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My personal list of topics

e Lamb shift

* Bound electron g-factor

e Muon g-2

e CLFV and bound muon decay

 QED effects in flavor physics with SCET

e Power corrections with SCET and Higgs threshold production

e Dark Matter
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Spectroscopy of Hydrogen

Transition frequencies of hydrogen are among the most precisely
measured observables

vir (1812 — 251 j9) = 2 466 061 413 187.035(10) kHz
Relative uncertainty 4.2 x 10~ '°

Radiative and
recoil

What can we use it for?

Vijg — &5 — &4 corrections
Transitions are related to a difference of Hydrogen energies \
a’mec ~ Rec s
dh n;

Rydberg constant can be used to determine the fine structure
constant — test bound state QED and SM!
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Determination of «v

Determined >
from R — & MeC R..c
spectroscopic T Ak Ej = 2 (1 + 5@)
measurements (
R
ydberg constant Need to know (52- and
h u M X h
Me me U Mx
Uu
—— determined from the g-factor of a bound electron
Me
h hk
recoil velocity of Rb/Cs atom v, —
M X M Rb

5



Electron in a magnetic field

Cyclotron motion: Landau levels

Spin part: two levels separated by an

interval
1 _
E, = (n + 2) hw, AL = hwr
with Larmor frequency
m, 2m

A

A

v

A




Electron g-2

n =2 hwr,
hw,

n=1 hwr,
hw,

n=2~0 hwr,

n =0,mg

Dirac equation predicts W, — W,

DN —

g=2""%
We

_ 1. _ _
m=1ms;=+5,m=2m;=—

_ _ 1, _ _
m=0,ms;=+5;m=1,m;=—

DO —

N —
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Electron g-2

9 < hwr,

hw,.

1 < hwr, > AFE ~g—2
hw,

0 < hwr,

n
n
n

But in reality we see w. # w;, g = 21 -

Aa, = a®P — a'" = (—88 £ 36) x 10~
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Bound electron g-factor

Larmor frequency Now includes
binding corrections
g e

= o gzg(l—l—Q\/l—(Zoz)?)zQ—

WL

Cyclotron frequency of the ion

wcnga Q:(Z_l)e

M Currently the most precise

source of electron mass

termination
_gewa determinatio |
. il

Note that now we measure g and not g-2!

Me
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We need a good handle
on theory

c c
7\ —_—
A

A’ A

EFT allows to disentangle short- and long-distance contribution
Y1(d - B)(V - E)Y

3
e

LNRQED D

216 — 1972
108

8%

bge = (Za)* (-)

T
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We need a good handle
on theory

2
Many corrections have been computed, with the most recent ones (—) ( / a) 0

=el

84

T

®

ﬁ # 8 ———

Contribution

4He—|-

1205—|-

288i13+

Dirac/Breit value

+ other known corrections
SE

1.999 857 988 825 37(7)
2.002 177 406 711 41(55)

1.998 721 354 392 0(6)
2.001 041590 168 6(12)
0.000 000 000 005 0

1.993 023571 557(3)
1.995 348 957 825 (39)
0.000 000 000 348

g 0.000 000 000 000 02
gLBL -0.000 000 000 000 01 -0.000 000 000 001 5 -0.000 000 000 102

gML 0.000 000 000 000 00 0.000 000 000 000 6 0.000 000 000 038
a2(Za)®In°(Za) 0.000 000 000000 00(3)  0.000000 000000 0(93)  0.000 000 000 000(590)
Total 2.002 177406 71142(55)  2.0010415901727(94)  1.995348 958 109 (591
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Electron mass

me = 0.000 548 579 909 065(16)u

Uncertainty is dominated by the experimental measurement but
improvement by an order of magnitude is expected soon

New Iindependent source of ¢!

