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Deep-inelastic scattering

Kinematic variables Neutral current scattering  Charged current scattering
- virtuality of exchanged ep - e'X ep - v, X
boson ‘
Q=—q =—(k=k') e(k/ Ve
- Bjorken scaling variable e(k) e(k)
2 :
= Y/Z W
p(p) p(p) '
O==}x @—=

Factorization in ep collisions
Oep—eX — fp—Hj &) Oei—seX
Xf,-; = quark/gluon momentum density in proton:
Parton density functions (PDFs)

PDFs are not observables — only structure functions are

Measuring these cross sections allows indirect access to the universal PDFs, which
are also valid for pp collisions



Structure functions
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DIS cross sections are expressed in terms of structure functions
Dominant contribution from F, structure function

F, o< Y (xq; +X7,)
Relevant at high Q2 ~ M,2
xF, o< Y (xq; — xq,)
Sensitive at low Q2 and high y
F, <o, - xg(x,0%)

Measured cross sections are reduced cross sections
Measurement Is a direct determination of the structure functions
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HERA kinematic plane

- W HERA
. mm Fixed Target Experiments

Structure dominated by
valence quark dynamics

HERA data cover a wide kinematic
region of x,Q?2
NC measurements
e F, dominates most of Q2 reach
« XF, contributes to EW regime
e F,_ contributes only at highest y
CC measurements
« W, and xXW, contribute equally
« W,_only at highy

LHC: largest mass states at large x
For central production x,=Xx,
M = x*Vs
l.e. M > 1TeV probes x > 0.1
High-x predictions rely on
« data (DIS / fixed target)
e sum rules
* behaviour of PDFsas x -1



HERA operation

HERA-I operation 1993-2000
« E,=27.6 GeV
« E, =820/920 GeV

« Vs =301 & 318 GeV
 int. Lumi. ~ 110 pb-t per experiment

HERA-II operation 2003-2007
« E,=27.6 GeV
E, = 920 GeV

Vs = 318 GeV
Int. Lumi. ~ 330 pb-t per experiment
Longitudinally polarised leptons

Low-Energy Run 2007
« E.=27.6 GeV
« E, =575 & 460 GeV

e Vs =225 & 251 GeV
e Dedicated F, measurement
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H1l and ZEUS

Two multi-purpose collider experiments: H1 and ZEUS
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High statistics

* Luminosity: approx. 0.5 fb-1 per experiment
Excellent control over experimental uncertainties

« Overconstrained system in DIS

e Electron measurement: 0.5 — 1% scale uncertainty

« Jet energy scale: 1%

 Trigger and normalization uncertainties: 1-2 %

e Luminosity: 1.8 — 2.5%



HERA structure function data

Data Set xg;j Grid 0%[GeV?] Grid L et fe” Vs xBj,Q“’ from | Ref.
from o from to pb~! GeV eﬁualions

HERATE, =820GeV and £, = 920GeV data sets
HI svx-mb [2] 95-00 | 0.000005  0.02 0.2 12 ] 21 ¢t p | 301,319 13,17,18 [3]
H1 low Q% [2] 96-00 | 0.0002 0.1 12 150 22 etp | 301,319 13,17,18 [4]
HI NC 94-97 | 0.0032 0.65 150 30000 | 35.6 etp 301 19 (5]
HI CC 94-97 | 0.013 0.40 300 15000 | 35.6 etp 301 14 (5]
HI NC 98-99 | 0.0032 0.65 150 30000 | 16.4 ep 319 19 (6]
HI CC 98-99 | 0.013 0.40 300 15000 | 16.4 ep 319 14 (6]
HI NCHY 98-99 | 0.0013 0.01 100 800 | 16.4 ep 319 13 (7]
HI NC 99-00 | 0.0013 0.65 100 30000 | 65.2 etp 319 19 [7]
HI CC 99-00 | 0.013 0.40 300 15000 | 65.2 etp 319 14 (7]
ZEUS BPC 95 | 0.000002  0.00006 0.11 065 | 1.65 etp 300 13 [11]
ZEUS BPT 97 | 0.0000006 0.001 0.045 0.65 3.9 etp 300 13,19 [12]
ZEUS SVX 95 | 0.000012  0.0019 0.6 17 | 02 etp 300 13 [13]
ZEUS NC [2] high/low Q>  96-97 | 0.00006 0.65 2.7 30000 | 30.0 etp 300 21 [14]
ZEUS CC 94-97 | 0.015 0.42 280 17000 | 47.7 etp 300 14 [15]
ZEUS NC 98-99 | 0.005 0.65 200 30000 | 15.9 e p 318 20 [16]
ZEUS CC 98-99 | 0.015 0.42 280 30000 | 16.4 ep 318 14 [17)]
ZEUS NC 99-00 | 0.005 0.65 200 30000 | 63.2 etp 318 20 (18]
ZEUS CC 99-00 | 0.008 0.42 280 17000 | 60.9 etp 318 14 [19]
HERA IT E, = 920 GeV data sets
HI NC 57 03-07 | 0.0008 0.65 60 30000 | 182 e p 319 13,19 81"
H1 CC ¢ 03-07 | 0.008 0.40 300 15000 182 etp 319 14 81
H1 NC 157 03-07 | 0.0008 0.65 60 50000 | 151.7 | e p 319 13,19 8]
H1 CC L5 03-07 | 0.008 0.40 300 30000 | 151.7 | e p 319 14 81!
H1 NC med Q2 3 03-07 | 0.0000986  0.005 8.5 9 | 97.6 etp 319 13 [10]
H1 NC low Q? *#3 03-07 | 0.000029  0.00032 2.5 12| 59 etp 319 13 [10]
ZEUS NC 06-07 | 0.005 0.65 200 30000 | 1355 | ¢*p 318 13,14,20 22
ZEUS CC '3p 06-07 | 0.0078 042 280 30000 | 132 etp 318 14 [23]
ZEUS NC 13 05-06 | 0.005 0.65 200 30000 | 169.9 | e p 318 20 [20]
ZEUS CC !5 04-06 | 0.015 0.65 280 30000 | 175 ep 318 14 [21]
ZEUS NC nominal *¥ 06-07 | 0.000092  0.008343 7 110 | 44.5 etp 318 13 [24]
ZEUS NC satellite *¥ 06-07 | 0.000071 0.008343 5 110 | 44.5 etp 318 13 [24]
HERAII E, = 575 GeV data sets
HI NC high 0? 07 | 0.00065 0.65 35 800 | 5.4 etp 252 13, 19 [9]
H1 NC low 0? 07 | 0.0000279  0.0148 1.5 90 | 59 etp 252 13 [10]
ZEUS NC nominal 07 | 0.000147  0.013349 7 110 | 7.1 e p 251 13 [24]
ZEUS NC satellite 07 | 0.000125  0.013349 5 110 | 7.1 etp 251 13 [24]
HERA IT £, = 460 GeV data sets
HI NC high 07 07 [ 0.00081 0.65 35 800 | 11.8 etp 225 13,19 [9]
H1 NC low 0? 07 | 0.0000348  0.0148 1.5 90 | 122 etp 225 13 [10]
ZEUS NC nominal 07 | 0.000184  0.016686 7 110 | 13.9 e p 225 13 [24]
ZEUS NC satellite 07 | 0.000143  0.016686 5 110 | 13.9 etp 225 13 [24]

