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THE PARTON REVOLUTION:
THE ACCURATE COMPUTATION OF PHYSICAL PROCESS AT A HADRON COLLIDER

REQUIRES GOOD KNOWLEDGE OF PARTON DISTRIBUTIONS OF THE NUCLEON

FACTORIZATION

IN ORDER TO EXTRACT THE RELEVANT PHYSICS SIGNAL,

WE NEED TO KNOW THE PARTON DISTRIBUTIONS AND THEIR UNCERTAINTY

PARTON DISTRIBUTIONS PROVIDE THE BRIDGE BETWEEN
HADRONIC PHYSICS AND PHYSICS AT THE ENERGY FRONTIER



THE PARTON REVOLUTION:
THE ACCURATE COMPUTATION OF PHYSICAL PROCESS AT A HADRON COLLIDER

REQUIRES GOOD KNOWLEDGE OF PARTON DISTRIBUTIONS OF THE NUCLEON

FACTORIZATION

�

�

� ��� � �� � �

�

�
	�

�
� 


�� �
�

IN ORDER TO EXTRACT THE RELEVANT PHYSICS SIGNAL,

WE NEED TO KNOW THE PARTON DISTRIBUTIONS AND THEIR UNCERTAINTY

PARTON DISTRIBUTIONS PROVIDE THE BRIDGE BETWEEN
HADRONIC PHYSICS AND PHYSICS AT THE ENERGY FRONTIER



AN ONGOING EFFORT...



SUMMARY

� DETERMINING PARTON DISTRIBUTIONS:


 PHENOMENOLOGY: FROM DEEP-INELASTIC STRUCTURE FUNCTIONS TO

HADRON COLLIDERS


 THEORY: HIGHER ORDER CORRECTIONS AND RESUMMATIONS

� AN INTERLUDE: THE NUTEV ANOMALY


 PRECISION PHYSICS WITH PDFS COMES OF AGE

� THE UNCERTAINTY ON PARTON DISTRIBUTIONS


 THE STATE OF THE ART: PDFS WITH ERRORS AND THEIR LIMITATIONS


 THE FUTURE?: MONTECARLO PARTONS AND NEURAL PARTONS



DEEP-INELASTIC SCATTERING

STRUCTURE FUNCTIONS. . .

� � �
�

� � , � �

,

� �

�

���� ���� �! "# � $� � " % �� �  &' %�( () *+ ,- .,- / 012 �  3�� 4) 4 + 5 6� ,- .%�� ����87 � 9 # %� �� :; �� �  &') < + 5 6 => 0? $  � 9 " %@ �( � �87 � 9 # %� �� :; �� �  &' A � + B � CED == ;

F �HG IKJ IML N 4PO *O B �QF 4 F * + R �TSUWV NX Y B �Z [ �]\ Q � B �4 * ^_ `ba * cX _ *U d 4 egf N 4 O B �hQ Y NX _ *Q e � N 4 O B �hQ

Y * � 4 e C N 4 O B �Q i _ U ` , j _ `ba * N U _ *Q 4k C N 4 O B �hQ _ NX _ *Q kl N 4 O B �hQ _ * � 4 km N 4 O B �Q i

`on p %�� ���� q� % $ # $ � '` , p�  � ���� q� % $ # $ � '
PARITY CONS. PARITY VIOL.

UNPOL.

e C , e � egf

POL. k C kl , km
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PHENOMENOLOGY: DISENTANGLING THE QUARK SEA
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THEORETICAL ISSUES: NNLO CORRECTIONS

HOW BIG IS THE IMPACT OF HIGHER ORDER PERTURBATIVE CORRECTIONS?

