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Jets produced @ DESY for over 40 yzars

Jets at PETRA, 1979

At HERA direct information on gluon
and o (M,) comes from jet production

— Possible simultaneous determination of ‘4'
parton densities and a_(M,)

Jets at HERA

elweak coupling X &g

X C(S
dijets trijets
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Why study jets @ HERA?

H1 and ZEUS
= T T T T T T T g T T
o~ E [ NLO
ue . e inclusive + charm + jet data, Q>, = 3.5 GeV’
~ 1 40 - O inclusive + charm + jet data, lem.n = 10 GeV? ]
bad 4 inclusive + charm + jet data, lem.n = 20 GeV?
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« HERA inclusive data carry
little information on a_(M,)

» Jet data sensitive to a (M)

New NNLO calculations for HERA ep jet production available now

* Implemented in FastNLO and APPLEGRID — fast cross section

calculation possible

EPJ C 82, 243 (2022) arXiv:2112.01120
— Possible simultaneous determination of PDFs and a (M,) at NNLO
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motivation and impact at LHC
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as is least known coupling
constant;
needed to constrain GUT

scenarios; cross section
predictions, including Higgs;
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Gluon-Fusion Higgs production, LHC 13 TeV
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« PDFs and/or as limit:
precision SM and Higgs
measurements, BSM searches,

PDG21: as = 0.1175 £ 0.0010 (w/o lattice)

what is true as central value and uncertainty?

new precise determinations have important role to play

C. Gwenlan @ Moriond22 ‘4



HERAPDF2.0 parameterisation

xf(x) = Ax°(1 = x)°(1 + Dx + Ex?%)

xg(x)
xXity(x)
xdy,(x)
xU (x)
xﬁ(x)

AgxPo(1 = x)% — A/ xBa(1 - x)%,
Auva“v(f_ — x)C"v (1 -+ Euvxz) :

Ay x5 (1 — x)“,

A5xPv(1 = x)°? (1 + Dgx),

ApxPp(1 = x)°P,

 Additional constrains

» Ay,,,Aq,A, constrained by the quark-number sum rules and
momentum sum rule

. By = Bj

o« X§ =

JXD  at starting scale, f_ = 0.4

%H’Zz‘er
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Updates in the procedure

scale choice changes:

factorisation: yF2=(Q2+pt?)

cf. uF?=Q? in previous NLO analysis; updated since not a good choice for low Q? jet data; change
makes almost no difference for high Q? jets

renormalisation: uR2=(Q2+pt?)
cf. uR2=(Q?+pt?)/2 in previous NLO analysis
NNLO fit with pR?=(Q?+pt?) gives AX?= —15 cf. uyR?=(Q?+pt?)/2 and vice versa for NLO fit

scale uncertainties treated as completely correlated between bins and datasets

pt denotes ptiet in the case of inclusive jet cross sections and <pt> for dijets

Improved treatment of hadronisation uncertainties; NOW included together with
exp. systematics; treated as %2 correlated, ¥2 uncorrelated between bins and datasets

(small) uncertainties on theory predictions included

C. 6wenlan @ Moriond22 |,



Estimation of charm & beauty masses

* new HERA combined charm and beauty data: EPJ C78 (2018), 473
— updated estimation of M_and M,

— Heavy Quark (HQ) coefficient functions evaluated using Thorne-Roberts
Optimised Variable Flavour Number Scheme

H1 and ZEUS H1 and ZEUS
o x.a 3; i e NNLO i NX‘E 3-: j e NLO i
] 3L E 1 3k E
NX 250 E N?< 250 ]
20 E 2b i
150 E 15 .
10 E 1t E
05} 1 050 E
0F E oF E
a) 138 14 142 144 146 148 15 b) 14 142 144 146 148 15 152
M_ /GeV M, /GeV
M. = 1.41 +- 0.04 M, = 1.46 +- 0.04
H1 and ZEUS H1 and ZEUS
g ' ‘ ‘ e £ 16 ' ‘ ‘
“<¥u e NNLO “WFu e NLO
. . ] 12 |
= 10
8 -
6
4 =
2 -
0 -
d) 38 4 42 44 4.6 a8

M, /GeV

M, =42+ 0.1
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HERA jet data used in PDF fit

* Inclusive jets and dijets icluded

* Trijets from HERAPDF2Jets NLO excluded — no NNLO predictions
* H1 low Q* data added - particularly sensitive to a _(M,)