H1 & ZEUS have published

all datasets

« HERA-I

« HERA-II at high Q2

« HERA-II at reduced centre-of-
mass energies

Data combination

» 41 datasets are combined
« NC & CC cross sections
* e+p & e-p scattering
4 values of Vs

« 2927 input data points

« 1307 combined points

« data points are swum to

common (x,Qz2)-grid points:

O model (-T;gr'id ) Qgrid)

Omodel (mmeas 3 Qr?neas)

G(mgTidJ Qg‘?"’bd) — meas(xmeam Q?neas)

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.




Combination of all H1 and ZEUS datasets

e 2927 data points — 1307 combined points
« HERAAverager package used

« Correlations of systematic uncertainties fully considered

e Minimisation procedure based on %2 definition

[mi - X;7m'b; - #i]z
” L) = b>
XeXp’ds (m ) Z 623ta1 /'l (m Z 7 m b ) ( i,uncor mi)z ' Z !

Combination results

« X2 of combination: 1687 for 1620 degrees of freedom
 Pull values well distributed around zero with RMS ~ 1
» Great confirmation of consistency of datasets !

£ 2
o Z 18
Procedural uncertainties Iy
 Multiplicative vs. additive nature 12
« Correlation in photoproduction background "

8
« Large pulls in corr. syst. uncert.
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H1l & ZEUS data combmatlon
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Combined NC DIS cross sections

Combined HERA data based on approx. 1fb-1
« Only 6 and 4 selected x-bins shown here for Vs = 318 GeV

« High precision reached over large kinematic range:
Better than 1.3% for Q2 < 400 GeV?2
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CC DIS and low-Q? cross sections

Combined charged current DIS cross sections for Vs = 318 GeV
« Large improvement in statistical limitations of individual datasets

H1 and ZEUS H1 and ZEUS
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Further kinematic regions
« Great improvements also for Vs = 225, 251 and 301 GeV

 Very low-Q2 and low-x data for Vs = 301 and 318 GeV
« Q2> 0.045 GeVz and Xg > 6x10-
* Interesting for dipole and saturation models 10



PDF extraction from data: HERAPDF2.0

HERAPDF approach

* Final combined e:p NC and CC data are very precise, so to allow the extraction
of the parton densities

 DGLAP Analysis based only on HERA data

 PDFs parameterised at arbitrary starting scale Qz, = 1.9 GeV>

xg xg xg(x) = AgxB(1 - x)% — AlxBo(1 - x)%,
xXu, xU = xu + xc xu(x) = A, xBu (1 — x)Cw (1 + Euuxz) s
xdv xD =xd + xs —p xd(x) = Ay JCB"“(I _ x)C.crU . .

— - : r ! fixed or constrained by sum-rules
xU XU = xu + xc xU(x) = AgxF(1 -0 (1 +Dyx), parameters set equal but free
xD xD = xd + x5 xD(x) = Apx®(1 - x)>.

Minimise x2 function with respect to PDF parameters

» Perturbative QCD evolution allows PDFs to be determined at any other scale Q2
« Calculate theory cross section at given x,Q2 of measurement

« Usage of momentum/counting sumrules help to constrain parameter space

The use of a single consistent data sample allows a more rigorous

treatment of the experimental uncertainties
* No fixed target data, therefore no need for heavy-target/deuterium corrections

11
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HERAPDF2.0 NLO and NNLO

Fits performed in LO, NLO and NNLO
« NLO: x2/ndf=1357 /1131
 NNLO: x2/ndf = 1363 /1131

H1 and ZEUS H1 and ZEUS
G 1 T T T T T T R R gg 1 iRl | T T T oo
* [NLO NNLO
—— HERAPDF2.0 NLO —— HERAPDF2.0 NNLO
0.8 - uncertainties: | 0.8 - uncertainties: ]
r I experimental 1 r I cxperimental
[ ] model . xu | | ] model o Xu
[ parameterisation v [ parameterisation b
0.6 HERAPDF2.0AG NLO i 6 [ HERAPDF2.0AG NNLO
0.4
0.2
10

Differences between NLO and NNLO fit

» gluon ceases to raise at low-x

» sea at low-x somewhat steeper w.r.t. NLO .



HERAPDF2.0 uncertainties

Model Assumptions

Variation of charm and bottom quark masses Mc , My
Variation of Q2 minimum cut used on input data Q%min

Variation of strange quark fraction fs

a (M,) fixed but series of PDFs provided for large range: 0.110 to 0.130

uz =10 GeV?

Lol Lol ol
10* 10° 102 10! 1
X

u2 =10 GeV?

