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Restricted kinematics of 2-body decays allows selection of
operators with certain quantum numbers, reducing the
reliance on the single operator dominance assumption.

Single operator dominance: The assumption that only one
effective operator dictates the result.

Model independence: Any NP scenario involving LFV can be
matched to L
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Assumptions:

— No new light particle i.e. axions, dark photons

— Neutrinos are not considered

— tquark integrated out of theory
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Effective Lagrangian
Leg = Lp+Lyg+ Lo+

Dipole Lagrangian
Lo = -5 [(Chito [Pl + CBftio {Pal) Fu + hee. ]

Dipole Wilson coefficients

m, = mass of heavier lepton
N\ = scale of new physics

PR(L) — (]. iYS)/Z
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Lp = -

Dipole operators are
selected by the quantum
numbers of the 2-body
vector quarkonium
decays.
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Four fermion Lagrangian
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Tensor Wilson
coefficients
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Effective Lagrangian

Four fermion Lagrangian
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Four fermion Lagrangian
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Effective Lagrangian

Four fermion Lagrangian
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Vector and tensor operators are
selected by the quantum numbers of
the 2-body vector quarkonium
decays.
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Four fermion Lagrangian
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Axial and pseudoscalar operators are
selected by the quantum numbers of
the 2-body pseudoscalar
quarkonium decays.
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Effective Lagrangian

Four fermion Lagrangian
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Scalar operators are selected by the
quantum numbers of the 2-body
scalar quarkonium decays.
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Gluonic Lagrangian
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Effective Lagrangian

Gluonic Lagrangian
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1 loop beta function defined

for the number of light active
flavors, L, relevant to the scale

of the process (u=2GeV).

8 =902 /(2 m)
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Gluonic Lagrangian
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Gluonic operators selected by
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Gluonic Lagrangian
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Two-body vector quarkonium decays

Branching ratio
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Two-body vector quarkonium decays

Branching ratio
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Two-body vector quarkonium decays

Branching ratio
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A2 = e VA aQ,y (C pr. ("Dh‘.) + a8y (O -+ Cyr | + 206y / Ggmying (CrL” + C

» TR
3 - T
Bll[;’ - j‘ nmy —Vara 0. 2 ((’vﬁ"z . ("h(z) s i (‘v(lflf‘.z . (-,qﬁ(’g g f_‘(‘ - (“1[1192 = ("‘1!.1[2

. = T
bly f\ My o ~€1€2 161 €2 o _.fv -y e vql1bs ~qb162

JV

. : .
Wyl f ‘ F G W bs w1l . fl' ~ i vwqf1fo ~ql1 Lo
Oy = Mty | VizaQ, (OB + Chit) +2,.‘-F(,n.q ((_..,;Ll + 0 )]

m, = vector meson mass
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Two-body vector quarkonium decays

Branching ratio
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Two-body vector quarkonium decays

Branching ratio
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M= véctor meson mass Q, = quark charge (2/3,-1/3)

y = m,/m,
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Two-body vector quarkonium decays

Branching ratio
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Dimensionless Constants

. £
h sm
At = T -z(,u (Ot + Cl3e) + v (CH4" + CH) + 2wy T Gomym, (O3 + Oy )}

A y :T
16y Jfvmy vl18s vl b £y 6o N2 IV ~ 162 b1l
By = v —\/~1“u .qu ((”DlL — (’D]Ii’) —ky |CYL P —CLR°) — 2y h.‘.'f—(vpln.\.”l'llq Gy " — s

JV

3 T

i bs fvmy y by Tv wql1lz f16s
O = Sty -Jf, (Cp’ + Cpg) + 26y fT('r'T" mg (CrL* +Crg”

> aT
bls g.f"'”\' (1( Wil % f\ 2 e vqla s ~ql182
Dy =1 \2 Y| — 2,, (m‘ — 2Ky / Grmymy |Crr ~ — Crg

M= vector meson mass Q, = quark charge (2/3,-1/3)

y =m,/m, o = fine structure constant
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Two-body vector quarkonium decays

Branching ratio

B(V — ("1?2) my (1 — .’/2))2 [ A182]2 [o02 2) 1 2 ( w1l |2 b1 ¢: ‘2)
= Abe|® o 1£2 = 0, s L2 Dtitz
B(V —ete) ( drafyQ, (| AR+ B ) + 2 (L =207 |G o | ™

+y Re (ARRCY™" +iBR D) |
Dimensionless Constants

- - T

10145 f“"”". § 2 1£105 1 €5 ~gql1 o gl ¥s 0, . V e . vqlqlso vqfifs

Ay = \2 ViaraQuy? (Cpr2 + Cpi) Hev | CEL™ + CER? ) + zy Y- Gpmym, (CL172 + CEL
7 il | v

£l . f\')“‘ TR o) T 1 ¥ (102 . ~qf1 €y vqf10s 0. P B vqf14o ~gl by
Sy = A2 | AmaQqy” (Cpr’ — Cpr) Arvf Cvr* — CVg" ) — 2 —Grmymg (Crp” — Crp
.-T

wWyls j"”"“ O T o W Ey b . V v | ) wl1fo ~gf1 Lo

€16, Sfemy [ - €165 1€, €3 {T ~ wql1ls ~gl16>
Dy =1 \2 y | —VdraQ, ((—"le - CDR‘) — RRy » G rmymy (CTL *—Crp ')
m, = vector meson mass Q, = quark charge (2/3,-1/3)
y =m,/m, o = fine structure constant

Ky = V2 (constant for pure q q bar states)
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Two-body vector quarkonium decays

