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Abstract

This thesis calculates the bremsstrahlung correction beyond the soft-photon approxima-
tion for the decay w — w°IT1~. The effect of the radiative corrections on the extraction
of the transition form factor from data is investigated. Four different form-factor mod-
els are used to compute corrections: vector-meson dominance, lowest-meson dominance,
tree-level, and two-hadron saturation. The experimental data used for applying the cor-
rections were taken from the NA60, A2, and Lepton-G experiments. The result of these
corrections and their implications are evaluated and discussed.



Popular Science Description

Approximations are the lifeblood of physicists. Without them, problems in everything
from Classical Mechanics to Quantum Mechanics can become impossible (or at least ex-
tremely tedious) to solve. When models are constructed, choosing right approximations
in what phenomena can be ignored or not can be crucial in order to describe and imi-
tate reality. Determining whether or not too many approximations were made (i.e. too
many phenomena were ignored) or if there are new physical phenomena at work when a
model no longer corresponds with reality is an essential part of physics research. This
is especially vital within particle physics where the number of interactions necessitates
numerous approximations. Evaluating these approximations can then provide an insight
into the effectiveness of these models in describing reality.

An area of physics where this becomes apparent is in form-factor modelling. Form
factors are like mystery boxes that seek to capture the full complexity of an interaction
that cannot be calculated by hand. Due to their opaque nature they are determined
from experimental data. This has of course not stopped physicists from developing a
series of different models to try and predict the behavior of these form factors. However,
when comparing these theoretical models to experiments there is sometimes a deviation
for certain particle decays that cannot be explained by uncertainty in the data. This
forces us to confront whether or not these models are inherently flawed or if they can be
remedied.

This type of deviation is seen in the Dalitz decays of the w vector meson. When the
transition form factor has been measured and then compared with theoretical models
for the form factor a deviation is clearly seen. When these form factor models were
constructed, only some phenomena were included under the assumption that this would
capture enough of the interaction. One way to determine the effectiveness of these models
is then to determine if including more complex aspects of the interaction could eliminate
this deviation. When it comes to quantum electrodynamics (QED) approximations are also
made to determine the decay widths (or probability) of decays. Going beyond the simplest
(or leading order) approximation can then include computing the radiative corrections one
of which is the bremsstrahlung contribution. The bremsstrahlung phenomenon involves
having one (or more) of the particles involved in the decay emit a photon.

This often makes the calculation for the decay width far more complicated unless,
again, some approximation is introduced. One possible way to simplify the calculation is
the soft-photon approximation where the energy of the photon is assumed to be small (or
soft). When this calculation is attempted, a singularity (infinity) appears when the photon
energy becomes small. These infinite quantities are then cancelled when other radiative
corrections are included. However, this ignores the full range of possible energy values
for the photon. This means when the form factor is measured, the estimate is affected
by radiative corrections stemming from ignoring these energetic photons. Ignoring these
corrections could then be the reason for the deviation between theory and experiment.

The goal of this thesis is to explore if computing the radiative corrections and go-
ing beyond the soft-photon approximation can eliminate the deviation seen between the
different form factor models and the experimental data for the w vector meson decays
under consideration. If this deviation fails to disappear then new approaches consistent
with (or not consistent with) the Standard Model are needed. Regardless of the overall
effectiveness of the radiative corrections in this particular case, they should still be used
when comparing form factor models and experiment.
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List of acronyms

BS Bremsstrahlung

CMS Center-of-mass system
EM Electromagnetic

FF Form factor

IR Infrared

LMD Lowest-meson dominance
LO Leading-order

NLO Next-to-leading order
QCD Quantum Chromodynamics
QED Quantum Electrodynamics
QFT Quantum field theory
VMD Vector-meson dominance
SM Standard Model

TL Tree-level

THS Two-hadron saturation

Notes on Notation

e Throughout the thesis natural units (A = ¢ = 1) are used.

e The four-momentum of a particle or object is denoted by p while the spatial mo-
mentum is denoted by p.

e The notation p is used for the contraction of gamma matrices and four-momentum
vectors such that p = v#p,.

e The notation p; ; refers to the ith element of the p; four-vector.



1 Introduction

In the framework of modern physics, approximations are essential to gain numerical re-
sults. Without them, many calculations would become intractable or simply too unwieldy
to be useful. Most approximations are motivated by theory or necessity such as the sim-
ple case of ignoring friction in classical mechanics. This need for approximations becomes
more and more apparent within the realm of particle physics where calculations can
quickly become immensely complex without appropriate approximations [1].

This need is especially apparent in quantum field theory (QFT). In Quantum Chromo-
dynamics (QCD), attempts to calculate the interaction between hadrons quickly escalates
in complexity making it essentially impossible to get analytical solutions. Trying to ac-
count for all involved quarks and gluons as well as virtual quark-antiquark pairs then often
boils down to studying phenomenological quantities that can give insight into these com-
plex interactions [1, 2]. As a result, to properly describe the internal structure of hadrons,
form factors (FF) are introduced. These can be experimentally determined or can be
modeled theoretically. Examples of this are electromagnetic (EM) transition form factors
that reflect the internal charge and current distributions inside the hadrons. Thereby the
entire internal structure of the hadrons can be probed using these quantities [1, 2|.

These form factors are quantities with the structure only being probed using exper-
imental data. Using principles from QED and QCD, this has of course led to the de-
velopment of numerous models to try and predict the behavior of the form factors over
a range of exchanged momentum values for the interaction [2]. When designing these
models, physicists make decisions on what assumptions to make and what contributions
to take into account. With many of these models, a deviation can be seen when compar-
ing the theoretical and experimental results for certain decays. One possible explanation
for this deviation comes from failing to account for the full range of radiative corrections
stemming from QED. This is from either ignoring them entirely or through the invoking
of the soft-photon approximation in the bremsstrahlung (BS) contribution. In this ap-
proximation the energy of the emitted BS photon is assumed to be small (or soft). This
simplifies the calculations but ignores the possible contribution from the BS photons with
energy above a certain threshold. The computation of the radiative corrections piece by
piece also introduces infrared (IR) divergences that are cancelled by considering the total
radiative corrections.

Going beyond the soft-photon approximation would help to properly disentangle the
electromagnetic and hadronic effects from each other, and possibly resolve the deviation
seen between experimental data and the form factor models. Looking at a process such
as the Dalitz decay w — 7°¢* ¢~ (with ¢ standing for electrons or muons) provides a good
opportunity to attempt to compute these radiative corrections, apply them to experimen-
tal data and determine whether or not other physical phenomena need to be included to
these form factor models and if one can make theory and experiment align more closely.

This thesis is structured with Section 2 introducing the background behind the decay
w — 7070~ and the necessary information about radiative corrections. Subsection 2.4
outlines the bremsstrahlung phenomenon and correction. The solution for going beyond
the soft-photon approximation is also presented. In Section 3 the procedure for imple-
menting and computing the corrections is outlined. Section 4 introduces the results from
the computations and shows the result of applying the corrections. Finally, in Section 5
the result of these corrections are discussed. The effectiveness in removing the deviation
is discussed, as well as avenues of research opened by the result.



2 Theoretical Background

2.1 The Decay w — 70¢+(~

The w meson is a neutral vector meson that has quark content consisting of a nearly
pure symmetric uii and dd state that can be written as (u@ + dd)/+/2. Its main decay
modes include the decay w — 7°7*7~ and the decay w — 7%y where the 7° meson is
a neutral pseudoscalar meson [3|. Decays of the type A — B + 7, where A and B are
mesons and 7 is a photon, are called electromagnetic radiative decays. In these types
of decays, the emitted photon can undergo internal conversion and turn into a lepton
pair. These types of decays are then called conversion decays [4]. The w meson can, in
fact, also decay through this type of decay in the form w — 7%/*¢~ where ¢ can either
be a muon or electron [3|. To describe the decay, QED is used for the electromagnetic
nature of the decay as the w meson decays to the 7° meson and the virtual (off-shell)
photon further turning into the lepton pair. To model this interaction completely, taking
into account all the different interactions, is inherently complicated. As such, to capture
the total internal EM structure of the decay, an EM form factor is introduced that then
contains all the information about the internal structure of the decay not included in the
theoretical approximation [4]. The form factor is a quantity that can be extracted from
analyzing the probability of the decay as a function of the invariant mass squared ¢? of
the photon in the w Dalitz decay, corresponding to the invariant mass of the lepton pair
[4]. The probability per invariant mass squared is called the invariant mass spectrum and
is denoted by dI'/dg?, where T is the width of the decay. Theoretically, the width of the
decay can be determined using QED with internal EM structure of the meson interaction
found within the form factor data. The FF can be denoted F,,(¢*) and for the normalized
FF at ¢ = 0 we use F,,(¢%). The invariant mass spectrum dI’/d¢? can then be related to
the normalized FF via
r r .

