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Abstract

In the thesis I have studied a new method to measure the Hadronic Leading-Order (HLO)
contribution to the muon anomalous magnetic moment a,.

In the first part I have described the Standard Model approach to evaluate the muon
anomaly. From the perturbative expansion we know that there are many contributions
to the muon a,: QED contribution, electroweak contribution and hadronic contribution.
While the QED and the electroweak contributions to the anomaly can be calculated
with increasing precision with the perturbative method, the hadronic contributions at
this energy scale cannot, hence experiments are required to estimate its value.

The HLO contribution to the muon anomalous magnetic moment is a vacuum po-
larization process. It is known since long time that it can be calculated by means of
the dispersive approach using e~ + e™ — hadrons s-channel, time-like, annihilation
data. I have studied the dispersive method, based on the optical theorem and dispersion
relations, in all the details.

Subsequently I have discussed why this method could hardly further improve the
theoretical uncertainty. Dominant contributions to the dispersive integral are due to
the well-known hadronic resonant contributions, with /s < 2 GeV. Moreover with the
additional complication that one has to evaluate all the contributions, due to different
hadronic final states, that must be taken from many different experiments.

In the second part of the thesis I studied an innovative proposal to measure the HLO
contribution to a,. The novel method is based on the idea of using the elastic scattering
of high energetic muons on at rest electrons u+ e~ (rest) — p+e~. The strength of the
idea is to rely on t-channel scattering data, with four-momentum transfer t = ¢2 < 0 in
space-like region to measure the HLO to a,. In this case the differential elastic cross-
section allows to measure the running of a(t) with very high precision and to determine
the hadronic shift Aapeq(t) subtracting all the contributions due to QED and electroweak
processes to the relevant perturbative order. Through Aay.q(t) the HLO contribution
to a, can be calculated integrating a smooth function, of the transferred momentum,
exploiting just a single scattering process.

I have performed a preliminary study of the fitting procedure to extract Aapqq(t) from
the cross-section. At this stage I used a sample of data obtained using the Leading-Order
approximation of the scattering cross-section. I have studied the systematics effects



affecting the fit as a function of the interpolating function models. According to the
present estimates this new approach, which represents an independent complementary
technique to evaluate the HLO corrections to a,, will reach a precision competitive with
the precision of the present results, of the level or even better than 0.6%, in just two
years of data taking.



Notations and Conventions

Tensor
The conventions used in the thesis follow Jackson (1975), Bjorken and Drell (1964)
conventions. The metric tensor is:

1 0 0 0

w0 -1 0 0
Juw =9 = 0 0 -1 0
0o 0 0 -1

with Greek indices running over 0,1,2,3. Roman indices denote only the three spatial
components. Repeated indices are summed in all cases. Four-vectors are denoted by
light italic type, three-vectors are denoted by boldface type.

Relativity
The following notation denotes a space-time point:

0

x“z(x ,X), xu:gwm”:(xo

, —X)

the displacement of x# is “naturally raised”, while the derivative operator

0 0
O=—=|=—,V
"oz r <8x0’ )
is “naturally lowered”.
For a massive particle:

p?=pup"=E>—|p|*=m?

Quantum Mechanics
The energy and momentum operators acting on a wave function as:

.0 .
E = Z@’ p=—V
in compact notation
pH = L

The Pauli spin matrices are three Hermitean 2 x 2 matrices

0 1 0 —i 10
= (o) =) (o 5



which satisfy
00 = 61']' + igiijk

where €193 = €'?3 = 1 so that

{O'i,O'j}:Q(sij, [O'i,O'j] :2i5ijk0-k

Dirac matrices
The Dirac matrices in the Weyl, or spinorial, or even chiral representation are

o (0 1 (0 o
T =\ 0) 7 T 6 0

they satisfy the following Clifford algebra
{v"v"} =291
while the commutator is defined as
1

I Y N 7
o —4[7 ol

The Dirac’s matrices satisfy the following Hermitian property

yHT = Oty 0
o (01 i (—o" 0
b= _(1 o) “~\o o

v5=7"= (_01 2) (1)

We always use the Weyl representation of Dirac’s matrices, unless it is specified.

so that

Finally



Chapter 1

The Standard Model prediction of the
muon g-2 anomaly

The Standard Model (SM) prediction of the muon anomalous magnetic moment has oc-
cupied many physicists for over 70 years: from the P. Dirac’s prediction (1928) and J.
Schwinger’s calculation (1948) of QED one-loop correction, until the last accurate calcu-
lation of higher-order QED corrections of S. Laporta (2017). Nowadays, the discussion
about its theoretical value is still open.

1.1 The magnetic moment of the elementary particles.

Classical electrodynamics predicts that a rotating electrically charged body creates a
magnetic dipole moment. According to Quantum Mechanics, due to its spin (the particle
intrinsic angular momentum), it follows that each charged particle has a magnetic dipole
moment.
Let’s consider for instance the case of the electron, whose mass is m. and its charge
is set to —e, moving with velocity of magnitude v in a circular Bohr orbit of radius r.
The charge circulating in a loop (the electron’s orbit) is equivalent to a current:
e ev
1= _T = —% (1'1)
where T is the orbital period of the electron. Relying on classical electromagnetism,
it can be shown that such a current loop produces a magnetic dipole moment. For a
given current of intensity ¢, circulating in a loop of area A, the magnitude of the orbital
magnetic dipole moment g is
w =1iA (1.2)
Since the electron has a negative charge its magnetic dipole moment p; is anti-parallel
to its orbital angular momentum L, whose magnitude is given by:

L=m.r (1.3)



Evaluating i from equation (1.1) and A for a circular Bohr orbit from (1.2), we obtain:

eur

= iA = (1.4)
2
dividing by angular momentum (1.3), it yields:
Hi e
Ll 1.5
L 2m., (1.5)

Therefore, the ratio of the electron magnetic moment and electron angular momentum
is a combination of universal constants. It is usual to write this ratio as

fe__giks
L h

(1.6)
where p g is called Bohr magneton, its value, in the International System of unit, is:
pp =eh/(2m,) = 9.27400949 (80) x 10~ **J . T ! (1.7)

where the coefficient g,, called orbital g-factor (or more correctly Landé g-factor), is
equal to:
g1=1 (1.8)

Rewriting the equation (1.6) in vector notation we get:

ge UB gie
=— L=- L 1.9
1y A om, (1.9)
It is possible to show that the previous formula is completely independent of the details
of the orbit.
In Quantum Mechanics the angular momentum has a discrete spectrum of eigen-
values, i.e. it takes the values L = \/I(l 4+ 1)A, so that the electron magnetic moment

1S:
_9i1MB

pr=——"—L=-g1pp [(1+1) (1.10)
with projection:
Hi, :——gl;;BLzZ—gl,uBmz (1.11)

the crucial result, we get with the last formula, is the discretely quantized values of u; _,
with m;
m;=—l,—l+1,...,0,...,+l —1,+

Thus, according to eq. (1.11) the number of possible values of p,;. is equal to 2] + 1.
Experiments, by Stern and Gerlach experiment (1922), and the Philyps and Taylor
experiment (1927), proved that eq. (1.11) holds, with the number of possible projections
m, equal to two. This result implies that electron has an intrinsic magnetic moment p g,
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related to its intrinsic spin angular momentum S. Similarly to the previous case of the
orbital angular momentum L, for the spin we have

S=/s(s+ 1) (1.12)
S, =mh (1.13)

The relation between the spin magnetic dipole moment and the spin angular momentum
is then the same as the relation for the orbital case:

p,=-—2:lg (1.14)
1
Hs, = —gstBMs (1.15)

where the quantity g, is called spin g-factor.

It is an experimental fact that s, can assume just two values, which are equal in
magnitude but opposite in sign [1]. In the assumption that the possible values of m 4 are
in range from —s to +s it is possible to conclude that:

my=—1/2,41/2 (1.16)

and that s has a single value
s=1/2 (1.17)

In the two experiments it was possible to determine that gsm¢ = £1 [2]. Since we have
already established that m = —1/2,+1/2, it implies

9522 (1.18)

The theoretical explanation of the last result was given by Dirac. It follows directly from
the relativistic wave equation for the 1/2 spin electrons. In order to prove this statement,
we will make use of Dirac matrices in the Dirac representation:

B (0 ) e (5 ) e (27 (1.19)
Let’s consider first the Dirac equation in the Hamiltonian form:
ihow)(t,x) = H p(t,x) (1.20)
where H p is the Dirac’s Hamiltonian:
Hp=cp-ap+m.6p (1.21)

We are interested in studying the interaction of the electron with the external electro-
magnetic field:

At (t,x) = (o(t,x), A(t,x)) (1.22)
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The interaction of the electron with the electromagnetic field can be described by means
of the minimal coupling

Hp— Hp—ed p—>p—§AE7r (1.23)
in this way, eq. (1.21) reads
Hp=cm-oap+m.c?Bp+edp (1.24)
Now, replacing the Hamiltonian of eq. (1.20) with eq. (1.24), we obtain
ihdvp(t,x) = (em - ap +m.c’Bp + ed) (L, x) (1.25)

taking into account that we are working in the non-relativistic limit, we can rewrite the

wave function as (4,5%)
—i/hmec? t7 X
b(t,x) = e~i/hmec’t (i(t X)) (1.26)

namely, factoring the temporal part, which presence is due to the energy connected to
the electron mass, and splitting the Dirac spinor into two components spinors ¢ and Y.
Replacing the spinor of eq. (1.25) with eq. (1.26), it is easy to obtain

1h0p = co - T + epyp (1.27a)
M ec®X +10,x = co - Tp —mc’X + ey (1.27b)

on the left side of eq. (1.27b) it is possible to ignore the term with temporal dependence,
on the right side the term with the electrical potential. We can apply these simplifications
because both terms are negligible compared to the massive term. In other words, we can
neglect the terms that are small when ¢ — oo.

Solving eq. (1.27b)
o

= 1.28
X =g ¥ (1.28)
and substituting in eq. (1.27a), we get
(o m)°
ihOyp = +ep |y (1.29)
2m,
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Making use of the algebra of the Pauli matrices

) o
(o-7)" =n'nlo'c’!
=24 icikpigighk

=72 +i€ijk% [7ri, 7TJ] ¥

o | ikthe i Ad\ kK
=71"+ie’"— (0'A? - 0’A
g Zﬁ 2 | )o (1.30)
=72 - 2—65”’“52le10'€
c
:W2_§25k131 k
c
h
:WQ__eBkOk:
c

and, furthermore, defining the spin operator as S = %ﬁa, we obtain

2
(o-m)° —2-“s.B (1.31)
c
Now, the eq. (1.29) reads
, w2 e
ih0yp = (Qm - cS -B+ eqb) @ (1.32)

usually known as Pauli equation.
By comparing the second term on the right side of Pauli equation with eq. (1.14),
we finally obtain the expected result:

gs =2 (1.33)

However, after a long experimental effort it was finally possible to prove that the
measured value of g, disagree with the Dirac’s predicted one.

As a matter of fact, the experimental value of electron ¢, with remarkable precision
is currently established to be [3]:
P = (20023193043618.2 + 5.2) x 10~ (1.34)

s

The experimental value is slightly larger than the Dirac’s predicted value, at the level
of 0.1%. This small correction is known as the anomalous magnetic dipole moment
of the electron. According to Quantum Electrodynamics (QED) the anomaly arises
from the electron interactions with the virtual photons, that are off-shell quanta of the
electromagnetic field.
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It is common practice to express the anomalous magnetic moment of electron as:

e 5_2
aezu——lzg

KB 2

(1.35)

or in the almost widespread form as electron g—2, which is correctly named dimensionless
anomalous magnetic moment.

Nowadays, the electron g — 2 is still not a failure of theory. On the contrary, it
represents the strongest demonstration of the predicting power of the Standard Model.
The theoretical and the experimental value of electron anomalous magnetic moment
agree up to the twelfth significant digit.

Of course the electrons were not the only particles known before the development of
Standard Model theoretical structure. For instance physicists had discovered nucleons
(protons and neutrons), even if for some time they may have thought these were elemen-
tary particles. Instead nucleons have an anomalous magnetic moments that cannot be
explained assuming a point like structure, as it is for the electron. The explanation of
protons and neutrons anomalous magnetic moment came in fact much recently with the
introduction of the quarks theory by Gell-Mann, because of the magnetic moment of the
nucleons can be modeled as a sum of the magnetic moments of the constituent quarks.

1.2 Muon anomalous magnetic moment

The eventual recognition of the muon as a "heavy electron" brought up the question if
it could have been considered a point-like particle. The muon, as the electron, has an
anomalous magnetic moment, known as muon (g — 2), or a,,.

