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Deep-inelastic scattering

Neutral current deep-inelastic scattering

Process: ep — e'X e'(k')
Elect it
ectron or positron e(k)

Kinematic variables

« Virtuality of exchanged boson Q2 V/Z(q)
Q'=—q'=—(k—k') p(p)
* Inelasticity } X
_Dbq

Oep—seX — fp—mﬁ &) Oei—seX

NC and CC DIS cross sections (HERA-II) are mandatory ingredients for PDF fits
* Only one proton involved
-> |epton directly probes (charged) constitutents of proton

Gluon is mainly indirectly constrained by DGLAP and sum-rules
-> Measurement of ep -> 2j+X will allow direct access of gluon content
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Jet production in ep scattering

e e e © 1
q
_ q
q
P P N
\/ S/ o P
Boson-gluon fusion QCD Compton Trijet leading-order

Jet measurements are performed in Breit reference frame
« Exchanged virtual boson collides 'head-on' with parton from proton (‘brick-wall' frame)

Jet measurements directly sensitive Breit frame
 to 0, already at leading-order

« to gluon content of proton

p=(E,0.0,&p)

f“’ = (EO 0:pl)

Trijet measurement
« More than three jets with significant transverse momenta

« Leading-order already at O(0,2)
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The HERA ep collider

HERA ep collider Integrated luminosity
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HERA ep collider in Hamburg « Electron and positron runs

« Data taking periods ~
« HERAIL: 1994 — 2000 y \/SE §1297%e(\;/ y
« HERAII: 2003 — 2007 e =<l e

* Delivered integrated luminosity ~ 0.5 fb-1 E, =920 GeV

« Analysed int. Luminosity: L = 290 pb-

DIS17, April 2017 Daniel Britzger — H1 Jets 4



H1l Experiment at HERA

H1 multi-purpose detector
« Asymmetric design
Trackers:
« silicon tracker, jet chambers,
proportional chambers, ...
Calorimeters
« Liquid Argon sampling calorimeter
« SpacCal: scintillating fiber calorimeter
Superconducting magnet: 1.15T
Muon detectors

Excellent experimental precision
« Overconstrained system in NC DIS
 Electron measurement: 0.5 — 1% scale uncertainty Drawing of the
« Jet energy scale: 1% H1 experiment
e Luminosity: 2.5%
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Analysis strategy and kinematic range

Data must be corrected for detector effects
« Kinematic migrations
» Acceptance and efficiency effects

Regularised unfolding

» For accurate descripton of migrations
consider an 'extended phase space’

Extended phase space for unfolding

NC DIS Q2> 3 GeV?
y > 0.08
(inclusive) jets P >3 GeV

-1.5<n® <275
Dijet and trijet

<P > >3 GeV

Typical event display

Cross section phase space

5.5 <Q?< 80 GeV?
0.2<y<0.6
P> 45 GeV
-1.0<n*<25
Pt >4 GeV
<P_*> > 5 [5.5] GeV

 Dijets/trijets: asymmetric cuts on piett & pie2 avoid IR sensitive regions in NNLO
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Regularised unfolding

Regularised unfolding using TUnfold

Calculate unfolded distribution x by minimising

% (x,7)=(y—Ax)'V '(y—Ax)+TL'L
« Linear analytic solution

» Linear error propagation

- Statistical correlations are considered in V,

Simultaneous unfolding of
Inclusive jet, Dijet, Trijet, NC DIS

o Statistical correlations are considered
Matrix constituted from O(10¢) entries

« Two generators used
» Difference between the two -> model uncertainty

Up to 6 variables considered for migrations
'detector-level fake jets' (or events) are constrained
with NC DIS data

Detector level

Hadron level
Detector level

JINST 7 (2012) T10003

Covariance matrix

Migration matrix
Regularisation term

Mlgratlon Matrix

ElegPobybs} & L & L &
Reconstructed =
Trijet events which Trlje’[
are not generated 2 <pr>my,
as Trijet event QTrijeI;TCJtSy
Reconstructed .
Dijet events which Dljet
are not generated 0% <pr>5,
as Dijet event Dijet-cuts
Reconstructed
jets without match |nC|_ Jet
to generator level i
g pin@? yf
2
0y EP]) C75 (2015) 2
Hadron level
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Control distributionss

Acceptance of NC DIS events iy K.
« Scattered lepton is found in SpaCal :Zo : "éﬂ;i;;g}:h"ga‘”
» Lepton energy E, > 10.5 GeV - LS Lk
« Selection based on un-prescaled SpaCal i :
electron trigger e
5