~ Combine Li-like H-like ions to cancel dependence on the finite nuclear
size effects

> Use different nuclei to cancel dependence on the free electron g — 2

~ Use heavy ions Z » 1 and construct a function of g-factors for different
energy levels such that the finite nuclear size effects cancel and «

dependence is enhanced by Z
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Future prospects

Experiments designed to provide tests of bound state QED

Mainz g-factor experiment

ALPHATRAP (MPI-K Heidelberg)

HITRAP (GSI Darmstadt)

Note also prospects for muon g-2: Fermilab and J-PARC

13



Future prospects

Experiments designed to provide tests of bound state QED

~ Mainz g-factor experiment

-~ ALPHATRAP (MPI-K Heidelberg)

-~ HITRAP (GSI Darmstadt)

Note also prospects for muon g-2: Fermilab and J-PARC

Theory of bound electron should

be further improved!
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Searches for CLFV

If there is New Physics in muon sector, maybe we can also see it in rare
processes with muons

H H H e

Flagship processes:

p— ey
[ — eee

,uN — e/N Muon-electron conversion

New experiments: Mu2e (Fermilab), COMET (J-PARC)
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Flavor physics

Observation of CLFV may be a hint of New Physics in the quark flavor sector

Several discrepancies in B-meson decays hint at a violation of

lepton flavor universality

P B(B — K% puu) b B(B — D™ 1p)
K 7 BB = K®ee) P B(B— DOIw)|,_,
But QED corrections are also not flavor universal
ln&~2.5; ln@rvél; In s ~ 3;
AFE my, AQCD
: . Oem 2 : Ulem mu
Expansion parameter is — X log” rather than just In —& ~

T T
T
15 €



Ultra-soft photons

* Typically we can impose a cut on the photon energy forcing it to be

ultra-soft /\ F

* This leads to simple classification

* Ultra-soft photons: based on eikonal approximation, well
understood, under the assumption that

AE < Agen

* Non-universal, structure dependent correction

16



Ultra-soft photons

* Typically we can impose a cut on the photon energy forcing it to be

ultra-soft /\ F

* This leads to simple classification

* Ultra-soft photons: based on eikonal approximation, well
understood, under the assumption that

AE < Agen

* Non-universal, structure dependent correction

Both effects are important - even with a cut on real photons A E' the virtual photons
can resolve the structure of the meson! Virtual photons can couple to initial and final
state and may have wave-lengths smaller than the typical meson size
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e |oop suppressed (FCNC)

e Helicity suppressed (scalar
meson decaying into energetic
muons through vector
interactions)

e Precisely known in SM thanks
to purely leptonic final state

(0] ¢(0)v*50(0) [By(p)) = ifB,p"

Crytlr + Cpy*lg

_ G%a? 9 4m?
Br(B, — utuT) = 2o 13 7m i ViV \/1 >
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Can the helicity suppression
be relaxed?

1
Annihilation and helicity flip take place at the same point 7 5 —
mp
18



Can the helicity suppression
be relaxed?

Annihilation and helicity flip can be separated by " ™~ 1/\/mbAQCD

It is still a short distance effect since the size of the meson is r ~ 1/AQCD
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Can the helicity suppression
be relaxed?

M. Beneke, C. Bobeth, R.S., 2017

Annihilation and helicity flip can be separated by 7 ™ 1/\/mbAQCD

Non-local annihilation
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Tower of EFTs ...

<--AE--»
| SCET SCETT AB =1EFT SM
HHYyPT !
I
I
0 Aqep Hhe o L energy
virtualities ultrasoft soft /collinear hard —collinear hard electroweak
QCD nonperturbative perturbative
dof hadronic partonic
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| SCET SCETT AB =1EFT SM
HHYyPT !
I
I
0 Aqep Hhe o L energy
virtualities ultrasoft soft /collinear hard —collinear hard electroweak
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dof hadronic partonic

We understand quite well the long-distance physics — when mesons look
point-like

Short distance physics is also under good control — pQCD works well
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QCD
dof

virtualities ultrasoft SOfx hard — Cov hard electroweak

Tower of EFTs ...

<--AE--»

. SCETy SCET AB = 1EFT SM
HHYPT .

