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PARTONS FOR LHC:

THE ACCURATE COMPUTATION OF PHYSICAL PROCESS AT A HADRON COLLIDER
REQUIRES GOOD KNOWLEDGE OF PARTON DISTRIBUTIONS OF THE NUCLEON

il faut maitriser la physique standard pour extraire la nouvelle physique

FACTORIZATION
¥ W, 2 p’
— = —]

p%){ , =

IN ORDER TO EXTRACT THE RELEVANT PHYSICS SIGNAL,
WE NEED TO KNOW THE PARTON DISTRIBUTIONS AND THEIR UNCERTAINTY

e IS THIS ASPECT OF LHC PHYSICS UNDER CONTROL?
e WILL LHC TEACH US SOMETHING ABOUT QCD TOO?



SUMMARY
o FACTORIZATION

— factorization for DIS & hadronic processes
— evolution equations
— sum rules

o DETERMINING PDFSs:

— valence, sea and isospin =
— strange quarks =
— scaling violations and the gluon =

o« THEORETICAL ISSUES

— higher order corrections
— resummation
— heavy quarks =

o PDFS WITH ERRORS
— the problem of PDF uncertainties

— the standard solution and its difficulties
— new ideas: Bayesian inference and neural networks

e CONCLUSION: PDFS AT LHC



FACTORIZATION



FACTORIZATION I: DEEP-INELASTIC
SCATTERING

STRUCTURE FUNCTIONS. ..

Lepton fractional energy loss: y = 22,

Pk
kK : N B
gauge boson virtuality: ¢¢ = —Q“ scale of proc.
2
Bjorken x: x = 2(;29—_(1 dimensionless var..

2
lepton-nucleon CM energy: s = g—y;

virtual boson-nucleon CM energy W?2 = Q2 1_7‘76;

= —

p X

d>o*r M (z,y, Q) GF Q?

= _ ¥ 2 _ 2
dxdy T 2n(1+Q2/m2,)? xy [ Aey (1 2) cF3(x, Q%) + (1 —y)Fa(x,Q7)

+y 2 Fi (2, Q)] — 20 [ Xew(2 — v)zg1(2,Q%) — (1 — y)gu (2, Q7) — yPwgs (2, Q)]

PARITY CONS. PARITY VIOL.

A; — lepton helicity UNPOL. Fy, Fo F3
Ap — proton helicity

POL. g1 g4, g5




...AND PARTON DISTRIBUTIONS

STRUCTURE FUNCTION=HARD COEFF. (PARTONIC STRUCTURE FUNCTION)

@QPARTON DISTN.

Q%) =2 Y €(q +@)+as [Cilo] ® (4 + @) + Colas] @ g

flav. i

q; quark, g; antiquark, g gluon

LEADING PARTON CONTENT (O|ay] corrections = gluons)

g =q' +q' Agi =gl — gt
NC F"7 =3¢l (¢+q) N7 =36 (A + AG)
CcC FV' —a+d+s+e gV = Au+ Ad+ As + A
CC —-FV"=ag-d—s+e ¢V =Au—Ad— As+ A

Fs = 2xF; [ 25595

W™ —- W~ = wu<«d, c <+ s; more combinations using Isospin: p = n = u < d



FACTORIZATION II: HADRONIC PROCESSES
ox (s, M%) Db f dzydza fayn, (1) fon, (T2)0 409, —x (21228, M%)

LEAD. ORD. = 00 ) . |, %fa/hl(m)fb/hQ (7/) = 09L(T) = L PARTON LUMI

P2

e Hadronic c.m. energy: s = (p1 +p2)2

e Momentum fractions x1 2 =

El : A A2
g — (pl +p2)2 — \/:exp +vy; Lead. Ord. § = M

e Partonic c.m. energy: s = r1x2S

e Invariant mass of final state X

P1 (dilepton, Higgs,...):
LEADING ORDER MX%V = scale of process
A2
DRELL-YAN e Scaling variable 7 = —%
EXAMPLE: DRELL-YAN ox — M?-%%;: 0y = smal



FACTORIZATION II: HADRONIC PROCESSES
ox (s, M%) Db f dzydza fayn, (1) fon, (T2)0 409, —x (21228, M%)

LEAD. ORD. = 00 ) . |, %fa/hl(m)fb/hQ (7/) = 09L(T) = L PARTON LUMI

P2

s=(p1+p2)? =

P1
LEADING ORDER

DRELL-YAN .

Hadronic c.m. energy: s = (p1 +p2)2
Momentum fractions z1,2 =

\/gexp +y; Lead. Ord. § = M?
Partonic c.m. energy: § = x1x2Ss

Invariant mass of final state X
(dilepton, Higgs,...):
MX%V = scale of process

A2
Scaling variable 7 = —=

 64q,—x =00C (z,05(M%)); C(z,05(M%)) =61 —x) + Ocrs)

o ox(s,M?) =00 f dx1 dz2 forn, (1) fo/ny (2)0(z1222 — T)C (xv O‘S(MIQJ))

mln

— o0 Za bf12 doy fl L2 f oty (81) fopng (22)C (5=, as (ME))

T

do _
dM?2° , 00 =

EXAMPLE: DRELL-YAN ox — M?

NeJ I

7'('Oél
s



LHC: KINEMATICS AND PHYSICAL PROCESSES

LHC PROCESSES

LHC parton kina’natics 109 ;I T III T T T LEBLEL III I T T T 1T III . T T T ; 109
° c : : 3
10 E T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIE 108 ;_ _; 108
[ X, = (M/14 TeV) exp(zy) ] 107 _ _ 10’
10°F Q=M M =10 TeV e 3 3
= ] 10° 3 E 10°
10k _: 10° £ 4 10°
5 .E 10° qu
- - E 3 ‘N
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r ] C jel ] 8
: ] 17 E OB > vsi20) 410 S
5 | — c 3 "
< . 2 10F Ow 110
D C ] ~ E ¢) 3 «
O i . b 10° F o ’ 210 g
~ 10'F M = 100 GeV . F o (E; >100 GeV) E 0
e : ] 10" 310" %
10 L ] 10° F 4 107
F - E 10° E o, < 10°
10° E M = 10 G. v E 10* — cjet(ETjet > Vs/4) — 10*
F = e E F 3
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10' - 6 [ L
i target | 10" Eo,,,.(M,=500Gev)  / : 7 10°
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100 11 IIIIIII 11 11111 11 IIIIIII 11 11111 11 IIIIIII 11 IIIIIII 11 1111 O_l 1 10
-7 -6 -5 4 -3 2 -1 0
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EVOLUTION EQUATIONS

MUST EVOLVE FROM HERA 17O LHC — USE DGLAP EQUATIONS (RG EQNS)
e DEFINE MELLIlg MOMENTS OF PARTON DISTRIBUTIONS
f(N,Q?) = fo dr N1 fo(x, Q?)
NOTE LARGE/SMALL x < LARGE/SMALL N

2
e DEFINE LOGARITHMIC SCALE t = In %I

EVOLUTION GIVEN BY ORDINARY DIFFERENTIAL EQUATIONS (RG EQUATIONS)



EVOLUTION EQUATIONS

MUST EVOLVE FROM HERA 17O LHC — USE DGLAP EQUATIONS (RG EQNS)

d

dt

DEFINE MELLIlg MOMENTS OF PARTON DISTRIBUTIONS
f(N,Q?) = fo dr N1 fo(x, Q?)
NOTE LARGE/SMALL = < LARGE/SMALL N

2
DEFINE LOGARITHMIC SCALE ¢t = In %I

EVOLUTION GIVEN BY ORDINARY DIFFERENTIAL EQUATIONS (RG EQUATIONS)

ANOMALOUS DIME{NSIONS RELATED TO DGLAP SPLITTING FUNCTIONS
YN, as(t)) = fo dx z™N ~1P(x, os(t))

COMPUTED IN PERS‘URBATION T HEOlRY:
i (N, s () = 7 (V) + as () (V) + ...

%ACJNS(N, Q%) = O‘;(f) vorZ (N, s () Agn s (N, Q7),
(AE(N, QQ)) _ o as(t) (5 (N, as(t) 2npvg, (N, as(t)) o (AE(N, QQ))
Ag(N,Q?) 21\ Yo, (N as(t) 45 (N, as(t)) Ag(N,Q*) )’




EVOLUTION EQUATIONS

MUST EVOLVE FROM HERA 17O LHC — USE DGLAP EQUATIONS (RG EQNS)
e DEFINE MELLIN MOMENTS OF PARTON DISTRIBUTIONS

f(N,Q?) = foldx N1 fo(xz, Q?)

NOTE LARGE/SMALL = < LARGE/SMALL N

2
e DEFINE LOGARITHMIC SCALE t = In %I

EVOLUTION GIVEN BY ORDINARY DIFFERENTIAL EQUATIONS (RG EQUATIONS)
e ANOMALOUS DIMEllNSIONS RELATED TO DGLAP SPLITTING FUNCTIONS
— N—-1
YN, s (t)) = fo dx x Pz, as(t))

e COMPUTED IN PERS‘URBATION T HEOlRY:
i (N, s () = 7 (V) + as () (V) + ...

