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Introduction

e Protons are not elementary particles: made of partons.
= Parton Distribution Functions (PDFs) essential to relate
theory to experiment at the LHC (and Tevatron, HERA, ...).

o foa(x, Q?) gives number density of partons a in hadron A
with momentum fraction x at a hard scale Q% > /\éCD.

1 1
oAB = Z / dxa/ dxp fa/A(Xa- Q2) fb/B(Xb: QZ) Gab
0 0

a,b=q,g

Outline of talk:
@ Global PDF analyses.
® HERA structure functions: Fp, F5, sz, Fi.
© Tevatron Z, W, jet data and implications.
O «s and SM cross sections at LHC.
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Fixed-order collinear factorisation at hadron colliders

e The “standard” pQCD framework: holds up to formally
power-suppressed ( “higher-twist”) terms O(A%QCD/Q2)'
e Expand 6,5, P,y and (3 as perturbative series in as (ur = pr = Q).

oA = Z [ +a5(Q2)ANTO—|—...] ®fa/A(XaaQ2)®fb/B(Xb7Q2)

a,b=q.g
; Of3/a @s LO NLO .
PDF evolution: PITYeE =5 [P 7 +asP,y ] ® fa/a
a'=q.g
0
as evolution: 8Ir(116592 = —BIO 2 _ pNLOL3 ag —

* Need to extract input values 7, /4(x, Q3) and as(M2) from data.
e Structure functions in deep-inelastic scattering (DIS):

F XBJ7 Z C/a® a/As Ci,a = C/%‘9()+QSC11,\IaL()+
a=q.g
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Introduction

From HERA et al. to the LHC
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LHC parton kinematics

= (M/14 TeV) exp(+y)

M =100 GeV -1t

XJ?
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PDFs are universal.

Fit existing data from HERA
and fixed-target experiments,
together with Tevatron data.

HERA ep (H1, ZEUS).

Fixed-target experiments:

lp, td

(BCDMS, NMC, E665, SLAC),
vN

(CCFR, NuTeV, CHORUS),
pp, pd (E866/NuSea).

Tevatron pp (CDF, D@).

DGLAP evolution gives PDFs
at higher Q2 for LHC.
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Paradigm for PDF determination by “global analysis”

@® Parameterise the x dependence for each flavour a = g, g at
the input scale Qg ~ 1 GeV? in some flexible form, e.g.

xfyp(%, Q) = Asx®? (1= x)" (1 + €5 v/X + 72 x),

subject to number- and momentum-sum rule constraints.

® Evolve the PDFs to higher scales Q° > Qg using the DGLAP
(Dokshitzer—Gribov-Lipatov—Altarelli-Parisi) evolution equations.

©® Convolute the evolved PDFs with C; , and 6,5, to calculate
theory predictions corresponding to a wide variety of data.

@ Vary the input parameters {A,, A,, 72, €2,Ya, - . .} to minimise

Npts.

Data; — Theory; 2
2 / i
= ; < Error; )
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Determination of parton distributions by global analysis

An “industry” for more than 20 years.
Regular updates as new data and theory become available.

@ First NLO fit: Martin+Roberts+Stirling ('87) + Thorne ('98).
Recently, “MSTW" = MRST — Roberts + G.W.
{MRST 2001 LO, MRST 2004 NLO, MRST 2006 NNLO}
— MSTW 2008 LO, NLO, NNLO fits [arXiv:0901.0002]

® Other major group: "CTEQ" = Coordinated
Theoretical-Experimental Project on QCD.

e CTEQ6L1 LO [hep-ph/0201195]
e CTEQ6.6 NLO [arXiv:0802.0007]
o CTEQ NNLO?

© Other groups fitting a restricted range of data with fewer free
parameters: S. Alekhin et al., HERA experiments (H1, ZEUS).

@ NNPDF Collaboration (see backup slides).
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Example of PDFs obtained from global analysis

MSTW 2008 NLO PDFs (68% C.L.)

Q?%=10% GeV? |

xf(x,Q?

Q? =10 GeV?

/10

0.2 | 0.2F

Gi ETT R R
107 10" 1 10 10° 107 10" 1
X X

3

0
10" 10°

e Error bands shown are obtained from propagation of
experimental uncertainties on the fitted data points.

