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Invitation: SM matter sector, experimental data
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% Ratios of masses of quarks and leptons

- quarks
Md g Moo,
my, my
Tosopr, Doz, B 12100,
Me My My
- leptons
Mr o7, M nop7
my, Me

% Quark mixing (Cabibbo-Kobayashi-
Maskawa) matrix parameters

dt Vud Vus Vub
Vokm=ViVy' = Vg Ves Vi
th Vis th

Viua ~ 1, Vys ~ 0.2, Vi ~ 0.04, Vp ~ 0.004
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A couple of questions...

Gauge forces in SM do not distinguish between
fermions of different generations:

[ { 2%
\3) 13) (3)
“Lepton universality” <UF§ charm top

- e, W, T have same electrical charge

- quarks have same color charge

i VoW W W
*  Why generations? Why only 3? Are there only 3? ’ ’ "

down, strange bottom

*  Why hierarchies of masses and mixings?

* Can there be transitions between quarks/leptons

of the same charae but different aenerations? &
\ J

The flavor puzzle
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Caution: fermion mass hierarchy might
not have a single reason...

Why IS Mzupiter >> Mmercury?

[ L T S LA SOV E S DR M ¥
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1. 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

Babar BELLE

- lepton-flavor violating processes Channel r But r BuL
-4 — ey, T —ey, efc. (fb=1) (107%) (fb=1) (1079)

- 4 — eee, T — pee, efc. Ti - e? zif 61; :2 4125

+ - . — L 04 . JI2 -
-He —el ket 92 11-33 535 24

- Z°— pe, Te, etc. 7, oEq0 339 13 401 8.0

- H — pe, Te, etc. T+ — pEr0 339 11 401 12

_ KO (B, DO, ..) — pe, Te, etc. Ti - eﬂ;z; 339 16 401 9.2

— uEn 339 15 401 6.5

-K (B, D, ..) > e, m're, etc. = _, etr 339 " 401 16

-p+(A,Z2)—>e +(A 2D oty 339 14 401 13

-0 —12

- lepton number and lepton-flavor violating processes BR (Kéz — pe) < 4.7x10 _
-(A,Z)—> (A, Z+2) +e'e’ BR (B, — pe) < 1.7x 107 [Belle]
_u+(A,Z)— e+ (A, Z-2) BR (B — pe) < 6.1x107° [CDF]

2

* Highly suppressed in the Standard Model, e.g. Br(u — ey) 1074

E: pi 6’LM2

(2

327T
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Searches for Lepton Number Violation
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% Let us be more systematic: consider LFV in quark processes
- only one FCNC: flavor conservation on the quark side
- use EFT to classify operators

A L U T T RN R I T EN O S e e e e S N T
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A multitude of models...

A, =3000 TeV

M =

f— - : _ 2
3000,/ A TeV/c? - M, = 3000 TeV/c
B(Z — pe)<10"

James Miller, 2006
[ T S L SO VS S DS LT U T E NEONCE N I R TR I A s e e e e S T
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High energy vs low energy

* Leptonic FCNC could be generated by New Physics

2
. mz i
% E.g. FCNC Higgs decays H — pe, Te, efc.: Y= Bss+ ey \/_A2 My Har';ukp,aliopp,

% FCNC Higgs model & muon conversion/quarkonium decays

7 e
I
|
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

Aside: can leptons interact with gluons?

Can we correlate low energy and high energy data?
(will not discuss purely leptonic LFV interactions)
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2. Effective Lagrangians for LFV transitions

* Modern approach to flavor physics calculations: effective field theories

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

. . .
A _a N

ALQ T e Az

ANp >< | New Physics generates lepton FCNC
u, d,c,s,b, t
T Scales associated with heavy quarks
iz,
u,d,s,c,b
heavy
mb ces quarks
'E decouple
Q) ¢
£ | Me -
=t
Q
Q' Y
X 1
H ud Scales associated with experiment
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All operators are important

* Contribution of heavy quarks can, in principle, be large even at low energies

% Two-loop sensitivity to NP in muon conversion experiment...

