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* Motivation — QCD, ag and the RGE
* H1 jet cross section measurements in DIS

* Methodology
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* Quantum Chromodynamics (QCD) is the theory of the strong interaction
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» Dependence of a, in | 2 M |
maEt)rix element aO:fdl in HERA-I operation 1993-2000 S pesitrom
PDFs Ee = 27.6 GeV g [T vk
Ep =820/920 GeV E 300 HERA-2 .
_— —_ - [
e Dominant sensitivity is \s=301 GeV & Vs=318 GeV F
from matrix element J£~110 pb-! per experiment n
a .

HERA-II operation 2003-2007 I
Ee = 27.6 GeV 100 -
Ep = 920 GeV I
Vs=318 GeV f f
| L ~ 330 pb-' per experiment % 00 1000 1500
Longitudinally polarised leptons Days of running

Eram Rizvi EPS 2019 - Ghent — 12th July 2019



-~
»

~
>

Inclusive jet cross sections
o do/dQ2dPrjet
e HERA-I & HERA-II
e low-Q? (<100 GeV?2) and
e high-Q2 (>150 GeV?2) regions

Selections
e kt-algorithm, R=1
e -1.0<na<25
e Prranges from 4.5 to 50 GeV
(Breit frame)

Dijet cross sections
e do/dQ2d<Pr>
e HERA-I & HERA-II
e low-Q2 (<100 GeV?2) and
e high-Q2 (>150 GeV?) regions

Selections
e <Pt> greater than 5, 7, or 8.5 GeV
(Breit frame)
e Prietgreater than 4, 5, 7 GeV
e asymmetric jet Pt cuts
e M2 cut applied in two cases

- All data sets used in a¢ extractions

« Well understood data & exptl. uncertainties \ EurPhst c77 (2017) 215/ \ EurPhys.2.C19 (2001 289/ \\

 New NNLO theory now available
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Antenna PS reduced PS
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RR,S “. \ —~ g —~ —~
dognio = X({px}) d®3({px}) x [IM({Pm})I> d®m({pPm}) x T ({Pm})
antenna reduc:d ME jet fLTrTction

Antenna subtraction
e Cancellation of IR divergences with local subtraction terms

e Construction of (local) counter terms
e Move IR divergences across different phase space multiplicities

Inclusive jets
H1 HERA-Il phase space

Dijets

H1 HERA-II phase space

— e = 2, p2
Take HR—HF—\/Q + P7
simple form & non-zero as Q or Pt — 0 20

16 < Q% < 22 GeV?
7<PT<1‘| GeV

Simultaneous variation of yr and pYr z
At low scales: ES
- Significant NNLO k-factors \:
* Incl. jets with higher scale dependence

T T I T T
16 < Q% < 22 GeV?
7<(P;)<11GeV

F———++ } +—t——+
I 400 < Q% < 700 GeV
. - - 30 < P, <50 GeV
At higher scales v !

. (@)
 NNLO with reduced scale dependence =
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" Methodology

a, determined in x* minimisation method

Take experimental & theoretical uncertainties into account

X° = Z Z (log i —log o) (Vexp + Vhaa + VPDF>7;_J‘1 (log; — log o)
tJ

o0 = predictions

NNLO theory has a, dependence in PDFs and hard M.E. ¢ = measurements

PDF piece accounted for in DGLAP evolution using pr = 20 GeV \{\=/Col/ahriadnce.met1.trices — r? une.
UF = 20 GeV is typical pr of data had = hadronisation corrections

* Veor = PDFs
* Vexp = Experimental uncertainties

Perform fit to all H1 data:
« All inclusive jet data sets (137 data points)
« All dijet data sets (103 data points)

» All H1 jet data taken together (denoted as 'H1 jets’)
(exclude HERA-I dijet data as correlations to inclusive jets are not known)
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H1and NNLOJET H1 inclusive jets % Hljetdata [INNLO

