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Question:

What is everything made up ?
What are the fundamental building blocks?

s R

Earliest answer by Plato:
3Ear’rh, Air, Fire and Water



Structure of Matter

Atoms ;da_ © Graviation
© Electromagnetic
© Weak
© Strong interaction
e
< Strong interaction s '08'
G O | Quark Model

Parton Model

QCD

Journey Continues .....
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Quark Model
Quark Model - Gell-Mann and Zweig

Strongly interacting particles: Hadrons
Mesons and Baryons

Classification:

Assume that they are composite objects Made up of
point-like spin - 1/2 partilces called

Quarks and Anti-quarks

Baryons: Three quarks
Mesons:  Quark and anti-quark

Proton



Quark Model

Gell-Mann and Zweig

Quarks and antiquarks are constituents of hadrons and are spin-1/2 particles carrying
fractional charges

41 U
=|d
Realisation of the model through Symmetry group: Flavour-SUf(3) gi .
. -group of special unitary matrices
u Uu
U@ (d] =(d|, U@ =exp/(id-t) e SU3)
S s’

U'U =1, detU =1
(t17 t27 C. .t8) - generators

t?, tb] = ifabctc, fabc - structure constants

- Mesons: bound states of a quark and an antiquark
- Baryons: bound states of three quarks

el o] 3x3x3=10+8+8+1
JP=0": (,”:t’ 7TO: K:ta KO,ROJ?) Baryon octet, J© =1/2%: (p,n,u*, 20, 27,20 A) .
JP =1—: (/)i,p(),K*i,K*O, K*(),w) , Baryon decouplet, J© = 3/2%: (ATH AT AV A— x* 20 =7 20 0")



Color Quantum Number

Problem with Fermi-Dirac Statisics
ATT ututu?
Quark Model predicts fully symmetric wave function

Spacial part is symmetric

Flavor and Spin part is symmetric (ho anti-symmetric combination)

Need for New Quantum number: Color Quantum number

Han and Nambu, Greenberg and Gell-Mann

da —7 Ga,i 1 = 17 2, 3 a = u,d and s each has (red,green,blue)

Use this color quantum number to construct anti-symmetric combination to resolve

problem with Fermi-Dirac statistics

eijkuzujuk

Birth of QUANTUM CHROMODYNAMICS



Form Factors of hadrons

. . e (p1) e (p3)
Elastic Scattering o
=l @) q
2 B ) point ! el

p(p2) p(p4)

do o’ Es o g 2 0 q° 2 . 20
— = LG R Z in? ~
dQ ~ 4E2sin* ¢ Ex {( L= gm3 T2 | €05 5 T gy 1 H RpFR) sin’

Normalisation ) — 1L ) —

(1+kp)e
Ly = Qm: kp = 1.79

kp 1s the anomalous magnetic moment
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Electron-proton elastic scattering:

Hydrogen g Scattered

Electron Target Electron

. \ Recoll

o= Proton
1 + %‘? sin? 6/2
do do E' (}2 + Z'G2 9—
—V | 5 .< : + 2rG tan’
d€2 d <2 Mott E 8 1+ 7 2 )

The functions Gz and G, take account of the size
of the proton; they are called form factors
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Nucleon Form Factors Versus Q<

0.8 — . GEp

L ey, - Gpp/2.79
T4 * Gmn/ (-1.91)
0.4 |- "t*"*i. i

Form Factor

*'Ff;t{.# }

Results of 1965

Fig. 23. Summary of results on nuclear form factors presented by the Stanford group at the
1965 “International Symposium on Electron and Photon Interactions at High Energies™ (A

momentum transfer of 1 GeV'is equivalent to 26 Fermis .)

2

up to Q% — 10 GeV?

