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Outline

- HERA and structure of the proton
- NC and CC inclusive DIS cross sections
- QCD DGLAP (and EW) Analyses and proton’s PDFs

- Charm and jet production



HERA and structure of the proton

LHC parton kinematics

HERA data are our main source of knowledge
on proton structure as quantified in term
of proton’s parton distribution functions (PDFs)

Precise knowledge of PDFs is crucial in QCD
and for the LHC Physics Programme:

-> stringent tests of the Standard Model
(often PDF uncertainty main limiting factor)

-> searches of Physics Beyond the SM
(need to control QCD Background)

Combination of the complete H1 and ZEUS
inclusive measurements needed in order to
provide the most precise input to QCD/DGLAP
analyses
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HERA Operation

Status: 1-July-2007

HERA-1 (1992-2000)

Ee=27.6 GeV

Ep=820 & 920 GeV

L. ~ 130 pb-1 per experiment
Mostly etp

HERA-II (2003-2007)
Ee=27.6 GeV

Ep=920 GeV

L. ~ 360 pb-1per experiment
Longitudinally polarized lepton beams
Similar amounts of etp and ep

Low Energy Run 2007

Ee=27.6 GeV

Ep=460 & 575 GeV

Runs at reduced +/s :

225 GeV (LER), 252 (MER) GeV
Dedicated F| measurements
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DIS processes and cross
sections

Kinematic variables:

NC:ep—e'X CC:ep—-v X
7 V - Virtuality exchanged boson
e e
| Q2:—q2:—(k‘—k’)2
V/2 W Bjorken scaling variable
p p ' ]
(OJ——1IX O=—=Mx Q2
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DIS processes and cross
sections

NC:ep—eX CC:ep—-v X Kinematic variables:

7 V - Virtuality exchanged boson
e e

02 = —2 = —(k — k/)Q

Y/Z A Bjorken scaling variable
p P OE '
T =
2p - q

Structure Functions, PDFs and DGLAP evolution equations (LO, NLO and NNLO):
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Combination procedure and combined results

for additional details see EPJ C75(2015)580 [arXiv:1506.06042 |



http://arxiv.org/pdf/1506.06042.pdf

Combination: Data sets

T ZEUS 0 " 0 .

he HERA Legacy L H1 & ZEUS have now published all their inclusive

Data Set xp; Grid Q[GeVAGrid | L | e'/e | Vs | x5,0° from | Ref. measurements ( 1 992-2007)

from to from to | pb! GeV equations

HERA I E, = 820GeV and E, = 920 GeV data sets - HERA-I
HI svx-mb [2] 9500 | 0.000005  0.02 02 2] 21 | ¢p [ 301,319 | 1317,18 | DB HERA-I| i t high-Q2
H1 low 0 [2] 96-00 | 0.0002 0.1 12 150 | 22 | ep | 301,319 | 131708 | [4] - - -
H1 NC 94-97 | 0.0032 0.65 150 30000 | 356 | e'p 301 19 (5] measurements at hig
HI CC 94-97 | 0.013 0.40 300 15000 | 356 | e*p 301 14 5] _ _ \/
HI NC 98-99 | 0.0032 0.65 150 30000 | 164 | e p 319 19 [6] HERA-II measurements at reduced Vs
H1 CC 98-99 | 0.013 0.40 300 15000 | 164 | ep 319 14 (6]
H1 NC HY 98-99 | 0.0013 0.01 100 800 | 164 | ep 319 13 7]
HI NC 99-00 | 0.0013 0.65 100 30000 | 652 | e*p 319 19 7]
HI CC 99-00 | 0.013 0.40 300 15000 | 652 | e'p 319 14 (7] 0.6 x 106< XBj < 0.65 , 0.045 < Q2 < 50000 GeVe
ZEUS BPC 95 [ 0000002 0.00006 | 0.1 065 | 165 | e'p 300 3 (1]
ZEUS BPT 97 | 0.0000006 0.001 0045 065 | 39 | e'p 300 13,19 | [12]
ZEUS SVX 95 | 0000012  0.0019 0.6 17| 02 | &p 300 13 [13] .
ZEUS NC[2]high/low 0> 96-97 | 0.00006  0.65 2730000 | 300 | e'p 300 21 [14] -
ZEUS CC 94-97 | 0.015 0.42 280 17000 | 477 | e*p 300 14 [15] 41 data sets are combined:
ZEUS NC 98-99 | 0.005 0.65 200 30000 | 159 | ep 318 20 [16] :
ZEUS CC 98-99 | 0.015 0.42 280 30000 | 164 | ep 318 14 [17] - NC & CC cross sections
ZEUS NC 99-00 | 0.005 0.65 200 30000 | 632 | e*p 318 20 [18] ) -
ZEUS CC 9900 | 0.008 0.42 280 17000 | 609 | e*p 318 14 [19] - et P an de P SC atterin g
HERA 11 E, = 920 GeV data sefs .
HINC 17 0307 | 0.0008 0.65 60 30000 | 182 | e'p 319 13,19 8! - 4 different \/S (31 8, 301 : 252 and 225 GeV)
H1 CC 15° 03-07 | 0.008 0.40 300 15000 | 182 | e*p 319 14 [8]!
HINC 157 03-07 | 0.0008 0.65 60 50000 | 151.7 | e p 319 13,19 | [8]"
H1CC 15 03-07 | 0.008 0.40 300 30000 | 1517 | ep 319 14 [8]! 2007 g .
H1 NC med Q? *¥3 03-07 | 0.0000986  0.005 8.5 9 | 976 | e'p 319 13 [10]
HI1 NC low Q2 "5 03-07 | 0.000029  0.00032 25 2] 59 | ep 319 13 [10] 9 ata POl nts
ZEUS NC 0607 | 0.005 0.65 200 30000 | 1355 | ¢'p 318 13,1420 | [22)
ZEUS CC 157 06-07 | 0.0078 0.42 280 30000 | 132 | e*p 318 14 [23]
ZEUSNC !5 05-06 | 0.005 0.65 200 30000 | 169.9 | e p 318 20 [20]
ZEUS CC 13 04-06 | 0.015 0.65 280 30000 | 175 | ep 318 14 21]
ZEUS NC nominal * 06-07 | 0.000092  0.008343 7 110 | 445 | ep 318 13 [24] : :
ZEUS NC satellite *¥ 06-07 | 0.000071  0.008343 5 110 | 445 | e'p 318 13 [24] 1307 combined POl nts
HERA 11 E,, = 575 GeV data sefs
HI NC high 02 07 | 0.00065  0.65 35 800 | 54 | ep 252 13,19 ]
H1 NC low 02 07 | 00000279 0.0148 1.5 90 | 59 | ep 252 13 [10] .
ZEUS NC nominal 07 | 0000147  0.013349 7 10 | 71 | ep | 251 3 24] In typi cal cases 3 to 6 measurements
ZEUS NC satellite 07 | 0000125  0.013349 5 110 | 71 | ep 251 13 [24] : _ |
HERA 11 E, = 460 GeV data sets
HI NC high 07 07 [ 000081 0.65 35 800 | 118 | ep 225 13,19 ] contribute to a combined result
H1 NC low 02 07 | 00000348 0.0148 15 00 | 122 | ep 25 13 [10]
ZEUS NC nominal 07 [ 0.000184  0.016686 710 | 139 | ep 25 3 [24] a
ZEUS NC satellite 07 | 0.000143  0.016686 5 110 | 139 | €'p 225 13 [24] N C e+p acCcu racy reacC h es ~1 /0

