QCD - Lecture 4
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How do we determine Parton Distributions? They are not perturbatively calculable ...

PDF determination

(Lattice Gauge Theory not yet good enough...) Must extract from experimental measurements!

Parametrise PDFs at some low starting scale Q02 (typically a few GeV?), so as(Q02) small
Evolve with DGLAP equations to Q2 > Q02 and confront with data via a X2 fit

Oy, a ¢ bs o~

General xfi(x, Qp) =Agx™i (1 —x)"i F(x,{cp})
Parametrisation: gy, {c}) is a smooth function which remains finite both when x — 0 and x — 1
One specific  xuy(x) = 4, x*(1 = x)” (1 + &, Vx +y,x) Fl X 1e5])
example: xdy(x) = g x*(1 - x)bd (1 + €& ‘/; +Yd x) EG. simple polynomials,

xS(x) = 4, x_a’(l _ x)bs (1 +e, \/; + s x) Chebyshev polynomials,

i Bernstein polynomials; multi-
x g(x) =Agx_ag(1 - X) g(l +6g\/¥+ygx) layer NNs; ...

Not all parameters are independent: 1 B
Ag is determined from the momentum sum rule J; Z(x g(x) +xg(x)) +xgx)dx =1
9.9

1 1
Au, Ad from the number sum rules f uy(x)dx =2 f dy(x)dx =1
0 0

Various other choices restrict parameters



NC
CC

Then measurable quantities like, F,. xF; forv. v, &t ’ui- > p,D

depend on a finite number of parameters ( ~15-20)

These structure functions are measured over a very wide, (x,Q2) range
~2500 data points

So you evolve the partons — using the DGLAP equations — to a Q? value at which you
have data and then you predict the measured structure functions from them:

Simply at LO
And by convolution with QCD calculable coefficient functions at NLO and NNLO

Then you fit the data to determine the parameters of the PDFs

The fact that so few parameters allows us to fit so many data points established QCD
as the THEORY OF THE STRONG INTERACTION and provided the first
measurements of o, (as one of the fit parameters)



(x,Q2) kinematic coverage
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Note that, for now, we concentrate on constraints from DIS; we will return to talk about additional
constraints provided by pp collision measurements in a later lecture



Traditionally

Fixed target e/u p/D data from NMC, BCDMS, E665, SLAC, HERA

- 1 — 4 1 : :
o~ — 7] _ — = _ <\ Assuming u in proton =
Fy(e/ up) 5 x(u+1u)+ 5 x(d + d) + 5 x(c+7)+ o xX(s+75)  in neutron — sirong-

Fae/pp)~ — x(u+T+d+d)+ ~x(c+0)+ —x(s+3) "
e ~ — XU+ U+ -+ + —X(C+C)+ — X(S+S5
2ETHD) ™ Tg 9 9

Also use v, v fixed target data from CCFR, NUTEY, CHORUS , (NOMAD)
(Beware, Fe target needs corrections; even deuterium is not safe)

F,(v, v N)=x(u+u+d+d+s+35+c+7¢
xF3(v,VN)=x(u, +d,) (provideds =5)

We have 4 equations so we can get ~4 distributions from this: E.G. u, d, 7, d

BUT note we have assumed:

u in proton = d in neutron and g=gbar in the sea (in practice violations are very small)
And need further assumptions like sbar = 7 (ubar+dbar) and a heavy quark treatment
- The assumption on sbar is questionable
— But the heavy quark contributions can be calculated from pQCD

Note, the gluon enters indirectly via the DGLAP equations for Q2 evolution,
and directly in the longitudinal structure function FL at O(as)



The 4 equations could also come from e*/e- NC/CC scattering on pure proton target —
HERA

And why might we want to do that?
Because of this — the EMC effect

Heavy targets — and even deuterium — require uncertain nuclear corrections.

Fo | [ Sceas i ! MLW
F :‘: FP+n u.og.-}f 'FM [ Hi?h

1 : POV

0.9 F }
0.8 + H
0.7 :.} I! { Pb/C Hé Po/D
0.001 0.01 0.1 1 0001 001 01 1
(o) (b} X

But with e p scattering you can get 4 equations at high energy because you need W, Z
as well as y exchange.