Graeme Watt Parton distributions: HERA-Tevatron—-LHC



HERA
[ ]

Combination of H1 and ZEUS data [arxiv:0911.0884]

Fit only to HERA data:

H1and ZEUS
«— 16 A H1and ZEUS
E(Z [ 420002 = Q?=10Gev?
R - =0 ® HERA | NCE€'
Sl ommfy g St | S—
W r B e uncert
o H1 N [ model uncert
1 L [E) pavametrization uncert
L
08 -
06 x=0.032
04 |- x=0.08
05 ® 10 free input PDF parameters
02 [ # %*3 (cf. 28 for MSTW 2008).
o Lot il vl il L ® Experimental uncertainties
1 10 10? 10° 10* . 2
Q%1 Gev? using Ay = 1.

e H1 and ZEUS NC and CC measurements combined to
improve accuracy: will be used in next generation of global fits.
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HERA

@00

Heavy quark contribution to DIS structure function F,

¥ FENS

2 2

QS m
_)_H

(mpg #0)

A

CFF —
‘2. Hg — < H

Fixed flavour number scheme
e No heavy quark PDF.

e Includes O(m?,/Q?) terms.
e No resummation of

os In(QZ/m%) terms.

Graeme Watt

*

v ZM-VFNS
LL% Q% > miy

‘ > H

C¥m (mpg =0)

______ A
fu < H

Zero-mass variable flavour number scheme

e Use heavy quark PDF.
e Mass dependence neglected.

e Resums asIn(Q2/m?)
terms similar to light quarks.
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General-mass variable flavour number scheme (GM-VFNS)

o Interpolate between two well-defined regions.
e FFNS for Q2 < mf,, ZM-VFENS for Q2 > m,2_,.

CTEQ6.1 NLO (ZM-VFNS) — CTEQ6.5 NLO (GM-VFNS)

e 8% increase in W and Z cross sections at LHC.

MRST 2004 — MRST 2006 [arxiv:0706.0459]
e The MRST group have used a GM-VFNS since 1998.

o At NNLO, PDFs are discontinuous at Q% = m?,, but
neglected in MRST NNLO fits prior to 2006.

e 2004 NNLO — 2006 NNLO: 6% increase in o,z at LHC.

e Pre-2006 MRST NNLO PDF sets should be considered
obsolete due to incomplete heavy flavour treatment.

e NNPDF fits (including future NNPDF2.0) still use ZM-VFNS.
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Heavy flavour structure function data

Charm structure function F5©
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H1 and ZEUS combination (prel.)

Beauty structure function FQbE

H1 F3°(x,Q%)

-1 .
L =0.013 |
10 /t/I/X =1
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. MSTW08 NNLO 0032
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CTEQ6.6
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2 3
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2 2
0"/ GeV

[arXiv:0907.2643]

e Good agreement with theoretical predictions using GM-VFNS.
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HERA
o

Longitudinal proton structure function at HERA

H1 Preliminary FL

< ]
o )
- r ® H1(Prelim.) — MSTW NLO
X -- MSTW NNLO
< -
- L E, =460, 575, 920 GeV - WT NLO + NLL (1)
LL
@
r g 8 8 &5 & g B 5 8 0 o
x8 8 8 8 8 S 238 8 SR
8 8 8 8 8 8 8 8 8 8 ]
05% o o =} o o =} o o (=) =} =}
0%
1 1 1 1 1 1111 1 1 1 1 1 1 111
2
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2 2
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e NLO and NNLO calculations lower than data at low Q2.
e Small-x resummation helps [White, Thorne, hep-ph/0611204].
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Z /~* rapidity distributions from Tevatron Run Il

ZIy* rapidity shape distribution from DO ZIy* rapidity distribution from CDF
MSTW 2008 NNLO PDF fit, x? = 50 for 29 points
$ o3 g F
SR i N
g B g ¥
025 © 6o
sof-
a0
® DO Runllwith 0.4 b E
30[— CDF Run Il Preliminary with 2.1 fb*
MSTW 2008 NLO PDF fit 205 o Without systematic uncertainties
-~ MSTW 2008 NNLO PDF fit 10 e With systematic uncertainties
Il E Il Il L L Il
05 T 15 2 25 05 1 15 2 25 3
Iyl Iyl

:F EE
£ 16 MSTW 2008 NLO PDF fit £ 1.25/= CDF Run Il Preliminary with 2.1 fb* .
= (x2 = 19 for 28 points) s E [
g C & 12 o Without systematic uncertainties &
14— MSTW 2008 NNLO PDF fit E H
C (X2 = 17 for 28 points) [ I 115 e  With systematic uncertainties I
L2 i & - 1 TT lﬂ ‘
[ . P i £ .
hessbeg? 872330 {p &LH T LosE gl
ol ZEwra i E - rzd T
GAEEEA R BN TR PR Fa%g . 55533388k 000
osl II R F R S TN
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[Data: hep-ex/0702025] [Data: arXiv:0908.3914]
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Tevatron
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W — (v charge asymmetry from Tevatron Run |

