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Structure of Matter

Atoms

Parton Model

Journey Continues .....



Form Factors of hadrons
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Bjorken Scaling

Y Deep Inelastic Scattering
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Birth of PARTON MODEL



Structure Functions from DIS

Inelastic Scattering Factorises
Leptonic Tensor
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Deep Inelastic Scattering
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Parton Model

Elastic Scattering
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Deep Inelastic Scattering PARTON MODEL PICTURE



Naive Parton Model

q 1
\)1/% doPTS (P, q) = Z/ dzfi(2)do; (2P, q)

i i ——

P \/C\\\\ "+ Elastic scattering cross section with i-th parton

- Does not depend on the details of the target
proton - Target Independent

fi(2) Parton Distribution Function (PDF)

* Probability of finding i-th parton with momentum
fraction z of proton

+ Does not depend on the future course of action of the
i-th parton - Process Independent



Parton Model

K

k Parton Model - Master Formula
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Bjorken scaling

Parton level Cross sections
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Quantum Chromodynamics

Non-Abelian Gauge theory - SU(3)
The Nobel Prize in Physics 2004

"for the discovery of asymptotic freedom in the theory of the strong
interaction”

October 2015

v T decays (N’LO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
® c.w. precision fits (NNLO)

v pp —> jets (NLO)

v pp —> tt (NNLO)

o y(Q?)

03+
David J. Gross H. David Politzer Frank Wilczek

Asymptotic Freedom 02|

— QCD 0x(M,) = 0.1181 + 0.0013

1 100 1000
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Accommodates Bjorken Scaling



Momentum sum rule

20F (x) = Fh(x) = ZQZQ r fi(x)

1

Measurements for proton and neutron

SU(2) symmetry
1
/ FP(z)dz = gfu+$fd =0.18
’ 1
/01 F3(z)da = g-fd+§1)-fu = 0.12 where Jo = /O dz T fo(@)

Contribution to hadron momentum

fu = 0.36 fa = 0.18  Only about 50% from quarks!

GLUONS ALSO CONTRIBUTE SIGNIFICANTLY TO MOMENTUM



Charged current DIS

Neutrino-Nucleon DIS can bring in parity violating SF
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Parton Model gives
FY?(x) = 2z [d(x) + a())

Fy™(z) = 2z [u(z) + d(z)]

Number of Valence quarks inside the Nucleon

/0 FYN(z)dx = /0 (u(z) — u(z) + d(z) — d(z)] dz = 3



Parton Model 1n QCD

Hadronic Cross section:

1
T
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Partonic Flux:
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Precision Measurements Precise Results

Y 4
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Parametrisation of PDFs

Standard form o
at initial scale o
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Simple Constraints
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QCD 1mproved Parton Model

Scattere
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Factorisation Theorem
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Only Parton and Target dependent
Non-Perturbative

Process Dependent Coefficient function
Perturbgtively Calculable to all orders




DGLAP Evolution

Collinear Renormalisation
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NNLO Results

[ Moch,Vogt, Vermaseren]

Optical Theorem UV + IR Poles in Dim. Regularisation
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NNLO splitting functions

[ Moch,Vogt, Vermaseren]

tree 1-loop 2-loop 3-loop 2
q 1 3 25 359
gy 2 17 345 Vaiiiics
h~ 2 56 :
qWw 1 3 32 589 \
qo 1 23 696 %
go 1 8 218 6378
ho 1 33 1184
sum 3 18 350 9607 /




NNLO splitting functions
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Going beyond NNLO

[ Moch et al]

Large x double log behaviour of Splitting and Coefficient functions
Trick: Use Physical Evolution Equations (PEE):

PEE: Differential equations w.r.t Q of Structure functions
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Ky K

PP

Kernels are enhanced by single logs



Going beyond NNLO

[Vogt et al]
Large x Behaviour of 4-loop Splitting and Coefficient functions

From PEE of  (F}, Fy) 4-loop results!
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+ O (In3(1—x))

From PEE of (FQ,F¢) and (FQ,FL)

Predictions of log6’5’4(1 —x) of 023)



Going beyond NNLO

MINCER o FORCER
for 4 loop results

Third order contributions to Coefficient and
splitting functions
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Going beyond NNLO

[Baikov et al, Velizhanin]

Non-Singlet Splitting function at 4-loops
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PDFs at approx. N3LO

[Bluemlein et al]

World Data: NS-analysis
W7*2>1256GeV"2 ,Q"2>4 GeV"2
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Heavy Flavours to DIS

. . . Bl lein et al
Coefficient functions depend on m [Bluemlein et al]

2
Fy p(x, Q%) ZCJQL( g’pﬂ) @ [z, 1)

mass of the heavy flavour

Mellin space result
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Light flavour Heavy flavour
Factorisation
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Perturbatively Calculable: A (—2, N) = | OilJ) -
u



Heavy Flavours to DIS

[Bluemlein et al]
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Higher Twist to DIS

[Bluemlein et al]

Hi(z) = Hp(z)
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Resummationed PDFs

[Bonvini et al]

Coefficient functions in

F2(-’l7 Q2) IZ (2‘(;_#)5:) Z/ dZC(n)(Z Q2 I‘R “})ft/p(x :1{)

1=q.9
log? (1 — 2)
o=, ( 1—2z ) 1logjz
. 2
7=0,...,00
Soft Gluons z— 1 High Energy Gluons 2z <<'1

[o/;”(u%) a(x)log" b(x) ~ 1 J when for certain n = g(m)

REsSuMMATION to all orders Reliable perturbations predictions



Resummationed PDFs

[Bonvini et al]

Soft Gluon Resummation: z — 1 Or Mellin N —

1
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Resummationed PDFs

X
NNPDF3.0 DIS+DY+Top, @°=10* GeV*
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Valence quark are less sensitive to Resumed Coefficient functions

[Bonvini et al]
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Large x behaviour of gluons gets modified



Resummationed PDFs

[Bonvini et all

Kt or BFKL approach to Small x Resummation
Altarelli-Ball-Forte procedure to resum small x for both
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Jets at NNLO for PDF

pp = Z/v*+jet = £7LT +jet+ X

P =

» large cross section
» clean leptonic signature

P =

+jet ~» sensitivity to as, gluon PDF....
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Jet studies for PDFs

NLO, ag = 0.118, O“ = 2 GeV* NNLO, ag = 0.118, Q” = 2 GeV*?
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X

NNPDF collaboration NNPDF collaboration

Jet data has a big impact on the medium to large-x gluon PDF

Need exact NNLO all-channel prediction to include full jet
dataset



Pt of Z boson 1n DY for PDFs

Boughezal, Liu, Petriello 2016

Z boson transverse momentum depends on high x of the gluon
Fiducial cross section is sensitive to NNLO

Cross section is dominated at x 10”7-2 which is closer to H
production region
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Strong Coupling from PDFs
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Conclusions

- Form Factor

* Deep Inelastic Scattering
- Bjorken Scaling

- Naive Parton Model
+ QCD improved Parton Model

- NLO Coefficient
DGLAP evolution

* NNLO and Beyond

- Higher twist, Heavy flavours