The usage of different reconstruction techniques and the differences in the strengths
of the detector components of the two experiments lead to a substantial reduction of
the systematic uncertainties of the combined cross sections.
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Combination: Grids

H1 and ZEUS
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XBj

Data are combined onto a common x,Q2 grid
Two grids are used:

©
o

Inclusive grid for cross sections at v/s = 301, 318 GeV
Fine-xgy grid for lower /s measurements

Original measurements swum to the nearest grid
point, via linear interpolation:

9 (xgm'da Qgrid) —

21

Omodel (mgm'd ) Q_grid)

O model (CUmea37 aneas

) . O'meas(xmea& Q%’LCGS)

20

19

18

17

NC ep

¥ Averaged mesurements

Original measurements

1.013
1.003

A

0.972
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H1 and ZEUS

Combination: Pulls

0
70
60
50
40

30

NC e'p

3.5 < Q%< 100 GeV?
RMS =1.07

0
4 3 2 1.0 1 2 3 4

pull

4 3 -2 10 1 2 3 4

CCe'p
RMS =1.04

pull

Entries

90F NC e'p
gob  100<Q?= 50000 GeV>
F RMS =097
70
60F
50F
aof
30k
20F
10f
0:
4 -3 2 -1 0 1 2 3 4
pull
16
1 CCep
RMS =0.97
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4
2
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pull

x? of the combination:

Y 1687
do.f 1620

Pull definition:

pP

i k__

J J,ave

Mi,k_Mi,ave(l —§Ylkb .

)

2 2
\/Ai,k_ Ai,ave

For each process pulls centred at zero with ~ unit width
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Combination: Results
NC exp , /s =318 GeV

. H1 and ZEUS H1 and ZEUS
fé N ® HERANC e'p 0.5 b | % » :/ HERANC ¢p 04 b
O 16} Vs = 318 GeV 12 L s =318 GeV
%;=0002 0 ZEUS HERA II | 2 ;EE: Eiﬁi ;I
14 Xg; = 0.0002 4} % ﬁ 2 f]?i]SE I;ilif I . % %g % xg; = 0.008 o H1 HERA II
12 % %ﬁ? A H1HERA I | % A H1HERA I
1 # ﬁi j% #% %i Xy = 0.008 05 k % f’i ﬂ Xy; = 0032
SR R | WISILe
081 & s » 0.6 | %ﬂ{; % ¢ % | _
4 , % X, = 0.08
I ? . %%gk i&%% | % % % % Bj
R ey BRI ¢ o wal [T M’*’MW # ;
04 L &?{0.008 xnjg(].()s » ?? ?% %“’M%g # h Xp; = 0.08 4& % % + % F ) Xp; = 0.25
i , %
a AP AR & H S s o %‘;it% ) £y f
: } § Xy = 025
01 10 ““102 ““103 ““104 B 1;) 0 ‘103 “104
Q/GeV” Q*GeV?

The precision of the data allows the detailed study of the scaling violations

N.B. only a few representative xg;bins are shown
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Combination: Results
NC ep , /s =318 GeV

. H1 and ZEUS H1 and ZEUS

Tt . o > | e HERA NC €p 0.4 b
, ¢ HERANCep0S5Sfth |t » Vs = 318 GeV

16 Vs = 318 GeV © 12t s = e

0O ZEUS HERA 11
O ZEUS HERA 1

; 5 = 0.002 O ZEUS HERA II ,
L X, =0.0002 ,
“t ﬁ% LIty gty

A H1 HERA1 A H1 HERA1

&
A= |

& J i’% A ﬂ i X = 0.032
0.8 5# bﬁ? k 3'g. 06 %?ﬁ; b% % % ﬁ ;+ , N
06 | E? 5 b *ﬁ@%ﬁ%% B xy=0032 % %ﬂ% % &
e gugo PR ! ol #@mﬁ M % ‘$
L T | ik g S
| gi‘“’i"%&#f% i‘§§ M} M”i‘g %tﬁ y |