A yw) = do(WT)/dyw — do(W™)/dyw - u(x1)d(x2) — d(x1)u(x2)
do(WH)/dyw + do(W=)/dyw  u(x1)d(x2) + d(x1)u(x2)

do(¢)/dne — do (L) /dne

do(¢)/dne + do (L) /dne

But measure Ay(ny) =

>0.25
$o,  CDF1992-19%5 (110 pb )
Sois | ; ) s REESSY
2 3 -
5 01 - g;% -3M
® 005 F e
ey
© 0 MRSRZ(DYRAD)
_005 £ MRS-R2 (DY RAD)(d/u Modified) !
-01 | MRST (DYRAD) *}#k
-0.15 |
02F
0 0.5 1 15 2
OLepton Rapidity

[hep-ex/9809001]
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W — fv charge asymmetry from Tevatron Run Il

CDF data on lepton charge asymmetry from W - ev decays

® Run Il data in MSTW 2008 fit.

® Mainly constraint on down quark.

Al

E 25<E}<35GeV, B > 25 GeV, 50< M, <100 GeV

® Antiquarks important at low pgr.

COF Run Il (11 points)

MSTW 2008 NLO PDF fit,y? = 9

Same but no antiquarks

DI data on lepton charge asymmetry from W — v decays

p¥ > 20 GeV, By >20 GeV, M, >40 GeV

A,

DX Run 11 (10 points)

°
i
T T T T

MSTW 2008 NLO PDF ft, 32 = 25

I Same but no antiquarks K

O MSTW 2008 NNLO PDF ft, ¢ = 25 ot fun 1 oy

£ un i (11 points)
0.05— - CTEQB6NLO, ¢ = 15

£ MSTW 2008 NLO PDF fitx? = 20
) P T AT AP BN SN A I IR B Same but no antiquarks

0 02 04 06 08 1 12 14 16 18

In,f -+ MSTW 2008 NNLO PO fit ¢ = 19

[Data: arXiv:0709.4254] ack

- CTEQEGNLO =16
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Latest D@ data on W — fv charge asymmetry

New D@ data: A [arXiv:0807.3367] and A, [D® Note 5976-CONF]
p! > 35 GeV, E; > 25 GeV

Nno°
w

o
o
o1
HH‘HH‘HH‘HH HH‘HH‘HH‘HH‘HH‘HH

HH‘HH‘HH‘HH HH‘HH‘HH‘HH‘HH‘HH

MSTWO8, )(i =530 for 8 pts.
0 W CTEQ6.6, )(i =358 for 8 pts.
.............. MRSTO04, x2 = 561 for 8 pts. /
-0.05 X, = oeriorees %
DO (prel) A, L=4.9fb" /
-0.1 o DO(publ)A, L=075fb"
-0.15 o CDF(publ)A, L=017fb"
-0 - Ll L1 - L1 .
. 0.5 1 1.5 2 25 3
In|

e Problems describing new data at NLO, especially for pgr > 35 GeV.
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Latest D@ data on W — fv charge asymmetry

o Effect of NNLO (or p'¥-resummation, RESBOS) is small.

p! > 35 GeV, By >20 GeV, M, > 40 GeV

03 T
2 F ]
3 F ]
£0.25— -
E ]
& 02 -
(] - -
= r E
S0.15— —
o . -
c F ]
C & .

S 01 [ =
= F g0 Using MSTW 2008 NNLO PDFs | ]
0'05; * With NNLO K-factor, x2= 326 -
0: ........ With NLO K-factor, xi = 429 :

E - Without K-factor, X2 = 803 E
-0.05[— —
E . DO (prel) A, L=49fb" ]

0 Co b b b L T T T T L

10 02 04 06 08 1 12 14 16 18 | |2

n

=

NNLO: Catani, Cieri, Ferrera, de Florian, Grazzini, arXiv:0903.2120

(Previous calculation: Melnikov, Petriello, hep-ph/0609070, FEWZ)
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Latest D@ data on W — fv charge asymmetry

e Can the PDFs be refitted to describe the new data?

p! > 35 GeV, F, > 25 GeV

0.3 T T T =
> E ]
= E 7
©0.25— -
E = 3
S 0.2 —
%) E 7
© £ =
©0.15— —
= E 7
8 E 7
S O.l: E
S E 7
a0-05; MSTWOB: X? = 530 (8 pis.), X2 = 147 (1Z pts) -
] E - FlmewDEIA x1797xtss B

OF .. Weight by 100 xl - 6= 88 -

C . Cut BCDM5+NMCn/p X =14, xz 55 =

E . P 7
-0.05— Deut. corr. fitold D 0 Ay: X2 =190,x2 = 42 -
E —.im...= Deut cor, ||tnewD!'A} x2= 6.X= 75 7