HERA (1992 — 2007)

o 27.5 GeV> < 820 — 920 GeV 0 Js =300 GeV

Halle OST (HERMES)
Hall EAST (HERMES)
Hall est (HEAMES)

Halle WEST (HERA-B)
Halt WEST (HERA-B)
Elektronen / Positronen

Hall ouest (HERA-B,
( ) ~— Electrons / Positrons
Electrons / Positons

Protonen
-— Protons

Protons

Synchrotronstrahlung
=AW Synchrotron Radiation
Rayonnement Synchrotron

ZEUS

- two large experiments: H1 and ZEUS
« probe proton at very high @ and very low x

DESY (Deutsches Elektronen-Synchrotron) Laboratory, Hamburg, Germany

km




FE (x,0%) —log (¥

F2(x,Q?) from HERA

| x=632E-5

x=0.000102
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x=0.000253

x=0.0004
x=0.0005

x=0.021 .
M 2 - Q

%x=0.000632
x=0.0008

x=0.0013

x=0.0021

ZEUS

2= ) 2
E= ZEUSNLO QCD fit : Q’=2.7 GeV

—— H1 PDF 2000 fit

¢ H1 94-00
a2 H1 (prel.) 99/00

~Q’=3.5 GeV*
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x=0.005

x=0.008
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earlier fixed target data
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2 [ Q*=2.7 GeV? Q*=3.5 GeV? Q’=4.5 GeV? Q*=6.5 GeV?

F2

60 GeV?

70 GeV?

| |

10

1 10~

— ZIKUS NLO-OCD Fit

[ | tot. error
— WITHOUT-ZEUS Kit

| tot. error e ZEUS 96/7
A BCDMS

¥ NMIC

HERA constitutes the single-most important dataset in any current PDF determination



HERA measurements at large Q2

H1 and ZEUS
b/l.\ E T T T TTTT | T T T T TTTT | I 173
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HERA has also provided information at high Q2

Z and W become as important as y exchange
NC and CC cross sections become comparable

electroweak effects in NC visible at highest Q2

— direct evidence for Z exchange

HERA Neutral Current at high x

I\\\Illl I\I\\H‘ T \I\\\H‘ T \\\IHE
- oHiep o H1 e*p 94-00 ]
105, © ZEUSep98-99 o ZEUS e*p 99-00 §
- --- SMep (CTEQ6D) — SMe'p (CTEQSD) ]

x=0.08 (x10000) —& gess-8 808 8-B--8-8 ]
103 = x=0.13 (x2500) _mﬁﬁyh}?u\é\ .

2 B x=0.18 (x500) _@eﬁ%};g;g;g; ]
10° = .

- x=0.25 (x100)

10 = .
1 = x=0.40 (x5) =
qF
10 - i
F x=0.65
25
10 = .
10-37 |\\\|||| 2 l\l\\\\‘ 3 \l\\\\\‘ 4| \\\IHF
10 10 10
Q? (GeV?)

+
O—f,NpC (.’13, Q2) -

2
F2(x7Q2) - %FL(xa QQ):F}Y/_;xFZi(xa Q2)
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HERA measurements at large Q2

F2 gives the usual sea information

BUT also new valence structure
function xF3 due to Z exchange
(parity violating structure function)

extraction of xF3 needs both e*p
and e p measurements

_ Y

e p e+p

v F3(z, Q2) 0,.NC — 9rNC

measurable from low to high x on
pure proton target; no heavy target
corrections and no strong isospin
assumptions

YZ
3

xF

H1 and ZEUS
[ Q*=1000 Gevll 1 @=1200 Gev? 1 Q*=1500 GeV? 1 Q@*=2000 Gev?
I ] s34 ] s 3.}t ]
] 2% G i e Ty
L3 @2 = 3000 Gev? T Q*= 5000 Gev? 1 Q2 =8000GeV2 ] Q'=12000GeV:
I 1 1 1
053— { — $ 1 t
o H :
15 @-20000Gev? | QP=30000Gev? 10" 1
: Xgj
1
A | * HERA1fb'
£ HERAPDF2.0 NLO
0

| TR TET)
101 1

F2 =3i Ai(Q?) [xqi(x,Q?) + xqi(x,Q?)]
xF3 = 2i Bi(Q?) [xqi(x,Q?) — xqi(x,Q?)]

