30thl International
Workshop on Deep

Inelastic Scattering ;
Natch 37231, 2023 Measurement o

Conference Topics ';" ~ aZimuthaI decorrEIation bEtween

Structire\Functions and Pargon Pensities Iy - &.“:w . .
/ ' the leading jet and the scattered lepton

E\WV Physi¢s.and BSM ]

e | ' in deep inelastic scattering at HERA

Future Experiments

;

Michigan‘State-University
East Lansing, MI, USA

D ﬂ S 23 http://pa.msu.edu/conf/DIS2023

MICHIGAN STATE
UNITVERSITY —

Local Organizing Committee  International Advisory Committee
Abhay Deshpande (SUNY / BNL) Halina Abramowicz (Tel Aviv) Elisabetta Gallo (DESY)
Aschenauer Elke-Caroline (BNL) Néstor Armesto (Santiago de Compostela) Haiyan Gao (BNL)
Joey Huston (MS Barbara Badelek (Warsaw) Beate Heinemann (DESY)
Cynthia ‘Thia" Keppel (JLab) Olaf Behnke (DESY) Robert Klanner (Hamburg)
Huey-Wen Lin (MSU, Chair) Sergio Bertolucci (INFN) Max Klein (Liverpool)
Paul E Reimer (ANL) Tan Brock (Bonn) Aharon Levy (Tel Aviv, Co-Chair)
Reinhard Schwienhorst (MSU) Allen Caldwell (MPI Munich) Bob McKeown (JLAB)
Chien-Peng Yuan (MSU) Joachim Mnich (CERN)

A Rosario Nania (Bologn

Jae D. Nam

Temple Univ.

For the ZEUS collaboration




HERA / ZEUS

* HERA

* First and only e¥pcollider
J5 = 318 GeV (HERA )
L ~360 pb~?

Access to low-x (xz; ~ 1073)
with ZEUS detector

Variety of existing jet studies

- HERA Luminosity 2002 - 2007 ° Z E U S
Lot * General purpose detector
2 I .
g ™t 06/07 € * Jet reconstruction down to
5wt E; > 2.5GeV
Tl e < with < 49% resolution.
g 10 R : S5 . . .
g ! 04 o O e * Two independent luminosity

o | 08 - monitors, L /L~ 2%.
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Previous Jet Results at HERA

[ Vs =318 GeV 0? <1GeV? Vs = 318 GeV 0?>20 GeV?
: 05<p, <50GeV N,, > 20 05<p, <5.0GeV N,, 220
-15<n<20 N 15<m<20
Lo . OO
* Inclusive jets in photoproduction Py //4,,,7,;‘ :‘\ Sz
s S
(Nucl. Phys. B864 (2012), 1-37) I AZBSNSSSSSESSN S
B s, | 5
* Isolated photons accompanied by jets in DIS o~ o

(PLB 715 (2012) 88-97)

* Isolated photons plus jets in PHP
(PLB (2014) Volume 730, 293-301)

-1 -3 -1 3
* More on isolated photons plus jets in PHP (a) Photoproduction. (b) NC DIS with Q2 > 20GeV 2.
(JHEP 2014 (23))
* Diffractive di-jet production in DIS L.
(EPJC 76 (2016) 16) o ZEUS preliminary
* Diffractive photoproduction of isolated photo B o een m,,, N S
HERA ) N
(PRD 96 (2017) 032006) el A - e -
* Further studies of isolated photon prodyiction with a jet L Ty
in deep inelastic scattering at HERA 10° w P 57 3 "?

(JHEP (2018) 2018: 32)

*ZEUS (prel.) 347pb~! NNLO (grid®scale@ PDF®had.) Eﬁs
°oH1 Jet energy scale uncertainty

* Azimuthal correlation in photoprdduction and deep 10-1
inelastic ep scattering at HERA. :

* Measurement and QCD analysis ofvificlusive jet

Ratio to NNLO
o e
WO N W
-
—-—

production in deep inelastic scattering at HERA o1
(Preliminary) 0.5] ,
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Jet-lepton decorrelation

Jet 1
ADgec = |¢jet - (pel ~ T

Proton

Lepton in
Lepton out

* In jet production events in DIS, the jet is produced back-to-
back (AQ 4., = 1) with respect to the outgoing lepton.

* Small deviations from A@ 4., = ™ may arise if the struck
quark carries a non-zero transverse momentum,
or when the process involves soft gluon radiation.



Jet-lepton decorrelation

Jetl
Apgec = |¢jet - (pel <7

Proton

Lepton in {666
Jet 2
(hard) Lepton out

* In jet production events in DIS, the jet is produced back-to-
back (AQ 4., = 1) with respect to the outgoing lepton.

* Large deviations from A¢ 4., = ™ may arise if extra jets are
formed from hard QCD radiation.