Branching ratio

B(" — (172) — My (l - ?/2) ’ Al1tz)|2 S)e {18y |2 l ) T vyl |2 f162)2
B(V —ete) - ( e fyQy [(H‘ | | IB" { ) i 2 (1 “Y ) (|(‘ ' T ‘D" | )

v ( l_: 1‘ fg* g l fi"_), { [2*
+y Re (ARRCY™" +iBR D) |

Dimensionless Constants
M

Ky ((,ﬁ';{.(z” o (.l’;:',‘;?‘iz) - 2;1/2r;\-'f‘ G[.f)'ny'rn,q ((I"%{i“ AL (-'%}"’)}
Jv

2 165 i €a
(CE2 +CBR)

g = v [ s

2
. _ - T
Bllfg . f\')“‘ B 1” ( 2 (("[1“2 o (‘v(](‘_!) S (‘yq[‘l['z - (‘rql‘\'l‘;_) _9 2 . .'fi(‘ . ('vq[lfg s ('vql'lfz
. - T
w0y by Jvmy : vy f. vy - I i gl ¢ vgl1ls
Cy? = — =¥ draQ QA Cp + (;D‘Rr’) + I\""f—(r'[rnl‘,"lll.q G+ CER*
4 L JV
[11‘-) ‘.f)"'))‘" i "If']f') "v’.‘l[l'f‘ [ -f“Y: g | SRS > ‘v(](;]l:‘_z '1([{1["_)
Dy =i——y |- ViraQ, (("'DI: - (-'1)15) 2Ky f Grmymg | Crr - — Crg
A2 fv

Dipole operator dependence
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Two-body vector quarkonium decays

Branching ratio

B(V — ¢ 7_)) my (1 — '_1/2) 2 0 82 1 o gy 0 o
BV o ete) - ( aho0 [ (442 + |BEa*) +5 (1 — 2% (|o4" + |Die[")
— ~ nex J vy q

+y Re (AbEChes 4 iB:"}figD{}[l*)]
Dimensionless Constants

R '<) f‘",,\. i - v 5 }7, ~f1 b5
AP = ——— | VanaQu® (CAPE + CRE) + kv

T
gl gl £ 2. fl T s, wqlyls vql1 by
Cyvy* +Cyg ) 2y Ky f Grmymg | Crp™ + Crp

JV

> ) - T
fyly f\"””' oy 22 (s w102 . ~vqly Lo vql1 0,2 .. f_‘ LA ~ql142 gl
By = 5 —VdrnaQ)uy ((.DL - (-‘Dn) — sl Cyvi” — Cur’ | 2y s fy(rf‘l?l.\.'lllq Corr ' — Cop
3 r ..T
vy €5 Jvmy , Ve £ vy b . I i ~vql1 2 vql1Ls
Cy? = =y |viral, ((.'DIL“’ 5 (,L;Rl) =5 2h"-f—(1'pnl‘,"lll-q Cri ™+ CEa
' | Jv
[11‘-) ‘.f)"'))‘" i 5 "If']f') "v’.‘l[l'f‘ [ -f“Y: g | SRS > ‘v(](;]l:‘_z '1([{1["_)
Dy =1 TR —ViraQ), (("'DI: - (-'1)15) — 2Ky F Grmymg | Crr - — Crg

Dipole operator dependence
Vector operator dependence
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Two-body vector quarkonium decays

Branching ratio

B(V — (i) _ (v (1 =) : Aat2|? o | glatz)|? g o 10y |2 b1tz
B(V —ete) ol ( dmafv Q) [(H‘ | | IB" { ) ki 2 (1 2y ) (|(‘ | i }DV | )

Al b Al Pax b1ty i lox
+y Re (A‘,’- Cy ™ +iBy?Dy )]

Dimensionless Constants

. - 8
1145 f“'.’”". > 2 y o ~+¢ €5 ~qlq1 Lo gl ¥o e N5 f % vl f- vl lo
s = 0 [ hraqut (Ot + C) + vy (U + OE) + 24wy P Gomym f ot + ot
2 fv

#

fyly j\"m" A ) 02 (ks w102 . ~vqly Lo vql1 0,2 .. f_\ LA vaql142 gl

3 - T
wWyls j"”"‘ O T o W Ey b y )l_l ~ ., 2 vl lo ~gl1fo
g o ‘T
Oyl - f‘-'”“’ / Ve s vl 5 D f" o A IR vql162 'Yll[l(".’\

Dipole operator dependence
Vector operator dependence
Tensor operator dependence
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Two-body vector quarkonium decays

Branching ratio

BV = &ly) _ (mv (A—")\* [ () qesta? o | gtota? . L 9,2) |tz |? £tz |2
ST~ (Y (g ) + 020 (el + 100

+y Re (AQRCR™ +iBRe DY) |
Dimensionless Constants
atye LBV VaraQu (Ot + C4E) + sy ((5'{?-‘11’” + (-'-'{’»‘}fz) + 2y L Gmym, ((«"‘%{5‘2 + (.',‘1’1‘2)}

“‘\ : ".‘ TR
£l f\’ln‘ [ / T 2 ~£18s (102 ~qf1 €y (-qulfg 9 2 f‘T: (1 ) § (yq[lfg ~gl by
3 - T
(‘-[‘l(-_z _ jV Iy /‘1___ Fe ("vh[l_g ("1[1[2 By fl' G o ' (-vqllfg ("111[1(3
e =kemb=y (ViATaQ, (Cp2 + Cpi) + “"“'f_ LRty My | Gy v Uk
2 . JV
D[l[z | “\' —_ 1 ( (("-hfz . ('vl'll'z s f\T ("v AR (wth;z . ('yq!'l(*_’
v o= Y VaraQ, (Cpf -‘Lm) 2Ky = spmymg | Cpp TR

fy cancels out ...
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Two-body vector quarkonium decays