In this thesis, we get the following value for the muon anomalous magnetic moment:

aS™ = (11659175.7 £ 5.7) x 1071 [0.5 ppm] (1.36)

w

according to the most accurate theoretical results of QED and electroweak contribu-
tions and to lasts F. Jegerlehner results of the hadronic leading-order and higher-order
corrections [48].

The theoretical value of muon g — 2 is obtained, according to quantum field theory,
computing each Feynman diagram, which is the perturbative correction to the tree-level
diagram, shown in figure 1.1, and cutting off the perturbative series at desired order.

To obtain this value is necessary to distinguish the three different contributions that
are involved in the perturbative series: QED contribution, electroweak contribution and
hadronic contribution. Thus we can write

S a
aM = affED +af" +ah (1.37)

jz 2
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Figure 1.1: Muon tree-level diagram.

1.2.1 The QED contribution to a,

The QED contribution to the anomalous magnetic moment of the muon is defined as
the contribution arising from the subset of SM diagrams containing only leptons (e, u,
7) and photons (y).The QED contribution to a, can be evaluated, as a dimensionless
quantity, by the perturbative expansion in /7 [4]

=2 (5

n=1 (1.38)
- (%)a+ (%)202+ (%)303+ (%)4C4+ (%)5C5+

where (), is finite, thanks to the renormalizability of QED, and it can be computed
order-by-order. It can be split in

Co = AP 4+ AP (myfme) + AP (mym ) + AP (myfme,mpfmy) (1.39)

where m., m,, m, are the masses of the electron, muon and tau, respectively. The
term A; is mass independent because it arises from diagrams containing only photons
and muons. Due to this mass independence, A; turns out to be an universal term: it is
the same for all the anomalous magnetic moment of the three leptons. On the contrary,
Ay and As are mass dependent, because they are generated by graphs containing also
electrons and taus.

C: the one-loop contribution

Only one diagram, shown in figure 1.2, carries one-loop. The result of this diagram was
calculated by Schwinger, and it was the first great theoretical achievement of QED. The
outcome of the computation is graven on Schwinger’s tomb.
Applying Feynman rules on figure 1.2 for an incoming muon of four-momentum p",
a photon of four-momentum £%, an outgoing muon of four-momentum ¢* and a virtual
photon of four-momentum [”, we have:
4
u(q)T*(p, q)ulp) = / (%4 u(q) (—iey”) S(p+1)v" S(q+1) (—iey?) D po(l)u(p) (1.40)

15



Figure 1.2: One-loop QED correction diagram.

where the four-momentum conservation brings to p + k£ = ¢. The photon propagator
D ,,(l) and the muon propagator S(p + ) are as usual:

i(I+p+my)
(I+p)* —m? +ie

—19 po

D po(l) = 12 +ic

S(p+1) =

The calculation procedure we will use is quite different from the standard derivation
of the Schwinger’s result, but it is more general. Indeed for solving this integral the
Pauli-Villars regularization is enough [5], but we prefer to proceed making use of the
dimensional regularization [6].

Setting € = 2 — w, it is possible to write:

PP Gl i YL+ p+m)v (L+d+mu)v,)
: (p’q>*i(2w)2w/d l[(l+p)2—mi+ie} (14 q)* —m?, +ie| (12 +ie) (1.41)
_ o /d2‘”l N.p.q)
o d(2m) D(l,p,q)

with the arbitrary mass scale u, introduced with a suitable exponent, in such a manner

to deal with a dimensionless of the integral. The symbol = means that spin states

w(q)(...)u(p), the Dirac equation and the mass-shell condition are tacitly understood.
Feynman’s parametric rule must be used to simplify the denominator |7]:

1 1 1 nyn—l
= dz dyd(l—zx—y) —————— 1.42
ap = [ s (142)
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in the particular case of eq. (1.41), Feynman’s rule reads:

1 1
ABC ~ C

:6/0 de[zA+ (1 —z)B]

dx/ dyd(1 —z —y) [zxA+yB] >

1 1 1 (1.43)
:/ dx / dy / dz6(1 —y — 2) 2y [tyA+ (1 — x)yB + 2C] °
0 0 0
1 1
= / dx / dy 2y [xyA + (1 — z)yB+ (1 —y)C] °
0 0
It is also useful to apply the following change of variable
r=v(l-u)"' y=1-u
Oz,y)| _ 1 (1.44)
o(u,v)| 1—u

with 0 <u <1 and 0 <v <1 —wu. Under this change, eq. (1.43) reads:

ABC / / UA+ 1—u2—v)B+uC] (1.45)

It follows that the denominator D(,p,q) of eq. (1.41) becomes:

1 1 1—u 2
—_ = du/ dv
‘D(l7p7 q) /0 0 D3(l7p7(JJu7U)

2
X
[0 [(1+q)? —m?, +ie] +(1—u—v)(l2—|—i€)—|—u[(l—|—p)2—m2u—|—ieﬂ3
1 1—u 9
= / du dv 3
0 0 (12 + 2(qu + pu) — m? (v +u) + vg* + up® + i€
(1.46)
To further simplify D(I, p, ¢, u,v) we have to operate the translation:
I =1 —up—uq (1.47)

which reduces the denominator of eq. (1.46) to
D(l,p, q,u,v) = 1> — mzu(u +v) + up*(1 — u) +vg*(1 —v) — 2uvpq + ic (1.48)
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Now we must apply the same translation into the numerator:
N(l,p,q) = N(l,p,q,u,v)
making clear
N(l,p,q,u,0) = [vP(] = up — vf + p+m )7 (] — up — vf + ¢ +mp)7,]
=77 [1+p(L—w) —vd] " [J+ ¢(1 —v) —up] v,
+m {7 ” [P —u) = o] v v, + P [f(1 = v) = up] v, }
+ mfﬂpfy“fyp + irrelevant

where irrelevant stands for terms linear in [ #, that vanish owing to symmetric integration.
Since the denominator of eq. (1.48) depends only on the magnitude of [#, one obtain:

> [ A
p—y ].;
| @ v 149
Collecting together all these results, we have:
I*(p.a) = TP @) + Ty (p, ) (1.50)

where

. 262M2E
I (,q) = /dU/ dv Pyt Py,

/d2wl lalﬁ
[12 = m2(u+v) +up?(1 — u) + vg*(1 — v) — 2uvp - ¢ + ic] ’

I (p, ) 27r / du/ udvv (I —w)p—vg+m,|v" [(1—v)g —up+m,]~,
/d4l L
(12 —m?2(u+v) +up?(1 —u) + vg*(1 — v) — 2uwvp - q + ic) ’

(1.51)

Only I'f. (p,q) contains the divergent part of the Feynman integral, on the contrary
F’me( q) represents a convergent integral, therefore we can set, for it, w = 2.

Making use of basic one-loop Feynman integrals (eqq. A.2 and A.3) to solve the
integration in the [ variable, we get:

T4 (p,q) S (dmp>™)T(2 — w)

/ /1 u rypryaryﬂfya'yp
u + ) m2 + 2uvp - q —u(l —u)p? —v(l — U)QQ} e

p 1—u)p—vg+mu}’y“ [(1—v)g—up+m#]’yp
V(P ) = / / u(l—u)p? +v(l —v)¢* — (u+v)m? — 2uvp - q
(1.52)

8w

18



To recast the numerator of the former fraction in a simple form, the following iden-
tities in a space with 2w-dimension are useful:

YHvp = 2wla, (1.53a)
VY v = (2 = 2w)y” (1.53D)
VY Py = 49" 1ay — (4 — 2w)y"p (1.53c)
VY AP T v = (4 = 2w)y Py — 297y Py (1.53d)

Using eqq. (1.53a)-(1.53a), we can write:
e
(P @) T2 —w)y¥ o— (1 = w)*(dmpr®) >
/du/ dv | u+v)+2uvp q—u(l —u)p? —v(l—v)q}wiQ

=<——C+ )7“ (e —1)°

/d /1 u > (u+v) 4 2uvp - ¢ — u(l —u)p? —"a(l—v)q}6
u

{ Amp?
= - —C-2
g (t-o-2)

— 29" _/ /1 dvln( e+ )+ 2uvp - g — u(l — w)p® —v<1—v>q)

4 p?

(1.54)

the result is obtained up to evanescent terms for 2 — w = ¢ — 0. Therefore, we find:

a 1 .
I, q) =" {E ; + finite part (1.55)

Now it is necessary to evaluate the above ultraviolet divergent term on the particle
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mass-shell p* = ¢> = m?, with k = ¢ — p and k* = 0. We find:

a [t m? (u+v) + 2uvp(p + k) — u(l —u)p? —v(1 —v)¢?
— 2yH— dv In £
o Jo 4

47
- Mg 1_0_2
= 47 \ e
1 pl-u m2 (u + v) 4+ 2uvm? — u(l — w)m? — v(1l — v)m?
o [ [ ()40 i i
ar Jo Jo A7
1 1 1—u 4 2
_vuﬁ{——C—Q—f—Q dv In 7Tl; —2ln(u+v)}
A o Jo ms,
(1.56)

in which the following relation has been used:
ptk=q—= (qg=p° =k —= ¢ +p"=2pg=0 —= pg=m},

Continuing in the computation, solving the integrals:
2

, ;Wg{l_c_zm/oldu {(1—u)1n(4:£ ) +2(1_“+“m)” (157)

div
4 | € m

2
R )
my,

47 | €

thus the divergence has been removed and the integral has been calculated.

Now we have to solve the finite integral of eq. (1.51). To this purpose turns out to
be useful to rewrite the numerator of I');; making again use of relations (1.53a)-(1.53d),
but in a space with w = 2. In this process also the Gordon identities (B.4a, B.4b) will
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be useful:
Nfpa) =7" [(1=wlp — vg +m, ] 4" [(1 = 0)f —up+m,] v,
=[(1 = u)pa — vqa] [(1 = v)qp — ups] v 7"y 7, + M2y Py,
+m[(1=v)qa —upal v, + m[(1 —w)pa — vgal v 7 7",
=—2[(1—u)p —vg] " [(1 = v)¢ — up] —2m}y"

+4m(1 — 2v)g" + 4m(1 — 2u)p*
=—-2(1 —u)(l —v) [mi”y“ + Py + dimo " (q — p) a] —2(1 + wv)m? "
+2m (1 —v)(dic"qo +m ") + 2m u(l — u)(—4ic"“po +m ")
+4m(1 = 2u)(m " — 2ic"*py) + 4m(1 — 2v)(m ,y" + 2i0"%q,)
=2m?, [2(1 —u—v) — (u+v)*] v — 282 (1 — w)(1 — v)y*
+ 8im 0" {[u — v(u+v)] ga — [0 — u(u+v)]pa}
(1.58)

The basic result of the previous computation is to split I'/, (p, ¢) into two contributions,
one proportional to y# and the other one proportional to ¢#®, namely:

T (p,q) = Fu(k?) + z’awﬁFQ(kP) =T} +TI} (1.59)

“w

where F(k?*) and Fy(k®) are called form factors. In the limit of k? — 0, we have
F1(0) = 1 and F5(0) = 0, thus eq. (1.59) retraces the Dirac’s result. Since the form
factors contain the complete information about the interaction between the muon and
the photon, they should, in particular, contain the muon electric and magnetic couplings.
It is possible to prove that Fy(k?) appears in the relations that describe the behavior
of muon in an external electric field. On the contrary, the description of the magnetic
moment interaction U(x), in the Born approximation, between a muon and an external
magnetic field involves both form factors:

U(x) = p-B(x) (1.60)
where [7]
e
B = —E[F1(0)+F2(0)]S (1.61)
comparing with the standard form
o= —g”gBS (1.62)

which is nothing but eq. (1.14) rearranged for the muon case. For the Landé g-factor
we find:

94 = 2[F1(0) + F5(0)] = 2 + 2F5(0) (1.63)
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Therefore, the form factor Fy(k?) is equal to the anomalous magnetic moment of the
muon. For this reason, to evaluate the one-loop QED contribution to anomalous magnetic
moment, we have to consider the only terms of eq (1.58) proportional to o #* which turns
out to be both ultraviolet and infrared finite:

P(k2) = 8zmua / p / [u—v(u+v)]oh*q, —[v—ulu+v)| o p,
u
u(l —u)p? +v(l —v)g? — (u+v)m2 — 2uvp - q
(1.64)
computing this integral for on-shell particles:
5(0) = L 2imy, a/ / [u—v(u+v)]or*q, —[v—u(u+v)] o p,
r450) = du
(u+v)*m?2,

# 2y (Uwqa/ Ju u—v(u+v) /du/ v—uu+v))
C(utv)? (u+v)?
L 2 U“aqa oh%p
T omy, 4 4
1o

= ok,
2mm,

(1.65)
Comparing the previous equation with eq. (1.59), we finally obtain the famous Schwinger’s
result:

Fy(0) = % ~ (1.1614007324 £ 3) x 103 (1.66)

Hence the mass independent correction is Al(Q) = 1/2 while the mass dependent correc-
tions are AQ(Q)(mu/ml) = AéQ)(mu/me,mu/mT) = 0, with m; equal to m, or m,. It
follows that one-loop contribution is

Cr =3 (1.67)

We will not report the calculations for all the other QED contributions, but only the
results.

