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Inclusive cross sections and parton distributions

High Energy Physics - Experiment

Combination of Measurements of Inclusive Deep Inelastic e*p
Scattering Cross Sections and QCD Analysis of HERA Data
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HERA accelerator
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Heant e i Deep Inelastic SCGTTering @ HERA
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Electroweak ( ) * Fix pQCD & PDFs
l > | Test Electroweak

* Fix Electroweak
| Test pQCD & PDFs

* Fix Electroweak & pQCD

| Determine PDFs
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<— Neutral Current (NC)
~ ~a electron v, Z° exchange
<+—— C(Charged Current (CC)
W: exchange

H1 and ZEUS published all HERA
0, pq inclusive DIS measurements - 1 fb-!

Now we combine these measurements

Combined inclusive DIS @
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Inclusive DIS data samples

* 41 final data sets with HERA inclusive measurements

* NCep and CCep

et

+ 21 HERA I data samples "

* 20 HERA IT data samples, including:

8 inclusive HERA IT £ = 920 GeV
4 high y data £, = 920 GeV

4 high y data £ = 575 GeV
4 high y data £, = 460 GeV

* Data 1994-2007: over 10 years of data taking!

* 22 papers between 1997-2014: almost 20 years of data analysis!

Total of 2927 data points combined to 1307
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First F, measurements @ HERA: 1993
~20 nb! -1 fb
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The I structure function increases rapidly as z decreases.
it is exciting to see F5 rise at small =

70~
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~F- x=0.00085 (x 10°)

x=0.0017 (x 10%)

x=0.0049 (x 10)

10 10°
Q* (GeV?)
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Q*-x5; common grids

Two separate grids
H1 and ZEUS

(o] E T TTTIT T IIIIII| (L IIIIII| T IIIIII| T 1 IIIIII| T TTTI T IIIII::t
> = = . . .
O -1 O inclusive grid, for £= 920 GeV
5 10%E S ’
; e : and £ = 820 GeV data sets
10°: ARfIEHHEE
2| SEERIiiiis i : :
10°¢ ST ] @ flne-xBJ. grid, for E;f 575 GeV
- AN R R R -
10¢ SEETEERECL G = and £ = 460 GeV data sets
1 STEESL T
: R AR L ]
10-15_ mmo:aeoo _g

* 1307 grid points

10-2 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| L
107 10° 10° 10* 10° 10?2 10"

-k =

* 0.045 < Q%< 50000 GeV?

+ 6x10°7 < x, < 0.65
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Swimming procedure
Q2. GeV? Example point: CC e’p E = 920 GeV
‘A
580 g* |:|<> ® combined point
e \ [ ZEUS HERAL
o | { ZEUS HERAI
500 pe | O H1 HERAII
| | » A H1HERAI
0.013 0015 x,

* Swimming done iteratively using our own data
* 15" iteration uncombined HERAI+II data, later - combined data
Fractal fit

A HE
— B _ -
0 3.0 30000.0 Q?
DGLAP NLO

* Swimming factors are usually at level of few %

o5

sjamal UmMoud YYJH ‘GI'90'E2 :UDUIWRS AS3Q 'UUDWYIIM




Alexander von Humboldt
Stiftung/ Foundation

Averaging procedure

* Combination done using HERAverager: wiki-zeuthen.desy.de/HERAverager

: 2
i bds ip L hds|T
0) B = [m ZJ' yj m b; H
thp,c:’s (FH, )_ 5 . _ Fds
- Ids i _ Lds il _
: 6f.d5.stut H (m Zj y! m b;) + ((SI.,.‘:."S.U[‘ICDI‘

2
2 +Zb.f
m) j

* 162 correlated systematic sources taken into account
* Output

* 7 data samples for e*p, NC and CC, 3 CMEs
* Statistical and uncorrelated systematic uncertainties
* 162 correlated statistical uncertainties

* 7 procedural uncertainties calculated — see additional material

Good data consistency: x>/dof = 1687/1620
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H1 and ZEUS

e HERA NCe'p 0.5
Vs = 318 GeV

A g Xy; = 0.002 O ZEUS HERA 11

== Tmpressive amount of data points combined

2927 data points combined
to 1307

Up to 6-8 data points
combined to 1

"
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B Improved precision
H1 and ZEUS o H1 and ZEUS
LZi e HERANC ¢p 04 b~ IZ,: 12 | e HERANC ep 0.4 b
o 12 f Vs = 318 GeV .
O ZEUS HERA I Vs =318 GeV
| } } ¢ ZEUS HERA I al J&Jﬁ JﬁL x,=0008 8 HERAI
g e o mamm ‘o
08 ‘i | E + + i J
| T L Xy =0032 Jki 5 3
ol h&ﬁ i’ﬁ}g %L?%{% ﬁf | x,.=0.08 “l P#? ?$ % ¥? t XBj=U.{}8
SR A, T tlors ®
L B p IRt R ﬂﬁ ul eee h'r”.h
04 M } I | ] ﬁ xg; =025 h Xy =025
NG R R Lt X
!
) ) Q¥GeV? ° s Q¥GeV?