Monte Carlo generators TR,
10 20 30 102

* Rapgap: LO matrix elements + PS @ [GeV]
* Djangonh: Color-dipole model

« String fragmentation for hadronisation £ NG DIS sample.
g 1 G Bjangony
Background ()
* Photoproduction simulation using Pythia 08 o g
* Normalised to data using dedicated event selection 0.
» Background for jet quantities almost negligible 0
0
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Detector-level distributions for jets

Jet reconstruction 2 " nobissame | 1 B
. . . o 7F H1 data - ata
« k; jet algorithm with R=1 @ 10 ng":gangoh; 3 10 i Blangon)
: £ —— -7 MG (Rapgap ----MC (Rapgap) 1
« Jets built from tracks and clusters 10F bem e 100 e
 Jet energy calibration using neural networks w00 = B (R o o Background
Approx. 1% Jet energy scale uncertainty 1 ) R
0= 3 0°¢
Monte Carlo used for unfolding 10° o ENN LA 1
 Jet multiplicities and spectra not well modelled 1P e 4 105 A
. Djangoh: p-et spectra too hard 0 1 2 38 4 5 6 567 10 20 30 4050
vHa _ Inclusive jet multiplicity P [GeV]
* Rapgap: Jet multiplicity underestimated T
« Both generators tend to have too few jets in o — @ S
forward direction s Chign 8 [ o it dta
. . o 10°E —MC (Djangoh) = 11 10°F — MC (Djangoh)
-> MC generators are weighted to describe data "+ MO (Rapoao) : o+ MO (Rapap)
104; e --- Rapgap ,; 104: ----Rapgap o
E oy ™ Il Background BT - Background 3
Dijet and Trijet i :
. . . . 103;— 103§
 Distributions raise steeply due to i
pLet > 5 GeV requirement 10 0%
-> Extended phase space important for migrations . ) ]
B e . . .3 E L e . . 3
567 10 20 _130 40 50 6 7 10 20_t 30 40
(PP, [GeV] (PY), [GeV]
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Comparisons to Predictions

Recently improved prediction became available for DIS jets
« approximate NNLO (Phys. Rev. D92 (2015) 7, 074037)
* NNLO (Rev. Lett. 117 (2016) 042001) and [arXiv:1703.05977]

» Both theory groups have extended their calculations for our data

Predictions NLO aNNLO NNLO

Program for jet cross sections nlojet++ JetViP NNLOJET

pQCD order NLO approximate NNLO NNLO

Calculation detail Dipole subtraction Phase space slicing Antenna subtraction
NNLO contributions

from unified threshold

resummation formalism

Program for NC DIS QCDNUM APFEL APFEL
Heavy quark scheme ZM-VFNS FONLL-C FONLL-C
Order NLO NNLO NNLO

PDF set NNPDF3.0_NLO NNPDF3.0_NNLO NNPDF3.0_NNLO
ay(Mz) 0.118 0.118 0.118
Hadronisation corrections Djangoh and Rapgap

Available for

(Normalised) Inclusive jet v v v
(Normalised) Dijet v v v
(Normalised) Trijet v
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Dijet cross sections

102 55<Q’<8 GeV? 8<Q’<11GeV?

Dijet cross sections in NC DIS as a 2 w0
function of Q2 and <p;>, 3

jop  11<QP<16GeV

T

£ 107 107 107
o <P;>, = (Petl + P.jew2)/2 %12 f:g 1 :
Wlth PTjet > 4 Gev 107 6 1I0 20 30 40 o 10 20 30 40 10 6 1I0 20 30 40
(F‘T)2 [GeV] { PT)2 [GeV] { PT)2 [GeV]
S b 16<GPe22GeV? b 22<@<30Gev? 13 (b d0<cicazcev?
Comparison to Predictions 2 -
e NLO (nlojet++, NNPDF30_nlo) 12
« approximate NNLO (JetVip, NNPDF30_nnlo) 15 m-j;.
* NNLO (NNLOJET, NNPDF30_nnlo) 1o

« Overall: predictions give reasonable
description of data

o/ (AQPA(P.) ) [pb/GeV)
o

SR
o

-
S 9
- W

o/ (AQPA(P.),) [Pb/GeV’]

10 20 3040

10 20 3040

6
(PT>2 [GeV] ( PT)2 [GeV]
q 5
42 < Q< 60 GeV? ] % 102 60 < Q%< 80 GeV?
13
L _.é 1
o
121
1310
e ‘610
107

