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1. Introduction

1. Introduction

With every advance in technology, accelerators could produce higher and higher beam energies.
Hofstadter and collaborators observed in the 1960s, that the proton has a finite radius of approxi-
mately 1073 cm and behaves not exactly as a point charge. This was discovered when examining
a scattering cross section. Early experiments at the Stanford Linear Accelerator Center (SLAC)
carried out by MIT physicists, researched elastic electron-proton scattering with excitation energies
up to less than 2GeV [Ken91]. To look for higher resonances and in order to reach the inelastic
continuum, the accelerator was upgraded to 20 GeV a decade later. Without expecting it, a weak
g? dependence was found and secondly scaling as suggested by Bjorken in 1968 [Fri91]. Nowadays
energies of scattering experiments can be over four orders of magnitude larger [Hou+19]. But
already at energies with one order of magnitude more, previous mathematical models deduced using
SLAC data, are not sufficient.

This bachelor’s thesis aims to describe e*p scattering on a parton level, including the exchange and
interference of v, Z, and W* vector bosons. From the detailed calculation of Feynman diagrams to
an implementation of a function that process patron density functions (PDFs) into a cross section.
The theoretical prediction will be compared to measurements of the scattering data. This is done
with combined HERA data at 920 GeV (V2 = 318 GeV) which is claimed to be “the most precise
data due to the large integrated luminosity” [Hou+19, p. 29]. A further goal of the thesis is to show
how PDFs evolved in the past 20 years. We will analyze three CTEQ PDFs: CTEQ6 (2002), CT10
(2010) and CT18NNLO (2019) [Pum-+02; Lai+10; Hou+19].
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2. Preliminaries

To understand electron-proton scattering, it is instructive to consider the underlying interactions
with the quark content. To prepare for this, we will review electron-muon scattering first, because

it is fairly similar to the quark interaction. After this, we’ll apply it to the quark interaction.

2.1. Electron-Muon Scattering

e - — ey scattering proceeds via the t-channel neutral current exchange. Vector boson y carries
the electromagnetic interaction and Z the electroweak. At tree level the two diagrams Figs. 1 and 2

are the only ones for this reaction. The Feynman rules used here are given in Appendix A.4.12

2.1.1. y* exchange

First is the Feynman diagram displayed in Fig. 1. A virtual photon
v* is the exchange particle here. Feynman rules for —iM give the

invariant amplitude

—iMy, = u(pp)(ie)y*u(pa) - (p;% ‘u(ke)(ie)y u(ky), (2.1)
—e?
My = —-ul(pp)y*u(pa) - u(kz)yuu(k), (2.2)

where 7 is a Mandelstam variable r = (pa — pg)?. For unpolarized

cross section, we have to sum (and average) over spins

1
IMy|? = B Z Z /\/(y/\/(T L#VLL‘V, (2.3) Figure 1: Electromagnetic
E’Spins K~ spins electron-muon
scattering in lowest
where order.
1 _ .
LY = 7 Z u(pp)y u(pa)l [(ps)y ulpa)l” . (24)
p N———
=[u(pa)y’u(ps)]
using [# [_(pB)’qu(pA " = [u"(p8)y"y"u(pa)] " = ! (pa)y" Y u(ps) = A(pa)y"u(ps)

(using y”Ty? = y%¥). Analogously

-1 — — *
=5 D, [Ek)yau(kn)] [@ke)yulky) (2.5)

~spins —_—

o @)

1E1117, Diagrams are drawn with TikZ-Feynman unless otherwise stated.
2SMO020, All calculations presented here were checked against calculations with FeynCalc.
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When rearranging the leptonic tensors L, the completeness relation Eq. (A.11) for a fermion can be

used. To advance there is a need for trace theorems as seen in Appendix A.2.

1
& = ) s (52)
L = 92 Zua2 a,B Z Ug PB J (pA)V;(su(;Q (pB)

2

2 Zu62) pB)M((I 2 PB Qﬁz ﬁ pB) (51)(]7A) 775

(PB+me)sa (Patme)py
= % Tr [(ﬁB + Me)saVop(Pa + me)ﬁy?’;(s]
= ST (s par’) + 5md Tr (") = 2 (s + Py~ (o - pa—m2) ) (2.6)
Lﬁ; = %(/(2 +my, )% aﬁ(k/l + mu)ﬂy%z = %Tf [(/(2 +my, )%y Q'B(k/l +m )ﬁyyyé]
=2 (kz,,ukl,y + koyki — (k2 ki - m,%) gyv) (2.7)

Combining leads to

et o 8t
IM|2 = t—QL’:— Ly, = t—Q((PB -k2)(pa - k) + (pB - k1) (pa - ko) —mlky - ki — mpp - pa + 2m;m. )

in the massless limit =0

(2.8)

This is also expressible through the Mandelstam variables:
TV — 32e [(s = m2 = m2) + (m2 4 2 — u)? + 2(m? + m2)1] (2.9)
swtzmemy o 5%+ u? (2.10)

12

2.1.2. ZY exchange

Secondly comes the Feynman diagram with the electroweak interac-
tion of the electrically neutral vector Z° boson. For this diagram a e e

new propagator as given in Fig. 2 is needed as well as a new vertex
factor PA\A /I;B

1
iy — —i g@ Y58y —ayy’) (2.11)
cos
w —i(g,uv—Pqu/m?)
_ a2
where g sinfy = e, and gV, af constant vertex factors for a fermion PATPBIM:

f. For the electron and muon they are equal

1 1
e, eu s 2
a,” = -3 and 8y = ) + sin” Oy . (2.12) _

Ow is called the Weinberg or weak mixing angle. Figure 2: Electroweak
electron-muon
scattering in lowest
order.
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Using gy = Cr + Cgr and ay = Cp — Cg the vertex factor can be rewritten as

1 5 1 5 1 5 1 5
—(8V—6lV7 ) =§(CL+CR—(CL—CR)7 ) ZCL§(1—7 ) +CR§(1+7 ) = CLPr + CrPgR.

2
(2.13)
The operators Py and Pg are called the chiral projection operators and span an orthonormal system
for the helicity of particles. More on that in Appendix A.3. The Lorentz invariant amplitude is

given using the Feynman Rules for the diagram in Fig. 2.3

p,upv
8uv — 7,2
—iMz —M(pB)—Y (CLPL+ CrPr)u(pa) - (—i) 5
t— mz
(kg) (CHPL + CHPR) (kl) (214)
W
g2 Suv — p:,lév
Mz = [(pp)y" (CLPL + CxPr) u(pa)] - | ————5—
4c t—ms
. [ﬁ(kg))fy (CII:IPL + CgPR) I/t(kl)] (2.15)

where my is the mass of the Z boson. The mass is much bigger than the mass of the colliding

particles and so 1):1_12; does not contribute: mz > me,m, = %(pA —PB)C,ﬁ(pB))/(ru(pA) =0=

PubDv __
uv — T,z = 8w
z
2
— e e 8pv - v
My == S [pm)y" (CEPL + CrPr)ulpa)] 5 [aka)y” (CLPL + CiPa) ulki)] - (236)
w zZ
2
g — e e g o v
M} =~ - oA (CEPL+ CiPr) u(ps)] 2 [k )y (CLPL+ ChPR) uth)] (217
w zZ