* Largest and most accurate data sample is for the NC e’p process
* The combined data accuracy reaches ~ 1%

* Largest improvement for NC ep - 10 times more luminosity

* Consistent with HERA-I + improved uncertainties
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Improving previous results

H1 Charged Current

2001 =>» 2015 H1 and ZEUS
3 W F : :
5 Q’=300 GeV* Q*=500 GeV* Q*=1000 GeV* I‘{ Q% = 500 GeV* i Q*=1000 GeV? | Q*=1500 GeV*
2:— + T T — © — — —
1F [y ; . . 1 R R R
j ] S ++ + i r\\ i ’l\\
U. 0 1 I_IIIII 1 IIIIIIII 1111 II_IIII| 1 ||||||| | I
i Q’=2000 GeV* Q’=3000 GeV* Q*=5000 GeV* [ Q*=5000GeV? | Q*=8000 GeV>
[ B B : : :
- ‘ b g i I
0.5 | + + . . 15 - - - -
| : ; ‘ i : ; i
0 + - > I - 0kl pod il ol bl ol B
[ 2 2 2_ 2 - - - - -2 -1 -2 -1
08  Q=8000GeV’ |  Q'=15000GeV’ 10 10 1 08 - g2 15000Gev? | Q*cso000Gev? 10 10 102 10 5,
065 o = Hlep 06 [ - P
o + + + H1 97 PDF Fit . e HERA CCep04fb
04 \ XU 04 |- - Vs =318 GeV
02 ’ : b 3 y\ == HERAPDF2.0 NLO
U .. : Tl.l 1 IIIII 1 I.:Ill 1 III| 11| |
0% 10" 110”7 w01 T T T
x X XBj

* increases statistical significance

* reduces systematic uncertainties via cross

calibration techniques
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* Kinematic range extended for
existing data samples

H1 and ZEUS
3
S Q= 300 GeV? Q% =500 GeV? Q% = 1000 GeV? Q* = 1500 GeV?
B
2
1 &
15 1T T ST
| & ﬂ: [ k%m ‘]F.]
0 L 1 L L 1 L
Q% = 2000 GeV? Q =3000 GeV Q= 5000 GeV? Q’ = 8000 GeV?

1 % |
LY { l L
T TN "

| &
r g .
0 ! ' ' ' : ' A B : o
Q? = 15000 GeV* Q? =30000 GeV* 107 10" 107 107 X
06t I ® HERA CCep 0.4 b’ Bj
04 | g Vs =318 GeV
0O ZEUS HERA II
oz | JP _ é { ZEUS HERAI
| O H1HERA II
o Lo L w N A H1HERAI
1072 107 102 107
Xp;

New kinematic ranges explored

* Low energies added: CME = 225
GeV and 251 GeV

H1 and ZEUS
&)
Eﬁ il Q'=12Gev: | Q% =15 GeV*?
A, ¥
% 3 * 3
05 rlu
Sl | Q'=25GeV: | Q? =35 GeV?
| §
4y
| ﬁ? Yy W H w
%
0.5 a I-z
- | Q= 60 GeV* g ’inj
e HERANCe'p26pb™
i & ? * Vs =225 GeV
' ' é O ZEUS
ﬁ 0 H1
i 16'3 wl'2
Xp;
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e Low Q? combined data

H1 and ZEUS

+ri:: 02 _ Q* = 0.045 GeV* _ Q= 0.065 GeV® [ Q= 0.085 GeV* _ Q% =0.11 GeV*
o3 L i i i }5,1
C - . . i ) ) .
o1 1 - - -  Combined inclusive cross
0 fd it bt v b e b o n - Sections for low Q2
Q' =015GeV [ Q=02GeV: [ Q'=025GeV’ [ QF=035GeV’ .
04 - - - - . * Available for two CMEs
2 W L™ LT L 300 GeV
0 El vl El T '| Ceennd | T ° 318 Gev
075 E Q*=04Gev’ [ Q°=05GeV’ [ Q°=065GeV’ |- Q'=085GeV’
05 | 3 : o E 51 [ * | » Interesting for
025 | YL 3 - * dipole/saturation models
“ fllllll L1 i ||I| 1 ||f|||||| 1 I|II|||| 1 ||:|||||| -ﬁl ||II|I|| 5I ||:|I I|| ﬁI I|||III| _I [ o . . .
LE goaew [gmse | 0000 W o studying higher twists
os [ E'i_ e HERANCe'p
r - Vs =300 GeV
0 | | Ll L s
10° 10° 10° 10°
Xg;

o5

sjamal UmMoud YYJH ‘GI'90'E2 :UDUIWRS AS3Q 'UUDWYIIM

—
Ol



HERA LLEGACY



a8
Alexander von Humboldt
Stiftung/ Foundation

[—y
-

10!

do/dQ?* (pb/GeV?)

107

10°

107

tio

Electroweak unification

o5

\'s =318 GeV

® HERACCep 041’
B HERACCe'p0.5fh’
wesss HERAPDF2.0 CC ep

wesss HERAPDF2.0 CC e'p

H1 and ZEUS

O HERANCep 0.4 fb’

[0 HERANCe'p 0.5 b
s HERAPDF2.0 NC ¢p

memmm HERAPDF2.0 NC e'p

Fantastic precision
of HERA final data

10°
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¥ | H1 and ZEUS

Méxamler von Humboldt

Stifttung/ Foundation -C\] C — -1
> o ® HERANCep04fb
o 0'F B HERA NC e'p 0.5 b
y4 C N
- C - - - =318 GeV
@ low x o 10°L T 00008, i=20 ° . )
= - :.-" ;‘Bj = 0.00013, i=19 L) Fixed Target
. ' i r;__..,--'"" Xp; = 0.00020, i=18 mm= HERAPDF2.0 e p NNLO elecT r‘on-pr'OTon

xg; = 0.00032, i=17 .
xg; = 0.0005, i=16 mmm HERAPDF2.0 e’'p NNLO
xp; = 0.0008, i=15

o ’.‘,“.______._..- X = 0.0013, i=14

P Xy = 0.0020, =13

" ’__.__",...---"'""'" Xg; =0.0032, i=12

.- W xy; = 0.005, i=11

103 . /."._._.___H-—vn—ﬂ xy; = 0.008, i=10

.- - aeee X;;=0.013,i=9

positron-proton

104

|

22 .__-_._-—-—-""'" ceveouratge X, =002,i=8
07 T T esnesseresssetera=t  x, =0.032,i=7
& ~BooT T
- s a-we-sea-rtaeete=t—E_ X, =0.05,i=6
@ moderate x ol eEEaeET ceabaet—T Xy =008,i=5

xp; = 0.13, i=4

QCD scaling
2015 Wolf prize for:
J.Bjorkenl .