Jet-lepton decorrelation

Jet 2
(soft)

Lepton in

Jet 1

TOO O

Apgec = |¢jet - d)el ~T

Proton

Lm

Adgec = |¢jet - ¢e| <m

Proton

Lm

* Jet-lepton decorrelation can be used to probe soft and hard QCD
radiation effects without explicit description of the additional jets.

e Can access TMD distributions, complementary to SIDIS, without explicit
description of TMD fragmentation function
[Liu et al., PRL 122 (2019) 192003, Lui et al., PRD 102 (2020) 094022].

* Can be measured with HERA data, which already exist and are
well understood.




Previous Azimuthal Jet Results

PRL 94, 221801 (2005) PRL 106, 122003 (2011) PRL 106, 172002 (2011)
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PRL 128 (2022) 13, 132002 * Previous results from Tevatron (D0) and LHC (ATLAS, CMS)

SRS Q>!'!)'(|\ * Improvements in data description by high order correction
® o ] (NLO to LO).

o EnR=10

: ; * MC generators describe data well except in the region
w A¢ ~ m = tune MC based on data.

107 o =

Data A CascapEset 1 ﬁ

PyTHIA 8.3 V CASCADE set 2

L4
: E HERwWIG 7.2 4 NNLO @ NP . : TomOrI’OW, WG4,
WS e BPEOOW 1 * Recent results from HERA (H1) Yao Xu, Fernando Acosta
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* Improvements in data description by TMD calculation
around the region A¢p~m.

lodel / Data

0=

N

T * Large overlap of collinear/TMD frameworks. ,
A¢** [rad]



Analysis Details (Event Selection)

0’ ZEUS Preliminary ZEUS Preliminary
* Kinematic region 5 NC DIS $10° NC DIS
ok « ZEUS (prel.) 330 pb™ a r « ZEUS (prel.) 330 pb™
« 10 GeV? < Q? < 350 GeV? 10001 ~Ariadne 4.12 ; ~Ariadne 4.12
(Double-angle) i 10°F
c 0.04<y<0.7 |
(Electron, Jacquet-Blondel) ool b3
103;—
* Electron [ 023
! 3 | EFEPITETS EPEPET AT BT AT AT AT S A AT A A A A AT T AT R
e E, >10GeV %50 20 00 10 20 3040 T 50 100 150 200 250 300 350
. 140° < 6, < 180° verexzem (e
e . . . .
(detector effects 6 < 175°) ) ZEUS Preliminary ) ZEUS Preliminary
5 NC DIS [ NC DIS
D10 « ZEUS (prel.) 330 pb’ @'0F « ZEUS (prel.) 330 pb”
J ¢ . —Ariadne 4.12 F —Ariadne 4.12
¢ Jets
* Massive jets in the lab frame, .
kT algorithm with b3
E recombination scheme
e 25GeV <pr <30GeV o'k
- —-15<n<138 :
. Fast_]et 340 0 A 00104 00[08 0612 0(;16 l 6.02 (l) = 10.12x ‘ .0.14‘ l ‘0.16‘ ‘ ‘0.181 ‘ ;1

(M. Cacciari et al., EPJIC 72 (2012) 1896)

Good description of data by MC!



Analysis Details (Measurement)

* Inclusive (Nje; = 1) measurement of differential cross section in
azimuthal decorrelation A¢ .. between the leading jet and the lepton

do(e+p—-e+jet+X) _ 1 < A-1 deet(A(pdec)
€

dA¢dec dA¢dec
)
efficiency unfolding

Leading jet = jet with the highest E
Apgec = |¢jet - ¢e|

MC-based (ARIADNE 4.12) unfolding & efficiency correction

* €~ 0.8, nostrong dependence found.

* Measurement unfolded to the hadron level
* Hadron jets with Fastlet 3.4.0, kT algo with E schemeandR=1

* Massive jets in the lab frame
with all final state particles, as identified by ARIADNE,

without scattered lepton and neutrino.



Analysis Details (Unfolding)

Matrix-based unfolding

. e * L-scan method as interfaced in
ZEUS Preliminary TUnfold package

(S.Schmitt, JINST 7 (2012) T10003)

* Takes the migration matrix of
A 4o as input

A(I)dec,had

2.5

* No additional jet matching outside
the unfolding
* Leading jet misidentification shows
up as A¢ shift of, for the case of
dijet, ~ .

* Model-dependence of the unfolding
process estimated with MEPS-LEPTO
0.5 based MC sample.

* ~5% effect at Ap~r.

b o5 1 is 2 25 3
decdet * For final publication, Nj,.

correlation will also be included in
the unfolding process. 0



Theory

* Perturbative calculations from UNSAM (Borsa, de Florian, Pedron).

* Calculations for EIC (Borsa et al., PRL 125 (2020) 082001)
revisited for HERA kinematics.

* Fixed order (up to O(a?)) calculations using the projection-to-Born method.

* Takes a jet plus an extra jet at NLO and fully inclusive DIS at NNLO
to produce single-inclusive (Nj,; = 1) calculation at NNLO.

* PDF4LHC15 sets.

* No HQ contribution.

* Calculations are produced at the parton level.

— hadronization correction with ARIADNE.

— Model dependence in hadronization correction evaluated with LEPTO, ~5%.

