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Introduction: leptonic FCNC

* Why study flavor-changing neutral currents (FCNC)?

% No trivial FCNC vertices in the Standard Model: sensitive NP tests

% Possible experimental studies in a lepton sector
90% CL upper limits on t LFV decays

B B . . o HFLAV
lepton-flavor violating processes | |
-4 — ey, T —ey,etc. | ety
-y — eee, T — ee, etc. 107 ¥ Pt T
L A A
- e —e I I T T e A
+
- Z9— pe, Te, etc. -t « Ao . i
I L 1
- H - ue, Te/ eTC- L T + A + . : L4 .
- KO (B9, DO, ...) — pe, Te, etc. I 1 | T+ ] =
- K+ (B, D*, ...) = m*pe, mTe, etc. Lt ;o4 LT s
A +
"l-'—"’(A: Z)_>e'+(A, Z) 10°— + T
i | | | | | | | | | | | | | | | | | | | | | | | T |
R TR P AR

- lepton number and lepton-flavor violating processes ;aB; + Bele = LHGH -+ HFLAY combination
-(A,Z)— (A, Z£2) + ever
-+ (A, Z)— e+ (A Z-2)

2

% Highly suppressed in the Standard Model, e.g. Br(u — ey) <107

Vz
Upilei M2,

(2

3271'
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High energy vs low energy

% Leptonic FCNC could be generated by New Physics

. mi I
% E.g. FCNC Higgs decays H — pe, Te, efc.: Y; = ‘Sw T Bz \/‘Az A Har;ukplaf\oppl

% FCNC Higgs model & muon conversion/quarkonium decays

L e
I
| O
e.q. \ H ~ O(my or my)
|
q9_, 1+ , 9
Barr-Zee type free level

% ... but note: couplings of new physics to light quarks are suppressed

Can we correlate low energy (Belle/BESIIT) and high energy (LHC) data?
(will not discuss purely leptonic LFV interactions)

RS D T TORE 1T L U T RN I T I T E T S e e T e e S T

Alexey A Petrov (WSU) 17 Quarkonium 2019, Turin



2. Effective Lagrangians for LFV transitions

% Modern approach to flavor physics calculations: effective field theories

% It is important to understand ALL relevant energy scales for the problem at hand

!‘\\/A ,u,\\//e
Ae) T e- V4
o e BN
New Physics generates lepton FCNC
Anp Y g P
u, d,c,s,b, t
h T €
i T e Scales associated with heavy quarks
i my
3 t
v i u,d,s,c, b
i g g
o § heavy
c mp quarks
o ’ decouple
8_ ' Me T e v e
X g
£ t,b,c
wd Scales associated with experiment
A ’ g g
[ i S VRS S D S .
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Effective Lagrangians

% Naive power counting: largest contribution from lowest dimensional operators

% Can write the most general LFV Lagrangian Lrry = Lp + L1+ L + ...

- dipole operators

m — —
£D = —A—22 [(CDRK;[UMVPLEz + CDRK:[O-MVPR£2> F,uu + h.c.]
- four-fermion operators
1 2 v _
Log=—735 [ (Cxqf}fz 017" Prly + CEL% fw"PLﬁz) qYug

q

+ (C%ffz 017*Prly + C412 Oy P ng) 954
+ mzquF (Cg%ﬂz Zl.Png + Cg%éz Z1PR€2) Gq
+ mam,Gr (C;If;f? 1Pty + CHe ZlPsz) 7754
+ mom,Gp (Cg%ez oM Prly + C%eﬁgz Zla’“’Psz) q4ouwq + h.c ]

- gluonic operators
Lo - meGr fr
¢ A2 Ao,
+ (C@Rzl Prbo + céLzlpLez) Ge, G + h.c.]

T S i S VNS S D DTS o S L0 SO IV S AR A S T AT L o A R L S Bk e ]
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Effective Lagrangians: designer states

% There are many effective operators, so a single operator dominance hypothesis
(SODH) is usually applied to get constraints on relevant Wilson coefficients.