Xp; = 0.18, i=3

e T ra— xp; = 0.25,i=2 -
w Xp; = 0.40, i=1

Xp; = 0.65, i=0

@ high x

o
=]
|

| IIIIIII| | IIIIIII| | IIIIIII| | L1111 | IIIIIII| | [
2 3 4 5

10 g )

@ high Q? 7 Y GeV?

q q q q

Text book plots of fundamental properties of particle interactions
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First - Final

H1 and ZEUS

‘: + ® HERANCep 0.4 b~
10° o 0F B HERA NCe'p 0.5
ZEUS data Z C
’:2 MRS D’ L | ww =008 k21 Vs =318 GeV
; o . . = 0.00008, i=20 .
—“i’ ....... MRS D, @ = e XB;{BJ.=0.0‘I'1;! 1o O Fixed Target
[ — o - .= 0.00020, =18 — ~
-]D‘i__ _i_ x=0.00042 (){ 104-:' L XBJX _=0.0003; i=17 HERAPDF2.0 pNNLO
105 . %5 = 0.0005,i=16] === HERAPDF2.0 ¢'p NNLO
S xp; = 0.0008, 45
B o Xp; = 00013, i=14
____‘____i__————_’ " _— 3 10 4 - = Xp; = 0.9020, i=13
1[}‘3: ; I I_U.OOOBEJ {X 10 ) ; - . r_._'.,...—--'r"""' X 0.0032, i=12
IR y,; = 0.005, =11
103 -.——-—"@:—w xy; = 0.008, i=10
i AI x=0.0017 (x 10% - _,._.--’_‘__,._..-.aa—-—-:]:-.:]fo.ols,i:g!
2| ________!____i__— o L i - xBj=0.I]2,1=8
19 P R 10° = T { aofesrta=t X, =0032,i=7
- - s seeserna=tT  x, =0.05i=6
B =" Xp. =0.08, i=5
I x=0.0049 (x 10) 10 - N 013 i
E Xp; =013, i=
10 P i————I’_— - Xy = 0.18, i=3
? 1/ pheoveteeey xp; = 0.25,i=2
& Fs -1: M___%: xp; = 0.40, i=1
1 F I 10 E 1
i i e g
SN S t : J
I 10 2 E ¥ X =0.65,i=0
10" ! ' :
”O ']02 103 10-3_|| Lol Lol Lol Lol Lol Lo
2 2 1 10 10 10° 10* 10°
Q° (GeV?)

Q% GeV*

19



As expected: low-x rise of F,

o5

H1 and ZEUS
ol
(e i Q=120 GeV?

16 |- Q=12 GeV* ® HERANCe'p0.5fb™
[ { s = 318 GeV

14l , == HERAPDF2.0 NLO
L Q" =6.5 GeV

1.2 _— E

1

I . Q%= 1200 GeV’

0.8 _—

0.6 _—
i )\

04 — :

0.2 _—
_I IIIIII| 1 IIIIII| 1 IIIIII| 1 IIIIII|

107 107 10 2 10"
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10 18° 182 1@ 16% 187 162 10!
X x
3 3
. , g ,
T Q=120 Q= 240
25 25F
2F 2 B
1.5 1557
3 -
0.5F 0.5 F
L IIIIIIII L Il||l||| L L L L |I|||l|| 1 |||||||| Llaliiu
16* 167 162 16" 16t 167 162 10!
X x

1993 — 2015

ZEUS data
MRS Dy
MRS D.
CTEQ1TMS
GRV HO

a
(&

1.6

14

1.2

0.8

0.6

0.4

0.2

H1 and ZEUS

Q% =120 GeV?
Q' =12 GeV?

Q=65 GeV?

. Q7 = 1200 GeV’

® HERANCe'p 05"
Vs = 318 GeV
== HERAPDF2.0 NLO

10 107 10

-2 10 -1
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o xF 3YZ from combined data

xF 92 from subtracting the NC e*p from the NC e~p cross sections
Weak Q? dependence — translated to Q? = 1000 6eV? and averaged

N 1

hm T T ! | T T T T T T
= N Q?=1000 GeV” ® HERA 1 fb" N

Good agreements
with predictions .

0.5 + %

Integrated over x:

H1 and ZEUS

= HERAPDF2.0 NLO

¢ _

0.016 < x,, < 0.725 HERAPDF2.0 :1.165+0.042

-0.053

. +0.078

0cx <1 HERAPDF2.0 :1.588*0978
BJ QPM: 5/3

Data :1.314 + 0.057(stat) + 0.057(syst)
Data :1.790 + 0.078(stat) + 0.078(syst)
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O, cc

H1 and ZEUS
. HERA HERAPDF2.0 NNLO
107 Vs=318 GeV Vs =318 GeV y
- ®m CCe'p05fb” === CCe'p
105 ® CCep04fb” === CCep \
104 ._— ‘4% X, =0.008 (x15000)
E —— x,; =0.013 (x3000)
10° —
a =‘=_—_—_‘QE xg; = 0032 (x700)
102 L W Xy, =008 (x170)
0 b Ai_:_;_;_L-__\.\—'—-——'—— Xy =013 (x20) °
1 L S am— . xyy =025 (2
ar L
10 |
s —L - . - - .
10 = L]
af Xg; = 040 (x0.1)
10
af
10 L1 | 1 1 1 L 111 | 1 | 1 111 Il
10° 10° 10! s

CC: helicity effects

Stiftung/ Foundatio

oo ~ X[U+ ]+ x(1 — y)?[d + §]

ooe ~ XU+ ¢l + x(1 — y)?[d + 5]

e'p: d, quarks are suppressed
at high Q2

e’p: helicity factor applies to
sea quarks only

o5
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Proton structure

Inclusive measurements from HERA are core of every parton
density extraction

* PDFs used in interactions with proton: LHC, Tevatron, HERA
* Precision of many measurements often limited by PDF uncertainty

