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LHC: largest mass states at large x

For central production x=x|=x3
M=x+/s
i.,e. M > | TeV probes x>0.1

Searches for high mass states require precision

Log(Q?) [GeV?]

M=1TeV

knowledge at high x

Z' | quantum gravity / susy searches...

DGLAP evolution allows predictions to be made

High x predictions rely on
e data (DIS / fixed target)

® sum rules

9
8
/
6
)
4
3
2

R, S SRI e S L b e h a.Vi O U r Of P D F S as X - I

SEERIT,
ey
S
TSRS SO
S e
TSRS ST TS
S SR
e et
st e 555
ST B SR AW
g e
SRS, TR RO

—h

6 5 4 3 -2 -1 0
Log(x)

Eram Rizvi QCD@LHC - Suzdal, Russia - 2014



-; '-‘_i',".;H_ERAQOperatiﬁn

PN

HERA-1 operation 1993-2000
Ee = 27.6 GeV
Ep =820/ 920 GeV

J£ ~ 110 pb’! per experiment

HERA-Il operation 2003-2007
Ee = 27.6 GeV
Ep = 920 GeV

JL ~ 330 pb’! per experiment
Longitudinally polarised leptons

Low Energy Run 2007
Ee = 27.6 GeV

Ep = 575 & 460 GeV
Dedicated FL. measurement
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.. HERA Structure Function Data”.
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Summary of HERA-| datasets
Combined in HERAPDFI.0

Available since 2009

Data Set x Range O Range L et /e Vs
GeV? pb~! GeV

Hl svx-mb  95-00 | 5x 107° 0.02 | 0.2 12 | 21 etp | 301-319

Hllow Q> 96-00 | 2x 107* 0.1 | 12 150 | 22 etp | 301-319
H1 NC 94-97 | 0.0032 0.65 | 150 30000 | 356 | e'p 301
H1 CC 94-97 | 0.013 0.40 | 300 15000 | 35.6 | e*p 301
H1 NC 98-99 | 0.0032 0.65 | 150 30000 | 16.4 | e p 319
H1 CC 98-99 | 0.013 0.40 | 300 15000 | 164 | e p 319
HINCHY  98-99 | 0.0013 0.01 | 100 800 | 164 | e p 319
H1 NC 99-00 | 0.0013 0.65 | 100 30000 | 652 | e*p 319
H1 CC 99-00 | 0.013 0.40 | 300 15000 | 652 | e*p 319
ZEUS BPC 95 | 2x107° 6x10™ | 0.11 0.65 | 1.65 etp 301
ZEUS BPT 97 | 6x1077 0.001 | 0.045 0.65 | 3.9 etp 301
ZEUS SVX 95 | 1.2x107 0.0019 | 0.6 17 | 02 et p 301
ZEUSNC 9697 | 6x 107 0.65 | 2.7 30000 | 300 | e*p 301
ZEUS CC 94-97 | 0.015 0.42 | 280 17000 | 47.7 | e*p 301
ZEUSNC  98-99 | 0.005 0.65 | 200 30000 | 159 | e p 319
ZEUS CC 98-99 | 0.015 0.42 | 280 30000 | 16.4 | e p 319
ZEUSNC  99-00 | 0.005 0.65 | 200 30000 | 632 | e*p 319
ZEUS CC 99-00 | 0.008 0.42 | 280 17000 | 60.9 | e*p 319