These simple forms are again possible because of the hermitian conjugate of the transition matrix:

[@(pp)y* (CEPL + CHPR) u(pa)]” = [u*(pza)yoy“% (gé - a€75) u(pA)] |

. 1
=u'(pa) (g€ ~ aév“) 2v“W°M(pB)

.1 )
Yy =yt = = (Pa)3 (gé - a375') Y*y*u(ps)

. 1

=u (pA)7°§ (gé - a%‘“) Y"u(pg)
_ 1

A7} = 0= = Tpalys (86 - apr”) ulps)

= [u(pa)y" (CLPL + CiPr) u(pB)] (2.18)

The calculation is analogous to the previous diagram:

_ 1 _ e e - v
IMz|? = %W - ) [@(pe)y* (C P+ CxPR) u(pa)] gov [H(k2)y” (CILPL + CiPR) uky)]
w —my spins

3From here on we use shorthands sy and ey for sin @y and cos Oy .
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[@(pa)y® (CiPL + CxPR) u(pp)) 8ap [1(k1)yP (CYPL + CRPR) u(ks)] (2.19)

First, sort the spin sums pairwise and apply the completeness relation.

_ 4 1 1 _ _
IMz|? ZgT—Q 5 Z u(pp)y" (CLPL + CrPR) u(pa)u(pa)y® (C{PL + CxPr)u(pp)| X
CW (t - m%) 2 e~-spins

1 N _
(5 Z u(ka)y” (CYPL + CLPR) u(k1)u(k1)y? (CHPL + CHPR) u(ks)| guvgap  (2.20)

eH-spins

4

g 1 _ 1 _ 1
——=r———=| D upn)u(ps)y's (g€ - aéf’) u(pA)i(pa)y® = (gé - a€75) X
4CW (l’ — m2 ) _ < 2 2
7 e~-spins

( > ulkoVulho)y s (sl - di?) ulkatha 5 (g - aw)) Qv (221)

eM-spins

84

16cl (1 m3)”

T [ (Ko + ) v (8 = ®) U+ m) o (2 = ) | guwso (2.22)

Tr [(PB + me) y* (g\e} - a{”,y5) (Pa+me)y® (g‘c; - af,ys)]

To streamline, we solve again the traces in the massless limit m,, m, = 0 with the diverse trace

theorems of Appendix A.2.
Try[...] =Tr [pBy” (g‘e, - a‘e,y5) pay” (g‘e/ - a‘e,y5)]
=(g%)? Tr [pey"pay®] — g5al, Tt [pey" pay™y]
— ay gy Tr [Py v pay®] + (ay)* Tr [py" v par®y’]

=(g%)? Tr [ppy"pay®] — 28505, Tt [ pey" pay®y’]| + (ab)*tr[psy" pay® v*y°]

——
=1
= ((&‘))2 + (afz)Q) Tr [pey" pay] - 28yay Tr [ppy pay®y’]

= ((&3)2 + (aé)Q) 4 (APl + PaPs — (PapB) 8'%) = 28vaypp.spay(—4D)e™™  (2.23)

Similarly

Trof...] = ((8@)2 + (05)2) 4 (kygkay + kiykap — (kika) gup) — 285 al kI k®(~4i)ex, s (2.24)
With the last identity of Eq. (A.6), combining theses gives
Tri[...] Tral...]guv8ap =16 ((gxe/)2 + (af/)z) ((8’&)2 + (a/\‘/)z) (2 (pak1) (pBk2) + 2 (pake) (PEK1)

—2(papg) (kika) = 2 (kik2) (paps) + 4 (paps) (kik2) )

+ 32 ((29)2 + (a§)?) ghoct, (Pl + paBiy) K5 Pe, g

=0 because €x, gz =—Cxgm,
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+ 32ig‘e;a‘c; ((85)2 + (al\ll)Q) pB,(?pA,y (kl,,qu,a + kl,ak2,,u) 66#)/&

=0

- 64g€a€/g€al\l/p3,6p/4,7k;ki“ E(Sluyaex,ua(t (225)
~— ———
~2(6357-50%%)

x0m @O
=32 (8902 + (a§)?) ((&)? + ()?) ((pak1) (psks) + (paks) (k1)) (2.26)

+ 128g‘e/a€,g"ja’(,p3,5pA,yk;ki“ (63(6; - 5?“5;) .
When using the 4-momentum conservation with neglected masses pa+k1 = pg+ko = pa-k1 = pp-ko.

For the Mandelstam variables s = (pa + k1)2 ~2pa-ky and u = (pa + k2)2 ~2pa-ky = 2pp - k.

Then the formula reduces to

Tri[..] Tral...)guwgas =2 ((gg)2 + (ae)Q) ((gc)2 + (aw) (s2 + u2) +8g¢ gl ata (s2 - u2) (2.27)
and the squared (averaged) matrix element is

e* 1

o )

IMz]? = [((g\e/)2 + (a\e/)2) ((g"j)2 + (a"’,)Q) (s2 + u2) + 4gy gy ay dl, (s2 - u2)] :

(2.28)
2.1.3. Interference

For the full invariant amplitude | M|? = % 2ispin “My|2 + IMz|? + 2R (MVM;)} there is a inter-

ference term needed. Let’s calculate it in the following. First a recap of the amplitudes:

— . —§ — LNy
M, =i(pg)(ie)y*u(pa) ————u(ks)(ie)y”u(k:) (2:29)
(pa—pB)
—8uv + pﬂIQJV :
—u 8 )y (c P+ CyP "% (ky) [ —2— |y [CPL + CPR] ulk
Mz M(PB)(COSQW)V [CLPL + CiPrlu(pa) P u( 2)(C089W " [CLPL + CrPr] u(ky)
(2.30)
_ PuPv .
My =) () C5 Py + CaPrlupi) etk () 37 [y + Clh] ulh)
Z cos Ow L R t—m% cos Ow L R
(2.31)
Now the amplitudes have to be combined, as
— N —8uv _ LNy
R (u(pB)(le)y u(pa) —i(ks) ie)y u(kl)) x (2.32)
spin
-g 5 + PaPp
- ig @ [e e ¢ m% - ig B[ M M
P P —=u(k P P k
(M(PA)(COSHW))/ [C{Pr + CxPr]u(ps) t—m% u(ky) (COSQW))’ [CL L+ Cg R] u(ks)
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Previous steps are now repeated neglecting the contribution from the p:l# term.

z

1 Ty g2 1 - M P a e 4
3 Z 2R (MM) = ) %l (e_szmu@m u(pa)i(pa)y® [Ci Pr + CiPr] u<p3>) x

( Z (ko) y u(ky)u(ky)y? [CYPL + ChPR] u(kQ)) Suv8ap (2.33)