C3: The two-loop contribution

We will discuss now on the two-loop QED correction to the muon anomalous magnetic
moment. The coefficient C'y is equal to:

Coy =AY + A (mfme) + A (myfm) + A (myfme,my, fme) (1.68)

At fourth order (e?), there are seven diagrams contributing to A1(4). In addition, at this
order in the perturbative expansion the anomalous magnetic moment becomes dependent
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Figure 1.3: Two-loop QED correction diagrams. The mirror reflections of the third and

fourth diagrams are not shown.

on the masses of all charged particles through the vacuum polarization diagrams. Just
one diagram contributes to A2(4) (m,/m.) and one to A2(4) (m,/m;). There are not two-

loop diagrams containing both virtual electrons and taus, thus A§4) (mu/me,m,/m;) =
0. The coefficient A1(4) is:

197 72 3 2
= Tt - % In2 = —0.328478965579... (1.69)

44 AW = 2L
[44] ! 144 12 4

where ((s) is the Riemann zeta function of arguments s.

It is convenient to sketch of the calculation of two-loop diagrams with the vacuum
polarization subgraph, from which we obtain A2(4) (m,/m,), with | = e, 7, because this
procedure will be useful afterwards. We have to apply Feynman rules to the last diagram
of figure 1.3, but preliminary it is necessary to replace the leading-order propagator of
the inner photon, with the following one [§]

DNV(k) — _igul/ + (_Z)gﬂﬂ [—Z (k,2g,u1/ - kuku) H(kg)] (_i)goy 4o

k2 k2 k2
—Guw | g
=—3 T i (k26" — k%k,) IL(k?) + ... (1.70)
—'L'g u ik’”]f,,
- kzu (1 - H(k2)> 4

which takes into account the photon self-energy tensor, consistent with the electromag-



netic gauge invariance. Thus, first-order correction to the photon propagator is

Do (k) = —9m (1 11(2)

(1.71)

Making use of the Taylor expansion, the eq. (1.71) suggests that the electric charge can
be replaced by an energy—momentum scale dependent running charge

2

2 e (k) = ° 1.72
) S G o) )

which in terms of the fine-structure-constant a = e*/4r reads
o= aepp(k?) = 2o 20 (1.73)

1+ [[(k2) —10(0)]  1— Aa(k?)

where avg = « is the fine-structure-constant in the Thomson limit.

Coming back to photon first-order correction (1.71), one can notice that the first
addend accounts for a term corresponding to the one-loop correction, hence the two-loop
correction is

D) g5y [ 409+ P+ m ) (L g,
) I(12) — 1(0)
(1 +p)? —m?2, +ie] [(1 +q)? —m?, +ig] (12 + ie)

(1.74)

Because of the analyticity (deriving from causality) the photon self-energy function sat-
isfies the subtracted dispersion relation below:

11(12) — T1(0) = %/m@% (1.75)

where s refers to the lowest invariant squared mass of the fermion e and 7 that can be
produced in a decay of the virtual off-shell photons with invariant mass /2. This means
that sg is equal to 4m? or 4m?2.

Due to the perturbative nature of the QED, we know that [9]

| 4m? 2m 2
ImH(s—Ha):% 1— T% (1+ TZ) (1.76)
S (29 S (29

where m is the mass of the lepton circulating on the loop. Putting together eqq. (1.74),
(1.75) and (1.76) and integrating them, it possible to show that the mass-dependent
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coefficient A2(4) (m,,/my, first exactly calculated in 1966 by H. Elend [10] [11], is

2 1
AP ) = — 2 - 22 4 22(4 4 3Ina) + 2 [% ~2Inxn (E —fﬂ) — Lis (952)}

2

+ g (1—52?) {% —Inzln (1 n z) — Lis(z) + LiQ(—x)}

(1.77)

where © = m;/m, and m; = m, or m; = m, and Lis(z) = — [ dt In(1 —1)/t is the
so called dilogarithm function. The previous formula can be used both for the case of
the electron loop, 0 < x < 1, and for the tau loop, z > 1. For x = 1 (muon loop)

eq. (1.77) gives a non-null contribution, already part of A1(4). Evaluating the value
of eq. (1.77) with z = m,/m. = 206.7682843 (52), m, = 105.6583692 (94)MeV and
m, = 1776.99 (29)MeV [12], one gets:

[13] AN (m,/m.) = 1.0942583120 (83) (1.78)

[13] AP (m,,/m,) = 0.000078079 (15) (1.79)

The magnitude of two-loop diagram with the 7 lepton, as calculated in eq (1.79), provides
a relative contribution to a 9*" of 10~
Adding up the values of eqq. (1.69), (1.78) and (1.79), we obtain:

Cy =AY + AP (m,/m.) + A (m,/m,) = 0765857425 (17) (1.80)

The error on 6C5 = 1.7 x 10 7% leads an uncertainty on a?”” equal to 0.94 x 10~"3,

C3: the three-loop contribution

There are more than one hundred diagrams involved in the three-loop contribution to
muon g — 2. Their analytic computation was finally performed only in the nineties.
The mass independent coefficient Al(ﬁ) arises from 72 diagrams. The calculation started
around the 1970 [14] and was then completed only in 1996 by E. Remiddi and collabo-

rators [15], [16]. The result for Al(G) reads:

28259 1710 208 139 100 1 1 721n?2
A 222700 2 P9 4 P e(3) 4+ —— [ Lig (= ) + —Int2—
U =5ms TR0 g ¢ W24 5@+ 5 Lia | 5 )+ 5y 24
239 , 83 , 215
260" Tt 9380

=1.1812414566...
(1.81)

The calculation of the coefficients AQ(G) (m,/m,;) was done by E. Remiddi and S. La-
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Figure 1.4: Examples of three-loop QED contribution to a .

porta in 1993 [17]. These contributions can be split into two parts: the first, called
AQ(G) (m,/m,, vp), containing e or 7 vacuum polarization loops, arises from 36 diagrams;

the other one called A2(6) (m,,/my, Ibl), receives contributions from 12 light-by-light (Ibl)
scattering diagrams with electron or tau loops. Traditionally, only lbl scattering di-
agrams with electron, muon and tau loops are included in the QED part of the muon
magnetic anomaly. The light-by-light scattering diagrams mediated by the electron loops
turn out to be particularly important: they represent the dominant part of light-by-light
scattering contribution to a,. The results are:

[13] A (i fmee, up, Ibl) = 22.86838004 (23) (1.82)

[13] A (m . /m ;. vp, Ibl) = 0.00036070 (13) (1.83)
At the sixth-order (%) also diagrams with both electron and tau loop are involved. The
analytic calculation, available since 1999, but improved in recent years, yields:

[13] A (m . /me, m,/m,) = 0.00052776 (11) (1.84)

Combining the three-loop results all together, we obtain the complete three-loop QED
coefficient:

Cs=A9 4 Az(ﬁ)(mu/me, up, Ibl) + Aéﬁ)(mu/mﬁ vp, Ibl) + Aéﬁ)(mu/me, m,/m;)

= 24.05050996 (29)
(1.85)

The error 6C3 = 29 x 108, due to the experimental uncertainty of lepton masses, must
be obtained taking into account the correlation of the addends. It represents an error
contribution, to the uncertainty of affED , equals to 0.38 x 107, §Cy is the lighter
contribution to the uncertainty of the QED part of muon anomaly.

C4: the four-loop contribution

The knowledge of four-loop correction is crucial in the comparison between the SM
prediction and the experimental value of anomalous magnetic moment, because of its
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magnitude is six-times larger then the present experimental uncertainty of a,. More
than one thousand diagrams are involved in the evaluation of four-loop contribution.
In contrast to the case of the lower orders calculation, the four-loop computations are
fully numerical. The eight-order (e®) correction has been obtained by T. Kinoshita and
collaborators [18].

There are 891 four-loop diagrams contributing to Al(g). According to S. Laporta, who
had evaluated A up to 1100 precision digits, we have [20]:

[13] A = —1.9122457649... (1.86)

The value of A2(8) (m,/m.) depends on the calculation of other 469 diagrams and the
result is:

[13] AP (m,/m.) = 132.6852 (60) (1.87)

The term AS* (m ,/m) represents a small contribution, of order of 0(10~) to a@FP.
T. Kinoshita quotes:

[13] AP (m,/m ;) = 0.04234 (12) (1.88)

Finally, there are 102 diagrams containing both e and 7 loops. The value of value
Aés) is:
[13] A (mme, mu/m,) = 0.06272 (4) (1.89)
Adding up all these corrections in order to obtain the complete four-loop contribution
to affED, we get:
8 8 8 8
Ca= A + A7 (myfme) + A3 (mfm ) + A (e, m )

(1.90)
= 130.8780 (60)

The error 6Cy adds up a small contribution, 1.8 x 10~!? to the theoretical uncertainty
of a%PP. However, it represents the heavier contribution to the uncertainty of the QED
part of muon anomaly.

C5: five-loop contribution

The complete calculation of tenth-order (¢!'®) QED contribution to the muon g — 2 is
known thanks to a monumental work of T. Kinoshita and his collaborators: they have
numerically evaluated all the sets of gauge-invariant diagrams that contribute to C's.
The results of five-loop calculations are the following [13]:

A® =9.168 (571)

AP (m,/m.) = 742.18 (87)

AP (m,/m.) = —0.068 (5)

AP (m,/me, m,/m,) = 2.011(10)

27



Adding up all the terms, we obtain the complete five-loop correction to muon anomalous
magnetic moment:

C'5 = 753.29 (1.04) (1.92)

The uncertainty is attributed entirely to the statistical fluctuation in the Monte-Carlo
integration of Feynman amplitudes. This result is 20 times more precise than the previous
estimate, obtained with the previous leading-logarithmic approximation technique by
Kinoshita himself [19]. The error §C5 adds up a contribution of 0.7 x 107! to the
uncertainty of a%"”".

The complete QED contribution to a,

We are now able to estimate the quantum electrodynamics contribution to the muon
anomalous magnetic moment. Using the latest Particle Data Group recommended value
for the fine-structure-constant

a~! = 137.035999139 (31) [0.23 ppb] (1.93)
we obtain the following value:
a?PP = 116584718869 (9)(19)(7)(31) x 107" (1.94)

where the uncertainties are due to the lepton mass ratios, the eighth-order term, the
tenth-order term, and the value of « in (1.93), respectively. When combined in quadra-
ture, these uncertainties yield 5a§ED = 37 x 107", Therefore the finale QED result
is

a?PP = (116584718869 + 37) x 10~ (1.95)

1.2.2 The electroweak contribution to a,

The electroweak contribution (EW) to the anomalous magnetic moment of the muon is
suppressed by the factor (m /My )? with respect to the QED effects [4]. It represents
the smallest contribution to muon anomalous magnetic moment.

Is necessary to note that aEW also contains the hadronic corrections arising from the
two-loop electroweak correction.

One-loop contribution

The one-loop EW contribution result to a, was published in 1972 by several authors |?].
Its analytic expression, obtained by computing Feynman diagrams as those in figure 1.5,
reads

5G m2 1 2 m2
a®V (oneloop) = —— |14+ = (1 — 4sin?0 + 0 = 1.96
m ( p) 24\/57‘(‘2 5 ( W) M2Z7W7H ( )
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Figure 1.5: Examples of one-loop electroweak contribution to a .

where G, = 1.16639 (1) x 107° GeV 2, Mz, My and My are the masses of the Z,
W and Higgs bosons, and 6y, is the mixing angle. The magnitude of one-loop EW
contribution to a, is

21] a " (oneloop) = 194.8 x 10~ (1.97)

The contribution of the Higgs diagram alone, given the Higgs mass My = 125.09 +
0.21 £0.11 GeV [22], is smaller than 3 x 10 7'* and can be safely neglected.