Branching ratio

B(V — (i) _ (v (1 =) : Aat2|? o | glatz)|? g o 10y |2 b1tz
B(V —ete) ol ( dmafv Q) [(H‘ | | IB" { ) ki 2 (1 2y ) (|(‘ | i }DV | )

Al b Al Pax b1ty i lox
+y Re (A‘,’- Cy ™ +iBy?Dy )]

Dimensionless Constants

{14 'f“'.’”". i = 2 ) o ~+¢1 €5 ~ql1lo gl ¥s o POy . - i vqlq L gl lo
A{'"" = \/-17m'(~2q‘!/“ (('Bé £ (—*13;5) +ev (CyL " +Cygr” ) + 2y k)= Jpmymg (Cfp 7 + Crg

l [-) .f“")))" 2 g ’v[ [“') v( l) - [ [‘) = [ () § ¥ " rv‘ Rl v [ 1\_) “y ! E
By? = — —VanaQ ((.D‘L' —Cpr) — kv |Crl? — CYR?) — 2y Ky —rmymy Gy — G

.'T
Iv vql1 ql1L2
7Ry (('}L‘ * +CEA ')]
b

2 R L1l aqlibs
—{7 rmymy, ((f%i *—CrR ')]

~£1 > ,fVI”’V [ g RSN y 2
LS = ——y [VdmaQ), ((_ N+ (31[?') + 2Ky

e, Jvmy [ A |
Iy — ‘z‘f =Y [—VimaQ, ((BI(‘ — C'B;g) — 2Ky

fy cancels out ...
except for the ratio of f,'/f,,
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Two-body vector quarkonium decays

Decay constants used to constrain Wilson coefficients

State || Y(15) | Y(28) | T(3S) | J/v |w(28)| o p(w)

| \
fv, MeV ||649 = 31481 £+ 39?39 + 84418 + 9|294 £ 5241 + 18|209.4 = 1.5
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Two-body vector quarkonium decays

Decay constants used to constrain Wilson coefficients

State || Y(15) | Y(28) | T(3S) | J/v |w(28)| o p(w)

| \
fv, MeV ||649 = 31481 £+ 39?39 + 84418 + 9|294 £ 5241 + 18|209.4 = 1.5

« Tensor decay constants are not well know
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Two-body vector quarkonium decays

Decay constants used to constrain Wilson coefficients

State || Y(15) | Y(28) | T(3S) | J/v |w(28)| o p(w)

| \
fv, MeV ||649 = 31481 £+ 39?39 + 84418 + 9|294 £ 5241 + 18|209.4 = 1.5

« Tensor decay constants are not well know
2 Il =
Assume f,' =1,
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Two-body vector quarkonium decays

Decay constants used to constrain Wilson coefficients

State || Y(15) | Y(28) | T(3S) | J/v |w(28)| o p(w)

fv, MeV ||649 = 31481 £+ :%T)J"SJ%O + 84418 + 9|294 £ 5241 + 18|209.4 = 1.5

« Tensor decay constants are not well know
« Assume f,T =,
* Exceptf,,'=410+10 MeV *

*D. Becirevic, et al. Nucl. Phys. B. 883, 306 (2014).
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Two-body vector quarkonium decays

Experimental upper limits of BR for 2-body vector decays and

radiative lepton decays from the PDC.

(10

T eT el
B(Y(1S) — £1£2) 6.0 x 1078 _ B
B(Y(25) — £1€2) 3.3 107" g2 1070 =
B(Y(35) — £1£5) il o | 4.2 x 107° =
B(J/v — £165) 2.0 x 10~° 8.3 x 1078 1.6x 107
B(¢p — £165) n/a n/a 4.1 x 107°
B(ty — £17) 4.4 x 1078 3.3 x 1078 5.7 x 10713
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Two-body vector quarkonium decays

Experimental upper limits of BR for 2-body vector decays and

radiative lepton decays from the PDC.

(10

U

eT el
B(Y(15) — £1£2) 6.0 x 107° - =
B(Y(25) — £163) 3.3%10~° 32 1070 -
B(Y(35) — £1£5) il o | 4.2 x 107° =
B(J/v — £165) 2.0% 10~ 8.3 x 106 1.6 107
B(¢p — £165) n/a n/a 4.1 x 107°
B(ly — £17) 4.4 %1078 3.3 x 10~8 5.7 x 1013 ]

B(u to ey)ygy ~ 107>4
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Two-body vector quarkonium decays

Experimental upper limits of BR for 2-body vector decays and
radiative lepton decays from the PDC.

(142 UT eT e
B(Y(1S) — £1£2) 6.0 x 1078 _ B
B(Y(25) — £1€2) 3.3 107" g2 1070 =
B(Y(35) — £1£5) il o | 4.2 x 107° =

B(J/v — £165) 2.0 x 10~° 8.3 x 1078 1.6x 107
B(¢p — £165) n/a n/a 4.1 x 107°
B(ty — £17) 4.4 % 1078 3.3 x 1078 5.7 x 10713

B(u to ey)ygy ~ 107>4
Dashes = no data
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Two-body vector quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state (quark)

Wilson coefficient (GeV =2) {14y T(1S) (b) 7Y(25) (b) 7T(3S) (b) J/¥ (¢ ¢ (s)

T 56%x10°°% 41x107° 36%107% 55x 10~ n/a

‘(‘{f,’i“z/_.-\‘-’ et ~ 41%10% 41x10% 11x10* n/a
e ~ - - Lz 107" 2% 10"
pr  5E%107Y 41 x10°% 35x 107" S55x100Y nfa

G2 er = A1x10~% 41x107% LIix10-* n/a
e —~ —~ - 10x107° 2x107°
pr 44x1072 3.2x1072 2.8 x 102 12 n/a

‘(,'f}‘,ﬁ"'-’/.s\? er — 33x1072 32x1072 24 n/a
ep ~ ~ - 4.8 1 x 104
pr o 44x1072 32x1072 2.8 x 1072 1.2 n/a

Ciatay A2 er = 33x1072 32x102 24 n/a

e - — - 4.8 1 x 10?
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Two-body vector quarkonium decays

Experimental upper limits of BR for 2-body vector decays and
radiative lepton decays from the PDC.