Ai(Q?) = ei? — 2 eivive PZ + (ve?+ae?)(vi*tai?)Pz2

Bi(Q?) =  —2eiaiaePZ+ 4aiaevivePz?2

Pz2 = Q%[(Q*+MZ2)(4sinZ0w cosZ0w)]

11



CC at HERA gives flavour information

O Hliep — SMep(CTEQSD) O H1e'p $-00 prelim. — SM ¢"p (CTEQSD)
O ZEUS cp98-99 o wludo) © ZEUS €"p 99-00 prelim. == (L-yFx(d+s)
..... {1-y)'x (B+8) e X (IHC)
zb K T 1 IIIIII] T T IIIIH__ T T llll”l T T llllll- T T lllllll T T llllll lb 2 L IIIIIII T 1T TTTTTT | | IIIIIII T T T TTT101T T IIIIIII
2 2 2 2 2 2 o 2 2 - 2 2 -+ 2 2
Q" =280 GeY¥ 4+  Q =530Gevy 4+ Q =950Gey . L5 Q" =280 GeV Q =530 Gev Q =950 Gev
2 s i il all

PR TR TT] s WA VAT
T T

ey
T TT

Q’ = 1700 GeV? 0.8 Q’=5300 GeV® ]

1k 0.6 =

04 F ™ =

0.5 o ~ ]

0.2 =]

- 02 it 4 Pt :

1 Q’ =9500 GeV’ 2 E Q' =17000 GeV’ ] 10 1 1
0.75 0.15 = E
0.5 - 0.1 ;— —:;— —;
025 0.05 % £ 3 % =
: 1 III:: 1 IIIIIIlI I. l-l III;

-1 -1 -1 -1

10 1 10 1 10 1 1 10 1

Lo (ep) = G2 My [x (ute) + (1-y)x ([@+9)]  Po(ep) = G My [x (ute) + (1-y)*x (d+s)]

dxdy 2nx(Q*+M?y)? dxdy 21x(Q3+M2y)?
e u, at high x :
M,y information ' d, at high x

Measurement of high-x d, on a pure proton target (one caveat: data only up to x~0.65)

d is not well known because u couples more strongly to the photon. Historically
information has come from deuterium targets — BUT even Deuterium needs binding
corrections. And you have to assume d in proton = u in neutron

12



FL

X — .

- DGLAP QCD: to lowest order, FL:  Fu(x,Q*) = $x* [ % - [2Fy(z, @*) + 8> €2 (1 — %) zg(z, @?)]
 at sufficiently low Q2 can neglect xF3 and write reduced cross section:

2 y2

Y. 1+ (1-y)?

2
or(x, QQ;y) = Fg(x,QQ) — }y/—FL(m, Q?)| where
+

« need to measure at the same x,Q?, different y — use different beam energies ( Q%= s.x.y )

E, (GeV) 460 | 575 [ 920 schematically:
H1 L (pb™ 1) 2] 6 | 22

ZEUS L (pb™Y) | 14 | 7 | 44
H1 and ZEUS
E F2
L
0.4

T T T I T T T I T

02 F2 - FL
0 0 y2/Y+ 1
I HERAPDF1.5 NNLO  [l] ABM12 NNLO
_02”_ | # B crionNLo I NNPDF2.3 NNLO at a given x and Q2:
. MSTWO08 NNLO JR09 NNLO
i " N F2 is intercept at y-axis
1 10 10 10° . .
FL is negative slope
Q2 [Gevl] g p

13
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H1 and ZEUS

HERA combination

Ay

e HERA NCe*p0.5fb™

Vs =318 GeV
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O ZEUS HERA1
O H1 HERA II
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&
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»
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arXiv:1506.06042
H1 and ZEUS
8 E Q*=300GeV? [ Q*=500 GeV? [ Q*=1000 GeV? Q= 1500 GeV*
T2 st s
© En ;
ail L
[ _ % L
A A A" "o
[ [ L)
PRl pevgenawer:  pesapcveraenpe o sommey s metenoaliecny  w jeoenerg RTStcomleenl  favusve: V@i
06 L ©Q=2000GeV [ Q*=23000 GeV? [ Q*=5000 GeV? [ Q*=8000 GeV?
AR
i ; b », $e
0 -..n. R ETT | SRR T e | L |%l|||>|inll Lol " |§|n. sl PEN) h*
[ Q¥=15000GeV? [ Q'=30000Gev? | 107 107 07 10 1 %
o1l i ® HERA CCe'p05fh" Bj
[ I Vs =318 GeV
[ [ O ZEUS HERAII
005 I- ‘ r { ZEUS HERAI
[ ‘ I O H1HERAII
Bt ooy Brmeloe o wemps o M A H1HERAI
10° 107" 10° 10" 2