R Nl (1)
Point
where dI"/d¢?|poins Tefers to the QED prediction for the overall decay width with w treated
as point-like [4]. The estimate for |F,,(¢2)|? then naturally depends on the theoretical
determination of dI"/dq?|pein: using QED and the experimental data for dI"/dg¢?.

2.2 The w — %%/~ Decay at Leading-order

The differential decay width of the w — 7%T¢~ decay needs to be calculated to deter-
mine the FF. Similar discussion for the differential decay widths can be seen in Ref. [5]
and Ref. [6]. The Feynman diagram of the leading-order (LO) contribution in the QED
expansion can be seen in Fig. 1. In the decay, the four-momenta of the w meson, the °
meson, the lepton /~, and the antilepton ¢+ are labelled as pi, ps, ¢1, and ¢, respectively.
Then, from conservation of energy and momentum, we have

PrL=p2t+q+q.

The matrix element for this decay can then be extracted from Fig. 1 using Feynman rules.
It is found to be 7]

(=1)

q2
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Figure 1: The LO Feynman diagram of the decay w — 7%/~ ¢*. The shaded blob corre-
sponds to the FF.

where F,(¢?) is the form factor represented by the gray blob as seen in Fig. 1, and
q = q1 + @2 is the four-momentum of the lepton pair. Before proceeding with considering
the rest of the calculation for the differential decay width, some dimensionless variables
can be introduced using the notation from Ref. [6]. We can define a variable = as the
normalized square of the total energy of the lepton—antilepton pair in its center-of-mass
system (CMS) such that

- (%;%492) . (3)

Here Ay = m,, — m, where m,, is the rest mass of the w meson and m, is the rest mass
of the 7° meson. The rescaled cosine of the angle between the directions of the decaying
w meson and the antilepton in the lepton—antilepton CMS is denoted by y,

2py - (Ch - Q2) (4)
1 9
/\i(p%ap%a (ql + q2)2)

y:

where A is the Kéllén function of the form
Ma, b, c) = a* + b* + ¢ — 2ab — 2ac — 2bc. (5)
For convenience we can define A\(x) as

Mz) = Am?2,m2, A%,2). (6)
Other related convenient definitions employed later are A% = 2p; - (¢ — q2) = y)\%(x)
and s = (q1 + q2)> = A%;z. We can also consider the limits imposed on the z and y
variables possible values. For convenience, another constant v can be introduced defined
as v = 2m/Aj; with m being mass of one of the final-state leptons. Now looking at the
definition of z in Eq. (3), the minimum possible value would occur when (g, +¢2)? = 4m?.
So using the definition for v one finds that the lowest possible value is v, The maximum
value for x is 1 when (q; + ¢2)? = A3, such that the limits on z are x € [v?,1]. For the
limits on y, another variable 3 is convenient, defined as

mnio— i E. »



Here, 3 is the speed of the leptons in their CMS. Another related variable v used later
can also be introduced and is defined as

=10 = T ®)

The limits on y then become y € [—/, 3] [6]. The LO matrix element squared can now
be written as
— 8m2a’\(z) v?
LO 2 o & AL A2V (142 42
MG = i R AR (14 +12). )
where « is the fine-structure constant. The two-fold differential decay width can then be
written as

1

PL(z,y)  A3A ()

where |[M(z,y)|? is the matrix element squared, of the interaction [7]. Hence using the
LO matrix element squared, the total two-fold differential decay width for the decay at
LO is

Tz, y)  a2A2(z)

2
_ 2 2 v 2
dedy 192ﬂmix’Fw(AM$)‘ (1 * K Ty ) ' (11)

It is also convenient to integrate away the dependence on y to get the differential decay
width with respect to x only, which becomes

IO _ [ I, @i

2
- (A2 o) (14 2. 12
dz _p  dady Y 727mm3 x FulBa)] ( * ) (12)

2z

The NLO contribution can be written as a correction term ¢ to the LO differential decay
width so that we can write

dl(z,y) = AT (2, y) + dTNC (2, y) + ... = (1 + 0(z,y) +...)dTC (2, y). (13)

Ignoring higher order terms beyond NLO, the NLO correction in terms of x and y, d(x, y),
can then be defined as

d*INO (2, ) / d*TO(z, y)

o, y) = dxdy dedy

(14)

using Eq. (13). The dependence on y can also be removed as in Eq. (12) to give d(x).
Using that Eq. (14) is a ratio, the term d*I'N*©(z,%)/dzdy needs to be integrated over y
and combined with Eq. (12) so that we can write

The NLO correction comes from the contributions of several different diagrams and can
be split up into different components as

§ = (SBS + 6Virtual' (16)

Here 655 is from the BS contribution and 6V'*“#! from the virtual contribution. First we
consider the virtual contributions.



(a) Vacuum Polarization (b) Vertex Correction

Figure 2: NLO virtual corrections in the QED expansion on the lepton side. (a) shows
the vacuum-polarization-insertion contribution to the photon propagator with the shaded
region denoting lepton loops and hadronic contributions. (b) shows the QED vertex
correction at NLO.

2.3 Virtual Corrections

The virtual corrections arise from the interference term of the LO diagram shown in Fig. 1
and the NLO diagrams shown in Figs. 2a and 2b [8]. Once again, similar discussions can
be seen in Ref. [5] and Ref. [6]. We only consider the corrections from the lepton side
neglecting possible contributions from the mesons as they are neutral and much heavier
than the leptons and the virtual corrections are therefore minimized compared with the
lepton contribution [1]. The virtual corrections is then the sum of two separate terms

Virtual Virtual Virtual
II

vertex

where 5" denotes the contribution from the diagram in Fig. 2a called the vacuum-
polarization correction and y.rul is from the diagram in Fig. 2b and is called the cor-
rection to the QED vertex [7]. The vacuum-polarization diagram in Fig. 2a involves the
insertion of a lepton loop which includes a pair of leptons being created and then anni-
hilated [1]. Due to the mass of the w meson, the invariant mass of the virtual photon is
large enough for the on-shell production of hadronic particles as well as leptons, so both
contributions need to be considered [1, 3]. The photon self-energy can then be written as

(¢*) =TL(¢*) + u(q?) , (17)

where IIy, is the contribution from the lepton pair production and Il is from the hardonic
contribution [5]. The total contribution from the vacuum polarization 6™ can then be
written as [5]

o™ (@, y) = 2Re{~TI(A}2)}.

The vacuum polarization insertion from the lepton loop II, can be determined for a
specific type of lepton ¢ in the loop using the expression

8 2 2
I1,(A3,z) = % {§ — % + % <1 — %) log(—, + ze)} : (18)
where [y and -y, are defined as [6]
4m? 11—
Be=Be(z) =41 - AzﬂM;’ Ve = Ye(x) = H——gﬁg (19)



Let us emphasize that the variables £, and ~, are related in form to the variables g and
v from Egs. (7) and (8), but here they refer to leptons running in the virtual loops. The
term log(—~, + i€) can be rewritten as log(—7, + i€) = log 7, + im. The total contribution
from the leptons is then obtained by summing over the different species of leptons ¢. For
the w meson decay we investigate, only the contributions from the electron and muon
need to be considered, so the total contribution from lepton loops is

M1 (¢%) = Te(¢®) + Mu(¢?) - (20)
The hadronic contribution, Iy, can be expressed as
2 00 ! !
q on(s')ds
Mu(d?) = — 21
) = g | e (21)

where oy is the total cross section of the e~e™ annihilation reaction into hadrons. It can
be determined by

Ao

ou(q®) = ——R(¢%),
q
where R(q?) is ratio of the hadronic cross section in the e”e™ annihilation and the muon
cross section with the data taken from the Particle Data Group [5, 3]. Now we need to
evaluate the contribution from the vertex correction seen in Fig. 2b. This contribution
can be written as

: 2Fy (A3, x)
gyirtual(y 4y — 9Re { Fy(A%z) + —22M 4
vertex ( y) 1( M ) 1 +y2 + 1/?

