HERA incl. One,cc & a new PDF fi"', HERAPDF2.0

Z. Zhang On behalf of
LAL, Orsay the H1 & ZEUS
collaborations

Outline
1) Introduction

2) Full HERA data combination .
H1+ZEUS, HERA-1 & -2 inclusive NC* and CC** Freshly made public:

cross sections (Oye cc) arXiv:1506.06042
- a major legacy of HERA - 160 pages
- 83 figures
3) HERAPDF 2.0 - 16 tables
4) Summary

* NC: Neutral Current
** CC: Charged Current
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Introduction

ep collider, HERA, used to be the largest electron microscope
Both NC and CC inclusive cross sections were precisely measured

Status: 1-July-2007

2 e T HERA-1 (1992-2000):
R S . Combined HERA-1 data primary input
- ~ for all modern PDF sefs:
T : - CTEQ
S 400 - - MRST
5 _ - - NNPDFs
: HERA q - HERAPDF1.0
< T eesese
:
200 - _
s HERA-2 (2003-2007):
> Increased lumi (x10 e-, x2 e+)
> Long. polarized e beam
6 ] l | > Full combination HERA-1 & -2
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Introduction

N> E T T T T T TTTT] T T T T T \\HH% LHC: needs preCise inpu.l. PDFS
G108 [ Atlas and CUS (7 Tev) , - Essential for reliable predictions
o E [] Atlas and CMS rapidity plateau
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E E=3 CDF/D0 Central Jets
6, = m
10 "¢
S i
107~
-
104 mm
3E - 7 /Umversalx
07 PDFs
) S i
10  M=100ev DE A- / HERA: factorization theorem:
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Full HERA Data Combination

Data Set xp) Grid Q'1GeV?) Grid | £ | etle Vs
from to from to | pb” GeV
HERA 1 £, = 820GeV and E,, = 920 GeV data sets
f T [ f HI1 svx-mb (2] 95-00 | 0.000005  0.02 0.2 12 2.1 e'p | 301,319
T H1 low Q*[2) 96-00 | 0.0002 0.1 12 150 | 22 e'p | 301,319
T T HINC 94-97 | 0.0032 0.65 10 30000 | 356 | e'p 01
> J m H1CC 9497 | 0.013 0.40 W00 15000 | 356 | e'p 01
| o HINC 98-99 | 0.0032 0.65 10 30000 | 164 | ep 319
— > H1CC 98-99 | 0.013 0.40 W00 15000 | 164 | ep 319
+ m HI NC HY 98-99 | 0.0013 0.01 100 800 | 164 | ep 319
- © A HINC 99-00 | 0.0013 0.65 100 30000 | 652 | ep 319
- 3 >89 H1CC 99-00 | 0.013 0.40 W0 15000 | 652 | e'p 119
c o o 5 ZEUS BPC 95 | 0.000002 000006 | 0.11 065 | 165 | ep 00
= J = oo ZEUS BPT 97 | 0.0000006 0.001 0045 065 | 39 | ep 00
§_ -5 = ZEUS SVX 95 | 0.000012  0.0019 0.6 17| 02 | €p 00
X LS s 8 ZEUS NC [2] highflow Q°  96-97 | 0.00006  0.65 27 30000 | 00 | ep 00
m mo > ZEUS CC 94-97 | 0.015 0.42 280 17000 | 477 | e'p 00
o o < o 3 ZEUS NC 98-99 | 0.00S 0.65 200 30000 | 159 | ep 318
> > = ZEUS CC 9899 | 0.015 0.42 280 30000 | 164 | ep | 318
N A & ZEUS NC 99-00 | 0.00S 0.65 200 30000 | 632 | e'p 318
I Qo _'U_, %l ZEUS CC 99-00 | 0.008 0.42 280 17000 | 609 | e'p 318
m HERA 11 E;, = 920GeV data sets
o0 - > HINC 157 0307 | 0.0008 0.65 60 30000 | 182 | e'p 319
> (§)] l|\) HICC '3 0307 | 0.008 0.40 W00 15000 | 182 | e'p 319
O Q. HINC 97 0307 | 0.0008 0.65 60 S0000 | 1517 | ep 319
og P H1CC 157 0307 | 0.008 0.40 W0 30000 | 1517 | ep 319
L= 3 H1 NC med Q7 "5 03-07 | 0.0000986  0.00S 8.5 9% | 976 | ep 319
N o o HI1 NC low Q7 *¥5 0307 | 0000029  0.00032 2.5 12| 59 | ep 319
o9 =. ZEUS NC 06-07 | 0.005 0.65 200 30000 | 1355 | ep 318
= g ZEUS CC 1°r 06-07 | 0.0078 0.42 280 30000 | 132 e'p 318
on 3 ZEUS NC '3 05-06 | 0.005 0.65 200 30000 | 1699 | e p 318
S’ o \ ZEUSCC & 04-06 | 0.015 0.65 280 30000 | 175 ep 118
o S ZEUS NC nominal *¥ 06-07 | 0.000092  0.008343 7 110 | 445 | ep 318
=+ ZEUS NC satellite "¢ 06-07 | 0.000071  0.008343 5 110 | 445 | e'p 318
g HERA Il E, = 575GeV data sets
. . H1 NC high 0° 07 | 000065  0.65 35 800 | 54 | ep 252
->20 pubhcahons H1 NC low Q* 07 | 00000279 0.0148 1.5 9 | 59 e'p 252
. ZEUS NC nominal 07 | 0.000147  0.013349 7 10 | 7.1 | ep 251
- 2927 data points ZEUS NC satellite 07 | 0000125  0.013349 s 10| 71 | ep 251
) ) HERA 11 £, = 460GeV data sets
combined into HI NC high 07 | 000081 065 35 800 | 118 | ep | 225
1307 H1 NC low 07 | 00000348  0.0148 1.5 9 | 122 | e'p 225
\ ZEUS NC nominal 07 | 0.00018¢  0.016686 7 10 | 139 | e'p 225
ZEUS NC satellite 07 | 0000143  0.016686 5 10 | 139 | &p 225
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Combined NC Data vs. Individual & HERA-1