M-Spin

__ g 1
cos2Ow t (t—m2)

R

Tr[(pp + me) Y (pa +me) y* [C{ PL + CRPR]| X

Tr [(Ko + my) v” (K1 + my) ¥P [CYPL + CPr] | guv8ap (2.34)
Determining the traces in the limit m,, m, — 0 gives
1 1
Tr [pey" pay” CZE (1 - y5) + C§§ (1 + 75)] ] (2.35)
1 1
=Tr [ppy" pal 3 (CL +Ck) +5 (C; - Cg) Tr [pey*pay’] (2.36)
8V ay
1 1 .
25&6}4 (PZP% + P§P§ — (papB) g’m) - Qa\e/PB,ﬁPA,v(—‘ll)Eﬁ”m, (2.37)
1 .
Trs[.] =58y (krakap + kipkaoa = (Kika) gua) + 2ial, k5 kY €y - (2.38)
Together they are
Try [ Try ] =4gi gl (2 (pake) (ko) +2 (paks) (psk) (2.39)

~2(papp) (kiks) =2 (kike) (paps) + 4 (papa) (kikz) )
— 4ay, a"‘,pgﬁpA,vkgk'f 6ﬁ'“‘w65m,,,
=8 (8685 ((paki) (pBka) + (paka) (pk1)) + ay,ayppgpavks k! (6?6;,’ - 6553’)) .
(2.40)

Neglecting the masses again pa + k1 = pp + ko turns to paki = ppke and then with Mandelstam

variables the solution is

64
S;:R (%M;) - 2¢3, 55, 1 (1 jm%) (— 28y 8y ((pak1) (pek2) + (pak2) (pBk1))
+2a%,dl, ((paks) (pek1) — (paki) (psk2))) (2.41)
et 1
= chvsav P m%) (—2g{’}g5 (52 + u2) - Qaf/a/é (S2 _ uz)) ' (2.42)




2. Preliminaries

e e e e
AN AN’
Y ZO
LA LA
q q q q
(a) Electromagnetic. (b) Electroweak.

Figure 3: ¢e"q — e ¢ scattering in lowest order.

2.1.4. Final result

Adding all contributions the full invariant amplitude is [M|* = [M, |2 + [Mz|? + Zspin R (MVM;)

M2 = 2! 4 ; uQ’ (2.43)

R i (00 a007) (G0 a0°) (5 ) ey ()
(2.44)
S s g ) sl o

All three amplitudes have terms dependent on s2 and u?. More specifically contributions linear in
(s> +u?) and (s - u?).

2.2. Electron-Quark Scattering

One way of examining electron-quark scattering, as seen in Fig. 3, in the first place is to transfer the
solution of e"u~™ — e~ u~ scattering to e”g — e~ ¢. Quarks are spin—%, this means the wave function
of the ingoing and outgoing particle stay u(k1) and u(k2). Also, the propagators do not change.
The only difference is in the vertices. Before, all charges were —1 - e. The fractional charge of quarks
eq is different and will be —i—% e or —% - ¢ depending on the type of quark. Also, for quarks we have
to sum (and average) over color. The solution has no difference in color and so averaging cancels

the sum. The quick solution is

52 4+ u?
IM, |2 = 2¢’e] T (2.46)
4,2
— e'e 1
Mz = 2 | ((69)2 4 (@0)?) ((80)? + (af)?) (52 +u?) + agpbapal (s - u?) |

(2.47)

10
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(2.48)

and R (MM =

s (it () - ()
spin w

One remark before continuing: The change might not seem big, but it is easy to oversee the different

coupling indices. g‘q, and ai’, are different to gC and a’(,.

Now we want to broaden our horizon. Already we have calculated the amplitude for e"g — e7¢
scattering. But when dealing with an accelerator, it is not the only interaction that can happen.
There might be a charged current propagating between the particles. The four interactions
e (u,¢) = ve(d,s) and e~ (d, s) — v.(u, c) suddenly emerge. To conclude, we now want to cover e*p
scattering for vector bosons, namely y, Z and W*, for neutral current and charged current. The
diagrams are shown in Fig. 4 and all here considered interactions are listed in Table 1. Interactions

with initial electron neutrino v, are not included here, because we won’t compare to such data.

Table 1: All possible, considered interactions.

et .2 e .2 e s W™ et; Wt
v.Z _ Yz _ _ Ww-
uletu=Setu eu>eu eu—-v.d
+ .z _ L _ _ w-
cletc>eTc ec>ec ec— Vs
7Z _ oz _ wt _
d|etdSetd ed= e d etd — Vou
7Z _ vz _ wt _
s | etsSets e s e s ets = Voc
_ %z _ vz __ _wWt _ =
uletu=Setu eu>eu etu — v.d
_ _nZ L _ 7z __ _wWt _ _
c|letcSefc ecSec ettt > V.5
- -z | — =z = W
d|letdSetd edSed ed— veou
— +=rZ 4 "z W _
5| ets>ets es=>es es— v

2.2.1. Generalized Leptonic Tensor

We can calculate all amplitudes from Table 1 in a generalized fashion. This way the invariant
amplitudes can quickly be solved and calculations won’t be so long as up to here. A generalized
leptonic tensor shall be determined in this section. It will have a structure able to cover parity-
violating terms yielded by the bosons. This was inspired by Eq. 15.112 in [Kov]. To cover separate

contributions in parity, the general leptonic tensor has the form

I (papi) = 5 " (@ps) (ALY Pr + Axy* i) u(pa)) (B(ps) (BLy” Pr + Bry” P u(pa))”

spins

(2.49)

11
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e* e* e* e* e Ve et Ve
PA\* /14?3 PA\* /I;B pA\* /;B PA\* /1473
Y Z w- wt
VAN A A AN
q q q q u/c d/s d/s u/c
(a) Electromagnetic, (b) Electroweak, (c) Electroweak, (d) Electroweak,
neutral current. neutral current. charged current. charged current.

Figure 4: e*q scattering in lowest order. Neutral current e*q scatt. is composed out of he left half
diagrams (Figs. 4a and 4b) and charged current e~ displayed in Fig. 4c, e™ in Fig. 4d.

Ap/r and By g are the parts that depict the diverse behavior under helicity. Repeat the procedure
from Section 2.1. For the conjugation we use the following rules: {75, yf} =0= {PL/R, yf} =0

(@(pp) (BLY'PL + Bry"PR) u(pa))” = u'(pa) (BLPLYVT + BRPR)’VT) Y’u'(pp) (2.50)
=1u(pa)y° (BLPrY” + BrPrY") u(pg) (2.51)
=u(pa) (BLY"PL + Bry"Pr) u(ps) (2.52)

To evaluate we make use of trace theorems from Appendix A.2 and Appendix A.1 namely
Yepin W(k)u(k) = ¥ + m and Y, v(k)v(k) = K — m, while neglecting the masses they are the

same. This means there is no difference for particles and antiparticles.

