx7)(GPyq)

C T T [ T T T T T T [ T [ ] T T [ T T T [ T T T T T3
= dBR(r-ur*)/dVs x 10" [GeV] -
; Scalar model: §
- f Cs=1 E
é Ce|se=o, A - 1 TeV é
: g \ f i
E Lol T | Ty | E
04 06 08 10 12 14 1.6
Vs [GeV]

Celis, Passemar, Cirigliano 1403.5781

* <7m | GgﬁG““ﬁ

O> #* 0, can receive matching contributions from Higgs LFV interactions via heavy quark loops
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Outline

® Meson decays



EFT fOr B meSOH decayS Becirevic et al 2407.19060

 Rate predictions in terms of the EFT operator coefficients (short-distance) and hadronic matrix element (QCD dynamic) with b-s

— 4\ TBq Vo GF 4o ¥121/2
BB, ~ 66]) = s —emy T ViV A2 e, ) (0|arrp| B,) = P,
o P
X {[m%q = (me, +mg, 7] (C57 = C57) (me, — may) + (C57 - CF) =

q

- g

+ [, — (me, —me,)?]| (R — O35/ (me, +my,) + (O3 — Op) =P }

q
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EFT fOr B meSOH decayS Becirevic et al 2407.19060

 Rate predictions in terms of the EFT operator coefficients (short-distance) and hadronic matrix element (QCD dynamic) with b-s

— 4\ TBq Vo GF 4o ¥121/2
BB, ~ 66]) = s —emy T ViV A2 e, ) (0|arrp| B,) = P,
o o my |
X { imp, — (me, +mg,)*||(C37 — Cg7) (me, — mu,) + (C§7 — C&7) - g O ~ (Zyf)(GyPy zq)

q

o g

+ [, — (me, —me,)?]| (R — O35/ (me, +my,) + (O3 — Op) =P }

q
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EFT fOr B meSOn decayS Becirevic et al 2407.19060

 Rate predictions in terms of the EFT operator coefficients (short-distance) and hadronic matrix element (QCD dynamic) with b-s

2 2
— e\ By CenGE 4o *121/2
BB, ~ 66]) = s —emy T ViV A2 e, ) (0|arrp| B,) = P,
5 g g omy |
X { imp, — (me, +mg,)*||(C37 — Cg7) (me, — mu,) + (C§7 — C&7) oo g O ~ (Zyf)(GyPy zq)
q _
. O\) ~ (€yys£)(qrPr.rq)
+ [m% — (my, — myg,)?]|(CLy? — CL7) (my, +my,) + (CF7 — CE?) ",
B, 4; 4 10 10’ 2 € P Pl my +my,
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EFT fOr B meSOn decayS Becirevic et al 2407.19060

 Rate predictions in terms of the EFT operator coefficients (short-distance) and hadronic matrix element (QCD dynamic) with b-s

2
B(B, = 64}) = =14 amZ [, ViV X2 (g, m,, ) <o ad Bq> = iP’fy,
oomy |
X { [mQBq — (g, + me,)?] (C§Y — C&7) (my, — my,) + (CL7 — CLP) - —f(fmq O ~ (£y0)(qrPLxq)
s O\ ~ €rys€)GrPLgq)
+ [m, — (mg, —my,)?]|(CFy? = CF) (ma, + my,) + (CE7 — CFF) m;zf‘;n q } 0V ~ (26)GP,x)
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EFT fOr B meSOn decayS Becirevic et al 2407.19060

 Rate predictions in terms of the EFT operator coefficients (short-distance) and hadronic matrix element (QCD dynamic) with b-s

2
B(B, = 64}) = =14 amZ [, ViV X2 (g, m,, ) <o ad Bq> = iP’fy,
oomy |
X { [mQBq — (g, + me,)?] (C§Y — C&7) (my, — my,) + (CL7 — CLP) - —f(fmq O ~ (£y0)(qrPLxq)
s O\ ~ €rys€)GrPLgq)
+ [m, — (mg, —my,)?]|(CFy? = CF) (ma, + my,) + (CE7 — CFY) m;zf‘;n q } 0V ~ (26)GP,x)

@9 ~ (€750)(GPp rq)
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EFT fOr B meSOH decayS Becirevic et al 2407.19060

 Rate predictions in terms of the EFT operator coefficients (short-distance) and hadronic matrix element (QCD dynamic) with b-s

aG2

B(B _>€ €+) = fB ‘V;b Z|2>‘1/2(m337m€i7m£j)

