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Jeffelgon Lab

* HERA is world’s only e*p collider

HERA at DESY

" |ocated at DESY, Hamburg - Germany
" In operation for |5 years (1992-2007)

= HI and ZEUS collider experiments

v General purpose detectors
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.{effelgonLab HI and ZEUS kinematics

*  HERA provides unique opportunity
to study the structure of proton via .
DIS processes: <10

NC: ep—eX CC:iep-ov X TE
1 Ve
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P \_}__/J\"'_;}X 10

= Kinematic variables:

v Virtuality of exchanged boson: 0=
Q°=—q° = —(k — k')2 10

v Bjorken scaling variable:

Q_z 10

€T =

-0 -5

2p - q 10 10 10 0> 10° > 10 |

H1 and ZEUS kinematics span over 6 orders of magnitude in x and Q?
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Jefferéon Lab PDF determination a_t HERA

* General double differential cross section:
d*one 2ma?

dx dQ? N rQ*

[Y*F'z -1 Y_xFy — yzFL] =

Vi=1+£(1-y)*
F,, F_ and xF; are the structure functions which are related to the momentum
distributions of quarks and gluon inside the nucleon.

= At Leading Order: Fy =2z Z 6(21 (q(z) + q(z))
rFs =12y 2e4a4(q(z) — q(z))

F2 dominates

o sensitive to all quarks
xF3

o sensitive to valence quarks
FL

© sensitive to gluons

= Also, HERA CC data give flavour information

Ogjf;) ~ Cl’(l_L -+ 5) -+ 1‘(1 — y)z(d e S) —Sensitive to d, at high x
o ~x(u+c)+ 2(1 —y)%(d+3) —>Sensitive to u, at high x
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e Combination of the HI and ZEUS Measurements

[JHEPOI (2010) 109]

* Ultimate precision is obtained by combining the HIl and ZEUS measurements

* The combination procedure is performed before QCD analysis using x2 minimisation

> Improvement on Statistical precision:
— HI and ZEUS collected similar amounts of physics data.
> Improvement of Systematic precision:
— HI and ZEUS are different detectors and use different analysis techniques;

— The HI and ZEUS cross sections have different sensitivities to similar sources of
correlated systematic uncertainty.
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e Results of Combining HI and ZEUS Data

[JHEPO! (2010) 109]
H1 and ZEUS

x,Q%

x=0.002 | e HERAINC e'p

g m

14

+
rNC

2 The combination procedure

yields a consistent data set:
¥*/dof=637/656

08

Before combination, the
systematic errors are ~3
times larger than statistical

for Q2<100 GeV?

0.6
04
02 | After combination, the

| . systematic errors are of
o L | same precision as the

1 10 10 10 o ) statistical errors, reaching
Q" / GeV | % total precision!
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Jefferson Lab

* Data Sets:
= HERA | combined data [JHEPOI (2010) 109]
v NCe, CCe, CCe* (Q*>100 GeV?)
v NC e* (Q%2>0.045 GeV?)

*  QCD Fit settings:
= NLO (and NNLO) DGLAP evolution equations
= RT-VFNS (as for MSTWO08)
v Other schemes were investigated as well:
RT (optimal), ACOT (full and x), FFNS
= PDF parametrised at the starting scale Q2
Tq, TUyal, Tdyar, 2U = zti(+2¢), 2D = xd + ::I,?§(+:z?5)
rf(x,Q%) = AzP(1 — 2)° (1 + Dz + Ex?)
= Apply fermion and momentum sum rules

* The optimum number of parameters chosen by
saturation of the 2

= central fit with 10 free parameters
= 2/dof=574/582

QCD Analysis Framework

>HERAPDFI.0
Scheme TRVFENS
Evolution QCDNUM17.02
Order NLO
Q2 1.9 GeV?
fs =s/D 0.31
Renorm. scale Q?
Factor. scale Q2

2 3.5 GeV?
as(Mz) 0.1176
M, 1.4 GeV
M, 4.75 GeV
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Jefferson Lab

 Data Sets:

\%

\%

= Combined HERA I+high Q% HERA Il data [prelim.]