,U/e e

v H = gluonic couplings to hadrons are not
(always) suppressed!
q = NP couplings to heavy quarks are not
well constrained and could be large

[ T S L SO VS S DS
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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 _ _
Lp = _A—22 [(CDRflJ“VPLZQ + CDRflo'W/PR£2> F,u,/ + hC]
- four-fermion operators
1 - = _
Lig=—55 > | (CEX* 0y Pata+ O3 Ty Pils) Ty

q

+ (Cﬂ%ﬂz 6,y" Prly + C4H2 1,4# P L£2) QY549
+ mam,GFr (Cgﬁ;fz 6 PLey + CEH2 Z1PR€2) qq
+ mymgGr (CE TPl + C TiPaby) qsg
+ mymyGr (CE Lo Pyly + CJ 110" Prby) G0 + hee. |.

- gluonic operators
o - maGr Br
¢ A2 4oy
+ (C@RzlpRez + C@L21PL£2) G, G + h.c.}

[ L T S LA S VS ST D L U T AT E PRI T R T TR L T s e e S e e N
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There are many effective operators, so a single
operator dominance hypothesis (SODH) is usually
applied to get constraints on relevant Wilson
coefficients.

Is it necessary?

[ T S i S VS E S D LT U T R R R TSI R T RN fN A s e e e e S N N
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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

£€q = —p
q

[ (C‘(I,E;Zez ?17“PR€2 + C‘qfiez le“PL@) qVuq

- (C%? (17" Prty + C952 ?17“PL62> qVu59
+ mym,Gr (CH BPLls + CH2* ThPabs) g
+ mzquF (C}]f}{@ E1PL€2 + Cqulll& Z1PR€2> 675(]

+ mzquF (C%%ez ZlO-MVPLEQ + C%?ez ZIO-MVPRKQ) qo,wq + 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)
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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!

qu = —— (Cave}lzez € '.)/“PR£2 + Cq 12 6 ’)/”PLEQ) q’)’“a

(CW2 01" Prly + C412 ¢ V“PL&) TVusq
+ mzquF (qul 2 €1PL£2 + Cngl 2 £1PR€2>
+ m2quF (qulfz EIPLEQ + C;];KIII% 21PR€2) 6’)/5q

+G’L2quF (C%%ez le'MVPLeg + C%fltez ZIO-MVPRKQ) 60',“/9‘*‘ h.c. ]

also dipole operators

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

D. Hazard and A.A.P., PRD9%4 (2016), 074023
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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
A2
q
‘|‘((031%£2 017" Prly + C5 1% z1’)’“PL52) q’Yu’qu)
+ mam,Gr ( CLA® b Pply + CLH 1P R€2) qq
*@W"G” (CE* 6PLts + O TaPats) @75Q)
+ mam,G g (C’%%ez lo"Y Prly + C%ﬁlfez ZIJ“VPREQ) qo,q + h.c. ]

Lig= (CH iy Paty + CJL" By Pits) G

also gluonic operators

Pseudoscalar meson decays: My —> i€, e —> [T, n") — Te, ...

D. Hazard and A.A.P., PRD9%4 (2016), 074023
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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=—73 [ (C{’f}f? by* Prty + CY 1 fw“PLéz) qYuq
q

- (Cﬁf}f2 (17" Prty + C952 ?w"Psz) qVu59
{mzqu P (Cg%e? 0 Prly + Cg‘g& 0P R€2) Gq)

+ m2quF (0%511%52 ZlPLEQ + 0%511/52 21PR€2) 6’)/5q

+ mam,G g (C’%%ez lo"Y Prly + C%ﬁlfez ZIJ“VPREQ) qo,q + h.c. ]

also gluonic operators

Scalar meson decays: Xbv0 — UT, Xco — UT, ...

D. Hazard and A.A.P., PRD9%4 (2016), 074023
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3a. LFV vector quarkonia decays

% Most LFV experimental data available V — pe, e, etc.

16, Ut et ey

B(Y(18) = #1¢4,)  6.0x10°° XX

B(Y(2S) = ¢1¢,) 33x10% 32x107°

B(Y(3S) - £1¢,) 31x10%  42x107°
B(J )y = ¢,¢5) 20x107°  83x10° 1.6x1077

Blp — £,65) FPS FPS 4.1 x 1070
B(¢, = ¢1y) 44x10%  33x10% 57x1071
3 £1€2
% Decay amplitude:  A(V — £14;) = u(p1, 51) [Af}ez’h + By s + TXV (P2 — P1)
iD%e
+ m‘; (P2 — P1)u¥s | v(p2, 52) €(p).
2 2\ 2
Y Decay rate. B(V - I’pIKZ) — mV(l =y ) [(lAf1f2|2 + |Bflzf’2|2)
B(V-oete) 4rafyQ, v v

1 214 2414
+5(1-27)(Cy "+ |Dy”P)
_*_yRe(Alészlélfz*_*_iBilszifz*)].