0 Aqen Hhe o L energy

nonperturbati

perturbative

hadronic partonic

We understand quite well the long-distance physics — when mesons look
point-like

Short distance physics is also under good control — pQCD works well

If we want to understand structure dependent QED corrections we need to
also understand intermediate scales

20




... OCET ...

e Soft-collinear effective field theory is designed to describe long-
distance physics associated with energetic particles

e Different modes are represented by different fields

In n.p
T
n_|_ — (17 07 O? 1) )\O Collinear
TL'L_L — (170707 _1) SCETTD
anti-n.cC.
Ny n. =2 \° (SCET 1
nt nk

p" = (n4p) 5 P+ (n_p)% i

% segltzl%cu)
p® =nipn_p+pi (

21 2\ 2\



Innyp
A

SR o
...and modes .

2 anti-h.c.
A (SCET I)

GeV

Hard
(Weak
EFT)

)\0

mp mp 2\ (sacnéi%Cu)
Inn_p
k — (’n/_l_k, kJ_, Tl_k) )\4 )\2 >
mode relative scaling absolute scaling virtuality k2
hard (1,1,1) (mp, mp, Mp) m;
hard-collinear (1, )\, )\2) (mb, \/mbAQCD, AQCD) mbAQCD
anti-hard-collinear (A%, 0\, 1) (Aqep, \/mbAQCD, mp) myAqQcp
collinear (1, A%, \%) (M, my, m2, /my) m’,
anticollinear (A%, 02, 1) (m?, /mp, my, mp) m’,
SOft ()\2, )\2, )\2) (AQCD; AQCD; AQCD) AQQCD

22



Innyp
A

)\0 (SCETI) EFT)
...and modes
A H SoeT
)\2 _ AQCD N my .
mp mp 2\
In

k = (n+k, ]CJ_, n_k) \A \2 20 >

hard- Hard
colllnear (Weak

mode relative scaling absolute scaling virtuality k2
~ had (111) N (mb,mb,mb)A R mg
‘ hard colhnem - (1 A )\2) mb,\/mbAQCD,AQC) | mbA
anti-hard-collinear (A%, 0\, 1) (Aqep, v/msAqep, my) myAqep
collinear (1, A2, \%) (M, my, m2, /my) m’,
anticollinear (A%, 02, 1) (m2, /my, my,, my) m’,
soft (A%, A%, 0\2) (Aqep, Aqep, Aqep) Adcp

M. Beneke, 1. Feldmann, 2003
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Collinear #
(SCET II) 3

...and modes

. anti-h.c.
. (SCET1)

aenla Bl e e )

)\2 - AQCD ~ my,
— my my anti-c

(SCET Il
k= nik, ki ,n_k)

2\ )\ AV

mode relative scaling absolute scaling virtuality k2
hard (1,1,1) (mp, mp, Mp) m;
hard-collinear (1, A, \?) (my, /mpsAqep, Aqep) mpAQcep
N antl hard-collinear || ()\2 A, 1) | (AQCD \/mbAQCD,mb) - mpAQep
Colhnear e (1 )\2 )\4) T (mb,mm 2 /mb) o \'.
SCET Il anticollinear (A%, 02, 1) (mi/mb,mu,mb) mi
soft (A2, 0%, %) (Aqep, Agep, Aqep) Adep
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SCET beyond LP

3%k Allows for systematic expansion in A

3 Permits to parameterize non-perturbative physics in terms of matrix elements
of specific operators

Two sources of power-suppression

3k Subleading Lagrangian interaction (within a single collinear sector)

3k Subleading currents (connects different sector after integrating out
hard modes)

=L+ L9 +rg)+c8  + 70+

T | 1
[,g)) =&c |in—D + D - i), | =
1my D |

23



Subleading currents

2 Constructed from collinear gauge invariant building blocks and
soft gauge covariant

2 Each field carries extra suppression Hard-

collinear Collinear Soft
modes  Mmodes modes
X (tini% ) = W;fi (tz’ni+) ~ A )\ Qs ™~ \°
A’lj_z (th) — WJ [zD'[j_ZW] ~ \ )\2 F;W N )\4

