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Recap of DIS

Scattering - THE tool to study inner structure of atoms, nuclei & proton

Parton distribution functions & the inner structure of the proton
- direct descendants of Rutherford's experiments

Rutherford’s scattering Kinematics of elastic scattering
spin-0 non-relativistic projectile with very heavy target (no recoll)
/
( do ) SR 4
dQ)/ Ruth.  4F2 sin4g | £ /4
); ______
q=(q)
wT (Ma O)
p'=(",p)
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Recap of DIS

Scattering - THE tool to study inner structure of atoms, nuclei & proton

Parton distribution functions & the inner structure of the proton
- direct descendants of Rutherford's experiments

Scattering of electrons on muons Kinematics of elastic scattering
spin-1/2 relativistic projectile scattering on muons
E/
do o’ E' A gifsiiistt
(_>: T GO — — SRSl EES
ds? 4F?sin* 3 b 2% ¢ 20 2 E 0
T LY
q=(q)
wT (Ma O)
Rosenbluth’s scattering
spm—I/ZI rellatlws’uc pr”OJlchIe.scattermg on magretic. form-factor o = (p07 p‘;)
non-point like target with spin-1/2 (proton) N
do % 15 K2 q? 0 q° 0
Fisipad F it % F 2) A 1t me F F Piey il 42 _]
(dQ) 4F2sin* ¢ E (R o T2 ) e85 — o F1l0) + rEy{q))sin” 5
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Recap of DIS

Deep Inelastic Scattering

[

p

133 ]

l/

ST
=4t
\

I(k) +p(p) = U'(K') + X

Kinematic variables

- E', 0 experimentally easy to understand

- z,Q? Lorentz invariant

gttt/ 0?2
Q2:_q2 $:% 336(0,1)
k
E%J'Orken—x

Distinguishing between elastic & inelastic scattering
2 2
W= (p;+py+...+p,)

_ifW?2=m
L I st i

129 elastic scattering
2
p

inelastic scattering
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Recap of DIS

Deep Inelastic Scattering
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DIS cross-section & structure functions

dE'dQ A4E2sin? ¢
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do o’ MR s € e eae ats
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Kinematic variables

- E', 0 experimentally easy to understand

- z,Q? Lorentz invariant

gttt/ 0?2
Q2:_q2 33:% ZCE(O,l)
&
E%J'Orken—x

Distinguishing between elastic & inelastic scattering
2 2
W=k e iy e s )

_ifW?2=m
L I st i

elastic scattering
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Recap of parton model

Deep Inelastic Scattering
l/

%

ST
p I:}X
\

I(k) +p(p) = U'(K') + X

Biggest puzzle - Bjorken scaling
- structure function F5(E’, 0) depends on E’, 6

only In one particular combination

X

- 20
Q? lab 2EE' sin” 3

2p.q M(E —FE')

0.5 1 T

0.4 | s
o ¥ 20k ¥ ‘}
0.3 | + | * o '% %‘F _
L’WZ ‘
0.2 .
w =4

ol m

O | | |
0] 2 4 6 8

Q2 (GeV/c)@
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Recap of parton model

Deep Inelastic Scattering
] / Biggest puzzle - Bjorken scaling

- structure function F5(E’, 0) depends on E’, 6
v

q only In one particular combination

Q? lab 2EE’ sin? 2

=gy $:2p.q e -

P
+ 6 o 18
Solution - Parton model <10 o 26°
0.5 a T T T T T
- Inelastic scattering an incoherent sum of oa | |
elastic scatterings on proton constituents 03 - + AR b ‘} |
VW, I
do€? T R
d o1 |- )
dx dQ2 Z/ €fq (dﬂf dQ2> 0 . 1 | ! c a | .
2 4 6
pamL on dist nbuﬁon ‘FUHCJHOH q° (Gev/c)?
Structure function in parton model at leading order
2
2 Q
(5 d¢
2. Z / LA ( 2p. q) 5
G — WESTFAUISCHE
mom. fraction § = Bjorken-x Vs Duversirie
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Recap of parton model

Deep Inelastic Scattering
] / Biggest puzzle - Bjorken scaling

- structure function F5(E’, 0) depends on E’, 6
v

q only In one particular combination

Q? lab 2EE’ sin? 2

=gy $:2p.q e -

P
+ 6 o 18
Solution - Parton model <10 o 26°
- Inelastic scattering an incoherent sum of Zi i - |
elastic scatterings on proton constituents 03 - + o4 o ter b ‘} |
514 P -
dadeQ Z/dgfq (dmd@2> o '
S
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Structure function in parton model at leading order

=Tt fenos(e- ) ;
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Properties of PDFEs

