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Abstract

The standard model of particle physics is able to explain the structure of the universe very
successfully. It has been proven very effective in understanding the processes of elementary
particles. But there are scenarios which lie beyond the scope of SM. This project considers Lepton-
Quark contact interaction in addition to the existing interaction in the SM. This project required
learning QED and QCD as prerequisites for the later work which involved the analytical calculations
of the differential cross-section including this LLQQ interactions which are parameterized in terms
of six-dimensional operators. The project focused on appending these operators to the existing

codes and comparing the output with the existing experimental data.
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Chapter 1
Introduction

The Standard Model of Particle Physics has been proven extremely successful in understanding
the dynamics of elementary particles. There are still many more phenomena which are out of the
scope of the standard model. Many models have been proposed to explain such phenomena in
the last few decades. Our attempt is to provide a framework to study physics Beyond Standard
Model(BSM). The project is intended towards using available data DY process to investigate new

physics scenarios.

Drell-Yan Process or Drell-Yan Pair production a standard process to probe physics at higher
energies at Large Hadron Collider(LHC). It occurs in high energy Hadron-Hadron scattering. Quark
and anti-quark from either of hadrons annihilate to form a boson which then forms a pair of lepton
and anti-lepton. In 1970 Sidney Drell and Tung-Mow Yan first discussed this process and was later

observed by J.H. Christenson.

The quark-lepton compositeness [4,5,6] implies that quarks and leptons share some common
constituents. This leads to the interaction between quark and leptons which is beyond the scope
of the existing standard model. But the four-fermion contact interaction is not just limited to the
quark-lepton compositeness but also the four-fermion interactions mediated by the massive particle
having a mass much greater than the energy transfer is approximated by such contact interaction

terms. The effective interaction term in the Lagrangian, well below the scale A given in [4],

4n _ - _ -
L=—=1mij@y"Pig)yuPil) + {ij(Gy* @) Ty ,d)
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where i, j = L,R andP; are Chirality projection operators. QCD corrections can affect cross-section
significantly. Even for simple processes like Drell-Yan including these interaction terms can
play a crucial rule in increasing accuracy of the experiment. Correction terms of these contact
interaction up to the next-to-leading order are discussed in Ref. [4]. This inspires us to include

next-next-to-leading order corrections for the Hadronic processes.
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Chapter 2

Methodology

The theory of quantum electrodynamics and quantum chromodynamics(QCD) is an integral part of
the Standard Model of elementary particles as it successfully explains hadron properties, nuclear
structure and various phenomena. Learning the elementary processes of quantum electrodynamics
have crucial contributions to the processes which occur in QCD thus at the beginning of this project
I studied these processes their helicity structures and significance and the basic analytic structures

of scattering amplitudes.

The Project commenced by revising Quantum Electrodynamics. Various topics were studied in-
cluding Elementary processes such as e*e™ — u* ™, Radiative Corrections, Divergences occurring

in various processes, cancellation of divergences.

Later reading involved introduction to the Non-Abelian gauge theories and their quantization. In
this spell of the project, I learned Lie algebras, Yang-Mills Lagrangian, Fadeev-Poppov Lagrangian
and one loop divergences of Non-Abelian gauge theories. For an understanding of the Hadron
structure and their dynamical properties learning QCD was crucial. I read Parton model, Deep

inelastic scattering and Hard scattering processes in Hadron collisions.

The Standard Model Effective Field theory predicts the general form of the cross-section to be,

ol =aly+Y alcy+ Y b cpem (2.1)
n ns=m

Our goal is to express such experimental observable as the function which depend on the wilson



Student ID: 20141083 IISER Pune

coefficients c; of the relevant four-fermion operators. One of the challenge is to determine the

coefficients a!, and b, which are discussed analytically in Ref. [2].

The next to leading order corrections to lepton pair production with the introduction of relevant
operators for four-fermion contact interaction is discussed in Ref. [4]. The code for these calculations
was developed by Dr Debajyoti Choudhury, Dr Swapan Majhi and Dr V. Ravindran. The aim of
the project is to calculate next next to leading order correction to the Drell-Yan process. To get the
result up to the one more order of correction the plan was to use the code developed by Dr Swapan
Majhi and Dr V. Ravindran for the QCD corrections up to the next-next-to leading order corrections

to the slepton production through annihilation of quarks.