—— HERAPDF2.0 NLO
uncertainties:

I experimental

[ model

[ parameterisation

Variation Standard Value | Lower Limit | Upper Limit

Q> [GeV?] 3.5 2.5 5.0
Q2. [GeV?] HiQ2 10.0 7.5 12.5
M.(NLO) [GeV] 1.47 1.41 1.53
M. (NNLO) [GeV] 1.43 1.37 1.49
M, [GeV] 4.5 4.25 4.75
15 0.4 0.3 0.5
a(M3) 0.118 = =
U [GeV] 1.9 1.6 2.2

=] 27 2 _ 2 17} 2 2 _ 2

= I =10 GeV N 1 =10 GeV
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- s)

ol TR | L
107 10°

Flavor breakdown of sea distribution
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NC cross sections & HERAPDF2.0

Neutral Current e*p

gluon splitting —

Precision 1.3% for Q2 < 400 GeV/?
= factor 2 reduction in error wrt HERA-I

Statistics limited at higher Q? and high x

Extended reach at high x compared to H1
preliminary data

This x region is the ‘sweet spot’
High precision with long Q? lever arm
x-range relevant for Higgs production

™~

Combination of high Q2 data
HERA-1 and HERA-II

Larger HERA-II luminosity
— improved precision at high x / Q2

HERAPDF2.0 provides good description

, m:m< positive scaling violations ® HERANCep04 bt
10 at low x m HERANCe'p 05 b~
] L o Xg; = 0.00005, i=21 \s =318 GeV
= 0.00008, i=20 .
10 e o ::"' XBJXBJ- - 0.0001;, =19 O Fixed Target
E xg; = 0.00020, i=18 _
S :_::—-‘:""' gy = 0.00032, i=17 m== HERAPDF2.0 ¢p NLO
105 " e xy; = 0.0005,i=16 mmm HERAPDF2.0e'p NLO
e X, = 0.0008, i=15
C _ ,.-r..’.'."'.-.-H xBj = 0.0013., i=14
10 4 = - l_._.__.-l".-‘rr.-.._- Xp; = 0.0020,i=13
E "_...-c"'"""'"ﬁ Xy, = 0.0032,i=12
= -m ']
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ol W i
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10 e S T xy; = 0.13,i=4
E ')
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High Q? NC & CC Cross Sections

High Qz, high-x cross sections
« Difference in NC at high-x for e+ and e- due to xF; and Z-boson exchange
e CC e*p suppressed at high-x due to (1-y)2 helicity suppression of quarks
« CC ep unaffected as helicity suppression applies to anti-quarks

Neutral Current e*p Charged Current e*p
U F
zZ - \}*ERA HERAPDF2.0 NLO 3 [ HERA HERAPDF2.0 NLO
b T .s':}és (:""‘; Sl e 325"’}] o VF Vs=318Gev  Vs=318GeV
L e E -
e NCep0dm' == NCep f W CCepOSM,  mm CCep
107 p o p wsL e CCepo04fh m= CCep
F . = = o Xy = 0.02 (x575) §
i —eaesetet gl %7000 [x:ru:; x270) il Ei#‘ Xy = 0008 (x15000)
mm an e —§ Xy =005 x E
10 . = e = Xy =008 (xI70) F ———y Xy, =0.013 (x3000)
F 3 W 3

10" &
—--—-—-—-—-—n—n—-=t:.‘< Xy =013 (x80) E #:Qrﬂ.: X = 0032 (x700)
_ : 102: - ey
10 ? N — é_ _._.‘H‘H\. Xy = 0.08 (x170)

. w L . r—r———n—= X =013 (x20)
L ‘t‘+‘—h—.---—.=< Xy =025 (x6) §
E 1 *—8 bd L2 -
g ] : M Xy =025 (x2)
N e e e e v Xy =040 (x2) af
1 10 |
10 c
£ F 2 ™ & a

E aF -
[ f 10
L —t g - E
2 b4 L = xp; = 0.65 E Xy =040 (x0.1)
L -3 Bj
10 : $ § ; ? 0 £
L L L 1 1 111 | L 1 1 1111 L 1 L I I | -4 :

1 s 1“ 1 L \I\\I\l 1 L ||\|||| L L \I\\\\l
10 10 10 107 10 2 10 3 10 4 10 §

Q% GeV’ QY GeV?

HERAPDF2.0 describes high-x data well for both NC and CC channels
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x> and Q%

Minimum value of Q2 for data to ensure that
pQCD is applicable
« HERAPDF2.0: Q2. = 3.5 GeV?

« Consider variation of this cut:
X2 decreases with increase of Q2

« NLO and NNLO behave similarly

e Low-Q2 cuts also removes low-x region:
Region where non-pert. effects, In(1/x)-
resummation, saturation become important

e Fits for Q2.,, = 10 GeV2 also released as PDF
tables

Heavy flavor scheme

e Treating F, to O(a,) (the same order as F,) yields
better x2 than treating F, to O(042)

 RT-Opt NNLO is marginally worse than NLO

« FONLL NNLO is worse than NLO

S

z

115 |

1.1

1.05

115 [ °

1.05 [

ST B
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_study and heavy flavors

H1 and ZEUS

= 1.25

e 12 ¢

ACOT NLO, F, O(c)
L A FONLL-BNLO,F, O(¢) A RTOPTNLO,F, O(c?)