The form factors Fi(¢?) and Fy(q?) for the QED vertex corrections now need to be eval-
uated. The first F} is written as [6]

Fy(A2z) =2 {—1 _ 142 log(— + ie) + {1 . 5 log(—v +¢e)] log
T 48 283 A (22)
1+ 32 1 2
- ;f [Lix(1 =) + ZlogQ(—’y + i€) — % —imlog(1 — 'y)]} ,

where Lis(2) is the dilogarithm function defined as Lis(z) = fzo dtIn(1 —¢)/t, v is from
Eq. (8), and A is the infrared cut-off denoting the lowest energy of the photon in the BS
phenomenon [6]. For A — 0 this introduces a singularity in the form of an IR divergence,
so it acts as a regulator |6, 8]. The F,(¢*) term can be written as

o v )
The total virtual correction can then be written as
. 2F, (A2
sVirtual(g ) = 2Re { —II(A%,2) + F1(A2,z) + M : (24)
L+y*+ =

We would also like to get virtual corrections without the y dependence. From Eq. (15)
we find

. 3 Fy(A?
sVirtual(z) = 2 Re {—H(A?\ﬂﬂ) + Fi(A%z) + 521(4_—]\5_21:)} ' (25)
2x



If the whole geometric series for the one-loop insertions is summed over, this gives

-, 1
H(Q)——H—M-

Squaring the amplitude and then subtracting the LO part from this expression [6, 5]
means that e can be written as

1

Virtual o
W) = TP

—1. (26)

This can then be used in Eq. (25) and replace the 2Re{—II(A2,z)} term. Thus the total
expression for §Vi'*al can then be written as

. 1 3 Fy(A%,x)
5V1rtual — —14+2R F (A2 el Sl 7 Sl . 27
O = iz PR B T e =)
Now we need to consider the bremsstrahlung correction.
2.4 Bremsstrahlung Correction

Figure 3: The bremsstrahlung correction diagrams at NLO in the QED expansion.

2.4.1 Total 685 Correction

The Feynman diagrams for the BS contribution can be seen in Fig. 3 and involve the
emission of an BS photon from one of the leptons in the lepton pair. The treatment of the
BS contribution builds of a similar discussion from Ref. [6]. The total contribution comes
from including the effects from both diagrams, inclusive of their interference [1]. With
the additional photon, the sum of the four-momenta involved in the decay are related by

pr=p2+q +q+k,

where k is now the four-momentum of the BS photon [6]. Similar to the virtual corrections,
the BS from the mesons are also neglected due to the heavier mass of the mesons and the
fact they are neutral which minimizes the BS correction [1]. The matrix element of this

process is
ioe3
(k+ a1+ q2)* + e

iMBS - fw((k + q1 + Q2)2)Eumﬁp?pgeu(Pl)(H(Q1)]VPU(Q2))€;(1<) ’

(28)



where 1" is defined as

Ktptm) , Etge—m)

(
JVP — AP 29
T ok g tie | 2k -qy +ie (29)

A new variable can now also be introduced called s, = (k + ps)? [6] which in this case
is the invariant mass squared of the BS photon and the 7° meson. For the full matrix
element squared | Mgg|?, the result is not written out here due to its long nature. The
BS contribution to the differential decay width can be written as

dQFgIS“O(x Y) 1 WSA?W)\%(JZ) T
L = ds. . 30
dady 2m,, 16(27)8m2 /J [lMBS’ ] S (30)

The differential decay width can also be integrated over y to yield dI'Ns®(x)/dz. Above
J is an operator that acts on an arbitrary invariant function f(k,ps) and is defined as

3 3
Tl (hp)] = = [ TEdP

—_— k 5@ —q1— Qg — Py — k 1
o o P20 f( ;p2) (Pl g1 — 42 — P2 )7 (3)

where §® is the Dirac delta function [6]. This expression can be rewritten by introducing
a reference system where p; — q; — q2 = 0. This then means that po = —k. The photon
and pion are also assumed to be on the mass shell such that k* = 0 and p3 = m2.
Rewriting J then gives

1@

TUkp) = 1= [ Ay (32)
Here w refers to a new variable defined as w = /57, @ is defined as @ = (s, — m?2)/ NCT
and finally p, denotes the four-momentum of the 7° meson such that p, has components
P2 = (P20, —k). The total BS correction 6%5(z,y) is then determined from Eq. (14)

dQFNLO (./E y> dQFLO (13 y)
5" =588~ == 33

Hence we need to determine the NLO differential decay width d*TNYC /dzdy from Eq. (30).
To do this the term J [|MBS|2] has to be evaluated. When it comes to the matrix element

squared |Mpgs|?, there are a couple of other definitions that are useful to introduce when
dealing with the operator J. We write

B=k-q, (35)
E=k+q+q¢)?, (36)

where E can be related to A and B as
E = A5z +2A+2B. (37)

When the operator .J is then applied on the matrix element squared, the integral contained
in J acting on combinations of these kinematic variables need to be considered. Eq. (30)
also includes integrating over s,. To go beyond the soft-photon approximation the full
range of s., values need to be evaluated. When examining | Mpg|? it turns out that there

10



are multiple terms that include A, B, and E that become divergent when integrated over
the full range of s,. One way that we could then split matrix element squared |Mpg|? is
into convergent and divergent parts such that

|Maps|? = | Mps|? o + [Mpsl? i, (38)

V.

where | Mpg|?
| Mps|? |Div. denotes the divergent part [6]. This type of splitting is in principle not unique,
but in our approach this split emerges naturally and can be defined properly in this way
even if it is not unique. We then need to evaluate these terms separately and combine

! cony. denotes the IR convergent part of the matrix element squared and

them after integrating over s, to give the full J [|MBS\2} term.

2.4.2 The Convergent 62° Correction

The IR convergent part ’MBS|2’COHV. contains several terms with combinations of A, B,

and E. The |MBS|2|conv. term can also be split further into two parts that are equivalent
under the exchange of ¢; > g2 [6]. The effect of J acting on one half of these terms can
be seen in Appendix A. The other half of J acting on ’MBSP’conv. can then be gained
by exchanging A2 <« —AZ? [6]. Adding both of these contributions then gives the total

J [’MBSP’ Conv. | - Integrating this term over s, requires considering the integration limits

min

™) would be when k| = 0 such that s is simply

on s,. The minimum value for s, (s

the mass squared of the 7° meson. This then means we can write s = m2. The upper
integration limit s7**, however, will take the shape
A2 )2
ST = md + AYx — \/4m3)A?wa: + ( 6"20 . (39)

2.4.3 The Divergent 685 Correction

The divergent part ’MBSP’DiV, can be written as

2m?\ 1 (1  1\]——s
b, T { (1 B T) A" (,4— * E)} Muof*,— (40)

where | My,0|? is the matrix element squared for LO diagram. Due to the integral over s,

| Ms|?

being divergent the total integral [ J [|./\/IBS|2 }Divl ds., has to be done analytically to deal

with the singularity. To do this using Eq. (32) is no longer appropriate to simplify the
integrals and another approach has to be taken using Eq. (31). This includes doing inte-
grals over the 1/A% 1/B?, and 1/AB terms as seen in Eq. (40). Starting from considering
J [1/AB] a new expression for the integral can be derived. This gives

sl = [ S sy (a1)
— s, du,
AB o Jamin A(sy,m2, A?)(A] — A3) +4s,A2A7 7

where A; = [ugao+(1—u)qi 0] and Ay = |uga+(1—u)qq|, A3—A3 = m*+u(l—u)(s—4m?),
and 4s,A2A? = 1[m2 — s — s, + (2u — 1)A2]. Here the integral over u comes from using
Feynman parametrization in the derivation and A is the same photon-mass regulator as

11



used in Eq. (22). The full derivation of this expression can be seen in Appendix B. This
integral then needs to be performed over s,. To simplify the integral, the limit lima_g
is carefully considered whenever possible and the full range of the approximation and
integral is given in Appendix C. The full expression is then

1 14 Smax_m2 m 4
Jl—| = [ 2 (102" 1 10g™) = = atanh H du. 42
{AB} /OV(Og e +OgA> g e du (42)

Here V and H are variables introduced for convenience and are defined as

V=m?4+ (s —4m*)(1 — u)u, (43)
16m2V
H=\[1- =5 (44)

where () is defined as
1
Q= Z<M“2’ —s—m2 4+ (2u—1)A2)%.