%AqNs(N, Q%) = O‘;(:) vorZ (N, s () Agn s (N, Q7),
d (AE(N,QQ)) _as(®) [, (N as(t) 2npvg, (N, as(t)) ®(AE(N,Q2)>
dt \ Ag(N, Q%) 2\ V5 (N, as() vy (N, as(t)) Ag(N,Q%) )"

e EVOLUTION OF SINGLET X(z, Q?) = Z:‘il <q7; (z, Q%) + q;(x, Q2)) COUPLED TO GLUON

e ALL “NONSINGLET” QUARK COMBINATIONS ¢V ® (z, Q%) = ¢;(z, Q%) — q;(z, Q?) EVOLVE
INDEPENDENTLY



PERTURBATIVE EVOLUTION

THE

LEADING ORDER ANOMALOUS DIMENSIONS
T T T T ] 15-------------

15----|

-5 p—

Y] Er——
0

— Z2}—

15 7
10 — —

5 |— p—

0

-5 — -5 [— p—

PP SN R D B [P S R B R
0 0

QUALITATIVE FEATURES

recall large/small n < large/small x
e AS Q2 INCREASES, PDFS DECREASE AT LARGE x & INCREASE AT SMALL x DUE TO RADIATION
e GLUON SECTOR SINGULAR AT N = 1 = GLUON GROWS MORE AT SMALL

® 744(1) = 0 = NUMBER OF QUARKS CONSERVED



SUM RULES

CONSTRUCT CONSERVED QUANTUM NUMBERS CARRIED BY PARTON DISTRIBUTIONS:
e BARYON NUMBER [ 'dz (u? —a?) =2 =2 [ da (d? — dP)

e MOMENTUM folda:a: [vazfl (qi () + q_l(x)) + g(a:)}zl



SUM RULES

CONSTRUCT CONSERVED QUANTUM NUMBERS CARRIED BY PARTON DISTRIBUTIONS:
e BARYON NUMBER [ 'dz (u? —a?) =2 =2 [ da (d? — dP)
e MOMENTUM [ dzz [0, (4 (2) + Gi(2)) + g(x)]=1
CANNOT DEPEND ON SCALE
e BARYON NUMBER ~44(1) — v43(1) = 0; AT LO ~45(1) = 0 SO 744(1) =0

o MOMENTUM 74q(2) + 744(2) = 0, 74q(2) + 794(2) =0



SUM RULES

CONSTRUCT CONSERVED QUANTUM NUMBERS CARRIED BY PARTON DISTRIBUTIONS:
e BARYON NUMBER [ 'dz (u? —a?) =2 =2 [ da (d? — dP)
e MOMENTUM [ dzz [0, (4 (2) + Gi(2)) + g(x)]=1
CANNOT DEPEND ON SCALE
e BARYON NUMBER ~44(1) — v43(1) = 0; AT LO ~45(1) = 0 SO 744(1) =0
o MOMENTUM #44(2) + 744(2) = 0, 744(2) + 7g4(2) =0
CAN EXTRACT FROM PHYSICAL OBSERVABLES: BARYON NUMBER

e GROSS-LLEWELLYN-SMITH SUM RULE 3 [ dz (F}% (2, Q) + Fy™(2,Q?)) =
= CarLs(Q?) fl dx [u(a:, Q?) —u(z, Q*) + d(z, Q%) — d(x, QQ)}

e BJORKEN (UNPOLARIZED) SUM RULE 2 f dz (FyP(z,Q%) — FY"(2,Q%)) =
= Cpiu(Q?) [, dv [u(z, Q?) — Tz, Q%) — (d(z, Q?) — d(x,Q?))]



FROM DATA TO PDFS



Q (GeV)

PARTON FITS

DATA — PARTON DISTRIBUTIONS
STRATEGY:

e CHOOSE SET OF OBSERVABLES (DIS,
DRELL-YAN, W PRODUCTION...) & COM-
PUTE THEM IN PERT. THEORY

e CHOOSE A SET OF BASIS PARTON DISTRIBU-
TIONS (SINGLET, VALENCE, SEA...)

e FIT THE OBSERVABLES WITH THE PDFS AS
FREE PARAMETERS

DATA INCLUDED IN CTEQ5S PARTON FIT

i T, T T T T T T ]
I \ o DIS (fixed target) ]
i A HERA (94) 1
. v DY
102 | W-asymmetry
- . o Direct-y i
I i v A Jets i
A v
3 A ﬁVA
TV
ARA Ra R4 R
R RARRATARARARARR
Uy f
F 9 R OACARARAARAARRANALR 4
a s BRI
O O A A
SFa B g At E ﬁ%ﬁgﬁgﬁgﬁgﬁg
@ OB S48 9 Go Aalf,talRARARARARAR,
§ 8 ¢ B¢ NN Axda A
100 L R | Ll L |
10° 10t 10? 10° 10*

1/X



Q (GeV)

PARTON FITS

DATA — PARTON DISTRIBUTIONS

STRATEGY:
TASKS:

e CHOOSE SET OF OBSERVABLES (DIS,
DRELL-YAN, W PRODUCTION...) & COM- ® STRUCTURE FUNCTION (OR XSECT) IS A CON-

PUTE THEM IN PERT. THEORY VOLUTION OVER x OF PARTON DISTNS. AND
PERTURBATIVE CROSS SECTION
— MUST DECONVOLUTE

e CHOOSE A SET OF BASIS PARTON DISTRIBU-

TIONS (SINGLET, VALENCE, SEA...)
e EACH STRUCTURE FUNCTION (OR XSECT) IS

A LINEAR COMBINATION OF MANY PARTON
DISTNS (2/Ny QUARKS + 1 GLUON)
— MUST COMBINE DIFFERENT PROCESSES

e FIT THE OBSERVABLES WITH THE PDFS AS
FREE PARAMETERS

DATA INCLUDED IN CTEQ5S PARTON FIT

\ T ] e DATA GIVEN AT VARIOUS SCALES, WANT PAR-
o S (fixed target)
. E'ERA('gzé e TON DISTNS. AS FCTN OF z AT COMMON
102 7 3 3 ) \é\/i;zal_r;metry E SC ALE QQ

4 v A Jets

— MUST EVOLVE

>OD D> >
>>gq
Db ¢

@O0 > B> DD
D> D> D> >

e TH UNCERTAINTIES: HIGHER ORDERS,
RESUMMATION, HEAVY QUARK THRESH-
OLDS, NUCLEAR CORRECTIONS, HIGHER
TWIST. . .

DD D> D>

DD DD > D
D> DI DD>DR D> D>

ESNNNINSN
PR > b
B> DD DD BSP> >
B D> DOPD IS Db D>
B> DD B> D>
NSSENNSSNS
[NINSNNNNNEN
> BERPDDD>E> D>
NSNS

DEPDESPD DT>
DD DD D>
DEDDPDD D> >
D> DD >
DEDDPIPD>
DD D>D>

DD

>
OOTO
>>
D> D>
D> DD
>>>
D> D>
>>

®o BEDR>D>D> DN b

Poy

@OTIO0 P> D>PP

100 ! L] | | |
100 10! 102 108 104

1/X



DISENTANGLING QUARKS: up vs. DOowN
WITH THE HELP OF ISOSPIN SYMMETRY
PROTON + NEUTRON<UP + DOWN

uP(2,Q%) = d"(z,Q%);  dP(z, Q%) = u"(z, Q%)

FP(2,02) — Fi(z,Q%) = % (P + @) — (& +dP)] [1 + Ocw)

0.06 1 I T T T T I T I T T T T I T T T T

%%%%%%%%%
0.04 — %% %% Q*=10 GeV?® —
. % %
] ', :
F,™ o002 — X ]
! % ngx i
-0.02 —I | . | | =~



CASE STUDY I: THE NUTEV ANOMALY
THE PASCHOS-WOLFENSTEIN RATIO: DATA...
NuTeV 2001 sin®fy = 0.2272 £ 0.0013(stat) & 0.0009(syst)
Global Fit 2003 sin® Oy = 0.2229 + 0.0004

...VS. THEORY

- = O'Nc(l/) — O'Nc(ﬂ)
occ(v) —occ (D)
1 . ) (uw— @) — (d —d) s—35 (1 7 .
— (2 _gin20 9 a) ) 2 _f
(2 S Ow ) [u—a+d—d w—a+d—da| " |\2"6"
+é%(l—sin2@w)+0(a2) +O0(5(u—d)?, 6s°
921 \2 i ’

u,d...denote momentum fractions carried by corresp. quark flavors

NUTEV RESULT OBTAINED NEGLECTING:
e ISOSPIN VIOLATION — ISOSPIN KNOWN TO BE GOOD TO ~ .1%
e STRANGE ASYM. — EXPECT SEA TO BE FLAVOUR/ANTIFLAVOUR SYMMETRIC

e QCD CORRECTIONS — TINY (ONLY ENTER THROUGH SYM. VIOLATING TERMS)

Il2 Qw>



u — u radiate more photons than d — d:

[SOSPIN VIOLATION

QED EFFECTS LEAD TO ISOSPIN VIOLATION:

d 2
2t 47 X €45

— MORE PHOTON MOMENTUM IN PROTON THAN NEUTRON

= |u(z) — u(x)| < |d(x) — d(x)| AT LARGE x

0.010

0.005 -
0.000

-0.005

-0.010 ot

——————r
[ MRSTQED04
L Q" =20 GeV’

x(d"-u")

0.0 0.2

0.4

1.0

e SIGN OF EFFECT AS REQUIRED TO
EXPLAIN NUTEV

e SIZE OF EFFECTS WITH REASON-
ABLE ASSUMPTIONS ABOUT 1/2
OF NUTEV ANOMALY

MRST 2005: “QED” PARTON SET



SYMMETRIES OF THE SEA
THE GOTTFRIED SUM

SIMPLEST ASSUMPTION: LIGHT SEA IS SYMMETRIC: u(z) = d(x)
LO EVOLUTION WOULD PRESERVE THIS SYMMETRY (BUT NOT NLO) ...THEN:
1 B _

Sa(@) = [ [F2(2,Q2) — F§(,Q%)] = Clas)} [(uP + @P) — (dP + dP)]
= C(as)s [(uP — @) — (d” = d”)| = +C(aw); Cas) = 0.998 FOR Q° = 3 GEV?