* Higgs/top properties \

Elilh; : . o Wlll We Tunnel?...
- ¢ [ H1/ZEUS Kinematics 1 182
10 o
g 180 | Unstable
10k EW \acuum
E 178
107k 176
g 95% CL
103k 174 :
- Meta
103k 172 | Stable
- 170
10 -
168 )
s e
E 166 | Stable 7Y LHG
i i Tevatron
5 164
A F Gev120 122 124 126 128 130 132
10 F

o5
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Neutral Current ~ &%e _ 2mo? YiFo F Y_xF3 — y2F]
= X T
dxd@2 ~ xaf L T2T 3TV
H1 and ZEUS Proton structure functions
% C QP =150GeV' [ Q'=200GeV' | Q°=250GeV’ [ Q'=300GeV’
B a i -
[ I i [ 2 -
U e e ] R x T ele a0
[ ! ! Q" =800 GeV?
tr y \ * Sensitive to quarks
0 bl el d ol o 1 S RTITT ||_|||||||| ERTTIT B v B
b Q=1000GeV | QP=1200GeV’ | QP=1500GeV? | Q7=2000GeV? XF3 — Xzzeqaq[q(x) _ q(x)]

 0o3000GeY | 0P-5000Gev? | 0Pos000Ge® [ OF 12000 Gev? * Sensitive to valence distributions

\ R N F,~agxg

[ Q?=20000GeV? | QF= 30000 GeV? W W W X,
02 [ . ® HERANCepPOSMH! * Sensitive to gluon
i i Vs =318 GeV
o C i e Ikl- e v lM == HERAPDF2.0 NNLO
Xpj * Gluon also from scaling violation and

charm+jet data
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e G I uon meets F L

« H1 performed direct extraction of gluon density from F,
measurement @NLO

H1 Collaboration

Xg =
201
i @ HI
[ * Direct extraction of gluon
10 b \\. density from F using
] RN approximation
0__ . ...................... Tg(T Q?) ~ 1.77 S F ((IT QQ)
B xg, HERAPDF1.5 NLO T | 2(18(@2) LA
| e xgﬁomFL,HERAPDFl.SNLO
III| 1 1 1 111 III 1 1 | 11 111
1 10 100 1000
Q*[GeV?|

Gluon approximated from F, agrees with gluon determined from scaling violations
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e

05

0.6

04

0.2

ooe ~ X[u+ €]+ x(1 — y)?[d + 8]

d (s)

H1 and ZEUS

Q% =500 GeV? I Q’ = 1000 GeV* i Q= 1500 GeV?
—IIIII 1 IIIIIII| 1 181 I-II\-Il—\AI_ﬂl mll
I Q*=2000Gev? [ Q’=3000GeV: | Q*=5000Gev: [ QF=8000GeV’
M
© Q=15000 GeV? [
- - e HERA CCe¢p 04!
- = Vs = 318 GeV
2 a2 K == HERAPDF2.0 NLO
Tll IIIl| :Ill IIII| 1111 I
107 10" 102 107

H1 and ZEUS
[ Q¥=300 GeV? Q*=500GeV: [ Q*=1000GeV’ [ Q7=1500GeV>
15 = - =
l Y i -
05 :_ \ __ -\
0 :I[IIII 1 IIII]IIl 1 11 II:IIII|| 1 IIIIIIII 11 10
06 L Q*=5000Gev’ | Q*=8000GeV’
04 - =
02 — ‘\ —
0 ) II_IIIIII Ll IIIII| 111! II_IIIII| 1 Illllllmﬂl
- - -2 -1 -2 -1
0.08 - o2=15000 Gev? [~ Q®=230000 Gev® | 0 H 2 " X
006 - -
e HERA CCe'p 05!
004 |- - Vs =318 GeV
a5 _ 2 == HERAPDF2.0 NLO
0 —IIIII| 11 IIIIIII 1 1147 I:III'II. 1 IIIIIIJl 1 I&l

Charge Current: flavor decomposition

D
ot
.
.

0o ~ X[U+T] + x(1 — y)?[d + ]

107 10!

10
Xp;

102

o5

sjamal UmMoud YYJH ‘GI'90'E2 :UDUIWRS AS3Q 'UUDWYIIM

N
~




Global analysis of parton distributions

Goal: determination of the input distributions (for light quarks and gluons):

Method: Parametrizations zf(z,Q3) = Nz*(1 — z)° function(z)
and usual statistical estimation (fits): e e

|
% iterative

N . . 2 _ e fixed errofs .-"f
(p) = Z data(z) — theory(z, p) /
| — error(%) /
Position of minimum gives the value L\ /;'
A

and curvature gives the error (region
within a certain “tolerance” Ax* = 1)

(Monte Carlo methods can also be used)

Usually the chi-square definition is
more sophisticated, experimental
correlations are also treated, etc.

o111 0.112 0.113 0.114 0.115 0.116 0.117 0.118

J I gl I'\’IZ}
L - h

Pedro Jimenez-Delgado Nuclear Physics & RIKEN Theory Seminar. BNL. Mar 14, 2014 947




1 fb?! HERA data - exclusively! - used as input
to global QCD fit HERAPDF2.0

* Parton densities parametrised @ Q2 = 1.9 GeV?

xf (x)=Ax" (1—x)"(1+Dx+Ex")
xg(x),xu,(x),xd (x),xU(x), xD(x)
* Evolution using DGLAP equations

*14 parameters determined in paramerisation scan

* Heavy quarks from Roberts-Thorne Variable Flavor Number Scheme

¥ QCD fits performed using HERAFitter package HFRA /L-/n‘ef'

www.herafitter.org
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H1 and ZEUS

Q2. = 3.5 GeV?
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ety i H E RAPDF2.0

H1 and ZEUS

Q =35GeV* |

r, NC

Q*=35GeV: | Q'=45GeV: | Q=60 GeV’

Q?=15 GeV? Q% =18 GeV? Q* =22 GeV?

:

Q% =27 GeV?