Grp (Q) = =

+
0.71 GeV?
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Dipole proton form factor

2
® o o ._1___ .,
G- 1 0'7‘)

('.P. = G_“/H

0 25 5.0 75 10.0
—q° (GeV/c)?
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Structure Functions from DIS

Inelastic Scattering Factorises
Leptonic Tensor

|1 471_64  og 0% dgk, y 1 Q2
k )
Hadronic Tensor
g
qiq*y . . P-q P-q i
|4 — _ VK v L
~ \/'/ W'u ( i 02 )‘11+(PU qzq)(P q2 qu)”2
-~ - ‘\, 2 .
g Wi(v,Q?°) i=1,2 Structure Function
Q? p.q
X=—— y==—"" Q°=xys NOT CALCULABLE
2p.q p.k
) . do a? 0 50
Inclusive Cross section dEd0 AE?sin® 0 (Wz(V, Q?) cos” 5 + 2W; (v, Q?) sin® 5)
mpW1(V, Q2) — P (x) VW2(V, Q2) — F2($)
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Bjorken Scaling

v Deep Inelastic Scattering

LJ

k

‘ [Hadronic Tensor]

WH(P,q) = /d4§ e'Tt < P[J"(§).J"(0)| P > «

, Pq , P. ,
= (—g""+ q;;’”)l-h + (P"—q—zqq )(P“— q—z"qﬂ)m

2

2P.q

Bjorken Limit: —q¢° 500, P-q— 0 with == fixed

Wi(P,q) = Fi(z), [ Bjorken Scaling ]

Birth of PARTON MODEL
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Deep Inelastic Scattering
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Parton Model

Elastic Scattering

k 5

—

] K/% x
l >

Deep Inelastic Scattering PARTON MODEL PICTURE
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Parton Model

Note that:

At hig

Hadrons are extended objects.
n energies (infinite momentum frame):
Hadron is Lorentz contracted in the direction of collision

- Interaction between constituents is time dilated

Model

assumes.

- At high energies they look like a collection of point

like particles called partons held together by mutual interactions.
Hadrons can be thought of one of the virtual states of these partons

Time dilation:

Electron/photon interaction with partons takes place in a time scale
shorter compared to time scales of virtual parton states.

Result: Inelastic scattering of electron proton can be thought

of as a incoherent sum of elastic scattering of electron and a parton.

16



Naive Parton Model

\\\\\725;:’7’ daL”S(P1Q)::jijjéldzfxﬁ)dﬁﬂ?fZQ)

|

p—————

|
!
[

b \/\K\\ " - 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 Ingependen’r



Parton Model

kl

k Parton Model - Master Formula

p W (P, q) = Z/_fz W (yP.q),
- Dimension-less

’ \ X

:_Qlf_'q_i mel(V7Q2):F1(CU7Q2)7
, VW2(V7Q2):F2(ZE7Q2)
x= 2. y =29 @2 = xys
2p.q p.k

[Fa(rQ Z/ ~fily Fa(r/y~Q2),]

Bjorken scaling

Parton level Cross sections

1,
Fi(z) = 5¢ 0z —§), .
Fy(x) — 21F1( z)=0. 20k (x) = Fa(z) = z;ez' z fi(x)

18



Momentum sum rule

2¢Fy (2) Z Q? x fi(x
Measurements for proton and neutron
1
/ FP(z)dz = gfqu%fd =0.18 SU(2) symmetry
1 4 1 1
/0 Fy(z)dx = §fd+§fu = 0.12 where fq = /0 dx x fq,(x)

Contribution to hadron momentum
f., = 0.36 f; =0.18  Only about 50% from quarks!

We now know that

GLUONS ALSO CONTRIBUTE SIGNIFICANTLY TO MOMENTUM

what are these gluons?
19



Charged current DIS

Neutrino-Nucleon DIS can bring in parity violating SF

do ¢ G%s

Y
N) =
dxdy (vNV) 2T

(- y)F (@) + v (@) £y (1- 3 ) 2Fy|

Parton Model gives
FyP () = 2z [d(z) + u(z)]

FJ™ (x) = 2x [u(zc) + d(x)]

Number of Valence quarks inside the Nucleon

/0 FYN(2)dx = /0 u(z) — u(z) + d(z) — d(z)] dez =3
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Quantum Chromodynamics

Han and Nambu, Greenberg and Gell-Mann

Solutionto A""  uwfutu? came from

Symmetry group: Color-SUc(3) SU(N)

