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« The HERA collider

* Deep-inelastic scattering
« Data combination

« The combined HERA data
« The HERAPDF2.0 fit

- Jet production and a_
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The HERA collider

» World's only ep collider 1992- Two collider experiments:
2007 H1 and ZEUS

« 920 x 27.6 GeV (Vs=320 GeV)

 Two collider experiments, H1
and ZEUS

e |ntegrated Luminosity:
~2x0.5 fb™
« e'pandepdata

Full angular coverage
with EM+had calorimeters
Tracking in the central
region
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DE

Deep-inelastic scattering

* Inclusive processes exchanged 4-momentum:
- Neutral current (NC) NC 2 g=e—e'=X—p
- Charged current (CC)
, = X
* Momentum transfer Q ™~ Kinematic variables
* |nelasticity y — 0*=—q
* Bjorken-x , y=L24
CC' W pe
I 2
Q=== =5
P} _— Sy
\ X
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Inclusive processes

Deep-inelastic scattering

e’ “Reduced” cross section:
Double-differential cross
section divided by

- Neutral current (NC) NC 2 couplings and kinematic
- Charged current (CC) factors |
, p) ~ X — structure functions
* Momentum tranSfer Q \ NC reduced cross section
. . 2
« Inelasticity y e g —" 0f =Py x b= F,
° Bjorken_x : W CC reduced cross section
cC ' O we=Y WiFY _xWi—y" W,

@f/‘\‘m helicity factors

~F Y. =1+(1-y)’
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Parton densities

o) 5 e o SCAIEMES G
« Structure functions are related 5 Arias a0 sty siten
10 = D0 Central+FPwd. Jets

CDF/ID0 Central Jets

to parton densities

 The precision measurements

DESBE0ROO0

s|
from HERA are the backbone of o |
proton parton density e EVATRON.
determinations 10 Iy ||||\!|"‘ ,
” : i I
 Parton densities are essential 0w l,, [y
for predictions at hadron 0 { |” : u!,,,"llll s
colliders b ol e :
af |..umnnm||||1!H1!H!H|'H\IH'IHIH!HI"'"
10 3 II_,.:H'E'I
07 10° 107 10t 107 10?0
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é HERA datasets collected over 15 years

Data Set xgj Grid 0?[GeV?] Grid L et e Vs xgj,0? from | Ref.
from to from to | pb™! GeV equations
HERATE, = 820GeV and E, = 920GeV data sets

. HI svx-mb [2] 9500 | 0.000005  0.02 0.2 2] 21 e p | 301,319 13,17,18 3]
° TWO expe rl ments H 1 and ZE U S H1 low Q?[2] 96-00 | 0.0002 0.1 12 150 | 22 e*p | 301,319 13,17,18 [4]
H1 NC 94-97 | 0.0032 0.65 150 30000 | 356 | e'p 301 19 [5]
H1CC 9497 | 0.013 0.40 300 15000 | 356 | e*p 301 14 [5]
H1NC 98-99 | 0.0032 0.65 150 30000 | 164 | e p 319 19 [6]
. H1CC 98-99 | 0.013 0.40 300 15000 | 164 | ep 319 14 [6]
° 41 datasets Wlth Over 2900 H1 NC HY 98-99 | 0.0013 0.01 100 800 | 164 | ep 319 13 (7
H1 NC 99-00 | 0.0013 0.65 100 30000 | 652 | e*p 319 19 7
H1CC 99-00 | 0.013 0.40 300 15000 | 652 | e*p 319 14 (7
H H : H ZEUS BPC 95 [ 0.000002  0.00006 0.11 065 | 1.65 | e'p 300 13 [11]
In IVI u a CrOSS SeCtI O n ZEUS BPT 97 | 0.0000006  0.001 0.045 065 | 39 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 | 300 | e*p 300 21 [14]
m e a S u re m e n t S ZEUS CC 94-97 | 0.015 0.42 280 17000 | 47.7 e'p 300 14 [15]
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]
ZEUS NC 99-00 | 0.005 0.65 200 30000 | 632 | e'p 318 20 [18]
. —_ + ZEUS CC 99-00 | 0.008 0.42 280 17000 | 60.9 | e*p 318 14 [19]