High Q%2 NC and CC data limited to
100 pb! e*p
16 pb"! ep
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- HERA Structure Function Data
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N D=l
Data Set x Grid 0°/GeV? Grid L et /e Vs x,0° from
from to from to | pb’! GeV equations
HERATE, = 820 GeV and E, = 920 GeV data sets
HI svx-mb 95-00 | 0.000005  0.02 0.2 2] 21 e'p | 301,319 [ 11,15,16 | [2]
HI low Q2 96-00 | 0.0002 0.1 12 150 | 22 et 301,319 | 11,15,16 | [3] .
H1 NC ¢ 94-97 | 0.0032 0.65 150 30000 | 35.6 e+§ 301 17 [4] HI & ZEUS have now published all
H1 CC 94-97 | 0.013 0.40 300 15000 | 35.6 | e*p 301 12 [4] datasets
H1 NC 98-99 | 0.0032 0.65 150 30000 | 164 | e p 319 17 [5]
H1 CC 98-99 | 0.013 0.40 300 15000 | 16.4 e p 319 12 [5] - HERA-Il measurements at high j[
HI NCHY 98-99 | 0.0013 0.01 100 800 | 164 | e p 319 11 [6]
H1 NC 99-00 | 0.0013 0.65 100 30000 | 652 | e*p 319 17 [6] - reduced \/ s data
H1 CC 99-00 | 0.013 0.40 300 15000 | 652 | etp 319 12 [6]
ZEUS BPC 95 | 0.000002  0.00006 0.11 065 | 165 | ep 300 11 [10]
ZEUS BPT 97 | 0.0000006 0.001 0045 065 | 3.9 et p 300 11,17 [11] )
ZEUS SVX 95 | 0.000012  0.0019 0.6 17 | 02 | ep 300 11 [12] 4| data sets to be combined:
ZEUS NC 96-97 | 0.00006 0.65 2.7 30000 | 300 | e*p 300 19 [13] .
ZEUS CC 94-97 | 0.015 0.42 280 17000 | 47.7 | e*p 300 12 [14] - NC & CC cross sections
ZEUS NC 98-99 | 0.005 0.65 200 30000 | 159 | e p 318 18 [15] - e+p and e”p scattering
ZEUS CC 98-99 | 0.015 0.42 280 30000 | 164 | e p 318 12 [16] 4 diff \/ |
ZEUS NC 99-00 | 0.005 0.65 200 30000 | 632 | ep 318 18 [17] - Irerent /s values
ZEUS CC 99-00 | 0.008 0.42 280 17000 | 60.9 | e*p 318 12 [18] 2927 data points in total
HERAII E,, = 920 GeV data sets
HINC 03-07 | 0.0008 0.65 60 30000 | 182 et p 319 11,17 (71"
H1 CC 03-07 | 0.008 0.40 300 15000 | 182 et p 319 12 (71"
H1 NC 03-07 | 0.0008 0.65 60 50000 | 151.7 | e p 319 11,17 (71" In some cases 6 measurements
H1 CC 03-07 | 0.008 0.40 300 30000 | 1517 | e p 319 12 [7]! combined
H1 NC med Q* *¥5 03-07 | 0.0000986  0.005 8.5 9 | 976 | etp 319 11 [9]
HI NC low Q* *5 03-07 | 0.000029  0.00032 2.5 12| 59 et p 319 11 [9]
ZEUS NC 06-07 | 0.005 0.65 200 30000 | 1355 | e'p 318 11,1218 | [21]
ZEUS CC 06-07 | 0.0078 0.42 280 30000 | 132 et p 318 12 [22]
ZEUS NC 05-06 | 0.005 0.65 200 30000 | 169.9 | e p 318 18 [19]
ZEUS CC 04-06 | 0.015 0.65 280 30000 | 175 e p 318 12 [20]
ZEUS NC nominal *  06-07 | 0.000092  0.008343 7 110 | 445 | e*p 318 11 [23]
ZEUS NC satellite *  06-07 | 0.000071  0.008343 5 110 | 445 | e*p 318 11 [23]
HERAII E, = 575 GeV data sets
HI NC high 0? 07 | 0.00065 0.65 35 800 | 5.4 et p 252 11,17 (8]
H1 NC low Q2 07 | 0.0000279 0.0148 1.5 9 | 5.9 et p 252 11 [9]
ZEUS NC nominal 07 | 0.000147  0.013349 7 110 | 7.1 et p 251 11 [23]
ZEUS NC satellite 07 | 0.000125  0.013349 5 110 | 7.1 et p 251 11 [23]
HERA II E, = 460 GeV data sets
H1 NC high 07 07 | 0.00081 0.65 35 800 | 11.8 | e'p 225 11,17 3]
H1 NC low Q2 07 | 0.0000348 0.0148 1.5 90 | 122 | e*p 225 11 [9]
ZEUS NC nominal 07 | 0.000184  0.016686 7 110 | 139 | e'p 225 11 [23]
ZEUS NC satellite 07 | 0.000143  0.016686 5 110 | 139 | e'p 225 11 [23]
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~ H1.EZEYS Data Corpbination’—

X YN \ | ——
10° g
e ¥ o0 ol
C 10*F 22588 % Data are combined onto a common x,Q? grid
- 60000000 Two grids used:
103;_ oog.go.é g g ggg g O; inclusive measurements +/s=301 & 319 GeV
E £?§}§:§-§ § § § §§§ § E ﬁne X gl"ld fOI' \/8—575 & 460 GeV
102L SETII3E8E 5
- e s500880 ° 5 2927 data points = 1307 combined measurements
- gomeo e 28 e .
10 {21 H AN A
1 ; ° E Data are translated to nearest x,Q? grid point
: o’ . Iterative process using NLO QCD fit to data
10 - Use uncombined data in first iteration
- : Then combined data in later iterations
10_2' S T R BT T R No changes after 3 iterations
107 10° 10° 10* 10° 102 107 1
X
Fractal Fit 2 Tmodel (xgm'da Q?]rid) 2
AL O'(legrida Qgrid) — 2 " Omeas (aijCLS) Qmeas)
e — Tmodet(Tmeas: Cineas)
0 3.0 - 4.9 Dmm 30000.0 (32
weight .
. Data are also translated outside of region of DGLAP fit validity Q? < 3.0 GeV?
N Use phenomenological “fractal” model and interpolate to DGLAP region
T a0 4.9Q? Other phenomenological fits tested — negligible differences
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~"H1 & ZEUS Data Combination -~
HL R Ee G Coe veY

[ data points Correlated uncertainties treated multiplicative: size proportional to central averaged value
J systematic error sources True for normalisation uncertainties

Perhaps not true for other uncertainties

[Mi _mi<1 _Zj ’V;bj)]z —|—sz
?,st?ztluimi(l o Zj V;bj) - (5i,uncmi)2 p J

X%Ot(m7 b) — Z 5

1

(' = measurement
m' = averaged value
y'; = correlated relative (%) sys uncertainty on point i from error source j
b; = systematic error source strength
nuisance parameter left free in fit but constrained
no extra degrees of freedom due to additional constraint

For HERAPDF2.0 number of correlated error sources j = 162
These include:

: Extra procedural uncertainty included:
b/g uncertainty : :
. : difference between using
luminosity uncertainty " L
oo additive vs multiplicative
EM calibration scale o .
G correlated uncertainties (except normalisation)
had calibration scale A :
etc = extra ~0.5% uncertainty

Are correlated point-to-point within a single measurement
Reported in detail in individual publications from experiments
May also be correlated across measurements

May also be correlated between HI & ZEUS (e.g. had scale & photoproduction b/g)
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-- H1 & ZEUS Data Cambih’;?tion

~N

H1 and ZEUS preliminary

ot
et

NC e'p
3.5GeVZ< Q*<100 GeV?