N.B. only a few representative xg;bins are shown

12



Combination: Results
Very low Q2 and low xg; data /s =300, 318 GeV

H1 and ZEUS H1 and ZEUS
&) = = = = &) [
Z 02 |- Q=0045GeV’ [ Q*=0.065GeV’ | Q*=0.085GeV’ [ Q’=0.11GeV’ LS , b , b , -
-lb o 02 i i B N L QP=015GeV? | QP=02GeV' | QP=025GeV’ |
C r - - 04 - -
ol I ) r % ; I %
¢ B B [ L L L \! L !!
r B B s { B !!E ;oL {1 ] ;
0 7\\\\\‘ L \HHH‘ L \\7\\\\\‘ L \HHH‘ L \\7\\\\\‘ L \HHH‘ L \\7\\\\\‘ L \HHH‘ L 11 0'2 [ y [ { [ [ 2 5
- - - - - =035 GeV
- Q*=0.15GeV: I Q*=02GeV: [ Q*=025GeV: I Q*=0.35GeV’ L Q €
04 — - - - 0 ol |l ool o ol o [l ol
[ ] L
02 | e i oo i e r Q’ =04 GeV’ Q=05 GeV’ Q’=0.65 GeV’ Q*=0.85GeV’
0.5 - — — gsi
0 \ \ \ \ \ \ \ bl - E Eiﬁ
- 2 2 F 2 2 F 2 2 b 2 2 R L i\o i ° i : [}
075  Q’=04GeV? [ Q*=05GeV? | Q*=0.65GeV’ |~ Q*=0.85GeV L ey || ~e o | s
C C C C s - - i - '
05 — - XIS -
° I 0 MMMMMLMMLM HHHH‘ LLLJ ‘ ‘ M HHHH‘ M ‘ MLHMM_MML
ozs [ ' = = 5 - - 10°  10° 10°  10°
- - - - VD @P=126ev | QP=15GeV? Xgi
| | | | | | i | L
(1) o, , = 5 10° 107 10 107 - a, - f'! +
- Q =1.2GeV} _ Q' =15GeV ; Xp; os | R : !i'i‘ e HERANCe'p
[ [ o — [ ] —
+ B n d =
0 - ‘; °® HERANCE p i :. s \/S 318 GeV
i i Vs =300 GeV i i
- - MMMMMMLMLML
0
0 7\\\\\‘ L1 HHH‘ L1 \7\\\\\‘ [ HHH‘ L 11 10-5 10-3 10-5 10-3
10° 107 10° 107 Xg;
Xp; j

- A very important data sample for QCD studies at low-Q2 and low-Xg;
- Interesting also for dipole/saturation models and higher-twist studies
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QCD Analysis and HERAPDF2.0 PDFs

for additional details see arXiv:1506.06042

14


http://arxiv.org/pdf/1506.06042.pdf

HERAPDF2.0: Settings DGLAP Analysis

+ QCD fits performed within the HERAFitter framework HERAFIt er
+ DGLAP Analysis based only on HERA data
+ PDFs parameterised at the starting scale uq =1.9 GeVz:

xf(x) = Ax®(1 = x)°(1 + Dx + Ex*)

+ Final analytical form (14 params) obtained via parameter scan:

xg(x) = Angg(l — x)% — Afng’g(l _ x)c_;,
xuy(x) = AyxPe(l —x) (1 + Euvxz), \

xdy(x) = Ay xPa(1 = x)Cir, This ad.diTi.onaI term was added to increase
_ - c. the flexibility of xg(x) as x approaches zero.
xU(x) = Agx"(1 =00 (1+ Dgx), Used in the variant fit HERAPDF2.0AG

xD(x) = ApxPp(1 — x)°>.

+ Heavy Flavours: Roberts-Thorne VENS (RTOPT) and two FF Schemes
(other VENS also studied: ACOT and FONNL)

+ Fits performed at LO, NLO and NNLO and for Q2min=3.5 and 10 GeV?2

+ Detailed study of PDFs uncertainties: experimental, and parameterisation

15


https://wiki-zeuthen.desy.de/HERAFitter

H1 and ZEUS

xf

T
u2=10 GeV?

HERAPDF2.0: Uncertainties

Three different uncertainty components are considered

Experimental uncertainties

Consistent data sets = use Hessian Method with 4x2=1
( Cross checked with a MC method based on pseudo data sets (replicas) )

w

o Variation Standard Value | Lower Limit | Upper Limit
Model Uncertainties | 02, [GeV] 3.5 2.5 5.0
. . Q2. [GeV?] HiQ2 10.0 7.5 12.5
The folloyvmg vgnahons 2. (NLO) [GaV] 47 4 53
are considered: M, (NNLO) [GeV] 143 137 1.49
M, [GeV] 4.5 4.25 4.75

£, 0.4 0.3 0.5
Parameterisation uncertainties:

1. Addition of the parameters D and E in the parameterisation formula:
rf(x) = AzP (1 — 2)“(1 + Dz + Bx?)

2. Variation of the starting scale pso:

uy, [GeV] 1.9 1.6 2.2
16




Variants of the HERAPDF2.0 PDFs

The following variants of the HERAPDF2.0 PDFs have been released and will
soon be available on LHAPDF ( https://Ihapdf.hepforge.org )

HERAPDF2.0 (NLO,NNLO, Q2yin=3.5 GeV?2) “Default PDF set”
- Data: combined HERA NC and CC inclusive cross sections

- HF Scheme: ROPT

- as(Mz2)=0.118

- Grid with different as(Mz2) values (in the range [0.110-0.130] in steps of 0.01) are also released

HERAPDF2.0HiQ2 (NLO,NNLO) “High-Q2 version”
- as HERAPDF2.0 but with Q2min= 10 GeV?2

HERAPDF2.0AG (LO,NLO,NNLO, Q2min=3.5 GeV?) “Alternative Gluon”

- Data: combined HERA NC and CC inclusive cross sections
- Use an alternative gluon parameterisation

- HF Scheme: ROPT

- as(Mz2)=0.130 (LO) and as(Mz2)=0.118 (NLO,NNLO)

HERAPDF2.0FF (NLO, Q2min=3.5 GeV?) ‘FF Schemes”

