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B physics (cont.)
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3. Time-dependent CP-asymmetries

* Time-dependent CP-asymmetries probe CP-violation in AB=2 amplitudes

e SM: CP-violation in AB=2 and AB=1 transitions have the same origin, this fact
does not have to be true in general NP model

e it most conveniently can be probed in transitions that involve mixing
- use time-dependent CP asymmetries due to the interference between B-mixing

and B decay amplitudes
- interference between the two neutral B meson evolution eigenstates generates

the time-dependent CP asymmetry

t) —
t) —

Bt = f)-T
T(B(t) — f) +T

EE
=l

a'CP(fa t) —

* Need to develop a formalism for time-dependent decays
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Time dependent decay amplitudes

% In the SM, neutral B-mesons can mix via weak interaction diagrams

t :
o e only at one loop in the Standard Model, so can
be sensitive to possible quantum effects due
to new physics particles
e AB =2 interactions couple dynamics of B” and B’
uct

e We need to study simultaneous time evolution,

I e e S [a(t)

] = a(®)|B) + b()[B (1))

e This is very similar to the case of coupled
pendula in classical mechanics
Coupled oscillators
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Time dependent decay amplitudes

e Time dependence: coupled Schrodinger equations
- note that CPT-invariance requires that M, = M,, and I'|; =15,

lBo) = b =i ey =| 2 Y | B

q

Q: this Hamiltonian is clearly non-hermitian! What is goin on?

e Non-diagonal Hamiltonian: need to diagonalize the mass matrix

—0
Br)=p BY%) + q|B
|Br) |B7) |_ ) ("switch from flavor to mass eigenstates”)
|By) = plB%) - a|B')

e In the mass basis the mass matrix is diagonal, i.e.

. T Mp—ily)2 0
Ql[M_ZEIQ_( “o MH—zTH/2>

e ... with mass and lifetime differences: AM = My - M; & AT = I'y —-Tgy

M M
Note that m = %=M11=M22 & T — FL;FH
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Time dependent decay amplitudes

e The transformation matrices that diagonalize the Hamiltonian are

_ (P P 1 _ 1 (fq p
Q (q—q) and (@ _qu(q —p)

e To find the time development of the flavor eigenstates one needs to
transform the evolution equation back to the flavor basis

o =000 e ) )

e ... which gives for the time evolution matrix in the flavor basis

o[ T 0 o 9:(t) g (1
, = Nierst
0 eiMutTay/2 S0 9k o

: [ ATt AMt AT't AMt]
gi(t) = e e Tt/2 | cosh 1 S5 1 sinh sin 5 ,
with - :
, ATt AMt ATt AMt
g_(t) = e ™Mt T2 | _ginh cos + ¢ cosh sin :
4 2 4
LT i S VNS S D RN N0, S 0 L0 S F VS A ST AT S S o A R S e e T e ]
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Time dependent decay amplitudes

e This procedure provides a picture of how B-states evolve due to flavor
. q o
osclllations, 5°(1)) = g4(1)|B%) + T (1)/B")

B’ () = gg_ ()|B°) + g4 (£)|B")

g.(t) = e ™te T2 cosh Al't Cos AME isinh ALt sin AM? ,
h 4 2 4 2
wit .
g_(t) = e mte T2 [— sinh Ai‘ t Cos A];/It + i cosh Ait sin A];/It ] :

e The only thing left is to relate q/p, AM and AT to original parameters of H

AT I |
secular equation: (AM + i7)2 =4 (Mlz —Z$) (Mfz — 212)
1
(AM)* =~ (AT)* = 4|Mp|* - [Fpof* AMAT = —4Re(Mpl%,)

AM+iAl/2  2Mf, —ilY,
2Myy —iT12  AM+iAT/2

e Finally, the ratio ;I—) =
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Phases and amplitudes

e The B-meson states can have an arbitrary phase, so only relative phase is
physical, which implies that there are three quantities that define B-mixing

M
|M12|, |F12|, and ¢ = arg (—ﬁ)

e ... which gives for the mixing parameters

AM ~ 2|My3| ad A =~ 2|['i2|cos¢

e .. and, up to a good approximation, to the phase of the box diagram,

k *
_ My, _ tb Vtq
My~ ViV

2

and ‘

4q q
p D

We can calculate B-mixing parameters in the SM: any sign of New Physics?
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FCNC in the SM: GIM-mechanism

Glashow-Iliopoulos-Maiani (GIM) mechanism

» There are no AQ=2 interactions in the Standard Model...

> .. but we can make them via a "two-step process” (loop diagram):
+ : +
/S LT e Y
ui Ui wW g W
dd 1(__d-S‘ dd > - i dS
Viw v V u V

> Let's calculate them! For each internal quark type we get

d*k (some gamma matrices) (k?)
1 ty it

~ g (Vvivivl) [

(ViaViVaeV3s) | oy G may - my 2 — iy P

Divergent: not good...
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GIM-mechanism

» However, CKM matrix is unitary:

> contribution of different internal flavors comes with different signs!
+ V : |

> Thus, in the limit where k> m;, m;, My

2 d*k (some gamma matrices)(k?)
L [ G R

. 4 52 [ d*k (some gamma matrices)(k?)
v 5" (43" | (e

.. and similarly for other quarks  Cancellation of divergences!

top:

A Z m (VisVip) D Glashow-TIliopulous-Maiani

T S i S VNS S D
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Time-dependent CP-asymmetries

% Time-dependent CP-asymmetries probe CP-violation in AB=2 amplitudes

e Now we know how to deal with time-dependent rates

T(M(t) — f) = Ny |{fISIM (1))
T(M(t) — f) = Ny |(fIS|M @)

: : . A
e ... which can be calculated using the developed formalism, Ay = ]%A—f
f
14 |Af|? 1— |2
T(M(t) — f) = Nj|Ag2e ™ {%f' cosh A;"t + |2 /! cos(AM t)
—Re Ay Sil‘lh% —Im Af sin (AM t) } ,
o 1 2 1_ 2
T(M(t)— f) = Np|Af? ! e Tt {ﬂ cosh = Al cos(AM t)
l1—a 2 2 2
—Re Af sinh % + Im A sin(AMt)} .
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Time-dependent CP-asymmetries

% Various time-dependent CP-asymmetries can now be formed
e The flavor-specific CP-asymmetry (aka semileptonic CP asymmetry)

P(M(t) - f)—T(M(t) = f) _ 1-(1—a)’

(T - f) T — )~ 1+ (a2 ~ ¢+

Ofg

e CP-asymmetry for decays to CP-eigenstates (such as fp = J/yKj, etc.)