Two-loop contribution

Naively, one might expect that the two-loop electroweak contribution to be negligible,
since of the relative strength O (a/m) with respect to the one-loop EW contribution.
However, that is not the case. Kukhto [23] had shown that some two-loop electroweak
contributions can be quite substantial because of the presence of terms enhanced by a
factor of In (M zw/m;), where m; is a fermion mass scale much smaller than M z .
Therefore the two-loop EW contribution must be included in the theoretical estimation
of afw, in order to obtain a value of the muon anomalous magnetic moment comparable
with the experiments. The complete set of all the two-loop diagrams is quite large, it
includes the total of 1678 diagrams. However, the diagrams with two or more scalar
couplings to the muon line are suppressed by an extra factor of mi /M2, and can be
discarded.

The affw(twoloop) can be divided into fermionic and bosonic part: the former in-
cludes all two-loop EW corrections containing only fermion loops, while all the other
contributions have been included into the latter. Taking into account also the contribu-
tion of hadronic v-Z mixing diagrams, which are suppressed by a factor (1 — 4sin? )
both for quarks and leptons, the two-loop EW contribution is:

[24] aV (twoloop) = —41.2(2.0) x 10~ (1.98)

I

the contribution of hadronic 7-Z mixing diagrams to the two-loop EW correction is
0.4 x 10711,
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The complete EW contribution to a,
Adding up the above one-loop and two-loop electroweak corrections leads to the total
reduction value of EW contribution to muon g — 2

aV =153.6(1) x 10! (1.99)

M

where the error is due to the hadronic loop uncertainties, indeed, we remark that
a W (twoloop) holds the hadronic effects in EW contribution.

1.2.3 The Hadronic contribution to a,

Let’s analyze the hadronic contribution to muon g — 2. By definition, only hadronic
subgraphs arising from QED diagrams are involved in azad, since hadronic effects in EW
contribution have been already included in a ;"
Leading-order hadronic contribution to a,

Hadrons

Figure 1.6: Leading hadronic contribution to a .

The hadronic vacuum polarization of the one-loop QED diagram, figure 1.6, is the
largest hadronic effect contributing to the muon anomalous magnetic moment. It has to
be determined with high precision to match the existing experimental result. We begin
the discussion by providing an estimate of the hadronic vacuum polarization contribution
to a0
A hadronic virtual state with invariant mass Mp,; changes the muon magnetic

anomaly by [25]:
2

HLO _, 2) 2 M 1.100
@ <7r M,fad (1.100)

Assuming Mg ~ 1 GeV | as a typical scale for hadron masses, we get
a9 ~ 6000 x 107 (1.101)

"
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The hadronic leading contribution to a, therefore is a small fraction of the total SM
prediction for the muon g — 2 anomaly, but is very large when compared with the current
experimental uncertainty da ;" = 63 x 10711 ]26]. Indeed, da ™ is less than 1% of afLO,
justifying our interest for precisely estimating this contribution.

The evaluation of the diagram, figure 1.6, involves long-distance Quantum Chromo-
dynamics (QCD) interactions, for which perturbative theory does not work. However, as
it is well known, one can rely on the dispersion representation of the photon propagator
and the optical theorem, which relate the hadronic vacuum polarization contribution
to a, with the measured e®e~ annihilation cross-section into hadrons. In principle,
this technique allows to account for the effects of strong interactions exactly. Such an
approach strongly relies on the experimental results, requiring many high-precision mea-
surements of the e Ye = — hadrons cross-sections. This dispersive approach was proposed
by Bouchiat and Michel [27]. In the following we will retrace the calculation in order to
obtain their formula.

For the inner photon propagator, we use the approximation obtained in eq. (1.71) by
replacing the QED polarization function with the unknown QCD polarization function,
which again satisfy the subtracted dispersion relation (1.75):

D, (k) = _Zg;” — _Zg;” (1= [Mhaa(k?) — Mhea(0)]) (1.102)

Applying now the Feynman rules to figure 1.6, we get

WOl 2)ul) = [ Gzl (mien”) SU+ k1S () (<ier) u(p)D,, (1103

Taking into account only the correction to the photon-muon vertex due to the second
addend of equation (1.102)), we have:

P2

re (p,q) é(;)4/d417p(1+p+mﬂ)w(1+g+mﬂ)%

" I aa(1?) — M pea(0)
(1 +p)? —m?2, +ic] [(I1 +q)* —m? +ic] (1% +ie)

(1.104)

which corresponds to the eq. (1.74) rearranged to represent the QCD case. Using the
subtracted dispersion relation we obtain

p Laet [y VU p+m)V (I +d+mu)v,
Fhaa P, ) T (2m)4 / (14 p)? —m?2, +ic] [(1+q)* —m? +ic] (1% +ie)
l2 > ]mHhad(erz'e)

— d
T 0 88(8—12—1—2'5)

(1.105)
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exchanging the integration order is crucial in order to solve the integral
52 oo
p . te ds .
() TW /0 o ImlT paq(s + ic)
YL +p+m )yt (I +d+mu)y,

(1.106)
. /d l (1 +p)? = m2, +ie] [(1+q)? — m?2 + ] (s — 2 + ic)

The inner integral is similar to that one we have previously used to calculate the
Schwinger result: the denominator is different, since of photon four-momentum is rescaled
with the s variable, that can be somehow interpreted as a photon mass. We already know
the prescription needed to solve this integral: apply the formula (A.1) in order to simplify
the denominator, perform then a shift and as last step rewrite the numerator in the the
form v#- A+ic"k, - B where A and B are the coefficients. Again, we are interested in
the value of the coefficient B, because of its direct connection to the muon anomalous
magnetic moment. This recipe brings us to

72 o q

e :%w—k/ & Il (s + ic)
e o ® (1.107)

mo(1—z2)z '

m2(1—2)? — k2xy + sz

X /dxdydz&(x—i—y—i—z— 1)

Taking into account that the outer photon is real, i.e. k? = 0, we get

- w % g
ey #%&kl,/ —SImHhad(s+z'5)/da:dydzé(x+y+z—1)
w2 m, 0 S

mi(1—z)z
m2(1—2)2+ sz
o MV < 1 m2(1—2)z e
—%&kl,/ —SImHhad(3+z'€)/ dz ul ) / dy
0 0 0

2 m, s m2(1—2)2+sz

17 < 1 1 1— 2
L [ s +ie) [z : 1—2)=
0 0

- 2 | 85z
T2 m, s 1—2) + e

(1.108)

The value of the previous equation can be easily checked in the limit s = 0, since
we expect it must be equal to the Schwinger result. Applying the change of variable
r=1-—2 eq. (1.108) yields

a ioh > ds ! r%(1 —x)
ry=— k., — Imll,, ' d
> r2m, /0 s hd(8+25)/0 x:ﬂ—i—(l—x)%

(1.109)

) 2 ood
LY g, / ©5 Il paa(s + ic) K ()
0

2
™ my, S
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The kernel function K(s) is

1 2
z*(1 — )
K(s) = dx 1.110
(s) /0 x2+ (s/m?) (1 —x) ( )
Therefore we can write the Bouchiat and Michel formula:
*d
a0 — %/0 ; K () Il paq(s + ie) (1.111)

Using the optical theorem for e e = — hadrons scattering process 7|

dro
0-e+e*—>had(3) = TImHth(S) (1112)

we are able to relate the hadronic leading order contribution to muon g — 2 with the
cross-section of the e e~ annihilation into hadrons

afl*0 = ! /OO ds K(8) 0cte-—shad(s) a /400 éK(s) R(s) (1.113)

~ 4.3 — 92
A3 J g2 32 Jumz S

The integration domain runs from the lower energy-state available to the annihilation
process, namely a finale state with a couple of pion, to infinity. The function R(s)
is the ratio of o¢+c- _naq($) and the high-energy limit of the Born cross-section for p-
pair production, therefore R(s) = 0c+c- naa($)/(4ma?/3s). The kernel function K (s)
decreases monotonically with increasing s, and for large s it behaves as mi/3s to a
good approximation. For this reason the low-energy region of the dispersive integral is
enhanced by ~ s 2. About 91% of the total contribution to af LO is due to center-of-mass
energies /s below 1.8 GeV and 73% of a [/*© is covered by the two-pion final state, which
is dominated by the p(770) resonance [4] [46]. The e™e~ annihilation cross-sections at
low-energy have been measured by many experiments at Novosibirsk (OLYA, TOF, ND,
CMD, CMD-2, SND) and Orsay (M3N, DM1, DM2), while at higher energies the total
cross-section ratio R(s) has been measured inclusively by the experiments v72, MARK
[, DELCO, DASP, PLUTO, LENA, MD-1, CELLO, JADE, MARK-J, CLEO, Mac and
BES. Perturbative QCD can be used to evaluate higher loop momenta contributions,
thus at some energy-scale is possible to switch from experimental data to theoretical
calculation.

The main problem of this method is that it relies on the cross-sections data of
positron-electron annihilation from many different experiments and furthermore one has
to take into account the existence of hadronic resonances (see figure 1.7). A detailed
study of eq. (1.113) has shown that a prominent role among all datasets is played by
the precise measurement of the cross-section of e e~ — 77~ performed by the CMD-
2 collaboration at Novosibirsk, at values of /s between 0.61 GeV and 0.96 GeV [30].
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Figure 1.7: Cross-section of ete ™ — hadrons.

Particularly important are also the BABAR collaboration results for the other different
final states produced from the e te ™ annihilation (|31]-[36])

Using the experimental results, several authors have evaluated the dispersive integral
of eq. (1.113). The most frequently quoted results in literature are

[48] a0 =6880.7 (41.4) x 107" (1.114a)
[57] af" =6931(34) x 107" (1.114b)
[50] allt? = 6949 (42.7) x 107" (1.114c)

The results for the leading-order hadronic contribution are overlappable. The uncertainty
of Jegerlehner’s and Hagiwara’s results is around 0.6%, eq. (1.114a) and eq. (1.114c)
respectively. On the contrary, Davier’s result, obtained from more restrictive and forced
considerations, brings an error around 0.5%, eq. (1.114b)

Higher-order hadronic contribution to a,

Finally we will discuss the higher-order (O(«?)) hadronic contribution to a,, named

af HO wwhich can be written as:
a0 = alO(vp) + a7 (Ibl) (1.115)

The first term grouped the contributions due to diagrams with vacuum polarization
insertions, as shown in figures 1.8(a) and 1.8(b); the second term is the light-by-light
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Figure 1.8: Examples of higher-order hadronic contribution to a .

contribution, represented in figure 1.8(c). Note that the diagram shown in figure 1.8(d)
has already been included in the leading-order hadronic contribution afLO. The up to
date values of these contribution are:

28] a9 (vp) = —98 (1) x 107" (1.116a)
48] a9 (Ibl) =102 (39) x 107" (1.116b)

Note that a f HO(yp) can be obtained using the same hadronic e*e~ annihilation data,
as described in the previous section. On the contrary seems that afHO(lbl) cannot
be expressed in term of experimental observables, hence its evaluation relies on purely
theoretical consideration. This contribution has changed sign already three times in its
troubled life and moreover different authors calculated even non-overlapping values [45].
The above aff HO(1pl) has been computed by Jegerlehner.

1.3 Theoretical and experimental value of a,

We have now all the ingredients to understand why the muon anomalous magnetic mo-
ment represents a possible indication of failure of the Standard Model. In this section we
will collect all the thoretical results, presented formerly, to determine the SM prediction
of a,. Afterwards we will briefly explain how a, is determined experimentally. Finally,
we will make a comparison between the theoretical and the experimental results.
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1.3.1 The theoretical value of a,

The theoretical value of muon anomalous magnetic moment is obtained summing up the
following contributions

aiM _ GSED ‘l‘ClEW +afLO +a’1;1Ho(Up) _I_aﬁlHo(lbl) (1.117)

taking into account Jegerlehener results, of eqq. (1.114a) and (1.116b), we have

contribution value(10711)  error(10 1)

affED 116584718.869 0.037
alW 1536 1

a e 6880.7 414
a0 (vp) —98 1
a0 (1pl) 102 39

Summing up all SM contributions to a, as given in the previous table, we conclude that

a™ = (11659175.7 £ 5.7) x 107 [0.5 ppm] (1.118)

I

1.3.2 The experimental value of a,

It is now time to spend a few words about the experimental measurement used to obtain
the empirical value of a .

2 =
) N o N

ft 0ot W
b\ % e L

Figure 1.9: The spin precession relative to the momentum in the uniform magnetic field
in case of a,, =0 and a, > 0.