* Measurements inep, e'p; NC
y y y HINC 5 03-07 | 0.0008 0.65 60 30000 [ 182 [ e*p 319 13,19 (81"
. H1CC 15 03-07 | 0.008 0.40 300 15000 | 182 etp 319 14 [8]'
. 2 H1NC 157 03-07 | 0.0008 0.65 60 50000 | 1517 | e p 319 13,19 8]
OW a n Ig H1CC 15 03-07 | 0.008 0.40 300 30000 | 1517 | e p 319 14 (81!
) H1 NC med Q* *3 03-07 | 0.0000986  0.005 8.5 9 | 976 | e'p 319 13 [10]
H1 NC low Q? *3 03-07 | 0.000029  0.00032 2.5 12| 59 e'p 319 13 [10]
. ZEUS NC 06-07 | 0.005 0.65 200 30000 | 1355 | e'p 318 13,1420 | [22]
° F O u r' Ce n t re_of_ m a SS e n e r I e S Ll ZEUS CC 5P 06-07 | 0.0078 0.42 280 30000 | 132 etp 318 14 [23]
g . ZEUS NC !5 05-06 | 0.005 0.65 200 30000 | 1699 | e p 318 20 [20]
ZEUS CC 15 04-06 | 0.015 0.65 280 30000 | 175 ep 318 14 [21]
2 2 ZEUS NC nominal * 06-07 | 0.000092  0.008343 7 110 | 445 | e*p 318 13 [24]
5 5 e ZEUS NC satellite */ 06-07 | 0.000071  0.008343 5 110 | 445 | e*p 318 13 [24]

) ) I HERA 11 E, = 575 GeV data sets
HI1 NC high 0? 07 [ 0.00065 0.65 35 800 | 54 e'p 252 13,19 9]
H1 NC low Q? 07 | 0.0000279  0.0148 1.5 9 | 59 etp 252 13 [10]
ZEUS NC nominal 07 | 0.000147  0.013349 7 110 | 7.1 ep 251 13 [24]
ZEUS NC satellite 07 | 0000125  0.013349 5 110 | 7.1 e*p 251 13 [24]

HERAII E, = 460 GeV data sets
HI NC high 07 07 | 0.00081 0.65 35 800 | 11.8 | e'p 225 13,19 9]
H1 NC low Q? 07 | 0.0000348 0.0148 1.5 90 | 122 | e'p 225 13 [10]
ZEUS NC nominal 07 | 0.000184  0.016686 7 110 | 139 | ¢p 225 13 [24]
ZEUS NC satellite 07 | 0.000143  0.016686 5 110 | 139 | e*p 225 13 [24]
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Data combination

elity

s H1 and ZEUS
The 2927 measurements are | + HERANC o5

averaged to about 1307 w2 o ZEUSHERATI
. . 14 } ¢ ZEUS HERA 1
combined cross sections

1.2 |

* Point-to-point correlated ol
systematic uncertainties

— “cross-calibration” effects ; :
04 &;tﬂ"“s xém ”Nﬁﬂmﬁ ® xg; = 0.08

e | ;i'

 Up to 6 measurements
contribute to a single point
EPJ C75 (2015) 12, 85 lCompa;?son of sglected i;:;ividual10 QZ/GeI\O;2

measutements and their combination
CONF12, August 2016 S.Schmitt, HERA results 8
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Data combination

elity

s H1 and ZEUS
The 2927 measurements are | + HERANC o5

averaged to about 1307 oo IO ZEUSHERAT
. . L4 } 0 ZEUS HERA I
combined cross sections

 Point-to-point correlated | A ﬁiﬂ’%
systematic uncertainties w b ;
o L

— “cross-calibration” effects :

04 -

Pﬁ FURGRTURT TS Y-

" Excellent consistency of the data
02 | points: X*/N.D.F=1687/1620

A ‘

 Up to 6 measurements
contribute to a single point
EPJ C75 (2015) 12, 85 lCompa;(i‘son of sglected i;::jividualm Q,Z/Gelxofs2

measutements and their combination
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Combined Neutral Current dataset