The project focused on learning the analytic structures of these corrections and the structure
of the higher dimensional operators which play a major role and developing code to include these

corrections to the existing model.
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Chapter 3
Theory

Calculations of cross-sections for elementary process in QED is straight forward. One of the easiest

method is to use Feynman rules of QED. One of the Most discussed process is

ete” —uty” 3.1

= |M| = 0° (p) (—ieyH) u%p)(%)u’(k)(—iey“)v”(k’)

The differential cross-section is proportional to the square of matrix square element M.

do
— = IM? 3.2
0 const.|M| (3.2)

But, The divergence arises when we take into account first order corrections. To present an

example it can be thought of the QED vertex. The first order correction leads to the cross section

given by eq.(4)
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Figure 3.1: Image Source: The Standard Model of Electroweak Interactions - Pich, Antonio arXiv:1201.0537
[hep-ph] IFIC-11-73, FTUV-12-0102

dd—g<p~p'>—( )[1-_1og( qz)log( ;’2)+0(a ) (3.3)

And, from the cross section for the process of emitting photon, we obtain that

Z—g(p—»p’+7): (d—)o[—log( qz)log( luqz)+0(a )] (3.4)

do

—(p p)+—(p p'+y) = (3.5)

( d(o-l ) measured

Neither the elastic cross section nor the soOft bremsstrahlung cross-sections measured individu-
ally. The separate cross-sections are divergent, but their sum is finite which is physically observable.

In any real experiment if the sensitivity of the detector is E; then, We obtain the result

(8 s = (G - 58 GE ) c0e] 0

More examples of loop divergences can be discussed. I will discuss Vacuum polarization or
photon self-energy. The observable is a sum of all possible diagrams of all orders. But here I will
show calculation till first order correction. Defining ilT1*(q) = (g°g"" — g*q"*)1(g%) to be sum

of all 1-Particle-irreducible insertions into the photon propagator. Then exact photon two-point

Page 8 of 25
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The propagator has pole at g> = 0 and residue of the pole is =73

. . 1
function is )

2(1 H(qz))

The amplitude for scattering process will be shifted by this factor, relative to tree-level approxi-

mation.

ezgpv _ Zs ezg,uv

2 - (3.7)

we can account for this shift by replacing e — v/ Zze. This replacement is called charge renormal-
ization. (physical charge)= e = v/ Z3eg = v/ Z3(bare charge) the effective electromagnetic coupling

constant is

@ e(2)/4ﬂ (3.8)
a =—— .
eff q 1-— H(qZ)
Restricting ourselves to first order
a
Qerr(g?) = 3.9
S My (¢?) - 0] G2
Computation of Hg(qz) —II,(0) = ﬁg(qz) :
k
’\@W
7 kTq uv f i(k+m) , i(k+qg+m)
1T, = 1 # 1
iy (@) = (ieP - | S tr| vt Crar—m G0
Using Feynman Parameters, substituting / = k + xq and performing Wick rotation we find,
dilp —38" 12+ g 2 —2x(1-x)g"q" + g (m* + x(1 - x)q%)
ing‘”(q)z—uezfdx 5728 78 7978 0 Gan
(2m)4 (I2+0)?

where A = m? — x(1 - x)g*. The ultra-violate divergences in this equation are removed by dimen-
sional regularization. From the calculations we obtain i[T*" is proportional to the factor(q?gH" —

g"q"). This is in agreement with ward identity.

i () = (g°g" - g* g")ill," (q) (3.12)

Page 9 of 25
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where,
i1 (q) = fdxx(l x)r(z—g) (3.13)
(47 )2 A2-d/2
hence,
ﬂz(qz):Hz(qz)—Hz(O):_z—afldxx(l—x)log( . m” ;) (3.14)
T Jo m-—-x(1-x)g

Last three decades of 20" century, it has been believed that fermions the elementary particles
that make up all the matter we experience and interact through the exchange of bosons. Elementary
fermions consist of quark and leptons(e™, i, T and neutrinos corresponding to all three particles).
Quarks bound states are responsible for the formation of Hadrons(mesons and baryons). Fermions
interact with each other through strong, weak and electromagnetic forces. Electromagnetic in-
teraction is understood in QED. While strong interaction is responsible for nucleon binding and
interaction between constituents of nuclei. To explain the nature of Hadrons Bjorken and Feynman
developed a model called The Parton Model. Which claims Hadrons are bound states of partons
which are quarks and antiquarks which interact weakly at short distances. This peculiar property
was called asymptotic freedom. To explain such behaviours we have to include the notion of

non-Abelian gauge theories.

The symmetry group of QED is an Abelian group. But, this might not be the case all the time.
The theories having non-Abelian symmetry group are more general. Thus we need to study similar

calculations mathematical tools for such theories as well.