Combined vs. individual ones
(shown for a subset)

Combined vs. HERA-1 combination

(shown for high Q? data)

N H1 and ZEUS H1 and ZEUS
o % + @) I
JE? - ep, 3186GeV ; HEII:ZNC ep05fh HZ: 12+ €°P, 318GeV e HERANC ep 04 fb!
16 | =3 \Y »
XBj=0'002 DSZEUS I:ERA II 3 \/5=318 GeV
14 [ Xp=0.0002 % i O ZEUS HERA I 1L & & ¢ x;=0008 B HERAI
: EF# o H1HERAII ' % #t J
12} % %ﬁ? A H1HERA I :
[ 08 - xp; = 0.032
L # % j %% X, = 0.008 [ + + ¢
BT . :WW +
08F 5 F 9 . LN T + 0.08
» o3 ﬁ
0.6 | E% ?a : gbwgﬁ&%%%‘%@%% o x=0032 ol ses s +. & |}
. * : xg; =025
04 r ’?nj=o.oos xp; = 0.08 QQé ?m&“@%&g # r xp; = 0.08 ' h# #+.+ + * + + : # #
ol Herteprhe g L !
I ? Xg; = 0.25 i
01 T 1102 | “““‘1103 | 1104 | “““‘1105 ’ o ““‘1103 o ““‘1104
Q%GeV? QY/GeV?

The improved precision is mainly statistical at high x and Q2 and systematic at small x & Q?
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Combined CC Data vs. Individual & HERA-1

Combined vs. individual ones }

H1 and ZEUS
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Combined NC Data at Low Q? & E, Energies

Combined vs. individual ones
(/s=2256eV)

H1 and ZEUS
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Q’=12 GeV*

Q*=15 GeV*
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0O ZEUS
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HERAPDF 2.0

d Input data: Combined HERA inclusive DIS NC & CC cross sections
d Fitting program: HERAFitter ( )
O PDFs parameterized at u?;=1.9GeV?

rvf(z) = AzP (1 — 2)(1 + Dz + Ez?)
rg(x), xuy(8), xdy(2), 2U (), xD(2)

1 PDFs evolution: DGLAP equation at NLO, NNLO
O Heavy flavor scheme: GM VFNS* (RT OPT**)

* GM VFNS: General Mass Variable Flavor Number Scheme
** RT OPT: Robert Thorne OPTimal scheme: PRD86 (2012) 074017, arXiv:1201.6180
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HERAPDF2.0 Uncertainties

H1 and ZEUS

‘ \H‘
u2 =10 GeV?

