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| The HERA ep collider and experiments]|

DESY, Hamburg ) e.g. copious source of
S 05 YT 2 Je’rs di Je‘rs

{

Vo s
.....

_— —
—

S HERA T ~ 130 pbl(phy5|cs)
. HERA II: ~ 380 pb-! (physics)
& combined: ~ 0.5 fbl

p (920 GeV) e (27.6 GeV)

7.9.23 A. Geiser, Low-x 2023 2



(Deep Inelastic ep Scattering at HERA |
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Why continue studying jet production in HERA data?

HERA still only ep collider -> data remain unique

still not all data fully analyzed (person power)
-> example today (more to come, open for anybody to join)

new theory developments (e.g. NNLO QCD)
and improved experimental and theoretical procedures allow

extraction of world-class results

here: final results on inclusive jet production in izeus
high Q= DIS at ZEUS with full HERA II statistics and |8
combined NNLO QCD analysis with previous o

measurements
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Jet production in DIS at HERA

Not all jets at HERA are a priori of QCD origin

Quark-Parton Model B
no QCD in matrix elements £ &
% jet
&
p X
, ¢ e(k) (k')
LO QCD .
; jet boson- q\“}u jet
5 gluon {
= jet fusion xP jet
= /@s
<
p X P(P) X

disentangles sensitivity to o, and gluon distribution
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Studying QCD jet contributions: Breit frame

Breit frame = frame in which parton and virtual photon

Two jets
. (or more)

CoO l l I de head-o n. Feynman graph ——»  Event in Breit frame
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Measuremen’r mclusuve jets

U esult, Dt -23- arxiv:2309.0288S

full ZEUS HERA ITI data, 347 pb-

Event level phase space (Born level):

150 < Q2 < 15000 GeV?
0.2« Yy < 0.7 (mom. transf. fraction)

Jet level phase space (hadron jets):

7 GeV<p, g.it< D00 GeV
"'1 < nlab < 25

detector level comparison with
LO+PS MC predictions

in Breit fr'ame
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Ma‘rrlx unfoldmg to hadr'on level

replaces

U nal resuls DESY-23-129 arxiv: 09.02886

QE Pl Breit
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Double dlfferen‘nal mclusuve jef cross sec’rlons

-Co- ar . V.

corrected to
QED Born level

good agreement between
ZEUS and H1 cross sections

reasonably described by
NNLO QCD @ hadr..

Currie et al., THEP 07 (2017) 018,
JHEP 12 (2020) 042, also NNLOjet

FastNLO, arXiv:1208.3641
ApplFast, M. Sutton et al.,

7.9.23 A.

Ratio to NNLO

g sections

i ZEUS
1992 - 2007
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breakdown of cross section uncertainties

Relative uncertainty (%)
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mm Electron uncertainties
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— Unfolding uncertainty —» partially anticorrelated
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Breakdown of uncertainties and corrections |#sus

| large (partial LO, Heracles)
QED corrections -> Born

' al result, DESY-25-12%5, arxivi2303.02685 replaces
Q? P Breit a dunf Ouncor 0JES Omodel Ofake OLow.2 OE—p, OTME OHad
(GeV?)  (GeV) | (pb) (%) (%) (%) (%) (%) (%) (%) (%) ["¥P| ¥ M (%)
150-200 7-11 | 68.4 36 17 17 20 17 03 07 14[000]1.00 [003 OX
150-200 11-18 | 20.6 45 1.8 T2 1.0 21 1.1 75 14 f0.87)1.00 0.7 0.9
150-200 18-30 | 655 83 1.7 T35 14 1.2 1.7 3% 1.3 095|100 |0.97 04
150-200 30-50 | 0.828 224 53 *31 42 1.1 42 5% 1.2 090|100 |0.96 03
200-270 7-11 | 55.9 37 16 T35 23 13 0.2 7 LO0J0.68)1.00 094 1.2
200-270 11-18 | 27.8 43 1.3 T 09 15 01 M 10foso| 100 096 0.2
200270 18-30| 670 7.8 28 3 -20 L0 0.1 3% 1.0 f0.95)1.00 |0.98 0.2
200270 30-50 | 0590 289 7.1 30 55 14 23 5 09 §095]1.00 |0.98 08
270400 7-11 | 51.2 3.7 L7 5P 25 1.3 0.1 57 07070100 [0.93 1.6
270-400 11-18 | 26.6 43 23 T3 09 14 02 Tl 08069 1.00 J0.97 0.1
270400 18-30| 656 7.2 22 T3¢ 17 1o 02 Fo07 092|100 097 02
270-400 30-50 | 0.690 240 50 *3% -52 11 Lo e 0.7 096 | 1.00 098 04
400-700 7-11| 455 35 11 ‘550 24 12 02 5Y 06 f075)1.01 J0.92 14
400-700 11-18 | 26.7 34 12 32 18 1.2 01 TMo06f063]1.01 J097 02
400-700 18-30| 823 56 10 T35 22 09 0.0 TN 06 |0.85] 101 J0.97 0.3
400-700 30-50 | 1.41 122 32 15 35 08 02 8 06 (008 ]1.01 [097 05
700-5000 7-11 ] 42.9 33 13 23 24 11 01 27 05083103 [oo0 0.6
700-5000 11-18 | 27.8 28 1.8 32 22 09 0.0 5 05[0.70]1.03 097 0.7
700-5000 18-30 | 12.1 40 09 37 35 09 0.0 5 05 §0.57)1.03 097 00
700-5000 30-50 | 223 94 1.6 3% 40 1.4 0.1 53 050071103 096 04
5000-15000 7-11| 248 226 29 8 34 20 01 )7 03[093]1.16 [0.89 0.6
5000-15000 11-18 | 1.99 136 3.5 T3 43 14 -0.1 55 03 [0.87 116 |0.95 0.3
5000-15000 18-30 | 0.965 148 3.1 *}2 64 08 0.0 Z7f 030072116 098 0.1
5000-15000 30-50 | 0.204 325 49 *35 69 1.7 -01 3% 03(]043]1.16 |0.98 09
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ZEUS NNLO QCD fit