* Ongoing communication with experts (Feng Yuan) for TMD calculations
for ZEUS kinematics!



Results

ZEUS Preliminary _ . .
* Previous preliminary A¢ 4, distribution
NC DIS ZEUS (prel.) 330 pb™

.« jets>1  m jets>2 compared to LHC finds a qualitative

s jets=3 ¢ jets>4 agreement
¥ jets>25  —— Ariadne 4.12

T TTTI

Events

10°

TT lllllll

* Soft gluon effects near A¢p~m in high jet
multiplicity cases.

104

 Agreement with MC degrades at high jet
multiplicity, pointing to the need for
102 improvements in the theoretical description.
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Results (Inclusive)

ZEUS Preliminary
3 =
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Azimuthal angle jet/electron
measurement for the inclusive case
(Njer = 1).

* Systematics study suggests that the
model dependence of the unfolding
process is the dominating contribution
(~5% at Apgec ~ )

» Efficiency correction ~20%.

Comparison to pQCD calculations.

 Hadronization correction with
uncertainty of ~5%.

e Clear improvement seen from NNLO
compared to NLO.

* Not enough phase space available for
additional jet production with NLO
around Ag 4. < 3/4m.

* High Ag 4., behavior due to large logs
from soft gluon radiation.

» Input from TMD will improve the
understanding in this region.



Results (Inclusive)

» Azimuthal angle jet/electron
measurement for the inclusive case

ZEUS Preliminary (]V] et = 1)
5 F * Systematics study suggests that the
;%105;_ « ZEUS prel. model dependence of the unfolding
2 E _ ARIADNE process is the dominating contribution
’ 104;— (~5% at Apgec ~ )
S * Efficiency correction ~20%.
o ;_, NCDIS e+p—> etjet+X
= =318 Gev, | Lat=326ph" .
102;_ 50 GeV? < Q* <350 GeV? i Comparlson to ARIADNE MC.
= 0.04<y<0.7 * ARIADNE is normalized to data, as it is only at
ol E.>10 GeV, 140° < 0, < 180° LO + parton shower.
= 25GeV<p, . <30GeV * The A¢ .. distribution is much steeper with
- ‘15< 1, <18 ARIADNE, hinting that the high jet multiplicity
S from hard production may be underestimated.
T
£ F
0

05 1 15 2 25 3



Results (Prjer & Q)

do/dA__ (pb)

Ratio

(pb)

(0]

210°

do/dAd

Ratio

ZEUS Preliminary

2.5GeV < pT,jet <7 GeV

Neutral Current DIS

s =318 GeV
I L dt = 326 pb™!
e+p — etjet+X

7 GeV < pTJet <12 GeV

« ZEUS prel.
ZINNLO
[INLO

12 GeV < pT,jet <30 GeV

10 GeV? < Q? <50 GeV?

50 GeV? < Q*< 100 GeV?

100 GeV? < Q%< 350 GeV?

o b4

¢

ekt [ )

16 18 2 2224 26 28 3

Ad

dec

1618 2 22040628 3
Ad

dec

1618 2 20042628 3

Ad

dec

Comparison to pQCD in
different ranges of

pT,jet and Qz-

Good jet reconstruction
near the kinematic limit
Pr,jer ~ 2.5 GeV, as

suggested by this
comparison.

Soft gluon effects near
A¢ ~ ™ maximize in
low-pr jer and Q%.

Poor description of data
in high-Q? around A¢ <
3/4m currently under
investigation.



Results (pr jer & Q° MC)

ZEUS Preliminary

105: 25GeV <p, <7 GeV , 7GeV <p , <12GeV , 12GeV <p, . <30GeV ° Comparlson to MC N
g i different ranges of
VU * ° " 2
JERT pT,jet and Q<.
3 5 F Neutral Current DIS
s 10°F V5 =318 GeV « ZEUS prel.
L F [ L at =326 pv : i

10 E_ e+p — etjet+X ? — ARIADNE ?
o * The A¢g distribution
©
& : . of MC much more

e E 10 GeV? < Q% <50 GeV? , 50 GeV2 < Q% < 100 GeV? , 100 GeV? < Q* < 350 GeV?

sensitive to pr jet
than data.

* Final results will also
include Nj¢
measurement.




Summary/Outlook

* Summary

Preliminary results of azimuthal decorrelaton measurements of lepton and leading
jet in DIS, similar to previous ZEUS y-jet results and other experiments in pp
collisions.

Measurement of new jet observable with the existing ZEUS data.

Comparisons to pQCD provide test of perturbative stability of the jet production
process.

May serve as a complementary measurement to SIDIS measurements with added
benefits of not needing TMD FF.

Overall, the pQCD at NNLO accuracy and ARIADNE describe main features of data
well; some discrepancies are observed which will be investigated further in the final
measurement.

* Qutlook

Final measurement/publication will include measurements in various Nj;
configurations.

In communication with TMD experts for input.

Jet-lepton decorrelation measurement will provide an important probe in future
colliders, such as EIC.