U(F) = exp (iﬁ- f) c SUL(3) T T = ifvere j=1,--- N
, a=1,--,N*—1
L[4 91
U( ) (Qi,Q) — (%;,2) Casimirs (TaTa)ij = CF(SZJ
4i,3 qi,S fabCfa’bc _ CA(SCL/CL
O — N? -1

O —
Gauge the symmetry group SUc(3) N AT

Gauge Theory of strong interaction
QUANTUM CHROMODYNAMICS

Matter Field:'s  ¥; . ¥; - Fundamental representation of SUc(3)

Gauge Fields AZ - Adjoint representation
21



Gauge symmetry
QCD Lagrangian

= : 1 a va
ﬁQCD = Zﬂj (Zlek — méjk) U, — ZFMVFM + G.F

where D,(x) = (0 — igsT*AL) ()
F,, =0,A, —0,A, —igs|A,, A
Invariant under A, =T"A),
Ay = U(B) <A“ N éaﬂ> UT(ﬁ) [ 92,1
Db — U(B) Dy AV R
i,3 d; 3

K.E + Interaction part
£QC’D _ /:'K.E 4+ gSA/aLE,y,uTaw o gsfabC(aﬂAg)Ab,uAcu o ggfeabfechaAll;A,ucAvd

7’
a, i a, L a, L b,V

% §:~Lk 922\ 999)

/\ P, &,
b Y% q C A. c }\/ d G

where
1 2 1 2
Lxp= —5(0.40-0,4%)" - %(a AT (0,8 (0 + Y Wi (id — myp) W



Feynman rules
QCD Feynman Rules

f R £ sy,
a b _ —i5ab (gf“’+ € 1) ;;uk” ) i j p—m;+i0
k2 + 0 k2 + 0
= gy

= —gf* [gaﬁ(k‘l — ko)? 4 g7 (kg — k3)® + 7% (k3 — kl)ﬁ]

a )
e} b
- fabefcde (ga'yg&i . ga5gB7) -
_ —ig2 + facefbde (gaﬁg'yé o ga5g'yﬁ)
|+ fadefbce (gaﬁg&y o gavgéﬁ) ]
d Y
A &
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Ghost fields
Gauge fixing:

Gauge Fields contain two physical and two unphysical degrees
of freedom

Ghost fields propagate as well as interact with gauge bosons but do not
show up as physical particles

Ghost terms (Lorenz Gauge: 9, A" =0 ):

Lon = 0,c"0"c" — gsf“bc(ﬁuéa)A“bcc
b
e ST Q. iy L 000000 = s
y

/

C

24



Quantum corrections

Perturbation theory to compute Green's functions

Vacuum polarization WQW e D LR
%000

Vertex Function

Selft energy

p> ﬁ}}j{{ﬁ = : / d'l f(,p)
(

m)* (12 +ie)((p — 1)* + ie)

diverge when [ — +o00

25



Renormalisation

Perturbation theory tfo compute Green's functions
Coupling constant serves as an expansion parameter

Beyond leading order in coupling constant, they often diverge

Large momentum regions in Feynman Loop integrals

At short distances, local interactions give UV divergences
Practical resolution: Renormalisation

1. Regularise the theory so that we can proceed

2. Rescale the fields and parameters with infinite
constants (Zi) in such a way that the Green's function computed
in terms of recalled fields and parameters always give finite result

20



Counter Terms

Regularisation: Dimension reqularization: d=4+¢
d - space time dimension

‘CQCD (Ip?@a A,un ¢, C, gsam) — EQCD (%% A,uaca c, gs,m,e,,u)

Rescaling of fields and parameters:

1
Y = Zé (NR)¢R(MR) 9! Regularisation scale
1
A, =Z;(pr)Ar(UR) MR Renormalisation scale

g = Zy(uz) (i) ST gon(un)
MR

[’QCD (wv oy gs, T, €, :u) — 'CQCD,R (va " YsRyTNR, €, ,UR)
_l_LCT ({ZZ(MR)}a wRa " YsR, €, MR)