Form-factors depend on vector, tensor, and dipole Wilson coefficients
RIS TR T RIS NS St LS S IV S AR S R WA M L S AL S e L e ]
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LFV vector quarkonia decays

* Most general decay rate for V— pe, te, etc. (V = T(nS),¥(nS), p, ¢, ...):

B(V—”fl?z)_ mv(l—)’z) 2 £1652 £16,2
BV Sete) W [(|AYV 2"+ |By'*[7)

1
+5(1-22)(1C) 7P+ 1Dy )

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

‘*‘yRC(Ailfzcéfz* + iBli’;lszI{’;lfz*)]'
.. and the decay rate is

A€1f2 Jfvm V[\/—qu2(cflf2 fle)-I—KV(Cq fz_i_qulfz)
T

+2y va:—VGFme (qu 172 4 qu’fz)],

Bl — fym v[ VAzaQ,yA(CLlr — CAL) — ky(CT% — CTat)

T
_2y2KV; Gpmym q(qu i C%elfz)]’

T
Y7 = A2 3 y[VanaQ, (Co + Co?) + zxvf—cFmvmqw‘;i“z +CIR7))
T
D{;Ifz = A2 J’[ V4 Qq(cf 172 fl/z) — 2y j:v GFmeq(C‘]]"i]fz - q'ﬂ]'ﬂz)]
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LFV vector quarkonia decays: dipoles

% Constraints on Wilson coefficients of dipole low energy operators

Leptons Initial state
Dipole Wilson coefficient [GeV 2] 16 T(1S5)(b) T(2S)(b) T(3S)(b) J/y(c) o(s) £y = Cry
IChf2 /A2 wro 20x10%  16x10%  14x10* 25x10% FPS  26x 10710
et 1.6 x 1074 1.6 x 1074 53x 1074 FPS 2.7 x 10710
eu 1.1x1073 0.2 3.1x 1077
|C;')’;e""2/A2| Ut 20x107%  1.6x10™ 14x107% 25x10% FPS 26x10°10
et 1.6 x 10~ 1.6 x 1074 53x10™ FPS 2.7 x 10710
eu 1.1 x1073 0.2 3.1 x 1077

% Much tighter constraints are obtained from lepton radiative decays: drop from

quarkonium decay analyses in what follows

Alexey Petrov (WSU & MCTP & Siegen)
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D. Hazard and A.A.P.,
PRDY94 (2016), 074023
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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] £\, T(18)(b) T(28)(b) T(35)(b) J/y(c) o(s)
|CZ1%2 ) A2| pe 5.6x107° 4.1x107° 3.5%x107° 55x107° FPS
et 4.1 x107° 4.1 x 107° 1.1 x 107 FPS
eu 1.0 x 1073 2x1073
|Co%2 /A2 pr 5.6 x 107 4.1x 1076 35x10°° 55x 107 FPS
et 4.1 x 1076 4.1 x 1076 1.1 x 1074 FPS
eu 1.0 x 1073 2x 1073
|CI9%2 /A2 Uz 4.4 x 1072 3.2x 1072 2.8 x 1072 1.2 FPS
et 3.3 x 1072 3.2x 1072 2.4 FPS
ep 4.8 1 x 10*
|C3a%2 / A2| pe 4.4 %1072 32x 1072 2.8 x 1072 1.2 FPS
et 33x 1072 3.2 x 1072 2.4 FPS
eu 4.8 1 x 10*

Alexey Petrov (WSU & MCTP & Siegen)

D. Hazard and A.A.P.,
PRDY4 (2016), 074023
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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

214 e

122 H P =mp. 1, 77(/)
B(ﬂ—)bplfz) 6)(10_6 S_
B(n' — ¢1¢) 4.7 x 1074 = Xb05 Xc05 -+
B(]FO g fll/pz) 3.6 x 10_10

* Decay amplitudes:  A(P — ¢1£,) = u(p;, sl)[E'};‘f2 + iFlf;]fz}’s]U(Pz, 52)