647T3 my,

’ {[mQBq — (mg; +my,)?] | (C57 = Cg7) (me, — me;) + (CE7 —

+ [mZBq — (my, —my,)?]|(CF? — C

e Similar for semi-leptonic decays (more hadronic matrix elements in general)

qij

10’

B — K(*)fifj

)(mgi + mgj) + (C?_—,ZJ

B — nlit;

18

<O ‘C_]Va}’sb‘ Bq> = iP%fp

O ~ (£yE)GyPyr rq)
, @(1% ~ (g}/}’sf)(C_IVPL,RC])
} @(Ss ~ (£€)(gP L.R9)
@9 ~ (Z}/sf)(éPL,RQ)
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Differential distributions

Becirevic et al 2407.19060
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Complementarity with other experiments



Complementarity: Z decays

l | [
I 7/ k
>MA< » If the 7 decays happen via Z LFV couplings, they could be probed by Z — 7/ searches

T lk
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Complementarity: Z decays

I | [
I 7/ k
>WV\A< » If the 7 decays happen via Z LFV couplings, they could be probed by Z — 7/ searches

T lk
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Complementarity: Z decays
l 7 I
>/MA< » If the 7 decays happen via Z LFV couplings, they could be probed by Z — 7/ searches
T lk

BR(Z — 7¢) < 5.0 x 107°

BR(Z ) < 6.5x 10~ LHC current bounds
— TU .
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Complementarity: Z decays

I | [
I 7/ k
M » If the 7 decays happen via Z LFV couplings, they could be probed by Z — 7/ searches

T

I

BR(Z — 7¢) < 5.0 x 107°
BR(Z — 1) < 6.5 x 107°

LHC current bounds

« Expect a huge number of Z at the FCC-ee = can compete with the sensitivities of Belle-Il for the LFV decays

M. Ardu
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Y
’)/ AN
T > > AN P—l
Ylﬂ' :
VS

BR(h — 7e) < 0.20 %
BR(h — tu) < 0.15 %

Complementarity: Higgs decays

» If the 7 decays happen via Higgs LFV couplings, they could be probed by i — 7l searches
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Complementarity: Higgs decays

» If the 7 decays happen via Higgs LFV couplings, they could be probed by i — 7l searches

N -
N = 1=
T —» > Y\ >— l " roey ! - TOUY “}I
] - 3
.t 102 - 102 % -
~  7-ey @ Belle II with 50/ab
- 17-uy @ Belle Il with 50/ab
h»te N e e e S
VS . . . hor
—~ 1073 o 4 T~ 10731 - : —
N H] W
t h-e @ ILC-. +, h-7u @ ILC :
l “&l_‘ _____________________________________ ﬁ&h [ s o, oy o O 8, g e g gt P PP P H R ................................. PR Y
. B ~ ““ \ﬁ/ .....
Yl l ”q) 4 \\ \“ “‘ % E: “E
[ = -
. > 4 NV R > e SN
h----- 10~4|. h—7e @ CEPC/FCC-ee . i i X | 10-¢L h—7u @ CEPC/FCC—ee i .
e | i e | - — i
i [ !
l N s N Ingr
f 4 & L3 =
L : f& l :
BR(h — ze) < 0.20 % N H N ~‘ IRE
i1 ! L2 '3 <
107 = o of!l! > = 107°}- = S ofl!i = B
BR(h — tu) < 0.15 % : N g oy : 3 A
Lo 1 11 oo | ‘1:111 | ".l | Ll 1l | S Il |
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. _ -2 \1/2
Yer = (K%:T'F e'r)l/2 Yy‘r = (K,l217+ /-t‘r) f

Atimannshofer et al. 2205.10576
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Conclusion

 LFVis New Physics that must exist because we see it in neutrino oscillations, and could be just
around the corner

7 LFV is interesting because:

A. If observed, the new interactions should be relatively large

B. There are numerous processes that one can look for in T decays because of the large phase
space (Belle-ll will have the best sensitivities for these processes)

 We can investigate 7 LFV in the EFT framework by assuming heavy new states. Generally, experiments
are sensitive to 7 — [; Wilson coefficients if the New Physics scale is around A ~ 10 TeV

« LFV meson/baryon decays with b quarks are theoretically interesting and Belle-Il will also improve the
branching ratio sensitivities

 The multitude of processes, together with Dalitz plots, angular and kinematical distributions, allow for
a detailed knowledge of the EFT coefficients, with a promising potential to pinpoint particular models



Back-up



Leptonic three body decay: one-loop RGEs

e QED penguin can mix any 7 — [ vector with the AF' = 1 four-lepton vector involved in the tree-level process, leading to a
sensitivity to all vectors for NP scales A ~ few TeV and O(1) coefficients

