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cross checks

Complementarity - the obvious:
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The I structure function increases rapidly as z decreases.
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First F, measurements @ HERA: 1993
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it is exciting to see F5 rise at small =
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Unexpected: diffraction at HERA

July 1993
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Unexpected: diffraction at HERA

July 1994
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Unconfirmed: HERA Pentaquark frenzy 2004/5

Combinations / 0.005 GeV

ZEUS
"T'!ITT'I'!TTIT[T'ITTITYTTITI[TM
| kO Wim ]

0/ K2 p(p)
- Q%20 GeV?
300\
= ® ZEUS 96-00
— Fit
«-+... Gaussian

200 - Background
B [——J ARIADNE MC B
200 ]
1 [ 180 B
o o 160 ]
d 2 /ndf=35/44 a0
peak=1521.5 = 1.5 MeV 129 | [t
100/ ¢ width=_ 6.1=1.6MeV 450l 411 ]
I events=221= 48 80|
= 60 2l
i H aof-f 1
504 : -
L ' 20 i
L 4
oLLL L [ | \
1.45 15 1.55 1.6 1.65 1.7

Entries per 10 MeV

40 —

30 |

e | D* p+D*p |

— Signal + bg. fit
- Bg. only fit

‘

3.2 3.4 3.6

M(D*p) [ GeV ]

o5

£202'GO’L1 ‘D13 404 4042243P ,2 U0 dOoySHJOM "UUDWYIIM

~N



Unconfirmed: HERA Pentaquark frenzy 2004/5

Combinations / 0.005 GeV
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Complementarity - the detectors

H1 and ZEUS detectors complementary
— by chance ...

EIC has a chance to do it on purpose :)
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Detectors strengths

* Both detectors — almost fully hermetic multipurpose HEP detectors

* Design differences turned out to give complementarity - by chance | =

* H1 better at electron '+ ZEUS better at hadron \§

reconstruction due to EM calorimetry — compensating 3

calorimeter and detector design uranium calorimeter — the only |<

* At HERAII - only forward so far and one of the best N

detectors for diffraction calorimeters ever built &
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Events
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__ZEUS Real Z° @ ZEUS

L« ZEUS 496 pb™

« ZEUS calorimeter allowed
measurement of smallest HERA cross
section in hadronic decays of real Z°

——Fit ( Z" signal + b.g. )
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Diffraction @
HERAII
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Diffractive dijet production with leading
proton at H1

* Measurements in DIS and
photoproduction for various variables

* Comparison to NLO calculation with
assumed factorisation in diffraction

* Observation of diffractive factorisation
breaking in photoproduction —»
confirming previous H1 measurements
using other techniques of identifying
diffraction
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Complementarity - the matured:
cross-calibration and combination

&
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Combination of inclusive DIS data samples

* 41 final data sets with HERA inclusive measurements
* NCep and CCep

* 21 HERA I data samples
* 20 HERA IT data samples, including:

8 inclusive HERA II £ = 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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Q*-x5; common grids

Two separate grids
H1 and ZEUS
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* Combination done using HERAverager: wiki-zeuthen.desy.de/HERAverager

Xexpas (M b) = Z

Averaging procedure

2
[mj_ yu."smb {dg =

2 Ids i ids
0; idsstat (m B Zj y! m b;) + ((Sf,.ffs.unccjl‘ m

Y.
;o

* 162 correlated systematic sources taken into account

— treated in combination as nuisance parameters: scaled by fit

* Output
* 7 data samples for e*p, NC and CC, 3 CMEs

Statistical and uncorrelated systematic uncertainties

162 correlated statistical uncertainties

Good data consistency: x*>/dof = 1687/1620
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Combined data accuracy reaches ~1%

H1 and ZEUS

e HERA NC e'p 0.5 fb™"
Vs =318 GeV

O ZEUS HERA 1T
O ZEUS HERA 1

O H1 HERA IT
A H1 HERA'1

10

Improvement well beyond
statistical factor of sqrt(2)

— cross-calibration of
systematic uncertainties

— different dominant H1 and
ZEUS systematics

— effectively use H1 electrons
with ZEUS hadrons

"
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Electroweak unification

H1 and ZEUS
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H1 and ZEUS
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Text book plots of fundamental properties of particle interactions
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Beauty and charm in PDF fits

* Beauty and charm masses — model parameters in PDF fits
— their uncertainties improved by combination
— does it matter?