= % > (a(ps) (ALY P+ ARy*Pr) u(pa)) (il(pa) (BLY' PL + Bry”Pr) u(ps)) (2.53)
spins

= % Z [u(pp)u(pr)] (ALy" PL + Ary"PR) [u(pa)i(pa)] (BLy” PL + BrY" PR) (2.54)
spins

= % Tr{pp (ALY PL + ARY"PRr) pa (BLY"PL + Bry"PRr)} (2.55)

P; and Pg are projection operators for chirality as shown in Appendix A.3, so:

(ALBL Tr{pBy“pAyVPL} + ARrBRr Tl"{pB’y’upA’yVPR}) (2.56)

1
2
= le ((ALBL + ArBRr) Tr{ppy"pay”} + (-ALBL + ArBR) Tr{p}By"pAy"yE’}) (2.57)

= (ALBL + ARBR) (pf;p‘é —i—p';;p‘;x - (pApB) g‘“’) +1i (ALBL — ARBR)pA,ppB,O—EﬂVpa- (2.58)

For the photon exchange the general couplings are A; /g = By /g = € s0

Ly = 2¢* (phpl + Pyp’s — (Paps) 8™) (2.59)

12
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the interference term with A; /g = e and By /g = % (gv = ay) evaluates to

~ ~ eg .
Ly = Ly = 5o~ (28v (Paph + Ppps = (paps) 8) + 2iavpappp.o ™). (2.60)

Knowing g = 5= this equals

62

= oo (ev (Paph + Pgpla = (Paps) ) + iavpappp.s ™) . (2.61)

For the Z exchange both Ay g = Br /g = ﬁ (gv £ ay)
04 62 2 2 \ \ Ny . MHvpo
L72= oo [2 (gv + av) (Psps + PPy — (PapB) &) + digvavpapps.ce ] . (2.62)
wSw

Lastly for the W* exchange A, = By = % and Ag = Bg = 0, where g = 3=, thus (see vertex factor
in Appendix A.4)

2
~ g .
Ly =5 (PaPl + PP = (Paps)g™ + ipapppoe™”) . (2.63)

This already shows the benefit of the general leptonic tensor. To get to the invariant amplitude is

only one step away.

2.2.2. Invariant Amplitudes

The goal is to acquire four different invariant amplitudes: e*q with neutral current |/\/I§C|2 =
IMJ12 + Zepin B (M;—'M?) + IM3]? and e*q with charged current |[M%|* = [IMj, |2

As a refresher: the definitions for the coupling coefficients and axial/vector couplings stay the same.

er is the particle charge in units |e],
CL =I}" —efsinOw and  Cg = —ersinfy (2.64)
where IJ‘?L is the weak isospin of the fermion. The second parameterization is:
g =CrL+Cr=1I}"=2epsinfy,  a,=CL-Cr=1" (2.65)

For simplicity, we take the constants for the electron e. This way the sign in the amplitudes index
smoothly transfers to the actual outcome, without changing constants.

With the Feynman rules, the diagrams in Fig. 4 can be evaluated to

M = Ti(pg)(ie)y u(pa) - — L ii(ky)(ieeq)y u(k:) (2.66)
(Pa —pB)
6‘2 ~ ~
IMEI2 = 218 (pa, pB) LS (K1, k2)guv (2.67)

t
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2. Preliminaries

4ete?

= t2 1 (pf:pg + plépz - (pApB) g,UV) (kl,/lkZ,V + kQ,ﬂkLV - (k1k2) gﬂv) (268)
46463

=5 (2 (paki) (pBk2) + 2 (pak2) (pBk1)
—2(papg) (kiks) — 2 (kiks) (papB) + 4 (paps) (kik2)) (2.69)

s = (pa+ki)® =2paki, u= (pa+ko)® = 2paks

de*e’ 5%+ u?
=5 12((pska) (paki) + (pak1) (paks)) = 2¢'e; TR (2.70)
——T Y
53 4 -3

The solution is equal to one of the first calculation in Section 2.1.1. For the Z boson

ig

et et 8uv — i v
) y'” (CL P; + CR PR) u(pA) . ; 'um2 . u(kg) ( £ ) Y (CZPL + CIZPR) u(kl)
"z

M5 = (o)

cos Ow

(2.71)

For particles the second leptonic tensor is ZIZWZ(kl’ k), for antiparticles k1 and ko swap. This causes

two possible signs further on. The upper one describes particles, the lower one antiparticles.

MR = ———5 1771728 (2.72)
(t —m%)

et 1 o o
= TR |4 (5 2+ 0y ?) (882 + 0l 2) (2 (pake) (pske) + 2 (paks) (prk1))
V4

+ 16g\e; g\q/a\e/i a(q/pA,ppB,O'kl,a kQ,ﬁfﬂvp(T eﬂvaﬁ] (2 73)

PapPB.okLako g€ Guvap = ~PapPB.okiakop2 (655,‘3’ — 600 ) = -2 ((pak2) (pak1) — (pk1) (Pak2))

4

e 1 - - _ _
— ( 2)21604 3 [2(&6/ 2—|—a‘e, 2) (g‘q/2+a€/2) (s2—|—u2) ¢8g“} g‘(iaf} a?, (52—142)],
tr—m W W
Z

(2.74)

Equaling the first calculated amplitude. The interference term evaluates much quicker now, too:

2e - -
+ +F q v v
2R (MM = (1 —m2) L3z (paps) L7 (ki ko) g (275)
spin
2€4€q 1

T r(t-m2) 4,2, (- 28y & (paky) (pak2) + (paka) (pBk1))

T 2ay, al ((pak2) (pski) — (paki) (pBk2))) (2.76)

2e4eq 1 _ _
- —20¢ 09 (% + u?) +2a¢ al (5% - u? 2.77
MH@M%%(&%@ i) = 245 a5 - o)) 217)

14



2. Preliminaries

my is the W boson mass. For the charged current a difference in quark/antiquark scattering emerges.
When assembling M for antiparticles, the order of multiplication is inverse to the same for particles.
The Levi-Civita-Tensor in Z,’VC/ isn’t interchangeable without a change in signs. There are four
different configurations: (pa,ps)(k1, k2), (pa, pB)(ka, k1), (pB,Pa)(k1, k2) and (pp, pa)(ka, k1). The

result is

+ 1 MY 7T UV
|Mﬁ/|2 = (t 2 )ZLIVIV Ll‘fvguv (278)
—w

84

1
= ————— (2(pak1) (pBk2) + 2 (pak2) (PBk1) F pApPB.okiako €™’ €uap)  (2.79)

= — F (2.80)
TR A,

The sign in |[M5;,|? describes the e*, but the sign in the resulting expression is 4 for particle-particle,

antiparticle-antiparticle and — for the other two scatterings.
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3. Electron-Proton Scattering

3. Electron-Proton Scattering
After all these preliminaries, we can finally stitch the pieces

together. The electron-proton scattering is viewed at large e(k")
energy transfers Q2 = —¢? > M? (“Deep”) and for the e(f> /

proton breaking up, that is at a large invariant mass of the

collision debris W2 > M? (“Inelastic”). In Fig. 5 we draw
a diagram to show the corresponding relevant variables.
According to the parton model, the proton cross section
can be written as a sum of incoherent quark scattering like
[HM84, p. 193, 9.17]

J

) (3.1) Figure 5: Inelastic  electron-proton
eqi—eqi scattering.t

doe'r 1 do
(dx a0? ) poex Zq: /0 d6fa () (dx dQ?