Choose Zi in such a way all the Green's functions in terms of
renormalized quantities give finite result to all orders in
perturbation theory 27



Renormalisation Group:

Renoramliation group invariance:

’CQCD (% "ty gs, 1N, €, :u) — ‘CQCD,R WR» " gsRyTNR, €, :uR)
+Lor (\Zi(1R) YR, -+ *, YsR, €, UR)

Since LHS does not depends on R

Green's functions computed from RHS will also not depend on
MR, when it is computed to all orders in coupling constant

This implies u%gfg<<gu1{¢-..AM-.&Z.}M2>::o

HRr

This leads to renormalisation group equations for

d

112 d— log (< QT{Yr - Aur- - ¥r--}Q>) =T(ur)

. in the limit ¢ — 0



Running coupling

R 2\ 5
gs = Zg(1iRr) <M> Se 2 9sr(R) s = Zo(p7) (M—z) ST as ()

MR HR

2 2
~ _Ys o\ _ 9sr(LR) _ 72
Wher'e s = 1672’ CLS(,LLR) o 1672 Za Zg

RG invariance implies o d .
pr7—50s =0
dus

Compute log on both sides

og(a) = 108(Z,(13) — 5 10g (12 ) +10g(5:") + logfas ()
Differentiate wrt up

d d ,

0= MRd— log(Z, (M2 ) — = + MRM log(as(ur))
Renormalisation group equation:
d d £
Hh—as(1h) = —as(u%)u%d—z log(Za(1ir)) — 5 as(ir)
KR HR

= B(as, ) Finite and Computablel

29



Running coupling

IS (as (“2R))

as(nh)

7

My
e
g

= —Boai(pr) —B1al(ug) — B2as(pk) — -

Solution at three loops

1

as(po) = as(ig) = + @i (1) [

(—m hlw)}
3 2 1 2 1 2 2 2 2
+a;(1r) | — (n7 —m2) + = (=i + m2 — i Inw + 17 In” w)

9 |
w=1-— Boas(,u%) log ('M—R> N = %



One Loop result

Renormalisation group equation:

as(uy) = —as(uh )FLREIOg(Z (%)) = Blas)

24

Beta function (exact)

E

1

5(@9) — Us3

21+a5d

Perturbative result to one-loop:

1
2 —
MR)Eﬁo

Zo =1

as(

log Z,

Beta function at one-loop:

B(as) = —a2Bo + O(ay)

RG equation:
2 das (:u%{)

= —a; B + O(a;



Beta Function of QCD
Four Loop results for beta function of QCD

d

pueh 0 as(p%) = Bl(as(pg))
R
= —Boai(pk) —P1ai(pr) —B2as(pg) —---
11 4
Bo = ECA—gTFTLf
34 20
51 — ?Ci — 4CFTan — ?CATan
2857 205
By = 5—40§+2<}%Tmf — =5 CrCaTpny
1415 44 158
——27 iTFTLf + KCFTI%’”?‘ + chTI%n?f
150653 44 39143 136
4 3
— _ T _
B3 CA( 186 9C3)+CA F"’f( 1 3C3)
7073 656 4204 352
C%CrT ( — ) CAC2T (—— —)
FCACFTEny {5457 = 796 ) T Calpleng ( == + 757G
7930 224 1352 704
17152 448 424 1232
+OACKTEN (S350 + 756 ) + g CaTing + 5, CrTin
dapeddadet ¢ 80 704 dgeddsed (512 1664
-1 = = <— -+ C3) +ny E 4 < — 3)
NA 9 3 NA 9 3
dabcd dabcd 704 512
o Gpap U3 9ls
Ty N4 ( 9 + 3 g?’)



Asymptotic freedom

RGE at one loop: By = ECA - §nfo
da 1
2 S 2
'uRd,u% — _GJSBO Ca =3, Tf — 2
Integrating from initial to final scales Bo >0
1 1

_ | 2 2
as(/i?f) — &s(,u?) ! 50 log(:uf/:uz)

Solution at one loop:
P 2) g (:u?)