replaces £EUS-prel-

combined PDF + o fit, input:
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recent PDF flT) o ZEUS
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W £
£ ZEUS
ZE US NNLO QC Df |’r s’randard approach ¥ G
Sult, 5, arxiv: replaces ZEUS- 001 lT‘A
¢ oo A A2 A ~ +0.0006 +0.0012
NNLO: a,(M7;) =0.1143 £ 0.0017 (exp./fit) Ty o007 (model/param.) Tggq0s (scale),
NLO: a,(M2) =0.1160 £ 0.0017 (exp./fit) Tooo0s (model/param.) To00re (scale),
Dataset Partial v /Number of
points

NNLO: HERA NC e*p DIS, Ep = 920 GeV 47.65/377

HERA NC e*p DIS, Ep = 820GeV 64.99/70

HERA NC e*p DIS, Ep = 575 GeV 219.16/254

HERA NC e*p DIS, Ep = 460 GeV 216.58/204
(Thesis HERA NC e~ p DIS, Ep = 920 GeV 219.88/159
F. LOI"kOWSki) HERA CC e™p DIS, Ep = 920 GeV 47.52/39

HERA CC e p DIS, Ep = 920 GeV 51.73/42

HERA I inclusive jets 26.38/30 900d
HERA [/II dijets 14.65/16 f"'
HERA II inclusive jets 14.98/24 !
Shifts of correlated systematics 96.24
Global x? per degree of freedom 1418.93 /1200
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Comparlson ’ro HERAPDFZ OJe’rs NNLO

ZEUS

HERA inclusive DIS data .1 | T
plus: i

ZEUS high Q (di)jets |

only (this work) | B,

| -

all suitable HERA Lo

jet data except new |

inclusive ZEUS jets |
-> significant potential di

for‘ fur‘Ther‘ impr‘ovemenT l}.1_10 | U.1I12 | (]*1|14 0.116 | 0.1I18 | 0.1I20 |

a,(M2)
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’rrea’rmen’r of correla’ruons in scale VClr'IClTIOHS

esult, Dt -3~ arxiv:2309.0288 7 replaces ZeUS-pre

standard treatment: treat QCD scale variations as fully correlated
between

Low Q? and high Q% jet data -> HERAPDF2.0Jets only
Low prj+ and high prj. -> both ZEUS and HERAPDF2.0Jets
Inclusive jets and dijets -> both ZEUS and HERAPDF2.0Jets

while at least sometimes they could be uncorrelated or even
anticorrelated

-> including more data can lead to increased uncertainty!

Partially mitigate this by treating scale variations as half correlated
and half uncorrelated for all jet data: final result

NNLO: a,(Mz) = 0.1142 £ 0.0017 (exp./fit) Too00s (model /param.)| 700004 (scale).
NLO: ay(Mz) = 0.1159 4+ 0.0017 (exp. /fit) To0006 (model/param.)| To0005 (scale).

7.9.23 A. Geiser, Low-x 2023 15



Comparison to PDG and selected

Uy .U
.

a(m,) = 0.1142 + 0.0019

one of most precise a,
measurements from
colliders

CMS inclusive jet measurement
presented on monday

7.9.23

v

other results

ZEUS (jets) " ———

CMS (jets) f

HERAPDF2.0 (jets) hadron

Klijnsma () &

CMS (i) ep

H1 (jets) o

d’Enterria (W/Z) colliders

HERA (jets) —

BDP 2008-16 ' T decays

Boito 2018 I

PDCG 2020 4

Boito 2021 low €

Maten 2018 {

Peset 2018 * - !