[ @ FF3BNLO,F, O(c) © FF3ANLO,F, O(c) ]

5 10 15 20 25
Q2i/GeV?
Hl and ZEUS

NLO VS. NNLO

[ A FONLL-BNLO, F, O(¢) A RTOPTNLO,F, O(cd) ]
O FONLL-C NNLO, F, O(c2) @ RTOPT NNLO, F, 0(c)_]

| 11 1 1 1 1 1 11 | ) N T T I | | 1 1 1 1 1 1 8 11 ‘ I I N T N I B | | I_
5 10 15 20 25
QZin/GeV?
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Jet production in DIS

Jet production in leading-order pQCD

boson-gluon fusion QCD Compton scattering

Jet measurements are perfomed in Breit-frame
virtual boson collides head on with a parton from the proton

Inclusive jets
Count each jet of an event
Dijet and trijet
Count events with two/three jet event structure
Observable: average transverse momentum of two/three jets

Normalised jets
Normalise all jet data w.r.t. inclusive NC DIS cross section

17
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Jet production in DIS

Normalised and non-normalised ! H1Data NLO ® ™
jet data [ | Sys Uncertainty MSTWZ08, g, 20118
° Data We” described by NLO theory Normalised Inclusive Jet ~ Normalised Dijet Normalised Trijet
(nlojet++) 212 ey e
i = [T 1 I

« Data in general with smaller 2 08t I |
uncertainties than NLO from scale  &'2__ o f S0 b0 L
variations oo N L ’
- Differences between different PDF 2} po<Ocancer ﬂ;
sets typically small 084 B A :
12 T 400<QP<700GeV* I ﬁ_|_h
Data used to extract strong e T f
coupling constant N 1121_ - 1 700 < <5000 G m .,
e X2 minimisation of ag in coefficient 0g B R | [ ]
function 1204 Jr g;soobliquwooqﬁﬁl; | ]
« Dependencies of the PDF on a 8'21_' = = ' _LH1
considered as uncertainties 710 20 30 7 10 20 30 7 10 20 30
Py [GeV] (P),[GeV] (P, [GeV]

@s(M7)|i; = 0.1165 (8)exp (S)ppE (7)pDEset (3)PDF(ay) (Bhad (36)y, (S)4,
= 0.1165 (8)exp (38)pd theo -

18



Eur. Phys. J. C73 (2013) 2311

Charm production in DIS

H1 and ZEUS
"dbg | @’=25GeV® | Q*=5GeV? | Q=7 GeV®
0.2 - - N
‘ B N
S T N
Charm production at HERA o OB NN
« Charm is produced In virtual o5- e L Gmmce | ua0Ger
photon-gluon fusion Nl \
« Charm production directly sensitive [ [ i \
to the gluon density xg(x) ng e g | e oe | thea000 Geve
i | ;:EEQPDFLS
Combined charm cross sections : \: \J N
* Whealth of HERA charm data combined  ©*g+"163 i7" 104103 "10*  10* 10° 107
into common charm cross sections X

d’c®  2ma*(Q?)

a = gt L+ - 9)1F (@ Q) — ¢ F(z, Q)
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Hilprelim-14-071, ZEUS-prel-14-006

Extraction of charm mass running

Extraction of charm mass

e Simultaneous fit of combined charm data
+ Inclusive HERA-I DIS data

 Different heavy-flavor schemes explored

* FFNS ABM scheme defines charm mass in
MSbar scheme

m(m)=1.26+0.05, +0.03 ,+0.02  +0.02 _GeV

d

Charm mass running

H1 and ZEUS preliminary

H1 and ZEUS
(3 700 T T T T T . , I ‘anl : ‘
x i
| Charm + HERA-I inclusive
L e FF (ABM) o |
680 m,(m )=1.26 + 0.05 GeV i
660 |
i °
640 ]
L .o.. ..o
i .......
L ! . | ) ) ) | ‘ . ‘ |
620, 5 - an
m(m ) [GeV]

1.6

e extract m.(m,) separately for 6 kinematic
ranges in Y2 = Q2 +4m_2

e use appropriate PDF set for each mass 2
(from inclusive DIS data only)

e fit charm data + HERA-I incl. data

« Translate back to m_(u) using LO formula
consistent with NLO MS QCD fit st
(OpenQCDrad, Alekhin et al.) 04l

m.(u) [GeV]

HERA (prel.)
PDG with evolved uncertainty
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Determination of beauty mass

Beauty cross sections
 Measured of HF jets using secondary vertices + lifetime tag
« Good description of data by massive NLO QCD predictions

& o.zz;é;' . mswssn' | Extraction of b-quark mass
O S YT T= 1+ QCD fit (FFNS) of HERA-I incl. data
2 s nitdp =]
20 | J o ZEUS evix 126 pb” . + ZEUS beauty data
0'18: x=0.0002 i=6 ‘} =2 Cosy R « M, as free parameter
0.16 | A‘j/ { PRk = +0.01 +0.05 +0.08
- ABKMNNLO 1 my(mp) = 4.07 £ 0.14 (fit) " g7 (mod.) " o0 (param.) s (theo.) GeV
014l x=0.0005 i=5 /# .- MsTW08 NLO ] o
- -/"9& --------- MSTWO08 NNLO ] S 5 ——— , —
0.12f | 4 —cTEassNo S | Prog.Part.Nucl.Phys. 84 (2015) 1 1
i x=0.0013 i=4 ¥ T — JRO9 b : 45— ]
01 P’ - =2 :
0.08 :_x=0.002 i=3 M % E i + E
0.06 : | - 35 -
E x=0.000=2 M E E [ ] PDG with evolved uncertainty E
e g % B 3:_ . DELPHI 3-jets B
0.02f x=0.013 i=1 ] - *  DELPHI 4-jets NLO .
2| s me
0 [ x=0.032i=0 _..}-M i C o SLD n
Ll Ll BRI L L : = - n
2 3 2 10 10°
10 10 10 u [GeV]
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Charm and jet data in HERAPDF2.0

Charm and bottom data used in HERAPDF2.0 QCD analysis

 Charm and bottom data used to determine best quark-mass parameters

« Values of charm and bottom masses used DGLAP fits determined as X2
scan of NLO and NNLO fits

H1 and ZEUS H1 and ZEUS
= = 14T :
“E e NLO “F e NLO "
o 2.5 E o 0l ]
pd 2F pad 8:—
15F Mc=1.47 GeV?2 6; Mp=4.5 GeV?2
1F 4;‘
0.5 _
2r
0F [
R R T T SR R SR S 0__
14 142 144 146 148 1.5 152 T Y T Y T Y Y Y
'E 3_' T T T T T T T T T T T T T T T T T T T T T T T T T T I_E .= 18:' . T . . . . . . . T . . . : . . . : r
7R 25} = NNLO . NXE 12: = NNLO
« 8 3 ' E
X 12- Mc=1.43 GeV-e N iﬁ Mp=4.5 GeV?2
' : st
1F ol
0.5 ab
0F 2_
4 T4 144 146 148 15 152 °F T ]
M, /GeV M. /GeV
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Charm and jet data in HERAPDF2.0