This does not happen in most NP models!

1
qu - —F

q

(qulez 61’7“PR€2 + qulfz EI'YMPL£2) q7u’75q

+ mamGr (CLE" TPty + CH TPt g

[(0‘1‘1@ BiyH Pty + CH2%2 ewﬂPLez) o

+ mgquF (Cq£1£2 €1PL€2 + Cgfiez 21PR€2> 6’75(]
+ mzquF (C,%e]l%ez 210"WPL€2 + Cg%ez 210“VPR£2> qaw,q + h.c. ]
- Can (partially) do away with SODH if designer initial/final states are used
- This can be done in case of restricted kinematics (e.g. 2-body decays)

% Much tighter constraints on dipole operators are obtained from lepton radiative decays:
drop them from quarkonium decay analyses in what follows

2 TS L S 0 L S E IV S A G R AT S I L A R L S B e o]
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Effective Lagrangians: designer states

% By selecting appropriate quantum numbers of a decaying state we can
probe all Wilson coefficients of LFV Lagrangian!

1 _ —
Loy=—1; [(0%2 017* Pty + CF L% fw“Psz) 67@
q

+ (Cj‘,;b 017" Prlly + C412 Zw“PLﬁz) qVuY59
+ mam,Gr (Cg%ez 01 Ply + CEH% Z1PR52) qq
+ mzquF (Cgf}l{& 21PL£2 + C;Igelllb ZIPR£2) 6’75(]

+@2quF (C%%ez Zla'leng + ngeiez ZlUlWPRgz) qgﬂya—i— h.c. ]

also dipole operators

Vector meson decays: Y (nS) — ur, ¥ (nS) — ur, p — Je, ...

D. Hazard and A.A.P., PRDY%4 (2016), 074023
D. Hazard and A.A.P., PRD98 (2018), 015027
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Effective Lagrangians: designer states

% By selecting appropriate quantum numbers of a decaying state we can
probe all Wilson coefficients of LFV Lagrangian!

1
Log=——

e [(CQZ1£2 gl,y,uPRgz +Cq£1£2 el’YuPL£2) @Y#q

((qule2 51’7#PR€2 + Cq£1£2 El'YMPL€2) q’Yu’YSQJ
+ mom,Gr (qulez 0Py + CE% £1PR52) qq

+@2quF (qule2 01 Prly + qulb £1PR52) @)’5‘])
+ mym,Gr (qulez 610" Prly + O 610’“’PR£2) 4omq + hec. ]

also gluonic operators

Pseudoscalar meson decays: 1My — [€, e —> [T, n'") = T, ...

D. Hazard and A.A.P., PRDY%4 (2016), 074023
D. Hazard and A.A.P., PRD98 (2018), 015027

T S i S VNS S D DTS o S L0 SO IV S AR A S T AT L o A R L S Bk e ]
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Effective Lagrangians: designer states

% By selecting appropriate quantum numbers of a decaying state we can
probe all Wilson coefficients of LFV Lagrangian!

1
Eeq - —F

[(CQE1£2 617MPR£2 + qulﬁz 617MPL£2) quq
(Cq“? U1y* PRty + C435 Ew“Psz) V59

+Qn2quF (Cg‘};"z 01 Ply + CEH% £1PR€2) @D
+ mzquF (Cq£1£2 £1PL£2 + qulb £1PR£2) 6’75(]

+ mam,Gr (qulez 610" Pty + 020 610’“’PR£2) 40,mq + hec. ]

also gluonic operators

Scalar meson decays: Xb0 —* 1T, Xco —> UT,

D. Hazard and A.A.P., PRDY%4 (2016), 074023
D. Hazard and A.A.P., PRD98 (2018), 015027

T S i S VNS S D DTS o S L0 SO IV S AR A S T AT L o A R L S Bk e ]
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3a. LFV vector quarkonia decays

% Most LFV experimental data available V = pe, te, etc.