Here it can be seen that the only remaining divergent term is logm/A as A approaches
zero. We can then get the other terms J[1/A?] and J [1/B?] by setting v = 1 and u = 0
respectively in Eq. (42) as seen from using the definitions in Appendix B. The different
terms of the divergent correction then become

17 4 smax _ 2 m 4
J {ﬁ =— (IOg ym—mw + log K) ~ 2, atanh H (45)
17 4 ghax _ mfr m
J {E == (log Vm—m,r + log X) ~2H atanh H , (46)
1 T 1 4 Smax _ m2 m 4
Jl-—|= — (log—~——" +1log— | — ——atanh H d 47
{AB_ /0 V(Og mm. +OgA> v e e (47)

where new definitions H; and Hy for v = 1 and u = 0 respectively are introduced for

convenience
16m2m?
Ho=4/1— —F— 48
o V 4Q10 (48)

1
Qio = Z(Mg —s5—m2 4+ A2)?, (49)

where (01 and @)y are defined as

The integral over u for the 1/AB term can be evaluated further over the first term to give

1 4 gmax _ m? m 8 gmax _ m2 m
1o 22— " oo — Vdu = ——— 1 loo 2L "™ 4 oo — | .
/0 1% (og mmy + OgA) Y A?wxﬁ Ogv(og mmsy + OgA) (50)

The full integral of J [1/AB] can be seen in Appendix C. So a final expression for J [1/AB]
is then

1 8 Smax_mQ m 1 4
= — 1 log—— " +log— ) — [ ——=atanh H du. 1
J{AB} A2 25 ogv(og o + ogA) /0 g Atan u (51)
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The remaining integral over u is left unresolved as no analytical solution was found as of
the time of writing and no full analytical solution is believed to exist either. This remaining
integral over u then has to be performed numerically to give the full expression. The total
expression for the divergent part of §%° is then gained by inserting the results back into
Eq. (30). We can use Eq. (33) to get the value for 6%5(z,y). By integrating over the full
range of s, the calculation for the complete BS correction then by definition goes beyond
the soft-photon approximation. The BS expressions can also be integrated over y to yield
§85(x). The total correction to the differential decay width is then given by simply adding
the virtual and BS correction (Ve and §B5) corrections.

2.4.4 Soft-photon Approximation

It is worth taking a quick detour to compare how our approach differs with the soft-
photon approximation. In the soft-photon approximation, the four-momentum k of the
BS photon in the matrix element in Eq. (29) is systematically assumed to go towards
zero. Thus, when considering the matrix element squared in Eq. (39), the convergent

part |Mpg|? will disappear. However, the divergent matrix element squared would

still need to bcé) “considered. So, in the soft-photon approximation the radiative correction
is the sum of the correction stemming from the divergent part of the bremsstrahlung
matrix element squared and the virtual correction. In this approximation, the correction
becomes form-factor-independent. This is due to that the correction 625 (xz, y) is calculated
from dividing the NLO BS differential decay width and the LO differential decay width
which in this limit cancels the form factor.

By construction, the soft-photon approximation becomes exact as the energy of the
bremsstrahlung photon vanishes. Thus, within this approximation, we can obtain physi-
cally relevant results when only soft-photons are considered. In this regard, we can intro-
duce SSUtOH defined as SS‘”OH = (m, + €)* where € is some constant term. This cutoff then
signifies the energy above which the emitted BS photons have been left out. When using
s3™ in Eq. (51), this would then be replaced by either sg“mﬂ or s7** depending on which
is the smaller term. This type of correction is then called the soft-photon bremsstrahlung
(in the soft-photon approximation). The size of the BS corrections beyond the soft-photon
approximation with hard photons included, however, depends on the type of form-factor
model used, which we now need to specify.

2.5 Form Factor Models

There are numerous different approaches that try to model the electromagnetic form
factors based on different assumptions and ideas. For this thesis, four different models were
used: the vector-meson-dominance (VMD) model [9, 10], lowest-meson-dominance (LMD)
model [11], tree-level (TL) model [10], and the two-hadron-saturation (THS) model [7]. In
the simple VMD ansatz, the pole structure is assumed to be solely given by the exchange
of vector resonances |9, 10]. This allows us to write the correlator of the pion and two
vector currents (with virtualities p? and ¢?) as

N¢ M
8m2F (p* — M) (q* — M)’
where My, is the mass of the ground-state vector-meson multiplet approximately given by

the mass of the p meson for this w decay, N¢ is the number of colors (Ne = 3 in QCD),
and F'is the pion decay constant.

Fun (P, %) = (52)
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Then, by fixing one of the virtualities to the w mass, we have in general for the form
factor
1
F(¢®) = lim_ —(p* — M3)F(p* ¢%), 53
(q°) A, 7 (p” = My)F(p",47) (53)
where Z,, is related to the overlap between the w meson and the vector quark current [7].
This limit is then performed for all the form factors considered and the normalized form

factor F(q?) = F(q?)/F(0) is obtained. We can then write the normalized form factor
squared for the VMD model |Fymp(¢?)|? as

2 ]:VMD(Q2)2 o
| Foup(0)2 | (g2 — ME)?T (54

An alternative for the VMD form factor is the pole approximation written as

My

| Fuan (¢%))]

Faor=(1-5) (55)

where A is the effective mass of the virtual vector meson and A2 is related to the transition
FF slope at ¢> = 0 [4] derived from experimental data. For the LMD model, it assumes
that the lowest-lying multiplet of the pseudoscalar and vector resonances are considered
when deriving its form and that these are enough to capture the main contribution [11].
In this approach the correlator becomes

AT F2(p? + ¢
Fuuo (P, ¢°) = Fyun (0%, ¢°) (1 - N(iM{ﬁ )> (56)
The normalized form factor squared then becomes
| _ AP 4?) 2
A~ A~ - N, M4
| Fmn (¢*) P = [Fvmn (¢°)? - ) Py (57)
- NoMZ

The TL model involves introducing a tree-level diagram of the NLO contributions when
considering the Lagrangian for this type of decay. This introduces another constant
contact term which adjusts the VMD model form seen in Eq. (53) [10]. This leads to the
form factor that can be written as
2 M} +¢°

Fru(q”) = Fru(0) Mg (58)
where My, again is the mass of the virtual vector meson. The TL normalized form factor
squared then takes the shape

M‘2/+C]2)2' (59)

ME —¢?

Enl)f =

Finally, the THS model is considered. In this approach, it is similar to LMD but expands
on it and introduces two vector meson resonances with masses My, and My, [7]. In this
model, the correlator can be written as
Ne My, My,
8m2F (p* — M, )(p* — MP,)(¢* — M, )(¢* — M)
A R i AR B P
2N (4 F)* No M, M, M, M, ’

Frus(p®, ¢%) =
(60)
X |1+
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where k is a free dimensionless parameter of the model that needs to be fitted from
experimental data. It is expected to lie in the interval (—45,30) and was found to be as
high as 21 in Ref. [7]. The normalized form factor squared becomes

w My @® ATPFR(M +q?) M ¢ 2
‘ﬁTHS(q2)|2 — MélMéz (1 + 2N¢ (4nF)* NcM‘Q,lM\Q,2 (6 + M‘Q/IM‘Q/2>>
(= ME ) (¢? - ME,)? 2472 F2
(4% — My, )*(¢* — My,) <1 - NCM%)

(61)

The mass My, is taken in the interval My, € [1400,1740] MeV, i.e. between the masses
of the first and second physical excitations, while the mass My, will, for the w decay,
approximately be given by the mass of the p meson [7]. More details on the mentioned
form-factor models can be found in Refs. [9], [11], [10], and [7]. Now, by using the
normalized form-factor models in the expressions for the BS, we can then determine the
total correction.

3 Method and Implementation

3.1 Implementing the §Virt“al and ¢85 Corrections

With the results for the virtual and the BS corrections in hand, the full correction
to the differential decay width can be determined. To do this they once again need to
be treated separately. For the virtual correction (§Vr®al) Eq. (27) fully determines the
correction using the definitions for the form factors from Eq. (22) and Eq. (23). The
hadronic contribution stems from integrating over the experimental data on R using
Eq. (21). These numerical results were calculated using Wolfram Mathematica which was
subsequently used for implementing all the expressions used in the thesis.

For the BS contribution to the overall correction 62°, the convergent and divergent
parts of the matrix element squared have to be treated separately as well when imple-
menting. To calculate the 6%5(z) the convergent matrix element squared was numerically
integrated over s, using the interval [s;ni“, sP| with Eq. (39) for s7'** but was also nu-
merically integrated over y using the interval |-/, 5]. For the divergent contribution the
value for s7** is used in Eq. (45), Eq. (46), and Eq. (51) while in Eq. (51) the numerical
integral over u is performed. The results were then inserted back into Eq. (30) and finally
integrated numerically over y.