* Some data points excluded due theory limitations
* Data at low scale p = (pt2+Q2) < 10 GeV — scale variations are large (~25% NLO
and ~10% NNLO)
* 6 ZEUS Dijet data points at low ptfor which predictions are not truly NNLO
Data set taken 0*[GeV*] range L e le” vs | Norma- All Used
from to | from to | pb~! GeV lised points | points
H1 HERAI normalised jets 1999 — 2000 150 15000 | 65.4 etp 319 yes 24 24
H1 HERAT jets at low Q? 1999 - 2000 5 100 | 43.5 etp 319 no 28 20
H1 normalised inclusive jets at high Q> 2003 — 2007 150 15000 | 351 | e*plep | 319 yes 30 30
H1 normalised dijets at high 0? 2003 - 2007 150 15000 | 351 | e*plep | 319 yes 24 24
H1 normalised inclusive jets at low Q> 2005 — 2007 5.5 80 | 290 | e*ple p | 319 yes 48 37
H1 normalised dijets at low Q? 2005 - 2007 55 80 | 290 | e*plep | 319 yes 48 37
ZEUS inclusive jets 1996 - 1997 125 10000 | 38.6 etp 301 no 30 30
ZEUS dijets 1998 -2000 & 2004 — 2007 125 20000 | 374 | e"plep | 318 no 22 16

* Possibilities for PDF fit with jet data

* With fixed o (M,)

* With free a (M,) or doing a (M,) scan — a_(M,) value

22SIQ @ UubWyaIM A
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o, @ NNLO from HERA jets

* 0 (M,) determined with experimental, model, param. and hadr. uncertainties

* In fits with free 0 (M,) scale uncertainty important

H1 and ZEUS
£
« 8 14 | NNLO, inclusive + jet data
= 2 5
. * Q... = 35GeV
R 12 [ ]
10 |
8 ----- as-free fit
i uncertainties:
6
i Bl exp./hadr.
4 | B model/param.
I .| scale
2
0
L | L |

I T | 1. I N R R
0.11 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126
2
oL (M)

a,(M3) = 0.1156 + 0.0011 (exp) *oo00s (model + parameterisation)

+ (0.0029 (scale)
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Checking robustness of results

* HERA data at low x and Q2 may be subject to need for In(1/x)
resummation or higher twist effects (eg arXiv:1506.06042, 1710.05935)

— %2 scans performed with harder Q? cuts

H1 and ZEUS
.= 12 [T T T T T T T I T I I
., g0k inclusive + jet data
. - NNLO ! E
', 8f . e Q. =35GeV’ Q? cuts do not
6 F 0 Q,;,=10GeV* - result in any
[ 2 ] o oo
4t 4 Q,,=206eV" 1 | gignificant change to
o /’ the value of o (M,)
of :
a) o105 ol ois oz o0iBs . 0B

o (M32)
« Alternative parameterisations checked

* No negative gluon term and no NG but additional Dg parameter

— both give the same result
— consistent with nominal

ay (M%) = 0.1151 £ 0.0010 (exp)
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Cormpleting NLO picture

H1 and ZEUS

=] T T T I
~ E NLO
= ® inclusive + charm + jet data, Q> = 3.5 GeV’
. L] 40 - O inclusive + charm + jet data, Qfm.n = 10 GeV* 7
x I A inclusive + charm + jet data, Qrzm.]l = 20 GeV*
°l v 7
0 C I L 1 . 1 ) I . I [
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= ' T T T ' T T T | |
E NLO
L 2 2
x ® inclusive data only, Q. = 3.5 GeV
' 40 O inclusive data only, Q% = 10 GeV’ g
= 4 inclusive data only, Q> = 20 GeV*
20 - -
i 5—0
0 = - - e i 4:__? _

min

H1 and ZEUS

T T T T ]
inclusive + jet data ]
NNLO 2 ;]
® Q. =35GeV’

O Q. =10 GeV?
s QL =20GeV? ]
L 1 L L 1 Il L 1 n | L L
0.105 0.11 0.115 0.12 0.125 0.13
T T T T T T ]

[T O inclusive data only, szin = 10 GeV?

@ inclusive data only, szin = 3.5 GeV?

A inclusive data only, szin = 20 GeV?

* Similar behavior and level of precision at NLO and NNLO
* However direct comparison of 2015 and 2022 results not possible
— different scale choice and slightly different jet data sets

* After unifying (details in backup)

as(Mz) = 0.1186 + 0.0014 (exp) NLO
as(Mz) = 0.1144 + 0.0013 (exp) NNLO
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Comparison to other HERAPDF2.0 fits

* For previous NLO results scale uncertainty applied as 50% correlated

and 50% uncorrelated between bins and data sets (due to inclusion of HQ
and trijet data)

* Using the precious procedure at NNLO:

NNLO
ay(M3) = 0.1156 + 0.0011 (exp) *oo00, (model + parameterisation)
+0.0022
HERAPDF2.0Jets NLO

a/s(Mﬁ) = 0.1183 + 0.0009(exp) + 0.0005(model /parameterisation)

+ 0.0012(hadronisation) 70 (scale) |.