H1 and ZEUS measurements combined in generalised averaging procedure, taking account

of correlated systematics within and between experiments
experiments cross-calibrate each other — reduced systematics in combined dataset
total uncertainties improved by more than V2 in systematics dominated regions

HERA constitutes the single-most important dataset in any modern PDF determination

14


https://arxiv.org/abs/1506.06042

PDFs from a variety of groups

s IF H2=10 GeV? = - 3 K2 =10 GeV? e
# | === HERAPDF2.0 NLO i Q1 #= HERAPDF2.0 NLO &
0g L — MMHT2014NLO - a &> MMHT2014 NLO a
| —— CTI0NLO 04 % 16 +HCT10 NLO (68% CL) %
I —— NNPDF3.0 NLO B o == NNPDF3.0 NLO o
[ C B NS =
5 z 4 =)
- => _c"o
C » 1.2 ”
B ~ P
C ='> 'Ub
- - 1 a
0.8
[ vl debsannl avaaiiiel  asen it
10+ 1 10 10° 102 10 1
= X
E S 14F =13
=~ o L o
E = <
3 > S1s
Z § 12 %
2 é =11
- 0 77
£ - Sun
= ~ S 3
£ o | wn 1
:_ - -
3 09
E 08
= Gl e el 086 i
10+ 1073 1072 101 1 10* 10° 102 10! 1 10
= X

* this is what the PDFs look like — these are measured, not theoretical!

 PDFs are extracted by various groups:
* 3 main global fitters: CT, MSHT (previously known as MMHT, MSTW and MRS(T)), NNPDF
- others, usually using subsets of data: ABM(P); (J)GR(V); HERAPDF (HERA only); ATLAS, CMS and LHCb Colls., ...

various illustrative PDF plots will be shown from now; many historical, not necessarily with the latest PDF versions! 15
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PDF evolution with Q2

H1 and ZEUS

1 T LR T LR T T

u2=10 GeV?

el ] BERAPDF20NNLO

E HERAPDF2.0HiQ2 NNLO

as seen previously, valence evolve slowly, while sea and gluon evolve very rapidly!

xf

(]
in

[ ]

H1 and ZEUS

TTT] T T T TrTT]

12 = 10000 GeV>

2
f

] mERAPDF2.0 NNLO

ES HERAPDF2.0HiQ2 NNLO
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PDF uncertainties

B, o ST H1 and ZEUS
an
1 T T T T TTTT T T ||||||| T T ||||]|| T T T T TTTT |= 2_ P IOGV, |Q 2_
. ) ~ E us = ev” ] e _
12 =10 GeV s f 1 b
I — HERAPDF2.0 NLO ] ] 1F
0.8 uncertainties: ] :
I experimental - 05 f
[ model |

[ parameterisation

0.6 HERAPDF2.0AG NLO

04

0.2

1 IIlIIII 1

\

Xu

u2 =10 GeV?

= HERAPDF2.0 NLO 1

uncertainties:
I experimental
model

[ parameterisation

0\

-0.2 f T R TN
10 ¢ W 10
| X
, 2
= “f 2 :
T w=106Gev? “
15

1 IIlIlII

102

10-1 1 02 :__’_”/ 0.2
X 0E
O2E
10* 10° 107 10 < 1 10*

what do the error bands mean?

part is directly from experimental uncertainties on the measurements

part is due to assumptions — let’s first consider assumptions ...
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progress over 20 years of PDF fitting

u(x) at Q* = 10 GeV’

1 L |
10‘4 10 3 10'2 0.05 0.1 2 3 4 5 6.7 i%
X (Scale is linearin x )
2 T T T T T T T T T T T T
CTQ2M ) ,
MRSAS u(x) at Q“ = 10 GeV

4 5 6 .78

X (Scale is linear in x")

the u-quark from 1984 looks rather
different than the u-quark of 2004!