*  QCD Fit settings:
= NLO (and NNLO) DGLAP evolution equations
= RT-VFNS (as for MSTWO08)
v Other schemes were investigated as well:
RT (optimal), ACOT (full and x), FFNS
= PDF parametrised at the starting scale Q%
Tq, TUpal, Tdypal, U = zti(+x¢), 2D = 2 d + :1;5(—{—:1:5)
rf(x,Q%) = AzP(1 — 2)° (1 + Dz + Ex?)
= Apply fermion and momentum sum rules

* The optimum number of parameters chosen by
saturation of the 2

= central fit with 10 free parameters
= 2/dof=574/582

QCD Analysis Framework

>HERAPDFI.0

2>HERAPDFI.5

QCDNUM package [M. Botje]

Scheme
Evolution

Order

Q3

fs =s/D
Renorm. scale

Factor. scale
2

as(Mz)
M.

My,

TRVFEFNS
QCDNUM17.02
NLO
1.9 GeV?

4.75 GeV
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feffecon b Sources of PDF uncertainties at HERA

= Consistent data sets — use Ay? =|

* Model Uncertainties:

= following variations have been considered

Variation | Standard Value | Lower Limit | Upper Limit
f 0.31 0.23 0.38
m,. [GeV] 1.4 1.35 [.65
my, [GeV] 4.75 4.3 5.0
Q> [GeV?] 3.5 2.5 5.0

- Parametrisation Uncertainties:

= An envelope formed from PDF fits using other variants of parametrisation form at the
starting scale (especially sensitive to the higher x region):

v Scanning of || parameter space

v Q,?2 variation and a more flexible gluon parametrisation
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Jetedn 2 HERAPDFI.0 at NLO

- Starting Scale 10 GeV?
H1 and ZEUS H1 and ZEUS
O 1 o 1
e ’ Q*= 1.9 GeV? ' Q*=10 GeV*
0.8 _ — HERAPDF1.0 08 _ — HERAPDF1.0
L - exp. uncert. - - exp. uncert.

|:] model uncert. model uncert.

[ parametrization uncert. I parametrization uncert. xuy,

0.6 - 0.6
I - xg (x 0.05)
L \\
04 - 04
XS (x 0.05)
02 02

xS (x 0.05)

‘ . ) L ) ) ‘I‘I‘Il — \
10* 10° 102 10! 1 107 107 102 10" 1

xg, xu,, xd,, xS (xS=xU+xD)
= Observe valence like shape of the gluon at the starting scale.
= Parametrisation uncertainty dominates.

*  HERAPDFI.0 set available in LHAPDF since v5.8.1 (Dec 2009)
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HERAPDFI1.0 vs NC DIS Data

H1 and ZEUS
™ 107;
o Plots show the extended e | .
kinematic range of the HERA | R e x=000005i=21 ¢ HERAINCe'p
6 =0. i= i
data as compared to the fixed L S S SRy 1y % HE A pDe
{ - - 2 L -
target measurements: "% | :,.,r:.m <2000 k18
+ 107 e al cse® x=0.0005,i=1‘6
s mental O il I,
o Data points include experimental 104 OO oyl
s . e = )1=
errors § e il S eesees  x=00032,is12
o o N t = 2 A .
o Fit line includes total error , O eeeveeeeseses  X=0005 =11
10 o-—¢ Wmm“ x = 0.008, i=10
! o~ - ce 0 00 00000000 x=0.013,i=9
: « T eesseoeesesy x=002,i=8
o HERA data extends to.x=0.65 for 102 rfr"’;’::::::......w =03
Q?>500 GeV?, clean high x probe | e etsevessevesesese s  x=005it
at hlgh W 10 | OEED—EE— 8000000000000 0 00— x =008, i=5

OECGEHEIHSE® ————egetveetog s oo x=0.13,i=4
ﬂnﬁmow x=0.18, =3

o HERAPDFI.0 fit describes HERA 1 SRR s s S
10" ' x = 040, i=1
o Extrapolation of the 0 \'T"—TH-I. x= 065,120
HERAPDFI.0 fit agrees well with
fixed target data o al |
o (SLAC and BCDMS)! 1 10 10° 10° 10" 10°

Q% GeV?
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e a HERAPDFI.0 vs Tevatron Data