Q% =170 GeV*

A

Q%= 90 GeV? Q%= 120 GeV* 107 107 10° 1'3;
L L o e HERANCe'p0Sfh"
C I Vs =318 GeV
) mm=m HERAPDF2.0 NLO
10° 10" 10° 10"
XB;

« NLO fit for Q*_ = 3.5 GeV?

x%/dof = 1357/1131

* Additional fit performed
with Q2 . =10 GeV?

x2/dof = 1156/1002

Situation somewhat improved

* Similar results for NNLO

Reasonable description of NC, CC and low energy data for NLO and NNLO
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NLO & NNLO parton densities

NLO

NNLO

H1 and ZEUS H1 and ZEUS
m 1 TTT] T T T T I T UL I | T T T Trrr 1 T |||||||| T ||||||||
= 2 2 R 2= 10 GeV?
W= 10 GeV uo= e
B —— HERAFDF2.0 NLO | 0.8 - —— HERAPDF2.0 NNLO
0.8 uncertainties: - uncertainties:
I experimental I experimental
[ ] model o X1l [ model o xu,
[ parameterisation ¥ ] parameterisation
HERAPDF2.0AG NLO 0.6 "‘.,,' ---------- HERAPDF2.0AG NNLO

HERAPDF2.0 extracted

with experimental, model and parametrization uncertainties
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Heant e i Color dZCOmpOSiTiOn of uncertainties

H1 and ZEUS

u? =10 GeV?

05| —— HERAPDEZONLO ¥ Experimental uncertainties:
- I experimental

[ ] model

S xXu
[ parameterisation b

- Hessian method
- Conventional Ay* =1 =>68% CL

HERAPDF2.0AG NLO

o5

Variation Standard Value | Lower Limit | Upper Limit
0% [GeV?] 35 25 5.0
0 [GeV?] HiQ2 10.0 75 12.5
M,(NLO) [GeV] 1.47 141 1.53
X | M, (NNLO) [GeV] 1.43 1.37 1.49
L o M, [GeV] 45 425 475
¥ Parametrisation uncertainties = = x
- largest deviation 15 [GeV] 1.9 1.6 22

- Addi P
& Model uncertainties dding D and E parameters to each PDF

- all variations added in quadrature
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Heandss von ok H E RA P D F 2 . OA G L O

* Parton densities @LO are essential for proper simulation of parton showers
and underlying event properties in LO+PS Monte Carlo event generators
* Includes experimental uncertainties

H1 and ZEUS H1 and ZEUS
t'i‘ 1 J J 1?-::.. T T 1T T TTTT] ! J LS RS | , i JLTLE % - Q3=9'IJGeVZ . Q2=120Ge\?z :
' L1 - -
uz =10 GeV? © -
0 IIIIIII| II|LI.III| 111 _III| IIIIILI.IJ IIIIIIII| 111 II_III| L1l L I AT (T 1 LLLi I NENT]
08k | [ Q' =200GeV [ ,Q'=250GeV’ [
" B HERAPDF20AG NLO y [ u
% [ HERAPDF20AGLO C C
0 __|_|_u] 1 Bl
0.6 L N
0 | Ll 11 III_III| 1
Q' =1500 GeV* [
L 1 — — 3 —
0.4 - \\‘m \\\ B \\\“
L 0 II.HJ | | III|I.I.IJ | IIIIIII| 11 II_III| | III|I.I.IJ 1 IIIIIII| 11 III_III| | IIIIH.II 1 IIIIIII| 11 |
B Q'=8000GeV' [ Q'=12000GeV' [ Q%=20000GeV’
1 E n i L
0‘2 : 0 II.lIJ | | III|I.I.IJ | IIIIIMITIII' | IIIII.I.IJ 1 Illlllll\‘I}MIII_llll | IIIIH.II 1 IIIIIII| IX&I
r 2 1 2 -1
- xS (x 0.05) : 1 05— Q" = 50000 GeV” e wen X
! 5 - ® HERANC e¢p 04 b Bj
0251~ M Vs = 318 GeV
I — r . T : : AR e - " 0 _I.I.lIJ | IIIIIII| | I|LLIII| 111 III| 11 IIILI.IJ | IIIIIII| | Illﬁ.l -HER_APDFZ-OAG LO
i 3 P 3 107 107 1wt 10’ 107
10 10 10 10 1 XBj

o5

s|amal umMoud yYJH ‘GI'90'E2 :UPUIWRS AS3Q 'UUDWYIIM )

w
N



L

_
Alexander von Humboldt
Stiftung/ Foundation

Comparisons are odious

Miguel de Cervantes, “Don Quixote”
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Parton densities @ NLO and NNLO

B
H1 and ZEUS
‘E 1 AL AL AL
u? =10 GeV?
el ] uErRAPDF20NLO

HERAPDF2.0 NNLO

Valence distributions similar
Gluons and sea differ
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Theory predictions @ NLO and NNLO

Q
=l
23 W

12

0.3
0.6
04

0.2

H1 and ZEUS

: + -1

i gy = 0.002 ® HERANCep05ib

- Vs = 318 GeV

! ® HERAPDF2.0 NNLO

- HERAPDF2.0 NLO

B x;, = 0.008

! :

i e T o

i i_-.--:m-c'i-'—!-.\. g, = 008

I x5, =013

i x . =04

| | ||||||| | | ||||||| | | ||||||| | | ||||||| | | IIIBillll
1 10 102 103 104 105
2 2

Q7/ GeV
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e ot World of PDFs

H1 and ZEUS
= 1F n2=10 GeV? = |
Z - HERAPDF2.0 NLO e 03F
osf T o . Difference for
- —— NNPDF3.0NLO 5
: : valence quarks
03Ff
! HERAPDF - the only
01f group to get d valence
N = A\l fromprotonin CCe+p
10* 10° 10 2 107 1 10 10° 102 0° 1 and not fr'om heutron
% ok E 4-:— by assuming that u in
: b neutron = d in proton

10~

* Various gluon
behaviours at low x

10 107 10 107 <!
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x’/d.o.f.