L(M(t) — fep) —T(M(t) — fep)
T(M(t) — fep) + T(M(t) — fcp)

afop (t) -

_ _A%ifg cos(AM t) + AZX sin(AM t)
cosh(ATI't/2) + Aarsinh(AI't/2)

+ O(a)

dir 1-— |)‘f|2 Amix _ 2Im ’\f

2Re /\f
where Acp =

_1+ |/\f|2

and Aar =

) CcP T
1+ A2 1+ A
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Charm physics
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1. Introduction

e How can CP-violation be observed in charm system?

— can be observed by comparing CP-conjugated decay rates in
various ways, both with and w/out time dependence

TN DS AT Do )

— can manifest itself in charm AC=1 transitions (direct CP-violation)
I'(D — f) # T(CP[D] — CP[f]) acry

— orin AC=2 transitions (indirect CP-violation): mixing |D,,) = p|D°)=q

D)

2 _ 2 _ — mix
B2, = |g/p —\Am_%@gﬂuj A, 21 on
— orin the interference b/w decays (AC=1) and mixing (AC=2)
A, o4,
A, = k i A Rme’(¢+6)—f CPVint
p 4 4;

T S i S VNS S D
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Introduction: charm-specific lingo

% Can be classified by SM CKM suppression of tree amplitude (Vys ~ A)

*
VVCS ud w

% Cabibbo-favored (CF: 19) decay

- originates from ¢ — s ud
- examples: DO —K-mr*

S

Ves(a)Vas(ay

-

% Singly Cabibbo-suppressed (SCS: A1) decay

- originates from ¢ — q uq
- examples: DO —mm and DO — KK q

*
VeaViys w

I

% Doubly Cabibbo-suppressed (DCS: A2) decay
< D

- originates from ¢ — d us
- examples: DO —K*r- q q

% We shall concentrate on SCS decays. Why is that?

FNAL HCP Summer School 2024
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Generic expectations for sizes of CPV effects

% Generic expectation is that CP-violating observables in the SM are small
Ac = 1 amplitudes allow to reach third -generation quarks!

c u U
w d,s
d.s.b C
q d,s
D
q q 1
“Penguin” amplitude/contraction “Tree” amplitude

% The Unitarity Triangle relation for charm: With b-quark contribution neglected:

N y y only 2 generations contribute
Vud Vcd +V V + Vuchb =0 — real 2x2 Cabibbo matrix

us cs

~A ~A =N

Any CP-violating signal in the SM will be small, at most O(V V" /V V") ~ 10-3
Thus, O(1%) CP-violating signal can provide a "smoking gun” signature of New Physics @

L T S i S VNSE S T D .
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2. Time-independent (direct) CP-violation

% Direct CP-violating asymmetries probe CP-violation in AC=1 amplitudes

e CP-asymmetries compare partial rates of CP-conjugated decays

I = f)-TD =) .
acp(f) = rD = f)+ F(E - 7) (both charged and neutral D's)

e a non-vanishing decay asymmetry requires that a decay amplitude
- contain several components each of which has its own strong and weak phases
- strong phases: do not change under CP transformation of the decay amplitude
- weak phases: flip sign under CP transformation of the decay amplitude

AD — f) = Ap = |Ap1]e”r e’ + |App|e® e

e Now we can form the CP-asymmetry
Ar2

acp(f) = 2rysin(6; — 02)sin(d1 — d2)  with ry= ¥
f1

/ /

weak strong

T S S VNS E S T D
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Direct CP-violation in charm: realities of life

% IDEA: consider the DIFFERENCE of decay rate asymmetries: D ->mnt vs D - KK!
For each final state the asymmetry DO: no neutrals in

. the final statel
r(p—s)-r(0—-7) a,=ay+a} +d,

re=nere=n) T

direct mixing interference

ay

* A reasoh: am=aMq and aixk=airr (for CP-eigenstate final states), so, ideally,
mixing asymmetries cancel (r¢=Ps/A¢)!

d . .
ay =2r,sing,sino,

T

% ... and the resulting DCPV asymmetry is @acp =a% . —a® =~ 2a% . )(double!)

- GF 4 _7’,7 ( _— u\
AKK = _\/E)\ [(T + FE + Psd) + CL)\ e Pbd] T. ;:Tf\\\‘z
G . -
Apr = =X [(—(T + E) + Pyg) + aX*e™ Py] u
\/§ P -~ P
—<,
. . .. L
% ...soitis doubled in the limit of SU(3)r symmetry g ~5 /J

SU(3) is badly broken in D-decays
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Experimental observations

e Experimental results

e Result 1: an observation of CP-violation in the difference...
Ak, = acp(K~KT) —acp(n nT) = (—15.4 £2.9) x 10~* LHCb 2019
e Result 2: the individual CPV asymmetry in D — K*K~ channel
acp(K~ K%)= (7.7+5.7) x 10* 2209.031792

e Result 3: LHCb combined the above results to obtain the CPV
asymmetry in DY — 777~ channel

acp(n~mt) =(23.24+6.1) x 1074 3000317507
e Wishlist: obtain the CPV asymmetries in D’ — K*K~ and
dir

D° = 7tz channels independently to check consistency of Aap,

e Need confirmation from other experiments (Belle Il)

e What do those results mean? New Physics? Standard Model?
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Implications of experimental observations

e Check SU(3) symmetry: only need U-spin (interchange s < d)
e Branching ratios: (D" - KTK™) =T'(D® - 7t 7n7)

r(D° — K+K~)
(DY — ntn—)

= 2.81 £ 0.06

o CPVasymmetries: aop(DY — 7t7n7) = — a (D’ — KYK™)

acp(D® — ™)
CLCP(DO — K""K_)

— 3.0170:9°
e |n both cases: appearance of badly-broken symmetry. Also: wrong sign!

acp(D° — ntr™) T(D° - KTK™)

e U-spin sum rule: - = - _
acp(DY —- K+*K—) I'(DY — ntn—)

= —1

... but it appears that experimentally = + 0.931”8:2%

S. Schacht, JHEP 03 (2023) 205
GNP ATIEAL TOEEE L
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Theoretical troubles

AAcp within the Standard Model and beyond

Mikael Chala, Alexander Lenz, Aleksey V. Rusov and Jakub Scholtz

Institute for Particle Physics Phenomenology, Durham University,
DHI1 3LE Durham, United Kingdom

Implications on the first observation of charm CPV at LHCb

Hsiang-nan Li'*, Cai-Dian Lii*', Fu-Sheng Yu?
Ynstitute of Physics, Academia Sinica,

Taipei, Taiwan 11529, Republic of China

The Emergence of the AU = 0 Rule in Charm Physics

Yuval Grossman* and Stefan Schachtf

Department of Physics, LEPP, Cornell University, Ithaca, NY 1/853, USA

Revisiting CP violation in D — PP and VP decays

Hai-Yang Cheng
Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, ROC

Cheng-Wei Chiang
Department of Physics, National Tawwan University, Taipei, Taiwan 10617, ROC
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Calculating CP-asymmetries?