(142 UT eT e
B(Y(1S) — £1£2) 6.0 x 1078 _ B
B(Y(2S5) — t1£2) 3.3 107 3.2 x 1076 y
B(Y(35) — £1£5) il o | 4.2 x 107° =

B(J/v — £165) 2.0 x 10~° 8.3 x 1078 1.6x 107
B(¢p — £165) n/a n/a 4.1 x 107°
B(ly — £17) 4.4 x 10~8 3.3 x 1078 5.7 x 10-13

B(u to ey)ygy ~ 107>4
Dashes = no data

n/a = forbidden by phase space

Derek E. Hazard




Two-body vector quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state (quark)
Wilson coefficient (GeV =2) {14y T(1S) (b) 7Y(25) (b) 7T(3S) (b) J/¥ (¢ ¢ (8)
pr 5Bx107% 41x107% 35%10°°% 55x107° n/a
‘(‘{f,’i“z/_.-\‘-’ et ~ 41%10% 41x10% 11x10* n/a
e ~ - - Lz 107" 2% 10"
pr  5E%107Y 41 x10°% 35x 107" S55x100Y nfa
G2 er = A1x10~% 41x107% LIix10-* n/a
e —~ —~ - 10x107° 2x107°
pr 44x1072 3.2x1072 2.8 x 102 12 n/a
‘(,'f}‘,ﬁ"'-’/.s\? er — 33x1072 32x1072 24 n/a
ep —~ - -~ 4.8 1 x 10
pr o 44x1072 32x1072 2.8 x 1072 1.2 n/a
Ciatay A2 er = 33x1072 32x102 24 n/a
e - — - 4.8 1 x 10?
| I——
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Two-body vector quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state (quark)

Wilson coefficient (GeV =2) {14y T(1S) (b) 7Y(25) (b) 7T(3S) (b) J/¥ (¢ ¢ (8)

T 56%x10°°% 41x107° 36%107% 55x 10~ n/a

3 et ~ 41%10% 41x10% 11x10* n/a
e - - - Lz 107" 2% 10"
* Not a breakdown of the EFT!
. - , .
« Existing data doesn’t allow for strong constraints
am = = = TR 2Rl
pr 44x1072 3.2x1072 2.8 x 102 12 - n/a
CE A er — 33x1072 32x1072 24 n/a
ep ~ —~ - 4.8 1 x 10
pr o 44x1072 32x1072 2.8 x 1072 1.2 n/a
I/ er ~ 3.3x1072 32x1072 24 n/a
e - — - 4.8 1 x 10?
—
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Two-body vector quarkonium decays

Constraints on Wilson coefficients of dipole operators.

Dipole Wilson Leptons Initial state

coefficient (GeV~=2)  f1fy  Y(1S) (b) Y(2S) (b) 7Y(3S) (b) J/¢ (c) p(s) fo — l17y

pr  20x107% 1.6x107% 1.4x107% 25x10% n/a 2.6 x 10710
lcat /A% er — 16x107" 1.6x107% 53x10~! n/a 2.7 x 10710

el — — - 11107 02 312107

pur 20x107% 1.6x1071 1.4x107* 25x107* n/a 2.6 x10710
CB /A7 er —  16x107* 1.6x107 53x107% n/a 2.7 x 1071

el - - - LT =107% 02 Blsil-T
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Two-body vector quarkonium decays

Constraints on Wilson coefficients of dipole operators.

Dipole Wilson Leptons Initial state
e —

coefficient (GeV~=2) 16y Y(1S) (b) Y(2S) (b) 7Y(3S) (b) J/¢ (c) b(s)| f2 — l17y

pr 20x107% 1.6x107% 1.4x107% 25x107% n/a |2.6 x 10710
lcat /A% er — 16x107" 1.6x10~% 53x10~! n/a |2.7 x 10-10

el — — - 11107 02 §3.12 1077

pur 20x107% 1.6x1071 1.4x107* 25x107* n/a |2.6 x 10710
’ng";,fz AQ’ er — 1.6 x 107" 1.6 x 107" 53 x 107" n/a |2.7x 10710

e — - - 1.1x10~" 02 81107

« Radiative lepton decays give much stronger constraints
* Vector decay constraints are complimentary
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2-body pseudoscalar quarkonium

decays
Ofgv*59|P(p)) = —ifpp” Decay constant
Q' ajv Fa -
(O|ﬁG WG |P(p)) = ap Anomalous matrix element
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2-body pseudoscalar quarkonium

decays
Ofgv*59|P(p)) = —ifpp” Decay constant
Q' ajv Fa -
(O|ﬁG WG |P(p)) = ap Anomalous matrix element

P = any quarkonium with quantum numbers 0+ i.e. n,, n.,, N, N, T°
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2-body pseudoscalar quarkonium

decays
Ofgv*59|P(p)) = —ifpp” Decay constant
Q' ajv Fa -
(O|ﬁG WG |P(p)) = ap Anomalous matrix element

P = any quarkonium with quantum numbers 0+ i.e. n,, n.,, N, N, T°

Amplitude
A(P — £,45) = u(py, 51) [Ef;lﬁ? + z'Ff}é'Z'yg] v(p2, 52)
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2-body pseudoscalar quarkonium
decays

Branching ratio

B(P — bls) = g (1—o*)* || B3 + e[

Dimensionless Constants
B = l/E [—1,/13 | (( s Lo ) mpGp ((,’D(L[ - L )] + 9G pap (C'gf 3 (';J;“’)]
9

