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Outline

The H1 experiment at HERA
The 1-jettiness event shape

Empty hemisphere events

Results

The new results presented here are published in:
Eur.Phys.J.C84 (2024), 785 [arxiv:2403.10109] (1-jettiness)
Eur.Phys.J.C84 (2024), 720 [arxiv:2403.08982] (empty hemisphere events)
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The HERA ep collider

HERA collider: l‘ RA/ J
3 Integrated luminosity:
- operated from 1992 to 2007 % ., about 500,pb™* per
_ Circumference 6.3 km :: collider experiment
' 100 .y
- Electrons or positrons colliding with protons Two collider t 75
0 < % | experiments: rmes
- Proton: 460-920 GeV, Leptons 27.6 GeV ' Y Do | 41 and ZEUS

~=— Electrons / Positrons
~=— Protons
=AW Photon Radiation

— Peak luminosity ~7x103 cm?s? Maximum centre-of-
mass energy: 320 GeV
ST £

—

HERA-b &
HERMES
Fixed-target, not

covered in'thigda
y ZEUS
;

>
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The H1 Experiment

Asymmetric detector
Centre-of-mass system is
boosted to proton-direction
E.=27.6 GeV, E =920 GeV

_ _ _ SpacCal
Drift-chamber: main tracking

device 15°<6<165°

proton beam

electron beam

<7
27.6 GeV 920 GeV
Liquid Argon calorimeter
Ohae=0.5VE, 0ev=0.11VE, -1.5<n<3.4 Silicon
Lead+fiber in backward (electron) direction Central
[SpaCal] 0en=0.07/VE, -4<n<-1.4 tracker
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Deep-inelastic scattering at HERA

n>0 | n<o0
 Neutral Current DIS forward # > backward

Scattered electronygy,.

Electron beam === .. D m

Momentum transfer: Q°=—q°=—(e—e

| H
<— | [ Proton beam

Inelasticity: y:% e : incoming lepton 4-vector - H
ep p: incoming proton 4-vector - 22
Q2 e '": scattered lepton 4-vector - :E.=;.;=
Bjorken-x: x=—— i.*'
Sy Jet from scattered parton
Hadronic mass: W’=(p+q)’ _
Event at high Q2>150 GeV?
* Leading order picture : :
J p, - Electron in LAr calorimeter
T - Hadrons in the central tracker and
o “ragments i LAr (~current hemisphere)
current hemisphere)
D; proton remnant - Proton remnants in forward direction
(fragments in target hemisphere) m OSt|y escape d eteCtl on
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Event shapes in e+e- and ep |

' : . ttering: t istinct hemisoh
. “Classical” event shapes in e+e-: thrust op SEAtEing. to distinct hemispheres
1-T, jet broadening, etc: extract as - Target hemisphere: proton

remnant, limited acceptance

e e+e-event: tw Ivalent hemisph - -
et+e- eve O equivalent hemispneres — Current hemisphere of the Breit

T=max zzfl“rf"r' frame: good acceptance
ﬁ i pi = =
v+ Eventshape measurementinep £ wf
= [ ] = | ov<te-o., H1 data
= |i%  modified NLLA ) _ : : = S i y "
T S e T Use only in current hemisphere 0k jit S
© B g ) ) F s e, ® (Q)=15.0 GeV
0 \ ; - Cutin polar angle complicates N
(f : QCD calculations (non-global logs) i ", & @-wrcw
E .. E . , %&ﬁ%ah:;ﬁ“wﬂif % (Q)=81.3GeV
' 1-T measured-at LEP - Bonus for ep: vary Q% » measure s Ttaee 9§
10 " 1Z-Phys.C 68 (1995) 519] scale dependence [ *ﬁrﬁé«%; R
T R TR TR Y B 5

0 02 04 06 08
1-T

1-T in current hemisphere
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Breit frame (BF) and definition of 1, @

* proton along +z axis e Current hemisphere: particles with p,<0 in BF

« After boost: virtual photon along -z axis * Target hemisphere: particles with p,>0
with energy=0 Breit frame

* InLO, the quark is scattered along the Virtual photon  p% Broton
-Z axis g /MH
Lorentz Target . Current
Laboratory frame boyv hemisphere = Hemisphere (CH)

L b_ 4 q-p;
| IProton beam e 1-jettiness T.": n=1 2.2 :
I ieca 4°q
| e Can be written as a sum including all particles

* Infrared & collinear save, free of non-global logs
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Precision measurement of T at high Q2

;‘;%_ | B 4 H1 [‘)ata ISys, unc. | H1 | ;