Pre-combination: HERAPDF2 NNLO

Variation Standard Value | Lower Limit | Upper Limit
Q2. [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
fs 0.4 0.3 0.5

Post-combination: HERAPDF2Jets NNLO

o5
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Parameter Central value | Downwards variation | Upwards variation
Q. [GeV?] 3.5 2.5 5.0
f5 0.4 0.3 0.5
M. [GeV] 1.41 1.37* 1.45
M, [GeV] 4.20 4.10 4.30
,uj%o [GeV?] 1.9 1.6 2.2
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H1 and ZEUS .
]
© — HERAPDF2.0Jets NNLO, o = 0.118 COmPClr'lng HERAPDFZ NNLO
0.9 uncertainties:
- I experimental ufz =10 GeV?
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‘é > HERAPDF2.0 NNLO o =0.118 ‘é > HERAPDF2.0 NNLO o, =0.118 .
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+ ' + XX\ uncertainties
g% 2> procedure update and
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o I B I T " Ll 1 09 r ol v 1l Lol
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Message to take away

Complementarity of detectors

* In my opinion a second detector is a must

— H1 and ZEUS did it by chance

— EIC has a chance to do it on purposel
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@ K. Wichmann, Workshop on 2™ detector for EIC, 17.05.2023 N
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HERA accelerator
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Deep Inelastic Scattering @ HERA

'
I(1)
Electroweak * Fix pQCD & PDFs
| Test Electroweak

>

* Fix Electroweak
| Test pQCD & PDFs

* Fix Electroweak & pQCD

| Determine PDFs
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Combined inclusive DIS @

<— 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
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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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Swimming procedure

Q2 GeV: Example point: CC e’p E = 920 GeV
0 g _— |:|<> ® combined point
e | ] ZEUS HERA |
o | { ZEUS HERAI
500 1 pe | O H1 HERAII
| | » A H1HERAI
0.013 0.015 Xg;

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

Fractal fit

——
0] 3.0

HE.'
— B

30000.0 Q?
DGLAP NLO

* Swimming factors are usually at level of few %
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r,NC

08 |

0.6 |

04 |

02 |

Improved precision

H1 and ZEUS

3
10

H1 and ZEUS
&)
\'{sf_ﬂ;l;f*é:s €po4m’ ] e HERA NC ep 0.4fb™
O ZEUS HERAII Vs =318 GeV
¢ ZEUSHERAI i JE& Jﬁ x,=0008 ® HERAI
© H1HERA I % $
~ H1 HERA 1
08 | + xBj={}.{}32
t
| Xy, = 0.032 JthE‘Ft 3 +
06 1 ool 'P‘F x,. = 0.08
% Xp; = 0.08 + [] Bj
% gt
04 ree h; F P4
& J xBj=l]_25 xBj=0.25
02
10* 5 3 ’ 10° 1I|14
Q/GeV 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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H1 Charged Current

Improving previous results

2001 =» 2015 H1 and ZEUS
U [~ = [
DB Z Q’=300 GeV* Q*=500 GeV* Q*=1000 GeV* I‘{ Q*=500GeV’ | Q*=1000GeV’ |  Q'=1500 GeV*
2:— + T T — © — —
1 : + . + . 1 - -
ot N "t ' r\\ “‘\
U. 0 1 I_IIIII 1 IIIIIIII 1111 ||_||||| 1 ||||||| | I
i Q’=2000 GeV* Q’=3000 GeV* Q*=5000 GeV* [ Q*=5000GeV? | Q*=8000 GeV>
05 ++ ' + +++ 15 |- u
| . . ‘ i
U: * = - 0 K wod ol el el i L T
_ 2 2 2 2 -2 -1 B - 2 1 2 1
0.8 - Q=8000Gev" L Q'=15000GeVv" 10 10 1 08 = @*=15000 GeV? [~ Q7 =30000 GeV* 0 10 10 10 X..
065 o = Hlep 06 ! » B
o + + + H1 97 PDF Fit . e HERA CCep04fb
0.4 XU 04 |- Vs =318 GeV
02 ' . oz b y\ == HERAPDF2.0 NLO
U: l' : Bl wl i
0% 107 1107 10t 1 TR 0
x X XBj
* increases statistical significance 2
. . . . o
* reduces systematic uncertainties via cross 0

calibration techniques

Great gain in precision

w
w



New kinematic ranges explored

* Kinematic range extended for
existing data samples

05

0.6 -

04

02

e,

% _

)

"L

i

H1 and ZEUS
Q% =300 GeV Q? =500 GeV? Q% = 1000 GeV? Q’ = 1500 GeV?
E 1 &
. | ]
F $ . 4
) . | B ol
| 1 Ti ¢ F #&’ ¥ [ k% - " -
-
Q% = 2000 GeV Q =3000 GeV Q= 5000 GeV? Q’ = 8000 GeV?