6

10 20 3040
(P,), [GeV]

10 20 3040
(Py), [GeV]

6 10 20 3040
(P;), [GeV]

H1 Dijets
s H1 HERA-II
§ Systematic uncertainty
NLO ® hadr. corr.
— aNNLO ® hadr. corr.
ZZNNLO ® hadr. corr.
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Ratio of dijet cross sections to NLO

Scale uncertainty
» So-called '7-point scale variation":
Vary u, and u, independently by factors of 2
and 0.5, but exclude variations in 'opposite’
directions

Ratio to NLO prediction
» NLO give reasonable descriptions
within large scale uncertainties

« aNNLO improves shape
* aNNLO expected to improve
description at high <p;>

« NNLO improves shape dependence

» NNLO predictions have smaller scale
uncertainties than NLO at high-<p;>

o/ Suo

G/ S0

20 3040
(P.), [GeV]

16 < Q%< 22 GeV?

o/ S0

o/ S0

20 30 40
(Pp), [GeV]

22 < P< 30 GeV?

20 30 40
(P,), [GeV]

30< Q%< 42 GeV?

o/ S0

20 30 40
(Py), [GeV]

20 30 40

N ]

(P, [GeV]
60 < QP< B0 GeV?

MR

20 30 40
(P.), [GeV]

20 30 40
(Pp), [GeV]

20 30 40
(Pp), [GeV]

H1 Dijets

$ H1 HERA-II

A\ Systematic uncertainty
I NLO ® hadr. corr.

— aNNLO @ hadr. corr.
#£NNLO ® hadr. corr.
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Normalised jet cross sections

Normalised jet cross sections
 Normalised to: Inclusive neutral-current DIS
'inclusive neutral-current DIS cross section' in Cross sections
respective Q2 bin

§ e H1-

Advantages 2l — :
« Reduced experimental uncertainties 5 3 BN E
« Cancellation of normalisation uncertainty 0 - :
(in our case: only partial cancellation, because NC 6 1o 4 HINCDIS A
7 Syst. uncertainties =

DIS cross sections are measured only with a subset
of the jet data because of trigger reasons)

NLO (ZM-VFNS,NNPDF3.0)
NNLO (FONLL-C,NNPDF3.0)

| +

—
—

NC DIS cross sections o ]
e NLO (ZM-VFNS) and NNLO (FONLL-C) s 1;///,////////%// 0 Z
predictions provide a good description of the 2 é ///W//////// | E
data = 0_9:_ J
 PDFs are fitted to NC DIS cross sections e ‘ S ———
6 7 10 20 30 40 50 60

Q% [GeV?
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Normalised dijet cross sections

Normalised dijet cross sections

O‘ .
O_:_lorm — 1\;@
O'l.q
Predictions

 Predictions obtained as
ratio of jet to NC DIS calculations
« Scale uncertainties by varying jet
Cross sections only

(because NC DIS are fitted to data)

Data to theory agreement
« Overall good description by NLO,
aNNLO and NNLO predictions
 (only) somewhat reduced
experimental uncertainties
* NNLO slightly overshoots data

-> partially caused by normalisation

w.r.t. NC DIS

norm
NLO

o
© O s 1007
6 10 20 30 40
(P;), [GeV]
Eo
g2
©
£
©
6 10 20 30 40
(P, [GeV]
Eo
2=z
©
£
©

20 30 40
(P)), [GeV]

norm

NLO

o™/ G

- ORNGG
R

3

20 30 40

20 3040

(P;), [GeV] (Pp), [GeV]
Eg Eg
2= 22 <Q%< 30 GeV?

Gnorm / e}

norm alelg
gnom / o

6 10

20 3040
(P, [GeV]

E
52 2F  §0<QP<80GeV?
6 1k
]
v 1.4f

1

20 3040
(P)), [GeV]

20 3040
(Py), [GeV]

H1 Normalised dijets
$ H1HERA-I

§ Systematic uncertainty

. NLO ® hadr. corr.
— aNNLO ® hadr. corr.

% NNLO @ hadr. corr.
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Reminder: inclusive jets @ high-Q?