For renormalization
of the operator
basis see

24



Subleading currents

2 Constructed from collinear gauge invariant building blocks and
soft gauge covariant

> Each field carries extra suppression Hard-

collinear Collinear Soft
modes modes modes
B 3
Xi(tinit) = ijfi(ti”w) ~ A \° qs ~ A
_ . 4
Al (timis) = WIEDILW ~ A X2 | F
Example A0 For renormalization
LP Jz = X (th) of the operator
Al basis see
J = 0Lixi(tiniy)
NLP

Tt = ALi(tini ) xi(tiniy)

24



GeV

Regions and EFT interpretation

Collinear ) Hard-Collinear

25
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GeV

Regions and EFT interpretation

Collinear ) Hard-Collinear




Hard-collinear matching

Hard-collinear region H 1-loop matching

_|_
09710 7 65 P jfxl - g%L
\. l/‘,, /‘/
E» ) —> BAANY A,

= - h
\\\\\ 66’ \\ g—
q C
QS A AC_L S




B to A mixing

} Single fermion matrix !
¢ element — Atype

No mixing for massless
fermions

)[0)

2 ) my ﬂc(p)f}/ﬁ_

Off-shell to regularize IR

divergence
27



B to A mixing

! Single fermion matrix |
?' element — A type

No mixing for massless
fermions

cl (tn )|O>

) _
My Uc (p)Vi

(m? — p?w)_

o

Off-shell to regularize IR
divergence

27



AB=1EFT

Hhe 1407 1w energy
virtualities hard hard eleétroweak
QCD nonperturbati perturbative
dof hadronic partonic

A full QED | SCETI | SCETH
| + |
mt bl Qo I o
//A/ |
tree matiching L7 -\: . |
» Y |
S E_ XC”// AN EE‘ |
¢ RG |
|
fu L VA
w3 | »
4 . 4 1
Hhe XC;K -\ 4, (ree Mg .\\NV\VAC

E

=
qs/d“z*zx a




GeV

Results

We computed the structure dependent corrections and performed factorization using
soft-collinear effective field theory

Br., =3.677-107° x (1 — 0.0166 S + 0.0105 S7) = 3.660 - 10~°

Brsu
520) —10 B _ —10
Bry, =1.031-107"" x (1 —0.0155.59 + 0.0103 S7) = 1.027 - 10

Sg 7 contain effects of the resummation, i.e. higher order
QED and QCD corrections

Neglecting QED resummation, but using QCD resummation Sq = S~

Hhe 59 QCD resummation is
GeV] | QCD+QED  only QCD | jmportant! QED can

1.0 0.815 0.817 be safely neglected

1.5 0.815 0.817

2.0 0.769 0.769
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Results sey

We computed the structure dependent corrections and performed factorization using
soft-collinear effective field theory

= 3.677-107" x (1 — 0.0166 Sg + 0.0105 S7) = 3.660 - 10"
EZ(L) =1.031-107"" x (1 — 0.0155 Sy 4 0.0103 S7) = 1.027 - 10~

Br(O)

Br

Sg 7 contain effects of the resummation, i.e. higher order
QED and QCD corrections

Neglecting QED resummation, but using QCD resummation Sq = S~

Hhc SQ

QCD resummation is
GeV| | QCD+QED  only QCD

important! QED can
be safely neglected

Theory has to be prepared for the upcoming

era of precision flavor physics
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Higgs physics

LHC can perform more and more accurate measurements

Higgs sector of the standard model is the best example

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

ATLAS Preliminary o4 Total Stat. I Syst. — SM
Vs=13TeV, 36.1-79.8 fb™

m,=125.09 GeV, |y | <25
H
Total Stat. Syst.

o0F = 1078 32 (£ 8% O )
VBF = 121+ 0% (+ 078+ 013)
WH = . 157+ g4 (£ 05 . % 03 )
ZH == 0.74+ 45 (% 03 . % o5 )
ttH + tH H=—H 122+ 0% (£ 37 .+ o5 )