- Data: combined HERA NC and CC inclusive cross sections
- HF Schemes: Use two alternative (FF3A and FFE3B) Fixed-Flavour schemes
- as(Mz2)Nt=3=0.106573 equivalent to as(Mz2)N=6=0.118(FF3A) and as(Mz2)=0.118 (FF3B)

HERAPDF2.0Jets (NLO, Q2min=3.5 GeV?2) “Charm and Jets”

- Data: combined HERA NC and CC inclusive cross sections and
selected HERA charm and jet production measurements

- HF Schemes: ROPT

- free as(Mz2) or as(Mz2)=0.118

17


https://lhapdf.hepforge.org

HERAPDF2.0: X and Q2min Study

H1 and ZEUS
HERAPDF Q. [GeV?] | x* | dof. |x*/dof ‘;I m o o B ;
2.0NLO 35 | 1357 | 1131 | 1.200 Ng’ 13 | o RTORT LG 7
2.0HiQ2 NLO 100 | 1156 | 1002 | 1.154 X = RTOPT NNLO
2.0 NNLO 35 | 1363 | 1131 | 1.205
2.0HiQ2 NNLO 100 | 1146 | 1002 | 1.144
2.0 AG NLO 35 [ 1359 | 1132 | 1.201
2.0HiQ2 AG NLO 100 | 1161 | 1003 | 1.158
2.0 AG NNLO 35 | 1385 | 1132 | 1.223 [ _
2.0HiQ2 AG NNLO 100 | 1175 | 1003 | 1.171 1 L i
2.0 NLO FF3A 35 | 1351 | 1131 | 1.195 [ A RTOPTNLO HERAT |
2.0 NLO FF3B 35 [ 1315 1131 | 1.163 [ _
2.0Jets ay(M2) fixed 35 | 1568 | 1340 | 1.170 091 )
2.0Jets a(M2) free 35 [1568 | 1339 | 1.171 L o o o »
5 10 15 20 25
Q2,./GeV?

* The y?/d.o.f for the HERAPDF2.0 fits are typically ~ 1.2
- somewhat larger w.r.t. to HERA-I fits (for which we had values ~1)
- the increase is due to low-Q2 (Q2<15 GeV2) and high-Q2 (Q2> 150 GeV?2) data

* The dependence of x?/d.o.f was investigated
- the y?/d.o.f decreases until Q2 ~10-15 GeV2 both at NLO and NNLO;
a trend also observed in HERA-I fits.

- a Q2min cut at 10 GeV2 improves marginally the quality of the fit
18



HERAPDF2.0: NLO and NNLO PDFs

xf

NLO

[ parameterisation

HERAPDF2.0AG NLO

103 102 10!

NNLO vs NLO:

H1 and ZEUS
1 T T T T T \‘ T T T T TTT ‘
I u2=10 GeV?
08 —— HERAPDF2.0 NLO |
: uncertainties:
. I experimental
[ ] model

1
X

xf
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NNLO

H1 and ZEUS
1 T \\\\\H‘ T \\\\\H‘
I u2=10 GeV?
08 —— HERAPDF2.0 NNLO
: uncertainties:
B experimental
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.......... HERAPDF2.0AG NNLO

Xu,

103 102

gluon ceases to rise at low-x
sea at low-x somewhat steeper w.r.t. NLO




xf

HERAPDF2.0:
Comparison to HERAPDF1.0 and 1.5

H1 and ZEUS N I—O H1 and ZEUS
B e 1 B

HERAPDFLO oo | * | HERAPDF1S v

0.8 -

= HERAPDF2.0 NLO = HERAPDF2.0 NLO

~~ HERAPDF1.0 NLO | ~~| HERAPDF1.5 NLO

- Large reduction of the uncertainties w.r.t. to previous releases

- A little harder shape for the valence distributions
(see backup slides for a close comparison in the high-x region)

20



Comparison to inclusive HERA data

21 for additional details see arXiv:1506.06042



http://arxiv.org/pdf/1506.06042.pdf

Comparison to inclusive HERA data
NC e+p /s =318 GeV

H1 and ZEUS H1 and ZEUS
S Q?=2GeV? Q’=27GeV? |  Q*=35GeV: |  Q'=45GeV’ > T QP=150GeV: | Q*=200GeV’ | Q*=250GeV: | Q*=300GeV’
+ 0 e i
v 1 . © ;L L L L
0 0 : L \HHH‘ L \HHH‘ L1l : L \HHH‘ L \HHH‘ L : L \HHH‘ L \HHH‘ L1 : L \HHH‘ L \HHH‘ L1l
Q*=12 GeV? - Q=400 GeV* - Q> =500 GeV* - Q> =650 GeV* - Q> =800 GeV*
1 1= B B B
0 7””””‘ L 0 : L \HHH‘ L \HHH‘ L1l : L \HHH‘ L \HHH‘ L1 : L \HHH‘ L \HHH‘ L1l : L \HHH‘ L \HHH‘ L1
- Q=27GeV? L Q*=1000GeV: | Q*=1200GeV: | Q*=1500GeV: |  Q?=2000 GeV>
i L L B B B
1 N I I I I
: 0 I | \HHH‘ | \HHH‘ L1l I | \HHH‘ | \HHH‘ L1l I | \HHH‘ | \HHH‘ [ I | \HHH‘ | \HHH‘ [
0 C Q=70 GeV? © Q’=3000Gev: [ Q*=5000GeV’ [ Q*=8000GeV’ [  Q%=12000GeV’
i 05 L L L
1 — i i i i
: 0 B | \HHH‘ | \HHH‘ L L1l B | \HHH‘ | \HHH‘ L1l B | \HHH‘ 2\ \HHH‘ 1\ L1l B | \HHH‘ 2\ \HHH‘ 1\ L1
0 - _ - _ 107 10 10710
QP=90GeV - Q=120 GeV? 10° 107 10° 107 ] Q% =20000 GeV* ] Q* = 30000 GeV” Xp;
I i . L XBj 02 | N ® HERA NC e'p 0.5 fb™
1 - - ® HERA NCe P 0.5 fb r i Vs =318 GeV
\/S=318 GeV i | \HHH‘ | \HHH‘ L L1l i | \HHH‘ | \HHH‘ (N _HERAPDFZ.O NNLO
) == HERAPDF2.0 NNLO 0 0 107 0 107
10° 10" 10° 10" XBj