The basic principle of the experiment is to observe the spin precessing of polarized
muon relative to its momentum in an uniform magnetic field B. In a space region in
which there is an uniform magnetic field, muon will have a cyclotron motion, character-
ized by the cyclotron frequency w..:

(1.119)



where 7 is the usual Lorentz factor. At the same time, the muon spin precessing, with
angular frequency w g, due to its anomalous magnetic moment, as shown in figure 1.9:
eB eB

—a,— (1.120)
m 7y “m,L

Ws = —

The overall effect is a Larmor precession of the direction of the spin:

eB

We=Ws—We=—0,
my

(1.121)
In order to retain the muon in the ring an electrostatic focusing system is needed. Thus
in addition to the magnetic field an electric quadrupole field in the plane normal to the
particle orbit must be applied. In the presence of this electric field E, the muon Larmor
frequency is determined by the following equation, assuming the momentum is transverse
to the magnetic field

| \BxE
wa:_i{auB—<au—72_1> . } (1.122)

C

Fortunately, the second term of equation (1.122), proportional to B x E vanishes if
muon has the so-called "magic momentum" of 3.094 GeV (v = 29.3). Hence, under
this condition, the cyclotron frequency solely depends on the muon anomalous magnetic
moment: e
we=—a,B (1.123)
my,
The crucial result of previous equation is that the total precession frequency depends
only on the anomalous magnetic moment a .
The muon g-2 experiment are based on the production of muons from the decay of
pions
T+, (1.124)

the polarization of muons is detected through the muon decay
p—e+vet+uv, (1.125)

To produce a muon beam, a proton beam (accumulated in a proton storage ring) im-
pinges upon a target material where pions are the most abundant secondary particles.
Those pions are collected, momentum selected, and transported through a decay chan-
nel, along which they decay to muons. Muons are then injected into a storage ring with
an extremely uniform magnetic field. The muon spin orientation can be observed by
measuring the energy and arrival time of the high-energy positron/electron from muon
decay with a calorimeter. Thanks to the parity violation of muon decay, the high-energy
positron/electron in the muon rest frame are preferentially emitted parallel to the spin
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orientation. In the laboratory frame, the positron/electron energy spectrum varies with
the spin orientation with respect to the momentum. Therefore, the spin precession
leads to the positron energy dependent event-rate modulation at the calorimeters. This
event-rate modulation is shown in figure 1.10. By fitting this event-rate modulation, the
experiments determine the frequency w,. To obtain the anomalous magnetic moment

Million events per 149.2 ns
=5

AOA

T RTAYAYAVAN W

L ARYIVETAVAY
'?th

P T T T S T T T YT T Y

0 20 40 60

80 100
Time modulo 100us

Figure 1.10: The modulation of the positron event-rate at the calorimeters.

from equation (1.123), the magnetic field needs to be known very precisely. The mag-
netic field in the muon storage region will be expressed in terms of the proton Larmor
frequency w, = 2u,B/h where 1, is the proton magnetic moment. Measuring the fre-
quencies w, and w, it is possible to obtain the value of the muon anomaly, with the
following relation

2pm,, We
= ——— 1.12
G eh  w, ( 6)
Recalling equation (1.15), in the muon case:
_ Ygu eh eh
ILLN_ 2 2mu - (1+aﬂ)2mu (1127)
Combining eq. (1.126) with (1.127):
R
a, = (1+a#)x (1.128)

where R = w,/w, and A\ = p,/p,. The quantity A shows up since the magnetic field
is measured thanks to the proton Larmor frequency. Precision experiments on the mi-
crowave spectrum of ground state muonium (p~e™) [37] performed at LAMPF at Los
Alamos provide the needed result

A = 3.18334539 (10) (1.129)
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Solving equation (1.128):

R
PTN=R
The most accurate measure of a7 was obtained at E821, in Brookhaven. The experi-
mental setup was made up by a toroid—shaped structure with a diameter of 14 meters,
with the magnetic field of 1.457. The aperture of the pipe beam was 90 mm. Under
this conditions, after each circle the muon spin axis changes by 12 arc seconds. At E821
the muon anomaly has been measured with 0.54 ppm precision. The result is [38]:

a

(1.130)

a™ = (11659208.9 + 5.4 £ 3.3) x 107" (1.131)

1.3.3 Standard Model Vs experiment

Now we are ready to understand why the anomalous magnetic moment of the muon
represents one of the most interesting possible failure of our great theoretical apparatus,
called Standard Model.

Comparing the Standard Model prediction and experimental value of muon anoma-
lous magnetic moment, obtained in eqq. (1.118) and (1.131), in unit of 10 1%, we get:

a" = 11659208.9 & 6.3
ar™ =11659175.7 + 5.7

Aa, =332+63+57

we get a non-null difference Aa, with a significants of 3.90.

Recalling that the theoretical value of muon g — 2 is not unique, due to the different
results of the hadronic leading-order and higher-order contributions to muon anomaly,
the difference between the theoretical and the experimental value swings from the lower
limit of 30 to the upper limit of 40. As said, our result has been obtained relying on the
last outcomes of calculation by F. Jegerlehner.
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Chapter 2

The novel approach to the leading
hadronic contribution to muon g-2

The uncertainty associated to the theoretical value of the muon anomalous magnetic
moment is due to all the uncertainties of the contributions to a,. However, as observed,
some of them are negligible. The hadronic uncertainty instead is the main source of the
SM uncertainty being comparable to the experimental one. This is the reason why the
hadronic corrections have been kept under close scrutiny for several years.

An intense research program is ongoing aiming to improve the evaluation of the
hadronic leading-order (HLO) contribution to a,. In this context, a group of Italian
physicists has proposed a new method to determine with high precision the value of
af LO " The idea is to measure the running of the effective electromagnetic coupling in
the space-like region by measuring the elastic scattering 4+ e~ — 4+ e~ that is a pure
t-channel space-like process [39] [40].

The proposed method is based on eq. (1.111) evaluated exchanging the order of the
integration:

“ds  Imllpeq(s + ic)
s 22+ (1 —xz)s/m?2

o [
aijO =— dxa:2(1—x)/
0 0

_g 1 dmexQ OO @ ]mHhud(s + Z€) (21>
_7T2 Iz s z2m?
0 0 T T8
By defining ¢ as:
x?m?
t(z) = . f <0 (2.2)

the dimension of the t variable is that of a squared momentum. It varies in the interval

t € ] — 00,0]. Using the subtracted dispersion relation for the photon self-energy below:

t /°° ImIT jaq(s + i€)
0

M paa [t(x)] = Mhaa(t +ie) = Mpaa(0 + ic) = P s(s —t + ig)

(2.3)
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we obtain

alio = @ /O 0z (2 — V)T pa [H(2)] (2.4)

7

The t variable is the argument of the photon self-energy function, hence can be identified
to be exactly the Mandelstam’s variable.

By inverting eq. (2.2) we get x = (1 — )(t/2m}) with 3 = (1 —4m? /t)'/?, we can
write equation (2.4) in the ¢ variable as

gt 2 /0 it — {27"3 —(1—5)} {M_l} T a(?)

T ) o 2m2| Bt 2m?

Ca [ dt (1-8\7=
= [ (555) T

It is a known expression, already being used in lattice QCD calculations of a,"* [58] [59]

(2.5)

The HLO contribution to a, in terms of the real and the imaginary part of II .4 [t(z)],
which appears in eq. (2.4), can be written as [8]

I

o HLO _ g/ﬂ dz (z — 1) [Rell paq [t(x)] + iIml jaq [t(2)]]

7r
L B (2.6)
= ;/0 dx (z — 1) Rell puq [t(2)]
Recalling eq. (1.73) for the hadronic case and using the definition (2.3), we get:
Ao had [t(l‘)] = _Reﬁhad [t(ZL‘)] (27)

The hadronic leading-order contribution to muon anomalous magnetic moment reads

1
o)
aI/;[LO = ;/ dx (1 — 2)Act paq [t(x)] (2.8)
0
The analytic expression of A paq [t(x)] is unknown, cause of the non-perturbative char-
acter of the QCD at low-energy. However, it is possible to determine its expression by
measuring the running of a:
a(0)
at) = ————=
®) 1 — Aa(t)

where «(0) is the fine-structure-constant in the Thomson limit. Moreover the expression
of the shift of o, can be written as:

(2.9)

Aa(t) = Aaep(t) + A paa(t) + Acvsy(t) (2.10)

Aaviep(t), Aapea(t) and Aay,,(t) respectively are the contributions due to leptons loops,
light quarks loops and to the top quark loops. We separate the top quark contribution
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from the others because at top energy-scale QCD can be calculated with perturbative
techniques. Actually, at the energy scale of interest the top quark contribution to the
running of « turns to be negligible.

Similarly the v-Z weak contribution to the running of alpha, which should be included
in eq. (2.10), turns out to be negligible too.

Hence, the hadronic shift Aa.4(t) can be calculated subtracting the purely leptonic
part Aae,(t) to Aa(t). Aaye,(t) can be calculated with the perturbative expansion
order-by-order (know up to three-loop in QED [60]).

The hadronic and the leptonic contributions to the fine-structure-constant, as a func-
tions of x are shown on left side of figure 2.1. To calculate their values we used the F.
Jegerlehner’s routine hadrb5n12 [30] [49], which uses e Te = — hadrons time-like data and
perturbative QCD.
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Figure 2.1: On the left, the plot shows Aaye, [t(x)] x 10* (blue) and A paq [t(x)] x 10*
(red). The plot on the right represents the integrand function of eq. (2.8).

2.1 pu-e scattering process

We have shown how by measuring the running of the fine-structure-constant Aay.q as
a function of the transferred momentum would allow to determine a /. We have also
seen how it would be possible to get Aapqq from measuring Aa(t) by subtracting the
Aoy, contribution.

In order to precisely measure A«(t) one has to perform a dedicated experiment.

The p-e elastic scattering differential cross-section would allow to precisely determine
A«(t) as a function of ¢ since the scattering process involves only space-like transferred
momenta (t-channel, ¢ < 0). The p-e elastic scattering is therefore much simpler than
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Figure 2.2: Bhabha and pu-e scattering processes.

the Bhabbha, if considered as possible alternative. In fact, the Bhabha is both an
annihilation and a scattering process, while the former is a pure scattering one.

The Feynman diagrams of the two processes are represented in figure 2.2.

In the following part we aim to evaluate the p-e scattering cross-section in the Born
approximation. By applying the Feynman rules to the diagram of 2.2(c), assuming
the incoming states: electron with four-momentum p and spinor index 7, and muon with
four-momentum ¢ and spinor index s; and the outgoing states: an outgoing electron with
four-momentum p’ and spinor index r’, and an outgoing muon with four-momentum ¢’
and spinor index s, for the matrix element we can write:

Mr,r/,s,s’ (papla q, q/) = Uy (p,) (_iefyu) ur(p)Dw/as’(q,) (_2'6,.)/1/) us(Q) (211)

Summing up over the spin indices the square modulus of the matrix element, we get:

2 1 2
[M(p.p'sa.4)" =3 S Mo p a.q)|

rr’ ss’

1 64 _ / oy U / Yu
Zzzmguygﬁ,a (ur/(p )’Y r(p) s (q )7 s(Q))

rr! ss’

(2.12)

X (U (p)y P ur (pi)us(q)y us(q))
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Using the completeness relation

> up(p) @ ur(p) = (p+ m) (2.13)

we obtain
M(p,p,q,q)|° = %gwgm tr [ +me)y" (p+me)v?] tr [(d +m)y” (d +mp) ]
(2.14)

where t represents the transferred momentum.
Considering terms with an even number of the «# matrices (the trace of an odd
number of v matrices is equal to zero) and making use of eqq. (C.1) and (C.3) we get:

4
M(p, v, q.4)|” = :2 Juwpe (0D + 00" + g (m? —p - p))
(q"q"+4q7q" + 9" (m2 —q - q))
4 4
Z:Q (Vo +0y+9ve (mZ—0" ) (d"¢°+d7¢" + 9" (m2 —d -q))
8 4
:2 (@) p-a)+@ @) (p-d) =m0 -p)—mi(d-q)+2mim}]

(2.15)
It is useful to rewrite eq. (2.15) as a function of the Mandelstam’s variables:
s=@p+q) =ml+m,+2p-q
t=(p—p) =2m—p-1f (2.16)
=(p—q) =ml+ml-2p-¢
and thereby
pa)=[p+a* =+ /2= (s—mi-my) /2= ()

(

(p- ')=(m +mi—U)/2—(p q)

(0 ) = ( - —t) (2.17)
(

q- ) (zmu_t)/Q

In such a manner the amplitude in eq. (2.15) becomes

864[(s—mg—mi)2+ (mg—l—mi—u)Q

M / / 2:_
M(p,p',q,q)| 1 1

t2
om2 —t 2m? —t
— mi ( me2 ) — mg (—; ) +2mgmi]

45

(2.18)



y
t

Figure 2.3: p-e scattering in the laboratory rest frame.