Additional datasets in QCD analysis
« Combined charm cross sections

H1 norm. multijets at high Q2 (HERA-II)

H1 multijets at low Q2 (HERA-I)

H1 incl. jets at high Q2 (HERA-I)

ZEUS dijets at high Q2 (HERA-II)

ZEUS incl. jets at high Q2 (HERA-I)

 Jet predictions available in NLO (nlojet++)
 Jet data significantly helps to disentangle
gluon-a correlation

Determination of strong coupling
* O, Is additional free parameter in PDF fit
 Jet data constrain o,

a, (m,) = 0.1183 £ 0.0009, _
+0.0005__+0.0012,_, +0.004

mod — scale

» Value mostly constrained by
H1 norm. multijet data

EPJ C75 (2015) 12, 580

H1 and ZEUS

xf

0.8 - E— uErapDF20NLO

W2 =10 GeV*

E HERAPDF2.0Jets NLO, fixed 0,(M,) =0.118

10!

X
H1 and ZEUS
= ‘ T ‘ T ‘ T ‘
2 | NLO
i . . . 2 2
o L ® inclusive + charm + jet data, Q. = 3.5 GeV
40 - O inclusive + charm + jet data, Q... = 10 GeV*
= | 4 inclusive + charm + jet data, anin = 20 GeV”
20 v
a) 0L \ s \ s \ s s \ . -
0.105 0.11 0.115 0.12 0.125 0.13




subm. to Phys. Lett. B
subm. to Phys. Rev. D

Usage of HERA ‘combined’ data™***

HERA combined data H1 and ZEUS data + ZEUS polarized

« Limit on effective quark radius HERA-II data

« Consider finite radius through form-factor * Study Couplings of u- and d-quarks to Z-boson
» Use in additional ZEUS polarized data

d do™M R2 2 R2 2 ~
7 - (-59) (-59) By = F] — (v % PaxzF7 + (0 + a2 & 2P, X3 FE,
_ . o « Simultaneous fit of PDFs and axial and

 Fit PDFs and 'quark ra_dlus vector-'quark couplings'

« 95% C.L. on quark radius « Values consistent with SM expectations

« Sensitivity on u-quark higher than d-quark
—(0.47-107"cm)” < R, < (0.43-107"%cm)?

>’° e ]
- —— ZEUS-EW-ZNLO .
Data improves previous limit by L T esLe ]
ZEUS and H1 which has also R b1 ]
previously constrained os] A .
 Limits on compositeness scale of i Y ]
contact interactions (3.6 — 7.2 TeV) oF ]
e Limits on low-scale quantum gravity i .
gravitons 0.5/ b
 Limits on Leptoquark exchange and s- ; :
guarks AL ]

i 05 0 05 i

d 24



JHEP 1503 (2015) 092

Dijets In diffractive DIS (LRG)

(Inclusive) dijets in diffractive DIS } HiData

BN N O ® H12006 Fit-B x (148 )
— had

E [
%‘_ 300} H1
} > | |
M, T 200 ¢
3 T B
100 -
" ==
5 = . 1. ..
« Diffractive events identified by Z
'large rapidity gap' (LRG) g
. 4 < Q2< 100 GeV2, pieu@> 5.5 (4.0) GeV a

* Theory: nlojet++ & H1IDPDF2006 FitB

« Data used to extract strong coupling constant
-> Fit supports concept of pQCD calculations for diff. dijets
-> EXp. precision overshoots theoretical one

a,(Mz) = 0.119 £ 0.004 (exp) = 0.002 (had) + 0.005 (DPDF) + 0.010 (x,) = 0.004 (15)
= 0.119 £ 0.004 (exp) £ 0.012 (DPDF, theo)
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JHEPO5 (2015) 056

Diffr. Dijets in Photoprod. and DIS (VFPS)

History

* 'Factorisation breaking' observed in diffractive
events at Tevatron

* Photoproduction provides similar testing ground

* Fact. breaking observed by H1 but not by ZEUS

Here: Simultaneous measurement of dijets in
diffr. DIS and PHP

* Use VFPS 220m from interaction point

* Calculate double-ratios: PHP/DIS

¢ HiVFPSdata RAPGAP x 0.83
I

NLO H12006 Fit-Bx 0.83 x (1+5__ )

[
/

hadr

ratio to NLO

DIS——
0 2" 1o
Q? [GeV?]

Single differential cross sections
* DIS data well described by NLO

* PHP NLO overshoots data
* New data with complementary method

consistent with previous H1 results

* 'Suppression' shows no dependence as
function of x, or Eet.

¢ HiVFPSdata RAPGAP
NLO H12006 Fit-B x (143, )
__ GRVy-PDF -~ AFG y-PDF
w N
B 201 H1
® i
f'e T S
e 15[
oyl =
T
L . ! . |Ji .
] L
g 9 e —
~B|_Z T
5] L
al 2 [ T
© o L
|2, i
= >
L e

6 8 10 12 14
Ef‘r'e” [GeV]
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Study diffractive models

Exclusive dijets in diffractive DIS
» Study (normalised) angle between jet-plane
and lepton-plane

1
;j—; x 1+ Acos2¢

» Sensitive to nature of diffr. exchange:
Resolved pomeron vs. two-gluon exchange

model
/3 — ZUBj/flfIP

» Two-gluon model is more successful in
describing data than resolved Pomeron model

ZEUS
..:ID.‘I': T T T ¥ T T T T T
[:]2:—+ ——
=L ﬁl ______________

@ ZEUS3T2pb’