Xp:

- Very good description for Q2>10 GeV?
- At low x,Q2 the turnover of o (due to FL) is not well described
(see backup slides for additional studies)
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Comparison to inclusive HERA data
NC e+p /s =318 GeV

H1 and ZEUS H1 and ZEUS

© o QP=150GeV: | QP=200GeV’ | Q*=250GeV: | Q*=300GeV’

T Q*=2GeV? Q*=27G¥ | Q°=35GeV’ |  Q’'=45GeV’

| \HHH‘ | \HHH‘ [
Q> =800 GeV>

Q% =2000 GeV*

Q” = 12000 GeV>

10> 10

X,.
_ B
e'p05SH

IIIIIIII’ IIIIIIII‘ IIIIIIII| IIIIIIII| | 1]

2.0NNLO

Bi
X5 )

Very good description for Q2>10 GeV-?
At low x,Q2 the turnover of ar (due to FL) is not well described
(see backup slides for additional studies)
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r,NC

Comparison to inclusive HERA data
NC e+p /s =318 GeV

H1 and ZEUS

Q*=2GeV? | Q*=27GeV’ |  Q’'=35GeV’ |

Q*=4.5GeV?

Q*=12 GeV?

Vs =318 GeV

® HERA NCe*p 0.5 fb™

== HERAPDF2.0 NNLO

r, NC

05 |-

0.2

H1 and ZEUS
T QP=150GeV: | Q*=200GeV’ | Q*=250GeV: | Q*=300GeV’
- \HHH‘ | \HHH‘ L1l - \HHH‘ | \HHH‘ ] - \HHH‘ | \HHH‘ L | : | \HHH‘ | \HHH‘ [
- Q*=400GeV: - Q*=500GeV: - Q*=650GeV: - Q?=800GeV’
\HHH‘ | \HHH‘ L1l \HHH‘ | \HHH‘ [ \HHH‘ | \HHH‘ [ i | \HHH‘ | \HHH‘ LI
L Q*=1000GeV: -  Q*=1200GeV>: | Q*=1500GeV: | Q*=2000 GeV>
\HHH‘ | \HHH‘ L 11 \HHH‘ | \HHH‘ L1l \HHH‘ | \HHH‘ L1 i | \HHH‘ | \HHH‘ L1
© Q*=3000GeV: | Q*=5000GeV: [ Q*=8000GeV’ | QF=12000 GeV*
\HHH‘ | \HHH‘ L 11l \HHH‘ | \HHH‘ L1 \HHH‘ 2\ \HHH‘ 1\ LT B | \HHH‘ 2\ \HHH‘ 1\ L1
L Q*=20000GeV> |  Q%=30000 GeV> 10 10 10 10 X
i Bi
® HERANCe'p05fh"
Vs =318 GeV
HH\‘ | H\H‘ | ‘ L 11 ‘ L1 - HERAPDFZ.O NNLO
107 10" 10 10
Xp;

- The high Q2 cross sections allow to test compositeness and set an
upper limit on quark radius Rq < 0.43 x 10-18 (95%CL)

ZEUS: Phys. Lett. B 757 (2016) 468 [arXiv:1604.01280]
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Scaling violations

H1 and ZEUS

7

10 B HERA NCe'p 0.5 fb™!
] . x5 = 0.00005, i=21 Vs =318 GeV

10 ==t e (1?)03331;_?919 7 Fixed Target

T

" Xy = 0.00020, i=18

- Xg. = 0.00032, i=17
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--I’.’./.‘..‘_'.-.-I’-‘_‘ Xpi = 0.0008,i=15
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X = 0.0032, i=12

Xp; = 0.005, i=11

Xp; = 0.008, i=10

eea- Xy =0.013,i=9

seeegs X5 =0.02,i=8

=2 x;=0.032,i=7

Xp; = 0.05,i=6

Xp; = 0.08, i=5

10°

10
Xpj = 0.13,i=4
T - Xg; =0.18,i=3
1 ¥ anfls Xp; = 0.25,i=2

e HERANC ep 0.4 fb™

memm HERAPDF2.0 ¢ p NNLO
s HERAPDF2.0 ¢'p NNLO

M - }
] e X = 040, i=1
10 1 -—h\i\{\ 1 Bj
§
2 T .
10 = i l Xp; = 0.65,i=0
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Q7/ GeV

Textbook plots showing with great

, NC
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J—
=
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08
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04

0.2

HERAPDF2.0 NLO (VFNS) vs HERAPDF2.0FF3B (FFNS)
H1 and ZEUS

e HERANC e'p 05!

Vs =318 GeV
HERAPDF2.0 FF3B

= HERAPDF2.0 NLO

Xg; = 0.002

Xp; = 0. 0007 )
f

/ / P

X —0.25
=04
\\\\\H‘ \\\\\\\‘ \\\\\H‘ \\\\\H‘ | \\\\\H‘
1 10 102 10° 10? 10°
2 2
Q7/ GeV

precision scaling violations

patterns (and EW effects at high-Q2 and high-x)
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Rise of F»
HERA F2 (2015)

H1 and ZEUS
N L
U= i Q* = 120 GeV?
L6 - Q*=12 GeV? e HERA NCe'p 0.5fb™
i | , Vs =318 GeV
14, , ? == HERAPDF2.0 NLO
- Q*=65GeV
12 R
d d > N R 1 B
4 =3 _=2 =1 4 =3 =2 _=1 <4 =3 ,=2 =1 |
10 10 10 10 10 10 10 10 10 10 10 10 I Q2=1200G6V2
X X X |
3 3 -
P i f 08 -
25| -1 S MRS D¢ i
i 0.6
2 — MRS D’ - N
; CTEQ1MS - ,
1.5 04 —
; GRV HO - AN
1 e :
i 02
0.5 i
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16* 163 162 16" 16* 167 162 16" 107 107 10~ 10"
X X XBj
~ predicted
Fr=ot . —2 = 0%y - (1 + Cr)
2= Y rNC + predicted =~ rNC F
O-r,NC
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Comparison to inclusive HERA data
CC e=p, s =318 GeV

