Key element of QCD is the running coupling o (p?)=———

by In ()
This has been measured in several processes like fr'agmen’rclx\’rion
Functions, jets production rate, global fit at LEP and SLAC (Z°)
At hadron collider can be measured using the inclusive jet cross section.
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Jets transverse Leading order o
energy distribution  prediction

Nest to leading order
contribution

Jet data are divided into several bins of Et and in each bin a_is

measured.
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Good agreement between data and

and predictions

a_is evolved to MZ for all the

measurements. Then the values are

averaged:

ay(Mz) = 0.1178 £ 0.0001 (stat).
| *Problem due to the gluon PDF
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In order to evaluated the cross
section of any process involving
hadrons in the initial state

we must know the parton
distribution inside the hadron

PDF are non-perturbative properties, in principle they can be calculated
using Lattice QCD but the precision is not enough yet respect to
perturbative QCD+experiment measurements

A lot of progress on PDF has come from Deep Inelastic Scattering
at HERA, ep collider with 2 experiments: Hl and ZEUS



Deep Inelastic Scattering: description
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Vs the center of mass energy
xp x is the fractional momentum of the parton
p y is momentum fraction lost by e
\\proton
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d"o™" ~ ima (1 (L-y) FEm+ 0 (&S)) Differential Cross section
dxdQ?  xQ* 2 (what is measured)
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Not enough to extract u and dp 4



/////,f = Hi Run 122145 Event 69506
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Deep Inelastic Scattering: PDF
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We need other measurements, the neutron = proton with u < » d
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With a linear combination of proton and deuteron data — xu(x) and xd(x)

How many u and d quarks are present?

Integrate u(x) or d(x) to find the total
number of u or d quark.




We need other measurements, the neutron = proton with u < » d

1 .1 1 -1 l
T IENTon . - f o mn
_a'h = —quﬂ (1) + —qu.,,, () ~ 3 dp(z) + 6”““ J-

With a linear combination of proton and deuteron data — xu(x) and xd(x)

10 . . . .
\ }f{jjg :‘::;8: —— | Integrate u(x) or d(x) to find the total
8 | ] | number of u or d quark.
¥ PDFs seem to diverge for x = 0 .
5T @*=27GeV® 1 In the model we did not include the
\ e data “sea" quarks but only valence quarks.
4t \ CTEQGD fit . . — —
In particular u(x) and d(x) are
5L missing.:
xu(x)+xu(x) xd (x)+xd(x)
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Deep Inelastic Scattering: PDF - 3

4 1 .

The new profon PDF:  fIeet o (eup(e) + 21y(2)) + S {dp(2) + ()

1 1
Saying p=uud - ﬂ dz(u(r) - u(z)) =2, 4 dx(d(z) - d(z)) = 1
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N\ Valence quark have hard distribution
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Deep Inelastic Scattering: PDF - 4

Check sum-rule Z f dx xqi(x) =1

1
qi momentum Z/ﬂ dr xq(x) 0.5
dy 0.111 e
uy 0.267
ds 0.066 Where is the missing momentum?
e g'ggg There is one missing parton: gluon
2 0:016 which indeed is very important!

total 0.546



The PDFs depend on q°. Let's assume u(x,q”)dx is the density of u with
momentum fraction x - x+dx in a nucleon.

du(x,q’) _a,(q”) ¢ ) v\ dy
— P 2| L
dlncf M fol(y,C]) QQ<x> y

(known as Altarelli-Parisi function)  Let's try to understand it

q d q
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(v — x)P
(@) (b) e (c)

a) quantum of momentum q absorption by quark with momentum fraction
x at low q°

b) quantum of momentum q absorption by quark with momentum fraction
X which has radiated a gluon and which had a momentum fractiony

c) quantum of momentum q absorption by quark with momentum fraction

x created by a gluon with momentum fraction greater than x .



The events b) + ¢) that happen at high q° are described by the
AP equation.

The gluon emission probability is proportional to o_the probability
that the quark retains a fraction z=x/y of its momentum is given
by the so called splitting function:

4 (1+22)

Pool?)=3125)

The AP equation states that the increase du in u is proportional fo a_
and to the integrated number of quarks with y>x that can radiate a
gluon in a such way they fall in the interval x = x+dx

du(x,q’) _o(g’) ¢ 2 V. dy
= P 2 ) =L
dlncf T J‘xu(y’Q> QQ(x) y

This for the valence quark 0



If we include the sea quarks (case ¢ for example) and the gluon
we have a full PDF description, namely the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation:

d a(q’)(p P Only one flavor, in general

U = qq ag || 4 .
ding’\g/ 2m \P, P,| \g that matrix has to span over
all flavor
PQQ(z)_§ ((11” )> In analogy fo P_ the other splitting functions

are defined

Significant properties:
Pyg, Pgg: symmetric z — 1 -z
Paq, Pgg: diverge for z — 1 Soft gluon emission
Peg, Pgq: diverge for z — 0 PDF grow at low x
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Effect of DGLAP

xq(x,Q%), xg(x,Q%)

xg(x,Qz) -

25 L Xq + xgbar i

2 I Q%= 12.0 GeV? -
\\\“‘H

1.5 \ -

1] \ :
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05 \ -
D | L \.
0.01 0.1

Start with only quark
depleted at large x
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Effect of DGLAP

38

xq(x,Q%), xg(x,Q%)

o,

xé(x,Qé) —

Xq + xqgbar

2 \ Q% = 15.0 GeV?