Narison 2018 (c2) hqu

Narison 2018 (bb) i ourn

BM19 (ct) states

BM20 (Bb) b

BBECOG e et

JRI4 ——4

ABMP16 f——re— global

NNPDF31 PDF fits

CTI18

MSHT20

ALEPH (jds) &

OPAL (jis)

JADE (j&:s) e

Dissertori {3j) :

JADE (3j) - jets

Verbytskyi (2j) &

Kardos (EEC)

Abbate (T) =] shapes

Cehrmann (T) ey

Hoang (C) —a— |

PDG 2020 (EW fit) e .

Cfitter 2018 e electroweak

FLAG2019 | 1 | I i | 1 L 1 1 [ lﬂ.t.tlf‘(‘
0.110 0.115 0.120 0.125 a(M2)
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NNLO runnmg of O, from ZEUS Je‘rs

. . ZEUS
R d ~ 0.35 — .
epeat a, determination for ¢ o= \ e
o o i ® ZEUS jets 34rpb‘
5 d'ffer'enT daTG SUbSeTS | \ B OPAL ete jet&./slmpe'-:
d P . d l 0.30 |- 4+ JADE ete three-jets
i ALEPH ete~ shape
and PDFs fixed to DIS only _  ALEPHL e shapes
o L Hljets_
(apart from consistent a,) | © enis
0.25 - 7 decay il
" +« Heavy Quarkonia
Number of (it} 020'_ i
jet C-I'OSS (GBV) as(Mé) :tgexp./ﬁt :lzémod./par. :lzasca.le as(<,ul)2) :|:5t0tal ' L
sections
12 18 0.1156  +0.0037 40.0008  *0-003 0.1525 £0.0086 _
16 26 0.1153 40.0026 40.0006 Ha 0.1417 £0.0054 0.15 L
19 35 0.1167 40.0024 40.0003 L 0.1363 +0.0039
12 52 0.1164 +0.0032 =+0.0002 00001 0.1271 40.0040
11 84 0.1158  £0.0045 +£0.0003 T 0.1172 40.0047
0135}
%9.1305—
g 0.125F
0.120 £ -
0.115

0.110

-> 04 running consistent with e Mt Hs B
NNLO QCD expectation e

7.9.23 A. Geiser, Low-x 2023 17



Addendum: Cross sections with reduced QED corrections

Actual measurement at detector level includes final
state QED radiation and rejects events with hard
collinear initial state photon radiation of f the electron.

QCD theory calculations only exist at QED Born level
(no photon radiation at either initial nor final state)
-> measured DIS cross sections at HERA are by
default extrapolated to and (only) quoted at this level
-> large QED corrections, calculated to LO only.

Such cross sections can not be used for later full
NNLO QCD + NLO EW comparisons.

-> also provide cross sections closer to phase space
actually being measured.
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Addendum: Cross sections with reduced QED corrections

Additional cross section including QED radiation

apart from cut on hard initial state radiation.

(thesis
F. Lorkowski)

7.9.23

|N11mber of events

Ratio to ‘Incl. QED rad.

|: —]

- . j
—_  E—
_|_ S

I R S —_—

| — Including QED radiation — ]
" |—— Excluding QED radiation (Born level) o
- |[—— Including QED radiation and ISR cut

la 1b le 1d 2a 2b 2¢ 2d 3a 3b 3c 3d 4a 4b 4c 4d 5a 5b 5¢ 5d 6a 6b 6¢c 6d
(Q%, PL Breit) bin

A. Geiser, Low-x 2023 19



default

Addendum: Cross sections with reduced QED corrections

extra

(thesis F. Lorkowski)