F,’f;‘h = —(/E [/p [ (( ’{L[ - C ”{I!‘,( ) — m5Gp (( I’,{L( — (f;,(]f )] + 9Grap (C’ggﬁ — ('(F-]I[;)}
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2-body pseudoscalar quarkonium
decays

Branching ratio

B(P — 0,8;) = (L) [\Eﬁ#"‘“‘ﬁlz e |2]

8‘/TFP

Dimensionless Constants

"'“PI 5 |e gl £ vqf1l2 2 {14 vql1lz £y 4 f1£2
| —i fp |2 ((-'j.', 22+ O ) Ampfr (CL1% + CEY2 )| + 9Grap (CE2 + CLE

. ¢ ~ql1fa . vqf1la B P 1qf1f2 - 1qf1 69 K viba il

m, = pseudoscalar meson mass
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2-body pseudoscalar quarkonium
decays

Branching ratio

2 ,é‘l[’_“:‘ 2 (] lz 2
ERe[ + PR

S

B(P — {122) — SZ-II{)P (.I. = 1 yz

Dimensionless Constants

ATOE gl fs 1qf1la gl ls ?162 ¥ AR D) 1la
EY 3[ p[2(Ci1" + Cfx=) — mpGr (O + CEx")] + 9Grap (CBE + C42)|
9

Fht — _”;F [ fp [ (Cga - cy ) - mbGr (CEL - Oy )] +9iGrap (CLL2 - (;I‘?)}

m, = pseudoscalar meson mass

y = my/m,
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2-body pseudoscalar quarkonium
decays

Branching ratio

B(P = 68) = Gyt =) [ B+ [F ]

Dimensionless Constants
Eh[ — E _ ( gl fs i ( 1qf1fa 2 (w (»ﬂ;f]fg 1 (:rqﬁ[g £ Q(v (.1[‘1(2 L (“vf][‘g
P ‘/4 A2 AL AR Hplp | Cpr “PR A ROR | S T e
9

AL l”P ﬂl[ vqf1la o 1qf1f2 1qf1 69 . Wils W1 ls

m, = pseudoscalar meson mass
y = my/my
[ = total decay rate
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2-body pseudoscalar quarkonium
decays

Branching ratio

B(P . {122) _ SZ_II{)P (1 B y2>2 [‘ngzlz i |F}!;1t'2|2]

Dimensionless Constants

Byt =y [-ife [t( L% + CHy - mbGr (CEa® + CE® )| + 9Grap (Chf + CB2)|

e m 2. f 2 YrLiad
Flt = —y \P) [/P [_ citita _ gatite ) mAG g ((.;lfiﬁ - (,;i,‘];‘-)] + %G rap ((;J[f - (?1‘?)}

m, = pseudoscalar meson mass  Axial operator dependence
y = my/mp
[ = total decay rate
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2-body pseudoscalar quarkonium
decays

Branching ratio

B(P . {122) _ SZ_II{)P (1 B y2>2 [‘ngzlz i |F}!;1t'2|2]

Dimensionless Constants

j n . o e 2 Y ISR 5] vqiito
B = 4/;—\1: [ ifp [ ( e B G ) - mhG (C,’fl{(‘ + C?f,'?[') + 9G rap ((" o (“[ )]
~¢1 62 mp vql162 gl b2 o vqf162 ql162 1162 vE16>
Fat = ~Yohe [/p [2( ar o — Cap ) —mpGp ((,’alf —iC g ) + 9iG rap (CC}L —('CER)}

m, = pseudoscalar meson mass  Axial operator dependence
y = m,/mp Pseudoscalar operator dependence
[ = total decay rate
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2-body pseudoscalar quarkonium
decays

Branching ratio

B(P . {122) _ SZ_II{)P (1 B y2>2 [‘ngzlz i |F}!;1t'2|2]

Dimensionless Constants

: m v 1] 2 v ISR yqt1tlo 'l ¥ |
E;,'[ 4/4—\}: [— [ ( ’(” +C' ’{,'?I ) — m.j)ij (C,’fl{[- + C?f,'?[')] + 9G ra ((" + (“[ )
018y ’”P 1ql £y vq[ fa 2 vqf1 b2 w1 b r 16 302

m, = pseudoscalar meson mass  Axial operator dependence
y =m,/m, Pseudoscalar operator dependence
[ = total decay rate Gluonic operator dependence
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2-body pseudoscalar quarkonium
decays

Decay constants used to constrain Wilson coefficients

State o ne | n,u(d) 1,5 nou(d) | n'.s T

[, MeV ||667 +6(387 = T7({108 £3|—-111+6| 89 +3 |136 £6(130.41 £ 0.20
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2-body pseudoscalar quarkonium
decays

Decay constants used to constrain Wilson coefficients

State o ne | n,u(d) 1,5 nou(d) | n'.s T

[, MeV ||667 +6(387 = T7({108 £3|—-111+6| 89 +3 |136 £6(130.41 £ 0.20

* a,=-0.022 £+ 0.002 GeV?
* a,=-0.0571£0.002 GeV?
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2-body pseudoscalar quarkonium
decays

Experimental upper limits of BR for 2-body pseudoscalar decays
from the PDC.