CC e'P {1 and ZEUS

+
Or.cc
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Improved precision due to higher statistics and combination
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QCD and Electroweak Analyses

8 for additional details see arXiv:1506.06042



http://arxiv.org/pdf/1506.06042.pdf

Electroweak Unification

H1 and ZEUS -
H1 I
6; ; ! rr b | ! ! ! rr bt | ! ! ; E‘ 1 20 I I I I I I I I I I I I |COI al ()IIQatII()Il
— il o -
<5} - -1 — B _
Q 105 O HERANC €p 04 fb 1 = §o8 R e p—vX i
S . L3
_a - ‘S\& 0 HERANCe'p05fb!' 3 100 1— o HI HERA I _
=~ = &. s HERAPDF20NC ep = - = H1 HERA II .
- ol 3 = |
& n ol mssm HERAPDF20NCe'p 1 I i
= 10-1 __ o — e'p =>vX
B = = 80 — —
"8 = - i o H1 HERA I ]
_ - - e Hl HERAII 1
- ] 60— _
107 y<09 E ] _
E \s =318 GeV E i == HI1PDF 2012 ]
_ — 40— == Linear Fit —
; " @ HERACCep04fb! . - .
10 =  m HERACCe'p0.5fb" E 0 |
C — 2 2
- s HERAPDF2.0 CC e . - Q">400 GeV .
3 . \3 i y<09 ]
= mss= HERAPDF2.0 CC e'p = B | | | _
10-7_ Lol | Lo ] —IOOI — I—SO — 0 — 50 — 10
10° 10* P, [%]

Q*/ GeV?

Beautiful textbook plots that show the unification of the NC and CC
interactions at the EW scale and chiral structure of the SM.
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Or, NC

103
102

10 -

10 -

10 -

Electroweak effects and szyZ

H1 and ZEUS
HERA HERAPDF2.0 NNLO
Vs =318 GeV Vs =318 GeV

m NCe'p05fh' === NCe'p
® NCep04fb' === NCep

_._._.—.—.—.—.-.=.= XBj =0.02 (x575)

—aa—aa—-a0at—0—4 Xp; = 0032 (x400)
—sa—anot—aaut-—0—1 Xg; = 0.05 (x270)

xp; =0.08 (x170)

—sn—uuuua-b—a—0h 3
®

-r.-rmﬁ.-.=.<:::!
-H_H_u"_._.=.:;:;::

H1 and ZEUS

z
xF"

Q% =1000 GeV?

xp; =0.13 (x80)

Xp; = 0.18 (x20)

Xp; = 0.25 (x6)

* HERA1fb"
= HERAPDF2.0 NLO

¢

Xp; = 040 (x2)

- Best determination of xF3
- Parity violation demonstrated down
to scale of 1018 m




Polarised DIS

NC & CC Cross sections

Lo (eD) _ MOy, Py, @) F V-aFs(w, @) — 4 Fy (2, Q%)

dzd()? Q4
20%C(etp) 1+PGL [ MZ |
(:zla;dgz e [MV%/ ¥ Q2] VW5 (2, Q%) F Yoo Wit (2, Q%) — y* Wi (2, Q7))

Generalised Structure Functions:

Fy, = F) 4+ kz(—ve F Peae)F;Z + K,QZ(vg + ag 1 eveae)FQZ

rFy = +kz(tae + Pove)zF]” + k% (TF20eae — Po(v? + a2))zFE

Q2 GFmQZ

Structure functions and couplings (QPM): /s;Z(QQ):QZ 12 243
+ M2 2v/2ra

Z _
[FQaF; 7F2Z] — xZ[egﬂeqvan? "I'ag]{Q"‘ C]}
vf:I?,L—Zefsin29W (f =e,u,d,...)

q
[mF:;YZaxFBZ] = 2$Z[€qaqv”qaq]{q —q} ap = Iy
q

o
VaMg, (1 - %)
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EW couplings and mixing angle

Simultaneous DGLAP and EW fit performed H1prelim-16-041
with the goal to measure PDFs and relevant Zeus: PRD93(2016)092002
EW parameters (quark couplings and mixing angle)

O.25_I [ | [ [ [ | [ [ [ | [ [ [ | [ [ [ | [ [ [ [ I_
- Y H1 (prel.) (PDF,sin’@,,) :

O I I I I I I I I I I I I I I I I I I
K 1ET | | | =
- [[¥_] H1 (prel.) (PDF + 4 couplings), 68% C.L. iy

[ H1 (prel.) (PDF + 2 couplings), 68%C.L. | - _
- [ H1 HERA-I, 68%C.L. ] 0.041 PDG 2014 E
0.5 « Standard model U-type - N )

7 i

. 2
sin @W

0.22_— I

0.21- -
1__ | | | | | | | | | | | | | | | | | | | | | | | | | |
- | _|1 | | | I_Ol 5I | | | Ol | | | IO|5I | | | ‘ll | 20 40 60 80 100 120
aq u [GeV]
aq, Vg couplings agree with world average sin2Yy determined at different scales

u-type coupling among the most accurate

Very similar results from ZEUS - resulting PDFs very similar to HERAPDF2.0 (not shown)
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Extended QCD analyses including
HERA charm and jet production data
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HERAPDF2.0Jets:
iIncluding charm and jet production data

e The Hera charm and jet production measurements bring direct sensitivity
to the gluon density xg(x) and the strong coupling as.

e [In the HERAPDF2.0Jets fit the combination of the HERA charm measurements and
a selection of H1 and ZEUS jet cross sections measurements (incl. jet, dijet, trijet)
have been added to the combined inclusive cross sections

- stringent test of QCD factorisation and competitive determination of as.