0 li Deut. corr., fit new D [1 A x’ =173, xt 23 =
e . DO (prel) A, L= 491" B
£ o DO (publ) A, L=0.75" =
-0.15— o CDF (publ) A , L=017fb" —
Oo2br v v L L L L P i
25 3

In

.Not both D@ A, and A, simultaneously.
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W charge asymmetry from Tevatron Run Il

R ma e e e B R i A
2 E B > E
8 09F CDF Run Il with 1 b * ] g o0of Using NLO Vrap with different NLO PDFs
e MRSTO06 NNLO PDFs, LO Vrap g E CDF Run Il with 1 fb
§, 0.8F - MRST06 NNLO PDFs, NLO Vrap / ; 0.8 —— wmsTwos f 73
%) e n e |
< E ——— MRST06 NNLO PDFs, NNLO Vrap < S Fitnew D0 A, E
(] | | = |
=) 0-7: MSTWO08 LO PDFs, LO Vrap / B % 0-7: Weight by 100 ]
E 0 Gi --- MSTWO08 NLO PDFs, NLO Vrap 3 _g 0 6:* ————— Cut BCDMS+NMCn/p E
; F ——— MSTWO8 NNLO PDFs, NNLO Vrap 3 ; T Deut. corr., fitold D [ A, ]
0.5F — 0.5 Deut. corr., fitnew D [ A, -
E B E Deut. corr., fitnew D [ A, 3
0.4 / = 0.4 =
0.3F = 0.3F -
0.2 E 0.2 B
0.1 E 0.1 E
0]t A N I A ) N N I A W
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
Iv,,| Iy,,|

e Data: arXiv:0901.2169 e MSTWO08 good description

e VRAP: Anastasiou, Dixon, (better than MRST06).
Melnikov, Petriello, e Modified fits to new D@ A,
hep-ph/0312266 tend to undershoot CDF Ay .
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Impact of Tevatron Run Il inclusive jet production data

g Gluon distribution at Q 2 = 10* GeV?

§ 1 9 15 Q \

5 o i 14 \\\ \
. &
E 11
=

_
>

08 MSTW 2008 NLO (90% C.L) ///l /

0.7 424244 Fitwithout any Tevatron jet data /

0.6 Fit with Tevatron Run | jet data ///
A .

0.1 0.2 03 04 05 06 0708
X

L
ER R
Jet Transverse Energy (Gev)

e Initial Tevatron Run | jet data showed an excess at high Et,
later accommodated by refitting gluon distribution.

e Run | data included in recent PDF fits up to MRST 2006
(and current CTEQ6.6).

e MSTW 2008 is first PDF fit to include Run Il jet data:
preference for smaller gluon distribution at high x.

e Similar findings by CTEQ [arXiv:0904.2424].
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Tevatron
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Tension between Run | and Run Il inclusive jet data

Highlighted numbers indicate y? values for data sets explicitly
included in various NLO global fits:

CDFI D@l CDFII(kT) DAl DXionjer | @s(M32)
(33 pts.) (90 pts.) | (76 pts.) (110 pts.) | (2513 pts.)
53 119 64 117 0 0.1197
51 48 132 180 9 0.1214
56 110 56 114 2 0.1202
53 85 68 117 1 0.1204

Fit to Run | jets = description of Run Il jets bad.

Fit to Run Il jets = description of Run | jets bad.

Fit neither = similar description as fitting Run Il only.

Summary: Some inconsistency between Run | and Run Il
jets. Run Il jets slightly more consistent with rest of data.
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Description of Tevatron Run Il inclusive jet data

CDF Run Il inclusive jet data, X? =56 for 76 pts.

§ 14
E o1ef 0.0<|y™<0.1 1 0.1<|y™<0.7 [
g 4 L
" asezst] : ao2ed
3 LA 1
os) od
ol o4
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LS e LIS e
E b 07<y"™|<11 £ ok L1<y™<16
Y R §
“ o] i
g ¥ 33 T
osfS t of %7
o) o4
o PE (GeV) B4 P (Gev)
R k, algorithm with D = 0.7
§ 1 Lo<®<21 MSTW 2008 NLO PDF fit
£ 1 y = pET
e (M=t =pF)
S 1 Without systematic
PPETCTALASL N
os)
06l With systematic
o PET (GeV)

Data: hep-ex/0701051
p

Parton distribution:

Data Theory

Data Theory

Dt Theary

DO Run Il inclusive jet data (cone, R = 0.7)
MSTW 2008 NLO PDF fit (u, = _= pr), %2 = 114 for 110 pts.