16, ut et ey

B(Y(18) > £14,) 6.0 x 106

B(Y(2S) = £1£,)  33x10°  32x107°
B(Y(3S) = £1¢,)  31x10° 42x107°
By — ¢1¢,) 20x10°°  83x10°6  1.6x 107
B(
B(

b — £,6)) FPS FPS 4.1 x 106
£y = 1Y) 44x1078 33x10% 57x10713

8122
* Decay amplitude: AV — £1£3) = u(py, s1) [Aﬁlez’m + By s + (Pz P1)u

zDe“32

(P2 pl)p'YS ] v(p2a 32) eﬂ(p)'

2 2\\ 2
* Decqy rate: B(V_> l’ﬂle) _ rnV(1 =Y ) Aflfz 2 Bflzfz 2
B(V—>e+e_) 47[afVQq [(l %4 ‘ +| \% |)
1
+§(1—2y2)(|C 22 4+ DY)

+yRe(AD2CO%* 4 B2 DY),

Form-factors depend on vector, tensor, and dipole Wilson coefficients
T e S VNS S T D S R L L SN E IV S A AR S T AT R o A R T D Fe e T v ]
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LFV vector quarkonia decays

* Most general decay rate for V— pe, 1e, etc. (V = Y(nS),¥(nS), p, d, ... ):

D. Hazard and A.A.P.,
PRD94 (2016), 074023

B(V—2t16y)  (my(L=y)\2 cta2 \ 1ntitar
B(V—>e+e‘): Anafy0, [(|AYV 2"+ By "*[7)
Vg

1
+§(1—2y2)(|C 224 DY)
+yRe(AD2CO7* iBD2 D).
.. and the decay rate is

Ay =T (ViraQ,y(CH + CO) + x(CH + CU)

T
+2y KV%GFme (C%ilfz + qulfz)]’
m
By =TV [ araQ, 3 (Cof* — Cht) = o (CH % — U
fT qt1\?; qt1 ¢
—2)’ KVfV GFme (CTL - CrR )],
06,  Jvmy 4t 4 chits v Gt\ls | atits
Cy': = A2 y[Vazx naQ,(Cpy )-|—21<Vf—GFme (C7/ 7"+ C77%)],
%
fT
D = 18 R, (G5 - o 2oy L Gy - )

LT i S VNS S T DD |
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LFV vector quarkonia decays: 4f operators

% Constraints on Wilson coefficients of four-fermion low energy operators

Leptons Initial state (quark)
Wilson coefficient [GeV 2] D T(18)(b) T(2S)(b) T(35)(b) J/y(c) o(s)
|CL1%2 /A2 Ht 5.6 x 107 4.1x107° 3.5x 107 5.5 x 107 FPS
et 4.1x 107 4.1x 107 1.1 x 107 FPS
ep 1.0 x 1075 2x1073
|Ci1%2 /A2 pe 5.6 x 107 4.1x 107 3.5% 107 55% 107 FPS
et 4.1x 107 4.1x 107 1.1 x 1074 FPS
eu 1.0 x 1073 2x1073
12572/ A2 pr 4.4 %1072 3.2 x 1072 2.8 x 1072 1.2 FPS
et 3.3 x 1072 3.2 x 1072 2.4 FPS
el 4.8 1x10%
|C2a%2 /A2 Ht 4.4 x 1072 3.2 x 1072 2.8 x 1072 1.2 FPS
et 3.3 x 102 3.2x 1072 2.4 FPS
ep 4.8 1x10*

T S i S VNS S D
Alexey A Petrov (WSU)

D. Hazard and A.A.P.,
PRDY4 (2016), 074023
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LFV (pseudo)scalar quarkonia decays

). D. Hazard and A.A.P.,
g eee Jt PRD94 (2016), 074023

% Most general decay rate for P/S — e, Te, etc (P = 1, 1, 77(’)
S = Xb0y XcOy -+

- m

BV = 0T = gt (1= 0?)° |+ |
87TPM

.. for pseudoscalar operators

mp

E}l;lfQ — y4A2 I:_ZfP [ ( CC£1£2 Cccelfg) o mQPGF (Occélég Cccelﬁg)]]