 Measurement phase space: 8 .
g P;l sl -

- 200<Q2<1700 GeV2 and 0.2<y<0.7 T,=1-2 ), o ql g=é] e
ieCH o ]

* Results are unfolded to particle level

| i

* Only depends on current hemisphere particles — free of

NNLOJE[ (0(;12»8 Had) 64 NNLO@NLL@Had

acceptance corrections, high precision <5% in most bins ¢ Wﬁuﬁ ——
» Peak structure around 0.15: single jet events "i__ *P"”"afa | “"‘ P""‘“;"”
» Tail towards larger T.": higher orders, hard QCD radiation Tt e
« Peak at 1,°=1: events where the current hemisphere is :

empty £ !
* Test against a variety of models — next slide = ———
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Precision measurement of T at high Q2

;‘;%_ | B 4 H1 [‘)ata ISys, unc. | H1 | ;

 Measurement phase space: 8 .
g P;l sl -

- 200<Q2<1700 GeV2 and 0.2<y<0.7 T,=1-2 ), o ql g=é] e
ieCH o ]

* Results are unfolded to particle level

| i

« Comparison to

NNLOJE[ (0(;12»8 Had) 64 NNLO@NLL@Had

— NNLOJET: NNL QCD (only for sufficiently high 1" ) W%% s 7

8 175, —Pytmasa s Pmaaswm) Pyn"laBS[D ) ,;

- Pythia 8.3 2 M'w "

0-55 ] —Helw;g72 Hemlg?Q(MegI s EI:E

- Powheg+Pythia NNLO calculation works well f il e

- Herwig 7.2 None of the mo_dels Is perfect Pt
-~ room for tuning &

- Sherpa 2, Sherpa 3 g 1of |0

- Rapgap. Djangoh Yo, e et
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Triple-differential measurement of T,"

y [0.05...0.10] y [0.10...0.20] y [0.20...0.40] y [0.40...0.70] y [0.70...0.94]
T

. . 4 Hi Data ~ NNLOJET [:I:[o@@u.a] :100 [T :
* Measurement of 1, in Q2 and y bins s, FBER e f EL Hi
- - Rapgap — KaTie+Cascade (Set2) J o4
. . . . . —F'y‘lh?as.s —Sherpa 3 nLo+Ps} {00 BRI Jeiae e e S S B
With Increasing Qz: peak shlfts andisless o=, e i %_'_ 1 . :
broad, tail towards high 1, is reduced e DD
. . [1700 _..3500] - - Herwig 7.2 (Matchbox) 100 éL e I-;.\A e i!-.n | I-
—~ QCD evolution with the scale 200 : ! |
o . . [1100 . 1700] - Lol fEkT .-.—u“,_ 55‘“-—, IIII j!k- .--._
* Peak position also shifts with y: could be e 2 :f I :
related to varying contributions from quark "™ " f‘-h_ f-h.k TR ]

or gluon induced scattering e ami

* Detailed comparison to models — ratio oo o
plots (next slide) 1000 |

reerT

i ads

Q%iGev?
[200 ... 280] o0
T B A L L S i
QAGeV? & | B |
[150 . 200] M
......

0.5 10 0.5 10 0.5 10 0.5 1

o
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Triple-differential: Ratio to Pythia 8.3 >
Example of triple-differential model comparison: s O s y%] e
Sherpa3 and PYTHIA 8.3 oo o oy i5,s W&LL_ H1
Dots: ratio of Data/Sherpa3 e %pﬂ N “+

Line at unity: Sherpa 3, describes the data well

[1700 . 3500]

Green lines: ratio Pythia8.3/Sherpa3 (g

Pythia 8.3: difficulties to describe the data at very o “Slzady s Tos

low 1:° — already evident from 1D distribution T

Additional feature: high 1:* is not described o 70 0-9’-, St

accurately by Pythia and Pythia variants. At highy, — eer "1l

Vinca and Dire definitely do not perform well, - 1

Powheg and “plain” Pythia are doing better. o M

hoﬁ;xs;v;ﬂ 0:; :I ! . “_I.__:.. - ..I__‘ , "'"",“, ‘ _ ‘."."---3,“, ‘

Sherpa2, NNLOJET, HERWIG7.2 in backup R

EPSHEP 2025, Marseille S.Schmitt (H1) 1-jettiness measurement
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Recent calculations confronted to data

* Avrecent paper confronts N3LL calculations with the H1 data
» Accurate predictions over the full 1, range (c.f. NNLO jet predictions only down to ~0.15)
« Can we use triple-differential HERA data (Q2,y,1:" ) for PDF+as fits in the future?