7o0f RMS =1.07

N » 90F
S 18 NC e'p 21
g 16F Q<35 GeV? 5 80
1af RMS =1.05
12F
g g
E sof ' £ 20
] NC ep )
= [ S 18
= [ =
[ RMS =095 16

40_—

CCe'p

RMS =1.04

17/]

.2 90F NC e'p

= f 2 _ 2 2
S apk 100 GeV- < Q” <50000 GeV

E RMS =0.97
70

CCep
L RMS =097

Overall ¥*/ndf = 1685 / 1620 = 1.04

Pulls defined for each measurement
difference between measured &

average values after applying sys shifts b;
in units of uncorrelated uncertainty

Pulls of the data points should be
distributed as a unit Gaussian

Each measurement channel shows pull
centred on zero & unit width
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~ H1.EZEYS Data Corpbination’—
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~ 18 ~ Lo
«Q . «Q I
Q 7 e HERA NC ¢'p (prel.) 0.5 fb”’ q i x=0.002 e HERA NC e'p (prel.) 0.5 fb™
i’% 16 Vs = 318 GeV f% 14 x=0.0002 } & s = 318 GeV
z x=0.002 0 ZEUS HERA II z JE -E;L s HERA I
b 14 x=0.0002 } i ' ZEUS HERA I b 0
: %‘% © H1HERA II it J s
12 /. H1HERA I | o
: % 1 L J;E t% x=0.008
, i f s . pe”
! % x=0.008 f 5
, % % ﬁ f . -* -
: ? ?4 & ! 0.8 * ® §§ »
08 * ® Ei ?é& L . » E.l
. N % % . * .,,..n’tﬁgg s x=0.032
[ ? KY; ) 0.6 . Laten
06 - * ?! - 4.?’?& %&%%Mﬁ %%% 3 x=0.032 : . soan®
I L I x:().oos —gs LYY Iy L)
0.4 i p;go.oos x=(%8 .o é ?% %h%?%%g % ‘# x=0.08 04 7 = te x=0.08
: } : P25 0p auiven
ozl 255 ?ibh?%ﬁg@ ? » ; ol AALd T P ’ .
7 % g x=(0.25 } x=0.25
T ST TS BT T U e et e e , 1]
Q7/GeV Q7/GeV

Significant improvement in NC uncertainties for Q2> 100 GeV? for /s=318 GeV
Compared to HERA | combination: factor 3 increase in statistical precision

stat error < 0.9% for Q? up to 400 GeV?
total error < 1.3% for Q? up to 400 GeV?
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. H1 & ZEUs Data Co
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N w4

S| e HERANC ¢ T A
- ep (prel.) 0.4 fb S5 1
S Vs = 318 GeV < 12 e HERA NC ep (prel.) 0.4 fb’
\-i) . Na) L
z z
| o5 |
© o

0 ZEUS HERA II , Vs = 318 GeV
1 }% x=0.008 o H1 HERA II , % s ®
| ﬁ % % A H1 HERAT i

08 - x=0.032

o i

"7 !iﬁﬂ)% 0.6 - of +‘+§ i
L %%J KRR j . - | o
RS ﬂ TR |
| g B ’ ; x=0.25
02 ‘&& %Mﬁ%ﬂg % L % % 02 &%*Mﬁw .t +
“ Qe " ey

Significant improvement in NC uncertainties for Q2> 100 GeV? for +/s=318 GeV

Compared to HERA | combination: factor 10 increase in statistical precision
stat error < 0.9% for Q? up to 400 GeV?
total error < [.6% for Q? up to 400 GeV?
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1. & Zeus Data Combination
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LN CEE—
Y 2 L L L L ‘) L L L L
NO‘ Q*=300GeV: | Q’=500GeV: | Q’=1000GeV: | Q’=1500 GeV’ NO‘ st Q=300 GeV> - Q*=500GeV: | Q*=1000GeV: | Q?=1500 GeV’
L ? ? ? E e |
Q [ % [ [ [ O 1l L L i
O 1r % N ? y y O » 1% .
+ .5 i — : i + .0 i — + " . * .
© i i % f [ [ © i E I » I I »
05 - % B g% B & ? %% C ? . 0.5 - » L i L ‘b N '.
i i i i L [ [ [ LY .
Y T R H TN BT R I R RN N R R, L 0 T VT Y oY E T R H BT R TITY HUTTH B R, JU
06 | Q°=2000GeV Q= 3000 GeV* Q” = 5000 GeV* Q’ = 8000 GeV” 0.6 | Q=2000GeV> | Q’=3000GeV: | Q*=5000GeV’ |  Q?=8000 GeV’

