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

by In ()
This has been measured in several processes like fr'agmen’rc/x\’rion
Functions, jets production rate, global fit at LEP and SLAC (Z°)
At hadron collider can be measured using the inclusive jet cross section.

[1 + HHUER)J&;I{#LR?I;F?ETH

\ : o3 (ug) X© s B ks (g po Er)
Jets transverse Leading order
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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CMS Preliminary

CMS Incl. Jets - aE(NIZ}:D_11g5T£iﬂ:‘;5
CMS R,

CMS 1T cross section

CMS 3-Jet mass

CMS Incl. Jets

DO inclusive jets
o DO angular correlation
o H1
o ZEUS

Good agreement between
data and predictions

a is evolved to MZ for all the

measurements.
The values are averaged:
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a.=0.1165%0.0008 (exp )+ 0.0038 ( PDF, theo)
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H1 multijets at low Q?
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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
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the center of mass energy
Q" photon virtuality ¢ transverse

XP resolution at which it probes proton
p x: longitudinal momentum fraction of the
“oroton struck parton in proton

y: momentum fraction lost by e
d*aem N bt (1 T (1 — J/) Fem +0(a )) The zeroth order in a, the
- L5

dxdQ?  xQ? 2 ~a differential Cross section
Structure Function (yhat is measured)

proton I - JPE | |
‘IE = x(eyUp(r) + egdp(T)) = 2 ( Up(T) + —r! (T J

\\AA parton distribution
function



Experimental measurements

/ & ton H1 Run 122145 FEvent 69506
ot P Date 19/09/1995

NC:ep—oeX

ep measurements are not enough to
extract u and dp

CC:ep-v X




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

1 .1 1 ) 1 Isospin symmetry
I;ueul:mn q”H|__},',l|j|ru—Jff|EI+JHJ“ J

i
With a linear combination of proton and deuteron data it possible to
1 . deduce xu(x) and xd(x)

| { :SE f'-_:’ — .!.'f.: ——
—3F] Py oz = F5 D yrd( :j
08 “x .
%I\;\L Next question:

_ 0fr \ Q*=27GeV" 1 How many u and d quarks are
= N\ NMC data
e 5 present?

04 . CTEQGD fit . .

\, Integrate u(x) or d(x) to find
02 | #\ : the total number of u or d quark.
0 1 1 1 H-.-----"'r —

0 0.2 04 0.6 0.8 1



We need other measurements, the neutron = proton with u < » d
| { | Isospin symmetry

i | | -
SOETon _ F o L e e o (e L —ap fae
;:Ig = E}H”[,I _,| E}Hr, (1) ™~ ; dp(z) + ; Uy (1)
With a linear combination of proton and deuteron data it possible to
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deduce xu(x) and xd(x)

| FP? Jx — u(x)" ——
.| { F59 /x —r“dgx;” | Integrate u(x) or d(x) to find the total

number of u or d quark.
sl ?-27ce2 | PDFsseem to diverge for x —» 0.

* NMC data
ab 0\ CTEQBD fi ! In the model we did not include the
\ "sea” quarks but only valence quarks.

27 K 1 In particular u(x) and d(x) are
. | . . missing.:

0 02 04 06 08 1 xu(x)+xu(x)  xd(x)+xd(x)
X



1 | 1
The new proton PDF:  pFro™ _ gﬁ.rup{;r) + viiy(z)) + a{t'fp[.?‘] +dy(z))

]

J

When we say p=uud - / de(u(z) —1(z)) =2, / dr(d(z) —d(z)) =1
J0 JU

quzlirks: x?[x} U

0.6 ) 5 o d Yu
0E JI! Q" =10 GeV | d u d u
| CTEQGD fit
|
0.4 -II', ) ) . )
| u—u=u,is valence quark distribution
0.3 | Ill.._;*' __k':l'-,r.' I_I-.lr,- ]
Any quark can be present in the proton
02/ .
AN ds '\ Valence quark have hard distribution
01 f NN A . . . . .
SR Sea quark have fairly soft distribution
Cg , == T~
0




Deep Inelastic Scattering: PDF - 4

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

di momentum 1

dv 0.111 Z/ dr xq(x) 205

Uy 0.267 g 0

ii gggg Where is the missing momentum?

ss 0.033 There is one missing parton: gluon!

Cs 0.016 which indeed is very important!
total 0 546 Not directly probed by y/Z or W

To discuss gluons we must go beyond 'naive’ leading order picture,
and bring in QCD splitting

Antiquark-
Pair




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®) 1 ) v\ dy
o P 2| L
dlnq2 M .[xu<y’Q) QQ<x> y

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

q d q
P

yP

@) ® (©)
Low g* quantum of momentum q is absorbed by quark carrying a

momentum fraction x of the nucleon momentum P, case (a).