0 M) o [P

¥ Thasy prafictisn (N'LL) ] I E ¥ Themry prodction (HLL)

3 Ss=ancw 1 T /5 =319 CeV ]

.- . X 100 < eV <t 1§ 700 < Q%/CeV? < 1100 ]

Paper: Precision DIS thrust 3t Nk e riins
predictions for HERA and EIC 1 2 I3 :
+ M 5 £L z

June-Haak Ee, Daekyoung Kang, tdll = g1 | i . }15
Christopher Lee, Iain W- Stewart o :lll:l :l.i‘ ﬂjl h. I]I;— ‘I;‘B . '.jl:l- :I-:lll:l I:IjE ﬂjl " l:‘jli IZI:H = '.jl:l-
arX|V250405234 Figure 17. Comparison of difforential cross section measurements from the H1 collaboration at

HERA [26] (black points) with our theoretical predictions (red points). The left and right panels
show results from two different bins in * with the same bin in y.

EPSHEP 2025, Marseille S.Schmitt (H1) 1-jettiness measurement 12
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Empty hemisphere (EH) events

% | B | 4 H1 [‘)ata ISys, unc. | H1I ;
 Empty hemisphere events are predicted at NLO: dijet 8 oo .
events can have both jets in the target hemisphere ool -7 o ]

02y<07

- Leading order: scattered parton is massless

— Next order: dijet system with finite mass

|
T T
<4 NNLO®NLL'&Had

- Boost to Breit Frame can bring both jets into the target

TR A TR

hemisphere (given certain kinematic conditions) B el o e

* The current hemisphere can be empty, 1,’=1
« Exact predictions are difficult, as this is a pure higher-order & N
effect. At even higher orders (third jet), or with TR
hadronisation, the rate of these events may be smaller than * o=
expected from the lowest order parton-level dijet prediction g8 i e o
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Kinematic properties of EH events
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The rate of empty hemisphere events
IS measured at the particle level

Ot .0)/ Sincpis)

Measurement phase space
150<Q?%<1500 GeV?, 0.14<y<0.7

a

o

=

=]
l

0.02=

Ot .0)/ Sincpis)
(=]
g

[

o
=
]

L ¢ Hidala

| — Djangoh 1.4 — PowhegsPyinia |
| — Rapgap 3.1
- Ghepazz —- Shepas.o pwd

—Pylhiag3
SYsL uncen. ---- PYINA 8.3 ow)  —|

Sheipa 3.0 (Cusar)_|

Sc .0)/ Oncpis)
=]
8

[+

o
=
]

The rate is measured as a function of
log(Xs)), ¥, Q?

e Confronting with MC models, the
data have discriminative power

0.01 0.01} =z

e The “traditional” HERA models DJANGOH =*#**2 7 “'BI“"""“‘
and RAPGAP bracket the data: 09,(Xg) y

- estimate model uncertainties from DJANGO-RAPGAP differences. Unfolding uses extra bins
(=extra nuisance parameters) to obtain results with small model uncertainties

Result integrated over full phase space: = 0.011243.9 %0t + 4.5 Ysys + 1.6 Yomod

0.01

!Tl:lll

1
1000

Q7 [GeV?]

02 03 04 05 06 07 200
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Summary @

The H1 collaboration presents new precision data on the 1-jettiness event
shape variable ;"

The data are measured triple-differential and “inclusive”, such that for a
given Q2,y all possible hadronic final state are quantified in terms of 1, (there
IS N0 acceptance limitation in T:° ) - see backup for inclusive 1, integrated
cross sections in (Q32y)

Modern ep MC generators do a good job in describing T1.°, but there is also
room for further improvements

At 1:’=1 there is a special event topology with an empty hemisphere. The
kKinematic properties of these events are studied in detail. In particular the x-
dependence is very sensitive to details of MC models

EPSHEP 2025, Marseille S.Schmitt (H1) 1-jettiness measurement 15
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)

Backup
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Triple-differential: Ratio to NNLOJET
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* Example of triple-differential model
comparison: NNLOJET

* Line at unity: Sherpa 3
e Dots: ratio of Data/Sherpa3
 Orange band: ration NNLOJET/Sherpa3

e Overall good description, however
prediction is not available at low ;"

* Inlarge parts of the phase space, the data
are more precise than the theory within
scale uncertainties

EPSHEP 2025, Marseille

QIGeV?
[8000 ... 20000]

ofiGeVv®
[3500 ...8000]

Q%IGeV?
[1700 _3500]

Q%IGeV?
[1100 _1700]

QIGeV?
[700...1100]

Q%iGeVv?
[440 ... 700]