THE NMC MEASUREMENT
. — e MEASURED VALUE (NMC 1997)
Sc(Q?) = 0.241 £ 0.026 AT Q° =
3 GEV?,
3.50 AWAY FROM NAIVE PREDICTION

0.10

0.05
e BUT: DATA ONLY FOR 0.004 < x <

0.8,

0.00 NEED TO EXTRAPOLATE

e REANALYSIS WITH NEURAL NETS:
—0.05 L1 1;(;12 I TR N | |£(;_|1 1 T T B ||1|00 SG(QQ) — 0.244 :|: 0.045: ERROR
[WICE AS LARGE DUE TO LAST BIN!

WEAK EVIDENCE FOR SUMMETRY VIOLATION,
STRONG EVIDENCE FOR UNRELIABILITY OF EXTRAPOLATION!



DISENTANGLING QUARKS FROM ANTIQUARKS

~v* DIS ONLY MEASURES ¢ + ¢ COMBINATION!

DRELL-YAN p/d ASYMMETRY

13
ok LIGHT ANTIQUARK ASYMMETRY
11 - 4 7 1 — -
1k ~ 7 — 1 = ~ —
- oPp §upup—|—§dpdp u
09 ¢ large x
L — CTEQS5M --- CTEQ4M
08 " MRST  — - MRS(r2)
o GRV98
0.7 [~ — - CTEQSM (d=0)
06 Less than 1% systematic
C uncertainty not shown
0.57\H\‘\\H‘\\H‘\H\‘H\\‘H\\‘\\H
0O 005 01 015 02 025 03 035
X2
+
) W= ASYMMETRY
p =025 ¢ 1
B g0 b CDF 1992-1995 (110 pb™ e+p)
E01.5 : e CIEQSM
e N LIGHT QUARK ASYMMETRY
q 0F MRSRZ (DYRAD) ——" N oPP PP
005 7 MRS-R2 (DY RAD)(d/u Modified) VVL+ ~ U d ( qp — q_)
— -01 ¢ MRST (DYRAD) A O’Z‘:é) dP uP
-0.15 £ : -
p — 0250
0 0.5 1 15 2

OLepton R;pi;iit;/D CDF (1998)



DISENTANGLING STRANGENESS
~* SCATTERING VS. W* SCATTERING:

IN NC, CHARGED LEPTON DIS, ONLY MEASURE COMBINATION Y. €7 (¢; + ;)

e ONLY C-EVEN ¢; + q;
e ONLY FIXED COMBINATION £ (u+ @)+ 2(d+d) + (s + 3)

IN NEUTRINO DIS, CAN DISENTANGLE INDIVIDUAL PDFS BY LINEAR
COMBINATION: AT LLO

ERRORS ON PDFS AT A NUFACT

COMPARED TO A PURE DIS FIT
Q*=9 GeV?

- - + — o
§(RYT 4R ) mue (R -4 —av

- - - - _
(R e E ) = avs 3(BT 4R ) = b

3
c, ¢, s, 5§ only present above charm threshold




THE NUTEV ANOMALY, PART II
THE PASCHOS-WOLFENSTEIN RATIO: DATA...
NuTeV 2001 sin? 6y = 0.2272 4 0.0013(stat) & 0.0009(syst)

Global Fit 2003 sin® Oy = 0.2229 + 0.0004
...VS. THEORY

O‘Nc(V) — O'Nc(ﬂ)
Jcc(u) — O'CC(D)

1 . 9 ) (u— ) — (d — d) S— 3§ (1 7T . 9 )
= — — Ow | + 2 SEAN _ — — — Ow
(2 St [ u—u+d—d u—u-+d—d % 2 6Sln

_|_é% (1 — sin? 9w) +0(a) | + O(8(u —d)?, s

927 \2

u,d...denote momentum fractions carried by corresp. quark flavors
NUTEV RESULT OBTAINED NEGLECTING:

e ISOSPIN VIOLATION — ISOSPIN KNOWN TO BE GOOD TO ~ .1%
e STRANGE ASYM. — EXPECT SEA TO BE FLAVOUR/ANTIFLAVOUR SYMMETRIC

e QCD CORRECTIONS — TINY (ONLY ENTER THROUGH SYM. VIOLATING TERMS)



THE NUTEV ANOMALY, PART II

: ARE WE SURE THAT MOMENTUM FRACTION s — 5 = 07

MEASURE IT!: CHARM IS COPIOUSLY PRODUCED IN W 4+ 5 — ¢
easily tagged through dimuon signal, 2nd muon from subsequent ¢ decay

— ACCURATE EZDXT RszCTION OF THE STRANGE DISTRIBUTION
=20GeV
; . CCRR
fit2BPZ

CCFR/NUTEV s — 5 DETERMINATION

0.006/—

5000 v & 1500 v DIMUON EVENT SAMPLE:

a(z)+d(@) (1 _ .\
2

ASSUMED PARM.: s(x) = K X

0.002—

NEGATIVE s — s AT SMALL x

= MOM. FRACT. s — s = —0.003 = 0.001

PoSstosetetores
GRS
K
B
5%
55
55
5

-0.002

T NUTEV ANOMALY WORSE!

HOWEVER, BPZ GLOBAL FIT TO NEUTRINO INCLUSIVE DIS (Barone et al 2003) =
POSITIVE (TINY) ASYMMETRY



COMBINING INCLUSIVE AND EXCLUSIVE INFORMATION

CTEQ DEDICATED DIMUON ANALYSIS (April 2004)

e [(s(z)—5(x))dz = 0 IN PROTON

0

= EITHER s(x) — §(x) HAS A NODE OR IT VANISHES EVERYWHERE

e [s(x) —5(x)] <0 FORSMALL z < 0.05 CONSTRAINED BY DIMUON

® [ARGE xr REGION WEIGHS MORE IN MOMENTUM FRACTION

e POSITIVE MOM. FRACTION s — s =~ 0.02:

s(x,Q) dx/dz

5

strangeness asymmetry
X

-0.06 =

107 .001 0.01 005 01 2 3 4 5 6 .7.8
0.05 T T T T T T T T T
0.04F  Strangeness Asymmetry Q*=10GeV? E
0.03F E
0.02F . 3
0.01F E

0 . /\ ]
-001F =
002F E
-0.03 o ClassB E

- — BPZ"withcch" ]
-004F 7 Ccfr-NuTeV =
0.05F "
E (scale: linearinz = x 3)Z
ul 1 1 1 1 1 1 17

1.25

1.05

0.95

2 dimuon vs. inclusive

202 0 02 0.4
[S-] x 100



20

DETERMINING THE GLUON
EVOLUTION:
SINGLET SCALING VIOLATIONS
%FQS(Na Q%) = as(Q ! [’qu(N)Fés +2n5749(N)g(N, QQ)} +0(a3)
Fr(N,Q%) = foldzv a:N Ly (x, Q%); Vi (N) = fold:v NP (2, Q?)

LARGE/SMALL X < LARGE/SMALL N
AT LARGE 2z

AT LARGE N — GLUON HARD TO DETERMINE
Yag << Vqq

15

10

T l T T T T l T T T T l T T T T

T . .I ] T 2 T T 2 T T T T I_
Gloun Digtributionat Q" =10 GeV™ — EHLQ84
99 —— DuOw84 ]
— MoTu90 _|
KMRS90
CTQ2M 1
MRSA95 |

— GRVY4
CTQ4M A

— MRS981 |
C6.1M -

— MRSTO01 —
— Alekhin ]

)4 qq 2 4 8 8 104103 102 005 0.1 2 3 4 5 6 6 7 8

WK 004



e DISCREPANCY BETWEEN QCD CALCULATION AND

CASE STUDY II: THE CDF LARGE E7 JETS

CDF JET DATA (1995)

e EVIDENCE FOR QUARK COMPOSITENESS?
e BUT NO INFO ON PARTON UNCERTAINTY —

RESULT STRONGLY DEPENDS ON
GLUON AT @ Z 0.1

1.4

1.2

0.8

0.6

0.4

0.2

CDF 1995

% Difference
T

1An Idzcl(dETdn) dn  (nb/GeV)
3 8 B B

-25 I

50 |-,
Z

-75

e CDF = — CTEQ 2M
— MRSA| ... CTEQ 2ML

of cor ematic uncertainties
A l/iiiiiiiiiiiiiiizdd 2

////,///?ggﬁ%//{//////t//////% g

-100

0 50 100 150 200 250 300

Jet Transverse Energy

DISCREPANCY REMOVED IF JET DATA INCLUDED IN THE FIT
NEW CTEQ FIT (1996)

I

| Ratio: Prel. data/ NLO QCD (CTEQ5M | CTEQ5HJ) CDE
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THE STATE OF THE ART:
FUNCTIONAL PARTON FITTING

e CHOOSE A FIXED FUNCTIONAL FORM:
— MRST: 24 PARMS., SOME FIXED — 15 PARMS.

xq(x, Qg) — A1 —2)"(1+ex®® + 'yx)x5, z[u — d](z, Qg) = A1l —2)"(1 +~vx + 5x2)x5.

xg(x, Qg) = A,(1—2)"9(1+ egm0'5 + 'ygac)acég —A_(1- w)n_x_é_,
— CTEQ: 20 PARMS.

z f(z,Q0) = Az (1 — )2 3% (1 + ™4 2)45

with independent params for combinations u, = u — u, dy = d — d, g, and @+ d,
s =8 =0.2(u+ d) at Qop; NORM. FIXED BY SUM RULES

— ALEKHIN: 17 PARMS.