—— HERAPDF2.0 NLO
uncertainties:

I experimental

[ ] model

.. Xu
[ parameterisation v

.......... HERAPDF2.0AG NLO

Xg (x

1 Experimental uncertainties

- taking into corr. account
- HESSIAN method (x-checked
with MC method)

[d Model uncertainties

Variation Standard Value | Lower Limit | Upper Limit
Qi [GeV7] 35 2.5 50
Q! _ [GeV’] HiQ2 10.0 7.5 12.5
M.(NLO) [GeV] 1.47 141 1.53
M. (NNLO) [GeV] 1.43 1.37 1.45
M; [GeV) 45 425 475
. 0.4 0.3 0.5
a(M;) 0.118 - -
42 [GeV] 19 16 | 22

10* 103 107 10!
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Similar version exists for NNLO
with smaller error bands

The addition of D & E parameters

O Parameterization uncertainties
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Other HERAPDF Fits & Comparison

O HERAPDF2.0 vs HERAPDF1.0

1 HERAPDF2.0HiQ2:
Use Q?,,,>10GeV? instead of Q?;,>3.5GeV?
O HERAPDF2.0 NLO vs NNLO

d HERAPDF2.0AG:
Alternative Gluon PDF form (w/o negative term)

d HERAPDF?2.0FF:
Fixed Flavor schemes FF3A, FF3B (in addition to RTOPT, FONLL, ACOT)

1 HERAPDF2.0Jets:
Include also H1, ZEUS jet data & combined charm data
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HERAPDF2.0 vs HERAPDF1.0

H1 and ZEUS
S [ HERA HERAPDF2.0 NLO
o [ Vs=318GeV Vs =318 GeV
o - m NCe'p0S5 fb': mm NCe'p
103 @ NCep04fb mm NCep
E m mE Aaaff- xBj=0.02 (x575)
- e Xg; = 0.032 (x400)
) i sa st asunsA—48 Xg; =005 (x270)
10 = s at—a—9_t—_3 g Tw=088 G170
- —r-—-—-—r-—rt-—-=t< Xg; =013 (x80)
10 E S8 5BgE ﬁ: Xy =018 (x20)
. ; M Xy =025 (x6)
C Mﬁ.—v—-—{/f\: x5 =040 (x2)
-1
10 — T
-2 i i Xp; = 0.65
10 —
L \\\\\\‘ \\\\\\‘ \\\\\\‘
10° 10° 10* 10°
2 2
Q7/ GeV
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Predictions based on HERAPDF 1.0/2.0 describe well the data
Uncertainties of both data and PDFs have improved

H1 and ZEUS

—_
N
Q ® HERAINCe'p === HERAPDF1.0 e'p
Z 10 O HERAINCep = HERAPDF1.0 ep
H E‘ [
@) - —o o0 0-0-F-eF= x=002 (x3000)
102 ee oo oo ge—0 x=0.032 (x170.0)
E oo eoo—o 9 Boo—0g—R x=0.05 (x90.0)
i _-.-.—.1—9—9—% x=0.08 (x50.0)
1 3 —n—o-a—g-a—g-o-c—ﬁg;'g x=013 (x20.0)
i o
i ‘QV—M x=018 (x8.0)
1 =
E x=025 (x2.4)
L [
1
10 = M x=0.40 (x0.7)
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i L | | ‘
10° 10
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HERAPDF2.0 vs HERAPDF1.0

H1 and ZEUS
“ 1 T T T1TTT T T 1T \‘ T 17T \‘ T T TTT
% 10 Gev?
e = 0 GeV
0.8 - = HERAPDF2.0 NLO |
2

HERAPDF1.0 NLO

Much more high-x data

Substantially better precision
at high-x

EDS Blois, Jun. 29-Jul. 4, 2015, Corsica Zhiging Zhang (LAL, Orsay) 12 /18



HERAPDF2.0 vs. HERAPDF2.0HiIQ2

H1 and ZEUS

\
Improved XZ fr‘om 087 B uErAPDF20NLO
3.5 1-0 NIOGZ\/Z HERAPDF2.0HiQ2 NLO

NLO better than LO

kBu‘r NNLO~NLO y

H1 and ZEUS

xxxxx NSNS L L L L L L L

13 vV RTOPT LO i
w A RTOPT NLO 1

v/d.of.