Ug e
Wy =1 + as(p7)Bolog(ps / 117)

At large energies  as b — 00 QCD Coupling constant runs

coupling vanishes @ (,u?:) — 0

QCD I§ ASYMPTOTICALLY FREE

At high energies QCD is weakly interacting



Status of <s(LR)

Renormalisation group equation for acs:

d AVE® = (214 +9) MeV
1R Bz as(ug) = B(as(pur)) Four LOOPS AVE® = (297 £11) MeV
= —Bo ai(pR) — B1 ag(ug) — B2 a5(uk) — - - - as(Mz)=0.1185 + 0.0007
e
d ' o
5 e.c ays TO—l 0.5 March. 2012
Lattice 0 0 Q) '
I o v T decays (N3LO)
DIS —O—Q§ E : Lattice QCD (NNLO)
e s - | A 4l a DIS jets (NLO) :
e ' iz 0 Heavy Quarkonia (NLO)
e w. fits I—:O—I it o e'¢ jets & shapes (res. NNLO)
| e c.w. precision fits (N3LO)
A ST e ST LD B pp —> jets (NLO)
0.11 0.12 0.13 03¢
‘ ‘ o, (M)
Process ag( M) excl. mean ag(Myo) | std. dev.
r-decays 0.1197+0.0016 |  0.1183 +0.0007 0.8 M
Lattice QCD 0.1186 £+ 0.0007 0.1182+0.0011 0.3
DIS [FQ] 0.1151 £ 0.0022 0.1188 +£0.0010 1.5 vl .
efe” []PtS & ShpS] 0.1172 £ 0.0037 0.1185 £ 0.0006 0.3 =QCD 0(M)=0.1185 = 0.0007
ew. prec. data] | 0.119240.0028 ||  0.1185 % 0.0006 0.2 1 10 100
L | Q[GeV]
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Quantum Chromodynamics

The Nobel Prize in Physics 2004

“for the discovery of asymplotic freedom in the theory of the strong
interaction”

Non-Abelian Gauge theory - SU(3)

o (Q%
03+
David J. Gross H. David Politzer Frank Wilczek
Asymptotic Freedom 02}
Q% — oo &S(Q2) — 0 0.1}
1

October 2015
v T decays (N3LO)
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)

= QCD 0x(M,) =0.1181 £0.0013

Accommodates Bjorken Scaling
35
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Parton Model 1n QCD

Hadronic Cross section:

1
i
Armd) = O0d) 3 [ dy buynd)ad (T
aab=Qaq1g T

Partonic Flux:

ldx . e
dsab(y,#%) = / ?fa(x,ﬂ%')fb (%,p%) ; Partonic cross section:
y

Precision Measurements Precise Results

h¥

PDFs



QCD 1mproved Parton Model

Scattere

Collinear Renormalisation Factorisation Scale

QQ QQ #2
Eogﬁ = log ? + log 3

1 g B
Fy(z, Q%) = 17265/ —q(— Q“)[(S(l—z)+;—;0y5(z)+...]

sz/¥ﬂeQ{ wﬂy+]




Factorisation Theorem

Scattere«
Lepton

HFE - Factorisation Scale

tr - Renormalisation Scale

1
o' (z,Q%) = Z / %Cq; (2, Q% pwhs 1F) fip (%u%)

Only Parton and Target dependent
Non-Perturbative

Process Dependent Coefficient function
Perturbgtively Calculable to all orders




DGLAP Evolution

Collinear Renormalisation

m-=

q(z, 1) = qo(z) + —‘/I (%) PP( )log(“ ) +C( )- T

Arbitrariness in the choice of 1 = ur

o d (2) = 0 Collinear
. dp? A01%) = Renormalisation Group Equation

DGLAP Evolution Equation

: ) /2:% i e i (%)@ﬁ>
Ologp® \ ¢ I r P, fa's Py, f,as g

Leading Order

In QCD per’rurba’rion 7 A f
P'\.’"IO (z, # Z Hl . n b, 5%62:




NNLO Results

[ Moch,Vogt, Vermaseren]