* Four e'p datasets at different centre-of- ) H1 and ZEUS
mass energies Ea ) o HERANC ep 0.4 1™

Vs = 318 GeV

 One e p dataset *L
Lk % FJ&.& x;=0008 B HERAI

 Main improvements wrt HERA-I data:

08 -

- Reach to lower sqgrt(s)

- Much improved e p dataset b gt #f sy t o
- Precision <1.5% over a wide range L reees M F
Q? [GeV? X E&h***tt*+ n +, s F

02 -

e+p, sqrt(s)=225 GeV 1.5..800 0.348x10™..0.65

e+p, sqrt(s)=251 GeV 1.5..800 0.279x10™ .. 0.65 . _
e+p, sqrt(s)=300 GeV |0.045 .. 30000 0.621x10°..0.4 ¢ * QYGeV?
e+p, sqrt(s)=318 GeV| 0.15 .. 30000 0.502x10° .. 0.65 e p (NC): selected x, compare HERA-I
e——p, sqrt(s)=318 GeV 60 .. 50000 08"103 .. 0.65 with new combination
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Combined Charged Current dataset

\ H1 and ZEUS
° TWO dataset: e+p and e_p b(:le =300 GeV Q" =500 GeV Q" =1000 GeV Q" =1500 GeV
* Much improved precision, as ' (*h SRR L, o |
Com pared tO H ERA-I ! JQZ=2000(I}eV2 IQ2=3000 JGeVZ IQZ=5000 (I;ev2 IQ2=8000 IGeVZ
combination i t; - . .
. : "L Py * o r | .
* Most striking improvement: R DO T D
_ . . . x 0.6 - Q*=15000GeV: [ Q%=30000 GeV? 107 107 107 10" XBj
e p (luminosity increase x15) W s cecmnsn
Q? [GeV?] X sl i | Tg \s = 318 GeV
e+p, sqrt(s)=318 GeV| 300 ..30000 0.8x107..0.4 b ab ) TTIERAL
e—p, sqrt(s)=318 GeV| 300 .. 30000 0.8x102..0.4 0T et et

e p (CC): compare HERA-I|
with new combination
CONF12, August 2016 S.Schmitt, HERA results 11
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Electroweak unification at high Q?

H1 and ZEUS

| ILELELEE

O HERANCep04fb' —
O HERANCep05fh! 3
mmm HERAPDF20NCep —F
mmsm HERAPDF2.0 NC e'p

« Single-differential cross sections: - a
integrated over y<0.9 $ 10g°
= C
. E
 Athigh Q*~m = NCand CCcross ¢ -
: C : : 2 10
sections are similar in size, CES
visualizes electroweak unification i
10'35 y<0.9
 Low Q? NC: photon propagator D v
~1/Q4 ; ® HERA CCep0.4fb!
10 E  m HERA CCé'posfh’
* High Q> NC: difference e"p and p Ao
e p due to y/Z interference [ A ——

10°
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Scaling violations and DGLAP

« Measurements over a wide range T Hland2BUS
. . 7L * ep
in Q% and x: precision e o B RANCeD O
measurement of scaling violations of W LTI, O Fied Targ
L Tl - === HERAPDF2.0 ¢ p NNLO

. . . TN _:-“:"'"_.__...x“‘;ffgf’&i;éﬂ_s s HERAPDF2.0 ¢*'p NNLO
- cross section rises with Q2 at L
1 10 e -t ___.—-—-"""-—"‘-" Xﬁjio..zolfgl’)l;zl?:lz
low x but drops at high x e

- W xg; = 0.005,i=11
103 AT e Xy 0.008, i=10

E » M ij=l).213,i=9._
 Electroweak effects (structure i ey o

xp; = 0.032,i=7
—Soom 4

w=t= ;= 0.05,i=6

. . ; 2 o |
function xF ) visible at high Q ol TET e R
i oo [l ——— jx .= 0.18,1=3
+ ~ Y . yZ ~ 1 b amre et e B;(Bj=l).25,i=2
O, o=l T XFy—— 1 " -