o RTOPT NNLO

Uncertainties (
difference shrink

1r ] at large Q? (LHC
[ A RTOPTNLOHERAT | kinematic r‘egion)
09 | :
‘‘‘‘‘ Lo b b b n i |l
5 10 15 20 25
Qrin/GeV*
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Without low QZ\
data, the gluon
at low x is less
constrained

)

H1 and ZEUS

15 [\

I xS (x0.05
05k (0.05)

B uErappF20NLO
HERAPDF2.0HiQ2 NLO

xg (x 0.05)




HERAPDF2.0 vs. HERAPDF2.0HIQ2

H1 and ZEUS H1 and ZEUS

T I C i-_-_-_-_-_-i = T
S Q*=2GeV? |  Q*=27GeV’ | Q*=35GeV’ |  Q*=45GeV’ | ,Qa.m-ev’ L QP=27GeV: | o 1'!545@{2 | Q*=45GeV’
S # L 2
O 1 [ . [ e [ [ 1 — . — .. \7 é"‘c
,f't.'. L } 'Q..' - - {{'o',‘.‘ L ; ‘t,. L ? ®oy ,‘L ‘o
., oo, %o, Yoy o Se.,
N T T i, | § R T N AL I § e [ Ce,
- i ", -~y o, ¥ ., - ey, .
r Fin e r - s - - W %
0 ool ool ool vl o vl ol v o iy ol ool o od ol ol ol ol ol ) 0 (INETTIT T | mum\.\\m mm’um H\\h\m\mru\mm Counl ol oml ol il ol ol
| Q*=65GeV: | Q*=85GeV: |  Q’=10GeV: |  Q’=12GeV? L Q*=65GeV’ | Q*=85GeV’ | Q*=10GeV’ |  Q*=12GeV?
L i i u . N - -
[ [ [ [ [ ."-.. [ ..'o. [ [
r - N B 3 SEUN S CeF 3
0 7HHHH‘ Col vl ol 7HHHH‘ Col vl ol ) 7””””‘ Coul ol ol 1] 7””””‘ v ol ol 1) 7umm\ ool vl ol H‘\T'mimum\ o vl ol H}NﬂiHHHH‘ ol vl ol 1) 7\\\\\\\\\ ol vl ol 0
0
CQ=15GeV? | Q'=18GeV' | Q'=22GeV' | Q'=27GeV’ - Q*=15GeV: | Q*=18GeV: | Q*=22GeV? | Q*=27GeV?
L n n n s - - -
0 ol ol ool o] o o ool codd ol ] ] ] Gl ool ol ol 0 Ul oo vl o el o o] ] ol ohd v ol o o e o ol o o o
2 2 2 2 2 2 2 2 0
o Q'=35GeV" [ Q'=45GeV" | Q'=60GeV" | Q'=70GeV L Q'=35GeV’ | Q'=45GeV’ | Q'=60GeV: | Q’=70GeV’
1r n n n s - - -
0 vl v vod vl ool vod vl ool vl o]l _‘3“”““ L _‘1“ vl _‘3““”“ vl _‘1” 0 o ol ol ol o) vl ol ol ol 0l o o ool ol ol ol )
i Q2 =90 GeV? r Qz =120 GeV? 10 10 10 10X L Qz =90 GeV® I Q2 =120 GeV? 102 10 102 10).(1
L L Bj B B i
+ -1 J L L _ B
e 7 ® HERA NC e'p 0.5 fb L L i ® HERA NC ¢*p 0.5 fb™! J
i r Vs = 318 GeV i i Vs =318 GeV
0 ol ol ool ol ol ol ool ol o) == HERAPDF2.0 NNLO 0 Ul o o Ol Gd od ol = HERAPDFZ.()HiQZ NNLO
10° 10" 10° 10)'(l 10° 10" 10° 10"
Bj Xpj

x?/ny.¢ improves from 1.2 to 1.15 for Q?,,,,>10GeV? fit but
the extrapolation to lower Q? does not describe the data
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HERAPDF2.0 NLO vs NNLO

H1 and ZEUS
h 1 T T TTTT T T TTT \‘ T T TTT \‘ T T T TTT
> ]
u2=10 GeV?
08 F HERAPDF24 i
— HERAPDF2Y |
0.6

04 ¢

0.2

10* 10° 102 10! 1

The main difference is on xg(x) due to
different NLO/NNLO evolutions

H1 and ZEUS
< i + -1
zZ ® HERANCep0S5fb
. Xp; = 0.002
o} 14 +— Vs =318 GeV
- B HERAPDEF24
12 HERAPDF2\(
. L Xy, = 0.008
08 |
06 s3 8 Xuy=0032
04 ; XBj =0.08
I Ne xy=0.13
02 | VRS x, =025
i M |
L N
| Xp; = 04
0 L \\\\H‘ L \\\\H‘ L L \\\\H‘ L L \\\\H‘ L L \\\\H‘
1 10 10> 10° 10* 10
Q% GeV’