Combining the results from both the convergent and divergent contributions and us-
ing the results from Eq. (12) the total BS correction is determined numerically. When
introducing the form factor models into the overall matrix element squared, an ansatz

was used for writing a general normalized form factor squared as

~ M?2 MA
2\ 12 |4 |4

which is a convenient form suitable for the integrals involved. The J; in this equation are
coefficients that make the specific form factor model used fit into the ansatz and MZ can
also vary. This allows us to perform one analytical calculation and then the appropriate
form factor model can be chosen by using the suitable J; and M terms. This ansatz
might need to be used repeatedly for more complicated form factor models such as the
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THS model, where two consecutive calculations have to be performed to fit the model into
the ansatz due to multiple resonance masses involved. The list of ¢; terms and M2 can
be seen in Appendix D. For comparison, the result for only the divergent matrix element
squared and the virtual corrections were added to show the soft-photon approximation.
An example of the soft-photon bremsstrahlung approach was then calculated using that
s ywas set equal to min(smax, sCutoff

max

5 S ). Specifically in this thesis, e = 5 MeV was used.

Yooty

3.2 Full Correction and Experimental Data

When the two different contributions § V""" and §5° are added together the IR divergence
terms in Eq. (22), Eq. (45), Eq. (46), and Eq. (51) will cancel, leaving the calculation
finite. This also gives the total correction that can be used in Eq. (1) to extract the
form factor. The experimental data on the form factors for the w decay were taken from
four different experiments called the NA60(p-A), NA60(In-In), Lepton-G, and A2. All
the different experiments except the A2 use the muon channel to measure the form factor
while the A2 uses the electron channel [12, 13, 14, 15]. To apply the radiative corrections
to the differential decay width and get a new estimate for the form factor squared, we
have to consider how the form factor was determined from the experimental data. From
Eq. (1) we know that the estimate for the form factor should be the ratio ;—qrz §—£|p0int.
Since the original experiments did not consider the radiative corrections when calculating
dl'/dq?|poins, this suggests that dT'/dg?|peins is simply the LO differential decay width.
This then means that the data for the FF in the experiments are really

T LO(g R
e L C LA

Thus in order to get a new estimate for the form factor squared we need to divide through
by [1 + 6] such that

5 Fu(zA2)2
AQ 2 — ’ w M ) 1 Measured )
|]:w($ M)|New [1 4 5(1‘)] (63)

As a result, applying this formula to the different data sets we get the new estimates
for the normalized form factor squared. When dealing with the A2 data set the electron
mass has to be used for the lepton mass when computing the correction §. For the other
data sets the muon mass has to be used to compute the corrections. If the THS model
is to be used for computing the correction, the free parameter x needs to be fitted from
experimental data on the form factor |7]. Using the data from the four experiments, the
THS model was used to fit the data and x was found to be k = 20.6 = 1.7. However,
the last three data points in the total set are often not trusted. As a consequence these
data points can be rejected and a new fit can be done. The new x was then found to
be k = 19.5 £+ 1.5. Using this adjusted s value the total correction was then performed.
Another parameter that was fitted is the A= term in Eq. (55). This was done for the
corrected data set and then compared with the uncorrected data fits in Refs. [14], [12],
and [15].
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4 Results

4.1 Total Correction for e and p Channels

The total correction §(z) was computed for the different form factor models outlined in
Section 2.5. This was done for both the electron and muon channels as seen in Figs. 4a
and 4b, respectively, and both the divergent matrix element squared added to the virtual
corrections as well as the soft-photon bremsstrahlung.! In Fig. 4, the TL form factor model
has the largest magnitude correction compared to the other form factor models in both
channels. The THS model passes below the TL model in both channels but is still larger
in magnitude than both the LMD and VMD models corrections. The corrections for the
LMD model on the other hand are the lowest in magnitude of all the models. The VMD
and LMD models are bunched closely together but the LMD here passes below the VMD
model at all points. The overall corrections do, ultimately, align closely for all the different
form factor models, converging in both channels for large and small x. This suggests that
the overall correction is model-independent to an extent. The two channels do show
significant different behavior. The electron channel correction quickly becomes negative
after remaining positive over the range = € [v/?,0.2]. The muon channel on the other hand
remains positive over the range = € [v%,0.78]. Both channels become sharply negative as x
approaches 1. We then find that for larger lepton masses the magnitude of the correction
depends on the mass of the lepton, with the muon showing a lower magnitude correction
compared with the electron correction. Both channels show a significant deviation as z
approaches v?. This comes from the EM form factor F; in Eq. (22) and is connected to the
Coulomb self-interaction of the leptons at the threshold and is an integrable divergence.

4.2 Form Factor Data Correction

The result of plotting the uncorrected data points with the different form factor models
are seen in Fig. 5. The THS model for the adjusted data set with x = 19.5 £ 1.5 and
the non-adjusted with x = 20.6 + 1.7 are plotted with the other form factors in Fig. 5
with error bands plotted as well. The different THS models show significant overlap.
The deviation of the data compared to the theoretical models is readily apparent here as
neither form factor model is fully able to fit the entire set of the data. The corrections
were then calculated using the THS model using the adjusted value for the x for each
respective data set. The electron channel was used for the A2 data and the muon channel
for the other data sets. The result of corrections can be seen in Fig. 6.

It is worth looking closer at the A2 data set and its correction as seen in Fig. 7. This
illustrates that although it might not be visible in Fig. 6b, when looking over the full range
of the plot ultimately the lower \/q_2 values do demonstrate the size of the correction of
a few percentage points. The other graphs showed similar detail but was far less visible
and are not included here.

1The numerical values used in the calculations were m,, = 782.65 MeV, m, = 134.9766 MeV, m, =
0.510999 MeV, m,, = 105.658 MeV, and o = 1/137.036.
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6(x) in Electron Channel
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Figure 4: The total correction for the electron and muon channels. The correction for each
specific form factor model is included in conjunction with the soft-photon approximation
with the divergent part of the matrix element squared added to the virtual corrections
(D+Virt), and the soft-photon bremsstrahlung with s$"*°" using € = 5 MeV.
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Uncorrected Experimental Data on [F,(g2)]? vs. V g2[MeV]
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Figure 5: The uncorrected data with adjusted and non-adjusted « plotted. The uncor-
rected data points from the four separate experiments with the four different form factor
models |F,,(¢?)|? are plotted. The adjusted THS model with £ = 19.5 4+ 1.5 and its asso-

ciated error band and the non-adjusted THS model with x = 20.6 +1.7 and its associated
error band were also plotted.
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Lepton-G Data and Corrected [THS] A2 Error Bands
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Figure 6: The corrected and uncorrected data. The corrections were performed using the
adjusted THS model value for the x. The A2 figure had its error bands plotted for the
uncorrected vs. corrected data.
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A2 Data and Corrected [THS]
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(a) A2 data over full range of data.
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Figure 7: The A2 data corrected using the THS model. The full range of the data and a
limited range (1/¢? € [40,450] MeV) are shown in the subfigures (a) and (b) respectively.
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Corrected [THS] Experimental Data on [F,(g2)|2 vs. v g2 [MeV]
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Figure 8: The corrected data using THS with adjusted and non-adjusted . The corrected
data points from the four separate experiments with the four different form factor models
| F..(¢%)|? are plotted. The data was corrected using THS with x = 19.5 & 1.5 with both
k=19.54+ 1.5 and k = 20.6 = 1.7 plotted as well as their associated error bands.

As the A2 experimental data set showed the most significant correction the continues
error bands were plotted in Fig. 6b. The other data sets were not plotted with continu-
ous error bands as again barely any deviation was visibly between the uncorrected and
corrected data. All the corrected data are plotted in Fig. 8. These data points were
also corrected using the adjusted THS with the other form factor models included as
well. Once again the most obvious difference in the data is for the A2 data from the
electron channel. The A2 parameter for the corrected A2 data set was found to be
AL Gomected = 2:02 £ 0.02GeV 2 compared with the fit for the uncorrected A2 data set
of Ays = 1.99 £ 0.21 GeV~? [14] where the greater uncertainty comes from the total un-
certainty rather than just the uncertainty from the fit done for the corrected data. For
the other data sets the difference between the corrected and uncorrected fit was minimal
enough to not be worth further study.

5 Discussion

One of the goals of addressing the NLO calculation of the w Dalitz decays was to go beyond
the soft-photon approximation. This was done by performing the BS integral over the
full range of the s, values as seen in Appendix C. Egs. (45), (46), (51) demonstrate
that ultimately the IR divergence are cancelled as the only divergent terms left are the
logm/A terms that will cancel with the logm/A term from the virtual corrections. The
final expression for the J[1/AB] integral unfortunately could not be integrated further
over the variable u introduced with the Feynman parametrization. No analytical solution
seems to exist either for the integral at this stage. The total corrections é(x) as seen in
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Fig. 4 have similar patterns in both channels, starting out positive and then becoming
negative as * — 1.The electron channel also shows a larger magnitude correction than
the muon channel. This can be seen when comparing the THS corrections in Fig. 6 where
the A2 electron data is easier to see the corrections in than the muon data from the other
experimental data.