1.3

09

Q? . -cut studies

H1 and ZEUS

o RTOPTLO
A RTOPT NLO
= RTOPT NNLO

A RTOPT NLO HERA 1

111 IIIIIIIIIIIIIIIII|IIIIIII
10 15 20

Illl_
25

Ql:ilin/ GEVZ

Dependence of chi2/dof on
Q?, . cut
 Drop of chi2 with Q? . cut

e Saturation around 10 GeV?

Significant improvement of
NLO compared to LO
Marginal to no improvement
of NNLO compared to NLO
NLO behavior similar in
HERATI and HERAI+II

HERAPDF2.0HiQ2 variant issued
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e el H E R A P D F 2 . O H | Q 2

H1 and ZEUS H1 and ZEUS
1 — 25 S
= w
uZ =10 GeV? - u2 = 10000 GeV?
i B nERAPDF2.0NLO 9 =L F HERAPDF20NLO
_ = HERAPDF2.0HiIQ2NLO - = HERAPDF2.0HiQ2 NLO

xg (x 0.05)

- xS (x0.05
. ( )

- L 1 Ll 11 | L 1 1 Ll 111 -
-4
10 10° 102 10 1 10

¥ Larger uncertainty for HERAPDF2.0HiQ2 gluon at low x.
¥ PDFs become very alike at higher scales.
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Adding more HERA data



Charm and jet data from HERA

Charm production Jet production

* Charm and jet data sensitive to
gluon/a,

* At high Q2 up to 30% of charm

« Trijets most sensitive to a.
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H1 and ZEUS

I
NLO
® inclusive + charm + jet data, Q> = 3.5 GeV’
O inclusive + charm + jet data, Q. = 10 GeV’

Including HERA jets in QCD global fits

« HERA combined charm data

L ® inclusive data only, Q’__ = 35 GeV’
- O inclusive data only,Q_, = 10 GeV’
4 inclusive data only, Q° = 20 GeV’

| 4 inclusive + charm + jet data, Q. = 20 GeV’ <
. I . I . U 1 [
0.105 0.11 0.115 0.12 0.125 0.13
I I T I T I I I
NLO

&

et

h—h———k—

| — G
0.105 0.11 0.115 0.12

0.125

.
0.13

I
NNLO
® inclusive data only, Q’ = 3.5 GeV’
~ O inclusive data only,Q_, = 10 GeV’
A inclusive data only, Q. = 20 GeV’

|
0.125

| -
0.13

o (M7)

* 7 Hland ZEUS jet samples
* Inclusive jets

* Dijets
* Trijets

* Some are normalised cross
sections — best o, sensitivity

« Validated choice of o, = 0.118
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ﬂﬂ*"““ HERAPDFZOJQTS O(S = 0.118

H1 and ZEUS
y 1 II 1 ||||||| I ||||-|||| L] L] L UL
u2 =10 GeV?
—— HERAPDF2.0Jets NLO, fixed| o, (M ) = 0.118 |
08 uncertainties: i
B experimental
|| model Xu,
[ ] hadronisation

06 7] parameterisation

04

0.2

10 102 102 10! 1
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Alexander von Humboldt
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2
10

HERAPDF2.0Jets o, = 0.118

H1 and ZEUS
S =y == T =t
: _ = &
¢ |

z ==t . i
F 150 < Q” <200 GeV? L 200 < Q° <270 GeV? L 270 < Q <400 GeV* 400 < Q< 700 GeV®

- B | 0 0

| — <p>./ GeV
i i i g
; “ * HI normalised trijets

- + | == HERAPDF2.0Jets NLO

| 700 <Q? <5000 GeV: | 5000 < Q° < 15000 GeV?

10 10

<p>;/ GeV
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HERAPDF2.0Jets a_ free

0.6

04

02

10*

Alexander von Humboldt
Stiftung/ Foundation
H1 and ZEUS
;g 1 UL UL NN R
[ u? =10 GeV?
—— HERAPDF2.0]Jets NLO, free as(MZ}
08 uncertainties:
B experimental

(] model Xu,
[] hadronisation p
] parameterisation

xg (x 0.05)

X

determined from QCD fit

N

IC

| ay(M2) = 0.1183 + 0.0009(exp)

Experimental uncertainty below 1%

+ 0.0005(model /parameterisation)

+ 0.0012(hadronisation)

0.0037
T00030(scale)

Uncertainty dominated by theory
NNLO ep jet calculations needed
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0.8

HERAPDF2.0Jets

H1 and ZEUS

u? =10 GeV”

1 HERAPDF2.0NLO

HERAPDF2.0]Jets NLO, fixed as{Mz) =0.118

o5

sjamal UmMoud YJYJH 'GI'90 €2 :DUIWAS AS3Q "UUDWYIIM

H
~



\C‘E
¥

Aecandsrvon el H E R A Su mma r‘y

e Combined HERA data set

provides ultimate sample for
H1 and ZEUS

inclusive neutral and charged g 18 o
. . PRt e HERA NCe'p 0.5 b
current cross section studies 6 | Vs = 318 GeV
in wide kinematic rang. S w0 ZEUSHERA L
o L[ =0, i # ¢ ZEUS HERA I
* Low Q? data -> additional : éﬁ o HI HERAII
checks of QCD calculations ! A ¢ HUHERAT
* Plethora of beautiful physics A &
. . o
seen in inclusive DIS |
measurements / &?%g § ;= 0032
» xg; = 0.08
HERA legacy of qlmos’r 25 years e g i ?
of activity i‘ sy =028
* HERAPDF2.0 extracted solely £ & Q/GeV’

from HERA final data
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PDF uncertainties important
o (8 TeV) uncertainty
o | gg—=H [19.50b| 14.7% | I
VBF |[156p0| 2.9% | N
NNLOQCD |\ |0.70pb| 3.9% | HEl W Forees
ZH |039pb| 5.1% | HEE
NLO QCD ttH 0.13 pb | 14.4% | NG