FULL NNLO SPLITTING FUNCTIONS COMPUTED RECENTLY!
(MOCH, VERMASEREN AND VOGT, APRIL 2004)

PERTURBATIVE COEFFICIENTS EVOLUTION
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THEORETICAL ISSUES: RESUMMATION
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DOES IT ALL MATTER?
IMPACT OF HADR. COLL. DATA

PDF UNCERTAINTIES
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ISOSPIN VIOLATION
QED EFFECTS LEAD TO ISOSPIN VIOLATION:S I K S � ¯ �  ¯ ® � � ¹ � � T �¹ ®¹ ¡ � ® �¯ ¡ UI KUWV XX ³ Y[Z \] ¢Z Y[Z�

MORE PHOTON MOMENTUM IN PROTON THAN NEUTRON

� ^ S ¥`_ a I K S ¥ _ a ^cb ^ U ¥`_ a I KU ¥ _ a ^

AT LARGE _
ß SIGN OF EFFECT AS REQUIRED TO

EXPLAIN NUTEVß SIZE OF EFFECTS WITH REASON-
ABLE ASSUMPTIONS ABOUT 1/2
OF NUTEV ANOMALYß THEORETICAL RESULTS AGREES
WITH FIT IF ISOSPIN VIOLATION AL-
LOWED

MRST 2005
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WHAT’S THE PROBLEM? d P e 0 E 0f 2 /�g hi i i

= FOR A SINGLE QUANTITY, WE QUOTE 1 SIGMA ERRORS: VALUE
+

ERROR

= FOR A PAIR OF NUMBERS, WE QUOTE A 1 SIGMA ELLIPSE

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

MUST DETERMINE THE PROBABILITY DENSITY (MEASURE)

j kl Z ¥ _ am

IN THE SPACE OF PARTON DISTRIBUTION FUNCTIONS
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EXPECTATION VALUE OF FUNCTIONAL INTEGRAL

MUST DETERMINE AN INFINITE–DIMENSIONAL OBJECT
FROM A FINITE SET OF DATA POINTS
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THE STANDARD SOLUTION:
FUNCTIONAL PARTON FITTING= CHOOSE A FIXED FUNCTIONAL FORM:t MRST: 24 PARMS., SOME FIXED

u 15 PARMS.

vw x vzy { |~} ��� � x��� v � � x� 
�� v }W� � 
�� v � v � y v ��� � � X � x vy { |~} � � � x�� v � � x� 
 � v 
 � v | � v ���

v� x vzy { |~} ��� ��� x� � v � �� x� 
 � � v }W� � 
 � � v � v ��� � ��� x� � v � ��� v � ��� y

t CTEQ: 20 PARMS.

v � x vzy { } ��� � } v ��� x� � v � � |z  ��¡ ¢ x� 
  �¤£ v � � �

¥ ¦§ ¨ ¦J© ª¬«­ « © ª¬« © § ­ ®¯ ®° ± ²¤³ ¯ ´ ³ ° µ ¦J© ®§ ¦ ³ © ± ��¶ · � � ��z¸ X¶ · X� � X¸ �¸ ®© ª �� 
 � X¸¹� � ¹� º� ¢ x �� 
 � X � ®§ { } ; NORM. FIXED BY SUM RULESt ALEKHIN: 17 PARMS.

v �» x vy { } � � ¢
¼»¾½ v ¿½ x� � v � À½ x� 
 � ½ | v �ÂÁ v �Ã x vzy { } � � �Ã ¼Ã Ä½ v ¿Å x� � v � ÀÅ½

v X» x vzy { } ��� �
¼»ÇÆ v ¿Æ x� � v � ÀÆ Á v XÃ x vzy { } � � �Ã ¼Ã v ¿Å x��� v � ÀÅÆ y

v ¹Ã x vzy { } � � �Ã ¼Ã ÄÅ v ¿Å x�� v � È ÀÅ½ É ÀÅÆ ÊË | Á v Ì x vzy { } � � ��Í v ¿ Í x�� v � À Í x� 
� Í� Î v 
� Í | v � y