Calculation of gauge boson self-energy was studied. The g2 order contributions come from four

diagrams.

First let us start with fermion loop diagram. The color factors are already taken care of, and the

Page 10 of 25
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amplitudes of these diagrams are shown.

)
M@WE i(q2g" - q“qv)6“b( § 4nfC(r)F(2— g)) (3.16)

4 )d/2 3

The next two diagrams are from pure gauge sector. We will work in Feynman-’t Hooft gauge.

2
d
=& CZ(G)6“bfdx —. (r(l——)gf” 2

(4m)d/2 (d Dx(1—-x)

+T(2—§)g‘“’q2 %(2—x)2+%(1+x)2] (3.17)

_r(2—§)q’“‘qv[(1 —d/2)(1—2x)+(1+x)(2—x)])

2

= i(47‘rg)d/2C2(G)5“bfdx

2= m( F(l—Z) Y 2[ dd-1x(1-x)| (3.18)

+1"(2— g)g’qu

(d—l)(l—x)z])

And the last diagram consists of ghost loop.

2
§ b d 2[1
in )d/zCZ(G)‘Sa fdx 2-diz’ ( F(l—E)g’”q 2

x(1- x)] + r(z - g)g”qv [x(l - x)])
(3.19)
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The Last three diagrams sum up to be

& _—SC(r)F((Z—g)) (3.20)

_ i(ngw _ quqv)5ab((4n)d/2. ;

Further calculations leads us to Beta function(8(g)) One loop beta function for QCD is given by

5111 4
(4“’;)2 ?CQ(G)—gnfC(r)] (3.21)

B(g) =-

The B-function gives the rate at which the renormalized coupling constant changes. For small values

of ny the B-function is negative agreeing with our requirement of asymptotic freedom.

The most important concept required for future project was to learn Kinematics of Deep inelastic
scattering. This included calculation of partonic cross section and their relations with total Hadronic
cross section. This being understood, I calculated cross-sections for various hard scattering processes

in Hadron collisions.
P(p))+P(p) — I+ 1)+ X (3.22)

The total cross-section for Proton-Proton collision involving quark-antiquark coming from either of
the protons and carrying xi, x, fractions of total momentum of proton i.e. the parton momentum k;

is k; = x; p;; scattering into leptonic final state(l 1) takes the form
- 1 1 -
O(P(pl) +P(pp) — 11+ X) - fo dxlfo dxgzff(xl)ff(xg).a(q(xlp) + G2 P) — ll) (3.23)
f

where X is any Hadronic final state, f(x) are parton distribution functions and the sum runs over all
flavours of quarks and antiquarks. The proton level process is shown in the diagram and partonic

cross-section calculations are similar to the cross-sections of e*e™ — u*u™ process.

Page 12 of 25
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Figure 3.2: Image Source: www.resarchgate.net

The differetal cross-sections are expressed by the relation Ref. [4],

doP1P2

1 1 1
28— = dxf dxo £ (xy) PZ(x)f dz23
A0 ab:Xq}q,g 4| 2fa (x1) f)? (x2 A

do.ab
dQ?

O(T — zXx1X2) (3.24)

The variables denote the following quantities.

S=(p1+p2)*  S=k+k)® Q= +hb)?

e
S

T

N
1]

2
% T=2X1X (3.25)

(753

PP,

1 - -
25 CQA=— Y PQIPQIL QW) (3.26)

2
aqQ 2n j.j'=v,Z,VA,SP

Where W is Hadronic structure function given by,

1 1 1 .o
W]?;.I/PZ(T,QZ) = Y | dx f dxo f2' (x1) f)? (x2) f dzd(t - zx1x)AY (2,Q%¢)  (3.27)
j.j"»a,b 0 0 0

The bare partonic coefficient function A is,

_ e .12
Al (2,Q%€) = f APSp s |[M*1T ‘ Ti 1 (q). (3.28)

Page 13 of 25
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With dependence on the spin of the current through T as discussed in Ref. [4].