{1[2 €L
B(n — t16s) Prpp—
B(n' — t1l2) 4.7 x 104
B(m° — £145) 3.6 x 1010

Derek E. Hazard




2-body pseudoscalar quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state

Wilson coefficient (1l Te n(u/d) n(s) ' (u/d) n'(s)

N - n/a n/a n/a n/a

‘(f‘f’{ii"/f\z’ er — n/a n/a n/a n/a
e — 3x107% 2x10% 21x10!' 19xip

1T - n/a n/a n/a n/a

‘ C‘ff,'{l-’ er - n/a n/a n/a n/a
et - JIxIW¥ 21 2% 1G0T

1T - n/a n/a n/a n/a

C?;{fz{-’/;'\z et — n/a n/a n/a n/a
et - 2 x 10° 1 x 10° J.9x1p* 3.6 x 10*

1T - n/a n/a n/a n/a

C’Z,[['{i" er - n/a n/a n/a n/a
e — 2 x 103 1 x 103 3.9 x 104 3.6 x 10*
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2-body pseudoscalar quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state
Wilson coefficient (1l Te n(u/d) n(s) ' (u/d) n'(s)
1% - n/a n/a n/a n/a
‘C‘f’{zi"/;‘\z er — n/a n/a n/a n/a
e — 3x107% 2x10% 21x10!' 19xip
1T - n/a n/a n/a n/a
‘(‘ff}{l-’ s er — n/a n/a n/a n/a
et - JIxIW¥ 21 2% 1G0T
1T - n/a n/a n/a n/a
(,.‘;{fz{-’/;\z er - n/a n/a n/a n/a
e - Iz % 10% 1 x 10° J.9x1p* 3.6 x 10* I
1T - n/a n/a n/a n/a
C’}f};*’ [A? ’ er - n/a n/a n/a n/a
e — 2 x 103 1 x 103 3.9 x 104 3.6 x 10*
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2-body pseudoscalar quarkonium decays

Constraints on Wilson coefficients of 4-fermion operators.

Leptons Initial state
Wilson coefficient (1l MW Ne n(u/d) n(s) ' (u/d) n'(s)
N - - n/a n/a n/a n/a
(’“i /\2’ er - — n/a n/a n/a n/a
e —~ — 3x107% 2x10% 21x10!' 19xip

« Not a breakdown of the EFT!
« Existing data doesn’t allow fOr strong ccnstralnts

e - -

1T - - n/a n/a n/a n/a
"l‘{ er - - n/a n/a n/a n/a

et - - Iz e U] 1 x 10° J.9x1p* 3.6 x 10* I

1T - - n/a n/a n/a n/a
f,'[[': /\z’ er - - n/a n/a n/a n/a

3.9 x 104 3.6 x 10%
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2-body pseudoscalar quarkonium
decays

Constraints on Wilson coefficients of gluonic operators.

Gluonic Wilson Leptons Initial state
coefficient (GeV *2) {109 b e n 7
[cétz /a2 e = — 2 x 102 5.0 x 10°%
Caz /A el — — 2 x 10 5.0 x 10
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2-body pseudoscalar quarkonium

decays

Constraints on Wilson coefficients of gluonic operators.

Gluonic Wilson Leptons Initial state
coefficient (GeV *2) {109 b e n 7
[cétz /a2 ep = — 2 x 102 5.0 x 10°
G2 /A2 el —~ —~ 2 x 10 5.0 x 103

 Not a breakdown of the EFT!

+ Existing data doesn’t allow for strong constraints

Derek E. Hazard




2-body scalar quarkonium decays

(Olgq|S(p)) = —imsfs Decay constant

(0 ‘Q_SGGF"’GQD|S( 1% = Bg Anomalous matrix element
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(0 ‘Q_SGGF"’GQD|S( 1% = Bg Anomalous matrix element

S = any quarkonium with quantum numbers 0** i.e. X0, Xco
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2-body scalar quarkonium decays

(Olgq|S(p)) = —imsfs Decay constant

(0 ‘Q_SGGF"’GQD|S( 1% = Bg Anomalous matrix element

S = any quarkonium with quantum numbers 0** i.e. X0, Xco

Amplitude
A(S — EIZQ) = u(p1, 51) [Eﬁ*lez + iE$1£27"5] v(p2, 52)

Derek E. Hazard




2-body scalar quarkonium decays

Branching ratio

B(S — 61?2) = 8:?9 (1 _ y2)2 [|E§,132|2 + ‘Fél€2|2:|
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2-body scalar quarkonium decays

¢ 1 éz S
Eg

brba
Pt

Branching ratio
mes

B(S i [,7122) — 877'1;9 (]. — ) |:|E€ £2| ‘FL$1€2|2]

Dimensionless Constants

L 1l 1l lil lils
2i fsmgm, (C’gL‘ ‘+Cq; ’) + 9ag (Cq [+ O ’)

“GR

£ [11: 112 . [ lhl2 ]
2fsmsmy, ((W 2 —CLh ) — iag (Cq i— 2)
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2-body scalar quarkonium decays

Branching ratio

B(S —2 glzg) (1 _ ) |:|E€ £2| ‘F§1€2|2]

Dimensionless Constants

’fnstfr Il 11 111 [11
EZ? = =t 2if{sin, (c*gL‘z+C‘J1 ?) +9ags (CE}L? +0q“

412
Yy Y = -
Fite — J=B0F 1o p e, (Co2 — cil2) — 9iag (Clhl2 — ciile
S — AN2 P& W] S “GR

Me = scalar meson mass
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2-body scalar quarkonium decays

Branching ratio

B(S — 51?2) 87:1“5 (1 _32 [|Egl£2|2 + \Fé'l@'z]

Dimensionless Constants

qisGr [, . I Ih1: L1l Il:
B :E Y 2i fsmgm, (CgL‘ ‘+Cq; ’) + 9ag (Cq [+ O 2)

x>
g E‘z Gr T -
otz sGF [5, qglila qlils T qlyl2 qlilz
o e 2fsmgmy (CS 1 —Csp ) —%as (Cg” — Cgr

Me = scalar meson mass

y = my/m
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2-body scalar quarkonium decays

Branching ratio
mes

3(5%5122):8 » (1-¢?)° [|Ee ) | ‘Flgleglz]