. Comparison of Data to'NNLO"
. -5 c - , /'73 5

\ ‘

All H1 Inclusive jets & Dijets data 1.5 T H1(s=300GeV high-Q” ¢ Lﬂ 1t-i _
compared to NNLO predictions . r o W ot i ]
5 -
1.5 | H1 HERA-l low-Q° ]
Define for each measurement bin 051 Fooco0  we esengty PPetets m |
~— 2 2 9 1:5 - -1 high-Q2 i
ﬂ_\/Qave+PT,ave 2 1:_H1HERAIhgh - ”ov .".' ¢ 4+ _i“ * ||_
Average of upper and lower bin edge S o5t ¢ ]
© 1.5} HiHERA low-Q? T
Data with /i > 28 GeV : 1[790000, 44ee0esy $00000s H#mﬁ ¢ -
. . os | P 4 { ]
independent of o, used in PDF _
« reduced scale dependence 15 [ HIHERAI High CF 4 +_'
re 1 i ® ﬁ % -.‘.‘ [ # ;l ¢.. ® + i
0.5 f ]
6.1 9.0 113 156 191212 283 304 424 566 106
H1 and NNLOJET H1 d”etS ].I [GeV] (Axis and data points within a [i-range not to scale)
1.5 H115=300GeV high-Q? * |+ # ' 7
r S I + '!?i ]
0.5 | -
_ 1.5 ' H1 HERA-I low-Q? ;
o 1r sase.’s Hitess w 1 e NNLO describes data very well
Z 05¢ : L
S s S — : e Also justified by good ¥? values
© 1[950005 Weteaston sovagees &  wy%y ooy Pobyty ‘M l+ H i e Great success of pQCD
0.5} i
1.5 ' H1 HERA-Il high-Q? . T
o ot 0 M Wl
6.1 9.0 11.3 156 191 212 283 30.4 424 566 106

]:l [GGV] (Axis and data points within a [i-range not to scale)
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. Og From:DIS Jets'atiNNLO

N =

a, from individual data sets
» High experimental precision
« Scale uncertainty is largest error

- All fits have good )(2 — consistency of data

Combined ¢ from all data sets

* Inclusive & dijet data

1 > 28 GeV — 91 data points

All fits have good )(2 — consistency of data
Moderate exptl. precision

Dominated by scale uncertainty
Small PDF uncertainties

o, results from H1 jet data in NNLO

I I [ | I [ | | I | | |

H1 and NNLOJET

H1 inclusive jets

300 GeV high-Q°? —e
HERA-I low-Q? —e—

HERA-I high-Q? —o—

HERA-II low-Q? ——
HERA-II high-Q? —e—

H1 dijets

300 GeV high-Q? = *
HERA-I low-Q? —e—i

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

Multiple data sets

H1 inclusive jets (i>2m,) o

H1 inclusive jets (i>28aGev) —t——
H1 dijets (i>2m,) 8-

H1 dijets (i>28Gev) —e

H1 jets (i>2m,) -

H1 jets (i>28Gev) —@

H1 jets (i>42Gev) +——+

World average [ppaGie] ——
| |

as(myz) = 0.1157 (20)exp (6)had (3)pDF (2)PDFay (3)PDFset (27)scale
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:f_c = World average [pDG16]

vt e H1 jets [NNLO]
Test running of strong coupling S 0.20 o H1 jets [NNLO] (i<2m,) —
e Perform fits to data at similar scale |
e Assumes running valid in limited interval range * %\_EES-Jet rate [NNLO+NLLA+K]
o . 2 ¢ y3 (Dissertori, et al.) [NNLO]

All fits have good y = OPAL y,, [NNLO]
N GFitter EW fit [N°LO] ]
Results.; _ _ 0.15 + CMS inclusive jets 8TeV [NLO]
e Consistency with expectation at all scales
e Scale uncertainty dominates at lower
e Consistency of inclusive jets and dijets
0.10
. 013
N
E 0.12
2
S 0.11
0-1 0 | L1l I 1 | 1 | 1 L1l I | 1 1 L1 1 I

6 10 30 100 300 1000
iy [GeV]
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. Alternative Approach: PDF + 0/ fit | Ny l | \G,QSI
'\.‘_\_' : e A" . ',/73 <4 l _— “.' s } ;';‘"f";‘/ :: ) e ———y

Inclusive Neutral and Charged Current DIS data

Data set Lepton Vs Q? range NC cross CC cross Lepton beam
[ref.] type [GeV] [GeV?] sections  sections  polarisation
Combined low-Q? [64] et 301,319 (0.5) 12 — 150 v - —
Combined low-E, [64] et 225252 (1.5) 12 - 90 v — —
94 — 97 [61] et 301 150 — 30000 v v -
98 — 99 [62,63] e~ 319 150 — 30000 v v -
Simultaneous PDF and o fit 99 — 00 [63] et 319 150230000 v v -
PDFs mostly determined from HERA-IT [65] et 519 120 = 30000 v v v
H1 inclusive DIS data HERA-II [65] e 319 120 — 50000 v v v
Perform H1 alone PDF fit: H1PDF2017 o= ) / dx fo(@, ke )0ik (2, iR, F) * Chad,i
Use all H1 inclusive DIS data k=9,4,

: . . 6. . = partonic cross section
Use all H1 normalised jet cross section data %ij =P

— 1529 data points

Chad.i = hadronisation corrections
PDFs are parameterised as

Normalised jet cross sections 2f(1)] = far’®(1 —2)/°(1 + fpx + fpa?)
Jet cross sections normalised to inclusive DIS
Correlations of jets and inclusive DIS cancel