— _ A
A(S = €1¢5) =u(py, s1)[E§"? + iF*ys|v(p,, 57)
* Decay rates: B(P — ¢,¢5) e

1652 16,2
= oot (L= RIER P+ F P,

B(S = £122) = g - (1= PIES ™ + |[Fg P

Form-factors depend on axial, pseudoscalar, and gluonic operator Wilson coefficients (P)

scalar and gluonic operator Wilson coefficients (S)
[ U S VS S D

LT U T AT R NG IR TN A S O R R T N
Alexey Petrov (WSU & MCTP & Siegen)
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LFV pseudoscalar quarkonia decays

* Most general decay rate for P— e, e, etc. (P = mp, 170, n'", ... ):

< Mp £16,)2 £16,2 azard and A.A.P.
B(P - l’ﬂlf2) — (1 _y2)2[|EP1 2| + |FPl 2| ] ]lzizg94(2(:n6)c,l(?74A0§§
87Z'FP
.. and the decay rate is
B =y al-if rl2(CH 7+ O

PN
—mPGF(c""“"ZJqu" )] +9Grap(CL2+CH%)],

Fflfz fP[z(qulf2_CZ§glf2)

4A2 |

_mPGF(qulfz qflfz)]—l—9lea (Cglf2_cglzf2)]'

Gluonic operators?

[ T S L SO VS S DS LT U T E NEONCE N I R TR I A s e e e e S T
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LFV scalar quarkonia decays

% Most general decay rate for S — e, Te, etc. (S = Xb0, Xc0s ---):

B(S - fl?z) == S (1 - y2)2[|E§152‘2 + |F§1f2|2] D. Hazard and A.A.P.,

87I I S PRDY4 (2016), 074023

.. and the decay rate is

mgG
B = y™S5E i mym, (4" + %)
+9a5(CEH"™ + CLR)),
msG
F§™ = y= 5 [2f smsm (Ci" — C4")

— 9iag(CLi — cthi)].

Gluonic operators?

[ T S L SO VS S DS ¥
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LFV pseudoscalar/scalar quarkonia decays

% Constraints on Wilson coefficients of low energy operators PRDOA (3016 074023
Leptons Initial state
Wilson coefficient 1t M Ne n(u/d) n(s) 7' (u/d) 7' (s)
|CZKL’M2/A2| 173 FPS FPS FPS FPS
et cee cee FPS FPS FPS FPS
e 3x1073 2x1073 2.1 x107! 1.9x 107!
|C?\Qf2/A2| HT e v FPS FPS FPS FPS
et e v FPS FPS FPS FPS
eu cee v 3x 1073 2x 1073 2.1 x 10! 1.9 x 10!
CI% 2] pr = * FPS FPS FPS FPS
et cee e FPS FPS FPS FPS
e 2x 103 1x103 3.9 x 10* 3.6 x 10*
|C‘1/ 142 /A2| Ut cee . FPS FPS FPS FPS
et cee v FPS FPS FPS FPS
ep 2x 103 1x103 39 x 10* 3.6 x 104

* More data is needed: use radiative decays: @(V — yt1t,) = B(V - yM)B(M — fl?zD

B(w(2S) = yx.0(1P)) = 9.99 & 0.27%, B(Y(2S) = yxp0(1P)) = 3.8 + 0.4%,
B(w(3770) = yxo(1P)) = 0.73 & 0.09%. B(Y(3S) = yx40(1P)) = 0.27 + 0.04%,
B(J/y - yn.) = 1.7 £ 0.4%, B(Y(3S) = vxp0(2P)) = 5.9 + 0.6%.
B(w(2S) — yn.) = 0.34 + 0.05%.

[ T S L SO VS S DS
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3b. Probing LFV gluonic operators in tau decays

% Let's compute FCNC tau decays (concentrate on those sensitive to gluonic operators)

AAP and D. Zhuridov
PRD89 (2014) 3, 033005

(Y e
T
T N’ T r
T
(S e
T T e T
TI,
— T
Partity-violating Parity-conserving
operators operators
[ S VNS S D U T T R R N IR IR L . e e e T e e S N
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+ CLEO = LHCb

Belle

ATLAS ~ BaBar =

What can we learn about LFV gluons operators from this data?