H1 Data

Eur. Phys. J. C75 (2015) 2

® 150 <Q%<200GeV? (-16 O 400<Q? <700 GeV? (i-1)
6 200< Q<270 GeV? i-11) 4 700 <Q? <5000 GeV? (i-0)

NLO ® ¢ @ ¢

NLOJet++ with fastNLO
MSTW2008, o, = 0.118

 H1 HERA-II jet cross sections at high-Qz2 B 270 < Q% <400 GeV? (-6 A 5000 < Q< 15000 GeV? (-0
 Inclusive jet, dijet and trijet cross sections L 10°F  Inclusive Jet Dijet Triet
¢ 150 < Q2< 15 000GeV? © .
O 10%r . .
Inclusive jets in range 8 10°F . . -
o 7<pT<50 Gev E\l 102% ° - ° Q L ]
_ o~ 10f . ° . -
Recent studies showed S . , . .
« Inclusive jets are well measurable downtop;~ | € ' . ) ° - .
4 GeV o 10 - .
* The original 'high-Qz2 '-analysis contained a T 102k - o ' _ )
cross section bin for inclusive jets for N = i
107 a x
5<p;<7GeV ; . . . ]
10-4:_ A o ¢ .
Extension to low-p; : 5<p,;<7 GeV 10°F s P . ’
« for each Q2 range 10°F H1 * | " :
« Absolute and normalised cross sections 710 2030 50| 7 10 20 30 50 7 10 20 30
jet
PT [GeV] (P.), [GeV] (P.), [GeV]
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Inclusive jet cross sections

Inclusive jet cross sections
e low Q2. 4.5<P;<50GeV
. high Q2 5 < P; < 50 GeV

Predictions
e NLO, aNNLO & NNLO

NLO

» Data well described within uncertainties
aNNLO

« Somewhat improved shape description
NNLO

* Improved shape and normalisation

» Reduced scale uncertainties for larger

values of p,

Also measured
* Normalised inclusive jet cross sections

(=] =] Q
& F 8 8<Q’<11GeV? & &
© © © ©
, ‘ 0.2f ‘ 3
5 7 10 20 30 5 7 10 20 30 5 7 10 20 30 5 7 10 20 30
Y [GeV] P [GeV] P [GeV] P [GeV]
(=] ]
& ' 22<0%<30Gev 42<Q<60Gev: | 2 18 60<Q<80Gev:
Lo £ 1.4 E
© © 14 E
T eeeen s N E
Sl """
. : . 0.8
! : . 0.6
) ) } 04
0.2 , 0.2 ‘ 0.2 , 0.2 ‘
5 7 10 20 30 5 7 10 20 30 5 7 10 20 30 5 7 10 20 30
Py [GeV] P [GeV] P [GeV] P [GeV]
Q [&] [«
f . =2 1.8 2 1 = 1.8 2 2 4 2 1.8 2 2 3
H1 Inclusive jets & 150<Q°<200GeV* iy 200 < QP< 270 GeV' & 18 270<CP<400GeV
=} <] =}
$ H1HERAI
H1 HERA-II
Eur. Phys. J. C75 (2015) 65
§ Systematic uncertainty ) ) )
""" 6 10 20 3040 6 10 20 3040 6 10 20 3040
P [Gev] P [Gev] Pr' [Gev]
g 1.8} 2 1 219 e ] 2 1.8f 2 2
.NLO®ham_C0rr_ ] 400<Q°<700GeV* ] i 700<Q°<5000GeV* & | oF 5000<CP< 15000GeV” 3
=] =] =]

=4 NNLO & hadr. corr.

— aNNLO @ hadr. corr.

20 3040
P [Gev)

6 10 20 30 40
jet

Pr' [Gev]

20 3040
Pr [Gev)
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Normalised incl