Xgy = 0.40, i=1

Y

) ) st 1
g i
helicity factors w0k \N\“N-?—.-a:q{ 2y~ 085,10
Yi =1 i( 1 _y)z ;

10 bl el el
1 10 10 10 10

10
Q" GeV’
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HERAPDF fits based on DGLAP

« Parametrize parton densities =~ HERAPDF parametrization:

at starting scale Q 100 = Agx(l =) = Aph (1 -9,
0 xu,(x) = Auva“v(l — x)Cw (1 + Euvxz) ,
 Evolve PDFs to other scales xdy(x) = AgxPo(l - x)Ca,
using DGLAP equations xU(x) = Agx®7(1 - x)0 (1 + Dgx),

« Three types of uncertainties xD(x) = Apx™(1 - x).

- Experimental Parametrization uncertainties: vary Q ,

— Parametrization change number of parameters

B Model uncertainties: heavy quark masses,
Model .
strangeness fraction, etc
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HERAPDF2.0

elity

HERAPDF2.0 PDFs: family of fits =
based on HERA data alone, at NLO
and NNLO

» All fit variants are available in the
LHAPDF library

e Shown here:

- Default NNLO fit with uncertainty
bands: “HERAPDF2.0 NNLO”

- Variant with non-negative gluon
‘HERAPDF2.0AG NNLO”

CONF12, August 2016 S.Schmitt, HERA results

0.8 -

H1 and ZEUS

‘ \\\‘ T T T T TTTIT
u?:lOGeV2

—— HERAPDEF2.0 NNLO
uncertainties:
I experimental
[] model xu
[ parameterisation M

wune HERAPDF2.0AG NNLO




HERAPDF2.0

elity

CONF12, August 2016

H1 and ZEUS

HERAPDF2.0 PDFs: family ., """ .7 73
of fits based on HERA data . ... .o ooy
alone, at NLO and NNLO - : 5 \
Overall good description of ~ *~gww Mg gosa g
the data down to low Q? NN
Some deviations in the 3 : - a
region of low x at low Q? T

1 [ L Js=r;1i§ég]c eposmt

S.Schmitt, HERA results
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Dependence on Q?

min
- H1 and ZEUS 2 T e
e Testtheory againstdata .. e I = hscor
usmg selection Q2>Q2 -§ 13 ¥V RTOPTLO 0T mm e
= o RTOPTNNLO I -
« Fit quality and low-x 12 f ]
gluon shape changes as : ;
Q2 s varied from 11 | ]
3.5-10 GeV? t 1w |
— something going on f sworrsommar |0 =i Q%210 GeV?
beyond DGLAP at low-x oo ]
and/or low Q*? S o~ . i R
5 10 15 20 25
Qrin/GeV?
Fit X¥*NDF changes with Q*
CONF12, August 2016 S.Schmitt, HERA results < 17
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Sensitivity to the strong coupling

H1 and ZEUS
* |nclusive DIS data alone Scan of HERAPDF fit to DIS data: x2 as
have only moderate a function of a_has no well-pronounced
sensitivity to a minimum observed — sensitivity is low
S
Reason: normalization of N g sy
gluon density and a_are =

strongly correlated B et
. . ~ E ﬁl ND.IILO.I | 2- | z' | | | | Iﬁ
* — include data on jet o e G,
production in DIS o

0105 ~—~-» 01D iz o
o (M32)
CONF12, August 2016 S.Schmitt, HERA results 18



Jet production in DIS

_ _ _ _ H1 and ZEUS
« Jet production is measured in Breit SRR :
frame — jet production is directly gy P2 s - 1060 ‘;
sensitive to a_ wf \j ]
e e’ "E 0105 odl 0I5 0.2 0125 o3
wE oL N0 ' ' ‘
> L e inclusive data only, Q7 = 3.5 GeV* i
Q2 ' 40 O inclusive data only, Q,, = 10 GeV’ o
= [ A inclusive data only, Q7; = 20 GeV*
20| ]
q e o—g—0
X P 0L : Tttt e T e L et
Very good sensitivity to a_when
P () including jet data — but jet calculations

