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What this talk is about

o RMC is an important and poorly understood background for MuZ2e.
o RMC on Al demands nuclear physics input (unlike muon DIO).
o Photon spectrum of RMC probes the relevant nuclear physics.

o The photon spectrum can be used to predict the positron/electron
spectrum near the end-point (small parameteris 1 - / Ey )
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The Mu2e and COMET collaborations will search for nucleus-catalyzed muon conversion to
positrons (u~ — e) as a signal of lepton number violation. A key background for this search
is radiative muon capture where either: 1) a real photon converts to an e™e™ pair “externally" in
surrounding material, or 2) a virtual photon mediates the production of an e' e pair “internally”.
If the e’ has an energy approaching the signal region then it can serve as an irreducible background.
In this work we describe how the near end-point internal positron spectrum can be related to the
real photon spectrum from the same nucleus, which encodes all non-trivial nuclear physics.

Work done In collaboration with Richard Hill.




arXiv:2010.09509

RMC served two ways

External Internal

L

Compton scattering Virtual photon to e+ e-
In-medium pair production Detector independent

Detector/target dependent
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Signal: Positron from
muon capture on 47Al

u- Al - e™ Na

Motivation

Signal x 100

Background: positrons
from high energy photons
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On-shell RMC

e Mass of the muon becomes
available as energy for the
photon.

 ~ 100 MeV photons are emitted.

» Photon amplitude is /A 0 — € ,uj /(;

complicated by nuclear physics.

Photon OM — <Mg9 U ‘ J/]QM ‘ Al’ lulS>
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Internal conversion , /

e Calculable QED pair production
amplitude.

 Must be contracted against the
off-shell photon amplitude.

€
— - M
 Can depend on longitudinally % — MV,,tV X o) X j*

polarized matrix elements. q

u __ Ti
Photon off—s{/">I< — <Mg9 U ‘ JEM ‘ Ala ﬂlS)
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The trouble: Nuclear physics

Photon off-shell {: — M , U j//t ‘ At()m
S (Mg, v|Jg,, )

Photon or{)/(j)t — <Mg, L ‘ ]/éM ‘ AtOIIl)

Can this be reliably calculated? Can this be reliably measured?
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The trouble: Nuclear physics

Photon OM/(; — <Mg9 7 ‘ j/]éM | At0m>

Related to photon spectrum

Has been measured, but not at a
Photon Energy (MeV high enough level of precision
for MuZ2e.

Figure 5.2: Comparison of the experimental RMC on Si and Al photon spectra with the
closure spectral shapes given by Eq. (5.1) after these shapes have been convoluted by the
spectrometer Monte Carlo, and analyzed by RMCOFIA. The solid line in each figure is the

spectral shape for the best fit value of Kias. P.C. Bergbusch, M.Sc. Thesis, UBC, 1993




Suppose we measure
the photon spectrum.

Then what?
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External conversion

 Monte Carlo simulations can be
conducted with full detector setup In
e.g. GEANT-4.

* Includes Compton scattering and
pair production in surrounding
detector material etc.

* For a spherically symmetric
amplitude, a RMC independent
probability can be constructed

P(E,|E)



What about internal
conversion?

Can we relate it to
photon measurements?




Yes!

But only In certain regions
of phase space...




This work revisits an old topic covered In:

PHYSICAL REVIEW VOLUME 98, NUMBER 5 JUNE 1, 1955

Internal Pair Production Associated with the Emission of High-Energy Gamma Rays

NorMAN M. Krovrr, Columbia University, New York, New York
AND

WALTER WADA, Naval Research Laboratories, Washington, D. C.
(Received January 10, 1955)

The theory of inner pair production associated with the radiative capture of #— mesons and with the
decay of the x° meson is discussed. Appropriate distribution functions are derived and compared with
recently obtained experimental results. The weak dependence of the theoretical predictions upon the
details of meson theory is emphasized. The possible utility of the double conversion process, in which the
7¥ meson decays into two electron-positron pairs, for the determination of the #° parity is also discussed.