0.2 EEER Two-Gluon (q@+qda) p, = 1.75 GeV
I Two-Gluon (qT+qTg) p, o = 12 GV .
| B Resclved-Pomeron Fit B i

— 1 = Resolved-Pomeron Fit A
I L L L I

02 04 06

PLB 730 C (2014) 293
JHEP 08 (2014) 03
ZEUS-prel-15-001
EPJ C 76 (2016) 1

Diffractive prompt isolated photons
» Analysis extends prompt photon

analysis in non-diff. PHP
« Reminder: NLO and k.-factorization
predictions give good descriptions
* Prompt photon variables well described
by Rapgap & H1IPDF2006-FitB
e Problems at z,— 1, where HIPDF2006-

FitB was not fitted

ZEUS

i 0.35 LA B BB NI ]
s ZEUS (prel.) 374 pb” -
g 03 o

2 . apgap

B, 025 -
o " 1
© 1
3 jet -

e
(=] -h o
b o N
LN I LR R
‘g—.—{q—
e ——
| |

0.05 |- 1

o:lxxlllxllxlelli,llix
4 6 8 10 12 14

Photon + jet Er (GeV)
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subm. to Nucl. Phys. B

Exclusive vector-meson production

Exclusive electroproduction of vector meson
« Measure ratio of Y(2s) over J/Y(1s) as function of Q2

. ZEUS
Y q {\ * o T T T 1 | I | \
e q 0.8 — HIKT: GBW-LOG R = Sues) —
«o AR: b-CGC 0,]/1‘\(15)
p ALp 06 — iz { """" -
e ldentify VM In py+y- decay channels 0.4 --------- -
« 30 <W <210 GeV, |t| < 1GeV? 1} ___________________
« Compare against various models for 0zl # g% o o zeuswnmt |
» Generating cc-dipole in photon zﬁﬁ' o HETey
i i i A H1yp: 6.3 pb™
« cc-dipole scattering amplitude ol o
* Probability to form vector charmonium 0O 10 20 30 40 50 60 70 80

Q? (GeV?
All models perform reasonably well

* Ratio tend to be constant vs. W and [t|
e Spread indicate large theory uncertainty
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Wealth of more QCD related measurements

New measurements, old
measurements, and maybe forgotten

ones...

e Search for QCD instantons
to be published by H1

« |solated photons in photoproduction
PLB 730 C (2014) 293 & JHEP 08 (2014) 03

» Exclusive po Meson Photoproduction with a

Leading Neutron at HERA
Eur.Phys.J.C76 (2016) 1

» Elastic and Proton-Dissociative
Photoproduction of J/psi Mesons at HERA
Eur.Phys.J.C73 (2013) 2466

« Event shapes
Nucl. Phys. B 767 (2007) 1, EPJ C46 (2006) 343

 Numberous D* measurements
JHEP 1509 (2015) 149, ...

e Carged particle production spectra
Eur.Phys.J.C73 (2013) 2406

-- region of validity
perturbation theory

rediction (QCDINS):

ZZions =15pb

____________________________

111 I 111 | 111 | 11
®3 032 034 036 0.38 0.4 0.42 0.44 0.46 0.48 0.5
) g

<) 9 T T LA TTTT T TT TTTT TTTT T T
S CEC
8 8- = ZEUS 374 pb" (a) 3
'E_ 7 LMZ (k_fact) E
6 =
:"_ . | FGH(NLO) E
ul 7 Y + jet E
S 4t 3
© E
° 3 7 £
oL o E
1 LE
0 coa by b b Py b b Py By 19
6 7 8 9 10 11 12 13 14 15
Y
E; (GeV)
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Conclusion

HERA inclusive DIS cross sections finalized
 One consistent dataset of all HERA structure function data
« HERAPDF2.0 as HERA-only PDF
 Baseline data for future PDF fits

Wealth of precision QCD measurements
Many topics not covered in this short talk
e Jet and photon cross sections
 Various searches and limits
« Strong diffractive DIS programme
 Many exclusive final states measured with full HERA-II statistics
* low-x and soft physics

HERA experiments still active
* Improved/new measurements can still be expected this year
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Electroweak symmetry breaking

Electroweak symmetry breaking

c{i“\ E I T T TT | I T TTT | I I E
> - ]
6 109, O HERANCep04fh’ —
= - "‘m_m\ O HERANCe'p05fh! 7
R — B mssm HERAPDF20NCep o
3 - o .
- T _\g s HERAPDF2ONCe'p ]
% 10 3 ' 3
° S 8] ]
T g o, _

= y N =

= . ® @ 3

103 = y <09 -

= \/s = 318 GeV ]

= =

~ e HERACCep04ib! o]

10-5 L 1 _

= B HERACCe'p0.5fh 3

- wess= HERAPDF2.0 CCep "-«-.._jjﬁﬁﬁﬁj?_'

= s HERAPDF2.0 CC ¢p 3

10'7 B | | I | | | | I I I | | "\"

10° 10*
Q?/ GeV?

e H1 / ZEUS completed their final SF
measurements

* New HERA-II data provide tighter constraints at
high x / Q2

e These data provide some of the most stringent
constraints on PDFs

» Stress-test of QCD over 4 orders of mag. in Q2
* DGLAP evolution works very well

» HERA data provide a self-consistent data set for
complete flavour decomposition of the proton

* Final combination of HERA data completed
* HERAPDF2.0 QCD fit at NLO & NNLO
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Valence quarks and xF3

N 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 I
;-Eam
e i Q% =1000 GeV?> e HERA 1 fb" 7
I B HERAPDF2.0NLO |
L l L l l l 1 | | l l l L l l | | I
10! 1
Y n
At high Q? xF3 arises due to Z° effects xF = — (06,.—0..) = ayx xF"*
enhanced e- cross section wrt e* 3 2Y_ Ne Ne a3

Difference is xF3
Sensitive to valence PDFs

XF, o< Z(x% —Xxq,)

Measure integral of xF3¥2 - validate sumrule:

0.725
/ dz ng(g;, Q2 = 1500 GeV2) =1.314 £ 0.057(stat) + 0.057(syst)
0.016

LO integral predicted to
be 5/3 + O(xs/TT)
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'Swimming' of data points