2 A
zuvy (T, Qo) = W:Bau(l — )" (1 +~22);  zus(z, Qo) = N—zfr}ua:as(l — g)Psu

u

1
zdv(z, Qo) = Wicad(l —2)’; 2ds(z, Qo) = —= x5 (1 — z)"d,
d

A " a
wss(z, Qo) = g nax™ (1) PP /2 2 Gz, Qo) = Aga®C (1-2)"C (14 Va+ay ),

e EVOLVE TO DESIRED SCALE & COMPUTE PHYSICAL OBSERVABLES
e DETERMINE BEST-FIT VALUES OF PARAMETERS

e DETERMINE ERROR BY PROPAGATION OF ERROR ON PARMS ("HESSIAN METHOD’)
OR BY PARM. SCANS ('LAGRANGE MULTIPLIER METHOD’)



HOW WELL DOES IT WORK?

RATHER WELL INDEED...

DATA INCLUDED IN CTEQ5 PARTON FIT

AA I I ! I
\ o DIS (fixed target) |
A HERA ('94) i
) v v DY
10 | © W-asymmetry -
[ A o § <o XO O OO . [m] Direct.y ]
i o v A Jets
i A ATA A
’>'\ i A A R 4 A A
8 s i i
o |omme i TN,
0 o & Aiiaiddiriaacs :
i SRR
- N o0so & RalaR AR ﬁ%ﬁ ARR R A
i I2ne 8 AR RARRADRARRRARARRA
: o%éé@gﬁﬁéAﬁﬁﬁéﬁﬁgﬁ§
8 o g 9 o ALMA ABZARANRANRARARAR
8o 28 § 8 g 4 & LALRARARARZRLLA
100 L L (| L L R | I Ll
100 10t 102 108 104
1/X

NOTE MOSTLY DIS DATA = HERA

F, -l oglo(x)

HERA F,

| *x=6.32E-5 L -4 000102

x=0.000161 - ZEUSNLO QCD fit
x=0.000253

—— H1 PDF 2000 fit

e H194-00

4 H1(prel.) 99/00
= ZEUS96/97

4 BCDMS

¢ NMC

=0.021
=0.032
x=0.05
o eﬂaﬁ&&ﬁ.wz;,#-*m%x:o%
o
o Dy ..._.--':i, 22 x=013
1L mgpan s ..-n:; § " ;:0.18
Sianah s 5 3] izozs
i YN
vesstentt 4 x4y § 104
L amo .~ B o x=0.65
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4
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HOW WELL DOES IT WORK?
DIS+DY ONLY (Alekhin 2003-2006)

TOTAL ERROR BANDS:
DIS TOTAL ERROR BANDS FOR DIS (DoTs) vs. DIS+DY (SOLID)

LO (pots), NLO (DASHES), NNLO (SOLID)
valence v’ =u—u, d" =d —d,

a+d a—d

Q%=9 GeV? Q’=9 GeV?

seau’ =u’=d° =d°

x(u+d)/2

10 F — DISDY(£lo) 006 L o ES66
= DIS(+10) [ ;.

Q*=9 GeV? \ 0.05 —

30

L Ll ‘ Ll 1| ‘ L1 1| ‘\\ L \\\
0.1 0.2 03 04 05 S
X 01 02 03 04 05 06

« A""‘-i‘i:f;f_;-:(_us.i.dS) /2 . d

Q%9 Gev?

0.8

07 | = DISIDY(+10)

== DIS(*10)

06 [/

0.08 r
0.06 x(ds—us) o5 r

0.04 f— ‘4-\-.\,;_::'..”- N
0.02 [/ o

03

?X(dv‘*ds).
Cov v by

‘ L || ‘ Ll \\ l\ \’I::\ L }\ Ll ‘ L1 ‘ Ll
0.1 0.2 03 04 0.5 oO 0.1 0.2 0.3
X X 01 L

0.4 05 %2




Ratio to CTEQ6

HOW WELL DOES IT WORK?
GLOBAL FITS (MRST-CTEQ 2002-2006)

MRST GLUON ERROR BAND

CTEQ ERROR BAND & CTEQ/MRST CURVE
& MRST/CTEQ CURVE

U — U d—Ci 1.5

Uncertainty of gluon from Hessian method

T \‘ T T T T TrTT \‘ T T T T TrTT \‘
2.0 prrrp T T T T T T 1 T 11 R.Omrr T T 3
I ! LA 14 + Ratio of xg(x,Q%)/xg(x,Q> MRST2001C) at Q?=5 Gev? |
uat Q = 3.16 GeV d at Q = 3.16 GeV 13 L° C
12 - .
11 — =
8 | |
£ ' Ipg————N *
o M ctl[11S ‘\"\\\M%HWWMWMMMH \H | oo | N\
O E TR i HHHH””””””””“””””HHHHH Ll S A H
¥ i) I 0.8 |- . ) 7
= Hessian uncertainty
— ;5] T o7~ /L CTEQ6M —
L L 0'5 Il Il I Il Il I Il Il I
- m = I 107 107 102 107 1
0.5\\‘\\‘\ Il ‘ Il Il ‘ Il Il Il Il Il L1 1 05 H‘\\‘\ Il ‘ Il Il ‘ Il Il Il Il Il L 1-5 T T T T \\H‘ T T T T \\H‘ H‘ ]
1010707 01.02 .05 .1 2 3 4 5.6.7891 10°107™0° 01.02 05 .1 2 3 4.5 .6.7891 ) ) 5 s
x x 14 = Ratio of xg(x,Q")/xg(x,Q",MRST2001C) at Q=100 GeV~ |
GLUON
RO T I T

gluon at Q = 3.16 GeV

o HHH‘ HHTHI JHWHWW

Ratio to CTEQ6

- i —FEW PERCENT ERROR ON VALENCE & GLUE
T iy o —OTHER PDFS:
ERROR NOT WELL CONTROLLED




CASE STUDY III: W PRODUCTION @ LHC

W /Z RAPIDITY DISTRIBUTIONS

A 3B S Sar - e e S S S S ar S S = S

>
+ - k4
W W K z
HERA excluded HERA excluded £ HERA excluded

—_ doBeidy

—_ doBeidy

e W/Z RAPDITY SPECTRA
& TOTAL CROSS SECTIONS:
~ 15% PRE-HERA ACCURACY
~ 3 — 5% POST-HERA ACCURACY

e GOOD AGREEMENT BETWEN
DIFFERENT PDF SETS

a z
HERA included HERA included

~doBe/dy

wt
HERA included

~_ doBeidy
dqBerdy

PDF SET a(W*).B(WJr — l+yl) oW ).BW™ —=I1"1) o(4).B(Z — [Tl
ZEUS-S NO HERA 10.63+£1.73 NB 7.80 £1.18 NB 1.69 £ 0.23 NB
ZEUS-S 12.07 &2 0.41 NB 8.76 == 0.30 NB 1.89 £ 0.06 NB
CTEQG6.1 11.66 4+ 0.56 NB 8.58 &= 0.43 NB 1.92 £ 0.08 NB

MRSTO1 11.72 +0.23 NB 8.72+0.16 NB 1.96 == 0.03 NB




THEORETICAL ISSUES



NNLO CORRECTIONS

HOW BIG IS THE IMPACT OF HIGHER ORDER PERTURBATIVE CORRECTIONS?

NNLO SPLITTING FUNCTIONS AVAILABLE (Moch, Vermaseren and Vogt, 2004)

NNLO HARD XSECTS FOR DIS, DY, W AND HIGGS PRODUCTION (incl., m¢op — 00)
— NNLO GLOBAL FITS AROUND THE CORNER

PERTURBATIVE COEFFICIENTS EVOLUTION
"2 ]
115 - Gimo/Gmo | Swo/ Tno
y i : I
1.05 =
1
0.9 | -

Alekhin

e USUALLY (Fb, large x quark) (BUT NOT ALWAYS (F,, very small z gluon) )
— MODERATE EFFECT

e MANDATORY TO ASSESS UNCERTAINTY






The Results

Anomalous dimensions in Mellin space

— One-loop : Gross, Wilczek '73

W(N) = Ce(2(N-+N)$i-3)

— Two-loop : Floratos, Ross, Sachrajda ‘79 ; Gonzalez-Arroyo, Lopez, Yndurain ‘79

17 28 151 11
YI(ljb:)+(N) = 4C,Ce (2N+S3 ~52" 2S 3— 3814- (N_+N,) [1—881 +25 o — 382] )
1 4 1. 1 , 3
+4Ceng (l—2+ 5,51_ (N_+N,) [381—582D +4C. (483+251+282—§

N {sz+zs3] C (NN [sl+4sl,_z+zsl,z+2sz,l+83])

V() = ¥ (N) 416G (G ) (-~ [ 8- 5] 2N+ 235,

— Compact notation: N, f(N) = f(N+1), N f(N) = f(N=Li)