When the form factor data was reevaluated using the radiative corrections, the expec-
tation would have been that including radiative corrections and as well as going beyond
the soft-photon approximation could possibly lead to addressing the deviation between
experiment and theory. As seen in Fig. 5, neither FF model manages to fully describe the
experimental data with the values for large \/? deviating strongly. When the corrections
were then applied, this deviation from the expected value was then hoped to be reduced
in magnitude. However, as can be seen in Fig. 4 the correction for the electron and muon
channels start out positive and then for large = values (i.e. larger \/? using ¢* = rA3%))
becomes negative. This means when the correction is applied using Eq. (63) the values for
small \/q_2 (where there was no apparent deviation) are reduced in magnitude, while for
the larger \/q_2 values the magnitude is increased. This means that the magnitude of the
deviation is actually reinforced due to the value of the correction for large \/q_2 . Looking
at the A2 parameters for the A2 data, the corrected fit Ay o ecteq = 2-02 & 0.02 GeV 2
brings the A2 A2 value closer to the fitted values for the NA60(p-A) and NAGO(In-In)
values, A3 gopoa) = 2:223%£0.026 GV ™2 and A3 gopnpm) = 2-24%0.06 GeV ™2 respectively.
This suggests that the correction ultimately makes the different data sets converge but
the deviation between theory and experiment is not addressed. This result makes it clear
that the NLO QED radiative corrections beyond the soft-photon approximations are not
enough to address the deviation. These results were calculated for several different form
factor models but as seen in Fig. 4, they all show the same kind of general behavior for
large and small \/q_2 values. Thus the corrections are seemingly overall model-independent
justifying the choice to focus on using the THS model in computing the corrections. More-
over, the differences between the soft-photon approximation curve and form factor models
curves are small, hence the possibility of adding the resonance widths into the form factor
expressions can be expected to have a small impact on the corrections. The overall result
for the correction indicates that the current theoretical background used for describing
form factor models might be missing something when it comes to tackling the electro-
magnetic form factors involved in the w Dalitz decays. Whether this is the result of new
physics or if there are models consistent with the SM that could explain these results is
currently unknown and more research is necessary to explore these options. Using the
corrections as seen in Fig. 4, some insights can be gained into which form factor models
are feasible for describing the decay. As the correction is more significant for A2 data
this is where the most insight can be gained. In the uncorrected data as seen in Fig. 5,
the A2 data uncertainty range barely incorporated the LMD and VMD models. With
the corrections the LMD model now falls outside bounds of the A2 data points for higher
\/q_2 while the VMD model is included at the lower end of the A2 data. This result is
consistent with the other data sets that seemingly are not consistent with the LMD or
the VMD models as well.

Possible new avenues of research for addressing this problem include both experimental
and theoretical approaches. When it comes to experiments, more data is necessary. The
Lepton-G results is based of only 60 events [13] collected in 1981 and the NA60(In-In)
heavy-ion experiment collected the w Dalitz decay data as a side product of studying the
heavy-ion collisions and as such was not a targeted search [12]. More experimental data is
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vital to ensure that error is minimized and that the observed deviation is not an artifact
of uncertainties in the data although this seems not to be the case. More data from the
electron channel with minimized uncertainty could shed more light on which models are
excluded from the experimental data and thereby reduce the number of suitable theoretical
approaches. When it comes to tackling the problem from the theoretical perspective,
there are numerous ways to approach. The VMD and LMD models clearly show some
incompatibility with data in the higher \/? region but are consistent with lower energies
and extensions of these models in the form of TL and THS models are shown to be more
consistent with the data. The most obvious avenue of research would then be to explore
whether or not extensions of the TL or THS models can incorporate or at least minimize
this deviation to be within experimental error. If no extension is found a new approach
needs to be developed that might be more successful for describing this type of decay
but significant deviations from the other form factor models could be difficult due to the
other models having been successfully implemented in other decays. This opens up the
possibility that there might be exotic physics from outside the SM that is affecting the
results. What the shape of this type of exotic phenomenon would take is at this point
unclear but remains an option worth exploring. More research will inevitably shed insight
into the problem which could eventually be addressed within the confines of the SM and
exhausting SM approaches remains vital. Whether or not this is the case can only be
answered through more experimental data, specifically more precise data to minimize
uncertainties.

The results for the radiative corrections for the soft-photon approximation and the
result for going beyond the soft-photon approximation can also be compared. The soft-
photon approximation remains larger in magnitude than the full radiative corrections in
both the electron and muon channel. For both channels, the soft-photon approximation
actually remains positive over a larger range of x values compared with the full corrections
as seen in Fig. 4. This means that the new estimates for the form factor data is pushed
towards smaller values when using the soft-photon approximation. We can also compare
the soft-photon bremsstrahlung and the full corrections. In the muon channel, the full
corrections would now instead push the estimates towards smaller values compared with
the soft-photon bremsstrahlung. In the electron channel, the soft-photon bremsstrahlung
misses the entire positive region for the correction. This means that, ultimately, the soft-
photon bremsstrahlung, soft-photon approximation, and full corrections all reinforce the
deviation. Going beyond the soft-photon approximation can therefore not address this
deviation between theory and experiment.

When using the radiative corrections, there are different times when either the full
radiative corrections or the soft-photon bremsstrahlung would be appropriate. In an
experiment where the final-state photon from the BS could be detected, this will have a
certain resolution below which photons of a certain energy cannot be detected. Using the
cutoff with the soft-photon bremsstrahlung would then capture the radiative corrections
below that resolution. The result for going beyond the soft-photon approximation would
then be appropriate for the case of where the BS photon is not detected or ignored in
the experiment and as such needs to include the full range of possible photon values. As
a result, the radiative corrections need to be tailored to the specific experimental set-up
being considered.
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6 Conclusion

Introducing the NLO QED radiative corrections and taking into account hard photons
for the BS phenomenon did not resolve the deviation between the theoretical form factor
models and the experimental data on the w — 7%/~ decays. The extent of the deviation
was in fact increased suggesting a more significant readjustment of the approach to form
factor models for the w — 7 transition. The results for the correction did demonstrate
the apparent incompatibility for the LMD model with any of the sets of data. Finally the
result demonstrates the need for more data on these w decays and the need for further
investigation of new possible ways to extend the form factor models or as a last resort to
consider new physics contributing.
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A List of Integrals

Full list of basic integrals related to the IR-convergent part of the matrix element squared.

This mostly a repeat of similar results from Ref. [6].
The following function is defined for simplicity

1 c+a++var—b
L(a,b,c) = log .
a’>—b ct+a—+a®—b

(A.1)

In the reference frame p; — q; — q2 = 0 the energies of the leptons can be written as:

1

wqio = (k+p2) ¢ = Z_L(mi —s—85,—A%),
1
wgao = (k+p2) g2 = Z(mZ_S_S'Y—i_A?Qn)'
The integrals can then be written as
==, (A.4)
“ [ 1
0 —— | = —L(s,4m”
JA] = £ Y20 as5) 7 AB} G (5 4ms,0),
w? 2 -
1 J i .
J [Z} = L(wga,w*m?,0), (A.6) A2 mPow
[1 1 Qw
1 1 W . — | ==z
J [E] = §L(W(€h,o +a20), W%, 55) , / _EQ} s Ow(M2 —m2) + sm2
(A7)

For the other integrals the following variables are useful as well

W

V1= Wazo— (A.11) 0 = 2wy + wy,

) ~ @ = 2’LU2 + w1 ,
U2 = W0 - +s, (A.12) ¢ = w? — dwow,
wo = m2&?, (A.13) w = wo + wy + wy,
w, = (s — 2m*)@? + 25&)(]2708 . (A14) T1 =120~ V1@,

LW Ty = V1w — 202wy ,
P R W

wy = m*0* + 3 + 25wq 0— , (A.15) T = viwy + viwp .