05 0 0.5 1 1.5 2 2.5 3 3.5 4
Cross-section normalized to SM value

30

Very accurate measurements
at the LHC demand precise
theoretical predictions - large
QCD corrections must be
under control

In recent years, many processes

have been computed to two or even
three loop order

But sometimes
perturbation theory
breaks down



A quest for precision In

collider physics

Collinear

Soft

pi P K< Q°

Fs <Q

31

QCD singular limits lead to
the appearance of large
logarithms of a ratio of
different scales

Just like in the QED case,
the expansion parameter is
not Qg

47

2
bUt aS 1 2 Q
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Threshold expansion

m2
z —

partonic threshold variable, for Higgs production cross-section

AN

S

In the limit 2z — 1 logs of 1-z must be resummed

32



Factorization

Similar structure at
NLP but more
complicated — new
operators, LL is
generated by operator
mixing like in the case
QED corrections

—{

A

: .....
'c O ()
) O) 200Q
0

Parton
Distribution O
Functions

Hard Contribution

33

To resum large
logarithmic
corrections we must
separate the scales
— this is known as
hard-collinear
factorization




Resummed
cross-section at NLP

5(0%(N)) o (1)
O‘% (:u) B (@s (,ut

x exp [4S" (pup, p) — 4S™F (s, )]

Ake(z0) = | )>]203<mt,ut> AGz) = T2

—8C4 ,  as(p) _ .
B In o (112) 0(1 — z)

Fixed order expansion in perfect agreement with previously known results
ALY (zu) = —0(1 — 2) {4@1% [1n(1 ) LM}

2 —
+ 8C% (O‘ ) In*(1 — 2) — 3L, In*(1 — 2) + 202 In(1 — z)}

S
T

Qs \3 T
+ 8C3 <?) _1n5(1 —2) = 5L, In*(1 - 2) + 8Li In®(1 — 2) — 4Li In*(1 — 2)
16 4 (as\*r1, 7 6 2 1,,5 3 1.4
+ ?CA <?> [ln (1=2)=7L,In"(1 —2) +18L;; In’(1 — 2) — 20L7, In"(1 — )
47,3
+ 8L (1 —z)}
8 g\ 2
+ 505 (?) [1n9(1 — 2) = 9L, (1 — 2) + 3202 In"(1 — 2) — 5613 In®(1 — 2)
+ 48L5 In°(1 — 2) — 16L} In"(1 — z)} } + O(a® x (log)')
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A) SNLP (mH(l — Z), ,us)

B) Sxip(mu(l— 2) i) = —4C, 22tb) py M

Y

2

Results

(1-2)

2 Y

Sﬁg (mH(l - 2), ,us)

Sﬁg (mH(l — 2), ,us)

2m s
_ ,,dyn
7 (pb) Hi = ﬂgfq i =
orp - 24.12 28.04
ohp© 28.93
N LO 29.24
oxip (A) 7.18 12.76
oxrp (B) 3.82 15.68
O-rljol\rIlLL% 1 1. 90
UIIII(SHLSP 1627
orp "+ oxtp (A) 31.30 40.80
ot + ot (B) 32.94 43.72
oNNLO 40.82
N 1O 45.52

35

1,

1,

Resummation
at NLP gives
seizable
corrections



Results

A)  Snep(mu(1l—2), 1) =0,

B) SNLP (mH(l — Z),/LS) = —4CA

as(ns) | 31— 2)?

2 p oo
__ ,,dyn )

o (pb) Y i Sl - | Resummation

ST Ph =Mu | Mo = —™H | gt NLP gives
Jl%ELO 24.12 28.04 seizable
oLp 28.93 corrections
O'II\JIPLO 2924
oxip (A) 7.18 12.76
oxtp (B) 3.82 15.68
O-rljol\rrlLLOP 1 . 90
O-rltfnLI(J)P 1627

Systematic investigation of NLP effects has started
recently — many conceptual problems still need to

be solved




Dark Matter

Precise theoretical predictions are not limited to the Standard Model

The same formalism that we use to compute corrections in the
atomic physics can help us to better understand Dark Matter

We consider a fermionic triplet in addition to the SM (Wino-like DM)

_ .
LM = §X (" Dy —my) x

Simple and attractive model, gives observed relic density for
m, ~ 2.8TeV

How good are tree-level predictions?