Alexey Petrov (WSU & MCTP & Siegen)
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Hadronic physics T

% To calculate FV tau decays we need a bit of hadronic physics

- matrix elements of parity-conserving operators
(n"7~|qq|0) = (KK~ |4q|0) = §," Bo

(M* M~ |qy,9)0) = M G2 (Q%) (p+ — p-),,

2
(M* M| 226G [0) = - S,

- ...where Bo=1.96 GeV from m?2 = (m, + mg) Bo
Black, Han, He, Sher

bag

. G/M/aGa, + Z mqqq

q=u,d,s

- ...and we used 95 = —

Voloshin

% Can do better on hadronic side by using data

Celis, Cirigliano, Passemar

Alexey Petrov (WSU & MCTP & Siegen) 14 LEPNP 2017, Mainz, 22-24 May 2017



Hadronic physics IT

% To calculate FV tau decays we need a bit of hadronic physics

- matrix elements of parity-violating operators

(M (p)|gy*vsq|0) = —ibg f10",
(M (p)|q@vsq|0) = —ibghi,,

Qs

auv Fa _
(M(p)]| 226G, 0) = an,

- .. where g=u,d,s and b, 4=1/2'2, while bs=1

- ..and in the FKS scheme of eta-eta’ mixing

m2, — m2
ap = —% sin 2¢ (— fyby sin ¢ + fs cos @) ,
m2, — m?
ay = —T’Tn sin 2¢ (f,b,sin ¢ + fscos @),
[ L T S S S VNEINSE S D I 0P S, L0 S PPV S A MR S AT R T o A R S Bk e ]
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Bounds: parity conserving

% Looking at the scalar operators only

dr(r — tM+*M™)

dg?

mr
= 32(27)°A4 [[Aarael® + |Baane
4m?, 2 \>
AT (1_m_?- ’

.. with the following coefficients

Avm

B

9

q =u,d,s

q =u,d,s

2 +— 3y (cg“+cg“) M B,

Z (qur 4 qu'r) sMB,.

Bound on |cf™|/A%, GeV 3

Coef |B(tr = pn n™)|B(tr—en n™)|B(t —» puKT™K™)|B(t = eKTK~)| B(t = un') | B(r = en) | B(t — un) | B(t — en)
<21x10°% <23x1078 <4.4x1078 <33x107% [<13x1077|<16x1077|<1.3x1077|< 1.6 x 107"
c1 | 68x1078 6.5 x 10~° 9.4 x 10~% 8.2 x 1078 - - — -
co - - - - 23x1077 | 25x 1077 | 1.6 x 1077 | 1.5 x 1077
c3 6.8 x 107° 6.5 x 107° 9.4 x 107° 8.2x107° — - - -
c4 - - - - 23x1077 | 25x1077 | 1.6 x 1077 | 1.5 x 107"

Alexey Petrov (WSU & MCTP & Siegen)
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Bounds: parity violating

% Again, looking at the scalar operators only

I'(r— uM) =

8A4

.. with the following coefficients

sel + 1Bacl?]

2 2
_ My
m2

q 21 /¢ ér b h"JI\/I
—— abr _ ~abt w By = —=—ct"a + (Cq T ‘1 ) 9°M
AM - 02 apnr + Z (02 Cl ) 4m M 9 4 M Z 4mq
g=u,d,s q qg=u,d,s
1 ¢ ¢ 1 y; ;
qbT qbT q qtT géT q
+ oMy Z (Cs —Cs ) bof - §mT Z (Cs -G ) befu
qg=u,d,s q=u,d,s
1 ¢ ¢ 1
qbT gbr g ¢ ¢
- ome Y (c8 — g ) bafy + o Y ( c¥ — ¢, g*)bqf;{,
q=u,d,s g=u,d,s
Bound on |cf™|/A%, GeV 3
Coef |B(tr = pn n™)|B(tr—en n™)|B(t —» puKT™K™)|B(t = eKTK~)| B(t = un') | B(r = en) | B(t — un) | B(t — en)
<21x10°® <23x1078 <44 x1078 <33x107% |<13x1077|<16x1077|<1.3x1077|< 1.6 x 1077
c1 6.8 x 1078 6.5 x 1078 9.4 x 1078 8.2 x 1078 — — — —
Co — — — — 23x1077 | 25x 1077 | 1.6x 1077 | 1.5 x 1077
cs 6.8 x 107° 6.5 x 107° 9.4 x 107® 82 x 107° - - - -
ca - - - ~ 23x1077 | 25x1077 | 1.6x 1077 | 1.5 x 107"
ENSEEGERETAYEAL IR 1
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3c. Probing LFV gluonic operators with muon conversion