The rest of the integrals then become
1 20 1 0+<¢
J|—-—=| =———=log ,
[AE]  w V(T le—C

I [a] - H{n B L s [ ]}

o] = o[l

o] (i ) e
_ E — 2005 + v 4 %W’ - 2”102“}0@)} ! {ﬁ] }
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Other integrals of the form

' xmom) =7 xE e (4.21)

where X € {1, A, A?}. Here § — s — M? indicates that in previous expressions where §
appears it is replaced by s — M2 to get the integrals. For similar integrals of the form

1 1
T A R (A28)
Y(E - Mp)? YE2 s o mz
for Y € {A, A%}. For the final term for Y = 1 we find
1 ww
= . A2
/ {(E - M‘Q/)Q} w?28% + @%w?s + Sww(m?2 — s — s,) (4.29)

The terms J [ 12 E} J [m} J [ AQIEQ} and J [m} all contain the divergent

parts —J [A2}> — M2 J [AQ}, 12J [ 2} and WJ LH respectively that have to be dealt
with before being numerlcally integrated over. Rewriting the integrals to remove the

divergences then yields:

1 (212 1 4 4 1
1 27 1 4 2 1
/ |:A2<E - M\Z/):| Conv. B ( C B § = MxQ/)mecD + C {T2J |:AE:| } ' (A31)
and
-t (A 1y _ A4
A?E? Conv. a C s? ) m2ow
16 (2w (v1 + v2)2 6
9 A (7 — A.32
+ C{w [2 (1+ " +C(T V1U2W1) ( )
0 3 ~ 1
_ {Z — 20109 + vf + Z(TQ — 2U1?}2wog):| J {E] } .
and finally

B 4o} 1 4
Conv. S\ ¢ (s = MZ)? ) m2Paw

n E{@ F (1 4 M) T §(r - Ulvgwl):| (A.33)

1 v

Clw |2 w ¢
B L e +02+§(7' — 2010w 0) | J L}
1 102 1 c 0 1U2Wo 0 AE .

For the final integrals left it is convenient to define

qi,0

b = 10 (A.34)
|C1i|
il = \/aio —m?, (A.35)
. 1 (s — 2m?
L TR NP Gl (A.36)
’%H(lz’ 2 ’011HOI2’
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Another set of functions can be defined:

Ql(f) = 01Qo(§) —nQ1(§) (A.37)

)= (5+8) @l -2+ (- ). (a39)

Here Q,,(§) are the Legendre functions of second kind and we have introduced a redefi-
nition for Qo (&) for £ > 1 such that

B §+1
au(6) = 5oz (£57). (A.39)
Q1(§) = &Qo(§) — 1, (A.40)
Q2(6) = 536 ~ DQu(E) — o¢. (A1)
The final mixed integrals then give
B | ’ B2 ~2 |q1|2
J [Z} | 2’Q1(b2) (A42) J {7} % ] ——Qa(by) (A.44)
Bl_ 2 | dQl(é) B’ _ W’Ql’ch?z(f)
J [E] == P dE e’ (A43) J {ﬁ} = —;’qQP g en’ (A.45)

B Derivation of IR-divergent Expression

We can write

Tk ) = = [ SR,

k,p)ot(pr — qi — g — k — pa).
o ko D20 f( ,pz) (Pl q1r — g2 p2)

We want to get an expression for IR-divergent expressions. So we can start with ﬁ and
define that:

A=k-q,
B:k'(h;

where ¢y is the positron four-momentum and ¢; is the electron four-momentum. Using

Feynman parametrization we can then rewrite ﬁ

1 /1 1
I du.
AB o [uA+ (1 —u)BJ?

So rewriting using k for the photon four-momentum

1 ! 1
AB ~ /o (k- Jugz + (1 —u)q1])? du-

We now use the delta function to integrate away d*p, so that we have

1 Bk 1
— == —5(p1o — qro — oo — k .
J[AB] /kopgo AB (p10 q10 — 420 0— p20)
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Rewriting d*k = d|k| - |k|>dQ we then have

Il

5(2910 — q10 — Q20 — ko — p20) .

L] _ / d|k| - |k[*d(cos ) 1
AB kopgo AB

Now we can define

Ay = [ugeo + (1 — uw)qo] ,
Ay = |ugz + (1 —u)qy]|.

and defining dz = d(cos fg) we can write

1 /1 1
—_— = du.
AB 0 [k‘o . Al — |k|A22]2

So integrating over z

1o 1 1 1
—dz = / / dzdu
/_1 AB 0 J-1 [ko A — ’k”AzzP
1
2

du.

/0 kg AT — [k[*A3

So total expression is then

1 Lord|k| - |kJ? 2
—]= 8(p1o — q10 — ga0 — ko — pao)du.
J[AB} /0 / kopso  K2AZ — |k|2A2 (P10 — q10 — 20 0 — p2o)du

We have that the mass of the photon (A) is non-zero so s, then becomes
5y =N+ m2 +2(kopao — k - py) -
Using that p, = —k we can then write
s, = N> +m2 + 2(kopao + |E[?) .
Have that k2 = A? + |k|? so rewriting this have
Sy =m2 — N>+ 2ko\ /5, .
So solving for kg

2ko\/5y = Sy — m2 + A?

<~

2 2

ko = sy —mz+ A
2%

Using this we can solve for kgpog

2 — (m2 — A?)?

4s.,

kopao =
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So then combining this to solve for |k|?

(5, — (m2 + A%)2 — 4m2A?

k|* =
K| P

~

Now we want to introduce a change in variables in the integrals such that a = ,/5;. So

dlk
we need to evaluate | |

d|k| 52 _ ( 2 A2)2
da 237\/ — (m2 + A2))2 —4m2A?

So then using these results can write

— (m2 + A2))2 — 4m2 A2 2
d ™ ™
i) / / vt 2, R2AZ [k A2

plo — g0 — G20 — ko — P20)d

Then rewriting the delta function using p — k — ¢ — g2 — p2 = 0 and p, = —k we get

0(y/55 — (P10 — quo — q20)) -

Then we simply have

/ V(84 — (m2 + A?))2 — 4m2 A2 2 q
AB 2s k2 A% — k|2 A3

o

Now we need to look at the B term

2
kAT —Ik[2A3

2 85,

RRAZ—[RIPA3 (s, — (m2 + A%)? — dmZAZ)(A3 — A3) + 45, A2A7

So then we have

1]_4/4 VG, — 2+ %)) — dmZ A2 .
AB' Ty (s, — (m2 + A2) — 4m2A%)(A7 — A3) + 45,A247

J

Now we need to deal with 4s,A%2A? so that we can write

1
4s,A\* AT = Z[mi —s—5,+ (2u—1)A%)*,

Finally looking at A7 — A2 we find that we can write it as
A3 — AS =m? +u(l —u)(s — 4m?).
So the total final expression is then:

mm 2]

2 A%)(AT — AF) + 45, A2A]
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C Partial Integral of the IR-divergent Expression

From the final expression of the divergent expression we have that J [1/AB] can be written
as

1 L psy® A(s,, m2, A?)
—\ =4 v T d d ‘ 1
J[AB] /0 /m A(sm2, A)(AF — A3) + 45, A2A7 =7 (C.1)
This integral over s, now needs to be evaluated
1 smax )\(s m2 AZ)
4 Yo o ds.du . 5
/0 /8$in (s, m2, A2)(A7 — A3) + 45, A2A47 7" (C2)

For now we ignore the integral over u. This integral can then be simplified by considering
what happens when the A is taken to the limit

hHl /\(S’Y?mgrvA2>

A=0 A(sy,m2, A?) (A2 — A3) + 45, A2 A3 ds,du. (C.3)

When this limit is considered, the integral turns out to be able to be simplified to

max

y A(sy, m2, A%)ds,
1 / VAL | (C.4)
e oy, mZ A)(A7 — A2) + TAZ[m2 — 5 + (2u— )AL

with the two integrals converging in the limit A — 0. The substitution a = s, — (m2 4+ A?)
with da/ds, =1, F? = 4m2A%, V = (m® + u(1 — u)(s — 4m?), and B = ;A*(m? — s +
(2u — 1)A2 )% such that

(C.5)

4/“max va? — F?da
amin (a/2_F2)V+B '

Here a trig substitution is performed with a = F'sec 5. This has j—‘; = F'secjtanj. Using
this we can rewrite the integral as

jmax F2 . 2 d
4/ QSeCJQt,an I (C.6)
jmin P2 tan®jV + B

Rewriting in terms of cosj and sinj we get

= F?sin’ j dj
s _ (©7)
jmin sin” j cos jV + B cos? j
Multiplying by Egz; we can further rewrite
jmax F2 . 2 . . d .
4/ - 2sm.]20(.)s‘7 J _— (C.8)
jmin - cos? j(F2V sin” j + B cos? j)
This can further be written as
4/jmax —F?sin? jcos j dj (C.9)
jmin (sing — 1)(sinj + 1)((F2V — B)sin®j + B) '
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Now we introduce a new variable W = sin j with %—‘j./ = cos j which allows one to write

dj = W 50 that we can write

cos j
Wmax —F2W2
. 1

4 /Wm W=D ) ((F e B (€.10)

Performing partial decomposition this gives

Wmax
B 1 1
—4F? - daw. (C.11
/Wmm FV(FV —B)W2L B 2FV(W +1) | 2F2V (W + 1) (C11)
Looking at the first part of this expression we introduce a new variable y = —VF2V\/§BW
with dW = \/F‘QCL_de so the integral then becomes
4 ymax Bd
= / VBdy . (C.12)
V ymin \ F2V — B(y2 + 1)
Which is then simply
4 B ymax d
B . y (C.13)
V\/ F2V—B ymin (y +1)
Which is just the integral for the arctan so this becomes
4v/B
————[arctan y]/™> . C.14
VVE =B e (C.14)
In terms of W this becomes
1/B VTV = BW ]
—————— |arctan ——— : (C.15)
VVE?2V — B VB Wonin

Looking at the other integrals these are simply logarithms so the entire expression yields

Wmax
4v'B VE?V — BW 2 2
—Larctan———10g|W—1|—|——log|W—i—1| (C.16)
VVF2V — B VB |4 |4 i
The logarithms can then be combined to one expression
2 W41
1 ‘ . C.17
7 log |7 (C.17)
Using the definition of W we can write
2 _ 2
W =sinj = sin (arcsec(g)) L (C.18)
F a
So the logarithm then becomes
9 2 _ [2
= log [ X2 ra (C.19)



Rewriting this have

Doing this for arctan have

(C.20)

4B

VF?2V — B+a? — F?
arctan( \/E . )

Now can rewrite the logarithm further

21
— 10
Vv g

(C.21)

a+ Va2 —F?2a4+ Va2 — F?