N.B. Although formally bottom production is not included in the HERAPDF2.0 fits
HERA bottom measurements (together with charm data) from H1 and ZEUS
have beam used (as described in the next slide) to determine the M¢: and Mp

mass parameters used in all the HERAPDF2.0 fits.
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Charm and bottom masses

The values of the charm (M) and bottom (Mp) masses used in the DGLAP fits were

determined after performing X2 scans of NLO and NNLO fits to the HERA combined
inclusive cross sections and the HERA combined charm and the H1 and ZEUS bottom
data

H1 and ZEUS H1 and ZEUS
-E F L e B B ‘E -E 14} ''''''''''''''''''
“wF e NLO “Fr e nNLO
~>'< ot : N>-< 10
15 Mc=1.47 GeV? i Mb=4.5 GeV?
1F .
i 4F
05 [
. 2
0F .
E‘ S S N H S B B SR 0} ]
14 142 144 146 148 15 152 I S ¥ S
.E 3;‘ T I T T T I T T T I T T T I T T T I T T T I T T T I ‘é .E 18:' """""""""""""
"< " NNLO . “<F 1 = NNLO
1 F 1 L
(g\| F E 1 E
2 Mc=1.43 GeVe~ S Mp=4.5 GeV?
N . ] 8
F 6rF
0.5 4F
0 2t
T4 142 144 146 148 15 152 0F S ]
Mc /GeV Mb IGeV

On HERA combined charm data see: EPJ C 73, 2311 (2013)
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http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-013-2311-3

HERAPDF2.0Jets and as(Mz)

H1 and ZEUS H1 and ZEUS
1 T T T T T T1TT ‘ T T T T T TTT ‘ T T T T T 10T .E ,' f f ' f ' f ' f ' T
S o E | NLO
»e [ M2 - 10 GeV2 7 = t ® inclusive + charm + jet data, szin = 3.5GeV>
L f . 40 - O inclusive + charm + jet data, Qfmn = 10 GeV> N
x L A inclusive + charm + jet data, anin = 20 GeV> ]
—— HERAPDEF2.0Jets NLO, free o. (M) r ]
08 - T 2 ¢ ]
: uncertainties: r ]
I experimental i L i
model Xu 1 0r, I . | . I . 1 . I . 1]
L. v 0.105 0.11 0.115 0.12 0.125 0.13
[ | hadronisation = , , , ‘ , , , : , : , :
0.6 [ parameterisation | o & [ NLO i i
4 = L ® inclusive data only, Q,, = 3.5 GeV <
! 40 - O inclusive data only, ani“ = 10 GeV> o
x L A inclusive data only, ani“ = 20 GeV®

04 -

) ! - = = ;" a—ha— ‘ -‘---‘ K L]
0.105 0.11 0.115 0.12 0.125 0.13

= " T " T " T " T " T " T

~ & [ NNLO
02 | x |l e inclusive data only, Qiﬁn = 3.5 GeV? ]
) a 40 B O inclusive data only, anin= 10 GeV? 7
x L 4 inclusive data only, Qiﬁn = 20 GeV’

20 - h
o080 7
10 10° 10 10" 1 = s P i e
0.105 0.11 0.115 0.12 0.125 0.13

X 2
o (M)

e |[nclusion of jet (and only partially charm) data crucial for precise determination of as
as(M32) = 0.1183 £ 0.0009(exp) % 0.0005(model /param) + 0.0012(had) ™5 5054 (scale)
e \We need NNLO predictions for jet cross sections at HERA

e This study and fit validates (a posteriori) the choice as=0.118 adopted for
the HERAPDF2.0 default fit
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HERAPDF2.0Jets:
Comparison to jet data

Dijet

Trijet

H1 and ZEUS H1 and ZEUS
— 10 ¢ 3 F Q
> F—e— F F 7. s i S ¢
-5} r ——— r Il I I = L I L |
3 i i [ ] QH 10" @ .
= ' e . . 5 e T
=Y i e i i 0
-’ L L == L
10 L 3 3 " 3 I I I I :*:
,.é 10720 i i I —* 0" == a3 3
B C 125<Q7<250GeV: | 250<Q’<500GeV:  © 500<Q*<1000GeV: | 1000 < Q” <2000 GeV> | 150<Q7<200GeV: | 200<Q7<270GeV' | 270<Q’<d00GeV’ | 400 <Q’ <700 GeV’
L ‘ A ‘ A ‘ A W ‘ A L L ‘ L L
= 50 10 50 10 10
— i <pp>,/ GeV | <pp>;/ GeV
- e ‘:’:m
10 ! E —— 2 i
g g .e 10 = - . .o
i i —— e ZEUS dijets i e HI1 normalised trijets
J 7 J
2l | -
107 — — HERAPDF2.0Jets NLO ¢ —— HERAPDF2.0Jets NLO
i i O I I
L\ 2000<QP<5000GeV: | 5000 <QF <2000 GeV 700 < Q” < 5000 GeV> 5000 < Q* < 15000 GeV>
- -3
10 L . . L L . . L 10 L |
10 50 10 50 10 10
<p;>,/ GeV <pp>;/ GeV

The description of all data on jet production by the HERAPDF2.0Jets PDFs is excellent.
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HERAPDF2.0Jets:
Comparison to charm data

H1 and ZEUS

O‘r, charm

S
=

e
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e
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02 -
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01 [1%

Q*=5GeV?

Q*=7 GeV?

.

Q* =120 GeV>

Q% =2000 GeV*

Q’=12GeV?

Q% =200 GeV*>

e HERA charm

=== HERAPDF2.0Jets NLO
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The description of charm cross sections is also very good.