0.01

Depleted quark at large x
Gluon increase at small x
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Effect of DGLAP

xq(x,Qz}, xg(x,Qz)

xg(x,(]z) —
25 L Xq + Xgbar |
2 t Q2 = 90.0 GeV2 - Depleted quark at large x
Gluon increase at small x
1.5 F y :
Ry

Hx"‘*-\.

0.01 0.1 1
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2.5

Effect of DGLAP

xq(x,Q%), xg(x,Q%)

Xq + Xqgbar

AN

Ix;gl(x,(]é) —

Q% = 150.0 GeV?]

Depleted quark at large x
Gluon increase at small x
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Effect of DGLAP

xq(x,Q%), xg(x,Q%)

xg(x.Q%) —— Start with gluon only
xq + xqgbar . depleted at large x
4 - .
Q* =12.0 GeV?
3+ |
2 r |
1+ |
0.01 0.1 1
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xq(x,Q%), xg(x,Q%)

xg(x,Q%) ——
Xq + xqbar

. Gluon decreases at large x
but increase at low x as the
- quark

Q% = 15.0 GeV?
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xq(x,Qz), xg(x,Qz)

xg(x,Qz) —
Xq + xqgbar

Gluon decreases at large x
but increase at low x as the
Q® = 90.0 GeV? quark
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xq(x,QZ), xg(x,Qz)

xg(x,Qz) —

Xq + Xgbar

Q% = 150.0 GeV?

Gluon decreases at large x
but increase at low x as the
quark
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F5 (x,Q%)

S A S it F_ at low g° assuming the
DGLAP: g(x,Qoz) -0 — F Fz q ming
1.6 ZEUS ] gluon =0
NMC —x— Evolve F, to high q° using DGLAP
1.2 ¢ Q% =12.0 GeV? ]
08 | "« :
K“x..._xh
04 - R S -
\\E\
0.001 0.01 0.1 1
X
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Fit F, at low q° assuming gluon = O - Evolve F, to high q° using DGLAP

FD (x,Q%) F2 (x,Q?)
o DGLAP: g(x,Q,%) = 0 DGLAP: g(x,Qy2) = 0
al ZEUS | 1.6 r ZEUS |
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X

It does not work! .



Fit F, at low q° with gluon — Evolve F, to high q* using DGLAP

g — qq generate extra quark at

large ¢° - faster rise of F, Gluon distribution is huge
FS (x.Q%) Xq(x), Xg(X)
1.6 1\ DEHAT (CTEZ?EGUDS) L ° Q% = 10 GeV?
\ 5 CTEQ6D fit
\
T2 N Q? = 150.0 GeV?] 4l gluon ]
0.8 | l 3 1 :
\\\
\\_\\\ 2 | i
0.4 T - 1
\\ — ds, Us
\ u
0 . . N 0 b= — =Y,
0.001 0.01 0.1 1 0.01 0.1 1
X X
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PDF Measurements

At HERA exploit these interactions. NC: ep—eX CC:epov, X
By selecting the final states it is
measured the cross section:

d?c®m  dma® (14 (1—y)? : O
~ Fem i C) .
dxdQ?  xQ* ( 2 2 (&5)) HERAF,

L =6.32E-5 _p pon1ez

L x=1,000632 « HI1 9400

&/ Fn:.'—-ng?ulnsulzss == .\'I:OQICII fit
Different final states give access k. & e

& BCDMS

to different PDF X
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PDF Measurements

Q*/Gev? |

HERA Data:
y

Kinematic region and data used for
the fit
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% Difference from NLO QCD with MESDY
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PDF Measurements

i

itement at 10 years-agdo_
™

The gluon PDF not very well known
If the CDF/DO data are included

T ==
'-: E 1 zeUs
- [ [ CDFD0 Inclusive jets <07
<~ 4 S
» 10 = E=H D Imclusive jets =2
:_ CDF Run 1A Dafa 5"‘1992_93) : ] Fixed Tarzet Experiments:
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Phys. Rev. Lett. 77, 438 (1996) 102
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Fractional contributions

Inclusive jet cross sections with MSTW 2008 NLO PDFs
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qq — jets

gq — jets

-gg — jets

100

Fractional contributions

0.2F

0.1

LHC,\/s =14 TeV

0o . 00<ys< o 3

- fastNLO with Mg = He = P;

-k, algorithm with D = 0.7 E
L Ll .
100 1000

p, (GeV)

27



08 F

PDF Precision

+ H1 PDF 2000

B ZEUS-S PDF Q=10 GeV’
" CTEQ6.1

Translate the experimental
errors and theoretical
uncertainties into uncertainty
band on extracted PDF.

Use these bands to evaluate
the reliability of the Monte
Carlo predictions include or
should include these
uncertainties
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