:
18| g 19
16£0.0 <y <0.4 E 1eL04<ly’™| <08
14 ERY
12) 2 S 1
299999990229209208 41 . 1
osf o 0s) *si
osf, ool
P (GeV) o P (o)
LeE08 <y <12 £ l12<yI<1s
14 EY
19 i & 1
mi i

03 03
0 o)

I o o) 107 P Ge)
14 §
1ef16 <y’ <20 £ 1ef20<ly" <24
14 FY
12 020880 S g ii
I s T
03 't 0s) *
o o6l

w P (GeV) w P (GoY)

[Data: arXiv:0802.2400]
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Effect of CDF Run |l jet data using Midpoint algorithm

Gluon distribution at Q 2 = 10° GeVv?

3 E E
CDF Run Il inclusive jet data, X? =108 for 72 pts. ; 1aE 3
(=] E E|
z z S 125 —
7. 5 E El
£ f 00<y* <01 £ 0.1<y <07 9 11 =
Y 1 z E E
POPTS! A g E E
s 7 3 E El
03] g o I IS E No Tevatron jets =
o8] o E Fit only Run | jets 5
o Fit COFII(KT) + DOl jets E|
W e oo w o 2 Same with 1 =p_= 112 E!
° Fit CDFH(Mldpmnl) +0 Ol jets b=
. > g Fit Run | + CDFII(KT) + D Ol jets 3
§ 14 g 1 8 =
£ aef 07<y<11 o 11<ly<16 B 02 03 04 05 06 0708

[ ™ . 3

eeeeeee +t sevrronaat!
o o
C e e Only slight change in gluon

:fi’l";igjg’;'.,s:“z“’“ if replace CDF(k1) by

£ ek 16<ly <21

E (1, =0, =) | g
] o] o e CDF(Midpoint) data.
s o e Scale choice

[R = |F = PT/2 gives
smaller gluon, but within
uncertainties.

[Data: arXiv:0807.2204]
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New high-x gluon distribution compared to previous sets

Gluon distribution at Q 2= 10* GeV?
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14F KRR
A At o totetot tetetetotatetatatatetototatesas
Z E OO e A e S S O oo,
E 7%‘ MRST 2004 NLO R R R IR
© = 4 RIS
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o N 0202077030 0203030 020 020 0 020 0 000 e
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2 1af T N
— LSS &
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X

e Smaller high-x gluon than previous MRST and CTEQ fits.
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Description of D@ dijet mass spectrum

[DD Note 5919-CONF]
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http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/QCD/Q14/

Tevatron
000000e

Implications of new PDFs for Higgs cross sections

1.20 T T —
Gluon distribution at Q2 = 10* GeV? 115 [ Tevatron // ]
9 1.1 T T T T s ///
% 1.08 g MSTW 2008 NNLO (90% C.L.) § 110k /// ]
% iﬂj %4444 wRsT 2006 NNLO % //
102 105 -7 B
E .1 A < -
0098 v/ OI -
aoi% / "
e
D'190 1(‘1‘ 1c‘r’ 11; 1"3 DE: oo 1
x b5 ossh 6,4(99 —H), with NNLO pdfs
° NNLO trend similar to NLO - -~ without overall a” factor
. 0.80 . L L
(N.B. exact NNLO jet cross 0 150 200 250 300
section unavailable, use M, (GeV)
threshold corrections). e Higgs cross sections smaller
o as(M2%) = 0.1191 (2006) at Tevatron with 2008 PDFs.
— 0.1171 (MSTW 2008) e Used in Tevatron exclusion

results (March 2009).
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Determination of a.s(M3%) from NNLO global PDF analysis

MSTW 2008 NNLO (a ) PDF fit

vvvv‘vvvn[n]v‘v%vvvv‘vva

global
a
o
o
I

ag(M?) =0.1171°% (68% C.L.) %% (90% C.L.)
Z -0.0014 -0.0034

9%  68% 68% 9%

PSR SN N NS RIS R PRI SR R ST N RS R

0.105 0.11 0.115 0.12 0.125
2
a S(Mz)

o Additional theory uncertainty (< |[NNLO — NLOJ| = 0.003).
o cf. PDG world average value of as(M2) = 0.1176 + 0.002.
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Impact of as on SM Higgs uncertainty versus My

e Correlation between PDF and as uncertainties in cross
section calculations [MSTW, arXiv:0905.3531].
Higgs cross sections with MSTW 2008 NNLO PDFs