PDF sum rules
PDFs at leading order - number densities of partons

free quarks bound quarks bound quarks + RCP effects

eeeeeee

1/3 1
x

PDF sum rules - connect partons to quarks from SU(3) flavour symmetry of hadrons

proton (uud), neutron (udd)
for proton

/0 dz |u(z) — a(z)| =2 /0 dz |d(z) — d(z)] =1

it otetiadd Syt e

Momentum sum rule - connects all PDF flavours including gluon

Z/O d:z:x;(a:)zl :
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Properties of PDFEs

Scale dependance of PDFs

Scale dependance connected to DIS at next-to-leading order

DIS leading order

9
%’9 i F(z,Q°) _ /dg Zeg]fq(g)(s (g_ Q’ ) 3 Ze?,fq(x)

/ T 2p.q
q

DIS next-to-leading order (virtwal + remormalization)

q e O L /dzd£Ze?,fq(£) 1o (Zmz)e litkialo)
q

:
z (2) Q2 / T(-2)

q {(—822—2—8—7;2>5(1—z)}5(:1:—z§)

infrared soft + call. divergence
ultraviolet divergence cancelled
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Properties of PDFEs

Scale dependance of PDFs

Scale dependance connected to DIS at next-to-leading order

DIS leading order

%’9 q Fy(x, Q? &

HEE VT B NETOR A SIS
// : p-q
DIS next-to-leading order (real radiation)

q e O /dzd£Ze?,fq(£) 10 (Zmz)e litkialo)

2%% > z (27) Q2 ) T(1—2)
q/é%% {(3- S 7)&1—@+ﬂ+ﬂz—1+z%nz

2o ety 3

£
1+ 3 1 In(1 — 2
q - = + (1 + 22) ( ) d(x — 2§€)
g 2 1 — i i 1 — < e
- WESTFALISCHE
q WILHELMS-UNIVERSITAT

infrared soft + coll. divergence Wiusewn:
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Properties of PDFEs

Scale dependance of PDFs

Scale dependance connected to DIS at next-to-leading order

DIS leading + next-to-leading order

%’9 q q %77 q q
> >
q / q q /é%b’ q

JJQ2 / dg Zezfq { (1_§>_(g‘_;)pqq(§) (l—l—lngz—l—ﬁmte)}

uncancelled infrared coll. divergence

spLitthg fuwc’ciow

psatz)i= C'r {(1+z2) lliz] == 25(1 z)}
+

Similar trick to renormalization - divergence disappears In differences

fe) sy [ > 2Py (3) 10 L = it

L 5 QU— e WESTFALISCHE
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Properties of PDFEs

Scale dependance of PDFs

Scale dependance connected to DIS at next-to-leading order

PDF definttion begowd Lleading order (one possilo'LLLtg)

F2($7Q2
4

) = Z o hl65, @) e Q—dependenJr RS

Scale dependance of PDF

2 2 Il
dfq(anQ ) OKS(Q )/ %fq(ngZ) qu (%)

dlogQ? 2«

Oops - forgot one contribution at NLO

i F(z, Q@ N TR S 1
%77 : 2(3; ) il /dz d¢ f4(£) {(;W ( g’g > F((l - 258)) (_g) (qu(Z) + qu(z))
/ : +;—S [(z2+(1—z)2) lnl_z +6z(1—z)]}5(aj—z§)
g § d # :
splitting function H
qu(Z) T 1(22 _|_ (1 4 2)2) & WFLSHTESI-\ISS-CUHNEWERSITAT
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Properties of PDFEs

Scale dependance of PDFs - DGLAP equations
all contributions together mix different PDF via DGLAP equations

i QN T (@) iids 2 g
diog@2 T o /w ? [qu (E) fq('faQQ)"‘qu (E) fg(fa@2)]

df (ZC,QQ) £t OéS(QQ) ; df T 5 T 2
dglogQ2 27 ./:1: e [ng (E) fg(§, Q%) + Pyq <E> fq(&,Q )]

2ny + 1 set of coupled differential equations with inrtial conditions determined through the
fit to data (!)

decoupling some equations by working in a different basis

LK

9(z, Q%) 1s(2.Q%) = > (a(z, Q1) + G:(=, Q%)
1=1
gluon | SingleJr
ny
(O = Z (qu(flf,QQ) -y Q@($>Q2)> QES(% Q?) = (q@' == 672') a (Qj o (fj)
1=1 X
non_‘Sin918+ Y gZL}EI\II;\:SS-CUHNEIVERSITAT
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Properties of PDFEs

Scale dependance of PDFs - DGLAP equations

2ny + 1 set of coupled differential equations with initial conditions determined through the

fit to data (!)

o) = (a5 )e(
dlog@Q? \ ¢ Pyq Py

splitting functions have perturbative expansions in a

P.i(2)=PY () + %P(D(z) + ...

ij ot lds
non-singlet splitting functions @ LO identical
0
P (2) = PO(2) = P (2)