36



Sommerfeld effect

n Ladder diagram with n rungs
My
g —— C e .- :
( mw> Non-relativistic scattering — we need

to solve Schrodinger equation

My 0 V2o, &
&2 - 1 VLO (T) — e~ MW o g—mzr

mW _\/5042 » —? — (X9 C‘Q/V .



TeV

Annlhllatlon Cross- -section

VLO/[av] : X X — v+ X

10—245 VxLo/ [o0]iree |
;—-—- WNLo/|ovlxer 1\l

Finite range ~ 1/myy
cuts off “too large” states

As DM mass
grows, new bound
states cross the
threshold

38



TeV

Annlhllatlon cross-section

X X — v+ X
VNLO/[UU]tIee -
—-— Varo/|ov)xir I\

Finite range ~ 1/mypy
cuts off “too large” states

-
§ mimn  m— -

1027 b . SO
' 2 Ty
nma,x ™~ mW &2
Radiative corrections can qualitativel
. y As DM mass

change the physics

grows, nhew bound
states cross the
02— 5 10 | threshold

38
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Tasks for the future

Theory of hydrogen spectrum has

to be further improved and
checked!
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Tasks for the future

Theory of hydrogen spectrum h=as
to be further improved
checked!

“stematic investigation of NLP
~ts in SCET has started
\ — many conceptual

“1Ill need to be solved
CLFV searches r

iImprovement

backgrot We can achieve all this by

systematically analyzing higher order
effects in the framework of modern
Radiative cor. EFTs such as SCET and PNREFT

qualitatively chany
e.g. for Dark

)e prepared for the
of precision flavor
1ysics

y of muon g-2, in
.6 hadronic part, has to
iurther scrutinized!

Theory of bound electron C
be further improved!




Summary

Precision is the key to open the doors for New Physics

Without higher order effects we could not understand
Standard Model and we will not be able to find New
Physics

Effective field theories, such as SCET and PNREFT, offer
systematic approach to understand complicated multi-
scale problems

Studies of SM through EFT are challenging but allow for
ample opportunities



Summary

Precision is the key to open the doors for New Physics

Without higher order effects we could not understand
Standard Model and we will not be able to find New
Physics

Effective field theories, such as SCET and PNREFT, offer
systematic approach to understand complicated multi-
scale problems

Studies of SM through EFT are challenging but allow for
ample opportunities

Thank you!
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Lamb shift

Over 70 years old, one of the earliest radiative correction ever computed

PHYSICAL REVIEW VOLUME 72, NUMBER 4 AUGUST 15, 1947

The Electromagnetic Shift of Energy Levels

H. A. BETHE
Cornell University, Ithaca, New York

(Received June 27, 1947)

1s(n=1,1=0)

\ i

Bohr Dirac

AFEsg op ~ ~(Za)*In(Za) ~ 1057 MHz

T

42



Radiative corrections
S,

Form-factor — electron no longer Vacuum polarization — electron at

point-like. distance rp ~ 1/m.a

Binding is weaker — positive sees larger charge of the proton than

correction to the energy electron at infinity. Binding is stronger
— negative correction to the binding
energy

43



Higher-order corrections

N
o

~ Several higher order corrections known analytically - series
expansion in Za and «

~ Numerical computations are good for medium and large values
of Za

Recent progress possible thanks to application of EFT methods
AF = % (A1 (Za)* n(Za) "2 + Ag(Za)* + Aso(Za)® +...) +

(%)2 (B4O(ZC“)4 + B50(Zoz)5 + BGS(Zoz)6 lnB(Zcu)_2 N ) 4o

EFT allows to systematically disentangle short and long distance contributions
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Light-by-light corrections

Short distance part

~ [9(0)]* ~ (Za)®

Long distance part —logarithmically enhanced




Light-by-light corrections

Total LBL correction decreases 1s-2s energy split by 720Hz

Experimental accuracy is 10Hz

Theory uncertainty is in the kHz range, and we should still consider the proton radius
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Light-by-light corrections