, : : : , . , , ,
04 #ﬁi %% ; 04 S : g

02 ‘}E % %%%@ %ﬁ% 0.2 # “ s . oo

0 7\\\\\\ Lol L Huuiwuu\ Ll L w%wuu’wuu\ Ll L \\\H\’\\\H‘ Lol Lo 0 | Lol IR AT | Lol Ll il Ll RN R | Lol
 Q*=15000GeV: | Q*=30000Gev? | 107 107 0% 10" X QP =15000GeV? | Q*=30000Gev: | 107 107 10?107 X
01 - i ® HERA CC €' p (prel.) 0.5 fb! 01 - i . 1
i i Js = 318 GeV i i o HERA CCe p (prel.) 05 b
L % I 0O ZEUS HERA II I + I \/S =318 GeV
0.05 1 - () ZEUS HERA I 0.05 g o
i i O HI1HERATI i L = HERAI
0 L b o % 4 HIHERATL 0 Lo i i i 8
102 107 102 107 0% 10" 102 107
X X

At high x the CC e™p cross sections provide direct clean access to the xd density
Compared to HERA | combination: factor 3 increase in statistical precision
HERAPDF 1.0 combination total error ~10-20%
HERAPDF2.0 combination total error ~5-10%
Dominated by statistical precision

up to x ~ 0.25
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.*H1 & ZEus Data Combination

N ’ R / = _'u

2 | e HERA NC e'p (prel.) 0.5 fb”!
o~ 0= Vs = 318 GeV
q ] L .o X = 0'00(:)03(’)};)%1 0 1 Fixed Target
X 107 gee T = 0.00013, =19 me== HERAPDF2.0 (prel.)
&) = e :’;,,,. x = 0.00020, i=18 NLO, Q. =35 GeV’
+ Z.« - °® x = 0.00032, i=17 > Xmin~— v
b 107 e et e X=0.0005,i=16
S et e = 00008, 15
B ° M x =0.0013,i=14
0% . M x = 0.0020, i=13
= . x = 0.0032, i=12
e M x = 0.005, i=11
103 e W x = 0.008, i=10
- W x =0.013,i=9
2 : * W x =0.02,i=8
107 ° _EnOm DS ee e e eeeesessetee e = 0.032,i=7
- o 00000 000000000000 x=0.05i=6
10 o ..I:IEE:-—E—.-——H-Q—M—O-O-OO-”H—H x = 0.08, i=5
; —Eﬁm_ﬁ'ﬁ—ﬁ"m’—'ﬂ\.\’ x = 0.13, i=4
1 B mww x =0.18, i=3
= e “oe  x=025,i=2
- == 'y
N MM .
10 - x =0.40,i=1
107 ;— . x = 0.65,i=0
- Combined HI & ZEUS run-2 preliminary
10-3\‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | |
1 10 10 10° 10° 10°
2 2
Q7/ GeV
Eram Rizvi

x ~ 102 is a sweet-spot
high precision with long Q? lever arm
relevant for LHC Higgs production

Precision:

1.2% Q2 < 60 GeV?

1.3% Q2 < 400 GeV?
2% Q2?< 1200 GeV?
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‘Compendium for HERAP

a

HERAPDEF|.0

Combine NC and CC HERA-| data from H| & ZEUS
Complete MSbar NLO fit

NLO: standard parameterisation with |0 parameters
Xs = 0.1176 (fixed in fit)

HERAPDF1.5

Include additional NC and CC HERA-II data
Complete MSbar NLO and NNLO fit

NLO: standard parameterisation with 10 parameters
HERAPDF1.5f

NNLO: extended fit with 14 parameters

--
-
-
-

HERAPDF1.6
Include additional NC inclusive jet data 5 < Q%< 15000
Complete MSbar NLO fit 3
NLO: standard parameterisation with 14 parameters ;

s = 0.1202 + 0.0013 (exp) * 0.004 (scales) free in fit

HERAPDF1.7

Include 41 additional F<¢ data 4 < Q%< 1000

Include 224 combined cross section points E;=575/460 GeV
Complete MSbar NLO fit

NLO: standard parameterisation with 14 parameters

Eram Rizvi
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HERAPDF2.0

Include final:

HERA-I low/medium Q? precision F,
HERA-II high Q2 NC/CC data

/ HERA-II low/medium energy NC data
NLO & NNLO fits

’ Final structure function measurements from H1 / ZEUS now published
Combination of the data is underway
New combination will include:

HERA-I published data

HERA-II published data
low/medium energy E,=575/460 GeV run data

L d
----
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Rep. Prog. Phys. 76 (2013) 046201

E Perez and E Rizvi

Table 3. Comparison between the recent QCD analyses of several groups. The upper part of the table indicates which experimental data are
included in the fit. The main ingredients of the theoretical framework used in these analyses are given in the lower part of the table. Updated

and expanded from [239].