2 approaches to solutions of DGLAP equations

X-space Mellin space

Hoppet, QCDnum, ... Pegasus, ...

arXiv:0804.3755 arXiv:1005.1481 hep-ph/0408244
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Properties of PDFEs

Universality of PDFs

QCD factorization - proof that parton splittings universal -

allows a separation of hadronic cross-sections into process-

dependent partonic cross-section and non-perturbative

process-independent parton distributions

R @) =2Y [ Lo (Z0@) 5@
" A

partonic cross—section parton distribution
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Properties of PDFEs

Universality of PDFs

allows a separation of hadronic cross-sections into process-
dependent partonic cross-section and non-perturbative

process-independent parton distributions

QCD factorization - proof that parton splittings universal -

(#.@%) =3 [ “ai(Z0@) 5@

?V s vpesy
partonic cross—section parton distribution
fa/ha The same factorization allows predictions at the LHC,
- using the same universal PDF obtained elsewhere
%;X e.g. @ HERA
X 2
b o= Z/d$1d$2 o im0 Qo jnn @2, QN Gabls il
a,b R,
Tt trom experiment + trom pQCD

WESTFALISCHE
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Fit€ing PDFs
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Fitting PDF

Motivation to fit PDFs from data
need experimental input to get rid of IR collinear divergencies (much like renormalization)

use data and pQCD to gain information on the proton structure - intrinsically non-perturbative

PDFs as tools in particle physics
Open questions in proton structure - anti-symmetric sea quarks, intrinsic charm ...

PDF uncertainties limit predictions of Higgs production = limit measurement of Higgs coupling

New physics production probes PDF at high-x NNLO gg-+H at the LHC (8 = 8 TeV) for M, = 126 GeV
‘E 22 :I T T | T T T | T 17T I UL | T 1T | T 1 | T | LI I:
/\ i? O 215 = [eswoL por _’E
Gluino Pair Production PDF Uncertainty pre Yy ~ E | @ wmetwos S
30 : ' ' y ' Y /1 A =S =1C T 21 | @ ome -t -3
— CT10 4 p o - | W ey e -
— MSTW2008 y 7 \/g 20.5 = A NNPDF2.3 noLHC e .t E
25 NNPDF21 4 i 4 i T E V¥ uneDF23 e ' ,.-"'.-"'.-'-"' -
== HERALO . ! 20 f_ () HERAPDF1.5 . L=t LT _l,-"' E
|| — ABKMO9 = ABM11 - U e 3
2.0 — 195 :_ JROD "::::_'::"’-‘_— “Che i _:
: 1855, =
7.5 ggh@nnlo{w ANy =y =M,/2 =
Evvov b b v by | IIIIIIII :
ot _ 67112 0113 0114 0115 0.116 0117 0118 0119 0.12
1 2
Supersymmetric QCD og(M)
—0.5} 1 .
LHC (14 TeV) -
_1‘8.5 1‘.0 1I.5 2I.0 2I.5 3?0 3{5 4I.0 4I.5 5.0 WESTFALISCHE "
M, = M, [TeV] WILHELMS-UNIVERSITAT

s MIUNSTER
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Fitting PDF

Parton Distribution Functions

how do we determine them ¢ What are the moving parts in a typical PDF fitting-machine ?

-

\_

Choose PDF

input parameters

~

J

20
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Fitting PDF

Parton Distribution Functions

how do we determine them ¢ What are the moving parts in a typical PDF fitting-machine ?

-

\_

Choose PDF

input parameters

~

J

-

\_

PDFs @ Qo

~

DGLAP

J

20

4 )

PDFs @ any Q

- J
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Fitting PDF

Parton Distribution Functions

how do we determine them ¢ What are the moving parts in a typical PDF fitting-machine ?

-

\_

Choose PDF

input parameters

~

J

-

\_

PDFs @ Qo

~

J

20

DGLAP [ A
> PDFs @ any Q
\ Y,
Theory calculations
@ NLO, NNLO
4 N
Theory

-

(partonic O, F2 )

J
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Fitting PDF

Parton Distribution Functions

-

\_

~

how do we determine them ¢ What are the moving parts in a typical PDF fitting-machine ?

Choose PDF

input parameters

initial parameters

Adjust

-

Experimental

data

g ) bcap [ A
PDFs @ Qo > PDFs @ any Q

. J . J

Theory calculations
@ NLO, NNLO
Compare

1\ theory & data (X?) ( A

- Theory

20

-

(partonic O, F2 )

J
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Fitting PDF

Parton Distribution Functions

how do we determine them ¢ What are the moving parts in a typical PDF fitting-machine ?