Effective Hamiltonian for singly Cabibbo-suppressed (SCS) decays

e drop all “penguin” operators (Q; for i > 3) as Ciare small, Ay = VooV,

Het = % [Z A (CLQ1+ C08) — Ay

q=d,s 1=

Qf = (ul'pq) (qT*c), Q; = (qTuq) (ul*c)

e recall that Z Ag=0 or \g=—(\+X)and 0= % Y CiQf, with ¢=d,s.
q=d,s,b i=1,2

l

|

|

|

|

s |

O o '
' !
< ©

€ a «qf =

Amplitudes?
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How to compute decay amplitudes?

e Acp: need to compute/fit/derive hadronic decay amplitudes
— matrix elements of 4-fermion operators (factorization?)
Apn = (nta™ [ H|D°)
_Gr
V2
~ %Vud ca{m ] (ad) , 0)(z~|(de) | D)
GF

~~ —— V4 CZ waD—mm%} No imaginary part?

V2

— need a better approach (but can retain some elements)! Recall Ry -/cr

VuaVea(mn™ | (ad) , (de) | D°)

Falk, Nir, AAP

gu 0 JHEP 12 (1999) 019
Ap = _ Ky|H.¢|D
my — mi, + ik, mp (Ka|Heys| D7)
Br = — IH (KH|Heff|DO> : Resonances? FSI? Both?

2 .
mp — mi, + il k,mp
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Resonance enhancement of decay amplitudes

e Acp: need to compute/fit/derive hadronic decay amplitudes

— parameterize D — KK and D — 7w decay amplitudes

— use isospin decomposition, as possible nearby resonances are

classified according to isospin, etc. Schacht, Soni
PLB 825 (2022) 136855

A(D0—>7T T ):_)\sdA%,2+_ ()\SdA%,O— b )

V6 V3 2720
g e dlg L T \ M Ty P )T g \ M0 T o P50

... and similarly for other D-decays, where 4,; = (4, — 4;)/2 and Aif] ; (BJZ] I) are CP-even (CP-odd)

e Resonance enhancement of decay amplitudes (model)

— choose model and resonances that provide enhancement (1=0): f; states

d
Aé{o - gfoﬁffM?o R(mfovrfo’mD> )

b
Bé{o - gfoéffooR(mfmeo’mD? )
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Resonance enhancement of decay amplitudes

e Resonance enhancement of decay amplitudes (model)

— choose model and resonances that provide enhancement (1=0): f, states

d
AJ;’CQ — gfoﬁffM;o R(mfmrfo y D, )

— S
possible interference

ff _ b
B%,o = gfo%ffooR(mmefoamD) ) among different f, states

-

— ..where g]coqffdescribesﬁ) coupling to KK or zzr and

Ml = (folO T 71D M, = (fol0) T D0)

— there are nearby f;, resonances PLB 824 (022) 136855
Employed experimental data for scalar unflavored resonances close to the D° mass.
Resonance 1(JP% mass m [MeV] ' [MeV] Ref.
fo(1710) 0t (0++) 1704 + 12 123+ 18 [5]
fo(1790) ot(0tt) 1790739 270150 [53,54]

Note: other f; states? E.g., f(2020): m; 5050, = 1982¥3%" MeV, Ty (3509, = 436 £ 50 MeV
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Resonance enhancement of decay amplitudes

e Resonance enhancement of decay amplitudes (model)

Aall oD n'm) af(D°>K' K ) al(D' - ") ali(D' - K'Ks) aln(D® - KsKs)
T T T I

l

0.00 _ III

- 22 l §33

. === H{

-0.01 -
)

- — Experimental input data 4
-0.02 - o

. — Isospin fit

- — Resonance model

t 11 Schacht, Soni
-0.03 . L L L PLB 825 (2022) 136855

Aadlt a@D ot r7) a(D 5 KT KT) afS(D® 5 a%7% 4l (DT - KKy ali(D - K K)

e Note: compatibility of the result depends on how many
resonances are included in the fit
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Theoretical troubles

% These asymmetries are notoriously difficult to compute

% In the Standard Model
- need to estimate size of penguin/penguin contractions vs. tree

- unknown penguin contributions

u u - SU(3) analysis: some ME are enhanced?
C — C (_7 Golden & Grinstein PLB 222 (1989) 501; Pirtshalava & Uttayarat 1112.5451
d .
- m - could expect large 1/m. corrections (E/PE/PA/...)
K d d Isidori et al PLB 711 (2012) 46; Brod et al 1111.5000
u

7]

/N

K - flavor-flow diagrams

u Broad et al 1203.6659; Bhattacharya et al PRD 85 (2012) 054014;
Cheng & Chiang 1205.0580; 1909.03063; Gronau, Rosner

- fit both SM and (possible) NP parts of the amplitudes: can one claim SM-only?

% General comments on SU(3)/flavor flow — type analyses
- many parameters: can one claim O(10-4) precision if rates are known to O(10-2)?