Tevatron, \/s = 1.96 TeV LHC,\s = 14 TeV
o @10‘\”\‘\\““\““
Oe/ 8F PDFonIy
3 6f
z_ ot DPDFH}S
o 4
< 2:
0 /////////////
2 22224
_4—
b 8% C.L.
-8 uncertainties
B O e e —— —qotr e L L
100 150 200 250 300 100 150 200 250 300
M, (GeV) M, (GeV)
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Impact of as on inclusive jet uncertainty versus pr

Inclusive jet cross sections with MSTW 2008 NLO PDFs

Tevatron, Vs = 1.96 TeV LHC,\/s = 14 TeV
o ——— _lopT— mw
3 8 o01<y<07 d 8 o00<y<08
g °F s 6
% 4} % 4F
% : 3 % : ] PDFonIy
EL et § o e,
00 700 1000

p, (Gev) p, (GeV)

e Mostly gluon-initiated at low pr = correlated with as.
e Mostly quark-initiated at high pr = anticorrelated with as.




ion HERA Summar

W and Z total cross sections at the LHC

e Potential “standard candle” for luminosity determination.
e NNLO total cross sections with “PDF+as” uncertainties
using MSTW 2008 NNLO PDFs:

LHC By, - ow (nb) B, ,— -0z (nb) Rwz

=TTV | 104753 (B30 | 00ss 0T (B3) | 109275% (5%
Vi=10Tev | 1535993 (2% ) | 14200998 (3%) | 1074135 (133
Vi=1aTev | 21729 (35%) | 2000983 (3%) | 100788 (133
LHC By, - oy~ (nb) By, - oy (nb) Ry

VE=TTev | e16i (B5) | 4aiSh (%) | 1429000 (T
Vi=10Tev | sesi03 (3% | earisis (3%) | 1373155 (1%
VE=taTev | 12500 (120 | os3tizt (Teok) | wooettid (Yot

e Additional uncertainty from scale variation less than 1%.
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Parton luminosity functions at the LHC

If 6.6 = Cap 0 (§ — M)2<) with § = x; xp s, then

1 1
2 2\ A a[:zab
oAB = Z/ an/ dxp f;/A(Xa, MX) fb/B(Xb, MX) Oap = E Cap 78[\/]2
ab V0 0 b X
OLap L dx Py > M2
X
= | — fyalx, Mx) fo,8(7/x, M), T=-—"
OM2 X
X T
15 . . 1.0 T T
parton luminosity uncertainties ratios of parton luminosities
—_ at LHC (MSTW2008NLO) 08 at7 TeV, 10 TeV and 14 TeV LHC
X 8 4
N ——0q
2 o
£ = —— 99
g8 = 06 ]
g 2
%]
j
2 E 0.4 i
2 5 -
= —_— X £
5 99 - S
o ——qgbar - X =
£ of — 66X
g where G =g +4/9 7 (q + gbar) 0.2 4
- <25
-15 ot L L MSTW2008NLO
10° 10° 0.0 . )
10° 10°
M, (GeV) M, (GeV)
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Precision measurements at high rapidity from LHCb

[MSTW, arXiv:0808.1847; R. McNulty, arXiv:0810.2550]

LHC parton kinematics y*/Z rapidity distributions at LHC
10° T T m m o T v [w=iew]
X, , = (M/14 TeV) exp(zy) g
10°F Q=M M =10 TeV z
H
DY lepton pair production at LHCh :
10" E
10°
O 10°F
i o s ds e e o
e 10 M =100 GeV
N 13 M =10 GeV_
o4 B Using Vrap with MRST PDFs
3 S | (200110, 2004 NLO, 2006 NNLO) —Lo
10° H — o
3t
f . B “-noaT
y=/8/4 2 8 2 A/
et : : : d » — o
M =10 GeV P/ ]
NNLOGg
fixed
10' HE E -~ NNLOgg
/ target - -NNLOGg
100 ul ul ul 1l
107 10° 10° 10" 10° 10 10" 10°
y h
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Summary
[ ]

Summary

e Parton Distribution Functions (PDFs) are a non-negotiable
input to all theory predictions at hadron colliders.

e HERA averaged cross sections reduce uncertainties and will
be an important input to future global PDF analyses.

e Tevatron Run Il W, Z data provide PDF constraints, but
problems describing new W — fv charge asymmetry data.

e Tevatron Run Il jets prefer smaller high-x gluon than Run I
impact on Higgs cross sections at Tevatron.

e Now possible to consistently calculate combined “PDF+as”
uncertainty on hadronic cross sections.
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PDFs for use in LO Monte Carlo event generators

e Which PDFs (fX, X = LO,NLO,...) to use if only a LO & is
available? Define the “truth” to be fNLO @ 6NLO and
FNLO o 5NLO
K(X) = i
X ® O—LO

e A. Sherstnev and R. Thorne have studied modified LO PDFs
(LO* and LO**) which give K(LO*) or K(LO**) much closer
to 1 than either K(LO) or K(NLO) for a variety of processes.