EVOLVE TO DESIRED SCALE & COMPUTE PHYSICAL OBSERVABLES

DETERMINE BEST-FIT VALUES OF PARAMETERS

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

PROBLEM PROJECTED ONTO THE FINITE–DIMENSIONAL SPACE OF PARAMETERS
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= EVOLVE TO DESIRED SCALE & COMPUTE PHYSICAL OBSERVABLES= DETERMINE BEST-FIT VALUES OF PARAMETERS= DETERMINE ERROR BY PROPAGATION OF ERROR ON PARMS (’HESSIAN METHOD’)
OR BY PARM. SCANS (’LAGRANGE MULTIPLIER METHOD’)

PROBLEM PROJECTED ONTO THE FINITE–DIMENSIONAL SPACE OF PARAMETERS



HOW WELL DOES IT WORK?
ALEKHIN 2003 PARTONS

¥ÏÐ § ¹ ¡ ¸ ± a
TOTAL ERROR BANDS FOR

LO (DOTS), NLO (DASHES),
NNLO (SOLID)
PARTON DISTRIBUTIONS
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BUT CAN WE TRUST THESE ERRORS?
PDF ERRORS COMPARABLE TO OR EVEN LARGER THAN THEORY ERRORS
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HOW ARE PDF ERRORS DETERMINED?

GLOBAL × Ñ MINIMUM DOES NOT

CORRESPOND TO LOCAL MINIMA
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ALEKHIN 2005

PROBLEM: INCONSISTENT EXPERIMENTS
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PARAMETRIZATION BIAS?
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ū
d
u
g

Alekhin/CTEQ

Q2 = (100 GeV)2

fPDF(x, Q2)

x

10.10.010.0010.00011e-05

1.4

1.2

1

0.8

0.6

MRST & CTEQÖ
SIMILAR PARTONS

dÜ 0 N. M ;. 1 M Ý 2 / /. F5 6 6 7

SIMILAR PAR-
TONSà

SIMILAR
RESULTS

THE W XSECT. AGAIN. . .
PDF SET COMMENT XSEC [NB] PDF UNCERTAINTY

ALEKHIN TEVATRON 2.73

Õ

0.05 (TOT)
MRST2002 TEVATRON 2.59

Õ

0.03 (EXPT)
CTEQ6 TEVATRON 2.54

Õ

0.10 (EXPT)
ALEKHIN LHC 215

Õ

6 (TOT)
MRST2002 LHC 204

Õ

4 (EXPT)
CTEQ6 LHC 205

Õ

8 (EXPT)

Þ« ª ³ © ³ § ±« « ° § ³ ¨ ®ß « § ¨« ³­ § ¦ °à ° ­ ®¯ ®° « § « ¯ ¦¬á ®§ ¦ ³ © ²¤³ ¯ µ ³ § ¨ â�© ª ¦J© ã § ¨« µ « ± § â § ®© ª ® ä ± ³¦J© ß « ± § ¦ ã ®§ ¦J© ã åà ´ §à ®§ ¦ ³ © ± ® µ ³à § § ¨ ¦ ± µ « ± § â § xçæ æ æ �è ¨ ¦ ± ° ¦ ã ¨§ § ¨¬« © ¦J© åà « © ´« ³à ¯ « ¯ ¯ ³ ¯

®© ® ä�é ± ¦ ±æ æ æ xê ë ìè ¢ º º í �



CONSERVATIVE SOLUTIONS
CTEQ TOLERANCE CRITERION

SINGLE OUT INCONSISTENT DATA

= úâ îø è Ð � ïè ãè ø ì ê ì ã Îè ã ì Î Ï ëÐ Ï ðáè Ð ê é � ï ì ê ì ãø ÏhÐ ì ï ò � ìè á ú ïè êè Î ì ê ñ

= úâ îáâ Ð Î Ï Î ê ì Ð êè ã ì ê ú ì ïè êè å ãâ ø â Ð ì Î ì ê î Ï ê ú ê úYì ã ì Î ê ñ
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CONSERVATIVE SOLUTIONS
IMPOSE RESTRICTIVE KINEMATIC CUTSR N 3 ;1 � Ñ /. ; E 2M � / 0 H5 3 0 h6 � 2 	 Ñ�
 R N 3 0 ��
 �6 �6 6 �
 R N 3 ;1 � Ñ /. ; E 2M � / 0 H h5 � � 3 0 h � � 2 	 Ñ