% Need direct calculations of amplitudes/CPV-asymmetries
- QCD sum rule calculations of Aacp .
- SU(3) breaking analyses of D — PV, VV
- constant (but slow) lattice QCD progress in D — 77w, 77 . cen sharpe

T S i S VNS S D VRIS 0 P S L0 SN E IV S AL ST VR R o A R S Fed e e ]
Alexey A Petrov (USC) 29 FNAL HCP Summer School 2024



4. CP-violation in charmed baryons

* Other observables can be constructed for baryons,

A(Ac — Nm )=;N (Pas)[AS +APY5]uAC (pAasA)

2Re(4;4, )
These amplitudes can be related to "asymmetry parameter” @, =-—73 >
45| +] 4,
aw 1
.. which can be extracted from =—(1l+ Po, cosﬁ)
dcos® 2 ‘

Same is frue for'T\c—decay

cp
If CPis conserved ¢, => —a.» , thus CP-violating observable is

Qp, + QA
Ay = — FOCUS[2006]: A, =-0.07+0.19+0.24
Q0 . Az
Ac A,
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Things to take home: charm

> Computation of charm amplitudes is a difficult task

- no dominant heavy dof, as in beauty decays

- light dofs give no contribution in the flavor SU(3) limit

- D-mixing is a second order effect in SU(3) breaking (x,y ~ 1% in the SM)
> For indirect CP-violation studies

- constraints on Wilson coefficients of generic operators are possible, point to the
scales much higher than those directly probed by LHC

- consider new parameterizations that go beyond the "superweak” limit

» For direct CP-violation studies

- unfortunately, large DCPV signal is no more; need more results in individual
channels, especially including baryons

- hit the "brown muck": future observation of DCPV does not give easy
intferpretation in terms of fundamental parameters

- need better calculations: lattice?

> Lattice calculations can, in the future, provide a result for acp!
> Need to give more thought on how large SM CPV can be...
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Fundamental physics: building the Universe

% Standard Model satisfies Sakharov's conditions for baryogenesis

v' Baryon (and lepton) number - violating processes
to generate asymmetry

AB =3, AL = 3,
B — L conserved

v Universe that evolves out of thermal equilibrium
to keep asymmetry from being washed out
v “Microscopic CP-violation”
to keep asymmetry from being compensated in the “anti-world”

- but there are still issues preventing it to succeed (not enough CP-
violation via CKM mechanism, order of the phase transition, ...)

% What about New Physics?
- no new strongly-interacting particles so far at the LHC (SUSY?)
- neutrinos oscillations: s have mass and so CLFV transitions are guaranteed
- use sphaleron mechanism: baryogenesis via leptogenesis  rukugita, Yanagida
- new sources of CP-violation in the lepton sector

Should we look for New Physics in the charged lepton sector? Muons?
| U S VS S DR BRI N A S LS SN EIV S AR S R AT A L L A A L S e e L ]
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Fundamental physics with muons: flavor violation

% Example of the common origin of the neutrino masses and CLFV transitions
- consider a model with a triplet Higgs, e.g., a left-right model

- - i ,
— Lutawa = iy, (Gij¢ 5 H,-qu) Yirn+ 5 Fi (%/)EC' 7oALYy, + YirCT 2AR¢§-R) +h.c.

. 1/{ A+/\/§ AT
with Y = ( fL’R) and Az( A0 —A+/«/§)

€iL,R

Pati, Salam; Mohapatra, Pati;

- this Lagrangian leads to the Majorana masses for the neutrinos Senjanovic, et al, Schechter and Valle;
K. Kiers et al

L e . ki
= Lo m (y}fFvLe"eL vy + I/EF’URV}J + h.c.

- ...and both ALM = ] (FCNC decays) and AL” = 2 (muonium oscillations) transitions

pt : "
8eeSpup a A
Ha=— 5 (Brveer) (v er) + Hee. :
SMA 6.'_ : f’+
Chang, Keung (89); Schwartz (89);
Conlin, AAP (21); Han, Tang, Zhang (21)
ST NITEAL Y TR LT LT A M TR T IR £ S e T O O T S W P
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Fundamental physics with muons: flavor violation

% Leptonic FCNC could be generated by New Physics

m; 5 v? Harnik, Kopp,

% Ex.1 FCNC Higgs decays H > pe, e, etc.:  Yj; = NGTX Xij Zupan

1,J+

% FCNC Higgs model & muon conversion/quarkonium decays

H & e 7 e
—— | -— |
|
eg. \H o~ O(m,, or my)
|
q_, 1+ , 9
Barr-Zee tybe tree level
YP (note suppression of light quark couplings)
Process Coupling Bound
h — ue VIYE]Z + [YE]2 < 5.4x107*
w— ey VIYE]2+ Y2 < 2410
pu— eee VIYE]2 + V|2 <31x107°
: i S i Calibbi,
wTi— eTi VIYE]Z + YA <1.2x10 Signorelli
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Fundamental physics with muons: flavor violation

% Leptonic FCNC could be generated by New Physics

. . m; v? Harnik, Kopp,
% Ex.1 FCNC Higgs decays H > pe, e, etc.:  Yj; = 5m + 7= oI Xij Zupan

% FCNC Higgs model & muon conversion/quarkonium decays

H & e 7 e

|
eg. i H  ~O(m, or my)
|

.4

tree level

Barr-Zee type (note suppression of light quark couplings)

% Ex.2 Exceptional couplings of (flavor-diagonal) NP to third Glashow,
generationHxp = Gby*b} 7, 7,7 -> flavor “anomalies” Guadagnoli, Lane

% Ex.3 Leptoquarks -> flavor “anomalies”

% Leptons and New Physics: choose muons (long lifetime and large mass)
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Fundamental physics with muons: flavor violation

% Muons can help solving the most fundamental problems in particle physics!

* Possible experimental searches of LFCNC LORENZO CALIBBI and GIOVANNI SIGNORELLI

- lepton-flavor violating processes I’_Elml ..... .. ............ .......... e ................
-4 — ey, T —ey, etfc. :g:: fffff:gffff:::;f?fff:::f3:f::::f::: ﬁ N _)Ye N e
-4 — eee, T — Hee, etc. 10:: ............ ...... . ....... . .......... e ................
- pre” — e’y (muonium oscillations) it fiﬁffﬁfffiffﬁi‘,fffﬁEfﬁfffﬁffﬁfffi z B
- Z0— pe, Te, etc. 107 fg e @G ---------------- — . .
- H — pe, Te, efc. }323 ::::::::f:::::::::E:::::::::E::ﬁ::::::E::::::f:::::::::f::::3:::::
_ KO (BO, DO, ..) — pe, Te, etc. G — e g R S —
-u+ (A Z) e+ (A 2Z) s ﬁ:ﬁﬁﬁfﬁﬁ:fﬁ:fﬁﬁ:ﬁfﬁffﬁﬁ?ﬁZifﬁIfﬁIIEfifﬁf:ﬁfﬁlE:f.iﬂff:f:fé;::%:Iff

- lepfon number and lepfon_ﬂavop Violaﬂng 10718 B ................ ................. ................ ................ ..... ......... i ................

processes oE - - e e
- (A, Z) — (A, Z£2) + ever GEee el e
1+ (A, Z) > e+ (A, Z-2) "0 Jod0 Fosh 060 1970 fos fos0 2000 2010 2620 2000
; 3 5 Year
% Decays are highly suppressed in the Standard Model: Br(p — ey) = 32% Z U;@'Uei]\w;—g/ <107°*

% But: no trivial FCNC vertices in the Standard Model: sensitive tests of New Physics!