CTEQ6.6, MSTWOS NNPDF2.1, ABKMO9, HERAPDF1.0, GJROS,

CTI10 2.3 ABMI11 1.5 JRO9
HERA DIS + + + + + +
Fixed target DIS + + + + — +
Fixed target Drell-Yan  + + + + — +
Tevatron jets + + + + — +

(NLO ABM11) (GJROB)
Tevatron W, Z + + + — — —
LHC — — + — — —
(2.3: see section 4.3.3)

GM-VENS + + + — + —

(ACOT) (Thorne—Roberts) (FONLL) (FENS) (Thorne—Roberts)  (FFNS)
03 (GeV?) 1.69 1 2 9 1.9 0.5
o (M) Fixed Fitted Fixed Fitted Fixed Fitted
PDF parameters 26 28 259 (NNs) 24 10 (for 1.0) 20

14 (for 1.5)
Strangeness §=5 Some Maximal §=39 Assumptions §=S
flexibility flexibility (inc. s = §)
Errors Hessian Hessian Monte Carlo Hessian Hessian Hessian
Tolerance T ~6.1 Dynamical * | ~4.7
(Ax?=T? from ~1 to ~6
NNLO — + + + + +
(1.5, preliminary)  (JR0O9)
QCD@LHC - Suzdal, Russia - 2014 17
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HERAPDFI.0 & I.5

Combine NC and CC HERA-I data from HI & ZEUS

Complete MSbar NLO fit

NLO: standard parameterisation with |0 parameters

NNLO HERAPDF |.5 with 14p

HERAPDF2.0

Include additional NC and CC HERA-Il combined data

Complete MSbar NLO and NNLO fit

NLO & NNLO fits requirel5 parameters

xf(x,Qg)zA-xB .(1-=x)°-(1+ Dx + Ex*)

H1-14-042 / ZEUS-prel-14-007

xg xg xg(x) = A xPi(1—x)%, xg(x) AgxPo(1 = x)% — Al xPo(1 = ),
Xu, xU = xu + xc xu,(x) = AMUxB“"(l — x)Cw (1 + Euvxz) , Xuy(X) Auva”v(l — x)Cw (1 + D, x+ Euvxz) :
xd, xD=xd+xs ==X xd(x) = Agx"(l-x), xd,(x) Ay x5 (1 = x)%,
xU  xU=xii+x¢ xU(x) = Apx"(1 = x), xU(x) = AgxPo(1 =) (1 + Dyx),
D sD=xd+xs D) = Ape(1 = 0. D) = Apx(1 = .
HERAPDF|.0 & NLO HERAPDFI.5 HERAPDF2.0
Xs = fsxls strange sea is a fixed fraction f; of D at Q¢ >
2

Apply momentum/counting sum rules: B; = B; Q) =19

1 - = Sea =2(U + D) Q,;, =35 or 10 GeV*

jdx-(xuv+xdv+xU+xD+xg)=1 )

) A =A;(1-f) o, (M:)=0.118

Eram Rizvi

1

de-u =2 de-d

0

1%

ensures xu — xd as x —0

2-10* <x<0.65

B., = Ba, constraint removed since HERAPDFI.5

QCD@LHC - Suzdal, Russia - 2014



NC structure functions

xg(x) = Angg(l — x)% — A;xB’g(l — x)%,
4 _ 1 _
XMU(X) — Auvauv(l - X)Cuv (1 + Duvx + Euvxz) s FQ = — (CEU -+ ZUU) —+ 5 (CCD -+ CCD)

9

— de Cdv
xd,(x) = Ayx"(1 - x) xF3 ~ zu, + xd,

xU(x) = ApxPol —x)CU(l + Dgx),
xD(x) = Apx®(1 - x)°b.
CC structure functions

Wy, =z(U+ D), Wy =x(U + D)

tW5 =z(U — D), 2Wi =x(D - U)

fixed or constrained by sum-rules

parameters set equal but free

Additional parameters:
heavy quark masses M. and M) are optimised
fs = 0.4 = compromise value between unsuppressed (f; = 0.5) and ‘default’ strange sea from dimuon data

[ —mi(1 = 32,702 ) Z Fune!Mi + 07 starl' 1V
X, (m, b) ; 7 T by + n
tot Z 52815@75:“’ m2<1 - Z] /yjbj) + ( 7 uncm Z uncluz T 528tat'u2

modified ¥ definition includes In term to account for likelihood transition to ¥ after error scaling
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b SN s - h
. HERAPDF:2.0: Uncertainties. \‘QSI

Uncertainties of three types considered
- experimental

- model H1 and ZEUS preliminary
- parametrisation o 1 LA AL e S S A
s u2 =10 GeV>
Experimental sources: 7
Hessian method used 08 L — g‘g‘&?ﬂ?-" (prel)NLO Q7 =35GeV*
Better control of systematics and correlations " | model uncert.
Use traditional error definition Ay2 = | to define error bands [ parametrisation uncert. xu,

Model Uncertainties:
We consider variations of all assumed input parameters in the fit
Deviations from central value fit quadratically summed

Variation Standard Value | Lower Limit | Upper Limit
f. 0.4 0.3 0.5
M7 (NLO) [GeV] 1.47 1.41 1.53
MZP" (NNLO) [GeV] 1.44 1.38 1.50
M, [GeV] 4.75 4.5 5.0
Q> [GeV?] 10.0 7.5 12.5
Q> [GeV?] 3.5 2.5 5.0
Q? [GeV?] 1.9 1.6 2.2

Parametrisation Uncertainty:
Take envelope of variations which include

variation of the arbitrary starting scale Oy’

all additional 16p fits with non-zero D or E parameters
Only significant effect is from Qg variation
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NC e*p reduced cross section