Total LBL correction decreases 1s-2s energy split by 720Hz

Experimental accuracy is 10Hz

Theory uncertainty is in the kHz range, and we should still consider the proton radius

Theory of hydrogen spectrum has to be further improved and checked!
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Muon g-2

Muon is expected to be more sensitive to New Physics due to its

heavier mass

m2

—2 ~ 40000

2
e

Comparison of the theory with BNL experiment shows famous discrepancy

Aa, = a, ™ — a';bheory = (31.3+7.7)x 107" (4.10)

Note size and sign of the anomaly when compared with electron

2

e —14
- Aa, ~ 7 x 10
L

m™m

Aag ~
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MeV

Evaluation of muon g-2

Theory for muons is much more complicated than for electrons

¥QED corrections
¥ Electro-Weak corrections a‘éw = 15.4x 10~ 1Y

¥Hadronic corrections

% Hadronic VP al,p ~ (689.5+3.3) x 10~ "

¥ Pionpart alp (7777)~ (505.74+2.7) x 107"
% LBL a'n ~ (10.3+£2.9) x 1071 Wl
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Pion contribution

Hadronic effects needs to be
further scrutinized

Progress on experimental
side (Fermilab, J-PARC)

Lattice QCD made a huge
progress in recent years

~

(D

49
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Davier et al, e’e” (10) |—l—4

JS (11) e——
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HLMNT (11) e
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B RN
BNL (new from shift in A) *—i—4
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a, x 10"° — 11659000

Graph from T. Teubner et al. Nucl.Phys.Proc.Suppl. 225-227 (2012)
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Pion contribution

V]Ill'l]ll]ITlllllll:Illl
/ .

Hadronic &=

further sc 5
s
Progress ¢ -
H—i
side (Fer =
Lattice Q(
progressi@ — o (0 )N e R SRS Revsmosrore
__ s
¢ Illlllllllllllllllll llll"llllillllillllillIlillll
/ ~y 170 180 190 200 210
a, x10'° - 11659000
e+e- v.s. tau problem solved .
Graph from T. Teubner et al. Nucl.Phys.Proc.Suppl. 225-227 (2012)
A ‘ @ 282-287
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Pion contribution

i, &N "‘Ii,. . -
~ e T T iy ) . Wil -

6+
W
.

Hadronic ===
further scrg

Progress ¢
side (Fern

Lattice Q¢
progress |

/ ’
e+e- v.s. tau problem solved SM theory, in particular the h_ac_lronlc
part, has to be further scrutinized!
o

7
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Correcti

ons to the potential
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MeV

Muon electron coherent
conversion

/
»

o

Neutrinos not produced
CLFV

Ee = m,

\
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Muon DIO %
DIO — Decay |In Orbit

Muon DIO: standard muon

decay into an electron and two
neutrinos, with the muon and a
nucleus forming a bound state

For DIO momentum can be
exchanged between the
nucleus and both the muon
and the electron

62



Correction

Correction to the DIO
- Spectrum

0.10 O\
0.05 \\\,
0.00 \\\\\\\R\ s ) 4ﬁwwm3/F3 only
N
| \<ﬁ:’ < || +VV/P

~0.10 Fi\\ \Q& |

o 20 40 60 80 100
E, [MeV]
LL only
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Correction

Correction to the DIO

- Spectrum

0.10 \
0.05 \

| -
0.00 \ e

Experiments require further

iImprovement of signal to

VP only
N\
\é//—’ Pus | | +VP
—0.10 RN\ |
o AR

background ratio!