(Number of possible models) > (number of model builders). How do we proceed?
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Flavor violation and effective Lagrangians

% Modern approach to flavor physics calculations: effective field theories

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

17‘\',\/,/71 T
ALQ 73 e (VA4
LN R
ANP New Physics generates lepton FCNC
u, d,c,s,b, t

e e Scales associated with heavy SM

U particles (quarks, leptons)

t

o=
u,d,s,c,b

8 Y

heavy
quarks
decouple

t,b,c

Scales associated with experiment

4 g,
M K ¢
u, d
4 8,
L T S i S VNS S S T D D
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Effective Lagrangians and New Physics

% Effective Lagrangians parameterize New Physics without specifying a model
- write out all terms consistent with symmetries and according to power counting
- match to possible UV completions/compute experimental observables

4G - — _
‘Cfl—>£21/2171 = - \/; [QRR (£2RV£2L) (VfnglR) + g}%L (EQRV%L) (Vﬂl R£1L>

+ 97r (L2rve, ) ey L l1R) + 9iL (£2LV623) (Ve gla)
+ 9hr (C2rY Ve g) (Vey gYalir) + 9L (C2r Ve ) (T L val1r)

+ gLR (G217 1) Vi gYalir) + 9% (C2rY Ves ) (i L valh 1)

—_— T —
+TL (laroapve, ) (Ve po®Plir) + gLTR (b2poapve, p) (Vo o™ lig) + hec. ],

- which for 4 — evv (muon decay) leads to
G2 5 2 2 2 4
r, — 1y, (M 77 mg\  32mg p—§ 1 Me
19273 m? my, m?2 3 m2 4 mp
3 m? a(
14+ -—£& 1
<(1+57%) l (G

- where p and 5 are the Michel parameters

3
le—G[’g%Ryz-l-‘ngL’z—l-‘g}%L QQRL| +|gLR 2gLR’ + - (‘QRR} +’gLL} )]

1
n = §Re [9%}%952 + 91190k + 9L (QER + 69LR) +9Lr (gRL + 6917%2)} ,

T S S VNS E S T D LT U TS E NS R T R T RSN IS A s e e e e e S N N
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Flavor violation and effective Lagrangians

% Systematic approach: Standard Model Effective Field Theory (SMEFT)

TABLE 2.3 Operators with H", sets X®, H%, H'D?, and wQH"

- effective Lagrangian X I H* and 1'D° P he
Qc [ABCGArGBrGOr Qu (H'H Qo (#'H) (Tpertt
) . s ©) Qx  sAPOGMGEGEn Quo (H'H 0 H H) Qur  (H'H) (Qu i
L=Lsn + —Q( ) + Z Z—ZQZ + ... Qw IR Wl e K Qup (n'prH)" (H'DuH) Qun (H'H) (QpdrH)
A p A Qa: EIJKW::/W'LIPM/:(p
. . TABLE 2.4 Operators with H™, sets X2H?, 2 X H, and 2 H?D.
with the Weinberg operator Q(S) X PXHt be ] ST
Quc HYHGA, GAn Qow (Tpove) T HW], QL) (mm H) (_,,fwr )
‘ T Q,= HIHGA, Gy Qen (r,,ol )HB“, QM (H'An H) (1 P’ )
QY = €jpem H H™ (LI;) CL? Quw  HUHWLW!™ || Qo (Qu"T'w)HG], | Qm. (H'iD.H) Eprer)
Qi HYEW! win Quw (Qpa'wur)r’;{w‘{,, Q4 (H'x‘B H) (Q 5! Q,)
Qs HHB,, B Qun ((_apa*‘"u,) ?B,.u Q5 H ‘145::_} )go Ly Q)
6 Q ~ HVHB,,.B"" Qac Q" T4d,. ) HGA, Qiru HY D H) (apy*us)
and lots (59+5) of Ql.( )operators Gnws  HPEWLE | Quw  (Qed)rHWL | Qma H\;a 1) (4,74,
QH;;B HrTIHﬁ}:fuBW Qusn (apa“"d,.) HB,., QHud H1D H) (uyy*d,)
» TABLE 2.5 Four-fermion operators, classes (LL)(LL), (RR)(RR), and (LL)(RR).
(ZL)(ZL) | (RR)(RR) 1 (LL)(RR)
Qu (/ ~* Ly I,"}'“Iay,) Qv (Epy" er) (Cayter) Qi ( ip Y Ly ) (€av™er)
Q,‘,:,) (Q,,.’Y Qr 6,'1"‘Qe) Quu (Wpy"ur) (Way" ue) Qiu (Lp'y‘ Ly ) (Wary™ue)
. e . QW (@rr'Q.) (Qu"r'Q) | Qua (47" dr) (dvd:) Qua (Zov L) (dy"de)
- the strategy of identifying an QY (Lrn) (@4Q) | Qe Grren) Gartu) Qe (@Q) @
] L QY (Tevr'Lr) (@Qu"7'Q:) || Qua (@ er) (dorde QLY (@"Qr) @ ur)
NP model involves fitting C; QU @otw) (@) | eR (3T ) (wrT )
. Qfﬁ‘) (1Lpfy“'l'A1L,.) (ﬁ,'y”’l'Ad() QSL} (llp’y“q,. ﬁ + (I;,)
from experimental data and/or o (@ rria.) (drrhi)
match i ng Of g to UV_ TABLE 2.6 Four-fermion operators, classes (LR)(RL), and B (baryon-number) violating.
(LR)(RL) B-violating
completed NP models Quess (@er) (@22) Qe e [(45)" cut] [(@2) ont]
QN (@ur) e (QLa) Quau e |(@57)" Q2| [T ce
Qiaa (@14 ) e (QoTAd:) Q54 Menemn |(@57) " CQ2*| [(@m7 oLt]
W (@e)en@w) | Q@ e (), (1), [(@)" cer] @]
A (Bowe) on @ w) | Qun e [(4)7 out] )7 0]
T S i S VNS S D LT U T R NEONCE N I T TR EN A s e e e S N N
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Flavor violation and effective Lagrangians

* Radiative FCNC decays of leptons £} — £, + ¥

- the most general amplitude is
i *
Ay ey (P, P) = S (?") [ALPL + ARPR] 049" us, (p)€™.