usi

ve jet cross sections

g 1k 5.5<QP<8GeV? E 1 8<Qf<11GeV? g b 11<@<16GeV? ] g 1k 18<0f<22GeV®
im 3 % %10‘ 1%101
- - - - 2 o o 2 o 2
Normalised inclusive jets ot 3 Yol 15
. . . . e e B -t
 Normalisation w.r.t. inclusive NC DIS ! o L
" " " - 106r , | 6L X . ] .
Cross section in respective Q2 bin TR T mm . s7w mm 5710
. . . . . P [GeV) P [GeV] Y [GeV] P [GeV]
« Significant reduction of uncertainties s roacr 15 [ weomor 15 [ wcmon 15 | s
t higher v 2 z :
at higher values of Q : :
2 3 1
- - - 10"k L 1 10°® L ) L I '
Normalised jet cross sections R A T e T e T e
o Increase as a funCtlon Of Q2 for a mllll.}lstt:{lgjagtied § 1f  150<Q%<200GeV* _E 1} 200<Q?<270GeV? 1? 1E 270<0<400GeV* ]
. . = 1 %10 ' 1 %101 1
given P; interval § Hi HERA & —I—I—L‘I_
22 é22103r L Egiﬂar 1
gj.Pt‘yEﬁé?‘f!l(Zmﬁ)Eﬁ e 1 10F 10 1
. N 10k 3 10 {1 10°F 1
« Q2 and py are both important scales N\ swenseucerany ot oot 1 :
10 20 3040 10 20 3040 6 10 20
for inclusive jet production . oo o o o
NLO @ hadr. corr. 5 1 400<Q?<700GeV* ,E 1p 700<QP<5000GeV? ] E 1k 5000< Q%< 15000 GeV* ]
= ; = - E101 -
~ NNLO ® hadr. corr. g ?: r %10 a5 E
uo 3 oo ogwa' 3
— aNNLO ® hadr. corr. ® 1% 10 ]
4 10°F 4
' b | 10°°% L b
10 20 3040 10 20 3040 6 10 20 3040
P [GeV] P [Gev] PY [GeV]
DIS17, April 2017 Daniel Britzger — H1 Jets 17



Trijet cross sections

Trijet cross sections
e ep -> 3jets o
e Leading order O(a.2?)

Exemple for LO
matrix element

p

L

* No NNLO predictions available yét

Description by NLO
« Data well described by NLO (niojet++)
« Data precision mainly higher than scale
uncertainties
« Similar trends than observed for dijets
low scales: NLO undershoots data
high <P:>: NLO overshoots data

Normalised trijets also measured

of Suio

o/ Su0

o/ Suio

(=] (=]
% 55<Q%<8GeV? 1 = 2 11< Q< 16 GeV?
8 i1k © 1.
6 <) e 1.
4 1.
2 1.
1
: : 0.6
. . 0.4F
0.2 . . M 0.2E_ . . .1 . . 0.2E . . . . L3
6 8 10 20 30 40 6 810 20 30 40 6 810 20 30 40
(Py), [GeV] (P), [GeV] (P;), [GeV]
(=] F (=]
2 16<Q<22GeV’ | F % 22<(GP<30GeV? Z 1§j 30 < Q?<42 GeV?
6 16k © 16f

o —
m_.l M\ TTA|T TTTT
1 | T P

: P 0.6
: : 0.4f W
0.2 | 0.2 1 0.2F L A
6 810 20 30 40 6 810 20 30 40 6 810 20 3040
(P, [GeV] (P,), [GeV] (Py), [GeV]
2 acdiesocevt ]2 4 e0<O<s0ev: H1 Trijets
6 6 16 4 H1 HERA-I
4 4
2; 21 A\ Systematic uncertainty

20 30 40
(P,), [GeV]

6 810

6 810 20 30 40

(P,), [GeV]

. NLO ® hadr. corr.
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Phenomenological application

PDF dependence of inclusive jet cross sections
« Cross sections as a function of Xppr

 P;-bins probe different x-regions

» Lowest x-values:
« High-P- cross sections:

» x-dependence shows little dependence on Q2

H1 jets may become important for PDFs

* high-x gluon

« only a single hadron involved (decorrelate high-

X~ 103
X > 101

Cross sections for 16 <Q®<22 GeV?

16<Ci<22GeV?
0

7

57 10 20 30 57 10 203
Py [GeV] P [GeV]

60<Q?<80 GeV?

’ ¢ H1HERAI
H1 HERA-Il
’ § Bl e

’ N\ systematic uncertanty

. . NLO ® hadr. corr.
VA
%7/ NNLO ® had. corr.

--> low-X) J ;

A — aNNLO @ had. corr.

7 HilInclusive jets ¢ g
’ ®

57 10 20 30 5710 20 30
Py [GeV] Py [GeV]

200<QP<270GeV*

6 10 20 3040
Pr' [GeV]