* Calculation of muon conversion probability involves interesting interplay
of particle and nuclear physics
Ll +(A,2) = e + (A 2)]

to probe NP
Tl + (A Z) v, + (A, Z—1)

Measure Rue —

% Nuclear averages are often done as an approximation. For a general operator Q

(N|QIN) = / B (Zop(r) |QID) + (A — Z) pu(r)(n]QIm)]
T~ p(n) densities —

_ Po 3 _
Pp(n) (T) 1 + exp[(r _ C)/Z]’ /d Pp(n) (T) =1

% Matrix elements of light quark currents are easily computed
- since (my-me) << mn we can neglect space components of the quark current

(play"u + cqdydlp) = 2 + ¢4
(n|ay’u 4 cqdy’d|n) = 1 4 2¢q4

\ /

count number of quarks
[ L T S LA S VS ST D L U T AT E NN R TG R T T ERSY E r  r
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Probing LFV gluonic operators with muon conversion

* Calculation of muon conversion probability involves interesting interplay
of particle and nuclear physics

% Lepton wave functions are taken as solutions of Dirac equation
- with usual substitutions ui(r) = r g(r) and uz(r) = r f(r)

()= (oo Vom ™) ()

SINDRUM II (PSI), 2006 : R, <T7x107"
M2e goal : R,. < afew x 10717

[ T S L SO VS S DS ¥
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The secret of being a bore... is to tell everything.

(Voltaire)

izquotes.com

Le secret d'ennuyer est celui de tout dire

[ L T S LA SOV E S DR L U TS E NI R T R T TS L A s e e I e e N T
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Probing gluonic operators with muons

% Let's calculate the conversion amplitude

e - (87 .
MKTN’ = fd3 [( #( )PL’l,b(“) + C3¢,‘:,(€[2'PR¢(M)) <N/|ﬁGZuGaM |N>
— o —~
¥ (cmzfvgpmi';’ + et Prvll) ) (N 226G, G | V) |

% Relate nucleon and nuclear matrix elements...

(i, 20 )

=__[ZG(qp (P) + (A — Z)Glom) p(n)]

ﬁL a yauy
4, GG

% ... and calculate (relevant) parity-conserving nucleon matrix element

(;a G
T

(gN) —
G <N -

N> =-189 MeV

[ T S L SO VS S DS ¥
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Numerical estimates

% Conversion probability (factoring out lightest heavy quark mass)

4
Iﬂconv(’dv - eN) = P(lcl |2 + |c3|2)a]2\/'

ay = Gl9.r) §(p) +4- Gl9.n) g(n)

% ... where we defined

1 o — — p—
S — m/{) d7""2ZP(p)(ge 9p — fe fu );

% ...and also
Y (M) — = g
50 = 2 [ drr (A= 200 g g; 1 47)
00 Nucleus | Model | ¢, fm | z, fm | S®) S
Pp(n) (1) = — A Ti FB E — | 0.0368 | 0.0435
1+ exp[(r —c)/2] 197Au | 2pF | 6.38 | 0.535 | 0.0614 | 0.0918

[T S i S VNS S D
Alexey Petrov (WSU & MCTP & Siegen)

TABLE I. Nucleon densities model parameters and the overlap

integrals in the unit of mf/ ? for several nuclei.

6
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Numerical estimates

% Conversion probability

B{X-, = Fconv(/i_N — e_Ng.s.)/Fcaptme(M_N)

% ... results in constraints on scale/Wilson coefficient

Coefficient Bound on |c¢|/A?, GeV~
Conversion on $3Ti  Conversion on 13’ Au

c 57 x 10712 2.6 x 10712

C2 N/A N/A

Cs 5.7 x 10712 2.6 x 10712

C4 N/A N/A

* Important: can only probe parity-conserving operatorsl!!
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Now what?