£y

- which leads to the decay rate

my, 2 2
D(t = £7) = T2 (1ALl +14r
2 2
. e vm; fi fi\ — UMy ~fi
with Agr = =2 A2 cwCip —swCliy ) = V2 Az C'y
Effective coupling Bounds on A (TeV) Bounds on |C°]|
) 1
(example) (for |C?7-| =1) (for A =1 TeV) M b
CLy 6.3 x 10* 2.5 x 10710 p— ey
CZ,‘; 6.5 x 102 2.4 x 106 T = ey
Ce 6.1 x 102 2.7 x 1076 T — pry
Cht.ce 207 23 %105 14— 3¢
C}Zﬁﬁ 10.4 9.2 x107° T — e
Chp i 11.3 7810 T—3p
cﬁfs)He’ Ch. 160 4x107° pw— 3e
Cliayme Che ~8 1.5x 1072 T — 3e Teixeira; Feruglio,
C(Tllfs)m’ Che ~9 ~ 1072 T— 3u Paradisi, Pattori

Other interesting modes that probe similar couplings: ; = &,yy, £; = 3¢5, and others
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Flavor violation and effective Lagrangians

* Similarly, for purely leptonic FCNC decays £; — fjfkfl
- the most general decay rate is [with (a): Z; = 3%, and (b): 7= — e*uTp~ and ™ —> u*ete]

""’cm?l 2 2 2 2
I'(4; — £4l) = 33 (19279) A4 [X~, +4 (IC'VLLI + |Cvrr|” + |Cvir|” + |CvrL| ) !

+ |Csil® +|Csrr|* + |CsLr|” + |Csri|® + +48 (|CTL|2 + |CTR|2)]

: 16ev 1 1
1
64e%v? m? 11 2 2
+ m? logm—§ - ’Z (|07L| + IC’YRl ) ’
(a) 16ev " .
X‘Y = - ms Re C'yL (CVLL +CVLR)+C.,R (CVRR+CVRL)
2
32¢2v? m2 ) )
+ 2o (10805 = 3) (10 +105aF)
m3 m$
TABLE 3.1 Matching of SM EFT Wilson coefficients in leptonic LFV decays of leptons. Here X = L or R.
Class (a): £; — 3¢; | Class (b): £; — £;2¢x | Class (c): & — £F 67 6F

Cvrr || 2 [(283v -1) (Cﬁfh + )7 4 cg;"“"’] (253 — 1) (C}}L}’ + C,E‘;’}’) + Cjiii ackiki
Cvrn 2 (25}, O}y + €177 263 OZf; + CIiM 204343
Cvir 253, (CH7* + Ol + Cii 253 (Cin’ +Ci7") + Ciit* gy
Cvne (2eky ~ 102 + CI (2sfy ~ 102, + CI* o
CsLr -2 [(QS%V — I)CZ;I + Cﬁ”] _2C_Z'sz’ _20:;]'1“
CsRrrL -2 [23%1/ (C'ﬁg)“ + Cg}”) + Cﬁ”] —20C3ikF —oCkiki
Csxx 0 0 0

Crx 0 0 0

CyL V2ci V2ci* 0

L vacy Vacy ;
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Fundamental physics with muons: flavor violation

% Employ bound states: i conversion experiment

% take low energy muons (~ 30 MeV) a stop them in a
target A(Z,A-Z): muons cascade to atomic 1s state
% Binding energy and orbit radius for muonic hydrogen-like w
state
Z?me* Z%m
Eb = — ~

8n? n2 muonic atom is 200x stronger bound

2 2 / radius is 200x smaller

n n

/r' - — —
Zmme2  Zm
. . . R £Z3/2
% The radial wave function for the hydrogen-like system: ftn; ~ 7 large overlap for an
overlap probability: D ~ 7“2623 +<—— s-wave and high-Z
nucleus

Clu=+(A,Z2) — e + (A, Z)]
Fip=+A2) - v, + (A Z—1)]

Measure R/w — to probe NP
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Rare processes: luminosity

% Need a lot of muons: high luminosity experiments

— Number of events/second

dR _
dt ~ 2L
L
! /
Fi ‘V /
® =N/s Herr and Muratori

— ... or another way

14
L:(I)pngNpTZ:NpTU

LT i S VNS S D .
Alexey A Petrov (USC) 14

Energy L

(GeV) cm 2571
SPS (pp) 315x315 6 1030
Tevatron (pp) | 1000x1000 | 50 1030
HERA (e*p) 30x920 40 1030
LHC (pp) 7000x7000 | 10000 103°
LEP (ete™) 105x105 100 1039
PEP (ete™) 9x3 3000 10%°
KEKB (eTe™) 8x3.5 10000 103°
eRHIC 1033-1035
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Fundamental physics with muons: flavor violation

e How effective is this approach compared to scattering/decays?
— let’s compute effective luminosity

— recall that Al
E N

L:(I)pTEZNpTZZNpT’U ‘

— in this “experiment” probability density is given by the 1s wave function
— ...and we need to take into account the fact that muon decays

— Then Luminosity = (density)(velocity)(flux of muons)(lifetime)

5 mf’LZ4a4
Leg = |¥(0)|]" xaZ x &, X 7, = ®,7,
T

— For Al target (Z=13), flux of @, = 10'° muons/sec and T, = 2 psec

4 5 Bernstein, Czarnecki
Le.g = 10 8em ™2 sec™!

Recall the luminosity of the modern flavor experiment L ~ 103 — 10%> cm—2sec-1!

AT EIYAL T TOEEE LT %
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Bound states: muon conversion

% Different nuclei are sensitive to a variety of New Physics scenarios, also

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

zE 82—
v' Muon conversion gives monoenergetic electrons..5 | Free muon decay 2% \
v ... yet, there are other sources of electrons SE - , \
as well! LV~ DOl )
: < | L : 0 20 40 60 80 100
= v V..
- Ry, 0 g 0
u —e +v,+v, -decay (40%) 3
) - 0 - 10 sh '
u +Al—= X +v, -capture (60%) shape o
u +Al—e + Al - conversion /I
0 20 40 60 B0 100
SINDRUM II (PSI), 2006 : Rue <7x10713 ectron Energy (MeV)
17 Czarnecki, Marciano, Tormo
MZ2e goal : R, < afew x 10

T S S VNS E S T D
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Muonium: just like hydrogen, but simpler!

