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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

FACTORIZATION
v, W*, ZF P
—— = =

= s —

IN ORDER TO EXTRACT THE RELEVANT PHYSICS SIGNAL,

WE NEED TO KNOW THE PARTON DISTRIBUTIONS AND THEIR UNCERTAINTY

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



SUMMARY
« DETERMINING PDFS

— factorization
— disentangling PDF's
— the state of the art

e CURRENT ISSUES & LHC NEEDS

— experimental information

— theoretical issues
— towards LHC

e PDFS WITH ERRORS
— the problem of PDF uncertainties

— incompatible data
— the standard approach and its limitations

« THE NEURAL NETWORK APPROACH

— the neural monte carlo strategy
— unbiased neural fitting
— nonsinglet and singlet fits



DETERMINING PDFs



FACTORIZATION I: DEEP-INELASTIC
SCATTERING

STRUCTURE FUNCTIONS. ..

Lepton fractional energy loss: y = g%k;

2

Q

gauge boson virtuality: ¢? = —Q

2
r=

Bjorken z: 59 q

2
lepton-nucleon CM energy: s = g_y;

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

Sl
p — X
v e (2,y, Q%) _ Gk Q’ y : 2
dxdy T 2n(1+Q2/m2,)? xy [—Ae Y (1 — 5) 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, gs




...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 (up to O|as] corrections)

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% a b f dz1 dza fosn, (21) fo/h,(22)0q,q,— X (x1x237M)2()

LEAD. ORD. = 00 ) _, e L fa/n (T) fosny (T/2) = 00L(T) = L PARTON LUMI

P2

s=(p1+p2)? =

P1
LEADING ORDER

DRELL-YAN .

Hadronic c.m. energy: s = (p1 —I—p2)2

Momentum fractions z1,2 = \/g exp
Lead. Ord. § = M?

Partonic c.m. energy: § = x1x2s
Invariant mass of final state X
(dilepton, Higgs,...):

M‘%V = scale of process

M2
Scaling variable 7 = —=*

¢ 6g.qy—x =00C (z,05(M%)); C(z,05(M%)) =61 — )+ Ocs)

o (s, M?) = o9 Z f dx1dxs fo/n, (1) fo/ny (®2)0(T1220 — T)C (37’ O‘S(MJ%I))

l’l’lln

T

— 00 Za b flz dwxll fl %‘f@/hl (:Bl)fb/h2 (:CQ)O <$1T3327 S(M2 ))

EXAMPLE: DRELL-YAN ox — M?-22_: 50 = 27cv

dM?2

O
W |~



LHC: KINEMATICS AND PHYSICAL PROCESSES

LHC PROCESSES
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Q (Gev)

PARTON FITS

DATA — PARTON DISTRIBUTIONS

STRATEGY:

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

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

FIT THE OBSERVABLES WITH THE PDFS AS
FREE PARAMETERS

DATA INCLUDED IN CTEQ5 PARTON FIT

DIS (fixed target)
HERA ('94) 1
DY

W-asymmetry
Direct-y R
4 v A Jets
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TASKS:

STRUCTURE FUNCTION (OR XSECT) IS A CON-
VOLUTION OVER x OF PARTON DISTNS. AND
PERTURBATIVE CROSS SECTION

— MUST DECONVOLUTE

EACH STRUCTURE FUNCTION (OR XSECT) IS
A LINEAR COMBINATION OF MANY PARTON
DISTNS (2/Ny QUARKS + 1 GLUON)

— MUST COMBINE DIFFERENT PROCESSES

DATA GIVEN AT VARIOUS SCALES, WANT PAR-
TON DISTNS. AS FCTN OF z AT COMMON
SCALE Q2

— MUST EVOLVE

TH UNCERTAINTIES: HIGHER ORDERS, RE-
SUMMATIONS, HEAVY QUARK THRESHOLDS,
NUCLEAR CORRECTIONS, HIGHER TWIST,



DISENTANGLING QUARKS FROM ANTIQUARKS

~* DIS ONLY MEASURES ¢g + ¢ COMBINATION!

DRELL-YAN p/d ASYMMETRY

13
12 -
1_15 _ses v LIGHT ANTIQUARK ASYMMETRY

2
o.9i oPm %upjp+%dpap o d
08 - wher _l D) o PP durap+Ldrap ~ a
07 F— - g$\E/Q9§M @=0) + large x
0L Lo E866 (2001)
T T T TR T TR

x

2

W* ASYMMETRY

CDF 1992-1995 (110 pb™ e+y)
' 5 i > LIGHT QUARK ASYMMETRY
L BYRAD -
R O‘pp b ap
MRSRz(DYQAARDS)(Fc;IZu(EZ;ﬁ;)) x‘iii“‘ E/P;—'— ~J up dp (qp — q_z3 )
MRST (DYRAD) %\% JW— dPu
Tos 1T Tis 2

OLepton R;pi;iit;/D CDF ( ]_ 998)



20

DETERMINING THE GLUON

EVOLUTION:

SINGLET SCALING VIOLATIONS
4 RS (N,Q?) = 2{@) [ (N)F5 4 2147, (N)g(N,Q%)] 4+ O(a?)
Fy(N,Q%) = folda:a:N_ng(x,Q2); Vi (N) = foldxxN_lPij(a:,QQ)

LARGE/SMALL X < LARGE/SMALL N

AT LARGE N
Yag << Yqq

AT LARGE x
— GLUON HARD TO DETERMINE

Gloun Distribution at Q2 =10GeV® — EHLQ84 -
99 ~—— DuOw84 ]
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THE STANDARD APPROACH:
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?

NOMINALLY, RATHER WELL INDEED...