2

Vv

This can further be rewritten using the definition of F? as
2 Va2 — F2)2m? 4 va? — F? 4

—1og‘(a+ ¢ ) m :—log)(&+ ¢ )‘—I——log‘@‘. (C.23)

1% 4m2 A2 m? Vv 2m,m Vv A

Using the definition of @ and F? we can then write

4
— log

%

(a+ Va2 — F?)?

log 7 ‘ (C.22)

VE—FPa+Va - F2l

(85 — (M2 + A?) + /(sy —

2m.m

(mZ + A%))? 4m2rA2)‘

m
Slog| | (c2
7 log | (C.24)
Now can consider what happens when taking the integration limits on this logarithm. For
sP™ = (mr + A)? the logarithm can be written as

4 ((mx + A)? — (m2 + A?)) m
7 1 Ry 2
V ©8 2ma.m * V Y (C.25)
Qm,r m
So the total integral for the logarithm is then simply

g (2 ) o (2 A2))2 — A2
% log

A
m
iy ‘—) 2
‘—i— 7 log |+ (C.27)
Now we can consider taking the limit A — 0 and dropping the absolute value on the
logm/A logarithm as it will always be positive, the first logarithm becomes

2m.m

gmax m2 m

l ‘—W —log —. 2

0g 7 log & (C.28)
Now we need to consider the arctan. Using the definition of a we can write
4/ B F? B 2+ A?))2 — F?
v arctan <\/ VB s~ —; ))2 ) (C.29)
VPV - B VB 5y — (m2 + A%)

For s2™, the term

\/(Sfynin — (m2 + A2))2 —

F? is just zero and since arctan 0 = 0 the total
arctan expression over the integration limits is

4B

——arctan<
VVF?V — B

VI B (5 = (m2 4 A%))2
\/E S’ymax

s . (C.30)
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Now the limit A — 0 needs to be considered. Looking at the ratio \/ (smax — (m2 4 A?))? — F2 /(s —
(m2 + A?%)) we find

(5 = (m2 4 A2))2 — P
i =1
T sz )

Now we consider the other ratio —VFQ\/%’B in the limit:

VIV B VA2V = Lm2 — s + (2u — 1)AZ ]2
1m = .
A50 VB VA2 — s+ (2u— )AL

4

Now we can introduce a new variable () defined as
1
Q= Z—l[mz — s+ (2u—1)AZ]%. (C.31)

So then we can rewrite the expression as

VAV —Q  [16m2v

This allows for writing the arctan as

4 1 16m2V

=z n 1) .
V e arctan ( 10 (C.33)

4Q
This can be rewritten using ¢ atanh z = arctaniz to yield

4 1 16m2V

N S— A0 34
V[ 1m2v ava 4Q) (C-34)

4Q

Introducing another variable H defined as

16m2Vv
H= o L (C.35)

The final expression for the total integral becomes

Ly SI —m2 m 41

Now this integral over u can be performed over % with the logarithm but the second term
cannot be integrated over analytically. Looking at the integral have

1 4 1 4
/0 vae= /o (m? + u(1 — u)(s — 4m?)) du.. (C.37)
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Using 5 =4/1 — % this can be rewritten

1 1
/ 4 d 4 / 1 d
U= ——5 3 Uu.
o (M24+u(l —u)(s —4m?)) s0% Jo —1 —u+ u?

Factoring this expression can write

4 /1 1 4 4 /1 1 q
—— 3 U=——= U.
sB% Jo (=3 —utu? sB8% Jo (u—uy)(u—up)

where:

m2

3_62 .

U1—|—U2:1.

U1Ug = —

Performing partial decomposition this gives

4 /1 1 4 4 1 /1 1 Ly
- U= —— — .
sB? Jo (u—wuy)(u—ug) sP2us —uy Jy u—us  u—u

This integral is simply

4 1 /1 1 1
= - du
sB2us —uy Jo u—us  u—u

4 1

= _S_B2UQ _— [log(u—ug) — log (u—ul)};.

This can then be written as

4 1 )
- 0
$B2 uy — uy &

U — UrU2

Ug — U U2

(C.38)

(C.39)

(C.40)
(C.41)

(C.42)

(C.43)

(C.44)

The variables u; and uy can be solved for using Eq. (C.41) and Eq. (C.40) such that

1 4m?
= (1 -1+
ur = 5 +352)’

1 4m?
=—(1 1+ —).
U9 2( + + 852 )
Using this we can rewrite Eq. (C.44) as

(1— /1442 + 2

N =

4 1 | ‘
—— 0
862 1+ m?2 &

562

m?2 m?2
%(1—,/1—#@?)-{-@ ] 5_1‘

N[

(14 /14 25) + 25

Rewriting this we get

4 1
52 m2 log 1 4m? m? sp 6+1
1+E 5(14— 1+W)+W
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= ——log‘— .

(C.45)

(C.46)

(C.47)



So using the definition v = % we can write
~ 3 g (C.48)
So then the final partial integral takes the form
8 gmax __ m2 m 1 4
——1 logX—" +log — | — ——atanh H du. A4
e 0g|7|(0g e +ogA> /0 g tan u (C.49)

D List of ¥; and M‘% Terms

These 6 and M2 terms were determined from comparing the form factor model in one
variable with the form of the ansatz.

VMD
The ¢ for the VMD is simply

SYMP = 10,0,1}. (D.1)

The M2 is in this case just the same as for the VMD model such that My yup = My

LMD
For the LMD model the §*MP was found to be
SLMD _ 16 F 44 _8(F2M‘2/NC772 — 8F47r4) (M‘%NC - 8F27r2)2 (D.2)
| (M2 Ng — 4F272)2’ (MZNg — 4F272)2 " (MZNg — 4F2p2)2 f© 2

Similar to the VMD model the My pnp is just My ivup = My

TL
For the TL model the 6" is

6Tl = {1,4,4} . (D.3)

Similar to VMD and LMD have that My 1, = My.
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THS

For the THS model the situation is more complicated as two delta terms are necessary
for computing the correction with two seperate My . First for convenience introduce

SF4mt
(24F27T2 - NcMV2)2 ’
di = — (512F*x* (M7, Nc — 8F (M7, + 6My, )7?) + My, My, k)
(512F*7(ME ME No + AF?* (M} — OME MR — 6M,)w?) + M MS k)
131072F8(My, — My, )3 (My, 4+ My, )3n8(MZ No — 24F?r2)? ’
(512F*7 (M, No — 8F*(ME, + 6ME )7%) + My, My, k)?
262 144 F3( M — M )?>m8 (M2 No — 24F?72)?

d():

dy =

DO = dO )
Dy = (512F 7" (M7, My, No — 28 F* (Mg, + M¢,)w?) + My, My, k)
(512F*m* (M2, My, Nc — AF?(My, + 14ME MY — My, )n?) + MY My, k)
131072F8(My, — My, )3(My, + My, )378(ME Ne — 24F?72)?2 ’
(512F*mt (M2, ME, N — 28F? (M3, + ME)m?) + My, My, k)?
262 144F3(M2 — M2 )?m8(MZ Ne — 24F?7?)?

5 =

Then can write two ¢ terms

5THSl - {d07 d1> d?} )
§™S2 — D Dy, Dy}

—~
oS
[SA TN
~— —

With My tus, = My, and Myuas, = My,, the full expression for the THS using the
ansatz is then given by the sum of inserting the two § terms.
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