Using the relation between the Mandelstam’s variables:
s+t+u=2(m2+m?’) (2.19)
we obtain the amplitude [M(p,p’, ¢, )| ? as a function of them:

get[(s—m2-m2)? (s+t—m2-—m2)> tm2 im?
’M(S,t>’2:i ( M) ( M) + ko me

t2 4 4 2 2 (2.20)
2 4
:ti? (t2+25t+282—45mz—4smi+2mi+2mﬁ+4mgmi)

To evaluate the differential cross-section, we have to use the Quantum Field Theory
golden rule [9]:

/2 ’ /
M(p,p,q,4)|?
dp’ dof (2.21)
[(2m)?2E") [(2m)°2E",]

do==[(p-q)* —m2m?]

PNy

x (2m) ' (' +d —p—q)

which is Lorentz invariant.
We have to choose a particular reference frame to solve eq. (2.21). Assuming the
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muon hits the electron at rest in the laboratory frame one can write:

incoming electron: p=20 E.=m,

incoming muon: q#0 E,=\/da*+m}
outgoing electron:  p’ # 0 E =+\/p'?+m?
outgoing muon: d=q-p E,=E,+m.-FE

In this reference frame the Mandelstam’s variables read
s=(p+q)° :mg4—mi+2Eum6
t=(p—p)?=—2m.(E, —m,) (2.22)
u=(p—q)=m2—m,(m,+2E, —2E,)
We can now integrate the golden rule in the laboratory rest frame:

o — MG DI / g L0 Hd )8 (B, + B — B, —m.)
1672 flux(s) B E,

(2.23)

here fluxz(s) stands for the energetic term, which appears in eq. (2.21), written as a
function of the Mandelstam’s variable s:

s—m?2—m2\?2 V2
flux =4 [(#) — mzmﬁl (2.24)

Using the Dirac delta function, we are able to integrate eq. (2.23) in the variable ¢

to = PHED [ $(E P By o)
1672 flux(s) B E,

[M(s, 1) / / [p[*0 (B, + B, — B, —m.)
=——7"— [d|p'|dQ(0. £
1672 flux(s) IP] (0, 9) EE,

In order to obtain the u-e differential cross-section as a function of ¢, we have to
integrate in the solid angle (df2), makes use the Dirac delta function, and perform a
change of variables to switch from the modulus of the scattered electron momentum to
the Mandelstam’s variable t. Since vector momentum conservation, we have:

qd=q-p (2.26)

(2.25)

which square modulus is:

2 2
d|* = |a|*+ [p'|* — 2|al|p| cos b, (2.27)
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making use of mass shell-relation

B, = /B + B —m? —2|q| |p'| cos . (2.28)
Thus we can computing the angular Dirac delta function:

279 (cosf, — cosB)d (cosb,)

8<Eu+me_E/e_Elu(Elevee))

o (E’M +E —-F,— me) dQ(0.,¢) =

Ocosf, cosd (229)
2w (cosf, —cost),)d(cosb.)
a p’[[p’]

E +me—FE',

While, from the differential modulus of the scattered electron, we get:

B B B
d|p/| = dE,—=te= = dE,—& = df 5—— (2.30)
E2—m | 2me [p'|

e

Finally, we obtain the differential cross section in the laboratory rest farme:

2
E . —F
do = 2IMs )| / dtd(cosf) 0 (cosf. — cosh) ptm <
167 fluz(s) 2m.|q| B, (2.31)
2|M(s,t)|*  dt '

167rflux(s) 2m. |q|

By algebraic manipulations is possible to write the previous equation as a function of
the Mandelstam’s variables as:

do  2|M(s,t)|? 1
dt 167 flux(s) A(s,m2,m2)
) e’ y
where A(s,m2,m}) is the Kdllen function:
A(s,m2,m?2) = [s?+ m? 4 mi —2s(m24+m2) —2mim?] (2.33)
The explicit form of the u-e scattering differential cross-section is:
do  ma? (2 + 25t +25% — dsm? — dsm?2 + 2m? + 2m ) + 4m?m?)
dt t2 . N2
((%) - mﬁmi) (s2+mi+ mi —2s(m2+m?2) + QmEmi)
(2.34)

where the dipendence from the fine-structure-constant is explicit.
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Figure 2.4: The Born approximation of the p-e elastic cross section.

The differential cross-section is usually written as:

d_U _ C ’M(Sat”Z (2‘35)
dt flux(s) A(s,mg,mi)

where C is the conversion factor if natural units are used and masses and momenta are

in GeV:
C = 0.389379660 mbarn x GeV 2 (2.36)

The p-e differential cross-section in the Born approximation, computed in eq. (2.35),
is represented in figure 2.4. The function goes to zero in the limit ¢ — —oo, while its
values grows for vanishing transferred momenta.

One may notice that eq. (2.35) is expressed in terms of the two Mandelstam’s vari-
ables s and t. Therefore the differential cross-section as a function of the transferred
momentum can be calculated for constant /s center of mass energy. Assuming an in-
coming muon energy of about 150 GeV, an ideal value to perform the p-e experiments,
it is possible to span the t region within —0.142893 < t < 0 GeV?. Integrating the
differential cross-section in this ¢ range, we obtain a total value of 0 = 245 ub. One
can observe that greater values of the incoming muon energy would just slightly increase
the knowledge of the integrand function of eq. (2.8). The residual part of the integral,
amounting to a remaining fraction of 13% of the total interval, can be calculated with
pQCD and time-like data.

To precisely determine the running of the fine-structure-constant we have to calcu-
late the differential cross-section taking into account the radiative corrections to the
photon propagator. The first-order correction can be estimated by replacing the photon
propagator with the photon self-energy function. We have already calculated it in eqq.

49



(1.71) and (1.73). Making use of eq. (1.71), considering the first-order correction, the
cross-section reads [40]:
do | aft) >doy
i m‘ ra
where do is the cross-section in the Born approximation that we have previously com-
puted. Inverting this equation we gain:

(2.37)

2

do/dt
dO'()/dt n

a(t)
a(0)

(2.38)

Therefore, measuring the p-e differential elastic cross-section we can determine the run-
ning of a. Subtracting the leptonic running Acqye, we can finally determine the purely
hadronic running Aay,qg.

The figure 2.5 shows the effect of the hadronic and leptonic running on the cross-
section with respect to the cross-section calculated considering just the leptonic contri-
bution. Likely the precision of the first-order correction would not be precise enough to
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Figure 2.5: Ratio of the cross-section calculated with the hadronic and the leptonic
running and the cross-section considering only leptonic one.

obtain the value of the hadronic running of alpha at the required precision level. It will
be required to calculate the second-order correction of the p-e differential cross-section.
2.2 Measuring the pu-e elastic differential cross-section.

The design of the detector to measure the u-e elastic differential cross-section is still
under development. There are however some established facts about the possible method
and detection technique to be adopted. In order to span most of the Mandelstam’s
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variable ¢ interval for measuring Aayqq(t), the experiment has to access high values of
the transferred momentum ¢ = ¢%. As said, the muon energy must be of the order of 150
GeV, in this way it will be possible to achieve for the transferred momentum the value
t = —0.143 GeV? going beyond the paek the function represented in figure 2.1, which
corresponds to t ~ —0.108 GeV2. Namely, to optimally determine affLO it is crucial
reaching values of ¢ that allows to reveal the peak of the integrand function (see figure
2.1). In this respect the high-energy CERN muon beam M2 seems to be an ideal facility.
The beam line provides muons in the required energy range and with a high-intensity,
of the order of 107 muon/s or greater. From the other side, the electron targets have
to be made of low Z material, like for instance Beryllium or Carbon. Low Z allows to
minimise the effects on the scattered particles of the multiple scattering and the energy
loss due to ionization and radiative processes.

The whole target’s thickness has to provide the required luminosity. It can be es-
timated by requiring a statistical precision to measure the cross-section of the order of
10 ppm. The size of the data sample must be of the order of 10*? events. The angular
distribution of the elastic scattered electrons according to the leading order scattering
cross-section is shown in Figure 2.6.
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Figure 2.6: In black distribution of the electron scattering angles according to the leading
order p1 — e elastic cross section (Monte Carlo limited to about 45mrad). In red the

observable distribution. In blue the observed distribution for electron energy greater
than 1 GeV.

The histogram in black represents the distribution of 10® Monte Carlo simulated
events, according to the elastic differential cross-section, while the histogram in red
represents the observable electron angular distribution. In blue the observable angles
requiring an electron energy above 1 GeV. The target, in this examples, is assumed to
be of Beryllium of a thickeness of 30 mm. One can notice that most of the events are
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produced at relatively small energy with large electron angles. The informative part of
the spectrum, where the running of « is appreciable, is below 20 mrad.
The instantaneous luminosity can be calculated as:

NA'p-ZX
w

where I, is the intensity of the muon beam, p. is the density of the electron scattering
centers and d is the thickness of the target. p. in turn can be expressed in terms of the
material density p, the Avogadro’s number N 4, the atomic number Z and the atomic
weight W.

Assuming the intensity of the muon beam to be I, = 1.3 x 107 s7!, the luminosity
provided by Beryllium target, with p g, = 1.85 gem?, (Z/W) g, = 0.44, and a thickness
d = 60 cm is:

L=1,Xpexd=1,x d (2.39)

Lpe=39%x10%cm 21 =0.39nb s (2.40)

The required luminosity that can be collected in two years of data taking, assuming
2x 107 s/yr is:
Lpe=15x10"nb"! (2.41)

Assuming the muon electron elastic scattering cross-section, for scattered electrons
of energy greater than 1 GeV is 0, = 245 ub, then the expected event yield can be
estimated to be:

N=Lp. X0,.~4x10" (2.42)

To detected both the scattered electrons and muons the target overall material budget
must be segmented in thin layers, whose thickness have to be optimized in order to limit
the effects of the multiple scattering and radiative processes. To optimize the target’s
thickness one has to estimate the effect of the multiple scattering (MSC) on the observed
angular distributions. At the moment the MSC effect can be evaluated only relying on
Geant4 Monte Carlo based simulation. The plan is to use thin target of the order of the
order of 10 mm.

The differential cross-section will be measured as a function of the electron scattering
angles, by revealing event by event both the muon and the electron scattering angles with
respect to the direction of the muon beam. The expected analytics relation between the
muon and electron angle in the case of elastic scattering for colliding muons of 150 GeV
is shown in Figure 2.7. This represents the signature of signal events in the case of elastic
scattering.

The layout of the possible detector is scketched in Figure 2.8. The detector is a
modular system, consisting of several identical copies of the same module. Each detector
module will act as an independent unit. It is equipped with an optimized thin target
and with three tracking stations made of Silicon strips. Each Silicon tracking station
provides the hit coordinates in the transverse plane. The direction of the particles can
be defined tracking the trajectories along the module where the collision occurred.
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Figure 2.7: The angular correlation of the muon and electron angles in the case of elastic
scattering.

The measurement of the differential angular cross-section require a calibration curve,
which relates the observed electron angular spectra to the true electron scattering an-
gle distribution. The calibration curve can be determined with the last module of the
detector. On this purpose the last module must be equipped with a high-resolution elec-
tromagnetic calorimeter. By measuring both the electron angle and the electron energy
is it possible to determine the relation between the observed angle and the truth, since
the electron energy is in one-to-one relation with the scattering angle. Since all the de-
tector modules are supposed to be identical by construction the calibration curve is the
same for all of them.

Evaluating with the best accuracy and precision the effect of MSC is a crucial aspect
of the proposed experimental method. Unfortunately, there are not available experi-
mental MSC data to check the prediction of Geant4 about the distortion of the angular
distribution we would have in our conditions. We will need therefore to calibrate Geant4
with dedicated measurements of MSC effects, by using electron beams of energetic elec-
trons in the GeV range and Beryllium and Carbon targets of various thickness.
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Figure 2.8: The layout of the possible detector to measure the elastic differential cross-
section p + e—(rest) — p+e. It is a modular system, consisting of identical detectors,
each made of a thin target and three Silicon strip tracking stations. The last module is
equipped with an electromagnetic calorimeter and a muon filter.

2.3 pu-e fitting process

In this paragraph we collect the results of the study performed to determine the statistical
precision achievable fitting the A« (t) simulated data. We have used data generated with
the Jegerlehner’s routine hadr5n12 [30] [49]. The routine determine the Aay,g with
uncertainty corresponding to the present precision available, obtained with the time-like
approach.