3.5 < Q? < 120 GeV? 150 < Q? < 30000 GeV?2
&0 2 2T 2 2 2 2 2 2 &0 2 L 2 2 L 2 2 L 2 2 L 2 2
o Q" =2GeV i Q" =2.7GeV" | Q" =35GeV" | Q" =45 GeV o - Q°=150GeV" | Q"=200GeV" | Q°=250GeV" | Q"=300GeV
>€ 1 - e B — ;4'\ B B - -
~ L $e, L5 e - - -~ 1 — — — —
Qo ... ..o. (@] L L L L
z . - . - - z
+.0 L . . . . I 1% - . i
b 0 7\\\\\\\\‘ \Hg\\‘ L1 \2\\\\\\\7\\\\\\\\‘ HH;H‘ HHUJ_J HHHH‘ \2\\\\\\\7\\\\\\\\‘ \HHZ\H‘ HHHH‘ L1 5 7\\\\\\”‘ HH;H‘ HHHH‘ [ 5 bs-‘ 0 : | \HHH‘ | \HHH‘ L L : | \HHH‘ | \HHH‘ L : | \HHH‘ | \HHH‘ L : | \HHH‘ | \HHH‘ L L
- =636V @=8SGeV - Q=10Gev: | QT=12GeV - Q%=400GeV: | Q’=500GeV: - Q*=650GeV: -~ Q=800 GeV>
1T n n n 1 - - - -
0 i 7\\\\\\\\‘ HHHH‘ HHUJ_J HHHH‘ LI 7\\\\\\\\‘ HHHH‘ HHHH‘ L1 7\\\\\\”‘ HHHH‘ HHHH‘ [ [ ‘ ‘ [ ‘ ‘ [ ‘ ‘ [ \
| Q2=15GeV2 | Q2=18GeV2 | Q2=22GeV2 | Q2=27GeV2 0 j\ Ll Lt [ j\ [ Lol L 11 j\ L Ll [ j\ LI Lt [
i i i i Q’=1000GeV> | Q*=1200GeV? | Q*=1500GeV> |  Q=2000GeV’
1 - - - - L= ~ ~ ~
0 7\\\\\\\\‘ HHHH‘ L1 LI 7\\\\\\\\‘ HHHH‘ HHUJ_J HHHH‘ [ 7\\\\\\\\‘ HHHH‘ HHHH‘ L1 7\\\\\\”‘ HHHH‘ HHHH‘ [ [ [ [ [
L Q2=35GeV2 L Q2=45GeV2 L Q2=60GeV2 L Q2=70GeV2 0 [ — \HHH‘ | \HHH‘ [ — \HHH‘ | \HHH‘ L 11 I— \HHH‘ | \HHH‘ [ — \HHH‘ | \HHH‘ [
C C C C C Q*=3000GeV: [ Q*=5000GeV: [ Q'=8000GeV: || Q=12000 GeV’
1 N N N 05 — - - -
0 i i | \HHH‘ [ 7\ \HHH‘ | \HHH‘ | \HHH‘ L1 7\ \HHH‘ | \HHH‘ | \HHH‘ [ : : : \
[ Q2=90GeV2 - Q2=120GeV2 10'3 10'1 10-3 10'1 0 — \HHH‘ | \HHH‘ [ L | \HHH‘ | \HHH‘ [ L | \HH]\‘\‘O-Z\ HH;\‘O-I\ [ — HH;\‘O-Z\ HH\]\‘\‘O-I\ [
B I ® HERANC¢'p (prel) 05" Q=006 | QP=3000Gey | ANC.e* osml X
1 - - Js = 318 GeV n u y HERA NC e'p (prel.) 0.5
. . m== HERAPDF2.0 (prel.) 02 - s =318 GeV
B L 2 _ 2 mm HERAPDF2.0 (prel.
0 ol vl 1 L1l ol vl 1 NLO’ Qmi“_ 3.5GeV : \ NLO QZ =3 ;pGe‘;Z
103 10" 103 10! 0 = Gl ol el il ol ‘& > min T
X 102 10! 107 10!
X

Good description of the data over ~full Q? range
Shown here for NLO
Similar for NNLO

Eram Rizvi QCD@LHC - Suzdal, Russia - 2014
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™~ »
-
3 : H
™
- .
.
-

Na T Q*=300GeV: [ Q*=500GeV: | Q*=1000GeV: | Q*=1500 GeV>
7 15 — — —
e C C C C
A
S C C C C
+ 10 - - -
o) C C C C
05 | ) - - -
0 :\HH | \HHH‘ [ :\HH‘ | \HHH‘ [ :\HH‘ | \HHH‘ [ :\HH‘ | \HHH‘ [
06 L Q°=2000GeV> | Q°=3000GeV’ | Q*=5000GeV’ | Q*=8000 GeV’
o4 L - - -
0z [ - - -
0 7\\\\\‘ L \HHH‘ [ 7\\\\\‘ L \HHH‘ [ 7\\\\\‘ L \HHH‘ [ 7\\\\\‘ L \HHH‘ L 11
C C 107 10" 1027 10"
0.15 | Q*=15000 GeV’ [ Q®=30000 GeV’ X
B C ® HERA CC e'p (prel.) 0.5 !
01 |- - Vs = 318 GeV
B C == HERAPDF2.0 (prel.)
005 'I\ NLO, Q. =3.5 GeV’
0 :Y’HH‘ | \HHH‘ (| :Y’HH‘ L \HHH‘ L \i\mﬁr
102 10! 102 10!
X
Shown here for NLO & NNLO
Similar for e”p data
Eram Rizvi

ERAPDF 2.0

CC e"p reduced cross section

300 < Q? < 30000 GeV?