Q? PL.Breit o Ounf Ouncor OJES Omodel Hfake OLow-g2 OE—p, OTME OHad Q* D1 Breit o duncorll ,  OGgp)
(GeV?)  (GeV) | (pb) (%) (%) (%) (%) (%) (%) (%) (%) 79" % ™ (%) [GeV?]  [GeV] | [pb]  [%] AP (%]
150-200 7-11 ] 68.4 36 17 Ty7 20 17 03 T5p Lajoeof 1.00 093 08 150-200  7-11 | 85.4 L7 086 0.2
150-200 11-18 | 29.6 45 1.8 27 10 21 1.1 55 14 fosTf 1.00 097 09 150-200 11-18 | 326 L8 1095 04
150-200 18-30| 6.55 83 1.7 3 14 12 1.7 M3 13005 100 097 04 150-200 18-30 | 682 L8[ 0.99 1.0
150-200 30-50 | 0828 224 53 '} 42 11 42 158 1.2 J090f 1L.00 096 0.3 150-200 30-50 | 0.913 56 ] 0.99 3.0
200270 7-11]55.9 37 16 21 23 13 02 97 1o0foesf o0 094 12 200-270 711 | 70.0 L6 085 0.2
200-270 11-18 | 27.8 43 13 ™I 09 15 01 M 1o0fosoff oo 096 02 200-270 11-18 | 32.1 L3092 03
200-270 18-30| 670 7.8 28 37 20 1.0 -01 ‘2 1000950 100 098 02 200-270 18-30 | 691 2.8 |0.98 08
200-270 30-50 | 0590 289 7.1 3% 55 14 23 15 0900950 L.00 098 08 200-270 30-50 | 0.617 7.3 | 0.99 3.0
270-400 7-11]51.2 37 17 3% 25 13 o1 37 o7fo7of oo 093 16 270-400 711 | 63.4 LT 087 02
270-400 11-18 | 266 43 23 T 09 14 02 Tl 08 fo69f 1.00 097 0.1 270-400 11-18 | 33.5 2.3 087 0.3
270-400 18-30| 656 7.2 22 T3¢ 17 10 02 T 070092 Lo0 097 0.2 270-400 18-30 | 693 22 098 06
270-400 30-50 | 0.690 240 50 3% .52 11 L0 0 07 J096) 1.00 098 04 270400 30-50 | 0.712 50 f0.99 18
400-700 7-11] 455 35 11 55 24 12 02 Y 06 fors Lol 092 14 400-700 711 | 55.4 L1092 02
400-700 11-18 | 26.7 34 12 2 18 12 01 T 06 fo63f 1ol 097 02 400-700 11-18 | 35.2 L2 1083 02
400-700 18-30| 823 56 10 '35 22 09 .00 ‘17 06085 1.0l 097 03 400-700 18-30 | 913 L1095 05
400-700 30-50 | 1.41 122 32 *2 35 08 02 ‘57 06 098 L.01 097 05 400-700 30-50 | 142 3.3 099 L5
700-5000 7-11 | 42.9 33 1.3 23 24 11 o1 37 os5fossf 103 090 06 700-5000 7-11 | 50.3 L3 097 0.1
700-5000 11-18 | 27.8 28 1.8 22 22 09 -00 ‘9 o05)070) 1.03 097 0.7 700-5000 11-18 | 35.4 L8 090 0.1
700-5000 18-30 | 12.1 40 09 I 35 09 w00 5 05 fos7f 103 097 00 700-5000 18-30 | 17.1 0.9 fo.s1 0.2
700-5000 30-50 | 223 94 16 §f 40 1.4 01 g7 05f071f .03 096 04 700-5000 30-50 | 2.67 15[ 0.85 0.5
5000-15000 7-11| 248 226 29 1§ -34 20 01 /2 o03fo9o3]1.16 089 06 5000-15000 7-11 | 2.65 29 099 0.2
5000-15000 11-18 | 1.99 13.6 3.5 T3 43 14 01 05 03)087f1.16 095 03 5000-15000 11-18 | 2.27 3.5 | 0.99 0.2
5000-15000 18-30 | 0965 14.8 3.1 T2 64 08 -00 —7f 03J072) 1.16 098 0.1 5000-15000 18-30 | 1270 3.1 | 0.95 0.2
5000-15000 30-50 | 0.204 325 49 3% 69 1.7 -01 30 03f043f 1.16 098 09 5000-15000 30-50 | 0.330 49 §0.70 0.2

will hopefully carry fruit when NNLO QCD + fu
predictions

7.9.23

(including

| NLO EW

PDFs) will become available.

A. Geiser, Low-x 2023
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Summaré and conclusions

@ inclusive Breit frame jet cross sections in high Q2 DIS at HERA have been
measured with the ZEUS detector

@ very good agreement with similar H1 measurements

@ cross sections corrected to QED Born level well described by
NNLO QCD + partial LO EW calculations

@ NNLO QCD PDF+a, fit together with inclusive

HERAPDFLO (jets)

HERA DIS and other ZEUS jet data gives e )
a(m;) = 0.1142 + 0.0019, one of the most B
precise measurements from colliders
@ running of a; consistent with QCD expectations x| v
0.1.3:- . \f!‘\x

@ cross sections with strongly reduced LO QED extrapolation are being
provided for later comparison to full NNLO QCD + NLO EW predictions.
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Backup slides

A. Geiser, Low-x 2023

22



Comparison of pre- and post-fit results
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