We encounter singularities in the bare partonic coefficient function A with ultraviolet, collinear
and soft divergences. To deal with this problem we use the dimensional regularization. We add all
the contributions fro gluon emission diagrams for renormalization and collinear divergences are
later removed by the mass factorization. Thus, the bare partonic coefficient function A is expressed

in terms of Drell-Yan coefficient function after the mass factorization as,
A7 (z,Q%€) = Zrca(z 1E, 116 QT ap(z i, 110 @ A (2,07, €) (3.29)

The pur is the factorization scale and the & stands for the operation

14
Qg = f Tyf (Mgxly) (3.30)
X

and I'c4(z, 1ur,1/€’s are the singular transition functions called Altarelli-Parisi kernels. These

functions have perturbative expansion in powers of ass = a /4.

w . .
Tap(z,pup, 1e= Y al(uaT?, (z, 1) (3.31)
i=0

The MS mass factorization scheme we find these functions to be
1
Tap(@ 1) = 8apd (1= DT g, (2, 1) = =~ Py (2) (3.32)

with P?’s being the Altarelli-Parisi splitting functions. Writing eq. 28 up to the order a,s = as/4n

we can see the relations,

A” A(O) Ji ta S F(l) ®A(0) Ji +A(1) g

RIT = a- 210 QAL 4 AT (3.33)

which is finite coefficient function. These coefficient functions helps us in finding the physical
hadronic cross-section when integrted with parton distribution functions. According to Ref. [4] the

renormalized parton-parton fluxes are given by the relations,

Page 14 of 25



Student ID: 20141083 IISER Pune

Hq(x1, X2, 43) = [ (or, 1) [ (o2, 1) + £ O, 1) fy Oz, 113)

Heq (1, %2, 12) = fi (o1, 12) (f Coa, 1) + £ G, 1)) (3.34)

Hqg(xl»xbﬂ%) = ng(xl»xbﬂ%)

This makes the inclusive differential cross-section to be
PP,

28
dQ?

1 1 1
(r,Q%) :Zfo dx1f0 dxzfo dz8(t — zx1%2) [Fsmva,gGsm+va,q + FspqGspq]
q

Gsm+vag = Hyq(x1, %2, p15) [Agg'SM(z, Q% u%) + asAi;j_]’SM(z, Q% 13|

1),SM

+[Hgg (x1, X2, 1) + Hgq (X1, 22, ) | asB o) > (2, ) (3.35)

GSP,q = Hq(,_](xly xZ) l'l'%') [AEJOB-]’SP (Z) QZ) l’t%) + aSA(qlz‘]'SP (Z) QZ) IJ%‘)]

(1),sp

+[Hgg (X1, 22, ) + Hgq(x1, %2, up) | a5 )™ (2, i)

and constants Fspg and Fsyr4va,4 are completely dependent on the coupling constants and propaga-

tors,
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MZ

e Q 1
[Q—‘; ~2¢,8) gV ZQTZ +1 (@D + @) (D% + (85%) %]

a
Fspmivaqg = 3

2 L. QZ
+_A2( eq Y. Mij+ZoQ°-M3) Y. mijggl+ > Y |T]ij|2)] (3.36)
a I,j=LR i,j=L,R a i,j=L,R

2

Q
FSRq:—A4 | ZLRICiﬂZ
l,J=L,

- @
where, Z = @ IEPTTEIE

(0) VA (1) VA A(1),VA
ANg BT Byig
the case vector-axial vector couplings. Slmultaneously, we need coefficient functions for Scalar-

A(O)_,SP, A(l)_,SP

We need the expressions for the terms which are coefficient functions in

AWSP Thege terms are discussed in details in

pseudoscalar couplings which are ao)g-

Ref.[4].

Till now we have discussed only till the oder next to leadg orders. But, the calculation of next
next to leading order QCD correction requires the highers orders for Altarelli-Parisi kernels and its

expression can foung in the Ref. [3].
1
T2, (2,) = @;(p(‘”( D@ P (@) +2poP @) + Psb)(z) (3.37)
and we determine the coefficient functions of the order a? (suppressing the argument z and €) to be,

A(Zly A(2)+2F(D®A(0)+ PO ®A(”+ PO c QA%+ - p° QP RAY

@ _A@ (1) (2) 0 (0) 0 (1) 0 1 0 0 (0)
Agg=0gg + T, QAL+~ Pq®A += Pg®A += Pg®A +—qu®qu®A

N P0g®A‘“+ P @ Pl @AY (3.38)
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To get the full expressions for the coefficient functions of order a? we convolute the above equations
by substituting the expressions for the lower order coefficients. The complete expressions can be
found in Ref. [3].

The corrections beyond the Standard Model can be systematically calculated by effective La-
grangians. As discussed in Ref. [2], "Making few assumptions like particle content and symmetries
and neglecting lepton number violation", significant correction terms are given by dimension

six-operators.