High g*: quark can dissociated into a quark of momentum fraction x<y and
a gluon (y-x). A quantum of momentum q is absorbed by the quark
carrying x<y, case (b). At very small x the increasing number of gluon can
generate qq, (with small x) and a quantum of momentum q can be absorbed
by the quark increasing the structure function at small x, case (¢). "



The events b) + c¢) 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+2)
Poolz)= 3(1—z)

The AP equation states that the increase du in u is proportional to 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’) _a(q) ¢ ) V. dy
= P 2| L
dlnq2 T fxu(y’Q) QQ(x) y

This for the valence quark 0



If we include the sea quarks (case c for example) and the gluon,
we have a full PDF description, namely the

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation:

d |(q\_o(d)|p, P, g That for c?nly one flavor, in general
ding’\g ~ om P, P, | g that matrix has to span over all
flavor
PQQ(z)_§ (<11+Z )) In analogy to P the other splitting functions
are defined
Significant properties:
Pog, Pgg: symmetricz < 1 — z

Pyq, Pgg: diverge forz —1  Soft gluon emission

Peg, Pgq: diverge for z — 0 PDF grow at low x
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xq(x,Q%), xg(x,Q%)

3 Cod Lo T T ' .
xg(x.Q%) —— Let’'s start only with quark

25 L xq + xgbar ] Quark is depleted at large x

| Gluon grows at small x

2 PN Q% =12.0 GeV?

1} N |
0.5 | N -

D ' R L L ey

0.01 0.1 1
X
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xq(x,Q%), xg(x,Q%)

xg(x,Q%) ——
25 | Xq + xqgbar
2 PN Q2 = 15.0 GeV?
15 | S~
H-"‘H\xm
1 L AN i
0.5 | t
\
D T . .\.\ .
0.01 0.1

Let's start only with quark
Quark is depleted at large x
Gluon grows at small x
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xq(x,Q%), xg(x,Q%)

xg(x,Q%) ——
25 L Xq + Xgbar
2 Q2 = 90.0 GeV?
15 | S
1 L N
KL
05 B \ NN&
~_ - \K\
D | o Ty
0.01 0.1

Let's start only with quark
Quark is depleted at large x
Gluon grows at small x
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xq(x,Q%), xg(x,Q%)

xg(x,Q%) ——
25 L Xq + Xqgbar i
2 Q% = 150.0 GeV?]
. ~
1.5 ™~ -
1 F HH“\ l i
0.5 r \ i
N
D I "“-—~I “"T—h—-.-__._T Py
0.01 0.1 1

Let's start only with quark
Quark is depleted at large x
Gluon grows at small x
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xq(x,Q%), xg(x,Q%)

xg(x.Q?) Now sTarT with gluon.
S xq + xgbar T Gluon is depleted at large x
4 L .
Q% = 12.0 GeV?
3 | \ ]
2 L _
.1 | —
0 , e . -?H“"r---._ e
0.01 0.1 1
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xq(x,Q%), xg(x,Q%)

xg(x,Q%) ——
Xq + xgbar i
, , - Gluon decreases at large x
\ Q" =150 GeV but increase at low x as the
\ - quark
\\
0.1 1

18



xq(x,QZ), xg(x,Qz)

xg(x,Qz) —

Xq + xqgbar

Q% = 90.0 GeV?

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

19



xq(x,sz, 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

20



DGLAP: g(x,Qg%) =0 ——
16 1 ZEUS
NMC ——se—
1.2 F Q% = 12.0 GeV?
08 | =
04 T #--#"f-x.xx
.
0.001 0.01 0.1

F5 (x,Q%)

Fit data from ZEUS and New
Muon Collaboration (NMC).
Fit F, at low q° assuming the

gluon =0
Then evolve F, to high q° using
DGLAP equation starting from

the fit on data where gluon was
assumed=0

21



The F, found from evolution to high q° of the fit using DGLAP is
compared to data at that q°