Tevatron Jet Cross Sections

I/_\| -
L 10 8 -
> I e DO Runll
S 0k "\.. 7] HERAPDF1.0
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.3\ .. . - »
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e, . iet
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I .. ) .. ]
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i *e e 08<ly®i<12
9 - . e e
0 F % N R _
B “~ .. 12<ly® < 1.6 (x 107
i & € o . . . .
F ", . o Predictions for high-Et jet cross-sections with
10 - ’ h % . .
% L 6eiy<20(x 109 full uncertainties compared to the DO data
sF . o DIS data from HERA predicts Tevatron jets
0 8 20<ly<24(x 109 production from ppbar process.
:__l 1 ' | l l l 1 1 1 A | L l l 1 | | 1 l L L | | l I l 1 1 l L I L 1
0 100 200 300 400 500 600 700 ©

P, * [Gevlc]

o Hence, there is a universal description of partonic processes and all can be described with:
HERA input, SM couplings and pQCD evolution!
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teran 2 HERAPDFI.0 vs Tevatron Data

o O prre——— 09 e m———— :
% i + CDF data . 08 - - CDFdata =
% 008 — -~ HERAPDF1.0 — 07 f_ — HERAPDF1.0 _f
=) . 7] total uncert. ] - [] total uncert. |, .
— : — MSTWOS { 06 — msTwos E
N 006 1 1 Bosk =
5 [ 129 :
- i 04 =
0.04 __ —_ ¢ E E
- - 03 =
0.02 - - 0,22_ _
I 1 01f s
0 T FETTE T FERT ETTE PN FEETY SRTTL P 0 2 f L 1 | | I Livo
005115225335445 0051152253354
y y

o

o

o Zand W at Tevatron are well predicted by
HERAPDFI.0

o Hence, there is a universal description of partonic processes and all can be described with:
HERA input, SM couplings and pQCD evolution!
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Jeffelgon Lab

(e]
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LHC predictions based on

Predictions using HERAPDF .0 for VW cross sections.

7 TeV
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o Predlctlons using HERAP)E)FI .0 for Higgs cross sections.’
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o  Predictions using HERAPDFI.0 for top cross sections.

oy (Pb)
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HERAPDFI.0

Uncertainties:

BN Experimental
Model

Parametrisation
Ol Variation

Exciting new times ahead
to actually compare the
predictions to real

measurements from the
LHC!
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Jefferdon Lab HERAPDF ﬁts at NNLO

*  Fits performed to HERA | data (as used for HERAPDFI.0) at NNLO using RT-VFNS:
" 0g(Mz) at NNLO =0.1176 and og(Mz) at NNLO = 0.1145

H1 and ZEUS (prel.) H1 and ZEUS (prel.)
g I

L o 3 ()
Q*=2 GeV? = Q* =10 GeV* =
S &
I T = - —— HERAPDF1.0 =
» I L [ total uncertain =
08 [ total uncertainty 2‘ 08 ? %

i N F e HERAPDF1.0 NNLO, ¢.=0.1176

-------- HERAPDF1.0 NNLO, ¢,=0.1176 arevoion | xg (x005) . HERAPDFL0NNLO, o =0.1145

....... HERAPDF1.0 NNLO, 0,=0.1145 R e

.
.
.

0.6 [+

04 -

02

HERA Inclusive Working Group

HERA Inclusive Working Group

0 =
10

scheme NNLO o (Mz)=0.1145 | NNLO 0(Mz)=0.1176 | NLO ay(Mz)=0.1176
All y2/dof | 623.7/582 638.3/582 574.4/582

*  Using the same settings as for HERAPDF|.0 NNLO fit does not improve fit results.
*  Lhapdf grid files available at:

= https://www.desy.de/hlzeus/combined_results/index.php?do=proton_structure
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Jefferéfbn Lab

Combining HERA | and |l Inclusive data

New HERA |l preliminary data available!

More precise measurements in the high Q? and high x regions (especially NC e'p and CC e*p)
=>» could constrain better PDFs at high x

674 unique cross sections points with 134 sources of systematic uncertainties

Without HERA |l H1 and ZEUS

- Q*=1000GeV? |

05

08

0.6

04

02

0 L
107

Much more precise

Q% =300 GeV?

Q? =500 GeV?