Dimensionless Constants

: msGp [

bt — VST To; ¢ mem, (CIE 4 cab (CLR L
Lg™ =y A2 2ifemem, | Co; > +C35°% | +9as (Car* + C§

. g msGp T -

teg  MsGr [, qlyla qlyla i qlylz qlyla
Fg™ =y AA2 2 fsmgmy (CSL —Csg™ ) —Yiag (Cgr” — Cgr

m, = scalar meson mass
y = m,/mp

[ = total decay rate
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2-body scalar quarkonium decays

Branching ratio

F mg N 0185 |2
B(S > til) = o= (1 - 4*)” || B§"[* + |[F*|
87TF5
Dimensionless Constants

e MsGr .. vqlls glyla Ol = qzlb qzlh |

Eg*t=y A2 2ifsmsmgd| Cs;° + Cgp’ )|+ 9as (Chr° + C4
. B msGr T, : . . l
Eélkg =y T ng'rn\c;"rnq Cf]lll thl ) | QZ(LS (qullz (wallz)

m. = scalar meson mass Scalar operator dependence
y = my/m

[ = total decay rate
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2-body scalar quarkonium decays

Branching ratio

s (1) 1B+ Pl

Dimensionless Constants

B(S —2 1,’122) =

mesGr [

€165 5, < vqlyl2 glilo O . qllb qlll>
Ed*? =y e _Zz_fb mgm, (CSL +C&x ) +9ask Cor” +C5

) mgGp P [11: [11: . 1 11
P8 =y T 2fsmgm, ((W 2 —CLh ’) — 9%ag (Cq;i2 Gk 2)

m. = scalar meson mass Scalar operator dependence

y =m,/mp Gluonic operator dependence
[ = total decay rate
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2-body scalar quarkonium decays

» Currently no experimental data
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2-body scalar quarkonium decays

» Currently no experimental data

e States X, and X .o produced via
— gluon-gluon fusion at LHC

— B decays at flavor factories

— Radiative decays of Y'(2S), Y(3S), ¥ (2S),
¥ (3770)

Derek E. Hazard




3-body vector quarkonium decays
Resonant transitions

» Vto 7y (S tol;l,) may be used to study
scalar 2-body decays
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3-body vector quarkonium decays
Resonant transitions

» Vto 7y (S tol;l,) may be used to study
scalar 2-body decays

» If soft ¥ can be tagged at B factories then:
B(V = yl16y) = B(V — yM)B(M — {145)
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3-body vector quarkonium decays
Resonant transitions

» Vto 7y (S tol;l,) may be used to study
scalar 2-body decays

» If soft ¥ can be tagged at B factories then:
B(V — yl16) = B(V — yM)B(M — {14,)
e Quite useful:

B(4(25) = vx«o(1P)) = 9.99 £ 0.27% |,
B((3770) = vxeo(1P)) = 0.73 £ 0.09%
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3-body vector quarkonium decays
Resonant transitions

» Vto 7y (S tol;l,) may be used to study
scalar 2-body decays

» If soft ¥ can be tagged at B factories then:
B(V = yl16y) = B(V — yM)B(M — {145)

e Quite useful:
B(Y(25) = vxo(1P)) = 3.8+ 0.4% ,

B(T(3S) — vxo(1P)) = 0.27 + 0.04%
B(T(3S) = vxp(2P)) = 5.9 £ 0.6% .

Derek E. Hazard




3-body vector quarkonium decays
Nonresonant transitions

Diagrams for V to v |41,
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3-body vector quarkonium decays
Nonresonant transitions

-[(,' X gl «ay (4% 1
Wy = “Zby() (mvy + ip?o°%) e (p) wave function
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3-body vector quarkonium decays
Nonresonant transitions

-[(,' X gl «ay (4% 1
Wy = “Zby() (mvy + ip?o°%) e (p) wave function

fv

by(z) = 5 2oz —1/2) distribution amplitude
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3-body vector quarkonium decays
Nonresonant transitions

-[(,' X gl «ay (4% 1
Wy = “Zby() (mvy + ip?o°%) e (p) wave function

_f
2v/6

5(z —1/2) distribution amplitude

1
(Olg*q|V) = / Tr[M* Wy dx nonlocal matrix element

0
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3-body vector quarkonium decays
Nonresonant transitions

Differential decay rates

dly % L aQ); I (€2, +C2p) (mi, — m2,) (2miy* + mi,) (m¥y* — mi,)

dm?3, 9 (47)° A1 it mym$,

s , o ot : 9 9 \2
WY iy _ L O BCmy (g i (mh = mdy) (mdy? — m)

I T oA [ AN\2 4 ( <G5+ "'SR) -

dm?3, 24 (4m) N Mo

P 2 2 : 2 2 ;0 2 )2
(II“ by ly 1 ”Qq 7 \2(;1)?’”\ ((1-2 2 ) Y ("”izf — "’"1"122) ("’”-%"3/2 = "”ffz)

dm?, 24 (4m)* Al R iy
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3-body vector quarkonium decays
Nonresonant transitions

Differential decay rates

A : ‘ ‘ oy o D
dl Voylils _ 1 “Qj E_ ((w 1+ 2 ) (mi — m3,) 2miy® + mi,) (miy® — mi,)

dm?3, 9 (47)° A1 it mym$,

s , o .t ‘ 9 9 \2
dl’y, _er Bl aQ? [2Grmy 2 o2 y2 (mi — mi,) (miy? — mi,)

I T A [ AN\ 4 ( 235 "'SR) 2

dm?, 24 (4m) A Mis

P 2 9 40 2 2 \2
(II“ by ly 1 ”Qq f\zGI)F’”l 2 2 Y (m{ — ’”‘122) ("’”-%"3/2 = "”ffz)