We have assumed that the cross-section will be measured as a function of the electron
scattering angle 6.. The cross-section in the electron angle variable can be determined
as in the following. Starting from eq. (2.35) and performing a change of variable we get:

do _d_a
o, dt

dt
do.

(2.43)

To get the relation between the variable ¢ and the outgoing electron scattering angle we
have to determine the energy of the scattered electron E', = E’ (6.). Starting from the
squared four-momentum conservation law:

(q+p—p)°=¢q" (2.44)

which can be written as
m2+p-q—q-p—p-p =0 (2.45)
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Assuming the components of the four-momenta are the following

2.46
p = (F.,, pcosh., —p'sinb,, 0) (2.46)
¢=(E,+m.—FE., q—pcosb., p'sinb., 0)
Thereby the four-momenta products are
m2+m.E, - E,E, +qp cosf. —m.E, =0 (2.47)

reminding that ¢ and p’ are here the modulus of the incoming muon and outgoing electron
four-momentum, respectively. Making use of the mass-shell relation for the outgoing
electron, we have:

gV E.?—m?2cosl. = (E, —m.)(E,m.) (2.48)

simplifying and taking the square relation:
q2cos?0, (B, —m.) (. +m.) = (B, —m.)’ (E,m,.)” (2.49)
solving the previous equation:

(B, +m¢)?+q%cos?0,

E. =m, 5 (2.50)
(E,+me)" —q?cos?6,
Finally, defining
E? _m2
=y Kk K 251
"= . (2.51)
and using the mass-shell relation for the incoming muon, we gain:
1+r2cos?d,
B = m, S (2.52)

1—7r2cos?26,
Thus, the relation between the transferred momentum and the electron scattering angle
is:

t=2m?—2m.E,

o2 (1 1 +7’2COS296)

1—7r2cos?6, (2.53)
_ Am?r?cos® 0.

r2cos?f, —1
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Figure 2.9: The cross-section of p-e scattering in terms of the electron scattering angle.

At last, we obtain the p-e scattering differential cross-section in the muon scattering
angle:
do 8mZr?cosf.sinf, do
d. (r2cos?6,—1)> dt
which is represented in figure 2.9.

The measuring of a differential cross-section is a counting experiment. The quantity
do /df . will be measured for different values of the electron scattering angle. Let’s assume
that the range of the possible values of the outgoing electron angle will be split into thirty
bins, which will not necessarily of constant width. It might happen that the assumed
density of the bins won’t be uniform, with higher concentration of counts in the lower
. angle limit.

As a first attempt we have supposed to directly measure the p-e scattering cross-
section in the variable ¢t with equidistant bins. Although, this is not a restrictive sup-
position, it considerably simplifies the fitting procedure. Hence, starting from thirty
value with respective error of do/dt, using the Jegerlehner’s routine hadrbn12; we will
calculate thirty values of the function A paq(t) to be fitted.

The mathematical literature suggests that the best class of fitting curves are a Padé
approximant, or a third grade polynomial, with null known-term, both of them with

(2.54)
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Figure 2.10: The fitting of the thirty equidistant point of Aap.q(t) with the Padé ap-
proximant.

three free parameteres [63]:

1+ Bt
Aapaq(t) = At 2.
ap d() 1+Ot ( 55&)
Adapaa(t) = Dt + Et? + Ft? (2.55b)

The Padé approximant, in eq. (2.55a), precisely describe the trend of A« pqq(t) over
the whole ¢ variable interval. On the contrary, the third grade polynomial, eq. (2.55b),
approximates Aapqq(t) only for small values of the Mandelstam’s variable, because it
comes to infinity when ¢t — oo.

The result of the fitting procedure performed with the Padé approximant is shown in
figure 2.10. Furthermore, we tried also to perform the fit with the function that describes
the leptonic running of «, when the transferred momentum is negative [62|, using two
fit parameters:

9 3t 3t2 '3t 6

y 2 L VI AR
VI—4H?]t |1+ \/1—4H?]t

where the coefficient H represents the square of the particles masses that are involved in
the process, thus in our case it represents the square of the light quarks masses. While
the coefficient GG collects many different constants: for instance the color number and
the charge of the light quarks. From here to the rest of the thesis we will refer to this
curve as the leptonic-like one.

5 4H 4H? H 1
At palt) —G(————+( + —>

(2.56)
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curve parameter value

A (—915.15 4 3.94) x 10~°
Pad¢ B —0.680 £ 0.583
C —2.728 + 0.744
D (—913.83 + 3.48) x 107
polynomial E (—17.66 +1.04) x 1073
F (—30.16 £ 7.03) x 10~®
lentoni G (71.934+1.14) x 1074
POme g (524.19 4 9.34) x 10~

Table 2.1: The fitting parameters obtained by ROOT in the Padé, polynomial and so
called leptonic case.

Using the program ROOT [61] to fit the Jegerlener data we obtained the fitting
parameters showing in the table 2.1. Note that when fitting with three free parameters
as in the case of Padé and polynomial functional form the error associated to one of the
parameters is very large. To prove that the error given by ROOT to that parameter, B
in Padé case and F' in the polynomial case, is well estimated, these parameters have been
varied within one standard deviation. The result is that significant deviations were not
observed, hence it may could mean that one parameter of them is redundant. On the
contrary, the third curve presents small errors, but the open question is to understand
why unexpectedly it works.

Once the fitting curves has been obtained, it is necessary to operate a change of
variable to get its analytic expression in the x variables, to then solve numerically the
integral of eq. (2.8). We remind that the transferred momentum and the variable = are
connected by eq. (2.2).

We numerically integrated the three curves in the range 0 < z < 0.93212, where the
upper limit corresponds to the lower limit of the ¢ variable, which is equals to —0.142893
due to the the value of the muon beam energy set to 150 GeV. The numerical integration
has been performed by means ROOT, using the already available Gaussian method [64].
The results of the previous integration methods are in close agreement, thus we report
the only Gaussian one:

I paq =600.837 x 10~°
I, =600.671 x 10717
I1ep =600.771 x 10719

The ratio between the integrations done over 0 < x < 0.93212 and over the full range
of the z variable, is equal to the 87.2%. Thus we have to compare the previous results
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with the that obtained with Jegerlehner’s routine, which is quite different from his last
value presentad above in eq. (1.114):

[65] I ey = (600.75 £ 4.28) x 107 ° (2.57)

The goal of this thesis is to associate a statistical uncertainty to the 87.2% of the full
integral. To achieve it, we have simulated, with a ROOT program which uses a cycle,
one million events. The fitting procedure, explained above, has been repeated for each
iteration: the program extracts from the Jegerlehner routine the thirty value of A« juq
and gaussian varies each one of them with standard deviation equals to error associated
to that value. Then the fitting parameters of the three curves have been calculated to
obtain the approximated analytical function of Aap.4(t). Changing the variable, from ¢
to x, and integrate it over the usual range 0 < x < 0.93212, we have obtained, for each
iteration, the value of the 87.2% of the hadronic leading-order contribution to a,. We
have applied this recipe for all the three curves.
Performing a statistical analysis on the one million data, we have:

I pag =(600.15 £ 1.24) x 107
I =(600.67 +1.21) x 10717 (2.58)
I1ep =(600.77 4 1.14) x 107°

The error associated to each integral, of about 0.2%. It is obtained by a purely statistical
consideration, although it is both statistical and systematic: the Aay,,q error given by
the Jegerlehner’s routine is already a combination between the statistical and systematics
uncertainty. We have done this calculation only to test our fitting procedure. Now, we
have to repeat the procedure but after associating the statistical error related to the u-e
scattering process.

2.4 Computation of the A« .4(t) absolute error

As last step, we have calculated the the error associated to each one of the thirty values
of Acvpaq(t), still keeping the hypothesis of measuring the p-e cross-section with respect
to the ¢t variable. Starting from eq. (2.37) and using the error dispersion rules, we have:

Oég dO'O
do =2 3 dA«(t) ~ 206Aa(t) (2.59)
(1—Aa()’® d
Recalling eq. (2.10), we get
do = 20’5A06had(t) (260)
The previous equation can be written as
1o
A = —— 2.61
Uhad = 5 (2.61)
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Measuring the p-e cross-section means counting the event rate (R;) of each bin:

dN;
Ri=—r=0 (2.62)

where L is the luminosity and o; is the cross-section of a particular bin. The index i
runs from one to thirty, in the hypothesized case. From eq. (2.62) we get that the ratio
relative error (0R;) is equal to the cross-section relative error (00;).

Because of the error in a counting experiment is equal to the square root of the counts,
we have:

1do; 10R; 1 1
Alpad i = = — == - == (2.63)
2 0 2 Ry 2\o; L
we immediately notice that, because of the increasing monotonic behavior of the cross-
section with respect the transferred momentum, the error associated to each bin decreases
in the limit ¢ — 0.

In the limit of narrow bins we have:

1 1
0AQnad,i = s T——
\ 22 AL L
B 1 (2.64)
- 5 do;
\/fbmi a dt L
The lower limit of the transferred momentum is equal to t;,, = —0.142893 Gev?,

while the upper limit, obtained cutting the scattered electron energy at 1 Gev, is
tup = —0.00102148 Gev?. Dividing the whole ¢ range in thirty equidistant bins, the bin
width is At = 0.00472907 Gev?. Taking as an example the last bin with —0.00574997 <
t < —0.0010209, we obtain for cross-section o3y = 0.206788 mb and thereby, from eq.
(2.64), with a luminosity of L = 1.5- 107 nb™!, we obtain:

§AQha 30 = 2.83 - 1077 (2.65)

In figure 2.11 has been represented all the 0 Aay,,q4,; absolute error as points at the middle
of the corresponding bin, although A« j.q(t) must be a step function.

The goal of this thesis is to associate a statistical error to the measurable hadronic
leading-order contribution, 87.2% of to the anomalous magnetic moment. Repeating the
above procedure using one million simulated measurements, with our estimated uncer-
tainties on the thirty values of A« p.q(t), instead of those given by Jegerlehner’s routine.
With our uncertainties, we get:

I paqg =(600.81 £1.67) x 107
I ot =(600.82 4 1.67) x 10717 (2.66)
IL1ep =(600.81 4 1.67) x 10717
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Figure 2.11: The A« p.4(t) absolute error with respect to the transferred momentum.

The associated error, statistically calculated, is about 0.3%. To obtain the complete
error of the hadronic leading-order contribution, one must adding up the systematic
error, however it is not already available.
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Appendix A

Feynman Parameters

R. Feynman developed a method to simplify the integration procedure of a rational
integrand function, whose denominator can be written as a product of polynomial func-
tions.The goal of this method is to squeeze the denominators of an integrand function
into a single polynomial, making use of variables called Feynman parameters |7|

1 ! a (n —1)!
- -5 Al
ALA, /0 4y d‘c"5< ; x) 1AL+ o+ 2aA,)" (A1)

The most general Feynman parametric formula is

1 F(a1—|— —i—an
AT A T (ay) /d“ /df’f 5<1—Z%>

X (xl‘” 1...1;“” 1) (x1A1+ .. +x,A,) M

n

A.1 One-loop integrals

d2w
/: M4—2w/ Z;w
P (27T)

where p is an arbitrary mass scale, introduced with a suitable exponent, in such a manner
to deal with a dimensionless of the integral. Moreover [9]

It is useful to define

1
I(a,b) =

(0] /p(pQ—AQ—i-is)a[(p—l)Q—AQ—i-is]b
1" (a,b) = P

(@) /p(pQ—AZ—l-ia)a[(p—l)Q—A2+ia]b

php”

/p(pQ—AQ—l—ia)a [(p—l)Q—AQ—l—is}b

1" (a,b) =
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In the case of interest a« = 3 and b = 0. In the scalar case the integral gives:

—i 1
lim 7 (3,0) =
i 1(3.0) = 355 (—A? +ie)"

and in the two rank tensor case

i I'2—-w)
) = Ton29m 3

[MV (3,0 (477/1,2)
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Appendix B

Gordon Identities

Staring from:

1

1 1
(" d) + " 4]) 529" + 5 (—digo ™) = ¢ = 2i0™q,  (B.la)

1 1
=5 ({pr + pl) = gpu29™ — 5 (Aipuo ™) = p¥ = 2i0"p,  (B.1D)

v =

[ = ol

the results are due to the algera of y-matrices in the usual four dimensions space, namely:
{7577} = 29" Luza
50" = —dio™
Therefore it is possible to write:
q" — 20" q, = my" + 4" (¢ —m) (B.2a)
p* 4 2ic"q, = my* + (p—m) y* (B.2b)
where as usual o = % [y#;~”]. Moreover we obtain:
qy"p = (k4 p)y"(d —F)
= (F+m)y"(m —F)
= m*y " =y —m[y" ]
= m*y" — kakgy vy —mka[y"i°] (B-3)
=m*y" —kakp (Y {177} — 7P ") + dimo kg
= m2y" — 2P + fy " 4 dimo Mk,
= M2y " 4 Pyt 4 dimo "k,

where the symbol = means that we are applying spin states u(q) () u(p) and the Dirac
equation is valid and also the mass-shell relations. In the very last step we used f =
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d—p=0.