WHY?
obviously experiment has contributed

HERA data has shown that at low-x
the gluon rises very steeply and
generates a steep behavior in the
quarks (see later)

BUT also development in relaxing
model assumptions ...

18



model assumptions |

« The mathematical form of the parameterisation

(The NNPDF use a neural net to learn the shape of the data rather than
imposing a specific form of parameterisation)

« For Q? >> Q2 this gets “washed out” provided it's reasonable...

« Value of Q2

* No longer assume:

 i=d , §=0 asinearlywork (NB, parameters a, b are as defined
d 1 at the start of this Lecture;
« Y _ _ independent of x, b, =Dy control low and high-x behaviour:
u, 2 X2 (1- x)P

Or as = dg, dy =dg

Or impose values on these parameters like
as=dag =0 a,=ag =0.5 b,=bs;=73 be =35, by="7

Where did these prejudices from?
- Regge theory and counting rules

19



model assumptions I

We now know that,

d -1 Ydx
d ”fz £7(F{—F§)¢0.33

1 2 _
=3 fciv(uv—dv)+ gfdx(ﬁ—d)

: : '
_rather than %(ubar+dbar) [ |we will return to this later!

=

+d (from neutrino dimuons — maybe!)

4 77% ,,.

Charm sea generated by Boson Gluon Fusion (BGF)

We still assume: ﬁ

dproton = Uneutron MRST QED 2004 challenges this

Uproton = dneu’[ron

Ul
|

O]

e (sea =0 Maybe not for strange sector

20



valence flavour structure

Historically an SU(3) symmetric sea was assumed
U=U,+Ug,, d=d +d,
Ug.,= Ubar = d., = dbar =s = sbar =K and c=cbar=0
Measurements of F,t" = u, + 4d, +4/3K

F.MP 4u,+ d, +4/3K

Establish no valence quarks at small-x because
FH/F PP —1

But FH/F, P —1/4 as x — 1

Not to 2/3 as it would for d /u,=1/2,

Hence it looks as if d/lu — 0 as x — 1
i.e. the dv momentum is softer than that of uv

WHY? Non-perturbative physics...

... BUT precise behavior not understood:
data inconclusive, with large nuclear uncertainties; no predictive
power from current pdfs; conflicting theory pictures;

dv/uv essentially unknown at large x!

5" (x)
PP (x)

0.8

0.4

0.2

0.9
0.8

0.7 t
0.6 1

0.5

04
03¢
0.2
0.1

' J T T =
+ +— S(x) dominates
”0
’_ + + . —
H‘o’
- +¢'O ¢ .
oﬁv’“
#&.{.
o . i
f #9#
~  u(x)dominates — -
1 1 1 1
0 0.2 0.4 0.6 0.8 10
X
IR
dv/ 2
’ ViUV [}
Q%=2 GeV? |
' NNPDF3.0 &2z ;
CT14 5
MMHT14
ABM12
CJ15

| (1/2) SU(6)

41 (0.28) DSE1
(0.20) NJL, pQCD
-

(0.18) DSE2

(0) cam

02 03 04 05 06 0.7 0.8 0.9

X 21



flavour structure'in‘the sea

d + 77 in the sea

Consider the Gottfried sum-rule (at LO)

1
fd(F2p_F2n)=§fdx(uv

If 7 — d then the sum should be 0.33
the measured value from NMC = 0.235 + 0.026

2 _
—d,) + gfdx(ﬁ—d)

Clearly d > 7...why? low Q2 non-perturbative effects,

Pauli blocking from valence, suppression of g—uubar relative to g—ddbar;

meson cloud models: p » na*, pa°, A*T a7 ..

x(d—0)

0.05

0.04

0.03

s
0.02 Ir’ y

d
0.01

0

—0.01

0 0.1

® E866
E=5 QcCDfit
CTEQ4M
- CTEQSM

Q* = 7.35 GeV? I

I I I
0.2

we now have more detailed shape information from Drell-Yan qgbar—pu data using pp

and pD scattering

Note, if we compare this
difference to the overall size of
the ubar and dbar PDFs it is
quite a small effect, and even
less important at higher scales

5 MMHT14 NNLO, Q? = 10 GeV?

0 b=
0.0001

T T £ T

0.001 0.01
b

) MMHT14 NNLO, Q* = 10* GeV?