T

Q?%=1500 GeV*
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ol
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ATTT| B

Q% = 8000 GeV*

T Q*=15000 GeV>

PR 1Y

Q% =30000 GeV*

102

10"
X

HERAICCep

=== HERAPDF1.0

HERA I

H1 and ZEUS

HERA | and HERA |l are combined using same averaging procedure as described before:

With

- Q¥=300GeV? |

Q*=500GeV: |

Q*=1000 GeV? |

Q% =1500 GeV?

June 2010

| I 11 11 1 ! L g‘
<]
L Q%=2000GeV? | Q*=3000GeV: | Q?=5000GeV: [ Q=8000GeV’ i
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05 |- = — = 3
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r B - <
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0 bl v N T A | il wl =
08 | 2 2 [ 2 2 107 10" 102 10"
T Q>=15000 GeV® [~ Q%=30000 GeV X
® HERAI+IICCep (prel.)
04 |- —
=== HERAPDF1.0
02 |- -

1&

o ~u+c+(l—y)2(c7+§)‘

T A

Ll o i

1\;

10"

10°

10"

X

10?2

10"

107

10"

CC measurements after including new hig’Fl Q? HERA I set!

@KM voica@mail.desy.de

6

HiX 2010, JLAB October 2010



Jeffelgon La

Fits to New Combined HERA data: HERAPDF1.5

*  Propagate new data through QCD fit analysis to produce a new set of HERAPDFs:
HERAPDFI.5

* For preliminary studies use same settings as for HERAPDFI.0
= Parametrisation uncertainty will be further investigated for final release.

=Parametrisation
uncertainty reduced

0.4

- 1 ; 1 :
= Q* =10 GeV? - Ml Q* =10 GeV>

0.8 q 0.8 =>Experimental

0.6 [ HERAPDFI.0 0.6 _ HERAPDFI.5 uncertainty reduced

“HERAPDFI.0” - “HERAPDFI.5”

2 .
SET | Data | poins |RT |AcoT | [SET |Dam |pomes | RT  |Acor|  The x* increased
IO 582(dof) | 574 | 560 TOT |2 664(dof) | 761.8 |754.6 due to the precision of

data (especially CC)
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tfiecn 2 HERAPDFI.5 vs HERAPDFI.0

xf

Xg, Xu,, Xd,, xS (xS=xm-xD_) at the scale Q,2=10 GeV?

H1 and ZEUS HERA I+II Combined PDF Fit H1 and ZEUS Combined PDF Fit

1 Y 1 UL ; T LR =
Q*=10 GeV? S ® 2 18
= ] Q*=10 GeV >
el 3
i E] ]
s —— HERAPDFLS (prel.) 05 - ]
I I exp. uncert. L 1 a
=
|| model uncert. xg (x0.05) ) HERAPDF1.0 (HERA D) ] g
X
[ parametrization uncert. N g‘ 06 B HERAPDF1.5 (HERA I+ID) (prel.) &b
0.6 5 |
L En =}
£ 1%
| o 1 =
= 5)
04 xg(x0.05) 2 0.4 18
i 2 i | £
g L xS (x 0.05) | =
= ) | &
o B
02 TS é 02 3
L XS (x0.05) E - 14
< | &
‘|‘| . L L ) L R — R\ : 0 1111 I L 1 L I -~ m
10 10° 10 10" 1 10°* 10° 10 10" 1

X

Inclusion of the HERA |l data reduces the uncertainties on PDFs in the high x
region especially visible on the valence distributions!
= See HERAPDFI.5(prel) vs HERAPDFI.0
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a2 HERAPDFI1.5 vs HERAPDFI.0
*  xg, xu, xd,, xS (xS=xm-xD_) at the scale Q,2=10 GeV?