— Three-loop :
S.M., Vermaseren, Vogt ‘04

3 5 10 25 257 2 2

€ 3 St oS 2 eSS S IS 25 51N [ 21— 2%

2
V() = 16C,Ceny (35— 0+ CS s :

23 1237 11 16 2 1 1 1
SNy ) [P -s] —(N_ 4N — S8z 58 21- 589555
(Ny—1)| T8 — S| — (N +N) [Sa+ 251+ [-5% — 10882 Si-2- 38121383 5513 5%
1 1 1657 15 31 67 11 3
- ész,fz%- Si{z+ 553,1D +16CCy (ﬁ - f13 2S 5+ ESL4 —4S 41— 3&3—1- 2S 3 o+ 333,14- 532
1883
—6S 2(3—2S » 3+3S »—45, »1+85 71 2—751 105, 3—*51 24125, _51+4S3-4S, 2—*S4+ 55

176 13

737
+ 52+ 3 +(N —I—N+—2)[35113+1151,1—451,1,—2 +(N-+Ny) o

43251 33, 4+ 31 —3+85, 31+ 51 2

19 11
—6S, 2 o— 531.,72,1 +851-3-1651 2145 13— ZS:L,3 +4531+354+8S 21+293- 2+ T283’1 —$1-4S 3

FES o DS ] (NN [35s + 71— 351 2425 21— S5 0% 2 oSt St 2% 55 o)

N[ B, B, Os]) r16cen?( Ly, st 2t (NN [P Bt ] ) + 1667,

_%—1085 8—(;;&4+20&41+%L&3 2&37*2_%&3,14‘2&32—2324-18&2(3—%10&27,3—6&27,2

1855 01285 51 o 1465 3t 2 sl 20— 488 21+ slz—@sa 8S13+2S 2— 45— (N_+N, — 2)[9slz3—1—33sl
209 242 107 173

+7311—14311 2—7Sz+952 2+ 84 3331+ 321 +(N_+N) 175, 4—751 —3—325, 31—731 2






103 109 43 11
+16S, 5 >+ ?31,72,1 —2S, 22—3651 3+5651_21+8S13— ?51,2 —4S 2 >+ 331,3 —8531— 1154+ 352,2

31 67
+21$ _3-309, 21491 2—-553—-S11+ *Sz,fz - 732,1] +(N-—Ny) {93213 +29 3+4S 211251 2253

1 11 33 59 127 1153 4 23 73 151
1881+ 5922+ 5 S 5 S+ o S+ e S — -S| + N [BSy 2+ S%1— 2%+ US+ LS+ S St s )
23 3 59 20 20 8 25 1
2 g .- == il S — — TSy, — =
+16C¢ nf(lG 2(34— 3_31 632+3S_4 93_3+ S Sl,—2 Sll S!L2+N+[9 3831 331}
16 4
g L2~ 3513

67 4 4
—(N+—1>[3—632—§sz,1+§sg +(N_+N+)[slz3 3255 _ sl I sl 2= 2S21+ S+ 5827

144 3

11 2 10 1 2 8 29 15
+ 59 58t St S s S| ) +166:3(125 5 - - e +95 4 - 245 41— 4S5 2+ 65 4

67
- 45_372 +3S 5 +255—12S »(3— 125_2,_3 + 245_271,_2 — 528]_7_3 + 4317_2 + 48817_271 — 4537_2 + 732 - 17

31
+(N_+N; —2)|653— §31 +3551 1251, 2+S2+108, 2+$1+2S92-251—-35| +(N_+Ny) [2351,73
=225, 4+325, 3125, 2—-85, 2 2—-305, 21-653+4S, 22+40S1 3-4851 21+852 2+4522+8531
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+454+285 21+4912+4521+4311 432 +8S)1, 2265 3-253-4F3 »—-3S 2 —3S,+ 554}
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+(N_—Ny) [1252,1,—2 — 690329 _3+393+25 _2— Zsz,l +145, -5 2 — 55272 + §Sz + 553 —1351+ 455}
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HIGH ENERGY (SMALL ) RESUMMATION

AT O(a?), O |In(2)™] CONTRIBUTIONS:
= PERTURBATION THEORY UNSTABLE AT SMALL 7 (C.M. ENERGY >>> FINAL

STATE MASS)
Tout 0 0.0002 | 0.001 0.0025 | 0.005 0.01
# DATA POINTS 2097 2050 1961 1898 1826 1762
x2(x > 0) 2267
x2(xz > 0.0002) | 2212 2203
x2(z > 0.001) 2134 2128 2119
x2(z > 0.0025) 2069 2064 2055 2040
x2(z > 0.005) 2024 2019 2012 1993 1973
x2(xz > 0.01) 1965 1961 1953 1934 1917 1916
Afﬁl 0.19 0.10 0.24 0.28  0.02

¢ CONSIDERABLE PROGRESS IN FULL RESUMMA-,

TION OF SMALL x TERMS

(Ciafaloni, Colferai, Salam, Stasto;

Altarelli, Ball, S. F)

= STABLE RESUMMED SPLITTING FCTNS AVAIL-

ABLE

e RESUMMED SPL. FCTN. CLOSER TO LO THANC®?

TO NNLO

e NOT YET INCLUDED IN PARTON FITS

NOTE: NLO SMALL x BEHAVIOUR OF gg — H
INCORRECT IN LARGE m¢/m g LIMIT

DATA-THEORY AGREEMENT
FOR EVOLUTION OF F5
IMPROVES IF SMALL x DATA
REMOVED (MRST 2003)

x2 improves

with fixed # of pts
(same row)

0.5 LILLLJ
I

d

0.3

0.1

E""I""I""I""IN"'

0.0

-
o E
[=]



THRESHOLD (LARGE ) RESUMMATION

AT O(a?), O [In®™(1 — )| CONTRIBUTIONS:

LEFTOVER OF KLN REAL/VIRTUAL CANCELLATION CLOSE TO THRESHOLD

— PERT. THEORY UNSTABLE AT LARGE x (C.M. ENERGY ~ FINAL STATE MASS)
THEORY KNOWN: CAN BE DONE UP TO THIRD LOG ORDER (Catani, Trentadue, Sterman 1987-89)

e DIS: SIZABLE ONLY @ VERY LARGE x, WHERE XSECT & PDF TINY (Corcella, Magnea 2005)
e DY: CAN HAVE SIZABLE EFFECTS, ESPECIALLY ON RAP. DISTN. (Bolzoni 2006)
e NOT INCLUDED IN CURRENT FITS

I S I D I i ’
101 e — — — T
0 = Dashes: non resummed — i £ I I I I
" E Solid: resummed ] 0.6 [ (b) E
r (a) . . ] L g A .
L Q*=31.62 GeV ] L ] o L S _
04 [ - ] ‘
1071 = _ L ] \
;,:“ A \ ; < r b =} 10-1 E Solid: resummed N Q E
A\ \ 02 — Q2:31.62 Gevz _ E Dash.es: unresummed \\\\
N r q Dots: MRST \\
-2 N 1072 = Q2=12.59 GeV? N
\ E N
\ \E
\ J
| | | | \ | | | | 10-3 | | | |
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.8 0.8
X X *
DRELL YAN
2 .
do /dQ?dy VS. y LO NLO RES. INCL. E866 DATA NNLO (Anastasiou et al,2003)
pp~7*+X Rapidity distribution
- I L I B IR
0.3 T T T ] 0..):1 I I I E [ NNLO Vs = 38.76 GeV ]
B o M = 8 GeV
0.25F 0.25F i~ 4 MRST2001 pdfs |
E r 8 K M/2 < u<2M
o - o : .
0.2 : 0.2 : é o NLO B
: 0.15} .
0.15} g O - L 1
[ 0 1’ el r LO
0.1 I S , ]
0.05F 0.05} B ]
B L. [ % E866 data, 7.2 < M < 8.7
ol G_' ol v v b e b e
=1, * 0.00 0.25 0.50 0.75 1.00 1.25

Y



HEAVY QUARKS

HOW CAN ONE ACCOUNT FOR HEAVY FLAVOURS (CHARM, BEAUTY...)?
SIMPLE OPTION: (CTEQ6, Alekhin) CHARM PDF VANISHES BELOW THRESHOLD,
INCLUDED ALONG OTHER PDFS ABOVE THRESHOLD => EFFECTIVELY, m. ~ 0 FOR

2 2
Q" > Q-
() HQ PDF GENERATED DYNAMICALLY BY PERTURBATIVE EVOLUTION (HQ
PAIR-PRODUCED BY RADIATION FROM GLUONS)

e TREATMENT NOT ACCURATE IN Q? ~ Q?, REGION

MORE REFINED TREATMENT OF THRESHOLD: [Collins, Tung et al (ACOT) 1986-2006]

m. # 0, LO m. = 0, LO me. =0

CHARM RADIATION CHARM RADIATION CHARM PDF
e M. # 0 IN HARD XSECT =- RELE-

VANT AROUND THRESHOLD

me = 0 IN CHARM PDF = RELE-
VANT AT LARGE SCALE

SUBTRACT DOUBLE COUNTING



Ratio to CTEQ6.1

W PRODUCTION @ LHC PART II

RO T oo TrrTT 2o T rororrTT ROprr T T
uat u = 2GeV | d at u = 2GeV i | gluon at u = 2GeV
‘-! i
& &
Y — ] B, | 6,, i |
| ik s 2 WD
3 E 5 E g F E
0.7 :— E E 0.7 :— E
.5 EIII II 1 1 I 1 1 I 1 1 1 1 1 11 I: 0‘5 IIII II 1 1 I 1 1 I 1 1 1 1 1 1 : 0-5 EIII 1 I 1 1 I 1 1 I
10°10740° 01.02 .05 .1 2 3 4 5687801 10°10™0° .01.02 .05 .1 2 3 4 56.7801 10°10740™° 01.02 .05 .1 2 3 4587801