Flélez _ fP [ ( ccﬁlﬂg Cccﬂlfg) o m2PGF (Cccﬂlﬂg Cccélfg):H

s |

... and for scalar operators

Ef1£2 . f m%GF (Ccclllz + Occl1l2)
m2 GF Gluonic operators?
Fﬁlfz — nym (CCCl1l2 Ccclllz) P
C
2A2

Alexey A Petrov (WSU) 7 Quarkonium 2019, Turin



LFV pseudoscalar/scalar quarkonia decays

D. Hazard and A.A.P., PRD94 (2016), 074023

% Constraints on Wilson coefficients of low energy operators D. Hazard and A.A.P., PRD98 (2018), 015027

Leptons Initial state
Wilson coefficient 16, M Ne n(u/d) n(s) 7' (u/d) 7' (s)
|Ca1%2 /A2 Ut FPS FPS FPS FPS
et FPS FPS FPS FPS
ep 3x1073 2x1073 2.1 x107! 1.9 x 107!
|Cam2 / A2| put FPS FPS FPS FPS
et FPS FPS FPS FPS
eu 3x 1073 2x1073 2.1 x 107! 1.9x 107!
a2 /A2 pt FPS FPS FPS FPS
et FPS FPS FPS FPS
eu 2x 103 1x103 3.9 x 10* 3.6 x 10*
a7 /A2 pt FPS FPS FPS FPS
et FPS FPS FPS FPS
eu 2x 103 1x103 3.9 x 10* 3.6 x 10*

[ i S VRS S D S
Alexey A Petrov (WSU)
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3b. Radiative LFV decays

% More data is needed: use radiative decays: A(P(p) — y(k)¢1(p1)%2(p2))
= u(py,s1)M*(p.k,q)v(pa, s2)€(k),

li(pr) ~(k)
" " ,\N\N\N\'
< <
P(p) G2 l>(p2) P(p) 7 t(pr)
> >
q2 q2
(k) l5(p2)

(a) (b)
% Most general parameterization: M*(p,k, q)

+¢" (M”"”‘fz + kM”‘fZ) - irsq”(M’? 4 kM”‘fZ)
+ (M + EMTG ) + iy spt (MY + My ).
prk”

(p-k)
P®M, = M* and k,P* =0,

* Not the most minimal set: gauge invariance? Project PH = gt —

D. Hazard and A.A.P., PRD98 (2018), 015027

Alexey A Petrov (WSU) o} Quarkonium 2019, Turin




Radiative LFV decays

% A minimal set of amplitudes can be obtained A(P(p) — y(k)¢,(p,)¢5(p,))
= u(py.s))M*(p.k, q)v(pa, 52)€;(k),
“(p. k. q) ZL” (p.q. K)AT (P2, ..)
L5 = (p-k)r" — p'k,
Lg = iys[(p - k)7 — p"H],
L; = q"k = (k- q)r".
Ly = iys[g"¥ = (k- q)r"].

L = vk, LS = iysy*k,
Ly = (p-k)g" — (k- q)p",
Ly = iys[(p - k)g* — (k- q)p"].

% These amplitudes can be related to hadronic form-factors and Wilson coefficients.
Complicated expression: single operator dominance again?

* Simplification: select resonance region @(V — 7?71?2) =B(V - yM)B(M — KI?ZD

B(y(2S) = 7x.0(1P)) = 9.99 + 0.27%, B(Y(2S) = rx0(1P)) = 3.8 £ 0.4%,
B(w(3770) = 77.0(1P)) = 0.73 = 0.09%. B(Y(35) = 7y (1P)) = 0.27 £ 0.04%,
B(J/w — yn.) = 1.7+ 0.4%, B(Y(3S) = yx»(2P)) = 5.9 £ 0.6%.
B(y(25) = yn.) = 034 £ 0.05%. D Havard and A AP PRDYS (2018), 015027

T S i S VNS S D
Alexey A Petrov (WSU) 4 Quarkonium 2019, Turin




LFV pseudoscalar/scalar quarkonia decays

% Very scarce LFV experimental data available P/S — pe, Te, etc.