Optical Theorem UV + IR Poles in Dim. Regularisation
v*(q) 2 v 7"
o= I 1 -
f(p) f ‘f 000000000000000
S
Poles in Dim. Regularisation
Py(e?) = a()PP@ /0y
+ al(W?)Py ()
+ ()P () j
Finite part : R

Cy(,1%) = O (w,1%) + as (1)} (, 1%) + a2 (1*) O (2, 1)

40



NNLO splitting functions

[ Moch,Vogt, Vermaseren]

tree 1-loop 2-loop 3-loop

%
aqv 1 3 25 359
g 2 17 345 Jm——
h~ 2 56 2, :
qWw 1 3 32 589 y P
qo 1 23 696 %
g 1 8 218 6378
ho 1 33 1184 g
sum 3 18 350 9607 / N\

41



NNLO splitting functions

P(“)( )_
gg \"t) —
5[4 97 8 103 16
16CAC;nf(x‘[§H2+3H10 —H: +5H 20 -Hoc_‘2 —Ho — -+ 2Hs
12 7 511 4 1 17 43
_ 2H, 2 H -2
6H. 10+ 2Ha0+ ]+pg,(x)[§s 2] +3G- x-)[24 10— 15Ho
521 6923 175
—H) - — H.1+.H1§.+Ho§.—_Hloo+—H11—Hx.l,o—Hl,l.l] H*
144 432
185 511 1
+6H_ 10+8Ho§3 6H_»o——Ho§_——Ho —g. ———H»o 3H1° 4Hoooo
43
Hoo+—>3 H"1+FH1 45.,2’—5H3—8H—3,o+?Ho,o,o+3(;+r )[5H2—H2,o
ll 1
+?H_1'o +H 20+ —'Q + Zgg -H 6 —4H ) 10— ',','H—I,O,O —H_L:] +(1-x) [9H1\;2
293 61 857
+1-Hoooo— o8 Hof;. Hlo T3 ——H1 —9Hol3 +16H > 10 —4H 300 +8H 20
13 3 95 149 3451
——Hloo+-H11 Hiio—- H111]+(1+X)[—I'Lo— —H 10— 36H +WHO
17 3,
—7H—2,0+TH0,0+?H3—¥Q—?§3— Hooo+6H~1—ﬁ +13H 182

+18H ) 10—H;;—-6Hy —4H ;> +6Hy, oC_+8H~g 7H~o,o—-H:.1,o 2H; ;1 —4H;p

~SH 10| — 328(1 - x))+16CAn,( Ho — 5oxHy - 5=, () + 53 (= —¥)[3 ~H

+(l—x)[7—2 - ,16]+ (1+r)[r,,+l,, —-Hoo H’]+'>885(1 x))

» s 1639 10
+16CA-nf(r[§s+—§:+— PH 0] + 3P0 (¥)[ 3
209 10
-3 8- .H_oo——Ho Hoo——Hlo Hloo——H» H3]+?pn(—x)[§3
> 5443 205
+2H—1o+—Ho§2—Hoo]+-(——r)[H3—Hogz——H.+W—3H1C_,.+—H1
151
—TH]0+H100]+(-+X°)[ —Fy — 5_+-H 1§.—§3+?_H 1 IO_EH 100
37 269 4097
-SH- 10+—H 1,]+(1 x)[—H_ao+H 30+ 2Ho00 — 3l — <= — 3H 22
—6H 2 10+3H 2003 H1§.+ H1+H10+—H100]+(l+t][193H"_£H 18

39
—oéz' - 1—.,1‘13 - —Ho 0+ —Ho§2 - 5Ho,of,: +503—-TH-1,-10+ ?H-l,o + 5H-1.o,o

3 3 1 458
+2H_ 1w—3Ha§_—-H~o+ =-H; oo+—H4] +-§2+7H_2'0+?H9+—H0+I{00€2

SH
[13 ! Lac g

1249

18

245 67 2 11
H0]+P::()[ %92 §-~+T§3

+;§:‘+4H—so—x Hop - HoQ_+—H3—Hoooo+ Hooo+
233

-8(1-x)[,88+6§,+1,,,, -g;])uscA r[33H_»