X X

e NEW (CTEQ6.5) PARTON SET IN-
CLUDES HQ MATCHING

Impact of CTEQ6.5M,S,C PDF's on o,,,'s at LHC e EFFECT OF IMPROVED HW MASS
FELT MOSTLY IN SMALL 2 QUARK
SUPPRESSION OF CHARM = EN-
HANCEMENT OF LIGHT SEA

o+o0ppr in units of -(CTEQG65M)
LHC, NLO, PRELIMINARY

Kwnio | e IN COMPARISON TO PREVIOUS
b
We iaa . (CTEQ76.1), SIGNIFICANT
i | CTEQES CHANGE OF u, d QUARK DISTNS
W ——k—=T"— X CTEQs AT z ~ 0.01
0 .
0 o e AL e W,Z TOTAL XSECT NO LONGER
99-H"(120) A—ge—— AGREES WITH MRST
W*H(120) kA THOUGH MRST INCLUDES HQ
W-H(120) ,: MATCHING!
ScoH (200)bt 4 " <‘> ° REAI;‘IE‘ECI){T OF INTRINSIC CHARM (IC)

085 09 095 1 105 14 115 12 125



PDF UNCERTAINTIES



WHAT’S THE PROBLEM?

e FOR A SINGLE QUANTITY, WE QUOTE 1 SIGMA ERRORS:. VALUE+ ERROR
e FOR A PAIR OF NUMBERS, WE QUOTE A 1 SIGMA ELLIPSE

e FOR A FUNCTION, WE NEED AN “ERROR BAR” IN A SPACE OF FUNCTIONS

MUST DETERMINE THE PROBABILITY DENSITY (MEASURE) P|f;(x)]
IN THE SPACE OF PARTON DISTRIBUTION FUNCTIONS f;(x) (i=quark, antiquark,
gluon)

EXPECTATION VALUE OF ¢ [f;(z)] = FUNCTIONAL INTEGRAL

/ Df; o [fi(x)] PLE.



WHAT’S THE PROBLEM?

e FOR A SINGLE QUANTITY, WE QUOTE 1 SIGMA ERRORS:. VALUE+ ERROR
e FOR A PAIR OF NUMBERS, WE QUOTE A 1 SIGMA ELLIPSE

e FOR A FUNCTION, WE NEED AN “ERROR BAR” IN A SPACE OF FUNCTIONS

MUST DETERMINE THE PROBABILITY DENSITY (MEASURE) P|f;(x)]
IN THE SPACE OF PARTON DISTRIBUTION FUNCTIONS f;(x) (i=quark, antiquark,
gluon)

EXPECTATION VALUE OF ¢ [f;(z)] = FUNCTIONAL INTEGRAL

(o1 / Df,o[fi(x)] PIf]

MUST DETERMINE AN INFINITE-DIMENSIONAL OBJECT
FROM A FINITE SET OF DATA POINTS

STANDARD SOLUTION: PROJECT ON FINITE-DIMENSIONAL SPACE OF

PARAMETERS



WHAT’S THE PROBLEM?

e FOR A SINGLE QUANTITY, WE QUOTE 1 SIGMA ERRORS:. VALUE+ ERROR
e FOR A PAIR OF NUMBERS, WE QUOTE A 1 SIGMA ELLIPSE

e FOR A FUNCTION, WE NEED AN “ERROR BAR” IN A SPACE OF FUNCTIONS

MUST DETERMINE THE PROBABILITY DENSITY (MEASURE) P|f;(x)]
IN THE SPACE OF PARTON DISTRIBUTION FUNCTIONS f;(x) (i=quark, antiquark,
gluon)

EXPECTATION VALUE OF ¢ [f;(z)] = FUNCTIONAL INTEGRAL

(o1 / Df,o[fi(x)] PIf]

MUST DETERMINE AN INFINITE-DIMENSIONAL OBJECT
FROM A FINITE SET OF DATA POINTS

STANDARD SOLUTION: PROJECT ON FINITE-DIMENSIONAL SPACE OF

PARAMETERS

DOES THE RESULT DEPEND ON THE WAY ONE PROJECTS?



CAN WE TRUST GLOBAL FITS?

PARTON SETS DO NOT AGREE WITHIN RESPECTIVE ERRORS!

W PRODUCTION CROSS-SECTION HiGGS PRODUCTION AT LHC
TEVATRON

PDF SET XSEC [NB] PDF UNCERTAINTY | 4 | 1.15 - -

ALEKHIN 2.73 4+ 0.05 (TOT) Q 1.1 L CIIIIIIIioii
MRST2002 2.59 + 0.03 (EXPT)
CTEQ6 2.54 + 0.10 (EXPT) 1.05

—_——_—— —_———

THORNE 2003 2

e ALEKHIN Vs. MRST/CTEQ
— W PRODUCTION XSECT AT
TEVATRON DO NOT AGREE 1
WITHIN RESPECTIVE ERRORS

e ALEKHIN vS. MRST/CTEQ Alekhin - -----
— PREDICTIONS FOR ASSO- 0.5 L
CIATE HIGGS W PRODUCTION o(pp — HW) [pb]
LHC DO NOT AGREE WITHIN V5 = 14 TeV
RESPECTIVE ERRORS 0.3 F 3

1 1 1 1

100 120 140 160 180 200

MH [GGV]

DJouADI AND FERRAG, 2004



INCOMPATIBLE DATA?

GLOBAL ;Xz MINIMUM MAY NOT
CORRESPOND TO LOCAL MINIMA

200
" 40 — CDF1Bjet (31pts) __----~
L N e
= N R
8‘ 180 20 +— Total jet (113 pts)
| Total (1384 pts)
N
< 160 |- 0
DO jet (82 pts)
.20 -
140 \\\‘\\\\‘\\\\‘\\\\‘\\ \\\‘\\\\‘\\\\‘\\\\‘\\
0.1125 0.115 0.1175 0.12 0.1125 0.115 0.1175 0.12
55
60 | BCDMSFY (154pts) -
o | T
g o
e s |- 20 L
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~ BCDMS R (161 pts)
> 40 0o -
35 \\\‘\\\\‘\\\\‘\\\\‘\\ -20 \\\\\\\‘\\\\‘\\\\‘\\
0.1125 0.115 0.1175 0.12 0.1125 0.115 0.1175 0.12
60
Tl ed
" ~. SLACF, (12pts) 20 —
—— S
e 40 . CCFRF (54 pts)
8 CCFRXFy" (64 pts) _ -
; I S
o~ D Fyac F, (12 pts) 0 o
O e K I N
NMC R (56 pts)
0~ NMC P (56 pt9 H1 (282 pts)
PRI It BT A A -20 el b b L
0.1125 0.115 0.1175 0.12 0.1125 0.115 0.1175 0.12
2 2
a(M2) a (M)

MRST 2003

E866 DY DATA DISAGREE WITH DIS
DATA:
opy ~ q(x1)q(x2) DISAGREES WITH DIS

QUARK AT SAME = AND Q?

E866 (M= 4.95 GeV)

Q/-\ -
= w00 | DIS (A02)
=2 - DIS+ES866
= -
200 |-
e
NA I
ol i
— |
= f
& 400 |
= §
= 200
= I
e
"g L L
2 I 107"
E 0.8 = X,
0.6 |
o4 |
02 |
) L 1
10 2 107"
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ALEKHIN 2005



PARAMETRIZATION BIAS?

T T II T
14 L feor(z, Q%)
Q% = (100 GeV)?
MRST/CTEQ
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PARAMETRIZATION BIAS?

T T T LENLE I LENLE B

(IL’, Q2> ]

T

T T T T T 'I T T 'I T T 'I T T T T
14 feor(z, Q%) . L4 JeoF

Q2 = (100 GeV)? 5 0% = (100 GeV)?
MRST/CTEQ Alekhin/CTEQ MRST & CTEQ

1.2 - 1.2+ =
; — SIMILAR PARTONS

0.8

Mor | | | o Mor | | | | |1 Djouadi and Ferrag 2003
le-05 0.0001 0.001 0.01 0.1 1 le-05 0.0001 0.001  0.01 0.1 1
THE W XSECT. AGAIN. . .
PDF ST COMMENT | XSEC |[NB] PDF UNCERTAINTY
ALEKHIN TEVATRON 2.73 + 0.05 (TOT)
SIMILAR PAR- MRST2002 | TEVATRON 2.59 + 0.03 (EXPT)
TONS CTEQG6 TEVATRON 2.54 + 0.10 (EXPT)
N SIMILAR ALEKHIN LHC 215 + 6 (TOT)
MRST2002 | LHC 204 + 4 (EXPT)
RESULTS CTEQ6 LHC 205 + 8 (EXPT)

We do not seem to have the optimum parameterization for both finding the best fit and also
investigating fluctuations about this best fit (...) This might then influence our error
analysis...(MRST 2004)



SOLUTIONS: CTEQ TOLERANCE CRITERION
SINGLE OUT INCONSISTENT DATA
e how many parameters are significantly determined by each dataset?

e how consistent are the data from one set with the rest?

STUDY MINIMUM ALLOWED X%
FOR 7-TH EXP. AS
GLOBAL X2 ALLOWED TO INCREASE
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SOLUTIONS: CTEQ TOLERANCE CRITERION

SINGLE OUT INCONSISTENT DATA

e how many parameters are significantly determined by each dataset?

e how consistent are the data from one set with the rest?