with the probability f,(¢) of finding quark ¢ with the momentum fraction &.
The inelastic scattering neglecting the mass of the proton compared to the energy of the incoming

lepton can be written in this general form [Kov, p. 227, 15.127]

d oma’?
- ;TQZ - x”54 |@xF = B)y? + (14 (1= y)°) Fox (1= (1-9)°) xF3]
2
— 2;54 [V, Fy — y2Fy + Y xFj] (3.2)

where Yy = 1+(1 — y)2 and Fi = Fo—2xFy. Fi(x,0%), F>(x,0?), and F3(x, Q%) are called form factors
and are in general functions of the momentum fraction x and the energy transfer Q2. Dependent on
the interaction they contribute differently.
One can simplify the elastic partonic cross section using invariant kinematic variables. The
transformation is . .

doe 4 1 doe1

Tdg? ~ 2 @ O 33

where the §-function sets & to the Bjorken x, see [Mar94, p. 9]. For the following fractional

Mandelstam variables with hats are introduced

§=(xp+k)=2xpk~xs, i=-0>=-xys, li=-5—ii=-x(1-y)s (3.4)
where y = QTq = g—j Now the invariant amplitudes from Section 2.2.2 will be incorporated to a

differential cross section so that it is possible to compare them with measured data.

4This one diagram was drawn using feynmp [Ohl96].
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3. Electron-Proton Scattering

3.1. Neutral Current

d25¢4

1 1 —
NC _ 2 M= |2 M= 2) — M= |2 3.5
dr 16752 (|M«/| + Vzl MG 167r§2| Nl (3:5)
1 4 082+ 2 etey ( gl - gl -
=— e A — —2g¢ q(s2+ 2)iQaeaq(SQ— 2))
16752 ( 1 f2 i(f—m%) 4cz, s2, 8v 8v ! vV !
1 et - - . . - - 2 A
+ — S TAA (Q(g‘e/ 2+a‘e, 2) (g32+a€1,2) (s2+u2)$8g€,g3a€,a3(s2—u2))),
(; — mz) 16cy, sy,
JOTA 201_122
With # =1= % = 1+ (1-y)? the differential cross section is transferred in an equivalent
S XS

base using only y. For a measurement, it is rather easy to determine y.

2. e%q
d“o 2ra?

NC — 2 1 1-— 2 ¢q ! +9 e” q 1 1= 2 -9 e” 4 1=(1= 2
Trag? = (4 1+ 0y b e (22 s {14 (10 -2 af {1- (100
1 £2 e 2 e 2 q 2 q 2 2] — e 49 e 4 2
25T (f_m%)z(Q(gv ay 2) (802 +ah2) {1+ (1- )%} 7885 ghay af {1- (1= )%} )
S(x—£). (3.6)

Table 2: The fractional charge of the electron and U-, D-type quarks. For the antiparticles the sign
of both the electrical charge and weak isospin changes.

e U D

ef -1 +% —%

3L . f 1 1 1

I~ ay -3 +3 ~3
g{; —% -+ 2SW +% — %SW —% -+ %SW

3.2. Charged Current

For the charged current, the quark sum acts differently. Charged current here describes the
interactions in the two most right columns in Table 1. Depending on whether or not the ingoing
two particles are antiparticles. The distinction between U- and D-type quarks as shown in Table 2
generalizes the quark situation appropriately. Again only quarks below the b-quark mass threshold
are minded. Particles of greater mass shouldn’t play a significant role in the processes. xU is the
sum of up- and charm-quark distributions and xD the sum of down- and strange-quarks. The

antiparticles are of course the sum of the anti-quarks.

xU = xu + xc xU = xu + x¢ xD = xd + xs xD = xd + x5 (3.7)
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3. Electron-Proton Scattering

For the differential cross sections then the following holds:

dza-égp _ 1 U2 ¢ D2
Tl — o (MR (o) + VR o)
S fnw); (S0 + St (35)
o - miﬂm—; (S0 + Lo (39)
To move into the common base % = M = (1 -y)? does the trick.

18
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4. PDF Comparisons

And finally, we will compare the results with measured data. The latest data on DIS come from
the H1 and ZEUS Collaborations which have performed e*p scattering experiments with nearly
4 coverage and published data for the charged and neutral current including interference effects
[HZ15]. The tactic is the following. We will use our calculation coupled to different PDFs and
compare the predicitions to HERA data.

The compared sets are CTEQ6 from 2002 [Pum+-02], CT10 from 2010 [Lai+10] and CT18NNLO
from 2019 [Hou+19]. The three come from the Coordinated Theoretical-Experimental Project on
QCD (CTEQ). Also HERAPDF20_LO_EIG (2015) from the H1 and ZEUS Collaborations will be
examined, as the group responsible for the data against which we compare.

First the data from HERA [HZ15] are given in the form of the reduced neutral-current cross section

d20'Nc Q'x y? -

Y.
. =-__F F> ¥ —xF;, 4.1
TrNe = dxdQ? 2ma?Y, Y, - T Y+x 3 (4.1)

where Y. are shorthands for 1+ (1 —y)2. This form is equivalent to the one derived in Eq. (3.6).
At leading order in this case F; = F» — 2xF; = 0. For a more comprehensive notation, the paper

suggests using

Fy=Fy-kz8y - F)* + &5 (85_2 +ay 2) - Fy

xF3 = —kzal, -xF;Z + k2285 at, - xFf. (4.2)
After a comparison of our form factors to their notation
2 z z 2 2
Fr= ) ¢gfy(x). F7 =23 eqgl fy(x), Ff = Z (g0 +af ) fa().
q q

VA
XY =2 ) eqaiy o), ngz—2Zg af fo(x (43)
q

The H1 and ZEUS Collaborations also published data for the charged current in a reduced form

gt 2mx m3, + Q? ? @0 écp 4
) m3, dxdQ?’ '
with the Fermi coupling constant Gr = @S’;“mQ . For us that means
wtw
2
0 oe = 4 (xfr(x) + (1=9) x/p(v)) (4.5)
0o =4 (fo(x) +(1-y)? xfﬁ(x)) : (4.6)
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4.1. Numerics

Before we can compare anything we have to calculate the cross sections numerically. This is done
with function definitions in python3. The code starts with imports. Later on, we should calculate the
cross sections with uncertainties. For this, the type ufloat, a float with uncertainty, is imported.

Two functions from numpy will be needed.

# Imports
from uncertainties import ufloat as uf
from numpy import arange, sqrt

Secondly, we define necessary natural constants. And sw, c‘z)v7 cw are deduced from s%v. We neglect
the uncertainties of mz and s%v, because they are in a small enough magnitude. We take both from
the last “Review of Particle Physics” [PDG+20b]. We then copy axial and vector couplings from
Table 2.