Q? = 15000 GeV*

%

Q? =30000 GeV*

1072 101

e HERA CCep04fb
Vs =318 GeV

1072 107!

I 0] ZEUS HERA II
_ é () ZEUS HERA I
JP T O H1HERA I
y R . A H1HERAI
1072 107 102 107
XBj

* Low energies added: CME = 225

+

15

0.5

15

0.5

15F

05

GeV and 251 GeV

H1 and ZEUS
Q'=12Gev: | Q% =15 GeV*?
b&%#; ¢ Wy
+ | 1 "y

%
3 2
| Q* =60 GeV* x J;Bj
e HERANCe'p26pb™
T ? * Vs =225 GeV
é O ZEUS
ﬁ O H1

o5
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r,NC

> -
Low Q? combined data

H1 and ZEUS _

02 _ Q* = 0.045 GeV* _ Q* = 0.065 GeV* _ Q* = 0.085 GeV* _ Q% =0.11 GeV* §
I B B B O

g . T o 3
"L 1 - g * Combined inclusive cross |5
0 Pl vt v v vl vl el 1l 4 sections for low Q2 T
Q' =015GeV [ Q=02GeV: [ Q'=025GeV’ [ QF=035GeV’ . 3
04 - - - -~ 1 | * Available for two CMEs 5
S S i * 300 GeV S
- i i i S

g RSO RSP VW ESPOVIYY PO VW EOVIY R Y RO Y « 318 GeV "
075 E Q*=04Gev’ [ Q°=05GeV’ [ Q°=065GeV’ |- Q'=085GeV’ &
os |- - PF THNs * | « Interesting for 5
025 F "t 3 3 » dipole/saturation models | 5
C C C - o

0 :|||||| ol |||:||I||| vl o s Pl -ﬁl p vl -SI p s Dl -ﬁl Lol _5| Ll . R . . =3
UE grraee [ Qaasear [ 000wt studying higher twists o
b bt e HERA NCe'p IS
r - Vs =300 GeV 8

0 L - al —— 8
10 10 10 m‘xﬂj (N»

35




First — Final

H1 and ZEUS

‘: + ® HERANCep 0.4 b
10° o 0F B HERA NCe'p 0.5
ZEUS data Z C
Fs MRS D’ L | ww =008 k21 Vs =318 GeV
; ’, . .= 0.00008, =20 .
————“i’ ..... MRS D, © " XB;KBJ-=0.0‘I'1;" 1o O Fixed Target
e - .= 0.00020, =18 ~
104 E__.7- x=0.00042 (x 10%) - 0005, 117 mmm= HERAPDF2.0 ¢ p NNLO
05 Xy =0.0005,i=16] ~ ===m HERAPDF2.0 ¢'p NNLO
A xp; = 0.0008, 45
B ) Xp; = 00013, i=14
____‘____i___————’ ” _— 3 10 4 - ) Xg; = 0.9020, i=13
1[}‘3: ; I I_U.OOOBEJ {X 10 ) ; - . r_._'.,...—--'r"""' lXBj 0.0032, i=12
F - §,; = 0.005,i=11
103 -.——-—"@:—w xy; = 0.008, i=10
_ 3 x=0.0017 (x 10%) § -*‘*Wﬁfomm
2 _____———!"—_—_‘_i_i_,- T L .__--'I"" » XBj=0.02,i=s
LS s SR 10° S i { s desepat  x, =0.032i=7
- - seuwa-seeutesetet=t X, =0.05i=6
x=0.0049 (x 10) 0 L S
§ Xp; = 0.13, i=
‘ID z____:‘_’ L. TECLLEE F_'TI’_— : XBj=0.18, i=3
? 1/ piroveteeay Xy, = 0.25,i=2
~=0.037 -1: M___%: Xp; = 040, i=1
1 E I 10 - 1
e E
5 t : f
107 _ 3 Xy = 065, i=0
1 B
10 - = -
10 ']02 103 10-3 i C ool Lol Lol Lol C ol [ AN
Q2 (GeV?) 1 10 10> 10° 10 10°
g 4