Inclusive Jets and Dijets data

Data set Q? domain Inclusive Dijets Normalised Normalised Stat. corr.
[ref.] jets inclusive jets dijets between samples
300 GeV [17] high-Q? v v - - -
HERA-T [23] low-Q? v v - - -
HERA-T [21] high-Q? v - v - -
HERA-II [15] low-Q? v v v v v
HERA-IT [15,24] high-Q? v v v v v
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DF + a1 fit

5

. Alternative Approach:

Result for PDFs _
Set of PDFs determined with high precision P?F * a fit

(even with o, a free fit parameter) x“/ndt=1.01 |

— precision is competitive with global PDF fitters Simultaneous fit with H1 jet data

— precise determination of the gluon PDF and a;

Gluon at lower x-values tends to be higher
— now typically favoured by small-x resummed PDFs

PDF+o fit PDF+o, fit PDF+o fit
30 o v B e
\ Gluon and singlet PDFs - 1.1 ¢ X3 _ Correlation of o (m,) and gluon density
25 k. — H1PDF2017 [NNLO] _ e — = | [CJH1PDF2017 -- Fit without jet data
AN _ ] ;1.0 _
. . = NNPDF3.1 (0, =0.118) E o : _ 2 gl 4 NNPDF3.1 1
AN NNPDF3.1 (o, =0.114) Q 0.9 ] 8
B . B ] 1l
% 15¢ H, =20 GeV . = 3 =" .
B () é \\
10 . ! = S
St E - . T _ + .
i - - - I 68% C.L. of |
0 -_,,I-,I|1 and,N’,VII-Q‘,I,EJT L ._' 0.9 . II-|||1 anlelIVll_qqﬁT L IHIF: |2|0GeV|: L H1an|d NNLOJET Hlessian erroc:s J
10°° 1072 107" 107° 107 107! 0.11 0.12
§ X o (m)
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. Results: PDF + ogfit '}

™

o determinations in NNLO H1anda NNLOJET
Simultaneous PDF and og fit
ABM o
as<mZ) = 0.1142 (11)exp,had,PDF (2>mod (Q)par (26>scale ABMP —e—
e High experimental precision BBG | ¢ ’
e Moderate theory uncertainty from NNLO HERAPDF2.0Jets (o) —e—
JR : o
NNPDF —e—
MMHT —e—
Pre-average DIS [pparse] o
Comparison
e Higher precision than most comparable determinations H1PDE2017 -
— PDF groups commonly determine exp. uncertainties only HiJdets (@2 |
— We further estimate scale uncertainties (f > 2my)
« All H1 results consistent H1Jets >28Gev) —
» Results competitive with world average H1Jets (i>42Gev) —*
 All results from DIS data typically lower than world average
World average [poctsj —e—
T U S SR T
0.11 0.115 0.12
g (M)
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« All H1 jet data compared with NNLO predictions

* NNLO theory provides improved description w.r.t. NLO
Quantitative comparisons of all data

NNLO predictions studied in great detail

NNLO used for determination of a,(m,) in two methods:

ag fit: s(mz) = 0.1157 (20)exp (6)nad (3)PDF (2)PDFa, (3)PDFset (27)scale

PDF and ag fit: as(myz) = 0.1142 (11)exp had PDF (2)mod (2)par (26)scale

High experimental and theoretical precision achieved

NNLO predictions for jets are used for PDF fits for the first time
Successful determination of gluon-density and a (m,) simultaneously

Competitive precision of PDFs and a(m.)
H1PDF2017 available in LHAPDF

Special thanks to NNLOJET team for fruitful collaboration of theoreticians and experimentalists
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Extracted ag values
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H1 inclusive jets H1 dijets
Study scales calculated from Q2 and Pt - IJ e IJ -
'Pr' refers to: Prjet or <P1> " Scale choice ofit ! ]
_% 0.14 - @ NNLO T
— | Scale uncertainty T
I L 4
o 0.13- ONLO T
— I o1l O O :
2 = I G o
a, results and y~ values E onl o o ° o i O o
- Spread of results covered by scale uncertainty = = '“ | ._;_ o
- y* values are similar for different choices e 011 PR + e ©® o [ ° + o * o°
— NNLO with small 'scale dependence' A ;O.
0.10 | | | | | | L | [ [ | [ [
1 | | ! | | I | | | | | ]
25 -_ nd0f=133 _“_ nd0f=102 _-
i e @
_ oL T
NLO matrix elements s r O i
Large scale uncertainty = N ol
Relevant dependence of result on scale choice &= 12[ T® o .
« Mainly Iarger)(2 values than NNLO - “ ® % of ° o © °
. ® T
 Larger fluctuation of;(2 values than NNLO 1T ® 5 T o o o °
" H1and NNLOJET [ i
o5t —~t—r—0 4 J 1
CEEALE Y 3P E YT e}
G ol & o S R I
) B ol g Yy« 8
<r <r
Scale choice (u2 ) Scale choice (u2 )

R/F R/F
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