MRST 2003 CONSERVATIVE PARTONSß

ABOUT 800 DATAPOINTS REMOVED OUT OF ABOUT 2000ß � × Ñ À � SUFFICIENT FOR REASONABLE 1- Á

CONSERVATIVE/PLAIN
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CONSERVATIVE SOLUTIONS
SELECT COHERENT SET OF DATA

ALEKHIN PARTONSß

ONLY DIS DATA INCLUDEDß � × Ñ À Ì

PROVIDES GOOD 1- Á CURVES

PERCENTAGE ERRORS

= ALEKHIN 2003 PARTON
UNCERTAINTIES (SOLID,
DASHED) COMPARABLE TO
CTEQ6 (DOTTED)

= CANNOT SEPARATE ACCU-
RATELY ANTIQUARK DISTNS.

= ERROR ON Á Ó COMPARABLE

TO CTEQ, MRST



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

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

= ëì6 ì ãè ê ìè 7â 6 ê ìæ 8è ã éâ 9è ø ï é ìâ å åá ê 9ä î : ê ú; ã ìè 9â 6 è ò é ì < ï ã :â ã ï : 9 ê6 ä= ìä ëä è 6 è ù è : éè ò é ì ïè ã êâ 6 9 ì ê > Ö ã ì ï ã ì 9 ì 6 êè ê :â 6 â å ï ãâ òè ò : é : ê � åí 6 á ê :â 6 è é? A@ óB

=A B CA D C B EGF H I 9FJ K B I CF 9 î : E L M D6 A E : H6 B C :6 EGFN J B C

= D ï O B EF ïJ H I B I : C : EQP D 9 :6 N R BP F 9 : B6 :6 MFJ F 6 A F H6 7 8 9 BS ï CFTI1F E EGFJ BN J F F S F 6 E î : E L O B E B Ö S HJ F M D6 A E : H6 9 :6 9 BS ï CF

= : EGFJ B EGF D6 E : CA H6 KF J N F 6 A F BA L :F KF O

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”

;
COMPUTATIONALLY VERY INTENSIVE;
DIFFICULT TO ACHIEVE INDEP. FROM PRIOR
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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”,Z 01 3 2 ö. / 4 0 / 2: 4 ; R. E f û ; R û 4 2. M 3 0 E. H 2. F / 2 2 H 21 3 f ; 3 ûM . 3. 8;
COMPUTATIONALLY VERY INTENSIVE;
DIFFICULT TO ACHIEVE INDEP. FROM PRIOR



RESULT: FERMI PARTONS

[ \ ]_^ ` acb de AND GLUON RATIOS FERMI/MRST

ONLY SUBSET OF DATA FITTED (H1, E665,
BCDMS DIS DATA)

GOOD AGREEMENT WITH TEVATRON

Ô

XSECT

TROUBLE WITH VALUE OF f�g



NEW SOLUTIONS
THE NEURAL MONTE CARLO APPROACH (S.F., GARRIDO, LATORRE, PICCIONE 2002)

BASIC IDEA: USE NEURAL NETWORKS AS UNIVERSAL UNBIASED INTERPOLANTS

GENERATE A SET OF MONTE CARLO REPLICAS OF THE ORIGINAL DATASET

REPRESENTATION OF AT DISCRETE SET OF POINTS

TRAIN A NEURAL NET FOR EACH PDF ON EACH REPLICA, THUS OBTAINING A NEURAL

REPRESENTATION OF THE PDFS

THE SET OF NEURAL NETS IS A REPRESENTATION OF THE PROBABILITY DENSITY:

CHECK GOODNESS OF FIT THROUGH STATISTICAL INDICATORS
( , CORRELATION,. . . )