110
—44Hpoo — TH;— 3I'L 0+ 6§.+

[ Moch,Vogt, Vermaseren]

—4H 50+6H 2 +4H 2 10+ %H—;o —4H 200—-4H 22+ %Ho — THoGs + %Ho.o
—8Hoola +4Hp 000 —6H {3 —4H; 20+ 10H 00 — 6H) o0 + 8H; 000 + 8H) 100+ 8Hy

+EH1 o+ Eﬁl 00 +8H;20+8H; 5+ 134H2 —4H;0; + 8H;3 ) + 8Hap + %Hj +10H;39

134
+8Ha 10| + Pee () [Tgf - ?Ho;, —4H 30+ 16H 2l — 12H 23— —~H 10+ 2
+8H 3 10+ 12H {3 —18H 200+ 8H 3 20— 16H ; 15 +24H ) 100+ 16H ;12
+18H—1o§_ 16H-1000—4H 120 — 16H- 13 5Ho§p 8HooC_,. +4Hoooo+2H30

67 16619

52ty Hoo+8H4] ——-) BTN +3 o——f.a-—HoQ.——H’-—Hlo
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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

o0 () () F =
I _F - KF > altt K2 Ko | [ F2 (F¢>
d In Q% o y Kéez) K(f) Fg

s
Kernels are enhanced by single logs
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Going beyond NNLO

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

From PEE of (FQ’ F¢) 4-loop results!

P (x) =In(1—x) - 0

- 22
+1n>(1—x) 57 Carry — 2_ Cir Crry — 57 CAF’#]
293 4477
474 coge B e
Fin"(1=x) (27 C2) arty + (162 842) Car CFry
13 116
_Bectn M2 e o2 20 g3
g1 CAFCEY — gp CaRn + gy CarGrn® — g AF"‘]

+ O (In3(1—x))

From PEE of (FQ,F¢) and (FQ,FL)

Predictions of log6’5’4(1 — 55) Of 023)
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Going beyond NNLO

MINCER tfo 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

Vi = —/d:c:c”lP(:E)

ONEY? =X\ y*DVDP
O ’“’p" = YA\ A DVDPD%Y

3936832 10240 3
(3| @

S

6061

(5t

(2)°
approx:3 __ Tn
Tn (1)
Yn
n=2 moment
sns _ 32 940 ,
Y T gt g s T
1680283336 <
AT

h= 3, 4 moment

NS

24873952 5120 56969 ¢ ]
i

6561 4= 3

Pade® 3480

Va3, = 4) =5.55556 a, + 50.39095 a2 + 418.17201 a > + 4322.89048 a,* |

Tna " (4,np = 4) =6.97778 a, + 60.07233 a2 + 502.91174 a,* + 5066.33924 a,* .
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Parametrisation of PDFs

Standard form o
at initial scale o

[ f@2) = 0 (1 - 2)*Pa) |

where P(z) = (1+ azr + aqz® + - )eP (1 + e’42)P"
Simple Constraints

/01 da (fuyp(z,1?) — fuyp(z, 1)) =2 /Olda:* (fd/p(fcw ) — fayp(x, 1 ) @ @
Q@

1
/() dx (fs/P(x7M2)_f§/P(aj7/L2)) =0

Momentum sum rule

/O dr x (Z (fqi/P<$7u2) N fqi/P(mvﬂ2)) T fg/P(mwuz)) =1

0
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Observables for PDF exactraction
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PDFs at approx. N3LO

[Bluemlein et al]

World Data: NS-analysis
W?2>1256GeV™2 ,Q"2>4 GeV"2
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Heavy Flavours to DIS

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

2
FZLCEQ ZCJZL( 3’,&2) ®fj(x7:u2)

mass of the heavy flavour

Mellin space result

QZ m2 QZ QQ m2
CiorL (N, 200 =Clar N,LL_ +Hjor | NV, R 2

Light flavour Heavy flavour
Factorisation

2 2 2
Hisy ( | Q ) ZGL . ( Q > A;, <m—2,N> Operator

12 p

2
Perturbatively Calculable:  Aj; (m—z, N) =y | 0OilJj) -
u
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Heavy Flavours to DIS