Spin-0 (singlet)

e Muonium: a bound state of u™ and e™
paramuonium

— (u*pu") bound state is a true muonium  (anti-symm)

b

e Muonium lifetime 7, = 2.2 us
u

— main decay mode: M, — e*e"D,p,

— annihilation: M, = v v,

Spin-1 (triplet)

) ) orthomuonium
e Muonium’s been around since 1960's

(symm)
— used in chemistry
— QED bound state physics, etc.

— New Physics searches (oscillations)

g

Hughes (1960)

The masses of singlet and triplet are almost the same!
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Muonium oscillations

% Lepton-flavor violating interactions can change Mﬂ — ]\7#

Pontecorvo (1957)

. . 050 . - .
— ... just like BYB” mixing, but simpler! Feinberg, Weinberg (1961)

e Such transition amplitudes are tiny in the Standard Model
— ... but there are plenty of New Physics models where it can happen

Clark, Love; Cvetic et al,
Li, Schmidt; Endo, Iguro, Kitahara;
Fukuyama, Mimura, Uesaka,; ...

+ - + N\ B -
p ; poooH O——®— H
C AT
VVH Wy
e~ et e~ @) D et \4
&,
(a) (b) ¢

~ (ATe) (ATe)

pur : et ot : T
s 4 \

effective operator

€ 5 poooe 5 et

— theory: compute transition amplitudes for ALL New Physics models!

— experiment: produce Mﬂ but look for the decay products of 1\7”
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Combined evolution = flavor oscillations

% Lepton-flavor violating interactions can change Mﬂ — ]\7#

Pontecorvo (1957)

. . 050 . - .
— ... just like BYB” mixing, but simpler! Feinberg, Weinberg (1961)

e Such transition amplitudes are tiny in the Standard Model

— ... but there are plenty of New Physics models where it can happen

Clark, Love; Cvetic et al,
Li, Schmidt; Endo, Iguro, Kitahara;
Fukuyama, Mimura, Uesaka,; ...

. (1) M)
p ; poooH O——®— H
C AT
VVH Wy
B
(a) (b) ‘

~ (ATe) (ATe)

pur : et ot : T
s 4 \

— : _ _ : + effective operator
€ i f € : €

— theory: compute transition amplitudes for ALL New Physics models!

— experiment: produce Mﬂ but look for the decay products of 1\7”

NSRS ANIYEAL TR 1 »
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Mass difference

e Mass difference comes from the dispersive part

i/d4a:T

— consider only ALﬂ = 2 Lagrangian contributions (largest?)

1
- 2MyT

T Re IZ(M# (He| M) + (M,

— 1 =
,CﬁfL“ 2 _ _FZC@ALJ(N)Qz‘(N)

2
— leading order: all heavy New Physics models are encoded in (the Wilson

coefficients of) the five dimension-6 operators
Q1 = (Braer) (Bry%er), Q2 = (Braer) (BrY*€R),
Qs = (BrYeer) (BrY%€r), Qs = (Brer) (ALer),
Qs = (Zger) (Brer) -

— matrix elements for both singlet and triplet states: easy (QED only)

T S S VNS E S T D
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e Similar experimental set ups for different
experiments

magnetic field coils
hodoscope

— example: MACS at PSI

— idea: form Mﬂ by scattering muon (u

Experimental setup and constraints

pump
iron
MCP
Csl

annihilation

beam counter photons

SiOstarget

beam on SiO; target accelerator ~ ©

e A couple of “little inconveniences”:

= how to tell fapart from f?

-

collimator

: +,-
- M, — f decay: M, — e™e

- M, — f decay: M, —» e*e™@

— fi.faste™ (*53 MeV), slow et (13.5 eV)

separator

e

Muonium-Antimuonium

= oscillations happen in magnetic field

— ... which selects M, vs. 1\7#

The most recent experimental data comes from 1999! Time is ripe for an update!

Alexey A Petrov (USC)

Conversion Spectrometer (MACS)
L. Willmann, et al. PRL 82 (1999) 49
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Experimental constraints

e We can put constraints on the Wilson coefficients of effective operators
from the 1999 MACS data (assume single operator dominance)

— presence of the magnetic field
P(M, — M,) <83 x 107" /Sp(By)
— no separation of spin states: average

1 i i
P(M, = M)exp = Y o5 TP (M = M)
=Py ~t

— set Wilson coefficients to one, set constraints on the scale probed

Operator Interaction type | Sg(Bo) (from [9]) Constraints on the scale A, TeV
Q1 (V= A)x (V- A) 0.75 5.4
Q2 (V+A)x (V+ A) 0.75 5.4
Q3 (V—-A)x (V+A 0.95 5.4
Q4 (S+P)x (S+P) 0.75 2.7
Qs (S—P)x (S—-P) 0.75 2.7
Qs (V—A4)x (V-4 0.75 0.58 x 10 3
Q7 (V+A)x (V- A) 0.95 0.38 x 1073

R. Conlin and AAP, ths.ReV.D 102 :2020: 9, 095001
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Muons and recent experimental anomalies

Are there any indications that NP might affect processes with muons?

L T S i S VNSE S T D L U TS E R R T R T TR L T e e e I e N
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Muons and recent experimental anomalies

% Many experimental anomalies involve interactions with muons and taus

Ry [1.1,6] H
Ry~ [0.045,1.1]
Rp- [1.1,6] — | e
Rpx: [0.1,6] — D G
PL2.5,4]
P [4,6)
B(B] = o'y ) [1,6]
B(B! = p*p) 4 N DU
B(B" — ptpm) -4+ o
Muon g — 2
R(D) _
R(D")
Crivellin, Hoferichter R(J/4) 4
T S

2 3 4 5
Pulins - P.Koppenburg

- other lepton-flavor conserving processes E ‘w0000 a e
. . VYA —— —
- magnetic properties: muon g-2 SOTEE :
. C _——___ BaBarl2 ]
- currently a discrepancy theory/exp 03sf 0 =
- electric properties: muon EDM o MRS E
- probes CP-violation in leptons . ; ) :
. 25 f— Bellel9 o _ clie —
- muonic hydrogen "2E =
. . o Bellel7 World ,v\\gmgicﬂ 640014 n
- proton size/QED/New Physics 02 3 nii 16, Gamtno 19 s saase
T+ Bordone 19 g‘l—';’j?xm, n
PR U SR SR SR T ST S SR S S S S S S S T S
0.2 0.3 0.4 0.5
R(D)
L U S VNS S DS L U T E EEONR T IO I T ORAY £ S S e e T e O N T

Alexey A Petrov (USC)
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Muons and recent experimental anomalies

* Muon’s magnetic properties (g-2): @, = (g — 2)/2 with [ = g2—§
m
ete” BMW EXP
. g ey 1
discrepancy "+ T t e
«—1.606 > Di Luzio, et al.
< 4206 »>
BNL g-2 : — 370
FNAL g-2 + — + 330
(A 420 k)

—_— +—8——~+ 420

Standard Model Experiment

Average

205 210 215

175 180 185 190 195 20.0
a,x10° - 1165900

FNAL (g-2): au(Exp) = 116592061(41) x 10~ ay(Theory) = 116591810(43) x 10~ "'
ay(BMW) = 116591954(55) x 10~

Are there possible New Physics particles that are responsible for this difference?
L T S i S VNSE S T D L U TS E R R T R T TR L T e e e I e N
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Muons and recent experimental anomalies

% Proton’s radius from muonic hydrogen: possible New Physics?