Q (GeVv)

DATA INCLUDED IN CTEQ5 PARTON FIT
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—— H1PDF 2000 fit
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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)

CTEQ ERROR BAND
& MRST/CTEQ CURVE

u—u d—d
' [

20 H‘\\‘ T T T T ‘ T T T T T T T T 20 H‘\\‘ T T ‘ T
uat Q = 3.16 GeV i d at Q = 3.16 GeV
© | i
(4
b L I
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i kel
-
&
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£ L il
s
L Er R eraii
= 3
-
F
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?6'5°“u;"| 107° 01 .02 05 Kt 2 al 4I 5 68 7 .al 01

MRST GLUON ERROR BAND
&CTEQ/MRST CURVE

Uncertainty of gluon from Hessian method

15 L S B AR ]

14 |- Ratio of xg(x,Q)/xg(x,Q% MRST2001C) at Q*=5 GeV? -
13 , .
12 - -
11 — —
P S S S |
09 — —
08 |- N

Hessian uncertainty

o7 = /L CTEQ6M m
06 — —
0'510 “ 107 10? 107 1
15 L B L) B B R AR ;

14 Ratio of xg(x,Q%)/xg(x,Q% MRST2001C) at Q°=100 GeV> —

—FEW PERCENT ERROR ON VALENCE & GLUE
—OTHER PDFS:
ERROR NOT WELL CONTROLLED



KNOWN ISSUES
& LHC NEEDS



CASE STUDY I: THE CDF LARGE E7 JETS
CDF 1995

% Difference
T

e DISCREPANCY BETWEEN QCD CALCULATION AND
CDF JET DATA (1995)

e EVIDENCE FOR QUARK COMPOSITENESS?

e BUT NO INFO ON PARTON UNCERTAINTY —
RESULT STRONGLY DEPENDS ON
GLUON AT @ 2 0.1

1An Idzcl(dETdn) dn  (nb/GeV)
13 s = B

-25 I

E — MRSA’ ----- CT EQ 2ML

50 MRSG  sseessense

7 // ///
- ,7/ /////////////////// /////

// I’T'IO correl stematic uncertainties

//// //////////////////////////////////////////////// %
R PR R TR AR REE A SR R
100 O 100 150 200 250 300 350 400 450
Jet Transverse Energy (GeV)

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

| AL ( )
| Ratio: Prel. data/ NLO QCD (CTEQ5M | CTEQSHJ) CDF FIN CTEQ FIT 1 998
lar CTEOSM - 100 | Comparison of CDF and DO inclusive jet do / dpt
i CTESSH " nom. facor : 1’00 14} Data / NLO-QCD (CTEQ5HJ)
12 | i - I
1 3 LI ﬁé.!-a b 3 12
gt ’
I Data / CTEQ5M I
0.8 7Inc| Jet Op‘i bdg/d%t — — — ~ CTEQSMJ/CTEQSM 1k
(107" nb GeVv?) e CDF Data(Prel.) L
| —e"eTat - — — - CTEQS5HJ
0.6 |- CTEQ5M |
L 08 " CDF * 1.04
04l A DO *1.08
(Error bars: statistical only) 06 I .
02 I 14% < Corr. Sve. Err. < 2704 : (8 - 30 % systematic error not shown)
2 n orr. Sys. Err. 3
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0 T T T T T T I T T T[S S S T T A N T T Y ST Y B PT (Gew
50 100 150 200 250 300 350 400

pr (GeV)



CASE STUDY II: THE NUTEV ANOMALY
THE PASCHOS-WOLFENSTEIN RATIO: DATA...
NuTeV 2001 sin? @y, (0OS) = 0.2272 + 0.0013(stat) = 0.0009(syst) £ 0.0002( M, M)

Global Fit 2003 sin® Oy, (0S) = 0.2229 4 0.0004
...VS. THEORY

- O‘Nc(V) —O'Nc(ﬂ)
T e —oce)

= (%_Sin29w>+2[(u—ﬂ)—(d—cz)_ S8 ]X[(17Sin29w>

u—u+d—d uwu—u+d—d 2 6

—I—é% (1 — sin” QW) + 0(a?)

2 o 2
55- \3 + O(6(u —d)”, ds

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)



[SOSPIN VIOLATION

QED EFFECTS LEAD TO ISOSPIN VIOLATION:

u — @ radiate more photons than d — d: 4 g; < e2q;
— MORE PHOTON MOMENTUM IN PROTON THAN NEUTRON

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

0.010 r~—rr T T T e SIGN OF EFFECT AS REQUIRED TO

—
| MRSTQEDO04 Z EXPLAIN NUTEV
- Q= 20 GeV’ :
. . e SIZE OF EFFECTS WITH REASON-
0.005 |- - ABLE ASSUMPTIONS ABOUT 1/2

OF NUTEV ANOMALY

e THEORETICAL RESULTS AGREES
WITH FIT IF ISOSPIN VIOLATION AL-
LOWED

0.000

MRST 2005: “QED” PARTON SET

-0.005

_0‘010-...I...I...I...I....
0.0 0.2 0.4 0.6 0.8 1.0



STRANGENESS ASYMMETRY

: 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 EXTRACTION OF THE STRANGE DISTRIBUTION
Q’=20GeV

fitzBPZ CCFR/NUTEV s — 5 DETERMINATION

0.006/—

5000 v & 1500 7 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

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

o ['(s(z) - 5(x))dz = 0 IN PROTON
= EITHER s(x) — §(z) HAS A NODE OR IT VANISHES EVERYWHERE

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

® [ARGE xr REGION WEIGHS MORE IN MOMENTUM FRACTION

e POSITIVE MOM. FRACTION s — s = 0.02:

0.03F
0.02F

0.01f

0

-0.01

s (x,Q) dx/dz

-0.02

-0.03

strangeness asymmetry
X

.001

0.01
T

005 01
T

5
0.05130 T

0.04 -

Strangeness Asymmetry

004F

-0.05

-0.06 "

—— BPZ "withccfr" 7
—— Ccfr-NuTeV =

. (scellle: Iillwear Iin Z|: xlm)lg

1.25

x2 dimuon vs. inclusive

-0.2 0 0.2 0.4
[S-]1x 100

STRANGE QUARK PDF FITTED IN FORTHCOMING MRST & CTEQ SETS



CASE STUDY III W PRODUCTION @ LHC: THE GOOD NEWS

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




W PRODUCTION @ [LHC: THE NOT SO GOOD NEWS

2.0 T T T T

uat u = 2GeV

rrrrrrrrrrrmﬂmﬂHH\UHH

2.0 WA

i s

Ratio to CTEQS.1
5

o
2
I

d at u = 2GeV

i

Ratio to CTEQ6.1

0.5
10°10740° 01.02 .05 .1 2 a3

X

111
4 65 687891

0.5 L
10107407

1
01.02 05 .1 2 3 4 5

X

6.7891

Impact of CTEQ6.5M,S,C PDF's on 6,,,'s at LHC

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

KNNLO!
e HJIH— " CTEQB5
Wl e e * CTEQ6.1
Z° _*;‘f A IC-Sea
ag-H(120) e
W*H(120) e
W-H(120) R
ScoH*(200)5bt ———
085 09 095 1 105 14 115 12