[Bluemlein et al]
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Higher Twist to DIS

[Bluemlein et al]
_ H*(z) HS(x)
File, @) = MO, Q%) + =0 + — 50
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Resummationed PDFs

[Bonvini et al]

Coefficient functions in

Fa(z, Q) = zZ (2(:)':) 2. / 05 (2. Q. 1 ) figp (213

1=q.9
log? (1 — 2)
o= 2) ( 1—2 ) 1logjz
. 2z
7=20,...,00
Soft Gluons z—1 High Energy Gluons =z <<'1

[a’:’(u%) a(x)log" b(x) ~ 1 J when for certain n = g(m)

REsuMMATION to all orders Reliable perturbations predictions
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Resummationed PDFs

[Bonvini et al]

Soft Gluon Resummation: z — 1 Or Mellin N —

1
Ci(z,Q%, 1°) = Cz'(O)(Z) go(as) exp (—gl(asL) + go(as L) + asgs(osL) + - - )
L = @logN

47

N independent

DIS prod. Drell-Yan prod. Top pair prod.

antiproton
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Resummationed PDFs

X [Bonvini et al]
NNPDF3.0 DIS+DY+Top, Q*=10" GeV* NNPDF3.0 DIS+DY+Top, Q%<10* GeV?
1 I— T T T I T T T T T
1 ) ' 4 T T T | )
NNLO

< f= R
= 12Hwaet . B W 4o
«8 TR NLO#NNLL %’ 12 L3 NNLO+NNLL
5 1 \\ x’ 1.
> o \\\l\ ;
S. 0'9 ; ‘8 0'9 VD
x 3 » .
>0 ®0 B

.| 1 1 1 1 1 1 'O TR T I | ;§i

10°' X 10"

Valence quark are less sensitive to Resumed Coefficient functions

Large x behaviour of gluons gets modified
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Resummationed PDFs

[Bonvini et all

Kt or BFKL approach to Small x Resummation
Altarelli-Ball-Forte procedure to resum small x for both
Coefficient and splitting functions g z%f(x,lﬁ): / i ( i (.)) e, )

V_2K z,ﬁ,as

HELL (High Energy Large Logarithm) interfaced with APFELL

Pog - 0:=02 m¥=4 - - Q = 100 GeV - NLO+NLLx evolution / NLO evolution

T
'S from NNPDF

30_nlo_as_ 0118 at Qy = 2 GeV

11
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Jets at NNLO for PDF

pp = Z/v*+jet = £7L€T +jet+ X

P =

» large cross section

» clean leptonic signature
P =

+jet ~» sensitivity to as, gluon PDF,...

VAR VAV AR VAV Ay a4 \

/ / /[ /SIS S

/NS SN/ VAN IN_/___ T /_/

X. Chen, J. Cruz-Martinez, J. Currie, A. Gehrmann-De Ridder, T. Gehrmann,
E.W.N. Glover, AH, M. Jaquier, T. Morgan, J. Niehues, J. Pires

NLO QCD, Giele, Glover, Kosher 93
NLO EW Denner, Dittmaier, Kasprzik, Muck 11

NNLO QCD, Antenna substraction, ..Gehrmann-De Ridder,Gehrmann, Glover, Huss, Morgan
N-jettiness, Boughezal, campbell, Ellis, Focke, Giele, Liu, petriello,15
Boughezal, Liu, Petriello,16
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Jet studies for PDFs

NLO, ag = 0.118, O = 2 GeV* NNLO, ag = 0.118, Q7 = 2 GeV*
S . A — , V ,
> A\ Global Fit |
0.7 | 5
0.6 N\ NoJetData |
g 0.5 :
0.4 '
-
= 03
%02
0.1
0
.0" - t aalansalessslasanlyysd
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
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
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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”-2 which is closer to H
production region
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Strong Coupling from PDFs
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