3 700<CP<5000GeV*

2 18 5000< 0% 15000 GeV?
L 14

prr———

AJ

G 410 20 3040
A ) o
w

6 10 20 3040
P¥ [Gev] . 7 [GeV) Py (G

6 .
7 10 —— 45<PF'<7Gev ' ‘
-;- 10° NLO ------ 7<PJT,ef11GeV
_g 1 04 1;2%#&5;2%%‘2\\/[ Cross section in bin 25 Cross section in bin 30
S s —imm D5 F*E-:as GeV g F g g
10 ——e 35< P <50GeV g 3000 — NLO % 0018 — NLO
| ° : LO 2 oo1ef LO
8 2500:— --------- Gluon only 8 0.014F Giluon only
10 20001 22 < Q¢ < 30 Gev? 00128 22 < Q2 < 30 GeV?
1 1500k 45 <P/ <7 GeV 0.01- 35< P * < 50 GeV
i : 0.008
1000 0.006F
) n E
10 . 500F 0.004F
1 0_3 3 "I."l 11 C . 0.002 :_
1078 1072 107 1 0 PP - Ol
10 10 10 1 2 2 a
x [PDF]  [PDF] 10 10 10 X [POF]
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Determination of the strong coupling a_(M,)

x> 030F T — —
Determination of a,(M,) in a fit to = T
H1 HERA-II jets 0.25| S rolusive et | -
« Use low- and high-Q2 data _ ALEPI—IIn: Lfi:iﬁ:ﬁfi? .
* Low-Q2 jets [arxiv:1611.03421] 0.20  JADE ot rate oL ’
* high-Q2 jets (Eur.Phys.J.C75 (2015) 2) i : gzgﬁ:éaljg::’j’ets oo ]
» Use all normalised jet cross sections i { DO Ry, Lo .
 All correlations of uncertainties are known 0'15; t Y % -
o Fit a,(M,) in x2-minimization procedure i " L*'ﬂ-ﬁ., ]
~.0.13] . T .
Two results (NLO) = o2 ?‘fi‘;}'@&}'}‘ﬁ%
« Probe running of ay(u,) © g:;_ T
« One fit to all data points together: a,(M,) 5 10 2030 100 200 }ng]
u [Ge
+51 '
a"S(MZ) =0.1173 (4)exp (3)PDF (7)PDF((1’5) (1 1)PDFset (6)had (_43)Scale World average (PDG2016)
» Very high experimental precision a(M,) = 0.1181 + 0.0011

* Future improvements on dominating theory uncertainties in NNLO
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Strong coupling a_(M,) in NNLO

H1-prelim-17-031
» See talk on tuesday morning

NNLO predictions available for
* Inclusive jets
* Dijets

First extractions of strong coupling constant

in NNLO precision
« Excellent agreement of theory and data
« Data at lower values of u; have an increased

sensitivity to a,(M,)

Scale uncertainty in NNLO
 reduction by approx. factor 2-3 compared to NLO
« Scale uncertainty remains dominant uncertainty

H1-prelim-17-031

H1 et al. (preliminary)

[data from ]
H1 inclusive jets [all NNLO] this anaIyS|s
¥s=300 GeV high-Q? —————
HERA-I low-Q? —+o+—

HERA-I high-Q? ———t—

HERA-II low-Q? —e— D
HERA-II high-Q? g:.-.-.-.— ::;
H1 dijets [al NNLO]

Ys=300 GeV high-Q° — e
HERA-I low-Q? —+———

HERA-II low-Q? C —e—
HERA-II high-Q? o+

H1 inclusive jets [NNLO] —io—

H1 dijets [NNLO] —+—

H1 jets [NNLO) —tot—

World average [2017]

0.11 0.115 0.12 0.125
0 (M)

sY'z
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C I -
Inclusive Jet Cross Section
3 wE s<otereer | 3 F

Last missing piece of H1 jet legacy
Process HERA-I HERA-II

Inclusive jet
Low Q2 Dijet
Trijet

EPJ C 67 arXiv:1611.03421
(2010) 1 acc. by EPJ C

Inclusive jet
High Q? Dijet
Trijet

EPJC65 EPJC75
(2010) 363  (2015) 2

Probe running of a, over one order of magnitude

with H1 jet data

« Very high experimental precision on a (M,)

Constrain PDFs with H1 jet data
« Very high sensitivity to gluon density

Outlook

 First extractions of a,(M,) in NNLO on the way

Finally we arrived: High-precision jet data together with

P

Normalised 2-Jet Cross Section

Eur.Phys.J.C65 (2010) 363
Eur.Phys.J.C67 (2010) 1
Eur.Phys.J.C75 (2015) 2

. H1 a) H1 b)
b tscoteamocert o 0<atczmcey:
H1 9 —
- o Wk 10° e
2 Ll !
© 0 10° H1 Data
15<0° - 2  150<G*<200GeVE (-5 O 400.