QPM event — no P_in O(a ) — two jets in Breit @l done at NLO only*
Breit frame — no jet frame * recent NNLO calculations by Gehrmann et al. from 2016

o (M2)
CONF12, August 2016 S.Schmitt, HERA results 19



Determination of a_from DIS jets at NLO

H1 and ZEUS
= T T T T T T T T T
. . € [ NLO
[ ] Combl ned flt Of PDF and a at N}{E L ° inclusive+charm+jetdata,QIznin= 3.5 GeV?
S ' 40 O inclusive + charm + jet data, Q;, = 10 GeV”
= [ A inclusive + charm + jet data, anin = 20 GeV?

NLO
o, (m,)=0.11830.0009(exp) = o \j

wies Wl el ep s ep
+0.0005 (model/param) WE L O e a5
+0.0012 (hadr) e T o 1 e
"o (scale) "I s
. Overall a_uncertainty limited by N

scale uncertainties at NLO

o (M2)
CONF12, August 2016 S.Schmitt, HERA results
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£° New jet data and NNLO calculations

* New prelimnary H1 data at low Q?

« Together with H1 data at high Q? the
most precise jet data in DIS

* New NNLO calculations — reduced
scale uncertainties

« Precision determination of a from DIS

jets seems possible in the near future

New H1 data, ratio to NLO:
NNLO describes shape better

CONF12, August 2016

1< QP< 16 GeV?

. . . B .
567 10 20 3040 567 10 20 30 567 10 20 3040 587 10 20 30
Pr [Gev] P [Gev] Pr [Gev] P [Gev]
2 1 o0 <0< 30GeV? 21F 30<Pcdzcev? 121 a2cice0Gev? 3 18 60<Qi< 80Gev?
® E 514 s 16t 5 14
© 1 A== © © 1.4
= = s

ok 08
' > > o R S
587 10 20 3040 567 10 20 30 567 10 20 3040 587 10 20 30
PH [Gev] P [Gev] P [Gev] P} [Gev]
Norm. inclusive jet # 1 150 < P 200GeV” 2 19 2005 QP 270 GeV" 2 19F 270 < Q%< 200 GeV*
$ HTHERA- {prel) © 14 EREE § EREE 1 E
1.2 EREEY 1 12k E
| H1HERA Whmmq_l— wm = e
Eur. Phye.J. C75 (2015) 65 oek E ook E 08-_%
N\ Systematic uncenainty 0.8¢ i o8 { 08 E
: o4 o4t 04f
NLO @ hadr. corr. 0.2 . k . i 02 . 3
67 10 20 3040 67 10 20 3040 67 10 20 3040
P [Gev] Pr [Gev] P [Gev]
Q Q Q
. 91 ) 24 3 9 1.oF 2 2 4
New predictions &1 Es_400<Q < 700 GeV ¢ g 15-5000<O<150006ev ]
EERY: 3 R o b
ZZZ NNLO ® hadr. corr. 10k E
Phys. Rev. Lett. 117 (2018) 042001 _m_‘_l_l
= 5
— aNNLO ® hadr. corr. 0.8¢ @
Phys. Rev. D82 (2015) 074037 D.6F B
o4t ]
0.2

S.Schmitt, HERA results

n
67 10

20 3040
PF [Gev]

L
67 10

20 30 40
P [Gev]

n
67 10

20 30 40
P} [Gev]
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Summary

Recent publication of combined HERA inclusive cross section
data: precision better than 1.5% for Q2<500 GeV?

A unique dataset probing the proton structure over more than
five orders of magnitude in Q% and x

Parton densities HERPDF2.0 derived from HERA data alone

Together with DIS jet data, the strong coupling can be
measured

elity

Aim to reduce scale uncertainties on a_from DIS jets in the near
future using NNLO calculations

CONF12, August 2016 S.Schmitt, HERA results 22
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