@lwﬂally{lnt TOPICS w COMMUNITIES w

By Aja Romano Jun 24,2014, 3:35pm CT
: ————————
AT AT TR L L U T R RS P ST T TR £ T S e e e U S T
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4. Matching to high scale physics

% Consider example: leptoquark interactions
- scalar leptoquarks

Ls = (ALs,q1iTlr + ARS,URER) S[]; - (ALSI/z'&ReL + )\Rsl/quiTzeR) SI/2 + H.c.,

- vector leptoquarks

Lv = (Aowo@ryule + Arvodryuer) V' T4 (/\LV1 ,ﬁfq’mfz, + ARy, /Q(IiweR> Vl% +H.c.,

Davidson, Bailey, Campbell
% Matching to the general result above, get

C¥/A?| Expression ||C#/A*| Expression
£qu £ou /\€2b Ai']_b
ct RSy LSy || CF LVyja"RVy 9
A2 2MZ A2 M2
RN 5525
1u ytou -2 1
gé‘_ ARsg LS gg_ ALVy RV,
A 2MZ A M7
fou (fqu £106 (£9b
cy Arsg*Ls cd ALV RV,
2 —onZ 2 —z
A 24\450 A MV()
T2u f1u 715 2%
A52 PR 1 P
ct RS2 LS9 cé LV g RVy
A 2M % A ME
T S1y2 Vise

Alexey Petrov (WSU & MCTP & Siegen)
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Leptoquarks as an example

% Leptoquark interaction parameters for tau-mu transitions

N ATt | AR |
RSy”\LSp| __ R51/2 L31/2 4 —9
So S1/2
b
IATS, AL | _ IATY, ARV, |
LV; LV, RV - _
e o — VB 2 <44 %1078 GeV 2
Vo Vise
% ... and the same for tau-e
|A | I RS’ LS |
RsALsol _ 2 P2 < 292% 1071 GeV 2
M?2 M2
So 51/2
A\7b AT LV RV |
| SV M| _ a - <42x107° GeV?
Vo Vije
AAP and D. Zhuridov
PRD89 (2014) 3, 033005
[ T S e 5 VNS S DS RS S L SN F IV S A A ST AT L o A R Fed e e T e o]
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FCNC Higgs as an example

Celis, Cirigliano, Passemar

% FCNC Higgs gives another example

M
H T
7
. ~ \
\\ Y _ S
q . q S%
q (]
‘ g

~()I

% FCNC Higgs gives another example

Process (BR X 10%) 90% C.L. Y2 + 1Yz, Operator(s)

T— WYy <4.4 [86] <0.016 Dipole

T— WL <2.1[87] <0.24 Dipole

T umt T <2.1 [88] <0.13 Scalar, gluon, dipole

T— Up <1.2 [89] <0.13 Scalar, gluon, dipole

T— un’m’ <1.4 X 10° [90] <6.3 Scalar, gluon

Process (BR X 10%) 90% CL [Ye |+ [Y%I Operator(s)

T— ey <3.3 [86] <0.014 Dipole

T — eee <2.7 [87] <0.12 Dipole

T—em T <2.3 [88] <0.14 Scalar, gluon, dipole

T—ep <1.8 [89] <0.16 Scalar, gluon, dipole . .

T — emm® <6.5 X 102 [90] <4.3 Scalar, gluon Celis, Cirigliano, Passemar
[ L T S LA S VS ST D L U T AT E PRI T R T TR L T s e e S e e N
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[T S LA S VST S DS

5. Conclusions

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 rarely go beyond dim-6 operators

* ... and thus do not constrain NP-heavy fermion couplings very well

Need more data from Belle-IT (or LHCb) on LFV quarkonia and tau decays!
- there is NO DATA for LFV radiative decays, e.g. y)(nS) — ~vue, Yur, ...
More data from ATLAS/CMS/(LHCb?) on pp — Tp + X
- possible effects from gg — ty due to large gluon luminosity of LHC
Bhattacharya, Morgan, AAP
Maybe flavor physics will be the only place to see glimpses of New Physics
...but then again, maybe not.
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EFFECTIVE FIELD
THEORIES

vy« Arvirree 1 B by

[ L T S A SOV S D RS N S S AN IV S A S T VA T o A R L ke e e ]
Alexey Petrov (WSU & MCTP & Siegen) LEPNP 2017, Mainz, 22-24 May 2017



Thank you for your attentionl

JOURNAL OF APPLIED BEHAVIOR ANALYSIS 1974, 7,497 NUMBER 3 (FALL 1974)

THE UNSUCCESSFUL SELF-TREATMENT OF
A CASE OF "WRITER'S BLOCK™

DENNiIs UPPER

VETERANS ADMINISTRATION HOSPITAL, BROCKTON, MASSACHUSETTS

REFERENCES

1Portions of this paper were not presented at the
81st Annual American Psychological Association
Convention, Montreal, Canada, August 30, 1973. Re-
prints may be obtained from Dennis Upper, Behavior
Therapy Unit, Veterans Administration Hospital, Received 25 October 1973.
Brockton, Massachusetts 02401. (Published withous revision.)