/ oA fi N2 AA (CPr + Chp)

dm?, 24 (47) A iy

= 2
m;,* = (P-k)
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3-body vector quarkonium decays
Nonresonant transitions

Total decay rates

= 1
La(V = l16s) = ”Qq fems

(CiL + Cir) f(°)

18 (471)® A*
’ - 1 aQ? 2 aam’ ‘ ; , ‘
I’s(‘/ — ","5152) — 144 (47)] ¥ H\Z LA ((fL ek C‘éﬁ) yzf(yz)
S (1 Wi 1 aQy RGEm] 2\ ., 202
Lp(V = vlhibs) = 144 (477) A4 (CPL + CPR) v f(y°)

f(y*) =1 —6y° — 12y"log(y) + 3y* + 2¢°
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3-body vector quarkonium decays
Nonresonant transitions

Total decay rates

1 an fems

TA(V — 414 C2. + C?2 y> '
Al lils) = 18 (an) A’ (C%L + CaR) f(¥°) Axial
— 1 a@? f2Gim7, |, . : T
Tl Nl ls) = g SV all il 75 2 2 a1e £22
s(V = vhts) 144 (47) Al (CSL +C5R) v f(y”)
- 1 (IQZ f‘ GFm‘ ) ‘ . )
I'p(V = ~l4) = - C2L) 2 f
p( vy ls) 144(47?) Al ( i PR).U f(y*)

f(y*) =1 —6y° — 12y"log(y) + 3y* + 2¢°
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3-body vector quarkonium decays
Nonresonant transitions

Total decay rates

1 an f\ IN‘

La(V = v, L C2. + C?2 Yy '
Al lily) = 18 (4m)? A2 (CaL + Car) F@°) Axial
Ds(V = vils) = — Qy [{Gimy (02, G2 )P flofs Scalar
S yE1£2 144 (47) Al s TYsr)Y J\Y
- 1 (IQZ f‘ GFm‘ ) ‘ . )
Cp(V — v1ly) = o Co.) 1 Fly®
P( ) 1-) 144(47?) A4 ( i PR).U f(‘/)

f(y*) =1 —6y° — 12y"log(y) + 3y* + 2¢°
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3-body vector quarkonium decays
Nonresonant transitions

Total decay rates

1 an f\ IN‘

La(V = ~£14. C2. + C?2 Yy '
Al lily) = 18 (4m)? A2 (CaL + Car) F@°) Axial
Ds(V = vils) = — Qy [{Gimy (02, G2 )P flofs Scalar
S Y162 144 (47) Al /gL T ~gr) Y J\Y
- 1 (IQZ f‘ GFm‘ ) ‘ . )
Tp(V = vyl = 2+ g 1P Pseudoscalar
p( vy ls) 144(47?) Al ( i PR).U f(y*)

f(y*) =1 —6y° — 12y"log(y) + 3y* + 2¢°
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3-body vector quarkonium decays
Nonresonant transitions

Axial operator differential decay rates

0.8 ; - e
| E
o~ 08L i b —_— i
' ; ) 1 £ !
3 1] 3 15f 3
S o4t H I , ;
Y TV & i1 > 1.0f X 5
S |% ' : } S ng 1 OCE :
ik g2 |1 — I |
i |l 0.5} i
: 1] ¢ !
0.0 : X s AN ISR R A A st l 0 0"E ‘._'*'.:".' ' A i Sy L 1

00 05 10 15 20 25 3.0 35 00 02 04 06 08 10 1.2

E, (GeV) E, (GeV)

(a) (b)

(@ Y(1S)— r 1 v or yet (solid blue), Y (2S) — ¥ u T or yet (short-dashed gold), Y (3S) —

vy 4 T or yet (dotted red), Y (1S) — reu (dot-dashed green), Y (2S) — reu and Y(3S) — reu
(long-dashed purple); (b) J/¥ — v 1 © or Yet (solid blue), ¥ (2S) — v u v or ret (short-dashed
gold), |J¥ — yeu (dotted red), ¥ (2S) — reu (dot-dashed green)
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3-body vector quarkonium decays
Nonresonant transitions

Scalar/Pseudoscalar operator differential decay rates

0.5p .
205
0.4}
T = s
E 0.3 E g 5
= = _1.0{ %
s |u 02 S|y [ |
Y ~I= os \
0.0 i " n " 4 i 1 VAT TR 0.0 & 1 i L i . i \A
00 05 10 15 20 25 30 85 00 02 04 06 08 10 1.2
E, (GeV) E, (GeV)

(a) (b)

(@ Y(1S)— ru v or yet (solid blue), Y (2S) — ¥ u T or yet (short-dashed gold), Y (3S) —
v 4 T or yet (dotted red), Y (1S) — reu (dot-dashed green), Y (2S) — reu and Y(3S) — reu
(long-dashed purple); (b) )/ — v 1 © or vet (solid blue), ¥ (2S) — v u v or ret (short-dashed

gold), |J¥ — yeu (dotted red), ¥ (2S) — reu (dot-dashed green)
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Summary

« LFV transitions provide a powerful engine for NP
searches
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Summary

LFV transitions provide a powerful engine for NP
searches

Any NP model with flavor violation at high scales
can be cast in terms of the L_; at low energies.

Two-body decays allow for operator selection
and reduces single operator dominance reliance.

RLFV decays can provide complimentary
operator access.

Derek E. Hazard




Why is L. ~1/ /A% and not 1/ /\3?

« Naively it should be 1/ A3
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Why is L. ~1/ /A% and not 1/ /\3?

« Naively it should be 1/ A3
« But when you integrate out t quark, you get m,G¢/ A2

4-fermion operators ~ m,Gg/\? Gluonic operators ~ m,G¢/ A2
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