- no data for pseudoscalar heavy-flavored meson decays
- no data for any scalar meson decays
- maybe use B-decays?

/
414, e P:nbﬂ?cﬂ?()a---
B("I_)flf2) 6 x 10-6 SZXbO?XCO?"'
B - ¢,¢,) 4.7 x 10~
B(T[O - flbﬂz) 3.6 x 10_10

% Constraints are available for quark off-diagonal currents from B/D — e, Te, etc.

U1y T er i
B(BY — (145) 2.2x 1077 2.8 x 1075 1.0 x 1079
B(BY — ¢145) e . 5.4 x 107
B(D° — (105) FPS - 1.3 x 1078
B(KY — t145) FPS FPS 4.7 x 10712

D. Hazard and A.A.P., PRDY%4 (2016), 074023
D. Hazard and A.A.P., PRD98 (2018), 015027

L S LR S VS S DS L U T RN I T I T E T S e e T e e S T
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3c. Probing LFV gluonic operators with LHC

% Large gluon luminosity of the LHC makes it possible to probe Bhattacharys, Morgan, Osborne, AAP:

gluonic operators at LHC directly ey Phsle BTSS Q01 165170
103 -
Lf—’, i
> 10%-
2
o
£
¢ = — g 10" -
- E
Q X :
G \QQQQQQJ - - o+ 10 01 B .f'.'l _""
A Q"
4 SM “Q” 1 4
— KT OBT 6 T T
Lot ZCZ Oi" +he., L/(H) 2 Az Zciqu O"" +h.c.,  can probe
- , e LFV
OV = (fyr) G-G, CF =drvg?/V2A% 01 - (Fir7r) (GLgr) couplings
Oy = (i, 7r) G- G, 03" = (i, mr) (Trar) of top
05" = (prme) G- G Aoy =~ 3000 GeV O3 = (FrTe) (QLar) quarks!
OUT = (igr) G- G. As, = 2800 GeV 0" = (fir7e) (Gra)

Alexey A Petrov (WSU) 2 Quarkonium 2019, Turin




Things to take home

> Flavor-changing neutral current transitions provide great opportunities for
studies of lepton flavor in the SM and BSM

- charge lepton transitions of fer practically SM-background-free playground
* large contributions from New Physics are possible, but not seen

+ EFT approach can be useful in studies of quarkonium/tau FCNC decays

* ... as current methods do not constrain NP-heavy fermion couplings very well
 LFV decays might shed some light on LFUV transitions in B-decays

> Need more data from Belle-II (or LHCb) on LFV quarkonia decays!
- there is NO DATA for LFV radiative decays, e.g. 1)(nS) — ~yue, yir, ...
» More data from ATLAS/CMS/(LHCb?) on pp — T + X
- studies of gluonic operators from gg — Ty due to large gluon luminosity of LHC

> Goal: global analysis of LFV.

» Is there a flavor problem?
Why is mt >> my?
WhY IS MJupiTer >> MMer‘cur‘y?

Alexey A Petrov (WSU) 1 Quarkonium 2019, Turin
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Effective Lagrangians: gluonic operators

* Coefficients of gluonic operators depend on the number of active flavors

_szF 5L

Lg=

A% 4o, KCGRZlPRE? T CGLlesz)GZ,,G“W

+ (c@RzlpR@ + c@LEPLfZ) G, G 4 h.c.}

% we can calculate their contribution to meson or tau decay rates!

% also relevant for muon conversion experiments

% c; probe couplings of heavy quarks to New Physics AAP and D. Zhuridov
PRD89 (2014) 3, 033005
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