§July 2000 www.nature.com/nature €10 HE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

% Level splittings (e.g. Lamb shift) are sensitive to the
charge radius of the proton

SCATTERING

PRad (2019) + —e—
Mainz z-expansion (2015) | i
World z-expansion (2015) b -

SPECTROSCOPY
Hydrogen 1S-3S (2020) e
Hydrogen 2S-2P (2019) r —e—
Hydrogen 1S-3S (2018) i
Hydrogen 2S-4P (2017) bt
CODATA Average (2014) —o—
Muonic Hydrogen (2010) - .

i i 1 I I 1 L 1 i i 1 I i i 1 'g (fm)
082 0.84 08 0.8 09 092 0.94
% They are also sensitive to QED radiative corrections

% Are there possible light New Physics particles that are

responsible for this difference?
Barger et al, PRL 106 (2011) 153001

Remove proton radius issue from the problem: atomic physics with muonium?

T S S VNS S T D
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Leptons: things to take home

e There is no indication from high energy studies where the NP show up

— this makes indirect searches the most valuable source of information

e Muonium is the simplest atom: atomic physics

— level splitting (Lamb shift): probe NP w/out QCD complications
MuSEUM experiment (J-PARC)

e Muons are ideal tools to probe fundamental physics
- ﬂaVOr'ConserVing quanﬁﬁes (g-2, EDM) Prospects for precise predictions of @, in the Standard Model
. G. Colangelo, et. al., arXiv:2203.15810 [hep-ph]
— flavor-changing neutral current decays
— flavor oscillations (muonium-antimuonium conversion)
— muon transitions already probe the LHC energy domain and can do better!

— all studies are complimentary to each other

e New experimental facilities are needed (AMF?)

Snowmass2021 Whitepaper: Muonium to antimuonium conversion
A.-Y. Bai, ..., AAP, ..., arXiv:2203.11406 [hep-ph]

NSRS ANIYEAL TR 1 »
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Theoretical issues with g-2

e |ndependent lattice computations of HVP
e Data-driven estimates of hadronic vacuum polarization (HVP)
— discrepancy between KLOE and BaBar data used in HVP

Illillllllllll|l]llllllllll’lllll
CLEO ' »
3769:63
SND
37117250
BESIII ey
€8.0 .42
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9 00 d 3724+ 3.0
1l s/« S
oo — = (_) % K(s)R(s) BABAR ——
K 3\ Am2 376.7227
KLOE —0—
.LR(S) e 1 0(e+e_ _) hadrons) , A A A l .3%? 11211 ' - .. l Aol A A l s l - Ao l Al A A l b
127 127 o(ete = putp~) 355 360 365 370 375 380 385
HVP, LO [+, - 10
1 z?(1 — z)m2 a, [x*x ]||o.s.o.9| gev 121071
K(s) = dz——
o z*mZ+(1—1x)s

— need radiative return Belle Il data to eliminate the discrepancy

— 7-decay data is not currently used: Belle Il + lattice?
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Summary of leptonic anomalous magnetic moments

E
a9 a,
wol Harvard08  FNAL+BNL 10 |
average
Cs
100 |~ m D
I Sensitivity to heavy
2.40 :
o . new physics:
1,60t _ e
100 Rb 420 el e
2200 - (m,,,/me)2 ~ 4 x 104
+ WP SM _
2300 _
l—S.ZX 10°
10" x a, 10" x a,, 107 X a,
Cs: a from Berkeley group [Parker et al, Science 360, 6385 (2018)]
Rb: a from Paris group [Morel et al, Nature 588, 61-65(2020)]

A. El-Khadra (talk at LP21)
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Conversion probability

% Calculation of muon conversion probability involves interesting interplay
of particle and nuclear physics - and QED!

Tl + (A, Z) — e + (A, 2)]

Measure R, = to probe NP

L +(AZ) - v, + (A Z—1)]

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

() =V ()

o a)x6.9)
V== ( if(r)x" (6, ) )

oo
% ... with Dirac equation in a potential V(1) = —e/ E(r")dr'
r

SINDRUM 1II (PSI), 2006 : R, <7x107%

MZ2e goal : R, < afew x 10~
Alexey A Petrov (USC) -3 56th Annual Fermilab Users Meeting




Conversion probability

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

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

(N|QIN) = / 1 (Zp(r)(0|QID) + (A — Z) pu(r) (nlQIn)]
\ p(n) densities /

Pp(n) (T) 7 )/Z]’ /d3pp(n) (T) =1

1 + expl(r — ¢

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

(plar"u + cady’dlp) = 2 + cq
(n|uyu + cqdy dn) = 1 + 2¢q4

\ /

count number of quarks

% Gluonic contribution can be removed removed using anomaly equation or can be computed
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Conversion probability

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

% Nuclear averages are often done as an approximation. For a gluonic Rayleigh operator

Br 9

N a apv|I Ny — 2
Wi G GIN) = =3

[Zg(g,p)p(p) + (A — Z)g(g,n)p(n)] ,

where GUYN) = <N|Zé—SGZ,/G““V|/\/') ~ —189 MeV
T

% The (coherent) conversion rate is
2
dasy
A4

with ay = G@P) §@) 4 Glomn) gn)

Lip™ + (A, Z) e + (A, Z)) = (ler|? + [es]?)

The overlap integrals S with muon and electron wave functions are

I G ot
S(p) = 2—ﬂA drr Zp(p)(ge 9 — fe f,u )’
g(n) _ L /OO dr7“2(A — Z)P(n)(ge_g_ — fo fn)-
2v'2 Jo ' '
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