Finally, Gordon identities read:

"= [g;v“} + ' = 4io " q o + my®
vip = [y p] +pyt = —dic"pa + my°
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Appendix C

Traces of Dirac matrices

Is necessary to make a distintion between a trace of an even or an odd number of Dirac
matrices.

The trace of an odd number of Dirac matrices is alway zero. On the contrary, for an
even number of them we have to calculate the result. We now computing the trace of
two and four Dirac matrices, enough for the calculations in the thesis.

1. Trace of two Dirac matrices The trick that we will use to solve the trace is
to rewriting the product of Dirac matrices as a sum of commutators and anti-
commutators. Moreover, due to the cyclic nature of the trace, we know that the
trace of any commutator is null. Thus we have:

I
-+
[

tr(y"7") = (% {7“;7”}+%[w;7v])

= Str({y"y"}) + ;tr(h“;v”])
(C.1)

C"
/\
——
2
.=
\g
\_/

(29 14><4)

l\')l?—‘l\')lH[\DI»—‘

Il
W
Q

2. Trace of four Dirac matrices The trick to solve the trace of four Dirac is quite
different from that we used in the previous item: we have to cycling two matrices
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a times
tr(y*y Py %) = tr(Y*y Py + Y Ry — Ry Py )
= tr({v" 7"} — 7" ")
= tr(29" v 7 — "y vy )
= 2g""tr(y"77) = tr (Y Py + Y PRy — VP ©)
= 89" 9" — 2g"tr(v"7) + tr(v 'y 7" )
= 89" gP7 —8gH g 7 + tr (v Py T A Py It — Py Ty H)
=8g" g —8gHPg"7 + 89" ghT —tr (v Y Ty )
(C.2)

using the property of cyclicity in the last term of the previous equation, we finally
obtain:

tr(y Py 7) = 4(g"g"" — 9"9" + g""g") (C.3)
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Conclusion

Muon anomaly represents a fascinating subject. Precise theoretical predictions compared
to the experimental results could enable researchers to reveal possible failures of the
Standard Model (SM).

The present discrepancy between SM predictions and experimental result is at the
level of ~ 3.8c. It is considered amongst the others an important tension of the Standard
Model. It is not however large enough to unambiguously indicate the need of new physics,
claiming for new contributions beyond the SM.

Theoretical calculations and experiments have to reach higher precisions. Plans to
improve the current precisions in the next years both theoretically and experimentally
have been proposed. From the experimental side, there are two major experiments
presently under construction, at Fermilab and JPARK, aiming to improve the precision
on the muon anomaly by a factor four. It will be highly desirable for that time to get a
SM prediction of improved precision too. It implies reaching of a greater precision on the
determination of the leading hadronic contribution to muon anomaly, the major source
of the present theoretical uncertainty.

In this thesis I have discussed a novel approach to evaluate the leading hadronic
contribution, based on the measurement of the running of the fine-structure constant
a as a function of space-like transferred momentum, to be determined by means of the
elastic scattering of high-energy muons colliding on electrons at rest. [ have proved
that by using a muon beam of 150 GeV, with and intensity of the order of 107 muon/s,
and assuming two years of data taking, the proposed new experiment could allow to
determine the leading hadronic contribution with a statistical uncertainty of 0.3%. Pro-
vided that systematic uncertainty will be kept at the same level the precision would be
competitive with the precision achievable with the standard method, which has been
obtained with many different experiments relying on the dispersive approach exploiting
ete ™ annihilation time-like data.

This new experimental method could provide an important result to improve the
Standard Model predictions.

Measurements of the muon anomaly with the planned high-precision can be used in
conjunction with future collider results, at the energy frontier, to reveal possible signs of
new physics, and constrain further possible theoretical development beyond the SM.

69






Ringraziamenti

Queste ultime righe sono dedicate a coloro che mi hanno aiutato e incoraggiato in questo
percorso.

Ringrazio il prof. Domenico Galli, relatore della tesi, per la disponibilita e cortesia
dimostrate, e per l'aiuto fornito durante la stesura. Ringrazio i correlatori: il dott.
Carlo M. C. Calame per avermi guidato costantemente nel lavoro di tesi, mostrando una
inossidabile pazienza, e il dott. Massimo Passera, per i suoi fondamentali insegnamenti
teorici e per aver stimolato il mio interesse verso questo innovativo progetto.

Al dott. Umberto Marconi, gia correlatore in triennale, per avermi nuovamente coin-
volto nei suoi studi; maestro, non solo di questa nobile scienza, ma anche di vita, a lui
rivolgo un ringraziamento particolare.

Proseguo ringraziando Alvaro e Cinzia, il loro incessante sostegno e incoraggiamento
hanno permesso il raggiungimento di questo obiettivo. Grazie papa e mamma. Ringrazio
Alessandra, mia sorella, per essere presente in ogni istante.

Desidero poi ringraziare i miei amici, quelli “dei giardini”, che ci sono incondizionata-
mente. Da sempre. Grazie ragazzi.

Un ringraziamento va agli amici di Bologna, conosciuti sui banchi di una vecchia
aula magna, con i quali ho condiviso non solo interminabili ore di lezione e monumentali
esami, ma soprattutto bellissime serate in questa citta. Ringrazio gli amici di Padova che,
con filosofiche riflessioni sulla vita e piacevoli post-cena, hanno colorato questi faticosi
mesi di tesi.

Un ringraziamento particolare va infine ai miei coinquilini bolognesi: a Filippo, con il
quale ho iniziato questa avventura, per gli indimenticabili disastri combinati insieme; a
Marco e Paolo, con i quali I’ho conclusa, per gli istruttivi confronti, le agguerrite partite
a carte e le interminabili discussioni notturne.

71



Bibliography

1]
2]
13l

4]
[5]
(6]
17l

8]
9]
[10]
[11]

[12]

[13]
[14]
[15]
[16]
[17]

Eisberg R., Resnick R., Quantum Physics, Wiley, 2014.
Bransden B. H., Joachain C. J., Physics of Atoms and Molecules, Pearson, 2014.

AA. VV., "Particle Data Group", http://pdg.lbl.gov /2017 /listings/rpp2017-list-
electron.pdf, 2017.

Passera M. 2005 J. Phys. G 31 R75.
Itzykson C. and Zuber J. B., Quantum Field Theory, Dover Publications, 2005.
Soldati R., Advances in Quantum Field Theory, Bologna, 2016.

Peskin M., Schroeder D., An Introduction to Quantum Field Theory, Westview
Press, 2016.

Jegerlehner F., The Anomalous Magnetic Moment of the Muon, Berlino, 2007.
Soldati R., Intermediate Quantum Field Theory, Bologna, 2016.

Elend H. H. 1966 Phys. Lett. 20 682.

Passera M. 2007 Phys. Rev. D 75 013002.

Mhor P. J. and Taylor B. N. 2005 CODATA recommended values of the funda-
mental physical constants: 2002 Rev.

Aoyama T., Hayakawa M., Kinoshita T., Nio M. 2012 Phys. Rev. Lett. 109 111808.
Kinoshita T., Cvitanovic P. 1972 Phys. Rev. D 29 22.

Laporta S. and Remiddi E. 1995 Phys. Lett. B 356 390.

Laporta S. and Remiddi E. 1996 Phys. Lett. B 379 283.

Laporta S. and Remiddi E. 1993 Phys. Lett. B 301 440.

72



[18]
[19]
[20]
[21]
22]

23]
[24]
[25]

[26]
27]
28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
1371
[38]

[39]

Kinoshita T. and Nio M. 2004 Phys. Rev. D 70 113001.

Kinoshita T. and Nio M. 2006 Phys. Rev. D 73 053007.

Laporta S. 2017 Phys. Lett. B 772 232-238.

Czarnecki A., Krause B. and Marciano W. J. 1995 Phys. Rev. D 52 3267.

AA. VV., "Particle Data Group", http://pdg.lbl.gov/2017 /tables/rpp2017-sum-
gauge-higgs-bosons.pdf, 2017.

Kukhto T., Kuraev E., Schiller A. and Silagad Z. 1992 Nucl. Phys. B 371 567.
Gnendiger C., Stockinger D., Stockinger-Kim H. 2013 Phys. Rev. D 88 053005.

Melnikov K., Vainshtein A., Theory of the Muon Anomalous Magnetic Moment,
Berlino, 2006.

VV. AA., "The E821 Muon (g-2) Home Page", http://www.g-2.bnl.gov/, 2017.
Bouchiat C., Michel J., 1962 Phys. Rew. 128 441.

Passera M., "The muon g-2 recent progress", Padova, 2016.

Davier D. et al 2011 Preprint EPJ C71 1515.

Eidelman S. and Jegerlehner F. 1995 Z. Phys. C 67 585.

Lees J. P. et al (BABAR collaboration) 2012 Phys. Rev. D 86 012008.

(

Lees J. P. et al (BABAR collaboration) 2012 Phys. Rev D 86 032013.
Lees J. P. et al (
(

)
)
BABAR collaboration) 2012 Phys. Rev D 89 111103.
Lees J. P. et al (BABAR collaboration) 2013 Phys. Rev D 88 032013.
Lees J. P. et al (BABAR collaboration) 2013 Phys. Rev D 87 092005.
Bernard D. 2017 Nucl. Part. Phys. Proc. 282-284 132-138.

Liu W. et al. 1999 Phys. Rev. Lett. 82 711.

AA. VV., "Particle Data Group", http://pdg.lbl.gov /2017 /listings/rpp2017-list-
muon.pdf, 2017.

Calame C. M. C., Passera M., Trentadue L., Venanzoni G. 2015 Phys. Let. B 746
325.

73



[40] Abbiendi G. et al 2017 Eur. Phys. J. C 77 139.

[41] Jegerlehner F., Nyffeler A., 2009 Phys. Rep. 477 110.

[42] Barone V., Relativita, Bollati Boringhieri, 2004.

[43] Schwinger J. 1948 Phys. Rev. 73 416.

[44] Sommerfield C. M. 1957 Phys. Rev. 107 328.

[45] Davier M., Marciano W. J. 2004 Annu. Rev. Nucl. Part. Sci. 54:115-40.

[46] Davier M., Eidelman S., Hocker A. and Zang Z. 2003 Eur. Phys. J. C 31 503.
[47] Akhmetshin R. R. et al (CMD-2 Collaboration) 2004 Phys. Lett. B 578 285.
[48] Jegerlehner F. 2017 Springer Tracts Mod. Phys. 274 1-693.

[49] Jegerlehner F. 2008 Nucl. Phys. Proc. Suppl 181-182 135.

[50] Hagiwara K. et al 2011 Preprint JPG 38 085003.

[51] Hagiwara K., Martin A. D., Nomura D. and Teubner T. 2002 Phys. Lett. B 557
69-75.

[52] Chapelain A. 2017 EPJ Web Conf. 137 08001.

[53] Venanzoni G. 2012 Phys. Series Vol. LVL

[54] Gray F. 2015 (Muon g-2 collaboration) arXiv:1510.00346.
[55] Anastasi A. 2017 EPJ Web of Conferences 142 01002.

[56] Kim S. C. "https://inspirehep.net/record/1419022 /files/fermilab-conf-15-576-ad-
e.pdf", 2017.

[57] Davier M. et al. 2017 arXiv:1706.09436.
[58] de Rafael E. 2017 Phys. Rev. D 96 014510.

[59] Della Morte M. et al "The hadronic vacuum polarization contribution to the muon
g — 2 from lattice QCD", 2017.

[60] Steinhauser M. 1998 Nucl. Phys. B 429 158.
[61] VV. AA., "https://root.cern.ch/", 2017.

[62] Calame C. M. C., Tesi di dottorato, Pavia, 2001.

74



[63] Baker A. G., Gamme J. L., The Padé Approximant in Theoretical Physics, Aca-
demic Press, 1970.

[64] VV. AA., "https://root.cern.ch/function-integration", 2017.

[65] Calame C.M.C., "Fits for a',, space-like.", 2017,

1)