1.25

2.0 A I T T

| gluon at u = 2GeV

Ratio to CTEQG6.1
5
r—
=

o
~
I
I

0-5 -III 1 I 1 1 I 1 1 I
10°10740™° 01.02 .05 .1

2 3 4 568.78.91

NEW (CTEQ®6.5) PARTON SET IN-
CLUDES HQ MATCHING

EFFECT OF IMPROVED HW MASS
FELT MOSTLY IN SMALL r QUARK
SUPPRESSION OF CHARM — EN-
HANCEMENT OF LIGHT SEA

IN COMPARISON TO PREVIOUS
(CTEQ76.1), SIGNIFICANT
CHANGE OF wu, d QUARK DISTNS
AT x ~ 0.01

W, Z TOTAL XSECT NO LONGER
AGREES WITH MRST

THOUGH MRST INCLUDES HQ
MATCHING!

EFFECT OF INTRINSIC CHARM (IC)
MINOR



WHERE DO WE STAND NOW?
WHAT WE HAVE LEARNT

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

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

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



IS IT A PROBLEM?

EXAMPLE: LACK OF KNOWLEDGE OF LARGE x 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 < 3 TEV < 4 TEV
UNCERTAINTIES

CROSS—SECTION IN FIXED pt BINS
EXTRA DIMENSIONS VS STANDARD MODEL PDF UNC.: QG CHANNEL GG CHANNEL
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SOLUTIONS: LARGE FE7 JETS @ LHC
DETERMINING THE GLUON AT LARGE x

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

T IIZIIIIII T II1‘II']TI I Ifllll"lr

0.2 | = 0.2 =
= Q?=100000 GeV? E| - = Q%= 100000 GeV? £3
- _C = = = £
5 015 £ g oisE £
= 01fF / El=l i
N oosE E - I
g 0"]5 E e e e e T E .§ ']"]5 ;_
T -0F 15 =
= = e == Fa - oot -'] C
=095 o JEUSJETS PDE 1 oos |
- 21 ZEUS-JET! : O e
& 01fF - T 3 g - 7 ZEUS-JETS PDF
= = + ATLAS JETS 221 5 -01p
015 (10 fb-1,10% syst) <3 O gq5E + ATLAS JETS
e = - (10 fb-1, 5% syst.) <
7II| L 1 IIIIII| 1 IIIIIII| ] IIIIIII| L 1 T ']2_ .
l{]_-ﬁ 10-3 1{}-;! 1[!_1 X . M : —]
107 10~ 10 10"

D. Clements (Atlas 2006)



SOLUTIONS: W ASYMMMETRY @ LHC
DETERMINING QUARKS AT SMALL x

e W PRODUCTION AT LHC PROBES z ~ 102
e W* ASYMMETRIES SENSITIVE TO % /d

e — IF SMALL x BEHAVIOUR IS NOT AS CURRENTLY ASSUMED
(“REGGE”), W ASYMMETRY CHANGES BY UP TO FACTOR 5!

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

H1pdf2k
Relaxed assumptions

o
w

{

—— H1pdf2k
Relaxed assumptions

_ |

ds/deta (fb)
(=]
o

o
()

| ]

Rel. uncertainty (%)

(=]
Y
T

—

P
o.os__l__|_ 20
- 10
U_‘ PR T R R S AN S S SO S N S S S AT S RN N R S R o—. ey o
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
eta lepton eta lepton

E. Perez (CMS 2006)



SOLUTIONS: W DISTRIBUTION @LHC
PRECISION PHYSICS @ SMALL x

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

DIFFERENCE IN ASYMETRY SEEN AFTER FEW HOURS OF RUNNING!

il |-

Luis :— mia -

o1z -

: 6 hours
o | e running

A. Cooper-Sarkar (Atlas 2006)



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.

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



CAN WE TRUST PDF UNCERTAINTIES?
PARTON SETS DO NOT AGREE WITHIN RESPECTIVE ERRORS...

PHYSICAL OBSERVABLE: PARTON DISTRIBUTIONS:
HIGGS PRODUCTION AT LHC MRST/CTEQ GLUON
1.4 mrrT— T T T | — J
| | | | T | |
4 1.15 F——— — — Q = 3.16 GeV gluon
X 11 bcisiiiiiiin

1.0 . R 12— -\~

1.0 77

N
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33
N R [
%i
N L
N \:\/
77777 | 1
N l}
]
]
]
[}
[}
]
1
[}
[}

g(x)/CTEQS.1

Alekhin ------ N . 0.8
0.5 \
o(pp — HW) [pb]
Vs = 14 TeV !
03 — — 0.6 llllll:l ' | | | | | 1l
10°%10*10° .01.02 .05 .1 2 3 4 5 .8.78.91

1 1 1 1
X

100 120 140 160 180 200
BiaussyAnp FERRAG, 2004
® ALEKHIN VS. MRST/CTEQ — PREDICTIONS FOR ASSOCIATE HIGGS W PRODUCTION @ LHC
DO NOT AGREE WITHIN RESPECTIVE ERRORS

e MRST vs. CTEQ GLUONS DO NOT AGREE WITHIN RESPECTIVE ERRORS

ARE MORE DATA ENOUGH TO RESOLVE THE DISCREPANCIES?



INCOMPATIBLE DATA?