Q?IGeV?
[280 ... 440]

QYGeV?
[200 __280]

QYGeV?
[150 _200]

y [0.05...0.10] y [0.10...0.20] y [0.20...0.40] y [0.40...0.70] y [0.70...0.94]
T
+ H1 Data 5t 1
Sys. unc. G H
L 7 |
NNLOJET (0(c2)@ Had) . . i v s . |
£42 NNLO®NLL'®Had 15}, + | i . ]
Ty ‘,;{u#,g, e | 0ot o s555 |
. ke 2
= Il L I AE + | i
T T Tt T T } }
i et
Exy i
. hd =
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Triple-differential: Ratio to HERWIG7.2 >

y [0.05...0.10] y [0.10...0.20] y [0.20...0.40] y [0.40...0.70] y [0.70...0.94]
. . . o 4 HiDaa 2215 ¢ g
 Example of triple-differential model B Lol Sys. e £ . .J‘%T H1
comparison: NNLOJET e - T2 e RO O
. . [3500 __.8000] -=- Herwig 7.2 (Matchbox) 71 ﬂ-lfqizr:-_—l“‘;ﬂ *n-.—T—-"_+T’; “‘_'.w I —--a,_T_ L.,:Tlf.,l_
e Line at unity: Sherpa 3 ‘
[1700 __3500]
e Dots: ratio of Data/Sherpa3
[1100...1700]
* Red lines: ratio HERWIG7.2/Sherpa3
[700 ... 1100]
* Test: default, mering, matchbox
[440 ...700]

* In most cases, merging and matchbos are

superior to plain HERWIG, but there is S
room for improvenet in all cases e
kil
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Triple-differential: Ratio to SHERPA >

* Example of triple-differential model
comparison: NNLOJET

* Line at unity: Sherpa 3
e Dots: ratio of Data/Sherpa3

* Blue band: Sherpa3 NLO+PS with scale
uncertainty

* Dashed lines: Sherpa 2 variants
* Overall very reasonable description

* Sherpa 3 is superior to Sherpa 2

EPSHEP 2025, Marseille

QGev?
[8000 ... 20000]

Q¥GeV?
[3500 ... 8000]

Q?IGeV?
[1700 _3500]

QAGeV?
[1100 ... 1700]

Q%GeV?
[700...1100]

QGev?
[440 .. 700]

Q?IGeV?
[280 ... 440]

Q%GevV?
[200 _280]

QYGev?
[150 _200]

T
15

05
T
15 [

05 |
15 [-

05 |
J
156 |

05
J
15

05

y [0.05...0.10] y [0.10...0.20] y [0.20...0.40] y [0.40...0.70] y [0.70...0.94]
¢ HiData 8215 [ T
31 H1
Sys. unc. &S .'Tl
] wos ylo.20...0.84]
Sherpa 3 (NLOsPS) : | ] Al . .
= 15 + L i
Sherpa 2 (Cluster) g E—— e T —
— — Sherpa 2 (string) .'T'|' T o * g + L 1 ¥
g 1 L \__I |_\ + |
15 = 3 T 4 i +
1 [ | g e
155 1o ' '
Y : e 4
i 1"??ib_t__ :-*T‘#JT"I A e i +i+ W T}T
2 IR pTT  TEREL S Y
- “_‘+‘4- LS !j’ﬂ-“k" l!.ml‘!‘:- -i_+ Ligtegabed | L ogesboiy
v B T ""'+ e LA + L T
i + 1s 14 L
I " gy J I ! 6| 05 1
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e 4 ¥ +“". s Tee T e oo U
E Hr i it H
Lo TR Wy | — g —
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Inclusive cross sections in (Q2,y)
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* By integrating cross sections over 1,°
one obtains double-differential cross
sections measured in (Q3)y)

* These complement traditional double-
differential measurements of structure
functions

— Structure functions: good for fits of
analytics predictions

- Cross sections measured in bins:
good for confronting MC
predictions

EPSHEP 2025, Marseille

EH1
Iy e
b L

Lt €-p data

E (5=319GeV

T

@ H1 Data x 10° (0.05<y<0.10)

+ H1 Data x 10" (0.10<y<0.20)

4 H1 Data x 107 (0.20<y<0 40)

v Hi Data x 10° (0.40<y<0.70)

% H1 Data x 107 (0.70<y<0.94)
Sys. unc. -
NNLO (HIPDF2017)

42 NNLO [NNPDF 3.1 1]

4 aN3LO (MSHT)

3
s 3
=
=
Y

\ o
125 oosgatn k 3
B i S 3
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08f ! E
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e ——————
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0.8 \ N
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