# Natural Constants

mZ = 91.1876 # ,0.0021) # GeV - Z-Boson mass my
sW2 = 0.23121 # ,0.00004) # 1 - sin(weak-mixing angle) 2 s%
sW = sW2 xx (1 / 2) # 1 - sin(weak-mixing angle) SW
cW2 = 1 - sW2 # 1 - cos(weak-mixing angle) "2 c%
cW = cW2 *x (1 / 2) # 1 - cos(weak-mixing angle) cw
# Axial and Vector Couplings

v_e =-1/ 2+ 2 % sW # Electron gy

a_e = -1/ 2 # a;

e_u = +2 / 3 # Up-type ey

v_u=+1/2-4/ 3 % sW # g@

a_u = +1 / 2 #a"’/

e.d=-1/ 3 # Down-type eq

v.d=-1/2+2/3 % sW # gl

ad=-1/2 # ad

Before continuing to the cross sections, we define auxiliary functions. The functions are kz, y and

Y. from the prior notation.

# Auxiliary functions
def k_Z(Q2): return (4 * cW2 x sW2) *xx (-1) (Q2) / (Q2 + mz x*x 2) # 1 - Q in GeV
def y(Q2, x, s): return Q2 / (x * s) # 1 - Q in GeV, x-Bjorken, s in GeV?
def Y(sign, Q2, x, s): return 1 + sign * (1 - y(Q2, x, s)) **x 2
# 1 - sign of Y., Q in GeV, x-Bjorken, s in GeV?

>*

First, we implement a version of the cross sections without the uncertainty, the reason for that is
the way we calculate uncertainties with the PDFs on hand. To get a hold of PDFs and a consistent
interface, we use the python implementation of LHAPDF6 [Buc+15]. Let’s start with og. When

given a PDF of class PDF () the function will calculate the nominal/center value of o3%+(Q% x, s)
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for that one point. The function only consists out of a return statement as Eq. (4.1).

def sigmaNC(sign, pdf, Q2, x, s):
9999
:param sign:(-/+1) Charge of incoming electron / positron
:param pdf: PDF() General interface for access to parton density information
:param Q2: float  Negative four-momentum-transfer squared in GeV’2

:param x: float Bjorken x
:param s: float Total center-of-mass energy in GeV’2
:return: float Neutral current cross section for given lhapdf.PDF

29

return F2(pdf, Q2, x) - sign * Y(-1, Q2, x, s) / Y(+1, Q2, x, s) * xF3(pdf, Q2, x)

The helper functions F2 and xF3 are also in the same form as analytically computed in Eq. (4.2).
The PDF is handed down and xf;(x) here evaluated through pdf.xfxQ2(pid, x, Q2). pid
sets the quark kind after the Monte Carlo particle numbering scheme [PDG+20a]. They have been

defined before as follows.

def F2(pdf, Q2, x):
:param pdf: PDF() General interface for access to parton density information
:param Q2: float  Negative four-momentum-transfer squared
:param x: float Bjorken x
creturn: float Form Factor F_2 for
return ((e_u **x 2
- k_Z(Q2) * v_e * 2 % e_u * v_u
+ k_Z(Q2) **x 2 * (v_e **x 2 + a_e **x 2) * (V_U ** 2 + a_u **x 2)
) * (pdf.xfxQ2(2, x, Q2) + pdf.xfxQ2(4, x, Q2) # up, charm
+ pdf.xfxQ2(-2, x, Q2) + pdf.xfxQ2(-4, x, Q2)) # anti - up, charm
+ (e_d **x 2
- k_Z(Q2) x v_e * 2 x e_d x v_d
+ k_Z(Q2) **x 2 x (v_e *x 2 + a_e **x 2) *x (v_d xx 2 + a_d *x 2)
) * (pdf.xfxQ2(1, x, Q2) + pdf.xfxQ2(3, x, Q2) # down, strange
+ pdf.xfxQ2(-1, x, Q2) + pdf.xfxQ2(-3, x, Q2))#anti-down, strange

def xF3(pdf, Q2, x): # doc same to F2, but for xF3
return 2 *x ((- k_Z(Q2) * a_e * e_u * a_u
+ k_Z(Q2) **x 2 x 2 x v_e * a_e * V_U * a_u
) * (pdf.xfxQ2(2, x, Q2) + pdf.xfxQ2(4, x, Q2) # up, charm
- pdf.xfxQ2(-2, x, Q2) - pdf.xfxQ2(-4, x, Q2))# anti- up, charm
+ (- k_Z(Q2) » a_e * e_d * a_d
+ k_Z(Q2) ** 2 x 2 x v_e * a_e * v_d * a_d

) * (pdf.xfxQ2(1, x, Q2) + pdf.xfxQ2(3, x, Q2) # down, strange
- pdf.xfxQ2(-1, x, Q2) - pdf.xfxQ2(-3, x, Q2))
) # anti - down, strange

21



68

69

70

71

72

73

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93
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For the charged current o, the function is shorter. For O'gc the variable sign has to be +1, for
0 it must be set to 1. The code then either realizes o, (Eq. (4.5)) or o (Eq. (4.6)).

def sigmaCC(sign, pdf, Q2, x, s): # doc same as sigmaNC() but for charged current
return (
(pdf.xfxQ2(-sign * 2, x, Q2) + pdf.xfxQ2(-sign * 4, x, Q2)) # up, charm
+ (1 - y(Q2, x, s)) ** 2 %
(pdf.xfxQ2(sign * 1, x, Q2) + pdf.xfxQ2(sign * 3, x, Q2)) # down, strange

Now for the functions with uncertainty, a list of different PDFs is given. The nominal value is
calculated using the zeroth PDF in the list, the best fit Sp. The uncertainty can be calculated from

the formula
N, 1/2

Ao =3 Z [ (57) = (57)]” (4.7)
=

where S are the error PDFs. When creating a PDF there are different parameters. The other
PDFs S consist out of functions where the fit parameters are offset by their uncertainty. Once in
the positive direction S;r and once in the negative S7. Sometimes combinations out of multiple
parameters are taken, too. One can think of the PDFs as the “behavior of the global y? function in
the neighborhood of the minimum”. Obtained by diagonalization of the Hessian matrix when fitting
a PDF [Pum+02]. In the code it is realized as:

def sigmaNC_unc(sign, pdfs, Q2, x, s):

Doc same to sigmaNC, but

:param pdfs: PDFSet() List of PDF(). First one as central one

and then pairwise eigenvector pdfs

:return: ufloat neutral current cross section with uncertainties

sigmas = []

for i in arange(l, len(pdfs), 2):

sigmas.append((sigmaNC(sign, pdfs[i], Q2, x, s)
- sigmaNC(sign, pdfs[i + 1], Q2, X, s)) ** 2)
return uf(sigmaNC(sign, pdfs[0], Q2, x, s), sqrt(sum(sigmas)) / 2)

def sigmaCC_unc(sign, pdfs, Q2, x, s): # doc same as sigmaNC_unc() but for ch. current
sigmas = []
for i in arange(l, len(pdfs), 2):
sigmas.append((sigmaCC(sign, pdfs[i], Q2, x, s)
- sigmaCC(sign, pdfs[i + 1], Q2, x, s)) ** 2)
return uf(sigmaCC(sign, pdfs[0], Q2, x, s), sqrt(sum(sigmas)) / 2)
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Figure 6: Neutral current reduced cross section for et (red) and e~ (blue). Measurements with
error bars and the prediction using HERAPDF20_LO_EIG as error bands. To separate
different x, everything is stretched by 2/ and plotted logarithmically. The interval of valid
0? is drawn in the bottom.