125

0.15}

~ 013}
2 o012
g 011}

0.10

arXiv:1611.03421

10 2030 50 710 20 30
Py 1GeV] (P, [GeV]

0.10}

T S T AL =1

B2 World average 2016

¢ H1 normalised jets HERA-II (NLO] 1
ZEUS inclusive jets in yp [NLO]
ALEPH y3 [NNLO] (Dissertori, et al)

* JADE 4-jet rate [NLO+NLLA]

u OPAL ¥, INNLO]

+ CMS inclusive jets 8TeV [NLO]

1 DO R,g INLO]

NNLO predictions
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PDF dependence

Inclusive jet
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Inclusive jet
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Figure 6: Comparison of NLO predictions obtained with scale choices of p? = ,u?, e %(Q2 + P?r),
and ‘u?'_ = %(Q2 + P%) with #Jz_ = @” for selected Q bins of the inclusive
jet, dijet and trijet cross sections. The shaded area around the theory predictions indicates the scale
uncertainty on the nominal scale choice of u? = ,u? =

ur= g =P = pp = Q7

%(Q2 + P7) as described in the text.
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Statistical correlations

Bin trijet
3

Bin dijet
5

H1

Trije}
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1
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Inclusive jet”
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Figure 7: Matrix of statistical correlation coefficients of the unfolded cross sections. The bin labels are
specified in table 5.
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function of Q2 and <p;>,
o <P.>, = (Pqetl + Piet2)/2
with: Pet > 4 GeV

Comparison to NLO and NNLO

predictions

 NLO give reasonable descriptions
within large scale uncertainties ('6-
point' variation)

« NNLO improves shape
dependence

 NNLO slightly overshoots data
-> partially caused by
normalisation w.r.t. NC DIS

Normalised d

Normalised dijet cross
sections in NC DIS as a

ijets

oloy,

o/ oy,

1
6 10

20 30 40
(Py), [GeV]

20 30 40
(P.), [GeV]

6 10 20 30 40
(Py), [GeV]

o/ oy,
-
o n

16< QP< 22 GeV?

ol S0

20 30 40
(P;, [GeV]

20 30 40
(P.), [GeV]

* high-pT region difficult to describe =

20 30 40
(P}, [GeV]

20 30 40
(Py), [GeV]

6 10 20 3040
(Pp), [GeV]

H1 Dijets
+ H1 HERA-II
A\ Systematic uncertainty
[ NLO ® hadr. corr.
— aNNLO ® hadr. corr.

222 NNLO ® hadr. corr.
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Inclusive jet cross sections

Double-differential inclusive jet
cross sections as function of Q2

and piet

Inclusive jets

 Count each jet in an NC DIS event
« Stat. uncertainty and correlations are

measured

» Well described by NLO

Compared to H1 HERA-I
« Largely independent measurement
 HERA-II data with comparable

precision

» Benefit from refined experimental

methods

« Statistical uncertainty reduced for high

P;and high Q2

N
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1
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Inclusive jets production in NC DIS

‘Normalised'’ jet cross sections

* Hlprelim-16-062

» Normalise jet cross sections w.r.t. inclusive NC

DIS cross section

 Full/partial cancellation of uncertainties

New Data
HERA-II low-Qz2
HERA-II high-Qz, 5< p; <7GeV

Inclusive jets for major part of HERA NC DIS

phase space

New predictions
aNNLO from JetViP

» Approximate NNLO using threshold

resummation

PR D 92 (2015) 074037 & work in progress

NNLO
* Full NNLO

PRL 117 (2016) 042001 & work in progress
See talk by J. Currie @ QCD@LHC2016

* Improved description of data by NNLO
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Normalised Inclusive Jets

9
2 1.
kG
AR
o

Detailed ratio to NLO prediction
» Data reasonably described by NLO theory, but

NLO scale uncertainty large

Normalisation w.r.t. NC DIS for predictions
* NNLO & aNNLO predictions normalised with NC
DIS predictions from APFEL using FONLL-C [V.