04

0.2

0.15

0.1

0.05

150 < Q? < 30000 GeV?

Q> =300 GeV>

Q> =500 GeV*

Q> = 1000 GeV>

Q> = 1500 GeV>

_ Q*=2000 GeV*

_ Q*=3000 GeV*

_ Q*=5000 GeV*

_ Q*=8000 GeV*

~ Q*=15000 GeV>

~ Q*=30000 GeV*

S

102 10!

102 10!
X

Good description of the CC data over full Q? range
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102

107!

10

10!

X

® HERA CC €'p (prel.) 0.5 fb™

Vs = 318 GeV

== HERAPDF2.0 (prel.)
NNLO, Q. = 3.5 GeV*
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A
o

»

“HERAPDF 2.0

Yo

szin - 3.5 GeV2

NLO fit
et 1 o P T T e
> * W2 =10 GeV’
05| —— HERAPDF2.0 (prel) NLO Q* =35 GeV* |

I exp. uncert.

[ model uncert.

[ parametrisation uncert. xXu
v

10

Eram Rizvi

103 107 10"

y*/ndf = 1385/1130

NLO & NINLO fits similar

(-
o

&
NNLO fit
1 T T TTT \\\\\\‘ T \\\\\H‘ T TTTT
u>=10 GeV?
i — HERAPDF2.0 (prel.) NNLO Q* =3.5GeV?

08 min
B exp. uncert.
[ | model uncert.
[ parametrisation uncert. Xu,

0.6 7

04

N

- xg (x 0.05)

S

xS (x0.05) S V4 /

10

Largest differences in xg and xS at low x

107

102

10!

v*/ndf = 1414/1130
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v

- HERAPDE: 2:0: Low. X0 O 20 vt o I W

PN

® HERA NC e'p (prel.) 0.5 !
- s =318 GeV

Ko - 2 2 2 2 T 2 2 2 2
O Q =2 GeV Q = 2.7 GeV Q = 3.5 GeV Q =4.5 GeV mmm HERAPDF2.0 (prel.)
= 1 - - | - NLO| Q2. =3.5GeV?
- 7{-°.. ;%. B L
@ o.. 'o..
+.- | - * . -
b 0 7\ \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | HHHL\ \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | HHHL\ \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ [ 11 7\ \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ [ 11
. Q*=65GeV: | Q*=85GeV: |  Q*=10GeV: | Q*=12GeV’
1 - - - -
T T T R I Y I I T T R P S R Some tension at low x
0 I 1Y N I T A 1 I A I T e NLO & NNLO t d
10-3 10-1 10-3 10-1 10-3 10-1 10-3 10-1 same trends
X X
K - 2 2 T 2 2 r 2 2 2 2
= Q*=2GeV Q*=2.7 GeV Q*=35GeV Q*=4.5GeV
[ 2N 1 | | | |
\E ,f'.. ;.00 n L
@ o.. °o..
+ .- - - ¢ - o
b 0 7\ \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | HHHL\ \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHHi\ \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ LI 7\ \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ [ 11
. Q%=65GeV: | Q'=85GeV: | Q*=10GeV: | Q*=12GeV’

. - ® HERA NC ¢*p (prel.) 0.5 fb™
1 — — — - \s = 318 GeV

- === HERAPDF2.0 (prel.)

- - NNLO,|Q%. =35 GeV?

min

0 HHHH‘ \HHA\H‘ HHHH‘ HHHH‘J\H HHHH‘ \HHAH\‘ HHHH‘ HHHH‘AHH HHHH‘ HH\JH‘ HHHH‘ HHHH‘;HH HHHH‘ \HHAH\‘ HHHH‘ HHHH‘AHH

107 10! 103 10 103 10! 107 10!
X X
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- | s — , : } i 1 ! ‘
N ! - . . ) | | iy 2 2 - E—————=p

Adjust minimum Q? cut on data entering fit
Already included in uncertainty
Look at larger range and effect on y2/ndf

H1 and ZEUS preliminary

= For Q%min = 3.5 GeV?
= : A v*/ndf = 1385/ 1130 at NLO
N, 124 HERAPDF2.0 (prel.) w2Indf = 1414/ 1130 at NNLO
v ’/dof = 1386/1130 v NLO
122 - A NNLO For Q%min = 10 GeV?
, v*ndf = 1156 / 1001 at NLO
sl xndf = 1150 / 1001 at NNLO
18 : v v* appears to saturate for QZmin = 10 GeV?
ﬁ = / Similar behaviour observed for HERA-I combination
116 - o ydof = 1156/1001 Not so clear due to lower high Q? precision
L4 ‘ v X X For HERA-I Q2min = 3.5 GeV?
’ A v*/ndf = 637 / 656 at NLO
0 5 10 15 20 25 30
Q2 cut / GeV2 Alternative y? definitions show same behaviour

Alternative cuts in X, Y, Q%max have much smaller effect
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-HERAPDF 2.0 Low