105: T r T Tie BB RAERL I RALL I R T T TOIIIm T |||||||| T |||||E
= L=
- & o
=~ = O 0 0=
o 104_ uuggg_
= o000 o O
= 0o 000 o o3
p= 00 000 O O
- ao a0 Eoo o o
3
107 cEd § E
= OmETBE I8 333 °3
C STTIEEEIEIEE
Dz wetgd 388 8
1 = T T R R R =
3 f8.8.8.B 8 88 o E
I (T el o oD 3 OO OO -
- TERFB O s B 0s O O OO o ]
| i
10 S HAB8Eob g —
= O i s 0 O OO O D oo =
- [+ = s R < < T+ e =] 3
- NEed=ed O O O O O O (=] .
O o0 OO0 O OO0 o o
- @ O 0000 O Q o -
g‘gaﬂg gclv UD‘} -\.--u-c:' = =

1__ [= =T -T- T - =] o =] -
E T lans® 8 2. 8 2 3
- umrﬁmn?%d:' o® 0% 9 ot o ]
N oH3888° °§ ° §g°  ° ]

1 QU
10'= e -
= o 3
r a -
10«-2 1 IIIIIII| | IIIIIII| | IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| [l

107 10®* 10°® 10* 10° 102 107 1

X
Fractal Fit

N o (Zgrid, gm) =

T

Data are combined onto a common x,Q? grid
Two grids used:
inclusive measurements Vs=318 GeV
fine x grid for Vs=251 & 225 GeV

2927 data points — 1307 combined measurements

Data are translated to nearest x,Q? grid point
lterative process using NLO QCD fit to data
Use uncombined data in first iteration

Then combined data in later iterations

No changes after 3 iterations

Jmﬂdel (xg?‘idi Qg]“‘ld}

Timodel (-'f:meas ; anea.-;)

) 2
* Timeas (-f:mea.-; : r.-n,ea:a)

3.0 4.8 DG_L:;_NI_O 300000
weight
D_E; Data are also translated outside of region of DGLAP fit validity Q2 < 3.0 GeV?
N Use phenomenological “fractal” model and interpolate to DGLAP region

30 4907 Other phenomenological fits tested — negligible differences
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H1l & ZEUS

Entries

NCe'p
Q*<35GeV?
RMS = 1.06

Entries

NCep
RMS =095

ik

p

Mf,k_ui,ave(l _§yf-’kb ‘

data combination Il

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

CCe'p
8
E RMS =1.04

J

pull

j.ave

)

NCe'p
100 < Q* < 50000 GeV?
RMS = 0.97

2 2
\/Af,k_ Ai,ave

CCep
RMS =097

Overall x?/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

pulls of the systematic sources b;

20

Entries

RMS =1.34

4 6
systematic pull
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PDF extraction from data: HERAPDF2.0

HERAPDF1.0& 1.5

Combine NC and CC HERA-I data from H1 & ZEUS
Complete MSbar NLO fit

NLO: standard parameterisation with10 parameters
NNLO HERAPDF 1.5 with 14p

HERAPDF2.0

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

NLO & NNLO fits require15 parameters

xf(x,Qj)zA-xB .1=x)°-(14+ Dx + Ex?)

xg xg xg(x) = A xPo(1 —x)%, xg(x) = APl —x)% — ALxBa(1 - x)%,
Xu, xU = xu + xc Xiy(x) = AuuxB“”(l — x)Cu (1 + Euuxz) . xuy(x) = Ay xPe(l — x)C (1 + Et,yxz),
xd, xD = xd + x5 = xd(x) = AgxPu(l—x)C, xd,(x) = Ay xPe(l — x)%,
U U = xit + xc xU(x) = AgxBo(1 - x)‘o, xU(x) = AgxPr(1 = x) (1 + Dgx),
— — N — _Bo(1 — \Cp N - _Bo1 — \Cb
xD xD = xd + xs xD(x) Apx"2(1 = x)°®. xD(x) Apx”P(1 —x)~2.
HERAPDFI.0 & NLO HERAPDFI.5 HERAPDF2.0
xs = f xD strange sea is a fixed fraction f; of D at Q2 )
2
Apply momentum/counting sum rules: B, = Bj; Q=19
' _ Sea =2(U + D) Q2. =350r10 GeV’
_[dx-(xuv+xd‘,+xU+xD+xg):1 5
) A=A (- 1) o (M?)=0.118
1 ensures xit — xd as x —0 210" <x<0.65

jdx-uv=2 [dx-d, =1
0 0
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High Q? charged current cross sections

Electron scattering

so. G MY
o _
cC __ F W 2 —
dd0> 27| M2+ O [@ro+ -1 +5)]
W
S-) E E E E
I:l | Q*=300Gev: [ Q’=s500GeV:  Q’=1000GeV: | Q% =1500 GeV’
b, [ i i i
l (— (— (— (—
L L 3 | r-V\’\ L "l\\«
0 _||||| L1 ||||||| L1111 ||_|H|| L1 II\IHl I ||_||||| | \IIIII‘ 111 ||_||H| L1 |\||||| L1111 1
[ Q*=2000GeV: [ Q?=3000GeV: [ Q*=5000GeV> [ Q%=8000 GeV’
LD o - o
05 [ i - -
0 _||| L1 ||||||‘ L 111 |_||| 1 Il \IIHIl L1l I_Hl L1 |\||||| | I_\Il L1 II\IHl L 111
L - -2 -1 -2 -1
08 [ 0?=15000 GeV? [~ Q*=30000 Gev? | 10 10 10 Xg;
0.6 [ - - -1
i i e HERACCep041b
04 - - s = 318 GeV
s b - \ == HERAPDF2.0 NLO
0 _||| 1 |||||||‘ 1111 |_||| 1 \\IIHIl L1 1 1I%L
102 10! 10 10"
Xg;

Combination of high Q? CC data (HERA-I+II)
Improvement of total uncertainty

Dominated by statistical errors

Provide important flavour decomposition information

Positron scattering

2 -+ 2

d O/

_G[_ M,

©
o
+ o
©

dxdQ*  2m| M2 +Q?