E866 DY DATA DISAGREE WITH DIS DATA:

ow PREDICTION UNSTABLE
opy ~ q(x1)q(x2) DISAGREES

2
WITH DIS QUARK AT SAME = AND @) ONE o ERROR BAND FOR PHYSICAL

PREDICTIONS BASED ON DIFFERENT
UNDERLYING DATASETS DISAGREE

E866 (M= 4.95 GeV)
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DIS+ES866
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CONSERVATIVE SOLUTION:
SELECT COHERENT SET OF DATA: ALEKHIN PARTONS
e ONLY DIS + SUBSET OF DY DATA INCLUDED

e Ax? =1 PROVIDES GOOD 1-0 CURVES

UP AND DOWN GLUE QUARK SEA ASYM.
Q*=9GeV? Q%9 Gev? Q=9 Gev?
08 5007
07 [ ) — DISDY(xlo) ‘?0.06 g - cees
o6 |/ N = DIS(tlo) :
' \ 0.05

004 [
003 | |4

002 [ Tf

oot [}

rrrrr

[ A I B I
0 0 005 01 015 02 025 03 035 04
X

e ALEKHIN 2003-2006 PARTON UNCERTAINTIES COMPARABLE TO CTEQG

e ERROR ON oy COMPARABLE TO CTEQ, MRST



CONSERVATIVE SOLUTION:
SELECT COHERENT SET OF DATA: ALEKHIN PARTONS
e ONLY DIS + SUBSET OF DY DATA INCLUDED

e Ax? =1 PROVIDES GOOD 1-0 CURVES

GLUE
WN UARK SEA ASYM.

UP AND DO GLUE Q A vs MRST
08 Q%9 GeVv? Q%9 Gev? 007 Q*=9Gev? R A
07 | § = DIS/IDY(210) go.oe F o E866
0s |/ === DIS(¢10) ?

X0(x,Q°=1000)

004 [
003 | |4

002 [ Tf

oot [}

rrrrr

[ A I B I
0 0 005 01 015 02 025 03 035 04
X

e ALEKHIN 2003-2006 PARTON UNCERTAINTIES COMPARABLE TO CTEQG

e ERROR ON oy COMPARABLE TO CTEQ, MRST

e LOTS OF MISSING INFORMATION (E.G. LARGE 2 GLUON)



STANDARD SOLUTION: CTE(Q TOLERANCE CRITERION

e DETERMINE EIGENVECTORS OF X2 PARABOLOID

e DETERMINE 90% C.L. FOR EACH EXPT. ALONG EACH

MINIMUM X? VS GLOBAL X2 EIGENVECTOR

L D e DETERMINE MOST RESTRICTIVE INTERVAL ABOUT GLOBAL
- .
N _ MINIMUM (TOLERANCE)
W N T~
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STANDARD SOLUTION: CTE(Q TOLERANCE CRITERION

e DETERMINE EIGENVECTORS OF X2 PARABOLOID
e DETERMINE 90% C.L. FOR EACH EXPT. ALONG EACH

MINIMUM X2 VS GLOBAL 2 EIGENVECTOR
%""' e DETERMINE MOST RESTRICTIVE INTERVAL ABOUT GLOBAL

N ] MINIMUM (TOLERANCE)
A\ 1 Ax? =100
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STABILITY(?) correLN. o, - PDFS (CTEQ 2008)

STUDY CORRELATION BETWEEN DATA & PDFS T
REMOVE TROUBLESOME DATA BY CUTTING LOW 2R \\ —
z, LOW Q° (“CONSERVATIVE PARTONS”, MRST ;/ \_\ q\ — =
2003) Y :

RESULTS UNSTABLE — MISSING INFO (MRST)

OR STABLE WITH “PROPER” ASSUMPTIONS

(CTEQ)
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ow AS CUTS ARE RAISED
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STABILITY(?) correLN. o, - PDFS (CTEQ 2008)

STUDY CORRELATION BETWEEN DATA & PDFS

REMOVE TROUBLESOME DATA BY CUTTING LOW
z, LOW Q° (“CONSERVATIVE PARTONS”, MRST
2003)

RESULTS UNSTABLE — MISSING INFO (MRST)

OR STABLE WITH “PROPER” ASSUMPTIONS
(CTEQ)

IS A STABLE RESULT RELIABLE?

ow AS CUTS ARE RAISED

24
[ MRST @ (- gluon prefered) W @ LHC 1
L CTEQ < (+gluon only) i
22 - X (- gluon allowed) .
NLO
O [ Q- @ S EEEREEEE 5
C 20 |- Ay Ay -
— X
= L i
on 18 C ® 7
= L
© L ]
16 ] ° -
[ x,=0 00002 0001 00025 0005 0.0
14 L

CTEQS6.6: correlation between s and fix,Q=85. GeVL
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THE HERA-LHC BENCHMARK: AN IMPASSE

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

e FITTED WITH RESPECTIVE METHODS BY A & MRST

e ALL ERRORS DETERMINED AT ONE o

GLUON AND dyv

A BENCH VS. MRST BENCH MRST VS. BENCH

\ Alekhinbench | ’//\\\ hhhhhhhhh MRSTbench /,/ \\
; 2r y \\\ 03 MRST2001 / ) \\
2 t _ PN
3 k4 i § YN
< § k5 ’

g \ i
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THE HERA-LHC BENCHMARK: AN IMPASSE

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

e FITTED WITH RESPECTIVE METHODS BY A & MRST

e ALL ERRORS DETERMINED AT ONE o

GLUON AND dv

A BENCH VS. MRST BENCH MRST VS. BENCH

MRSThench

hhhhhhhhh MRSTbench

Alekhinbench
MRST2001

o xd,(xQ=20) o

AGREEMENT! DISAGREEMENT!

e [T IS 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 NNPDF APPROACH



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| sswerimenaass

DATASET 4% (p;) Gersion ot =
— REPRESENTATION OF P[U(pz)] AT L artficial data exp - art
DISCRETE SET OF POINTS p; neffi"f.'ii ziks - n:;e_s;srt
e TRAIN A NEURAL NET FOR EACH PDF
ON EACH REPLICA, THUS OBTAINING Evolution
A NEURAL REPRESENTATION OF THE
(net),(k)