STUDY MINIMUM ALLOWED X%
FOR 7-TH EXP. AS

GLOBAL X2 ALLOWED TO INCREASE
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OPTIONS

discard incompatible experiments

reweight individual contributions
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SOLUTIONS: ERROR RESCALING

HOW CAN DATA FROM INCONSISTENT SETS BE INCLUDED?
ASSUME INCONSISTENCY DUE TO UNDERESTIMATED (SYST.) ERROR:

without rescaling with rescaling
250 250
- xX°/NDP=1.15 - xX°/NDP=0.96
225 |- 225 |-
200 ; 200 f—
175 ; 175 f—
150 ; 150 f—
125 ; 125 f—
100 f— 100 f—
75 f— 75 f—
s0 |- s0 |-
25 | 25 |-
o -Z -2 o 2 4 o -;1 4

For the experiments with y? > 1 the statistical errors in data were

rescaled in order to get x? =1 ALEKHIN 2005



SOLUTIONS: ERROR RESCALING

HOW CAN DATA FROM INCONSISTENT SETS BE INCLUDED?
ASSUME INCONSISTENCY DUE TO UNDERESTIMATED (SYST.) ERROR:

without rescaling with rescaling
250 250
- xX°/NDP=1.15 - xX°/NDP=0.96
225 |- 225 |-
200 ; 200 f—
175 ; 175 f—
150 ; 150 f—
125 ; 125 f—
100 f— 100 f—
75 f— 75 f—
s0 |- s0 |-
25 | 25 |-
o -Z -2 o 2 4 o -;1 4

For the experiments with y? > 1 the statistical errors in data were

rescaled in order to get x? =1 ALEKHIN 2005

ALTERNATIVE (ALEKHIN 2006): DISCARD INCONSISTENT DATA, RETAIN SUBSET



THE HERA-LHC BENCHMARK: AN IMPASSE

HERA-LHC
BENCHMARK PARTONS
OBTAINED FROM NC DIS
DATA ONLY, Q% > 9 GeV?

5 xg(xQ*=20) &

GLUON AND dv: MRST vS. BENCH

MRSTbench

MRSTbench /.7 .\!

MRST2001

MRST2001 |

o xd,(xQ=20) o

e [T [S UNSURPRIZING THAT CENTRAL VALUES DEPEND STRONGLY ON THE

DATASET



THE HERA-LHC BENCHMARK: AN IMPASSE

GLUON AND dv: MRST vS. BENCH

MRSTbench

MRSTbench AAN

MRST2001

MRST2001 |

HERA-LHC
BENCHMARK PARTONS
OBTAINED FROM NC DIS
DATA ONLY, Q% > 9 GeV?

o xd,(xQ=20) o

5 xg(xQ*=20) &

e [T [S UNSURPRIZING THAT CENTRAL VALUES DEPEND STRONGLY ON THE
DATASET

e BUT IT IS VERY WORRISOME THAT THE RESULT WITH THE FULL DATA SET
IS NOT WITHIN THE ERROR BAND OF THE RESULT FROM A DATA SUBSET



THE BAYESIAN MONTE CARLO (GIELE, KOSOWER, KELLER 2001)

e generate a Monte-Carlo sample of fcts. with “reasonable” prior distn.
(e.g. an available parton set) — representation of probability functional P|[f;]

e calculate observables with functional integral

e update probability using Bayesian inference on MC sample:
better agreement with data — more functions in sample

e iterate until convergence achieved

PROBLEM IS MADE FINITE-DIMENSIONAL BY THE CHOICE OF PRIOR, BUT
RESULT DO NOT DEPEND ON THE CHOICE IF SUFFICIENTLY GENERAL
HARD TO HANDLE “FLAT DIRECTIONS”

(Monte Carlo replicas which lead to same agreement with data);
COMPUTATIONALLY VERY INTENSIVE;

DIFFICULT TO ACHIEVE INDEP. FROM PRIOR
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THE NEURAL MONTE CARLO

THE NNPDF COLLABORATION
(2004: Del Debbio, SF, Latorre, Piccione, Rojo; 2007: +Ball, Guffanti, Ubiali)

BASIC IDEA: USE NEURAL NETWORKS AS UNIVERSAL UNBIASED INTERPOLANTS
e GENERATE A SET OF MONTE CARLO

REPLICAS 0% (p;) OF THE ORIGINAL| pomermm “
DATASET o (42%) (p,)

Generation of . Tests
=> REPRESENTATION OF P[o(p;)]| AT| _atitcat aata _
DISCRETE SET OF POINTS p; e ot =

neural networks " net - art

Evolution
4" qNS(nenm . 4™ . m;l;e-s:lset
> Tests

/

(net) (net) (net)
q,,"", 6" p,

Determination of

the probability density




THE NEURAL MONTE CARLO

THE NNPDF COLLABORATION
(2004: Del Debbio, SF, Latorre, Piccione, Rojo; 2007: +Ball, Guffanti, Ubiali)

BASIC IDEA: USE NEURAL NETWORKS AS UNIVERSAL UNBIASED INTERPOLANTS

e GENERATE A SET OF MONTE CARLO

REPLICAS ¢®) (p;) OF THE ORIGINAL
(data) (

DATASET o Di)

= REPRESENTATION OF P[o(p;)] AT| s -

DISCRETE SET OF POINTS p; — o
e TRAIN A NEURAL NET FOR EACH PDF e

ON EACH REPLICA, THUS OBTAINING

A NEURAL REPRESENTATION OF THE

ppFs f"¢" (%)

(net)(k) o | Tests

qNS b

Experimental data

}

(net)(1) (net)(2)

Ays Uns

net - net

e THE SET OF NEURAL NETS IS A REP-

RESENTATION OF THE PROBABILITY

Nrep
< [f 71] > N Z o f (net) (k) :| Determination of o /...u

q ( )’ 6( )’ p.
rep the probability density N i

Tests
net - exp

\ 4




WHAT ARE NEURAL NETWORKS?

o 2 Cry Output

#26% MULTILAYER FEED-FORWARD NETWORKS

Hidden e Each neuron receives input from neurons
[ B g0 in pre;cedmg layer and feeds output to neu-
0% rons in subsequent layer

& 2 1 1 ] |
¢ &, Tmput e Activation determined by weights and

thresholds
0': &=y (Z] wij&5 — 9i>
0.6 e Sigmoid activation function
j 9(r) = 1w

-10 -5 5 10

JUST ANOTHER SET OF BASIS FUNCTIONS!
A1-2-1NN: &3y = 1

w2 (2
0(3) _ 11 _ 12
1 p(2) _ (1) (1) p(2) _ (1) (1)
1+e 14e 1 1 711 14e 2 1 Y21

THANKS TO NONLINEAR BEHAVIOUR,
ANY FUNCTION CAN BE REPRESENTED BY A SUFFICIENTLY BIG NEURAL
NETWORK




WHAT ARE NEURAL NETWORKS GOOD FOR?

IN A STANDARD FIT, ONE LOOKS FOR MINIMUM X2 WITH GIVEN FINITE PARM.
e [F THE BASIS IS TOO LARGE, THE FIT NEVER CONVERGES

e [F THE BASIS IS TOO SMALL, THE FIT IS BIASED

Q: HOW CAN ONE BE SURE THAT THE COMPROMISE IS UNBIASED?



WHAT ARE NEURAL NETWORKS GOOD FOR?

IN A STANDARD FIT, ONE LOOKS FOR MINIMUM X2 WITH GIVEN FINITE PARM.
e [F THE BASIS IS TOO LARGE, THE FIT NEVER CONVERGES

e [F THE BASIS IS TOO SMALL, THE FIT IS BIASED

Q: HOW CAN ONE BE SURE THAT THE COMPROMISE IS UNBIASED?
IN A NEURAL FIT, SMOOTHNESS DECREASES AS FIT QUALITY IMPROVES:



WHAT ARE NEURAL NETWORKS GOOD FOR?

IN A STANDARD FIT, ONE LOOKS FOR MINIMUM X2 WITH GIVEN FINITE PARM.
e [F THE BASIS IS TOO LARGE, THE FIT NEVER CONVERGES

e [F THE BASIS IS TOO SMALL, THE FIT IS BIASED

Q: HOW CAN ONE BE SURE THAT THE COMPROMISE IS UNBIASED?
IN A NEURAL FIT, SMOOTHNESS DECREASES AS FIT QUALITY IMPROVES:

UNDERLEARNING

Under Learning y*=2

0.08

0.07

0.06

0.05

0.04 iiiIIIIII"""
Ii---'..""
daa

0.03 % o

0.02

Data
# NeuMet

|IIII|IIIIJIIIIlIIIIlIIIIlIIII|IIII

0.01

u||||||||||||||||||||||||||||||||

5 10 15 20 25 30
# Points

=



WHAT ARE NEURAL NETWORKS GOOD FOR?
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WHAT ARE NEURAL NETWORKS GOOD FOR?

IN A STANDARD FIT, ONE LOOKS FOR MINIMUM X2 WITH GIVEN FINITE PARM.
e [F THE BASIS IS TOO LARGE, THE FIT NEVER CONVERGES
e [F THE BASIS IS TOO SMALL, THE FIT IS BIASED

Q: HOW CAN ONE BE SURE THAT THE COMPROMISE IS UNBIASED?

IN A NEURAL FIT, SMOOTHNESS DECREASES AS FIT QUALITY IMPROVES:
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WHAT ARE NEURAL NETWORKS GOOD FOR?