S

Hopefully, I did better than him...
' LEPNP 2017, Mainz, 22-24 May 2017
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Effective Lagrangians: gluonic operators

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

- maGr i,

Lo =

A% Ao, KCGRZlPRZQ ™ CGLleLﬁz)GZVG“W

+ (C@Rzlpfgfg + C@Lzlpog)Gzyéauy + hCi|

% we can calculate their contribution to meson or tau decay rates!
% also relevant for muon conversion experiments
% ci probe couplings of heavy quarks to New Physics AAP and D. Zhuridov

PRD8Y (2014) 3, 033005

i LT U T E NEONCE N I R TR I A s e e e e S T
Alexey Petrov (WSU & MCTP & Siegen) -2 LEPNP 2017, Mainz, 22-24 May 2017




Effective Lagrangians: gluonic operators

4
* .. get an effective Lagrangian  £{7) = % Y 05 + He,,
i=1

AAP and D. Zhuridov

— PRD89 (2014) 3, 033005
01 = Lty ! GG, (1)
dag H
05122 = ZlR€2L 'BL quéauu,

%!
...where we defined operators ﬁ;

05 = Iyt Ge, G
3 1LY2R 4as uv b
6ty 7 BL ~

04:1 2= elL‘e2R 4o, GZuGaluja

2 I
C§1£2 — _§ Z l(mq) (Ci]elez +C2q€1£2),

g=c,b,t q
2i Ir(m
cg1£2 _ = 2( q) (0113122 _02(131@2),
. .. myq
...and Wilson coefficients g=c;b;t
2 ILi(m
cgleg — _§ Z 1( Q) (Cgelfz +0221£2),
g=c,b,t q
1 1 .
I, =, I, =~ 182 __ 2i IQ(mQ) gl 45 ql143
c = = —=(C -C
3 2 4 Z Mg (Cs i)
g=c,b,t
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3c. Probing LFV gluonic operators with muon conversion

% Basic idea for the muon conversion experiment

* take low energy muons (~ 30 MeV) to be stopped ina
target A(Z,A-Z): muons cascade to atomic 1s state

% Binding energy and orbit radius for muonic hydrogen-like w
state

5 72me? 7%m
p— aY)
b 8n? n? \ muonic atom is 200x stronger bound
5 5 radius is 200x smaller
n n
r = =~y —

- Zrme2  Zm

. . . 2
* Radial wave function for hydrogen-like system: ~ f2n; ~ rtz3/ large overlap for an
overlap probability:  p ~ r2¢ 73 «—— s-wave and high-Z
nucleus

Dl + (A, 2Z) — e + (A, Z)]

to probe NP
Tl +(AZ) —vu+ (A Z—1)]

Measure R, =

[ T S L SO VS S DS ¥
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Experimental ideas

* Examples of nuclei suitable for muon conversion experiments

Nucleus R.(£)/ | Bound Atomic Bind. | Conversion Prob decay
R (Al lifetime | Energy(1s) Electron Energy | >700 ns
Al(13,27) 1.0 .88 us 0.47 MeV 104.97 MeV 0.45
Ti(22,~48) 1.7 328 us | 1.36 MeV 104.18 MeV 0.16
Au(79,~197) | ~0.8-1.5 | .0726 us | 10.08 MeV 95.56 MeV negligible
J. Miller, 2006

* The experiment is tricky

\

\

=

Log Scale

VPLQ,A‘!J\,’A

N
AN

¥ Muon conversion gives monoenergetic electrons... 5 [ Free muon decay

v ...yet, there are other sources of electrons

DIO tail
as welll

- . \ 020405050

W —e +v,+v, -decay (40%) 3
u +Al— X +v, - capture (60%) : R

u +Al—e” + Al - conversion

(Arbitrary Units)

A PR S R
0 20 40 100

SINDRUM 11 (PSI), 2006 : Rue < 7% 10—13 Electron Energy (MeV)
M2 1 R < a fi 10—17 CZGFHZCki, Mqr‘cianol Tormo
e goal : e < a few x

RIS TOEEE TT
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