I ) S (net(1) (net)(2) (net)k) o | Tests
P F f Ay Uns oo Qys —>

net - net

}

e THE SET OF NEURAL NETS IS A REP-

RESENTATION OF THE PROBABILITY
DENSITY:

rep /

f, (net) ()
I:f’ll] 0' Determination of QU G, o <0
N the probability density N N

rep

Tests
net - exp

\ 4




THE PROJECT AND ITS STRUCTURE

STRUCTURE OF THE CODE

FILTER Experimental data fitering (common format)

GENERATOR Replicas of data generation, training/validation partition

e ABOUT 20.000 LINES OF CODE, —
ABOUT 200 MODULES/ROUTINES —

e OBJECT-ORIENTED STRUCTURE,
SVN

PROJECTS

VALIDPHYS Compute statistical estimators and prepare plots
and other info for training report

PLOTS From ROOT scripts create plots for report

DATA Modules for reading data and various parameters

Modules which implement physical parton

EVOL evolution with the grid technique, coefficient
e FULL DOCUMENTATION AVAILABLE R
! T EXPS Modules to filter each individual experiment
GEN Generator modules: generate replicas, training/

validation partition

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

INTER Routines associated to evolution grid

Minimization routines (ga, conjgrad, minuit),

FLOWC HART O F THE PROJ ECT minimcontrolf, dynamical stopping ...

MODULES
NN Basic neural network routines

| Reconstruct observables from trained nets in
NNSINGLET PHYS frain.f and create plots of pdfs and physical
observables

DATAREAD
Read experimental data

%

[
[l \
[l Computation of statistical estimators: chi2.f, est.,
I POFCREATE Iniialize PDFs STAT stab.f, esttex.f to save estimators for report ...
I
Il
I GRIDREAD UTILS Mathematical utils
“\“ I Inialze evolution grids
I
fl
[l XSEC Compute physical observables in xsec.f
|
| XSEC Compute physical observables
Compute evolved pdfs included coefficient FILTER Check properties of uncertainties
. Compute evoNved pfs ncudd cosfice
Input PDFs at intial evolution scales (npdtf, EVFACTINTER Benchmark with LH tables, compare grid
oz PoAN polpd, Inapas) evolution with gauss evolution, ...
Compute PDFs nomaizations with sum rues,
COMPUTENORM )
check integrabilty Check MC generation, compute data statitical
MINIMIZATION GENERATOR estimators, ...
1.- Genetic Algorithms.
- Conjugate Gradient
3.- Minuit MINIMCONTROL Check status of minimization, sum rules, chi2,
save resuls, check dynamical stopping Compute chi2 with Ihapdfs, check pdf
NNSINGLET initialization, check minimization and training time
DEVEL
POFUE Gheck for feezinglunireezing of pds
VALIDPHYS Check computation of physical observables
DYNSTOP Dynarmical stopping based on overieaming
cierion

Parameter (.par) files with the variable
input for the different projects

INCLUDE
COMMONS

Include (.h) files with the common
blocks of projects and modules



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!

3) (1
A1-2-1NN: &3y = o -
0(3) _ “11 _ “12
1 @ _ (DD @ _ DD
14e 14e 1 1 11 14e 2 1 “21
ANY FUNCTION CAN BE REPRESENTED BY A SUFFICIENTLY BIG NEURAL
NETWORK

LESS PARAMETERS — SMOOTHER FUNCTIONS



WHY NEURAL NETWORKS?

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?



WHY NEURAL NETWORKS?
IN A STANDARD FIT, ONE LOOKS FOR MINIMUM Y* WITH GIVEN FINITE PARM.
e IF THE BASIS IS TOO LARGE, THE FIT NEVER CONVERGES
e IF 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:



WHY NEURAL NETWORKS?

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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WHY NEURAL NETWORKS?

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:

PROPER LEARNING

Proper Learning y®=1
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WHY NEURAL NETWORKS?

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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WHY NEURAL NETWORKS?
IN A STANDARD FIT, ONE LOOKS FOR MINIMUM Y* WITH GIVEN FINITE PARM.
e IF THE BASIS IS TOO LARGE, THE FIT NEVER CONVERGES
e IF 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
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A: STOP THE FIT BEFORE OVERLEARNING SETS IN!



WHY NEURAL NETWORKS?
IN A STANDARD FIT, ONE LOOKS FOR MINIMUM Y* WITH GIVEN FINITE PARM.
e IF THE BASIS IS TOO LARGE, THE FIT NEVER CONVERGES
e IF 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
Over Learning y2~0
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0.07—
0.06— i | Y
— ]
— L | L L - e
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— Data
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A: STOP THE FIT BEFORE OVERLEARNING SETS IN!
COULD BE DONE WITH STANDARD PARAMETRIZATIONS, BUT VERY INEFFICIENTLY



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
USED FOR FITTING)

SET (NOT

e WHEN THE STOPS DECREASING, STOP THE FIT
GO!
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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!
F° (x, @) L2 ]
0.08 10¢
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0.03 k e
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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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STATUS OF THE PROJECT
NONSINGLET FIT

FIT TO F5 — F$ DIS DATA FROM BCDMS & NMC (ABOUT 500 DATAPOINTS)

DETERMINATION OF u + % — (d + d) (ISOTRIPLET) PARTON DISTRIBUTION
PUBLISHED IN JHEP 0703:039,2007
FULL FIT

FIT TO AVAILABLE UNPOLARIZED DIS DATA: ELECTRON AND NEUTRINO BEAMS, NC
& CC SCATTERING, PROTON AND DEUTERIUM TARGETS FROM 12 EXPERIMENTS
(ABOUT 3000 DATAPOINTS)

DETERMINATION OF A SET OF FIVE INDEP. PDFS (SAME AS MRST, CTEQ)

TO APPEAR BEFORE THE SPRING 2008



THE DATA

FULL

NONSINGLET
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STOPPING I

e EACH NEURAL NET IS FITTED TO A PSEUDODATA REPLICA BY MINIMIZING THE y* TO
SUBSET OF DATA (TRAINING SET)

e FIT STOPS WHEN THE Y OF THE REMAINING DATA STARTS TO GROW (VALIDATION
SET)

STOPPING FOR THE Y? OF ONE REPLICA (FULL FIT)