A
Cl-Tl [ leﬁ

13



SMEFT basis dimension Ssix

1:Xx° 2: H" 3: H'D? 5:Uv?H? + h.c.
Qc | IAECGMGEGS:  Qu | (H'HY  Qun| (HHOMH'H) Qe | (H'H)(pe H)
s | FABCGAGBrGEH Qup | (H'D*H)" (H'D,H) Quu | (H'H)(gyu,H)
Qw | KW I oW Ku Qarr | (HTH)(Gpd, H)
o | TEW I e K
4: X2H? 6:v2XH + h.c. 7:V2H?D
Que | HHHGALGY  Quy | (Lo e )r! HWY, (1) (H'i'D ,H)(l,4"1,)
we | HHHGLGY  Qup | (lo™e)HB,, @) (H'i D LH)([,7'"1,)
Quw | HHHWLW Q¢ | (q,0" T u,)H G, Qe (H'iD ,H) (e e,)
Quiv | HHHWLW  Quu | (g0 uy )7 HW, Qliy (H'i D H) (@ r)
Qus | HHBWB™  Qus | (§po™uy)H By Qs (H'i D LH) (@, ~"q,)
Qui | HHBWLB™  Qu | (Go*Td,)H G, Qi (H'i'D \H) (iipy " ur)
Quwp | HTTHW,B*"  Qaw | (gpo*d, )" HW, Qua (H?i‘BuH)(d—'p"!”dr)
Quive HT‘JHW;{:/BW Qap | (gpo"d,)H By, Qnua + hec i(ﬁ*DpH)(ﬁp“:“dr)
8: (LL)(LL) 8 : (RR)(RR) 8 : (LL)(RR)
Qu (Tpy" ) (Tsyult) Qee (Epr¥er)(Esvpet) Qe (Tpy1r ) (Esyuer)
w | (@)@ ma)  Que | (g ur) () Qu | (Il (smpuue)
o | @ Te) @ 'e)  Qua | (dpydr)(deruds) Qu | (1) (dayudy)
Q;;) (LU ) (GsVuqt) Qeu (epyHer ) (isyyut) Qqe (@7 g0 ) (Esuer)
QY | T T )@ a)  Qea | (E@rer)(daruds) W (o™ ar) (s ypeue)
Qui | (py ur)(dsyude) o | (@ Tg) (a7, T )
Qi | @ Tu)(deyu T QL | (@n"ar)(dsyude)
Q| (@7"Tgr) (deny Tdy)
8 : (LR)(RL) + h.c. 8:(LR)(LR) + h.c. 8:(B) + h.c.
Quedq | (Ber)(dsqrj) Qf,i,}qd (G@ur)ejn(gidy) Qauqgi 603-.€jk(d$CUf)(q{'le)
QD | (@TYun)en(@ T Quue | camen(@®Cal®)(lCer)
Q;.};., (Ber)ein(qhus) Qqqql faj«,fmnfjk(q},"“quj)(qf’Cl?)

) —k ; / 3 .
erqu (ppaﬂl’t?")fjk(qéam Ul‘) Qduur €adn (dgC-'ur)(-ug C(E‘{)



Hadronic matrix elements

Husek, Monsalvez, Portoles 2009.10428

iGiwe = P] o~ 2B FOP(i) + 27 @miﬂg’(ij),
[Ty = Pl =~ —i2FQY3ij)p,,
[Tvg = V] = —2Fy My QY (3ij)e,,
Gowa » VI = a2y 96) (e — o).
(3,q; — P, Py] ~ 2B, QY (i5) [1+4%3 (s —m? —mg)] i 2?‘; ]‘\%%mﬁ(ﬂg)(ij)
. Bo Q3 (ij)

_cm

2 Ss—Mg

1 B 02 (35
b2 20y S D £ O [(m? - md)? + M3 (m? + m3)
T

— s(M%—i—s)] + Z(QM%—i—s) [ﬁﬂg)(m%+m§—s) — 27"”%(95?)]}7

- iy F G
4G Wg — PP~ ZQg)(’U) + V2 —— Z M2 _ SQ(I)(ZJ)Q(g) (1 — P2 )4

Fy G Q(l)(z'j)ﬂ(3)
+ V2 (i —mi) Y — | (p1+ p2)us

' Dy OO
G0 q; > PP~ — | —ASLQO(i5) + 2v2Gy T E:Q LU R
i j 1172 = J vi4iv M2 — o b1P2 — P1P2)-
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