zf(z, Q%)

0.8
0.6
0.4

0.2

0 ==
0.0001

W T T T

| L | Lo

||||||

0.01

& 22

0.001



exactly how strange is the sea?

xd(x,Q), comparison x5(x,Q), comparison
0.7 AL S 5512 R ] 0 S -
i , _— . . d NNPDF3.0 ] —
et E X % CTI4 E Yn K
JR MMHT2014 ] NN MMHT2014 ] +
Q=1.41e+00 GeV E Q =1.41e+00 GeV E /_L
] 3§
= = %5 3R W Vi
C ] 1 g S
- ] 1 2
E T — <
= m - £
- ] 1 3
3 e 1 3
C 7 4 3
: : i8I X
- N : ©
; \ | N | NuTeV

—_
OO
IS
iy
o
&b
-
o
o
e
q
Y
OO
IS
-
o
b

‘%‘0-2 T 107
A first guess was: sbar = "2(ubar+dbar)

BUT quickly became sbar = Y(ubar+dbar)

when neutrino dimuon data seemed to indicate suppression (NuTeV, now CHORUS, NOMAD)

BUT what is the level of suppression as a function of x? Nobody really knows!

appears suppressed at high x BUT not necessarily at low x?

neutrino measurements only provide information for x ~ 0.1

PLUS it needs nuclear target corrections, understanding of s — c¢ threshold transition, and of progress of
the charm quark through the nuclear medium

and modern LHC data on W and Z production from ATLAS suggest it is not

suppressed at low x (see later)
23



strange ratio

ratio: xs(x)/xd(x)

ro(X) 18 ) [NLO PDFs E
B: “Z HERAPDF15 |-
1.6¢ 4 cT10 E
14 —e— MSTWO08 -
12E Hel ABKMO9 &
1B s == NNPDF2.1 .
0.8 _ -
0.65 e iSisinsiy e
3 ) TR | .
102 10"

(slightly older PDFs shown here, plot just for illustration purposes)
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s = sbar?

BUT Is the strangeness sector even charge symmetric?
— is this the cause of the NuTeV sin?6,, anomaly?

« CTEQ say that current global analysis does
not require a non-zero xs_(x)= x(s-sbar) Its

value is in the range

—0.001 < (x),_ < 0.005

At 90%CL o —
0.006 | X s_(x) }

0.005 ¢

They also  **|

0.003 r

give a 0.002 |
range of 0""’; f i
possible o001 |
ShapeS _0'00210'516'3 02 05 i 2 3 45678

(NB, (x)s. = folzs;(x,Qo) dx)

x(s(x)-s(x))

Other groups say there is an
X(s-sbar) asymmetry

| wNNPOF30
MMHT14

BUT this is a very small effect
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isospin symmetry assumption?

Is it true that u in proton = d in neutron ?

NOT if QED corrections are incorporated in the analysis
— is this the cause of the NuTeV sin?6,, anomaly?

0-010 ) I ) | L) ) T | T T T | ] T T | T T T
| MRSTQEDO04
L Q° =20 GeV?

0.005 |

And this is an even
smaller effect

0.000

-0.005

_0.010 I 1 1 1 I 1 1 1 I 1 1 1 I 1 L 1 l 1 1 1
00 02 04 06 08 10




extras

27



progress over 20 years of PDF fitting

thanks to Wu-Ki Tung

Fixed-tgt HERA DY-W Jets Total

# Expt pts. 1070 484 145 123 1822
EHLQ ‘84 11475 7750 2373 331 21929
DuOw ‘84 8308 5005 1599 275 15187
MoTu ~90 3551 3707 857 218 8333
KMRS ~90 1815 7709 577 280 10381
CTQ2M ~'94 1531 1241 646 224 3642
MRSA ~'94 1590 983 249 231 3054
GRV94 ~94 1497 3779 302 213 5791
CTQ4M ~'98 1414 666 227 206 2513
MRS98 ~'98 1398 659 111 227 2396
CTQeM 02 1239 508 159 123 2029
MRSTO01/2 1378 530 120 236 2264
Alekhin’03 1576 572 892 270 3309

(even the most recent fits shown here are now rather old, but illustrate a point!)
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