FB (x,Q%) F (x,Q%)
LIRS | L B L R T T T T o ""."' ' "2"_'"'
DGLAP: g(x,Q4%) = 0 . g | PGLAP:g(x.Qg") =0 |
1.6 1 ZEUS ] ' ZEUS
1.2 2 _ 2 |
1.2 + Q2 =120 Gevz . Q°=15.0 GeV
08 B \\\.\\ N 08 B \\\\\1\ _
) x; 0.4 - .--_..--x---ﬂ"#-f'ﬁi_x ]
0.4 e i T
N \
E\\\ 0 L il L L ..1\.\..
0 ——— 0.001 0.01 0.1 1
0.001 0.01 0.1 1 y
X
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The F, found from evolution to high q° of the fit using DGLAP is

compared to data at that q°

FB (x,Q%)
DGLAP: g(x,Q,%) = 0
1.6 ¢ ZEUS
NMC
1.2 Q2 =27.0 GeV? |
0.8 L\
04 -_""Eh::g___ﬂ
=
"%
O | Lol | Lol .\T
0.001 0.01 0.1
X

F5 (x,Q%)
DGLAP: g(x,Qy%) = 0
1.6 1 ZEUS |
NMC
1.2 Q2 = 46.0 GeV?
N
0.8 . -
04 - .
D 1 Lol 1 Lol 1 L N
0.001 0.01 0.1
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The F, found from evolution to
compared to data at that q°

FB (x,Q%)
DGLAP: g(x,Q,%) = 0
1.6 1 ZEUS i
1.2 Q2 =60.0 GeV?2
08 [ .
04 | i
\x\
O L Lol L Lol L .
0.001 0.01 0.1 1
X

high g° of the fit using DGLAP is

F5 (x.Q%)

DGLAP: g(x,Qp°) = 0
1.6 ZEUS |
1.2 ¢ Q2 = 150.0 GeV?2]
08 F . -
04 i
~
0.001 0.01 0.1 1

It does not work!
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If F, is found fitting data at low q° with gluon — Evolve F, to high q°
using DGLAP g—qq generate extra quark at large q° - faster rise of F

F5 (x,Q%)
DGLAP (CTEQ6D)
1.6 1 ZEUS
1.2 ¢ Q% = 12.0 GeV?
08 | “u
04 | e
i'\"\
"
D ! Lo vl Lo ol ! L1
0.001 0.01 0.1

Fb (x,Q%)

DGLAP (CTEQ6D)
1.6 7 ZEUS
NMC ——s——
1.2 N Q% = 27.0 GeV?
08 =
04 “«}ﬁ%
%\k
D Lo ol I | | ...\N-q.
0.001 0.01 0.1
x>




If F, is found fitting data at low q° with gluon — Evolve F, to high q°

using DGLAP g—qq generate extra quark at large q° - faster rise of F

F2 (x,Q%)
DGLAP (CTEQ6D)
1.6 1 ZEUS
| NMC ——s——
12 X Q% = 35.0 GeV?
0.8 t AN
0.4 r s
‘#x\x
N
D ! Lo vl Lo ol ! ....\-4
0.001 0.01 0.1

2
F5 (x,Q%)
DGLAP (CTEQS6D)
1.6 7 ZEUS |
1.2 0\ Q? =460 GeV? ]
08 I AN .
\\..
x

.

D L1 o1y raaal Lo ol ! Lo
0.001 0.01 0.1 1
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If F, is found fitting data at low q° with gluon — Evolve F, to high q°
using DGLAP g—qq generate extra quark at large q° - faster rise of F

2
F5 (x,Q%) F2 (x,Q%)

DGLAP (CTEQS6D) e '\ DGLAP (CTEQ6D) ———

16T ZEUS ] DR RN ZEUS

NMC —— \
1.2 | X Q2=600Gev? | [\ Q% = 150.0 GeV?]
i | o8} S :
08 \\\\ \\\
04 | 1 94T ~ |
3 001 501 31 1 0.001 0.01 0.1 1
X
X

Success! 27



xq(x), xg(x)

- \_gluon

Q%=10 GeV? |
] \ CTEQS6D fit

Gluon distribution is huge.
Is it real?

* Agree with a lot of data

Success!

* Consistency sum rule is satisfied

28



PDF Measurements

At HERA exploit these interactions.

NC: ep—eX CCiep-v, X
By selecting the final states it is

measured the cross section: .
W
d?oc™  Ara® (14+(1—-y)* .0 O=x —(O=—=x
dxdQ? - xQ4 2 T Olas) Ty

=0.000102

|~: —Il}gm{x}

:%/ Fn:.'—-ng‘.lulnsul:ss B3 zEUs .\'I:OQCII fit
Different final states give access T /f G e
to different PDF R

O~ Xa+o)+x(1-yP(d+9) ;/);f o
Toe ~ xu+c)+x(1-yPd+3) T //ﬁf“‘“ o

x=0.0021 * BCDMS

1 10 10 10 10 105
3 ¥
Q(GeV)