1.
P P ot =l DN N S LI S S ( \ ( \
!l  Choose PDF | DGLAP
PDFs = PDFs an
i| input parameters i @ QO > @ / Q
' \_ Y, \_ Yy

Adjust Theory calculations

initial parameters C @ NLO,NNLO
ompare
C ) theory & data (X?) ( h
Experimental - f Theory
data (partonic O, F2 )
\ y N y
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Fitting PDF

Parton Distribution Functions - parameterisation @ initial scale

dependance on Bjorken-x not predicted or constrained by pQCD - need to fit to data

every global PDF analysis starts with a flexible parameterisation chosen at the input scale

(normally polynomials with ~ 30 free params)

Parameterisation caveats

flexibility requires to use as many free parameters as possible (eliminates bias)

too many free parameters leads to false minima, unconstrained parameters, ...

some bias might be put In the parameterisation

Generic PDF parameterisation
wihe = it )
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Fitting PDF

Parton Distribution Functions - parameterisation @ initial scale

different parameterisations possible and often lead to similar result

CTER &
hep-ph/0201 195 N
st Qo= leom (=t et (I eft o) k=u,,dy,g,0+d
d(z,Qo)/u(z,Qo) = coz® (1 — 2)* + (1 + czz)(1 — z)*

CTER 6.5
hep-ph/0611254
uinladin e (k= :1:)626_03(1_56)2“4:”2 k=l L G
AT et s (s )55 st (e e ) k=u4+d
oy, Qe i) = copl (= w55 1 E el = a7
H=Fe= g (% + d)
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Fitting PDF

Parton Distribution Functions - parameterisation @ initial scale

different parameterisations possible and often lead to similar result

parameterisation might change with time to allow for flexibility where data is available

CT10

arXiv:1007.2241 1 2 2
A0 = eyl i)l sl el i A=Al Wy

C

$g($, QO) = ¢z (1 ¥1 CC)CQ 663x+c4x26_c6x— 4

CT14
arXiv:1506.07443

s Qoli—="c £l (185 2 (03 U gl i e A L x2)
= u’uadvag
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Fitting PDF

Parton Distribution Functions - parameterisation @ initial scale
different parameterisations possible and often lead to similar result
parameterisation might change with time to allow for flexibility where data is available

MSTW
arXiv:0901.0002

% fr(%, Qo) = A g™ (1 — )" (1 + exv/T +1%T) &k =1y, dy, 2@+ d) + 5+ 5,5+ 3
z g(z, Qo) = Agz°e (1 — )" (1 + €gv/z + Yyz) + Ay 2% (1 — 2)"

CTER - JLAR ‘12
arXiv:i212.1702

Zka(ZE, QO) S0 xC1(1 $4 x)Cz (1 is 63\/54_ Cq SU) k= uv,dv,g,ﬂ wip _762_ U
dy
d, — cg” ( z +bxcuv>
Co’
input scale choice arbitrary (some choices more practical than others - mostly Qo = m.)
Qo = 1.3GeV Qo = 1.0GeV Qo=+v2GeV =
CTEQ MSTW NINPDF gffﬁf‘;ffu”ivgRs.m
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Fit€ing PDF

Parton Distribution Functions - parameterisation @ initial scale

different parameterisations possible and often lead to similar result
parameterisation might change with time to allow for flexibility where data is available

MSTW
arXiv:0901.0002

% fr(%, Qo) = A g™ (1 — )" (1 + exv/T +1%T) &k =1y, dy, 2@+ d) + 5+ 5,5+ 3
z g(z, Qo) = Agz°e (1 — )" (1 + €gv/z + Yyz) + Ay 2% (1 — 2)"

CTER - JLAR 12
arXiv:i212.1702 1 ' I ' l : | : |

(b —— CJ12mid , - o
xfk(xaQO) = oshk ® E)

-—-— CTI10 !
——— MSTWO08 ]
== ABKMO09

input scale choice arbit 021 2 X than others - mostly Qo = m.)
- O =100 GeV .
)o = V2 GeV =

0=13Ge}\ ol o . = '
0 0.2 0.4 0.6 0.8 1 ] e \\/ESTFALISCHE

CTEQ x NNPDF WILHELMS-UNIVERSITAT

MUNSTER
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Fitting PDF

Parton Distribution Functions - parameterisation @ initial scale

different parameterisations possible and often lead to similar result
parameterisation might change with time to allow for flexibility where data is available

NNPPF 1.0
arXiv:0808.1231

too many free parameters not a bug but a feature

Dl ()l =1L = e NN (s
V(z,Qg) = (1 —2)™ 27" NNy (z)
9(z,Qp) = Ag(1 - x)mg z~ " NNg(z)

5

s(z) = 5(z) = 5C,(a(x) + d())

different basis adapted to evolution

Y(z) = Z(%(ﬂﬁ) + qi(x)) Vi) = Z(Qi(x) — 4i(z))
Ty(2) = (u(e) +a(w)) ~ (d(z) +d()) — N



End of Lecture |
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