”

v

PN

X/ QF
, Ll )/,
w4 .,-/’ L -

Eram Rizvi

X
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- Q'=2GeV? | Q'=27G - Q’=35GeV’ |  Q’'=45GeV’
_ L I L e
.. ?o.. > é “e
d ..o. : ®e0 : ; ‘Q%. : \\,
IIIIIIII I IIIIIIII I IIIIIIII I M/ IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII L IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII _I II‘I“I IIIIIIII [ 11 ‘I I IIIIIIII I IIIIIIII _I II‘I‘I
- 2 2 [ 2 2
Q" =3.5GeV Q" =45 GeV
N N |
S Iy X ® HERA NC €'p (prel.) 0.5 fb™
3.\ e Vs = 318 GeV
S A M = “\ === HERAPDF2.0 (prel.)
i o, i .. NNLO, Q2. =10 GeV’
~..---""-m ~‘.--""'-h
— “‘ — “‘
II_I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIII _I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIII‘H.L 5 5 o
107 107! 103 107 For Q*min=10 GeV* poor description

of data excluded from fit

Extrapolated fit systematically higher
than data at low x / low Q2

Similar for NLO fit
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HERAPDFZO ow x@_ TIeNL AR
HERAPDF 2.0: ow X/ Q8 - T R |07}

N = NIV AS T

Compare PDFs at NLO with Q%vwin=3.5 and 10 GeV2

H1 and ZEUS preliminary H1 and ZEUS preliminary
ﬁ 1 \\\\\\‘ T \\\\\\\‘ T \\\\\\\‘ 2\\\\\\ v 1 \\\\\\‘ \\\\\\‘ \\\\\\‘ T
=10 GeV
uf !.Lt% =10 GeV?

08 — HERAPDF2.0 (prel.) NLO Q2 =10 GeV?

' B exp. uncert. 0.8 - HERAPDF2.0 (prel) NLO Q> =35GeV: |

1 model uncert. | : o
\ BN parametrisation uncert. xu, ] HERAPDF2.0 (prel) NLO Q* =10 GeV*
0.6 - N\ . _

~_ ¢
XS (x0.05) S~ \
/—g/\ | Lol

104 103 1072 10! 1

10" 107 102 10"

[

PDF central values in good agreement for x>10-3
Higher Q?min cut increase low x gluon uncertainty as expected
Large model uncertainty arising from Q?mi, cut variation
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Compare PDFs at NNLO with Q%yin=3.5 and 10 GeV2
H1 and ZEUS preliminar H1 and ZEUS preliminar
p y p y

m 1 \\\\\\‘ \\\\\\‘ \\\\\\‘ T T 17717 H 1 \W\ ‘ ‘ ‘ ‘

e ’ I ~ i 2 |
u? =10 GeV I xg u? =10 GeV

08 HERAPDF2.0 (prel) NNLO Q? =35 GeV? 08 HERAPDF2.0 (prel.) NNLO an =35 GeV? |
7 HERAPDF2.0 (prel.) NNLO le...n =10GeV? (0] HERAPDF2.0 (prel) NNLO Q=10 GeV* |
0.6 .
0.4 s
0.2 |
10° 107 102 10 o 0 0.2 04 06 08 1
X X

Similar story at NNLO:

PDF central values in good agreement for x>10-3

Higher Q?min cut increase low x gluon uncertainty as expected
Large model uncertainty arising from Q?mi, cut variation
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0.8

R £

_E"RAPDF- _1-15-_ vs 2.0 ;

Compare HERAPDFI.5 and HERAPDF2.0 at NNLO

H1 and ZEUS preliminary

H1 and ZEUS preliminary

\\\\\\‘ \\\\\\‘ \\\\\\‘ T T TTT 1

u>=10 GeV?

xf

HERAPDF2.0 (prel.) NNLO Q> =35 GeV? 0.8 -
| HERAPDF1.5 NNLO

| xg u2=10 Gev”

HERAPDF2.0 (prel.) NNLO Q* =3.5GeV* |
|| HERAPDF1.5 NNLO 1

10!

At high x gluon and sea uncertainties reduced

gluon & sea distributions become softer in HERAPDF2.0
Uncertainties on valence distributions are reduced
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- i : e RNV VARR] ¥ o\

H1 and ZEUS preliminary

H 1 \\\\\\‘ I \\\\\\\‘ I \\\\\\\‘ I T T TTT
> W2 =10 GeV?
HERA data provided detailed insight into parton dynamics 08 —— HERAPDF20 (prel) NNLOQ =35 GeV*
B exp. uncert.
; ; I | model uncert.
Helped experimentally establish NNLO pQCD 7 B parametrisation uncert. xu,
Underpins all LHC measurements

Precise determination of PDFs (specially gluon)
= accurate predictions of LHC Higgs production

Plan:
publish the combined inclusive data & HERAPDF2.0

10 103 102 107! 1
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. H1 & ZEus Data Combination SO, e -II

N C—

H1 and ZEUS H1 and ZEUS preliminary
NA NA 10 ! - 2 2
o ® HERAINCe'p —— HERAPDF1.0 ¢'p QR TERAEDN D (prel) NLO, Qo =35 GeV
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10 ; T!+9—r._g+g_-ﬂ=;_‘l)/!\: x=0.13 (x20.0) [
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1 - =040 (x2
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- 07 ¢
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Q7/ GeV
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