PDF Measurements

&4 ETTIT T T UL T T T T T T T T T TTTT
- E =
= | HERAData: E . . . .
ot : t data of diff t
E s i Kinematic regions of data of differen
01045— ZEUS 1994-1097 E
[ 3 =zEUS BPT 1897 ]
; ] experiments used for the fits and
; ZEUS SVE 1995
10k _
F == =1 svE 1965, 2000 3 .
[ =3 =1 gEDC 1997 A fIT r'eSUITS.
102 | Fived Target Experiments: 1 HERA F
E e
S —— _ 2
s BeoMs Lol L =632E-5 _p pon10z
| mm mees l = ==0.000161 E= ZEUS NLOQCD fit
10 E Y I 0000253 —— H1PDF 2000 f
F = ; | e o
i ] WS, / =0.000632 o HI 94-00
1 E . L =0.0008 .
E 3 *‘ & HI (prel.) 99/00
- ] I =013 s ZETS 96/97
-1 ) .
10 F < ==0.0021 * BCDAES
-6 -5 -4 -3 -2 -1
10 10 10 10 10 10 1 =00032 . aoc
L]
=005
o
2105 = o= ' =0.008
;.'_j, ; [ zEvs 3 =
"":_. [ [ CDEDO Inclusive jets neo.T F =0.013
10 4 E EBE= DM Inclusive jets 73 7 L
: 2 _x=0.021
E [[] Fized Tarzet Experiments: ¥ | o M
L L 5 -
10 3:_ CCFE, NAIC, ECDALS, L, "ﬁ;‘t‘M =0.032
E E665, SLAC = it
- ) Lo T Megnesme ity i =008
o Le @
10 E_ La @
[ | @
10 ¢ 1}
1 F L
E | . i ronnt e B e 065
-1 0 vl v vl v vl el
10 - 2 3 4 5
b o L L L | 1 10 10 10 10 10 30
-6 -5 -4 -2 2 -1 2 72
10 10 10 10 10 10 1 Q7 (GeV")



The interactions can be seen sum of :
- hard process dependent partonic subprocess
- non perturbative, process independent parton distribution functions

etq —> e + jet

qg —> 2 jets

d4(x;, Q2) /
_ ./

d,(X,, Q?)

Fa
7

proton 1

proton 2

— Ogg—2 jets

O pp—2 jets

< d1

g+
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Jet production in proton-antiproton collisions has been an important test
of large gluon distribution, since there are large direct contributions

from gg — gg qg — qg

Excitement at 10 years-ago

IS |
For example: in Run 1A at CDF £ 5L
a discrepancy was observed in the g ol ‘%— .
jet cross section e

= /

E ) ;i‘h

® = * CDF

»f  CDF Run 1A Data (1222}93)
[ 1 .I.sjsltmaﬁfw‘fiﬁ; | A
E; (GeV)

Phys. Rev. Lett. 77, 438 (1996)
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When the gluon PDF was included

Ratio to CTEQ6.1M

2.5

1.5

PDF Measurements checks: Jet cross section

CDF Run Il

K, D=0.7 0.1<]y™ |<0.7
—s— Dala
Sysiematic uncartainties
POF uncertainties
cmm p =20 =I"|‘Iaxp.'T'Er
--------- MRST2004

L=

100 200 30D 400 500 GOD TOD
pi [GeVic]

Lt

—
=

(do ! dp; ) [pb/(GeVic)]
=N ==

ra

—
=

da

—
=

T

TTTII=
e

D@ Run Il preliminary

D@ data, Cone R=0.7
Iy[ < 0.5

19<ly|<20
20<|yl<24
—— NLO (JETRAD) CTEQEM

Rsep:1 3, u=u,=05pT™

\5=1.96TeV
L, =143 pb’

100

200

300

400

200

600
p; [GeVic]
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Fractional contributions

Inclusive jet cross sections with MSTW 2008 NLO PDFs

1
0.9

0.8
0.7
0.6
0.5

0.4F
0.3
0.2
0.1}
D‘u L1

Tevatron,\'s = 1.96 TeV

= 01<y<0.7:

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)

34



Q" (GeV)

1)

107 E

LLHC parton kinematics

10" E
10r E

10" E

Q=M

- X, = (M/14 TeV) exp(ty)
10 E

M= 10 TeV

M= 100 GeV Ao oA oo

fixed

target

10"

Are PDFs being used in region where
measured?

Only partial kinematic overlap
DGLAP evolution is essential for

the prediction of PDFs in the

LHC domain.
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PDF Precision

08 F

06 o

 H1 PDF 2000

BN ZEUS-S PDF Q’=10 GeV’

05 | N

04 F

03

02 F

01 -

' CTEQ6.1

B xS00.05) g

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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