1) PDFs fundamental limit for Higgs boson
characterization in terms of couplings

Uncertainties of many variables often dominated by PDF uncertainties

J. Campbell, ICHEPI2

* 2014 CMS combined best-fit signal strength relative to SM

1.00 +/- 0.09 (stat) % _ (theo) +/- 0.07 (syst)

* PDFs necessary for background estimate BSM searches and SM tests

« Important for global electroweak fit parameters like m,,
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oq ° ° ° °
-z (Global Situation in global QCD fits
H1 and ZEUS
S =10 GeV’ =2
o 18 ~~ HERAPDF2.0 NLO 23
a 3 MMHT2014 NLO | 2
&~ 16 +HCT10NLO (68% CL) f| 2
§ == NNPDF3.0 NLO §
= =
E]J l E 5
3 1 il < Y * PDF uncertainties
e I still large
» 1 d = 1
0.8 [
TR e pess 08 0 Egpecially at low and

10 10 10 10 o1 10 10 10 10 o1 h h
S 147 131 ; Igh X
~1 L L
E I Eu:
<., < » New data needed
= = 11 — LHC data used
3 4
o 1 S » 1ff
- 4

: T B ETTT R RN BT {]3:_ R R R me

10 107 10+ 107 1 10+ 107 10 10t 1

X X
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Alexander von Humboldt O T |
Stiftung/ Foundation u O O

Now:from predicting LHC
measurements to using them to
constraining parton distributions

Data for parton distributions:
preLHC

6
— 10°
3 | LHeb | 2<y<5
100
- F 5
= 10" F|ATLAS.CMS |y|<2.5
10°} -
? W/Z | V/s=TTeV
'L ;
[ 3
: — il
1031 Fo—> qz’q %
| dF,/dInQ*>g 8 ..l
1021 %
HERA 5
10 L 10'F |
: e e | DGLAP - ,’
1 ) - evolutior  HERA ;
10 ! 3 U,d,s 10_1 r E E
E Ll Ll L Ll Ll ul Ll L Ll : l.Jl.luJ. 4 ll.ll:l.l.l.l ' LJ.LH.LI] Il. l.JJJ.i.u.l i Jl.Jllul 1 li.“.lu.i el LLL
N e s O O a 107 10°  10° 10t 10 10® 10" 10°

sea X valence
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Data Set xw) Grid | O'1Gev|Grid | £ | /e . ;2" from
from to from to ph~! GeV equations
HERA | E, = §20 GeV and E, = 920 GeV data sets
HI1 svx-mb 9500 | 0000005 002 0.2 12 [ 21 ep | 301,319 13.17,1%
H1 low 96-00 | 0.0002 0.1 12 150 22 etp | 301,319 13,17,1%
H1 5C 94-97 | 0.0032 0.65 150 30000 | 356 | &p 01 19
Hl CC 94-97 | 0013 0,40 300 15000 | 356 | £p 01 14
H1 5C gE-99 | 0.0032 0.65 150 30000 | 164 | ep 119 19
Hl CC gg-99 | 0013 0,40 300 15000 | 164 | £p 119 14
H1 O HY gE-99 | 00013 0.01 100 BOO | 164 | ep 119 12
H1 5O go-00 | 00013 0.65 100 30000 | 652 | £p 119 19
H1 CC go-00 | 0013 0,40 300 15000 | 652 | £p 119 14
ZEUS BPC 95 | 0000002  0.00006 0.11 065 | 165 | ep 300 12
ZEUS BPT 97 | 0.0000006  0.001 0045 06s | 39 et 0 13,19
ZEUS 5VX 95 | 0000012 0.0019 0.6 17 | 02 etp 0 12
ZEUS NC 96-97 | 0.00006 (.65 27 30000 | 300 e p 0 21
ZEUS CC 94-97 | 0015 0.42 280 17000 | 477 p 00 14
ZEUS NC 9899 | 0.005 0.65 00 30000 | 159 e 118 20
ZEUS CC 9899 | 0015 0.42 280 30000 | 164 | £p 118 14
ZEUS NC 9900 | 0.005 0.65 00 30000 | 632 e'p 118 a0
ZEUS CC 9000 | 0008 0.42 280 17000 | 609 p 318 14
HERA 11 E, = 920GeV data sets
H1 &C 7P 03-07 | 0.0008 0.65 60 30000 | 1K2 ep 319 13, 19
H1 CC Hr 0307 | 0.008 0.40 300 15000 | 182 ep 119 14
H1 8¢ 157 0307 | O.0008 0.65 60 S0000 | 1517 | £p 119 13,19
H1 cC 03-07 | 0.008 0.40 00 30000 | 1517 | £p 119 14
H1 NC med (F "7 0307 | DO0009EE  0.005 ES 90 | 976 | Ep 119 12
H1 NC low (35 0307 | 0000029  0.00032 2.5 12 | 59 e p 119 12
ZEUS NC 0607 | 0.005 0.65 200 30000 | 1355 | £p s 13,1420
ZEUS CC 15p 06-07 | O.007TE 0.42 2R0 30000 | 132 ep 318 14
ZEUS NC 13 05-06 | 0.005 0.65 200 30000 | 1699 | ep 118 20
ZEUS CC 4-06 | 0015 0.65 280 30000 | 175 £p 118 14
ZEUS NC nominal *¥ 0607 | 0000092  0.008343 7 10 | 445 | ep 118 12
ZEUS NC satellite * 0607 | 0000071  0.008343 5 10 | 445 | e'p 118 12
HERA 11 E, = 575 GeV datu sets
H1 NC high ¢F 07 | 000065 0.65 35 a0 [ 54 e p 252 13,19
H1 NC low (F 07 | 00000279  0.0148 1.5 ) | 59 ep 252 12
ZEUS NC nominal 07 | 0000147  0.013349 7 10 | 7.1 e p 251 12
ZEUS NC satellite 07 | 0000125 0013349 5 110 | 7.1 e p 251 12
HERA Il E, = 460 GeV data sets
H1 NC high ¢ 07 | 0.00081 0.65 35 a0 [ 118 ep 225 13,19
H1 NC low (F 07 | 00000348  0.0148 1.5 g | 122 | ep 225 12
ZEUS NC nominal 07 | 0000184  D.016636 | 7 110 | 139 e p 275 13
ZEUS NC satellite 07 | 0000143 D.0168KE 5 110 | 139 e p 225 12
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https://www.herafitter.org ’.
u - [ HI1 and ZEUS HERA [+II PDF Fit \
4 | experimental input ) * wowa
e T g mmmgm experiments: !
SR 2 HERA, Tevatron, E
" it = LHC, fixed target :
g 4 o e é
" g

ol (oihylido (G TEC 661 p il
a e o o

Processes.