Muon DIO %
DIO — Decay |In Orbit

Muon DIO: standard muon

decay into an electron and two
neutrinos, with the muon and a
nucleus forming a bound state

For DIO momentum can be
exchanged between the
nucleus and both the muon
and the electron
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Free muon

/

Conversion




DIO spectrum regions

m
Ber 5
- Cenkral ;
- Measured by the TWIST * Background for the
experiment in 2009 conversion experiments
- Muon motion dominates * Will be measured in

conversion experiments
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QCD case:

Factorization

Following QCD approach a factorization theorem can

be derived dCbi6 T

dE. _ dE. @5

—-ree muon spectrum
t Is associated with the
nard scale m,,

QED Shape function
It IS associated with the
soft scale m,Zao

Separation of scales muZa < my,
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Results for Aluminum

and their relation to the TWIST data

14 LO ..............................:._ __.___.\‘ \ /Free muon
: " \‘ / i
12 A
E 10 Shape function
o 8 )
X 5
S 6 ’ xo’/
S ',.o//
5 4V
2
| -
20 60
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Leading Corrections

and their relation to the TWIST data

0.05

'l%+%*
%% ¢ ¢

0.00

data — theory
theory

~0.05

()

010 4

>F/ but no RadCor
X

All orders In Za
i i

¢¢*$ii§¥$ *§¢$$i i ***
*é***

TS ! %

Factorization including
RadCor

20

5 30 35 40 45 50

E, [MeV]
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Events

Background

DIO Spectrum

Endpoint region

Conversion
signal

l

1036 103.8 1040 1042 1044 1046 1048 1050
E, [MeV]
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Endpoint expansion

Near the endpoint, the dominant contribution comes
from the exchange of hard virtual photons.

dl' 1024 AN\’
FF?“ee dEe 57’(’ m

A = Ema,a: — Ee

R R
% %

u u e u € e

Nucleus
@ Local

o Interaction



Endpoint Radiative
Correction

Backgrouna

suppression
~15%

R.S., A. Czarnecki, 2015

A = ]
1024 A\ %8 o) o
— A° = (Za)5 () (1 + —0yp + _5H)
7'("”7/'u m'u 70 T



Endpoint Radiative

Correction 1 1
¢ Soft vacuum polariza.tion Correctipq to T~ . > m,Za
the muon wave-function at the origin Corection

(runningto m,Z«)

1 dr 1024 A\ 78 o
— A° Za) | — 1+ =46 iy
I'rree dEe ng( ) (mu> (L+ o F + —0n)

62

range

Background

suppression
~15%




Endpoint Radiative

Correction 1
» Soft vacuum polarization correction to "~ — >
the muon wave-function at the origin Correction

(runningto m,Z«)

 Hard vacuum polarization

I dI 1024 A
— A° (Za)® | —
['pree dE, Tms, my,

62

range

1

mMZoz

Atom size

Background
suppression

~15%




Endpoint Radiative

Correction 1 1
¢ Soft vacuum polariza.tion Correctipr) to T~ . > m,Za
the muon wave-function at the origin Corection

range

(runningto m,Z«)

Background

suppression

 Hard vacuum polarization ~15%

e SOft photon emission

A — Emajw - Ee
1 dl’ 1024 Qo Q
— A° Za)? 1+ —9 —0
I'rree dEe 5mmb (Za) - et v T )

L
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Endpoint Radiative

Correction 1 1
¢ Soft vacuum polariza.tion Correctipr) to T~ . > m,Za
the muon wave-function at the origin Corection

range

(runningto m,Z«)

Background

suppression

 Hard vacuum polarization ~15%

e SOft photon emission

e Hard correction

1 dr 1024 A\ 708 o
— A° Za)? [ — 14+ =9
FFTee dEe 57Tm2 ( a) <m,u> ( N n .
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Correction

Correction to the DIO
- Spectrum

0.10 O\
0.05 \\\,
0.00 \\\\\\\R\ s ) 4ﬁwwm3/F3 only
N
| \<ﬁ:’ < || +VV/P

~0.10 Fi\\ \Q& |

o 20 40 60 80 100
E, [MeV]
LL only
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Correction

Correction to the DIO

- Spectrum

0.10 \
0.05 \

| -
0.00 \ e

Experiments require further

iImprovement of signal to

VP only
N\
\é//—’ Pus | | +VP
—0.10 RN\ |
o AR

background ratio!