H1 and ZEUS Combined PDF Fit

H1 and ZEUS HERA I+1I Combined PDF Fit “— 1 . - | =
u { ‘\ [—] (e]
N 2 — N . N
” Q*=10 GeV 8 Q*=10 GeV? | >
| 2 " =

osk | | — HERAPDFLS5 (prel) os 1
i - - exp. uncert. 1 &
- xSH | model uncert. © %S || HERAPDF1.0 (HERA D) 1 5
I “ - parametrization uncert. g [ HERAPDF1.5 (prel.) 1 e
0.6 5 (HERA I+II) E
L ED B &6
= Xu, 15
s 1¢
@]
04 2 g
= | =
= )
5 | &
02 El | &
= wn

1}

é E
= T

0o 0z 04 06 08 1
X

* Inclusion of the HERA Il data reduces the uncertainties on PDFs in the high x
region especially visible on the valence distributions!
= See HERAPDFI.5(prel) vs HERAPDFI.0
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Jefferson Lab

Impact on the LHC

24(qq) luminosity at LHC Ns=7TeV)

B > 2 5 T
' 7 F Q" =10 GeV~ % —— MSTWO8
6 3 3 ¢24% CTEQS.6
K e HERAPDF1.5 S XXX NNPDF2.0
5 F BN cxp. uncert. = 5@/%;; HERAPDF1.0
g C—1 model uncert. 9 SO et L
4 - B param uncert. =z ] -,4: - 7,-5‘ .
3 B ——— HERAPDFLO © Lep125
: S e
2 F g 0.95
1 F th 0.9
PR BT = -
0 : l Q 0.85—
" 2 0.6E ]
0 K 10° 1072
02 Courtesy of G. Watts NS /s
TR 12 : —
' 115 =
- SufE E
*  HERAPDFI.0 is high at the fi0s F — E
large scale because sea is hard E | E S —] 3
at high x. 2  E — HERAPDFIS =
HERAPDFI.5 h ft 50 | L] cxp-uncers. 3
[ ] [ I ]
: 4s a softer sea. g 09 3 | model+param. uncerts. E
085 E
0.8: o ey ]
10° 10 10"
| sqri(x_ x,)
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0.6

e LHC predictions for W and lepton asymmtries

. —— HERAPDF1.0 77e

L[] total uncert.
r—— MSTWO08

_ | Impact of inclusion of HERA |l data:
04 - CTEQ6.6 ]

=» The uncertainties are reduced for

_—
= = - .
1 > 1 the predictions using HERAPDF1.5
0z I ] compared to HERAPDFI.0
0 0
0l ol
5005 goos 3
§ e S e — ]
2005 = 5-0.05 - =
g -0.1 _I ll Ill‘ llll llll‘ll |lll Illl jl‘l ||||: g -0-1 E Llllllllllllllllllllll E HERAPDFI.O
005115225335 445 0 05 1 15 2 25
y
0.6 5
. —— HERAPDF1.5 /) ;
-] total uncert. . HERAPDF I 5
— MSTWO08 I
~ 04 . CTEQ6.6 i
> i =
7 g
02 ] 01 .
0 11 0 1 l 1 1 L1l 11 |
s 01 s 01 .
3 005 [ 4 Zoesp E
N 30 _—
2005 q Eoo0s E =
: 0.1 :l 1 IIIJJ Ll ||||l IJlllll Ll I]III |||l: ! -0‘1 :I 11 J § N N N T T T N A | E
005115225335 445 0 05 1 15 2 25
y n
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Jefferson Lab

Comparison to Tevatron W asymmetry

0.9 R R LA AR AR RARR AL RRRA= 09 Ty
0.8 - ° CDFdata - 08 £ * CDFdata =
07 £ — HERAPDF10 E - HERAPDF1.5 E

’ E |:| total uncert. l E 0.7 E 9 }\(I}t;,}.l‘l;,lggrt -
0.6 & — msTWOS 3 _ 06 - CTEQ66 E
S 05 41 Bost E
“oaf 3 Toaf :
03 | E 03 F E
02 - E 02 F E
01 F . 01 F =

0 AT T T T N T 0 r AT T TN N P P T

0 051152 25 3 35 14 0051152 25 3 35 4

y y

HERAPDFI.5 results in a better agreement than HERAPDF 1.0 with the CDF data for the W
asymmetry, even if this data is not included in the HERA fits.
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Jefferson Lab

Comparison to Tevatron W asymmetry

09 Ty 09 Ty
08 & ° CDF data = 08 & ° CDFdata =

- HERAPDFLS5 E - HERAPDF15 E

0.7 = 9 total uncert. 3 0.7 & mm total uncert. |/ ]

- — CT10 ] - — MSTWO08 ]

_ 06 CT10w = 06 = - CTEQ66 E
05k 1 Eost -
“oat 1 Toab -
03 | 03 E
02 F 3 02 E
01F - 0.1 |- E

0 AT TN T N T A P 0 * ATV IOV PR IOPRY PP I\ IRT TNV
005115225335 4 0051152253354

y y

* HERAPDFI.5 compared to Global PDF sets
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Jefferson Lab
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HERAPDFI.5 provides a reasonable agreement even with the DO lepton asymmetry, for
which the global fits have difficulties.