Both NLO/NNLO predictions describe
the data (selected sample for clarity)
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HERAPDF2.0 vs. HERAPDF2.0Jets
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Including jet (& charm) data
provide additional constraint
on gluon

Inclusive + charm + jet
=> A precise a, determination

s (M%) = 0.1183 40.0009¢y,

+0.0005 m0del /par.

+0.0012y 4.

+0.0037
—0.0030 scale

The result agrees well with
world average value

& is competitive w.r.t. other
determinations
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Xu,
-

HERAPDF2.0 vs. Other PDFs

08

H1 and ZEUS
=10 GeV* = 06F
=~ HERAPDF2.0 NNLO ® o
— MMHT2014 NNLO 05F
— CT10NNLO -
—— NNPDF3.0 NNLO A
04Ff
03F
02
0.1f
oF
10+
St
ar

1073

102

10!

H1 and ZEUS
2 = 2 = 10 GeV? S sie=e
) T\ = HERAPDF2.0 NNLO 2 =
= &> MMHT2014 NNLO 2 L, HES
% 2 +H CT10 NNLO (68% CL) % =)
o = NNPDF3.0 NNLO x NN
= B3 HIINESRE
E/ E/ NS
=> 15 "B> \\
= % 2
~ ~
=> -=>
® * gt
10 107 107 10" 10 107 10 10" 1
X
212 S
(o] [g\]
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: :
< 1.1 <
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: :
5 1 iz
> -I— HE %
~ - or ~
# i| ¢
09 ]
08 &
fram| PRI | PETERETIT |
10 10° 10 10" 1

In general, good agreement within the uncertainty bands

Valence quarks u and d are both harder at large x than the other PDFs
> Need more (LHC) data to constrain the low and high x
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Summary

» Final combination of the inclusive NC and CC cross sections is ready
the data cover wide kinematic range and show unprecedented precision

- legacy of HERA

» New HERAPDF 2.0 provides improved PDF precision

10

do/dQ? (pb/GeV?)

10°

107
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- Timely input for Run-IT predictions @LHC

H1 and ZEUS
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H1 and ZEUS
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04
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Q% =120 GeV*
e HERA NC e'p 0.5~
Vs =318 GeV
== HERAPDF2.0 NLO
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HERAPDF2.0 vs. HERAPDF2.0A6

H1 and ZEUS NNLO H1 and ZEUS
h 1 T T T T TTT \\\\\\\‘ T \\\\\H‘ T T T TTT h 1 \\\\H‘ \\\\\\\‘ T \\\\\H‘ T T T 1717
e
s u2 =10 GeV* u2 =10 GV’
08 —— HERAPDF2.0 NLO i 08 - —— HERAPDF2.0 NNLO |
‘ uncertainties: ¢ uncertainties:
E I experimental 1 F I experimental
[ ] model o xu, ] | [ ] model o Xu,
[ parameterisation [ parameterisation
HERAPDF2.0AG NLO /[ i 0.6 [, e HERAPDF2.0AG NNLO 7 _

1 \\\\\\‘ 1 \\\\H‘ — - - -m=mas ‘1H \ \\\\\\‘ 1 \\\\H‘

10 1073 102 101 1 10 103 102 10! 1
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HERAPDF2.0 vs. HERAPDF2.0FF

FF3A:
- 3 flavor running of o,

- FL at O(O(ZS)
- Pole masses: mpole, m,pole

H1 and ZEUS
= 1L 1 =19 GeV? <
w e

£= HERAPDF2.0 NLO 05 [
[ == HERAPDF2.0 FF3A NLO .
08 I~ == HERAPDF2.0 FF3B NLO

15

0.5

vl ol 0 0-— |

10" X! 10* 10°

107

10* 10°
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FF3B:
- variable flavor running of o,

- FL at O(O(S)
- MSbar masses: m.(m.), my(m,)

H1 and ZEUS
25 25
270 27 1 =19 GeV?
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