4.2. Neutral Current

In Fig. 6 we show the o |, data compared to the prediction calculated with the HERAPDF20_LO_EIG

fit. If there are no more than at least four data points that have x in common, we leave them out
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in the plots. This is in order for a better perceptibility and less cluttering. The measured HERA
data compared to numbers from our calculation with the HERAPDF20_LO_ EIG, in Fig. 6, match
well, when observed by the eye. For shrinking x below 0.008 or Q? below 10 GeV? the discrepancy
between calculated and measured data grows. Of course, this can be expected to happen below
the valid Q? of 1 GeV?, but the trend starts already before. The same is true for x > 0.13 and for
0? > 103 GeV2. One reason for the deviation is that our calculation is only done at tree level. Data
is an all order prediction. Another more striking reason is that the patron densities xf,(x) only
depend on x itself, but not Q2 in our calculation. This explains a deviation at marginal values of
x, 0%, and both. A shortcoming of the prediction is the small uncertainties at the points where
the HERA data has more variation or is scattering more. The prediction does not resemble the
variation of the cross section at these points and should have a bigger uncertainty in the patron

density functions.

When looking at the oldest PDF we’ll compare to CTEQ6 in Fig. 7, a bigger uncertainty is
immediately visible. Also, the deviation for smaller Q2 and x deviates in the other direction than
the HERA 2.0 Predictions go. A reason for this can be the different data set CTEQ6 uses. Also,
the group in [Pum+02] did not have measurements at that low Q2 as the predictions go to. For Q?
under the valid Q2 as given from CTEQG, uncertainties expand. This is desirable as opposed to the
behavior of HERA 2.0. For great x the two predictions agree with one another (except for x = 0.4).

With the CTEQs PDFs from 2010 we have drawn the predicted cross sections in Fig. 8. All
characteristics from CTEQ6 hold for CT10, too. Only uncertainty has gone down and for low x the
aberrance to the measurements shrank. This is due to the growing HERA-1 data which has become

accessible leading up to CT10.

For CT18NNLO, part of the latest set CTEQ-TEA PDFs (2019), predictions are in Fig. 9. They
created CTI8NNLO using 28 different data sets, including the combined HERA data as the largest
sets of all. For medium and greater x the behavior of the prediction has not changed to the eye.

Only uncertainty has improved. But even so, HERA 2.0 claims to have smaller uncertainty than
CT18NNLO. This is true for all marginal values of x and Q2.
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plotted logarithmically. The interval of valid Q2 is drawn in the bottom.
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plotted logarithmically. The interval of valid Q2 is drawn in the bottom.
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Figure 10: e™: Ratios between predicted neutral current reduced cross section (TEIDF, calculated

with the four PDFs, and the measurements 0';;0, for a selection of Bjorken x. Between

the data points, uncertainty is joined linearly.

For a better view, we computed ratios between the measurements and predictions. To distinguish
between the four PDFs we compare them for e~ in Fig. 11 and e™ in Fig. 10. When dealing with
small x as 0.00032 in Fig. 10 the scattering is great and has a drift, compared to the rest. Farther,
it should be noted that the scales of the ratios differ between the subplots. Again, for marginal
0? uncertainty grows (bottom right, Fig. 10) or the PDFs spread and leave the error band of the
measured value (top both, Fig. 10). Also, in both subplots in top (x = 0.00032 and x = 0.005,
Fig. 10) the error of HERA 2.0 PDF is significantly smaller than the error bands from CTEQ PDFs.
This is to a degree that often predictions with CTEQ PDFs agree in the error bands with the
measured value, but the HERA 2.0 PDF not.
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Figure 11: e™: Ratios between predicted neutral current reduced cross section o5, calculated with
the four PDFs, and the measurements oy, for a selection of Bjorken x. Between the
data points, uncertainty is joined linearly.

The ratios with the incoming electron e~ behave similarly (Fig. 11). The differences in predicted

oxe only show up for Q? growing over at least 103 GeV? (Fig. 6).
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4.3. Charged Current
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Figure 12: Charged current reduced cross section for e (red) and e~ (blue). Measurements with
error bars and the prediction using HERAPDF20_LO_ EIG as error bands. To separate

different x, the cross sections are each shifted.

A similar trend continues for the charged current reduced cross section. The prediction with HERA

2.0 PDF is displayed in Fig. 12. It again resembles the rough course of the measured data, but with

errors that do not match with every error bar.
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Figure 13: Comparison of charged current reduced cross section with CTEQ6 from 2002 for e™
(red) and e~ (blue) and the HERA PDF in black. Measurements with error bars and the
predictions as error bands. To separate different x, the cross sections are each shifted.

Starting with CTEQG6, the prediction with greater errors already better fits the measurements, as

seen in Fig. 13. Both agree in their error intervals, mostly.
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Figure 14: Comparison of charged current reduced cross section with CT10 from 2010 for e™ (red)
and e~ (blue) and the HERA PDF in black. Measurements with error bars and the
predictions as error bands. To separate different x, the cross sections are each shifted.

CT10 PDF brings the prediction to a deviation in higher cross sections, so that the errors start to

not overlap with the prediction using HERA 2.0. This effect is greater for the two lowest x (Fig. 14).
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Figure 15: Comparison of charged current reduced cross section with CT18NNLO from 2019 for
et (red) and e~ (blue) and the HERA PDF in black. Measurements with error bars
and the predictions as error bands. To separate different x, the cross sections are each
shifted.

With the current CT18NNLO PDF the trend continues and more predictions have non-overlapping
error bands (Fig. 15). With the ratios in Figs. 16a and 16b the trend becomes more clear. Over
the years the CTEQ PDFs depart from HERA 2.0 PDF, while still agreeing with the measured
data in the errors, for most of the data points. If someone wouldn’t know that CTEQ takes other
experiments into account, this should be the point of realization. Other, not displayed data sets

pull the prediction to themselves. Most of the other data sets measure different physical phenomena

Hou+19, tab. 1].
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5. Summary

Within this bachelor’s thesis, the goal was to compute the cross section of e*p scattering and observe
the development of PDFs over time. First, ey~ we calculated scattering in-depth with y and Z
boson exchange and interference, to get a taste of the workflow from the Feynman diagram to
Lorentz invariant amplitude. We could facilitate the gained knowledge to see what e”¢g results
in. After this overview, a generalized leptonic tensor was computed to speed up the process of
calculating an invariant amplitude. Before e™ was missing and with the generalized leptonic tensor
also the W boson exchange was easily done. e*q scattering for charged and neutral current has
been solved, the parton model was the answer to the e*p process. After converting the invariant
amplitude M into a differential cross section %, the solution could be compared. The H1 and
ZEUS collaborations had data to compare to. Numerical implementation into Python then allowed
using LHAPDFG6, a straightforward way to calculate a prediction of the reduced cross sections.
Three PDF sets of CTEQ that span a range from 2002 to 2019 and HERA 2.0 PDF have been used
to analyze the cross section. One observation was that the HERA 2.0 PDF produced errors that
did not resemble the uncertainty of their data. A trend over the years of CTEQ PDFs is shrinking
errors, although they do not fall under the too-small uncertainties of the HERA 2.0 PDF. This is a
sign of a healthy improvement. An outlook for a further advance is incorporating more orders of

Feynman diagrams to improve the precision of prediction.
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A. Dirac Algebra

For the calculations presented in this thesis, we need the Dirac spinor algebra. In the following

section the used Lorentz invariant notation is presented and stated [Ilil6; Zeel0].