HERA ep data do not require assumptions on isospin symmetry and heavy target corrections

<
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Jefferéon Lab

Summary

o HERA provides accurate determination of the proton structure and can predict
related Standard Model processes:

= HERA ep data do not require assumptions on isospin symmetry and heavy target corrections

o New preliminary measurements from HERA |l included in the QCD Analysis

= Precise new measurements at high Q? with constraining power in the high x region
HERAPDFI.5 [prelim]

= Provides more precise predictions for LHC than HERAPDFI.0
= Provides good predictions for the W and lepton asymmetries measured at Tevatron

v LHAPDEF grid files for HERAPDF 1.5 with the full uncertainties can be found at:

https://www.desy.de/h1zeus/combined results/index.php?do=proton structure
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Jeffelgon Lab

Backup

@I@ voica@mail.desy.de 26 HiX 2010, JLAB October 2010



Jeffergon Lab

600 N\ 600

f W07 ey 575 Gev 4 10
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*  Preliminary HERA Combined Low Energy
data available!

*  New accurate measurement in Q2>2.5 GeV?
range, sensitive to structure function F, are
included in the QCD analysis on top of the
HERA | data=>»

HERAPDF including Low Energy data

H1 and ZEUS (prel.)
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feiecon L2 HERAPDF including Low Energy data

H1 and ZEUS (prel.)
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sea s.

HERA | data=> - for HERAPDFI.0, Q2 cut variation is

included in the model uncertainty, but
it had smaller effect.
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ttieron a HERA F, data vs F, predictions

The lines are F, predictions using combined HERA |and low energy data.

H1 and ZEUS

Ve

X
0.000059
0.000087
0.000128
0.000168
0.000324
0.000404
0.000534
0.000641
0.00085
0.001215
0.001599
0.002113
0.002927
0.003795
0.005420
0.006843

1
0.009109
0.012250

}
0.020170
0.026220
1 0.032270
April 2010

T
—@— 0.000231
!

0.2 Q%5GeV?

* 5

st o

...... ‘ 0

o

£

-

1 ? g
PP N I - 4@
O_ ® HERA preliminary 1 2
| = HERAPDF1.0 ® 3
| — Q% 35GeV’ £
<

o

L

T

1 llllIII 1 1 lllllII | 1 | I I S |

2
10 10 Q2 / GeV?

Low Q? region remains very interesting for further QCD tests!
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HERA F, data vs F, predictions

The lines are F, predictions using combined HERA |and low energy data.
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Various Heavy Flavour schemes: best ACOT (full) and FFINS
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O PDFs that are parametrised at a starting scale Qo?*=1.9 GeV? (below M) are:
xg, XUy, Tdy,xU = xt,zD = xd + 8

o A standard functional parametrisation form is used: L
o A - normalisation

zf(x, Qg) = A‘BB(l - x)c(l + Dz + sz) o B - low x behaviour
o C - high x behaviour

O It describes the shape of PDFs with few input parameters , ,
D,E - medium x tuning

The number of parameters are chosen by saturation of the 2

[
O The parametrisation for the best fit (central fit): | l e ":”::/_
xg(x) = AqxP(1- 20, /
xu(x) = A, xPe(l-x)% (1+E, x) g
xd,(x) = AyxPe(l - x)<e, P
xU(x) = AgxPr(1 - x)°, \.\
xD(x) = ApxPr(1 - x)°r. '

© The number of free parameters is reduced by the physics constraints such as:
normalisation parameters Ag, Auv, Adv by the quark number and momentum sum-rules
B parameters so that there is one for sea and another one for valence distributions
Ensure that xiz — xd as x — 0.

o

The best fit results in 10 free parameters

More on PDF parametrisation at HERA
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