NC, CC DIS, jets, diffraction,
heavy quarks (c,b,t)
Drell-Yan, W production

N
/'

Heavy quark schemes:
Jets, W, Z production:
Top production

QCD Evolution

Alternative tools
Other models
+ Different error treatme

/
theoretical calculations/tools )

\. + Tools for data combination (HERAaverager) /

MSTW, CTEQ, ABM
fastNLO, Applgrid

HERAFitter

NNLO (Hathor)
DGLAP (QCDNUM)
kt factorisation
NNPDF reweighting
Dipole model

nt models

.

PDF or uPDF or DPDF

J/

(as Mz),mc,mp, me fs, .. )
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Theory predictions )

Benchmarking )

Comparison of schemes )
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Averaging results

* Good data consistency: x*/dof = 1687/1620

20 NC E+p
18 Q*<3.5GeV?

RMS = 1.06
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= | Rvs=095

H1 and ZEUS

NCe'p
3.5<Q*< 100 GeV?
RMS = 1.07

CCe'p

RMS = 1.04

NC e'p
100 < Q2 < 50000 GeV?
E RMS =097
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and ol Procedural uncertainties

o5

Combination done using HERAverager: wiki-zeuthen.desy.de/HERAverager

~
i [mf -3, yj';dsmi bj— 14 2 ] §
Kpas 1.5 = ) ——— RIS S
0% (M = Y mb ) + (Srdsuncar ) T g
@
162 correlated systematic sources taken into account 2
* treated as multiplicative S
=
=
H1 and ZEUS :

0 RMS =1.34

Procedural errors calculated
* multiplicative vs additive

Entries

* possible correlations between data sets

(H1/ZEUS, HERAI/HERAII) 10
- photoproduction background

- hadronic energy scale

.|’_|._‘.|_|.|l._|..||_.|
2 4 6

systematic pull
|

* connected with large pulls in combinatior
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Alexander von Humboldt
Stiftung/ Foundation

Estimation of beauty and charm mass parameters

H1 and ZEUS H1 and ZEUS
g : g 14
L ot e NLO | o.Fnl e NLO .
N. — _ N. lﬂ'j
X 2% M, =147 GeV X gf M, = 4.5 GeV
15} o
: 6k
1t of
05F ¥
b 20
oF
: | | 1 | | | n—- | | | | | |
14 142 144 146 148 15 152 4 42 44 4.6 48 5
'E 3:_:_ T T T T T T _: .E 18:,'_ T T T T T T T T I T T T T T T T T T T ;
R sl = NNLO | %E® =NNLO
R § | ' 12~
x 2 M =143 GeV X ol
15| = B M, =45 6eV
1f 6F
05! 40
ot 2t
2y | | | | o 0F
14 142 144 146 148 15 152 4 42 a4 Y3 a3 5
M, /GeV M, /GeV

- M_/M_ determined from inclusive data + charm/beauty data

Method comes from the HERA charm combination (Eur. Phys. J. €73 (2013) 2311)
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¥ Q,, =356eV?
HERAPDF2.0

+ Q% =10 GeV?
HERAPDF2.0HiQ2

2
¥’ _ 1357
NLO a7 ~1131
x® 1363

NNLO wdf 1131

2

%’ _ 1156
NLO ndf 1002

> 1146

NNLO W_ 1002

1.1

09

H1 and ZEUS

o RTOPT LO N
A RTOPT NLO 1
= RTOPT NNLO

A RTOPT NLO HERA1

10 15 20 25

Ql:ilin/ GEVZ
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@ K. Wichmann, DESY Seminar: 23.06.15, HERA crown jewels A

- M

10 GeV?

.
B =
0.6

H1 and ZEUS

04

HERAPDF1.0 NLO

0.2

HERAPDF1.0 vs HERAPDF2.0
e

* Valence distributions are more peaked at HERAPDF2.0 < new data

* High x sea is softer whereas gluon is harder at HERAPDF2.0
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HERAPDF1.5 vs HERAPDF2.0

H1 and ZEUS
1 e .
g~ .
u? =10 GeV’
i = HERAPDF2.0NLO

~| HERAPDF1.5 NLO

| « Distributions similar
| =10 param — 14 param

| «Low x gluon uncertainty

smaller for HERAPDF2.0
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e e Looking at F L ord er
H1 and ZEUS H1 and ZEUS
S <
= S
R N

1.1 _ ACOT NLO, F O(a,) ’
- A FONLL-BNLO,F, O(c) A RTOPTNLO,F, O(c)) - A FONLL-BNLO,F; O(c,) A RTOPTNLO,F, O(c) -
1.05 [ © FF3BNLO,F, O(a) © FF3ANLO,F, O(c) 1.05 -0 FONLL-CNNLO,F; O(c?) @ RTOPT NNLO,F; O(c3) ]
a) 1"1"_ b) 1:.....I.........l.........|.........|.........|.:
5 10 15 20 25 5 10 15 20 25
Qiin/GeV? Q2in/GeV?
¥ Treating of F, to the same order in o
+ RTOPT ~ MMHT ,
as F, gives better results at NLO but not
L ~
ACOT ~CT at NNLO
*FF3A ~ ABM # Almost independent of HF scheme

HERAPDF2.0FF3A/3B variant issued
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