Bertone et al.]
* NLO predictions normalised with ZM-VFNS

using QCDNUM

NNPDF30_(n)nlo_0118
U, = U = (Q2+P2)/2

PDF:
Scale

aNNLO
» Improved data description at high-pT
» At low-pT aNNLO similar to NLO

NNLO
* Improved description of data by NNLO

« Significantly reduced scale uncertainty

G/ 0y 4

G/ Oyq

Hlprelim-16-062
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Phys. Rev. Lelt. 117 (2016) 042001
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Phys. Rev. D 92 (2015) 074037
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Double-differential (normalised) Trijet

Trijet cross sections

6/6y,

cross sections as a function of Qz and

<p T>3

Precision limited by systematic

uncertainties over whole kinematic range

* 4 x 8 data points

/Oy

-> Excellent measurement of shape and °

dependence

« dominated by: Jet energy scale and

model uncertainty
« Data precision overshoots NLO precision
* NLO has similar problems in describing ¢

NLO

the shape at low-Q2 as for dijet cross

sections

No NNLO calculations available yet

H1prelim-16-062
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Normalised trijet
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\ § Systematic uncertainty
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DIS17, April 2017

Daniel Britzger — H1 Jets

33



Last missing piece of H1 jet legacy

Process

Inclusive jet
Low Q2 Dijet

Trijet

Inclusive jet
High Q? Dijet

Trijet

Probe running of a, over one order of
magnitude with all H1 jet data

EPJ C 67

EPJ C 65
(2010) 363

Inclusive Jet Cross Section

', /dQ’dP, [pb/GeV°]

HERA-II

Hlprelim 16-061
Hlprelim 16-062

H1

d%,,,/dQ"P; [pb/GeV°]

EPJC 75
(2015) 2

oo, /dQ"R, [pb/GeV®]

L H1

%, /dQR, [pb/GeV’]

07 g

« Very high experimental precision on a (M)

Contrain PDFs with H1 jet data
» Very high sensitivy to gluon density

Particularly at low

HERA-I and HERA-II data can be used

together for PDF fits

°
40<Q?<100GeV? & qg2 =
~

g 1
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g 1of
o
3
<]
2
10 H1 £ TEH
50 50
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<
10<Q? <15 GeV? | RIS - 15<Q? <20 GeV?

History and Outlook

Normalised 2-Jet Cross Section

Eur.Phys.J.C65 (2010) 363
Eur.Phys.J.C67 (2010) 1
Eur.Phys.J.C75 (2015) 2
H1lprelim-16-061 & Hlprelim-16-062
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Finally we arrived: High-precision jet data and NNLO calculations

Normalised Normalised Normalised
Inclusive Jet Dijet

Trijet
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A\ Systematic uncertainty
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New predictions
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Backup
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Predictions NLO aNNLO NNLO
Jet cross sections

Program nlojet++ JetviP NNLOJET
pQCD order NLO approximate NNLO NNLO

Calculation detail

Dipole subtraction

NLO plus NNLO contributions
from unified threshold

resummation formalism

Antenna subtraction

NC DIS cross sections

Program QCDNUM APFEL APFEL
Heavy quark scheme ZM-VENS FONLL-C FONLL-C
Order NLO NNLO NNLO

PDF NNPDF3.0_ NLO NNPDF3.0_ NNLO NNPDF3.0_NNLO
as(My) 0.118 0.118 0.118
Hadronisation corrections Djangoh and Rapgap

Available for

Normalised inclusive jet v v v
Normalised dijet v v
Normalised trijet v

Table 2: Summary of the theory predictions for the normalised jet cross sections. All predictions
are corrected for hadronisation effects with multiplicative corrections factors obtained from

Djangoh and Rapgap.
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The H1 experiment

H1 multi-purpose detector Drawing of the H1 experiment
Asymmetric design =
Trackers

 Silicon tracker

« Jet chambers

* Proportional chambers
Calorimeters

 Liquid Argon sampling calorimeter

» SpaCal: scintillating fiber calorimeter
Superconducting solenoid

« 1.15T magnetic field
Muon detectors

Excellent control over experimental uncertainties
« Overconstrained system in NC DIS
* Electron measurement: 0.5 — 1% scale uncertainty
 Jet-calibration with neural networks as functions of n and p;
» Jet energy scale: 1%
e Luminosity: 2.5%
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The HERA ep collider

HERA ep collider Integrated luminosity

400

[ = electrons
[ —— positrons
t —— lowE

300 -

200

H1 Integrated Luminosity / pb

100

0 . I I 1 I | I I 1 I |
0 500 1000 1500

E Days of running
HERA ep colllder in Hamburg HERA-II period
« Data taking periods » Electron and positron runs
« HERA: 1994 — 2000 « Vs =319 GeV
« HERAIII: 2003 — 2007 « E,=27.6 GeV
« Special runs with reduced E, in 2007 « E,=920 GeV
* Delivered integrated luminosity ~ 0.5 fb-1 * Analysed int. Luminosity: L = 184 pb-
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