Q% GeV*
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As expected: low-x rise of F,

o5

H1 and ZEUS
i Q’ = 120 GeV?
B Q=12 GeV? ® HERA NCe'p0.5fb™
i | Vs = 318 GeV

5 ) == HERAPDF2.0 NLO
Q" =6.5GeV

Q*=1200 GeV*

0.8

0.6

0.4

0.2
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10 10% 102 16" 16* 167 16
3 %
Fz i 3 F2 .
F Q 120 Q= 240
2.5} 25F
2F 2 B
1.5F 1.5
1F 1F
0.5F 0.5 F
B L II|II|II L Il||l||| L L L L I|IIIlI| 1 IIIII|I| Llaliiu
10% 18° 162 1@ 16* 187 16°

19"

1993 — 2015

H1 and ZEUS
[}
e i Q% =120 GeV?
6l Q%= 12 GeV? ® HERANCe'p 05"
I \s = 318 GeV
bl : == HERAPDF2.0 NLO
L Q" =0.5 GeV
1.2 _—
|||IEI |||||||II 1__
10% 167 102 9] i Q7 = 1200 GeV>
o L
0.8 —
§  ZEUS dota i
----- MRS Dy “er
— MRS D’ 04
- CTEQIMS :
GRV HO 0.2~
_I\\\\I\l II\\\I\l \III\Hl |||||H|
0! 107 1072 10"
Xp;
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xF > 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 GeV? and averaged

H1 and ZEUS
T_ 1 I I T I T T | I I I I I I T T
% - 2_ 2 i
Good agreements I == HERAPDF2.0 NLO

with predictions -

0.5 + % ¢ i

Integrated over x: S ]

0.016 < x, < 0.725 HERAPDF2.0 :1.1655005;  Data :1.314 + 0.057(stat) = 0.057(syst)

HERAPDF2.0 :1.58870%%8  Data :1.790 + 0.078(stat) + 0.078(syst)

O ¢ xg< 1 QPM: 5/3
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CC: helicity effects

H1 and ZEUS
) " HERA HERAPDF2.0 NNLO
1075 Vs=318 GeV Vs =318 GeV w
B CCe'p05fh” === CCe'p
105 ® CCep04fb” === CCep \
104 ._— ‘4% X, =0.008 (x15000)
E =.==.:=___:' Xp; =0013 (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
L ;_ 4._.—.—'\-\\
2 : —L - . - - .
10 = [ ]
af Xp; = 040 (x0.1)
10
aF
10 1 1 | 1 1 1 1 1 11 | 1 1 1 1 l
10 10° 10° s

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
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https://www.herafitter.org ‘

4 B experimental input )
L e e B =Z= | experiments:
S peem W7 HERA, Tevatron,
S i e B LHC, fixed target
T processes:
{1 e . NC, CC DIS, jets, diffraction,
$ . heavy quarks (c,b,t) |
i Drell-Yan, W production
. /
s : : N
theoretical calculations/tools

Heavy quark schemes: MSTW, CTEQ, ABM

HERAFitter

Jets, W, Z production: fastNLO, Applgrid
Top production NNLO (Hathor)
QCD Evolution DGLAP (QCDNUM)

kt factorisation
Alternative tools NNPDF reweighting
Other models Dipole model

+ Different error treatment models

\. + Tools for data combination (HERAaverager) /

[ | Hland ZEUS HERA [+1I PDF Fit \
L j Q'=10 GeV?

21

P March

g
£
=
f
E
£
&
E

PDF or uPDF or DPDF

\. /

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

Theory predictions )

=

Benchmarking )

N ()

Comparison of schemes )

|41



Averaging results

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

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

Entries

RMS = 1.06

(137

A2 — A?

St
E sof- NCep
=

L RMS =0.95

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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o5

Procedural uncertainties

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

~
i ids i i.ds 2 =
, [m -2 m'b; — ! ] 5
chp,ds (HI, b) = Z ) > .  J . A2 + Zb; g
i 6f.d5.stat )u’h ’ (mi - ZJ '}/; m,bf) + (6E,cr's.unc01‘ mr) J \g
S
* 162 correlated systematic sources taken into account x
. . . >
* treated as multiplicative 3
=
N
H1 and ZEUS
S —
* Procedural errors calculated Iz fg RMS =1.34
* multiplicative vs additive = 6
1

* 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 combinatiot
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