A.1l. Dirac Matrices

Starting of with the Dirac equation

(id —m)y(x) = 0, (A.1)

that already introduces the notation g := y#d,, leads to the y# Dirac matrices. The y* satisfy the
Clifford algebra Cl4(R)

1 1

Sy =50MY YY) = ¢y, yHT = 0yt (A.2)
2 .

=S () == =1, Y=y =y (A3)

where p,v € 0,1,2,3, n € 1,2,3 and 14 is the identity matrix. When asking how a Dirac spinor
transforms, another matrix, namely y°, can be constructed. The only possible product is
_ i
Y =Y = L Gwas? Y VY (A4)

0123 _

with the convention of e = —€y123 = 1. It isn’t called y* because of the historical notation of

time as the fourth dimension®. Useful relations arise from this, especially
5\ 2 5 5% 5
(7 ) =7 y'=y" and {y5y"}=0. (A.5)
Also interesting in Cl4(R) are
Yy = 414, Yy v = ~2y", P s = 2(5;;5; - 5@;5;). (A.6)
§ is the Kronecker delta for which g,,g”¢ = ¢ holds. Other relations: [Nagl3b]

Yy = 24 Y ABEY = ~2CBA
YuABY" = A(A- B) Vo ABEPY = 2ADABC - CBAD) (A7)

Plane wave solutions of Eq. (A.1) are [Nagl3a]

ur(p) = Vp'_“’lz Eim| (1-Fm) & (A.8)

VP 2 () e

5Zee10, "The peculiar name comes about because in some old-fashioned notation the time coordinate was called x*
with a corresponding y*." p.95.
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T, ‘  [EEa| (1) A9
~Vp Ty 2 | -(1+ &)

1 0 01

fl—[ol, 52—[1], Ny = iogé, = ]fj (A.10)

-1 0
and when summing over polarization, lead us to the completeness relations for particles u and

vr(p) =

antiparticles v

Z urity (p) = p+m, Z Vv (p) = p—m. (A.11)

r=+1/2 r=+1/2

A.2. Trace Theorems

For fermionic matrix elements it is near about mandatory to calculate traces of Dirac matrices. The

most basic and useful trace theorems for matrices are

tr(A) = tr(AT), tr(A + B) = tr(A) + tr(B), tr(Ar ... An) = tr(ANA; ... An_1).
(A.12)

But what can we gain in terms of y matrices? The first consequence is that tr (y*y”) = g tr(1) =
4g"”. 5 is anticommutative and (y5) =150
tr (y"-y) =t (7” a 'YV"7575)
— tr (,)/5,)/1/1 . ,yVn,y5)
(=1)" tr (7”1 . -'yv"7575)

(=1)"tr (Y™ -y, (A.13)

meaning any trace with an odd number of y matrices (excluding y®) vanishes: 0. For four y matrices

tr (y2y 1Y) = e (yy1y'y?)
=—tr (y”v”y‘syv) + 2g% tr (yHy)
= —tr (y"y”y%x") + 8g5"g’m
= tr (»yﬂ,yé,yn,y\/) _ 8g176gyv + 8g5vgw7
= —tr (YY) +8g™ g™ — 855 + 85" g, (A.14)
50 tr (yOytylly”) = 4 (gOH g — g0 gh”  go ghl).

tr (y2yHyy’y5) = —4ie"  because of the anticommutative behavior, a permutation of the y’s

changes the sign of the trace. This means it must be proportional to €’*7. The constant —4i can
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directly be calculated. Also

tr(yHy*) =16 and tr(ysy*y”) = 0. (A.15)

A.3. Chirality

It is useful to be able to decompose a Dirac field ¢ into a left-handed and a right-handed part
W =y + Yr. Helicity is a freedom a particle has. It describes the direction of spin. In particle
interaction, a vertex factor as shown shortly can act on both parts differently. The physics of the
Dirac equation Eq. (A.1) still has to be independent of the chosen basis. The solution to this
are the chiral projection operators P := 3(1—y°) and Pg := (1 + ") for which y; = Py and
Yr = Pry.

Pz/R = % (1 F2y° + (75)2) = % (1 F 75) = Pr/r and Py Pr = % (1 - (y5)2) =0 (A.16)

This symmetry corresponds to the conservation of axial current [ZeelO, pp. 98].

A.4. Feynman Rules

To evaluate a process, one has to draw all diagrams that are topologically different. Every element
of a diagram has a factor as given in the following Appendices A.4.1 to A.4.3. To gain a Lorentz-
invariant scattering amplitude M, we multiply together these factors. The order of multiplication
starts with an outgoing fermion particle, identifiable by a straight line with an arrow representing
particle flow on top, and vertex factors in between. The propagator factors connect these particle
factors [HM84; Nag13b].

We only need to look once at topologically same diagrams, because Feynmans approach to interactions
integrates over the temporal component. Here it makes no difference whether the propagator first
gets emitted or absorbed. We show this in Fig. 17. [Ohl11]

Figure 17: Visualization of the temporal indifference of topologically identical Feynman diagrams.
[Ohl11, p. 19]
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A.4.1. External Lines

This work only deals with in- and outgoing spin—% particles. We
read all diagrams from left to right, so we denote ingoing fermions u v
as u, outgoing as u, call ingoing antifermions v, and outgoing ones v.
Notice all four kinds in Fig. 18. The particles can have an assigned

momentum.
v u

A.4.2. Internal Lines Figure 18: In- and outgoing
fermions.

Every internal line has an associated propagator to it, a fermion as well as a photon and W, Z

boson. The propagators used in our calculation are written down in Fig. 19.

Y 8y
phOtOn @ NNNANNNNNNNG —lgq—‘;
+
W=/Z _ i(8uv—pupv/M?)

W’ Z boson GO NNNANPANNNNG q2—M2

Figure 19: Propagators for the internal lines of the used vector bosons. ¢ is the carried momentum
and M the particle’s mass.

A.4.3. Vertex Factors

The vertex factors read as in Fig. 20.

-

y*i(gl,

i (Cf PL+ cf PR)

COS HW

_leefyl'l

;8
l\/jy PL

cos HW

Figure 20: Vertex Factors with g = and projection operators Py jg. Qy is the fermion’s charge

sin 0

relative to the positron S. describe the amount of coupling for the corresponding

L/R
helicity and gV, aV vector and axial vector couplings.

The total squared transition matrix |M]|? can be calculated, when all separate diagrams have been

gathered and the invariant amplitudes M; have been acquired. Finally

IMP? =Y Mix Y M} (A.17)
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When there are two different diagrams we get
M2 = My 4+ [ Mol + 2R (M M) (A.18)

Lastly, the average over the possible polarizations has to be calculated to gain the unpolarized
cross section, revealing | M|?. For further insight they should examine the solution in Mandelstam

variables.
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