IN A STANDARD FIT, ONE LOOKS FOR MINIMUM X2 WITH GIVEN FINITE PARM.
e [F THE BASIS IS TOO LARGE, THE FIT NEVER CONVERGES
e [F THE BASIS IS TOO SMALL, THE FIT IS BIASED

Q: HOW CAN ONE BE SURE THAT THE COMPROMISE IS UNBIASED?

IN A NEURAL FIT, SMOOTHNESS DECREASES AS FIT QUALITY IMPROVES:

OVERLEARNING
Owver Learning y*~0
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A: STOP THE FIT BEFORE OVERLEARNING SETS IN!



THE STOPPING CRITERION

MINIMIZE BY GENETIC ALGORITHM:
AT EACH GENERATION, THE X2 EITHER UNCHANGED OR DECREASING

e DIVIDE THE DATA IN TWO SETS: TRAINING AND

e MINIMIZE THE X2 OF THE DATA IN THE TRAINING SET

e AT EACH ITERATION, COMPUTE THE FOR THE DATA IN THE SET (NOT
USED FOR FITTING)

e WHEN THE STOPS DECREASING, STOP THE FIT
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THE STOPPING CRITERION

MINIMIZE BY GENETIC ALGORITHM:
AT EACH GENERATION, THE X2 EITHER UNCHANGED OR DECREASING

e DIVIDE THE DATA IN TWO SETS: TRAINING AND

e MINIMIZE THE X2 OF THE DATA IN THE TRAINING SET

e AT EACH ITERATION, COMPUTE THE )~ FOR THE DATA IN THE SET (NOT
USED FOR FITTING)
e WHEN THE STOPS DECREASING, STOP THE FIT
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THE STOPPING CRITERION

MINIMIZE BY GENETIC ALGORITHM:
AT EACH GENERATION, THE X2 EITHER UNCHANGED OR DECREASING

e DIVIDE THE DATA IN TWO SETS: TRAINING AND

e MINIMIZE THE X2 OF THE DATA IN THE TRAINING SET

e AT EACH ITERATION, COMPUTE THE FOR THE DATA IN THE SET (NOT
USED FOR FITTING)
e WHEN THE STOPS DECREASING, STOP THE FIT
STOP!
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THE STOPPING CRITERION

MINIMIZE BY GENETIC ALGORITHM:
AT EACH GENERATION, THE X2 EITHER UNCHANGED OR DECREASING

e DIVIDE THE DATA IN TWO SETS: TRAINING AND

e MINIMIZE THE X2 OF THE DATA IN THE TRAINING SET

e AT EACH ITERATION, COMPUTE THE FOR THE DATA IN THE SET (NOT
USED FOR FITTING)
e WHEN THE STOPS DECREASING, STOP THE FIT
TOO LATE!
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A NEURAL NONSINGLET FIT(NNPDF 2007)

http://sophia.ecm.ub.es/nngns/

NLO RESULTS: THE STRUCTURE FUNCTION Fi¥5(z, Q?)
VS z AT Q* = 15 GEV? VS Q* AT 2 = 0.15

0.07 O [13Gev?<Q?<17 GeV? 0.09:
= |[_]n~~poF - ——
0.06— B 0.08[— [CINNPDF
- - HcTEQ
- MRST -
0-05F — i 0.07— ° WMRST
C B iehin - B Alekhin
- ® Dat -
~ 0.04F = ~ 006 | S Dein
< (@4 C
2 003 % 0.05F
2 5 0
Z N 2
0.02F 0.04
0.01F 0.03F
o 0.02—
_0.01_ 1 1 1 1 1 11 1 1 1 1 1 L1 1 001_ 1 1 1 o1 Il 1
10-2 10-1 1 10 ] i 102
X Q* [GeV?]

o COMPATIBLE WITH EXISTING FITS WITHIN ERROR
(even when they disagee with each other)

e UNCERTAINTY MUCH LARGER IN EXTRAPOLATION BUT ALSO IN DATA REGION
(note no other global fit data constrain gns)

e CENTRAL FIT DISAGREES WITH EXISTING FITS IN VALENCE REGION
0.1 <x<0.3



CAN CHECK STABILITY BY COMPARING RESULTS IF THE WHOLE PROCEDURE IS

STABILITY

REPEATED WITH A DIFFERENT SET OF REPLICAS

DEFINE R.M.S. DISTANCE (d[q]) =

\

(

2
(<Qi>(1) _<Qi>(2))
o2[q{ V) +o2[ql”)]
’ ’ dat

NOTE ¢ => ERROR ON AVERAGE = (ERROR ON ¢;)/V N
= TESTS BOTH ACCURACY OF CENTRAL VALUE & ERRORS

SELF-STABILITY:

DIFFERENT SETS OF 100 REPLICAS

([d[d]) .. | 0.96
(d[q))..... | 0.99
(dlog]),., | 0.88

(d[og]).... | 0.97

DISTANCE COMPUTED FOR 14 POINTS LINEARLY SPACED IN THE DATA REGION

(0.05 < 2 <0.75)

& 14 POINTS LOG SPACED IN THE EXTRAPOLATION REGION (1073 < 2 < 107?)

CHANGE OF ARCHITECTURE:
2-4-3-1 vs. 2-5-3-1

(dlql)qa; | 0-9
(9] extea | 0-9
(dog)) e | 0-9

([d[0g)) oy | 1.4




TOWARDS THE LHC



WHERE DO WE STAND NOW?
WHAT WE HAVE LEARNT

LIGHT QUARK STRUCTURE IN
“VALENCE” REGION 0.1 < x < 0.5 (old fixed target dis data)

SINGLET AND GLUON AT SMALL z < 1072 (HERA)
SEA ASYMMETRY AT MEDIUM x ~ 0.1 < 0.2 (Drell-Yan)
HINTS ON STRANGENESS (neutrinos)

WHAT WE ARE STILL MISSING
GLUONS AT LARGE x (large Er jet problem)
NONSINGLET & VALENCE AT SMALL x
DETAILED INFO ON STRANGENESS (NuTeV problem)
INFO ON HEAVY QUARKS (small x W xsect problem)



IS IT A PROBLEM?

EXAMPLE: LACK OF KNOWLEDGE OF LARGE z GLUON
LIMITS DISCOVERY POTENTIAL FOR EXTRA DIMENSIONS

UPPER LIMIT ON COMPACTIFICATION SCALE FROM DIJET CROSS SECTIONS

FROM 100 FB~! AT LHC Ferrag (ATLAS, 2006)

2 4 6
extra dimensions extra dimensions extra dimensions

THEORETICALLY 5 TEV 5 TEV 5 TEV

INCLUDING PDF < 2TEV < 3TEV < 4 TEV

UNCERTAINTIES

CROSS—SECTION IN FIXED p¢ BINS
EXTRA DIMENSIONS VS STANDARD MODEL PDF UNC.: QG CHANNEL GG CHANNEL
Mc=2TeV Mc=4TeV 10 - ‘ ‘ : : :
10 ': T T T T T T T 10 -ﬁg L L _; T 1 -7% ]
10 777 0 f b -s 1“_8;’ 4
» s_ ] 0 _ 10 _9 quark+gluon 0 _9_ gluon+gluon ;
10 9’ Standard Model zon’ée 10 * 10_10?— 10 _w;- -
1 710%_ P _ 0 _ 10 _IE 10 -11% ]
10 uf XDs f 10 f 0 E 10 -u% 4
w 6XDs | w7 10 _u%— . ‘13% ]
10 13— ] 10 — 10 _13%* 10 _14% 3
10 14 10— 10 _1‘% 10 _15%— _
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SOLUTIONS: LARGE E7 JETS @ LHC
DETERMINING THE GLUON AT LARGE x

UNCERTAINTY IN THE GLUON GREATLY REDUCED
PROVIDED SYSTEMATICS CAN BE KEPT AT FEW PERCENT LEVEL

C
—4

] Il!llrll 1 Il'lll']rl | llllll'!l'
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E - [ | + ATLASJETS = 5 -0.1F v
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D. Clements (Atlas 2006)



SOLUTIONS: W ASYMMMETRY @ LHC
DETERMINING QUARKS AT SMALL x

e W PRODUCTION AT LHC PROBES z ~ 1072
e W* ASYMMETRIES SENSITIVE TO @/d

e = [F SMALL 2 BEHAVIOUR IS NOT AS CURRENTLY ASSUMED
(“REGGE”), W ASYMMETRY CHANGES BY UP TO FACTOR 5!

| Asym (W+ - W-) | (W+ + W-)

e
w

| ]

g H1pdf2k | S " HA1pdf2k
S o5 Relaxed assumptions 2 . Relaxed assumptions
3 - 2 2
m -
= T Q
S 02 .
L -
0.15_—_|_|_|—|_ —_
= ]
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= 40
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E. Perez (CMS 2006)



SOLUTIONS: W DISTRIBUTION @LHC
PRECISION PHYSICS @ SMALL

e MRSTO3 = BEST FIT VS.
MRSTO02 = VERY SMALL * HERA DATA NOT INCLUDED

e DIFFERENCE IN ASYMETRY SEEN AFTER FEW HOURS OF RUNNING!

200KEVENTS
e RAPIDITY DISTRIBUTION e~ RAPIDITY DISTRIBUTION
N | 6 hours | |
ot | e MRSTOS running

A. Cooper-Sarkar (Atlas 2006)



CONCLUSIONS

AT LHC, WE NEED PRECISION PHYSICS

e SOME WE'VE GOT ALREADY (small x gluons, large x valence quarks,...)

e SOME WE'LL MEASURE AT LHC ITSELF (small z quarks, large x gluons,...)



Higgs decay in eTe™ + 2 jets at CMS
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