LO* [arxiv:0711.2473]: LO PDF fit with violation of
momentum-sum rule and NLO as.
LO** [arxiv:0807.2132]: same but also modified as
scale in PDF evolution, similar to in parton shower.
Based on MRST 2006 analysis: will be updated soon.

e CTEQ [arXiv:0910.4183]: similar idea with NLO “pseudodata”.
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Criteria for choice of tolerance T = , /Axélobal

Parameter-fitting criterion
o T2 =1 for 68% (1-0) C.L., T? = 2.71 for 90% C.L.

e In practice: minor inconsistencies between fitted data sets,
and unknown experimental and theoretical uncertainties, so
not appropriate for global PDF analysis.

Hypothesis-testing criterion (proposed by CTEQ)

e Much weaker: treat PDF sets obtained from eigenvectors of
covariance matrix as alternative hypotheses.

e Determine T2 from the criterion that each data set should be
described within its 90% C.L. limit. Very roughly, a “good” fit
has x? =~ Npts. £ 1/2Nps. for each data set.

e CTEQ: 72 =100 for 90% C.L. limit, MRST: T2 = 50.
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Dynamic tolerance: different for each eigenvector

o
Ej
e
[%)
@ O
o0

Eigenvector number

1 2 3 45 6 7 8 9 10 1112 13 14 15 16 17 18 19 20
Parton distributions: HERA-Tevatron—-LHC

e Outer (inner) error bars give tolerance for 90% (68%) C.L.
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Test of dynamic tolerance: fit to reduced dataset

Down valence distributi

°
Ny
RARNIARATAARARRRR RN AN AR R AR AR

=,
B0

ion at Q% = 20 GeV?
T

MSTW 2008 NLO (68% C.L.)

HHHHH Fit to reduced dataset /#l

Dashed lines: Ax? =1

10°

I
10?

I
10"

Down valence distribution at Q = 20 GeV?

x

"

,ﬂ
I
o

IR
N

.

Ratio to MSTW 2008 NLO
o -
8 )

o
©

Graeme Watt

Fit to reduced dataset comprising
589 DIS data points, cf. 2699
data points in global fit.

Errors given by T2 =1 don't
overlap = inconsistent data sets
included in global fit.

Dynamic tolerance T2 > 1
accommodates mildly inconsistent
data sets.

J. Pumplin [arXiv:0909.0268]:
significant tension from
BCDMS/NMC supports T2 ~ 10
for 90% C.L. uncertainties.

Issues:

@ T2 > 1 not rigorous?
@® Dependence on input
parameterisation?
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Backup

Alternative approach: NNPDF Collaboration
NNPDF Collaboration: R. Ball, L. Del Debbio, S. Forte,
A. Guffanti, J. Latorre, A. Piccione, J. Rojo, M. Ubiali

MSTW approach [arxiv:0901.0002] (CTEQ similar)
Parameterisation | xf,/, ~ A, x%2 (1 = x) (1 + €5 v/X + 72 X)

Minimisation Non-linear least-squares (Marquardt method)
Error propagation | Hessian method with dynamical tolerance
Application Use best-fit and 40 eigenvector PDF sets

NNPDF approach [arxiv:0808.1231, arXiv:0906.1958]

Parameterisation | Neural network (37 free parameters per PDF)

Minimisation Genetic algorithm (stop before overlearning)
Error propagation | Generate N;e, ~ ((1000) MC data replicas
Application Calculate average and s.d. over N, PDF sets
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lllustration: NuTeV/CCFR dimuon cross sections

Y M
d d
\/ ? —— (N = " X) 7 N — p~cX)

Y dxdy dxdy (v

e v, and ¥, cross sections constrain s and
5, respectwely, for 0.01 < x <0.2.

e Can relax assumption made in previous fits that

S(Xv Qg) = §(X7 Qg) =

R

5 [G(x, Q) + d(x, @3)] , with k=~ 0.5.

e MSTW parameterise at input scale of Q3 =1 GeV? in the form:

s (x, QS) = xs(x, Qg)+x§(x, Qg) = AL (1 —x)™ xS(x, Qg)
xs~ (x, Qg) = xs(x, Q§)7X§(X, Qg) =A_ x%? (1—x)" (1= x/x0).

e xp fixed by zero strangeness: foldx [s(x,Q3) —5(x,Q3)] =0
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First fits from NNPDF Collaboration

e NNPDF1.0: fit only DIS structure function data.
Fixs=3=(0+d)/4at Q% =2 GeV2.

e NNPDF1.1: free strangeness but no ¥N dimuon data.

e NNPDF1.2: free strangeness and add v/ dimuon data.