Q* =18 GeV*




Inclusive dijet production @ NNLO

J. Currie, T. Gehrmann, J. Niehues , arXiv:1606.03991

1.5

1.4
1.3

0.8
0.7

do / d(pt)2 dQ? Ratioto NLO

150 GeV? < Q2 < 200 GeV?
NNPDF3.0 pf=Q2 p2=(Q%+(pt)o2)/2

NLO ——— NNLO ——— H1 data —e—
| |

11 18
(p1)2 [GeV]

do / d&, dQ? Ratio to NLO

LO —— NNLO ——
NLO —— H1 data ——e—
1.5 | | |
1.4 150 GeV? < Q2 < 200 GeVv?2 NNPDF3.0 i
1.3 uZ=(Q?+(pr)y?)/2 -
1.2 uf = Q%
1.1 i
1.0
0.9 L
0.8
0.7 F
0.6 |
0.006 0.02 0.04 0.08 0.316

&2

A very important result, will improve the determination of the strong coupling and trigger

very interesting studies with DIS jet cross sections (test of pQCD, DGLAP fits and xQ).
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Multijet production at low Q2

H1 measured multi-jet (incl, dijet, tri-jet) production H1prelim-16-061
at low Q2 using 2006-2007 data (L=184 pb-1)
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HERA is

The fina
a major
(HERAP

Summary

our main source of information on proton’s structure.

combination of the complete H1 and ZEUS inclusive measurements,
egacy of HERA, has allowed the determination of the proton’s PDFs

DF2.0) with an unprecedented precision.

Most of the improvements in the understanding of the PDFs, described here,

are very

relevant for the physics programme being pursued at the LHC.
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Combination: Averaging Method

e Combination performed using the_HERAverager package

e Averaging procedure take correlations of systematic unc. fully into account

e Multiplicative treatment of the systematic uncertainties (as a default choice)

®* Minimisation procedure based on the following X2 definition:

2 i = %V, — ]

ngp’ds (m9 b) —

e Procedural uncertainties: £
- Multiplicative vs additive nature
of the systematic error sources

- Correlations in photo-production background
and hadronic energy scale across H1 and
/ZEUS measurements

- Large pulls in correlated syst. uncert. i

o N &~ O

: 2 ] ] i ;
! 6i,stat 'uz (ml _ Z]yljmlb]) + (6i,uncor m'

3+ b
|

H1 and ZEUS

Y |

RMS =1.34

..|’_|._‘.I_I.|I._|..|I_.I
2 4 6

systematic pull



https://wiki-zeuthen.desy.de/HERAverager
https://wiki-zeuthen.desy.de/HERAverager
https://wiki-zeuthen.desy.de/HERAverager

HERAFitter -> XFItter

Jets, W, Z production: fastNLO, Applgrid

4 | experimental input )
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theoretical calculations/tools E
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for more visit https://www.herafitter.org
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HERAPDF2.0: Overview

HERAPDF approach:

DGLAP Analysis based only on HERA data. Several advantages:
- the final combined exp NC and CC measurements are very precise
so to allow the extraction of the parton densities at the starting scale

rd,(x), zuy(x), 2U(x), xD(x) and zg(x)

- the use of a single consistent data sample allows a more rigorous treatments
of the experimental uncertainties

- because we do not use fixed target data there is no need for
heavy-target/deuterium corrections or strong isospin assumptions

Previous HERAPDF Fits

Data PDF Set

H1+ZEUS NC,CC - HERA | HERAPDF1.0 (NLO)

H1+ZEUS NC,CC - HERA I +II (part)  HERAPDF1.5 (NLO,NNLO)
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HERAPDF2.0: NLO and NNLO PDFs
NLO NNLO

H1 and ZEUS H1 and ZEUS
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The flavour breakdown of the sea distribution
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XU,

HERAPDF2.0:
Comparison to other Global PDFs

1

H1 and ZEUS H1 and ZEUS
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The HERAPDF2.0 are in general compatible with the global PDFs
- largest relative discrepancy (~2.5¢0) in the shape of xuy at x~0.4
- gluon distribution at high-x softer than that of the other PDFs

47



H1 and ZEUS

HERAPDF2.0
Comparison to other Global PDFs (NNLO)
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HERAPDF2.0AG LO vs NC et*p
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Comparison to inclusive HERA data

NC ep s =318 GeV
H1 and ZEUS

LZ’ i Q*=60GeV* | Q*=90GeV* | Q*=120GeV* | Q> =150 GeV?
Lol 1 — — —
b | . - .
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Very good description over entire probed phase space
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HERAPDF2.0AG LO vs NC etp

H1 and ZEUS
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O, cc
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Helicity effects in CC interactions

H1 and ZEUS
HERA HERAPDF2.0 NLO
= Vs=318 GeV Vs =318 GeV

B CCe'p05fb" === CCe'p
® CCep04fb' === CCep

ai* xp; = 0.008 (x15000)

Reminder:

0tee ® (XU + (1 - y)*xD)

Xg; = 0013 (x3000 — ~ 2 T
='=.§‘ ( ) O_r,CC ~ (xU + (1 _ y) XD)
=l=l=|:m xp; = 0.032 (x700)
Tkl;ﬂr:'._._'ﬁﬁ\_\. Xy = 0.08 (x170) o
. e The helicity factor (1-y)? affects
‘i_'*‘—r*-\\ n differently the exp CC cross sections:
——0—0—@——9——g——— 06— XBj=0'25 x2)
*ﬁ\'\\ - The e*p cross section is suppressed
e S D B at high-y (high-Q2)
Xy =040 (x0.1) - The e-p cross section is almost
unaffected
103 | | 104 | | 105
Q% GeV’

The precision of the CC cross sections at high-Q2
allow the study of these helicity effects.
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H1 and ZEUS

HERAPDF2.0FF3A/3B e

08 h uncertainties: _

I experimental -
Xuy

xf

model

[ parameterisation
0.6

Xg(x 0.05)

04 —

Two schemes with three active flavours in the PDFs: XS(x 0.05)
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