We disagree with this paper in a couple places. If
interested see Appendix C of our paper arxiv:2010.09509




Basic ldea:

Decompose 4-body
LIPS into 3-body LIPS




Standard QED

EM current
matrix element N / Trace[spinors]

" dra
dre+€_ d d®4j>l< L//tl/ X A

e
4-body PS \J
2

dmi;
dd, = dCI)3* X 2— X dD,(y* — eve)
T

d cos ddg

In rest frame -

of photon
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Photon rest frame

&

- dcosdde



d cos ddg

Integrate over azimuthal angles
0 ver azimu 0 5 p.
0 00 0O FL,
uv/ @ 0O A O O
mz — O O A O :A(jil'l'jiz)_l'Bj?kB
O 0 O B

A=2—-(1- coszﬁ)ﬁe2 B =2(1 —ﬂezcosz&)



Notice :

ab frame

E, = p&, + P cos9 = ~E(1 + B.f,cos 9)

d ces dagw
3272

Fixing E_ 18 equivalent to fixing cosd



dl | 0 e dm% <L/u/>(p

ee

dE, Y, T tom AnE, ), m¢ © 7 m?

Fo [=8u] Pin(EL|E,I1)

/ / = A(F! + 72) + B

Real photon Internal Extra phase
amplitude conversion space variables B =2(1 — f?cos*9)
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Dee _ [ g, 9L (E, | E,, TI)
dE_|_ 3 d(Dg int\"—+ I =y

. i P (E,|E,II)
j/gl/[_ g/w] Pint( E+ | Eya H) The function y

depends on matrix elements with

off-shell photon kinematics.
/  To be calculable we need to find
a limit where we can approximate

Real photon  Internal Extra phase with on-shell photon kinematics.
amplitude conversion space variables



Off-shell transverse™ T —
_|_
d

J - am {2(1 — [1 = cos*01p)(1 + T?)
M — s
+2(1 — cos? H)ﬁZLf}

LOngitUdinal\j

» The function P (E,|E,, 1)
depends on matrix elements with
off-shell photon kinematics.

Py (Ey | E}/’ I1) =

271'E},

dr,, dr
= | dO3—— Py (£, | E, 1D
Y .
dE+ d(Dg * o be calculable we need to find
a limit where we can approximate

with on-shell photon kinematics.



Endpoint Positrons




ab frame

E, = p&, + P cos9 = ~E(1 + B.f,cos 9)

To approach maximum energy we need high energy (virtual) photons, and
collinear positron production.




d cos ddg

Integrate over azimuthal angles
0 ver azimu 0 5 p.
0 00 0O FL,
uv/ @ 0O A O O
mz — O O A O :A(jil'l'jiz)_l'Bj?kB
O 0 O B

A=2—-(1-cos* B> B=2(1-p%cos*9)
Collinear suppression




Off-shell transverse™ T —
_|_
d

J - am {2(1 — [1 — cos? «9],662)(1 + T2)
ma— 1T
+2(1 — 7 cos? H)Lf}

LOngitUdinal\j

» The function P (E,|E,, 1)
depends on matrix elements with
off-shell photon kinematics.

Py (Ey | E}/’ I1) =

271'E},

dr,, dr
= | dO3—— Py (£, | E, 1D
Y .
dE+ d(Dg * o be calculable we need to find
a limit where we can approximate

with on-shell photon kinematics.
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Off-shell transverse™ T —
_|_
d

J e {2(1 —[1 — cos? H]ﬁez)(l + )
" I«
+2(1 — p; cos? H)Lf}

Py (Ey | E}/’ I1) =

271'E},

LOngitUdi”aw

» The function P (E,|E,, 1)
depends on matrix elements with
off-shell photon kinematics.

dr,, dr
= | dO3—— Py (£, | E, 1D
Y .
dE+ d(Dg * o be calculable we need to find
a limit where we can approximate

with on-shell photon kinematics.



0 J T dm. 04 m>x:|_
X = —log
ZﬂEy ma— 7Z'E M

Sd@g
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B pp (| FB, T
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* This function + photon spectrum
predicts the positron spectrum

\ — Photons

v memme- Positrons /Electrons

* \We provide error estimates in our
paper

Spectral Shape |[Linear Scale]




Main conclusions:

o Longitudinal polarizations are suppressed when the electron/positron
IS nearly collinear with the photon in the rest frame.

O Transverse matrix elements can be approximated by real photon
matrix elements provided the virtuality is “small”.

© Both conditions are satisfied as L, — L, — m, or equivalently as

I — 0. The small parameters we use are I_/E, and m,/E, .

o Near the end point there is a calculable function for internal conversion.



Ongoing work:

RFG calculation of RMC on Al and Au.
Coulomb corrections to internal conversion.

Better understanding of sub-leading corrections
to the internal-conversion probability

In collaboration with Richard Hill & Kaushik Borah
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