#E, and E - rep 0003 | | #E, and E - rep 0003 |
6 3.3F
- t 3.28f
5.5 C
= —E, 3.26f
5 _ Eval 3.24 ;
- 3.22fF
- c _ E
45 tr
- 3.2F
- \, o — EvaI
Ak | 3.18[-
C V\f\y\\m 3.16F
3-5: \Y W-” ‘—CA&P{A‘&_IA\Z_._ 3.14f
L — X: : i -
- ~ 3.12F
3 -
0 20 40 60 80 100 120 140 160 3fs8 150 160 161 162 163 164 165 166 167

# iterations # iterations



STOPPING II
AFTER STOPPING CRITERION IMPLEMENTED (NONSINGLET FIT)

DISTRIBUTION OF X2 AT STOPPING DISTRIBUTION OF TRAINING LENGTHS
| Distribution of E |
00.24 = | Distribution of training lengths | Training length
13} - Entries 100
"_;_0.22 — 5024 = Mean 44.01
S 02F .30.22:— s e
+ - = C
0.18— ® 02
= H* -
0.16 = 0.18:—
0.14 f_ 0.16 ;—
0120 0.14 =
- 0.12F
0.1 =
- 01—
0.08— =
= 0.08
0.06 - 0.06 -
0.04 - 0.04 -
0.02[ 0.02F- ™ [
o:|||||||||||||||||||||||||||||||| 0: ] e e [ I Y T
1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 0 20 40 60 80 100 120 140
E(k) Training length

e POISSONIAN DISTRIBUTION OF TRAINING LENGTHS

e BEST FIT 2 = 0.75 (BCDMS: 0.75, NMC: 0.72):
EXPT. ERRORS SOMEWHAT OVERESTIMATED?



STABILITY
(NONSINGLET FIT)

CAN CHECK STABILITY BY COMPARING RESULTS IF THE WHOLE PROCEDURE IS
REPEATED WITH A DIFFERENT SET OF REPLICAS

2
(<Qi>(1) —<Q7L>(2)>
\ o2[a; ] +02 (g

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

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

dat

SELF-STABILITY: CHANGE OF ARCHITECTURE:
DIFFERENT SETS OF 100 REPLICAS 2-4-3-1 vs. 2-5-3-1
(d [Q]>dat 0.96 (d [q]>dat 0.9
<d [q]>extra 099 <d [q]>extra 09
(d [aq])dat 0.88 (d [aq]>dat 0.9
(d [Uq]>extra 0.97 (d [Uq]>extra 1.4

DISTANCE COMPUTED FOR 14 POINTS LINEARLY SPACED IN THE DATA REGION
(0.05 < x <0.75)
& 14 POINTS LOG SPACED IN THE EXTRAPOLATION REGION (1073 < z < 1072)



RESULTS & COMPARISON TO OTHER APPROACHES
(NONSINGLET FIT)

NLO RESULTS: THE STRUCTURE FUNCTION Fa'®(x, Q?)

2 2 2
VS x AT (Q° = 15 GEV VS Q° AT x = 0.15
0.07 o 13 GeV2 < Q? < 17 GeV? 0.09 =
C I:INNPDF C x=0.15
006 __ |:| CTEQ 008 — I:INNPDF
C C CcTEQ
C MRST C
0.05 - _ 0.07 ¢ B mRsT
C B iehin - B Alekhin
- [ ] -
~ 0,04 = . 0.06]~ | ® Data
NO NO; o o
X 0.03F 20.05F ? ‘
2w 0 2. [ [ 2K )
0.02F 0.04 ! (X ?
g ; ol
0.01f 0.03[-
oF 0.02
_0.01_ I 1 1 L Ll I I I TR B 001_ I [ B | 1 L L T |
107 10 1 10 ) , 10°
X Q’ [GeV?]

e 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 <2x<0.3



RESULTS (SINGLET FIT)
PRELIMINARY: 25 REPLICAS
GLUON

GLUON SINGLET

[ Gluon PDF - Log scale | [__Gluon PDF - Lin scale_] [ Singlet PDF - Log scale |
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1 [1cTEQ6.5
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CONCLUSION

AT LHC, WE NEED PRECISION PHYSICS



Higgs decay in eTe™+ 2 jets at CMS

FOR DISCOVERY PHYSICS




EXTRAS



NNLO CORRECTIONS

HOW BIG IS THE IMPACT OF HIGHER ORDER PERTURBATIVE CORRECTIONS?
NNLO SPLITTING FUNCTIONS COMPUTED RECENTLY (Moch, Vermaseren and Vogt,
2004)

NNLO HARD XSECTS AVAILABLE FOR DIS, DY, W AND HIGGS PRODUCTION (INCL.)
— NNLO GLOBAL FITS AROUND THE CORNER

PERTURBATIVE COEFFICIENTS EVOLUTION
12 :
1.15 I G'mm.o/ G'mo I Z’NNl.o/ Mo
i L |
1.06 | I
1 .
- ,’I/
095 [ -
09 -
0.85 |- -
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Alekhin



tFN)S=WNFTN C(TFN)S = (N)S TN :uonejou joedwo) —

NN 55| O N ) () Don Lk = .

A T+ e +21sT+ 7 Igp + L ("N+"N) - Tﬁ & N+

w m@ mS
o Sttist m?v Or+ A TJ - ai UN+N) = s+ ﬂv i+

o 81 3 ¥T
— — I+ Io—— [ (TN + N)+ 1¢— — € ¢7 — = —¢&¢T A~V = (N su
Y mET N+ N)+HIS =5 sT— 7% zmv 0% = (N) 1)

6/, ureinpuA ‘zadoT ‘cAolly-zajezuox) : g/, epleiyoes ‘ssoy ‘solelo|d : Qoo_-0>>._. —