C.
Lepp= L5M+Zy—lzo,- (3.39)
i

The four-fermion contact interactions of the form LLQQ where Leptons(electron, muon, tau)
are denoted by L and Quarks(up, down, charm, strange, top, bottom) are denoted by Q, which are
absent in SM are taken into account in this effective Lagrangian as dimension six operators. The

most general parameterization of lepton-quark four-fermion is achieved as mentioned in the Ref.

[2].

Chirality Conserving,

O = Iy*D(Gyuq) O} =Uory*D(Goryd
O = ("D (@ayuw)  Oq = (Iy*D(dyud)
Oeq = (eY*e)(qYuq) Oeu = (ey"e) (y u)
Oea = (ey*e) (dyud) (3.40)

and Chirality violating,

Ogac=Ue)dq)  Oie=Ue)e(@ u) Oy =(Gee(l" u) (3.41)

Where e,u and d are SM lepton and quark singletes; o are Pauli matrices; I denotes SM lepton
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doublet and q denotes quark doublets andd € = io.

These operators contribute to the differential cross-section of Drell-Yan process. The partonic

level cross-sections are,

22
Cru |? t
_[ ’AuRlL 2 2 4[|que| +Re(clqecql€)”
( ( S
c1)ig—c3); Cou |2
SM q q SM eu
+‘ urlg 02 ‘ ‘AuRlR 2 Re(clqecqle) 2
1
o [lequel® + Re(egecy)] (3.42)
do s 7 sm , Cael|? sm o Cla|?] P SM c'Dyg—c3)iq 2 smM . Ced
48ﬂdf(dd—>ll): ‘AdLlR ‘AdeL U2 ? ‘ drl; —l}2 ‘ ‘AdeR U2
|que|2
) 3.43
2114 ( )

e
where, ASM = “QuQy + 5 Sv8p
S -m +lmZFZ

with gy = % [Tue} - S%/VQW], Q is electric charge, T3 weak isosopin component and g, mz,T zare
the SU(2)1 coupling, Z-boson mass and width respectively. sy (cw ) are trignometric sine(cosine)

function of the weak angle. Neglecting corrections of order mZZ/ §<<1

1 1
a:a”ﬁﬁ Y [Fl"A§’+F2"Ag’]+F Y (G!B!+G]B] +GIB]), (3.44)
6]=u,d q:uyd

With the coefficients A1 53 and B1 5 3 expressed as,

@ _

[e QuQe+ guLgeL](C (3)) + [e QuQe+ guRgeR](Ceu)
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Al =[€°QuQe+ gu, 8ep) (Cqe) + (€2 QuQe + guy8e,1(Cri)

3)

1g) +1€°QaQe + ga, 8eq) (Cea)

A = 1€*QaQe + g, 8e,(cj,) +¢

AY = [€*QuQe + ga, 8ep) (Cqe) + [€°QaQe + gup 8e, ) (C1a) (3.45)

u_ 1) B2, .2 * d_ .1 (342 2
By = 4(Clq - clq) + Coy — 2Re(CrgeCyy,) By = (clq - +clq) +ac,,

U_ 4.2 2 2 * d_ ,.2 2
B, —4qu+4czu+|cqle| +2Re(clq€cql€) B, =4cy,+4cy,

2 d 2
B3 =2[cgel +2Re(clqgc:ﬂ€) B =2|cgqel

From these equation it is clear that the coefficients Ai"zd ;and B! '2d3 are dependent on four-fermion

operators.
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Chapter 4

Discussion

As discussed earlier we have achieved in 3.44, to express the cross-section as per the form ol =
aé vtn afl Cn+Y n<m b cycp.Having obtained the analytic structure of six-dimensional operators
corresponding to the Lepton-Quark contact interaction we can proceed to developing code which
can calculate the differential cross-section for the Drell-Yan pair production. The NLO corrections
for Drell-Yan pair production are performed in the Ref. [4] and NNLO corrections for Slepton
production are performed in Ref. [3]. Modifying existing code for NLO correction of Lepton-Quark
with the referring these NNLO QCD corrections we hope to obtain desired result.
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Chapter 5
Summary and Future Plan

In the first half, the project was focused on learning the non-Abelian gauge theories, studying loop
divergences in QCD and calculation of cross section for different processes involving electromag-
netic and strong interactions. Latter half involved the review of the literature in the field of Standard
Model Effective Field theory and NLO and NNLO QCD corrections to the processes at hadron
colliders and the analytical modifications to existing model and development of the FORTRAN
code to include the six-dimensional operators. In the future, we plan to find the matrix square
elements for the process which involves with the help of the developed code including these beyond

standard model interactions.
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