[@+2)+(1-y)(d+5) ]

Q% = 300 GeV? Q' =500GeV: [ Q*=1000GeV: [ Q>=1500 GeV’
15 — — —
1 - -
» : ‘-\ :_ ‘\
0 _|||||| 1 |||||H| 111 ||_|||H| 1 |||||||| |- H_l\l\ll | ||||||| L 11 ||_|||||| | ||\|\||| 11 1l
06 L Q=2000Gev’ [ Q*=3000GeV: [ Q’=5000GeV: [ Q°=8000GeV’
04 [ L L L
o L g a g
i i \ﬂ
0 Dol i o ol bl ool sl ol 1
r 10?  10! 10?  10"
0.08 = 2 =15000 GeV> [~ Q*=30000 GeV> Xg;
0.06 — + -1
e HERACCe'p05ib
0.04 [ - \s = 318 GeV
o b g == HERAPDF2.0 NLO
0 _|||||| 1 |||||H| BN |_|||H| 1 |||||||| | ‘h‘
107 10" 0 10!
XBj

CC e+ data provide strong dv constraint at high x
Precision limited by statistics: typically 3-7%
HERA-I precision of 10-15% for e+p
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Xu,

HERAPDF2.0 comparisions

1= 17=10 GeV’ T 0s s % 12 =10 GeV? )
~ HERAPDF2.0 NLO » E 1.8 | ~ HERAPDF2.0 NLO E 3
gl — MMHT2014NLO ! > MMHT2014 NLO a
[ — CTI0NLO 04 & 1l +HCT10NLO (68% CL) f| B
—— NNPDF3.0 NLO é == NNPDF3.0 NLO é
= i =
03 14 {
E} TR & 2
ENUANRNAN g
2 1.2 [N I
0.2 — 1 -
a} I '_5-
1
I 1
0.1 .J:I:.--;s =
0.8 B
10 10+ 107 10 10! 1 10
X
I L as S 14F S13r
20 - (] L (o] L
' : : .
a 1.2
35 < F
o 1.2 =4 l\
3R = =
F o= m 1.1
25 5 5
E 4 e -
2 E — 1 —
C m 1 m ]. ;l
150 ae “ -
= N 5
: 0.9 ::
05 0.8 - L i
m . P " . 0:_ METETT BT B | I I I I 0.8: EE
4 3 2 1 4 3 2 1 S T B Y =
10 10 10 0110 10 10 01 T (e TR 10+

Comparison of HERAPDF2.0 vs MMHT14 , NNPDF3.0 , CT10 (others use only HERA-1 combined data)
Differences at high x

« New HERA combined data improve precision at high x, Q2

« HERAPDF uses proton target data only — no nucleon / deuterium data

 Softer gluon at high x
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NC and CC measurements

Neutral current event selection:

High Pt isolated scattered lepton

Suppress huge photo-production background by
imposing longitudinal energy-momentum
conservation

Kinematics may be reconstructed in many ways:
energy/angle of hadrons & scattered lepton
provides excellent tools for sys cross checks

Removal of scattered lepton provides a
high stats “pseudo-charged current sample”
Excellent tool to cross check CC analysis

Final selection: ~105 events per sample at high Q2
~107 events for 10 < Q? < 100 GeV?

Charged current event selection:

Large missing transverse momentum (neutrino)
Suppress huge photo-production background
Topological finders to remove cosmic muons
Kinematics reconstructed from hadrons

Final selection: ~10° events per sample
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a)

b)

1.05 |

1.05

Heavy flavor schemes

0 ACOT NLO,F, O(c,)
- A FONLL-BNLO,F; O(e) A RTOPT NLO,F; O(c) |
[ @ FF3BNLO,F, O(«) © FF3ANLO,F, O(cd) ]

5 10 15 202 252

H1 and ZEUS

- A FONLL-BNLO,F, O(c) A RTOPT NLO,F, O(c?)
[ O FONLL-C NNLO,F, O(¢?) @ RTOPT NNLO, F, O(c3)_]

5 10 15 20 25
Qmin/ GeV

Figure 20: The dependence of x*/d.o.f. on Q% for HERAPDF2 0 fits using a) the RTOPT [83],
FONNL-B [90], ACOT [109] and fixed-flavour (FF) schemes at NLO and b) the RTOPT and
FONNL-B/C [91] schemes at NLO and NNLO. The F| contributions are calculated using ma-
trix elements of the order of @, indicated in the legend. The number of degrees of freedom
drops from 1148 for Q2 = 2.7GeV* to 1131 for the nominal Q> = 3.5GeV* and to 868 for
Q. =25GeV-.
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HERAPDF2.0 NLO vs. NNLO

o 1 T T — T T T
o
=10 GeV?
08 - —— HERAPDF2.0 NNLO i
uncertainties:
I experimental 1
[ | model
L. Xu, 1
[ parameterisation i
T HERAPDF2.0AG NNLO i

104 10° 102

107!

08 -

08

0.6

04

02

12 =10 GeV?

B nerarDF20NLO

u=10 GeV?

B sEraPDF20NLO

- mEraPDF20NNLO
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HERAPDF2.0 variants

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

HERAPDF2.0 (NLO,NNLO, Q2min=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-Q? version”
- as HERAPDF2.0 but with Q2min= 10 GeV?

HERAPDF2.0AG (LO,NLO,NNLO, Q2yin=3.5 GeV?2) “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, Q?min=3.5 GeV?) “FF Schemes”

- Data: combined HERA NC and CC inclusive cross sections
- HF Schemes: Use two alternative (FF3A and FF3B) Fixed-Flavour schemes
- as(Mz2)N=3=0.106573 equivalent to as(Mz2)M=5=0.118(FF3A) and as(Mz2)=0.118 (FF3B)

HERAPDF2.0Jets (NLO, Q%min=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
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