— I 2 2. - — < 2 2.

st =s+5at Q° =2 GeV?: XS~ = x5 — x5 at Q% = 2 GeV?:
—, T T 0.04 . .
14| Central value =+ i Central value -+
3 1-0 range 1-0 range ——
Individual replicas 0.03 | Individual replicas

12 | |
<~ 1r b <~
2 NNPDF1.2, Nyg,=25 3
O os 4 o
S o -
g o
*n 4

02 -0.02 NNPDF1.2, Nyg=25
-0.03
[ L L L L L L L L
1e-05 0.0001 0.001 0.01 0.1 1 0 0.2 04 0.6 08 1
X X

e Data only constrain 0.01 < x < 0.2.
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NNPDFs compared to “standard” PDFs

xst = xs 4+ x5 at Q2 =2 GeV?:

0.041
i [ cTeqss E --+'CTEQ6.550
MSTWO8 E CTEQ6.55-1
ESINNPDFLO 003~ - CTEQ8.55-2
0.8[777 NNPDF1.2 MSTWO8
— NNPDF10
NNPDF1.2
06 Z
O s
X 04
X
2
02
0 0.02F
0.2
I I I
10* 10° 10?
X

0.9

e NNPDF uncertainties much larger in regions of no data.
e MSTW use a relatively restrictive input parameterisation

@ Restrict small-x st to be (mass-suppressed) fraction of @, d.
@® No reason to expect very large asymmetry s~ at large x.

o CTEQ s' disagrees even in region of data: not understood.
Graeme Watt
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NNPDFs compared to “standard” PDFs

Gluon fractional uncertainty Up antiquark at large x
Gluon distribution at Q? = 5 GeV? Up antiquark distribution at Q% = 10° GeV?
.g 7777777 CTeQBoNLO ErecL) \%0.07? MSTW 2008 NLO (68% C.L)
§ :‘I\TI::‘J‘S\ZUDT?D’;;?E - B o0sf %4442 NNPDF1.0 (1000 replicas) El
5 ? o0sE- E
§ o.m; é
.‘% 0.03F E
E """""" 0.02F E
D.mg— —;
»00‘;2
0 ‘(7 0‘1 0}2 013 D.‘A 0}5 0}6 67
X X
e MSTW small-x gluon: e NNPDF1.0 negative by
2 ) 5
xg(x, Qy) ~ Ag X + Agr X’ ~ 2-0 at large x ~ 0.5.
e CTEQ, Alekhin: e No E866/NuSea Drell-Yan
2 5 .
xg(x, Qg) ~ Ag x’. data to constrain.
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Uncertainties for MSTW 2008 and NNPDF1.0

Up quark distribution at Q? = 10* GeV?
T T T

77 2z

004 MSTW 2008 NLO (68% C.L.) ’: g

0035, %4424 NNPDFL.0 (1000 replicas) ////;’ E o
2627 /| g

21 %
.
—

Fractional uncertainty

P
Z

2z

MSTW 2008 NLO (68% C.L.
%4444 NNPDFL1.0 (1000 replicas)

7 A
2 2
Y A

72
%

%

Fractional uncertainty

e NNPDF1.0 uncertainties generally larger, but also less data.
e Fully global fit with Tevatron data (NNPDF2.0) in progress.
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Potential issues with stopping criterion in NNPDF fits

® Partition each data set into “training” and
“validation” to avoid overlearning. Stop fit when
x2.1 increases. Complications due to each data
set having a different training length.

Talk by S. Forte, PDF4ALHC, DESY, 23rd October 2009:
REMOVE STOPPING: OVERLEARNING FIT

PERFORM A FIT WITH A FIXED, VERY LARGE NUMBER OF GA GENERATIONS:
25000 gens. (AVERAGE 1000 gens, FOR STANDARD FIT)

STANDARD STOPPING FIXED LONG
REPLICAS CENTRAL VALUE | FIXED PARTITION REPLICAS CENTRAL VALUE
2 1.32 1.32 ~1.3 1.18 .19
2.70 4 0.24 165+ 0020 ~ 1.6 + 0.2 243+ 0.13 1294 006
2.76 1.59 ~1.6 2.40 1.27
. 2.80 1.61 ~1.6 2.47 1.30
\ ” 0.039 | 0.035 ‘ ~0.03 || 0.032 \ 0.019 |

Y * OF THE GLOBAL FIT DECREASES A LOT!
IS IT REALLY OVERLEARNING"

® (x2u)rep continues decreasing after standard stopping.
® Stopping point has significant influence on PDF uncertainties.
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