(E-"SCN+"N)D = (Nt
£/, 3279|I\\ ‘ss0u9) 1 dooj-euQ —

aoeds ul||apy Ul SUoIsuawWip snojewouy

SHNS3Y 3yl



¢ @ ¢ ¢ ¢ @ ¢ ¢ m ¢ .—V ¢ WM [ ¢ @
Clg—— —TemIgre — 7 Ig— — ¥~ GBL N+ N)+ T §—+Tege —rg—+ 076+ g— - TIgp —Tlg—+
cLl LOI ( ) 14! %9 e 60¢
mw:m& (T— TN+ "N)—Sspy— T €gg+€1gg — mmk — N;mM + 1T1gQy — NKGW +€71goy + T ITggr — 1T T-gg +
C8I 8¢ 9¢C
B F T e € ﬁ 6 r 9 9
g9 — T TgO] + 98T+ g — et gr e g —— Tt trgr -t g——+ Vg0 + VS — — 57901 — —— —
] 6 I¢ 149! 68 IC1
14 v< i 2 81 128 J _ 6 LT vYIN ;o4 4 ¢ 91¢C 6
) 009+ (B — IS (FN+N) + 85 + _wl||v uiD91 + AT?|£||£|| mmlg N+
S 7 I 11 z ( ) z €1 L1/t S 8 9L£T 8¢
‘ N ¢ .v ¢ o ¢ N ¢ .v ¢ ¢ [0 ¢ Nh @MN ¢ @
g 4 I'rgL 4 IEgZ —TEgS — €TgL — I'TTgr 4+ T I'Ttge — 1'Tgy 4 € Nm;Lj _ - IT + g A
SpHrS S Se | ST S€— 1L +£9%5¢ | (TN~ "N) STor Jo61 S
Yo — ﬁmmm - TEg — €Tgr + 1'TTg + VIge + I'E'Igh + m;m% —€TIgy — I'T=T'Igg — €' T'Igg + 1m|;w% —T-T'Igg —
190 4 reigg - e1g 2 4 rIge — GEQ ("N+"N) + TL}? —VIgrT+ muﬁi (Z—"™N+"N)+ gt 1 7g0 o
16 6l LEL6 ¢l OLI
+ vmm — gy — €lgp + 1T lgr + NLGW —£'1g0] — _rnv|m — TR+ 1T T gy — T T ge €T — €977 69 —
S 11 €881
¢ . . 9 n _ 6 n 9 14 9LS o C o €
Cg= 4 Ie—g— 4T € g7+ ¢— —IV—qp —V—¢— 4+ S7¢7+ £€9— — |v <th©~ + AT €Q= +€91¢+T-Tg= —
¢ 11 L9 1€ uﬁ LS91/ ¢ I 2 I
W ¢ o« C o € o € o6 801 81 91¢C “ 81
_N.m.l|w_hl|ml_.m.l|_NI_.WI|NI_M.|+N.m4||mh|+_.w|+__,L +Z+|Z |Th|m%|g ~|+Z _
I I I C 91 LIE Il LETI ( ) €C ( )
€ e € LT 6 ﬁ ¢ o € 6 6 Vv C
—eg= —1 NL +ZI I'e—g= —lg—— 4+ t¢— — l'Igz 4+ V—¢= — T 1g= 4 €¢— — €7¢—  — — ¢ Iv&tkbaxboﬂ = (N sujp
z T LSt st z v ool or ¢ um W1

0, 160\ ‘usiasewsp NS
: dooj-eaiy |



“ % 3 g
8 — 17 — o —o— ¥ -+ +
Q? St m& mmom SHI| TN
I'veey — mmm — lew + %mm —TTgs — I'EgpT + Smlww — TTEgT+ €Teg + €T — €969 — N%QNL (*N—"N) +

Tmm +N“NmmINLNMmINmevImﬁmwmlmhmmomlmtﬁmmw._.qmmvl_;“mmv.T_“N“va.TN{va._.Stmmwm._.}mv._.

CTIGy 4 T Tlg 4 1T I'lgey — €~ 1'lgoy + CTIgy + €199 — 1T lgpg — T~ T lgg — ¢—'lgg — '€~ lgze +v—'1g77 —

4 4 ¢ 3 4 (4 ¢ w
nm%+z+|zv+ mwm|_mwm|2mm+:?TNS:S?TﬁGNT:%?GWLU_% (T—"N+"N)+

N ¢ ¢ 4 4 4 Cré 4 4
YSLT — th|© SR A A 8 SN 7 S Y/ S N v SR Y B L Yo Il NS SN SR N

. - A T € 6 .. € A - € 81
59+ TGy — 1T gpg — g6+ 95 — S = s ) Toor + (8510 — TEg T — g S 4 rTg > 4Tt — g
7 UE 62 g9 73 z [ 01 14 I

9 ¢ o € o € o6 o€ 144! | ¢ W € 9¢
wl|m~%|+_GIuTMNI~%I|NI~%|+mI_WII_%||m _rn +Z+|Z|_| m%l+~NWI|N%|g ~|+Z|
14 91 14 14 (49 (4 Y43 2 A v 14 14 L9 A )

€ . € 6 € € o € 6 6 ¢ 9¢ .. € z 91
g —T'€g= —€g— | PN+ TIg= — T'Ig= —T7Ig= —Ig— f €-¢— —v—g= 4 Tg— —T€-g= 4 € |||Ys dyg1 +
I i ST i 8 8 0T 0T i 6S ¥ um ¢g/ ©

~ m o (e e m (o NN\ ¢ o @ (o~ N N ¢ N ¢
Q' — —+ vrn| + m%._: +C m%N — 1 mm.l + m%& +Z|_| T%| —1 Nrn| + m%| + 1 m%| — v%| + Nm.l + 1 vrnmﬁlT
eL ¢C 14 ¢CIl1 LC1 6S %9 Il I

Tegrr — Ty + £ g+ mumi (*N—"N) + TN@W - Nuﬁwlm + 1§ — £29¢ — T TTgy — 1T Tg0 — £ T+

[Pa1) ‘ m b ‘ @ Cpé ‘ [ [ 1 ‘ ‘ ¢ ¢ m ¢ ¢
fnﬁﬁl_m fnwlm _%|+N|N_%v|m_rﬂ||m~ ﬁhwu_uﬁml [ Fnomn_uml [ _%OMINNI _%NI_NI ~%|+NINI G@T_u
9% 601 3011