THE NNPDF COLLABORATION

L. DEL DEBBIO, S.F. J. LATORRE, A. PICCIONE, J. ROJO
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NEURAL NETWORKS AS INTERPOLATORS

h START WITH RANDOM NETWORK & COMPUTE OUTPUT FOR GIVEN INPUT (

[ e FOR
GIVEN

=n��� � e >

)

h COMPARE COMPUTED OUTPUT TO DESIRED OUTPUT BY MEANS OF ENERGY
FUNCTION

=n��� �� � e >

h VARY WEIGHTS AND THRESHOLDS (BACK-PROPAGATION OR GENETIC ALGORITHM)

� ITERATE

AS TRAINING PROGRESSES, SMOOTHNESS OF NET DECREASES

UNDERLEARNING “PROPER” LEARNING OVERLEARNING

TRAINING CAN BE STOPPED BEFORE OVERLEARNING
ON THE BASIS OF STATISTICAL CRITERIA
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PRELIMINARY RESULT: NEURAL STRUCTURE
FUNCTIONS

SET ASIDE INTRICACIES OF FULL THE PARTON FIT & FIT STRUCTURE
FUNCTION...

NEURAL

[ e VS m DATA NEURAL DEUTERON

[ e
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0.4

0.6

0.8

1

1.2

1.4
2=19 GeV2Q

SMC
NNPDF02
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� FULL NEURAL FIT TO WORLD DATA

�|� FOR PROTON, DEUTERON &
NONSINGLET AVAILABLE

� ERRORS AND CORRELATIONS FAITHFULLY REPRODUCED, BUT STAT.
UNCERTAINTIES OPTIMALLY COMBINED�

FIT CAN BE USED IN LIEU OF DATA, BUT BETTER THAN THEM

� FITS WITH FIXED FUNCTIONAL FORM UNDERESTIMATE ERROR ON
EXTRAPOLATION



NEURAL HANDLING OF INCOMPATIBLE DATA

h FOR PROTON FITS (PRE-HERA DATA), CONVERGENCE ACHIEVED, BUT

� j� l �� ���  

EVEN W. VERY LONG TRAINING
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h ALL OTHER STATISTICAL INDICATORS OK

SOME NMC DATA ARE INCOMPATIBLE WITH OTHER DATA½ ¹ £ · ¾ ¿À £ ¢ À ¥ £ ª £ ´ ¨ © ª © Á ´ Â ªÄÃ ¦Z § À ¥ £ ª £ ´ ¨ © ª © Á ´ Â ªÄÃ

NEURAL NET DISCARDS INCONSISTENT DATA & PROVIDES GOOD FIT TO THE REST



TOWARDS NEURAL PARTONS:
THE NONSINGLET CASE (NNPDF 05)

�Å SPACE PARTONS,

Æ

SPACE EVOLUTION: DETERMINE INTERPOLATED
EVOLUTION KERNELS

� FULL NNLO EVOLUTION IMPLEMENTED, PRELIMINARY NLO FITS AVAILABLE

Å ÇÉÈ Ê ËÅ Ì ÇÉÈ Ê ËÅ Ì

� FITS WITH FIXED FUNCTIONAL FORM SUBSTANTIALLY UNDERESTIMATE
ERROR ON EXTRAPOLATION

� NO EVIDENCE FOR “WELL-KNOWN” SMALLÅ RISE OF NONSINGLET



CONCLUSIONS

Í THE NEEDS OF PRECISION PHENOMENOLOGY AT THE LHC HAS

STIMULATED DRAMATIC PROGRESS IN THE PHYSICS OF

STRUCTURE FUNCTIONS

Í PARTON DISTRIBUTIONS WITH ERRORS ARE NOW BEING

DEVELOPED THANKS TO THE AVAILABILITY OF A WIDE VARIETY

OF DATA AND OF RAPID THEORETICAL PROGRESS IN

PERTURBATIVE QCD

Í “STANDARD” METHODS OF PDF DETERMINATION ARE

STRETCHED TO THEIR LIMIT AND MOTIVATE THE

DEVELOPMENT OF NEW TECHNIQUES

Í NEURAL PARTON DISTRIBUTIONS ARE BEHIND THE CORNER



HIGGS PRODUCTION AT THE LHC
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