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 (xz > 0) 2267
x2(xz > 0.0002) | 2212 2203
x2(z > 0.001) 2134 2128 2119
x2(xz > 0.0025) | 2069 2064 2055 2040
x2(z > 0.005) 2024 2019 2012 1993 1973
x2(z > 0.01) 1965 1961 1953 1934 1917 1916
A;_'_l 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

0.2
e RESUMMED SPL. FCTN. CLOSER TO LO THAN

TO NNLO

e NOT YET INCLUDED IN PARTON FITS

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

2 improves

with fixed # of pts
(same row)

0-5 IIIII
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llllIllllIllllIlllllell
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100

10l
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THRESHOLD (LARGE ) RESUMMATION

AT O(a?), O [In*™(1

— x)| CONTRIBUTIONS:
— PERTURBATION THEORY UNSTABLE AT LARGE x

(C.M. ENERGY ~ FINAL STATE MASS)

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

F> RES. VS. UNRES.
[ T T T T [ T T T T T
100 | Dashes: non resummed —
F Solid: resummed 3
P @ 2 .
L Q°=31.62 GeV
-1 | —
10 AN E|
A\
o N
N
N\
\
1072 — N\
\
\ B
\\4
P I R N Y
0.2 0.4 0.6 0.8

F5 PERCENTAGE RES. CORRN.
L L L L

0.6
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0.2

DY do/dQ2dy vs. y LO NLO

0.3

0.25
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0.1
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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



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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MONTE CARLO DATA GENERATION

e BCDMS+ NMC PROTON & DEUTERON F5 DATA (FULL CORRELATED SYSTEMATICS
AVAILABLE), TAKEN AT 4 BEAM ENERGIES

e ON TOP OF STAT. ERRORS, 4 SYSTEMATICS + 1 NORMALIZATION (NMC) OR 6 SYSTEMATICS +
1 ABSOLUTE & 2 RELATIVE NORMALIZATIONS (BCDMS), WITH VARIOUS FORMS OF

CORRELATION (FULL, OR FOR EACH TARGET, OR FOR EACH BEAM ENERGY)

GENERATE DATA ACCORDING TO A MULTIGAUSSIAN DISTRIBUTION

Fi(art) (k) _

K % % ’I“(k) fb—l—’r‘(k) fi S+T‘(k) fir L .
(14 UN)\/l T T§,6) TNy \/1 T Tz(7) TNy P g L ) Tg,s) o4

?

r univariate gaussian random nos., one r; s for each data, but single r; ; for all correlated data

Proton
Central values Errors Correlations

SCATTER PLOT ART. VS. EXP. FOR 10
(RED) 100 (GREEN) AND 1000 (BLUE)
REPLICAS

NEED 1000 REPLICAS TO REPRODUCE CORRELATIONS TO PERCENT ACCURACY



PERTURBATIVE EVOLUTION
PARAMETRIZE INITIAL PDFS AS A FUNCTION OF z

DETERMINE GREEN’S FUNCTION FOR ALTARELLI-PARISI EVOLUTION
D(z, a5 (Q%) a5 (Q3)) (note it is a distribution)

DETERMINE EVOLVED PDF AS

a(2, Q%) = Ga(w, Q) + [ T (y, 0 (Q2) 0 (Q3))a (£, Q3)

GREEN FUNCTION CAN BE INTERPOLATED OR COMPUTED ON A GRID AND
STORED

EVOLUTION AND INTERPOLATION FULLY BENCHMARKED



Chi2

TRAINING...

e EACH NEURAL NET IS FITTED TO A PSEUDODATA REPLICA BY MINIMIZING ITS X2
e MINIMIZATION THROUGH GENETIC ALGORITHM + REWEIGHTING OF EXPERIMENTS

e QUALITY OF FIT MEASURED BY X2 OF AVERAGE OF NN COMPARED TO DATA

X2 OF BEST FIT X2 OF BEST FIT VS. AVERAGE Y2
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Chi2

TRAINING...

e EACH NEURAL NET IS FITTED TO A PSEUDODATA REPLICA BY MINIMIZING ITS X2

e MINIMIZATION THROUGH GENETIC ALGORITHM + REWEIGHTING OF EXPERIMENTS

e QUALITY OF FIT MEASURED BY X2 OF AVERAGE OF NN COMPARED TO DATA

X2 OF BEST FIT

2.2

1.8 7

0.8

Total — 1.2
NMC
BCDMS

X2 OF BEST FIT VS. AVERAGE Y2

0.7

1
100 120
Number of generations

I I I
20 40 60 80

180

2001.75 2

2.25 2.5 2.75

3
X stop

e [F NO STOPPING IMPLEMENTED, X2 OF THE AVERAGE DECREASES
AS A FUNCTION OF AVERAGE X2 OF REPLICAS

e AT BEST FIT, AVERAGE X2 OF REPLICAS ~ 2; X2 OF AVERAGE TO DATA ~ 1

W



RESULTS:

THE NONSINGLET QUARK PDF ¢™°(z, Q?)
LO, NLO & NNLO

LO vs. NLO NLO vs. NNLO e quality of fit (x?)
same at LO, NLO, NNLO
b P A oo [0 = e NLO & NNLO agree within
o5 ook one o
R g NNLO terms negligible within
B | errors
e LO & NLO agree within three

B d NLO terms absorbed in b.c.



LO vs. NLO

=3
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[INLO

Lo

LOW as = 0.116

0.08

[Ja.=0.118
[Ja.=0.116

0.06

0.04

xd, (x, Q)

-0.02—
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RESULTS:

NLO vs. NNLO

[INLO
[INNLO

10"
X

VARIATION OF a4

HIGH as = 0.120

[]o,=0.118
[|7a.=0.120

THE NONSINGLET QUARK PDF ¢™°(z, Q?)
LO, NLO & NNLO

quality of fit (x?)
same at LO, NLO, NNLO

NLO & NNLO agree within

one o
NNLO terms negligible within
errors

LO & NLO agree within three
o
NLO terms absorbed in b.c.

quality of fit (x?) unchanged
with avg = 0.118 £+ 0.002

all fits agree within one o
= g cannnot be determined
with good accuracy