Scale unczriraintizs reduced

— as expected for NNLO calculations

22SIQ @ UubWyaIM A
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comparison to other HERA DIS results

1. H1 NNLO jet study using fixed PDFs, includes H1 inclusive-jet and di-jet:

Hljets  u > 2myp 0.1170° Dexp (Thad (5)PDF (4)PDFe (2)PDEset (38)scale

with similar breakup of uncertainties and similar g, new HERA result:

a,(M3) = 0.1156 + 0.001 1 (exp+had+PDF) *3:0%! (model + parameterisation) + 0.0029 (scale)

H1 also provided a PDF+as fit
to H1 inclusive and jet data

0.1147 (1 1)exp,NP,PDF (2)mod (3)par (23)scale

analysis required Q? > 10GeV?; NEW HERA result re-evaluated with this cut (rather than >3.5GeV?), is:

aS(M%) =10.115640.0011 (exp)=+0.0002 (model + parameterisation)H0.0021 (scale)

2. NNLOJet+APPLfast using fixed PDFs, includes H1+ZEUS inclusive-jet:

HERA inclusive jets g4 > 2my, 0.1171 (9exp (S)nad (4)pDF (3)PDFa (2)PDFset (33)scale

C. Gwenlan @ Moriond22 |13
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Fit with fixed o, = 0.1155

H1 and ZEUS
k- 1
— HERAPDF2.0Jets NNLO, o, =0.1155
0.9 uncertainties:
Bl experimental },sz =10 GeV?
0.8 | model
[ parameterisation
0.7
0.6 \
0.5
0.4 xg (x 0.05)
0.3
021~ x5 (x 0.05)
o1 ~ ‘-4“II...IM~
0 ___;hﬂ-’/!ﬁ’{,mIIl-—__ - h
) 10° 1073 102 10 1

¥ Parametrisation uncertainties
- largest deviation

W Modzl unczrraintizs
- all variations added in quadrature

¥ Experimental uncertainties:

- Hessian method
- Conventional Ay* =1 — 68% CL

22SIQ @ UubWyaIM A

Parameter Central value | Downwards variation | Upwards variation
Q. [GeV?] 3.5 2.5 5.0
s 0.4 0.3 0.5
M. [GeV] 1.41 1.37* 1.45
M, [GeV] 4.20 4.10 4.30
/J]%O [GeV?] 19 1.6 2.2¢

Adding D and E parameters to each PDF

(&-EL
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How does it compare to HERAPDF2.0? Well!

S
>

Fit with fixed a_ = 0.118

H1 and ZEUS

— HERAPDF2.0Jets NNLO, o, =0.118
uncertainties:

1

0.9

B experimental pfz =10 GeV?
0.8 | model

I parameterisation
0.7 Xu,

------ HERAPDF2.0 NNLO
0.6

0.5

0.4

0.3

0.2

0.1

0 e AR R 111111 .Y \
107 10° 102 10 1
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.. and how it compares to «_ = 0.1155
H1 and ZEUS

xu,(x,Q%)
e
~J

xg(x,Q%

=
o

0.5

0.4

0.3

44 HERAPDF2.0Jets NNLO, o, = 0.1155
3 HERAPDF2.0Jets NNLO, o, =0.118

L sl gl s 1 sl L3 11111

10° 1072 107" o

14

12

10
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> HERAPDF2.0Jets NNLO, o, =0.118
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X
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3 HERAPDF2.0Jets NNLO, o, =0.118

xdv(x,Qz)

0.3

rrrryprr rrrrrr Tl

1%}
> 44 HERAPDF2.0Jets NNLO, o, = 0.1155
@ 355 3~ HERAPDF2.0Jets NNLO, «, = 0.118

LR

u2=10 GeV?
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Data/Theory

b)

14
1.2

0.8
0.6
04

E 270 < Q7 < 400 GeV?

400 < Q° < 700 GeV>

10 10

pp/ GeV

¢ | H1 norm. inclusive jets at high Q2

F 150 <Q*<200 GeV: T 200<Q%<270 GeV? ]
——— b 3 ::-::::: + —t

[ 700 < Q<5000 GeV2 15000 < Q° < 15000 Gevz\ ]

:_,+ L IR ARRRRTRPPPPR * +

L L4 + +

| = HERAPDF2.0Jets NNLO
ag(My) = 0.1155, Q,, = 3.5 GeV*

NNLO(0.118)/NNLO(0.1155)

Comparison of theory
predictions to Hl HERA II
normalised jets @ high Q2

- good agreement for all data
used in PDF fits

H1 and ZEUS
P oL6 F a T ' ' ]
8 1.4 3 ]
o M :
% 1.2 F + ]
e
ﬂ 1 M 1l PR
a S I e T $ ¢ * 1
0.8 | T - + .
0.6 [ 150<Q?<200GeV: T 200<Q*<270 GeV? T 270 < Q? < 400 GeV? 400 < Q* <700 GeV? |
1.6 :-: " T ] ~10 30 10 30
14 | I 1 <p>,/ GeV
12 b 1 ¢ ]
L bt Il . ] e | H1 normalised dijets at high Q°
F ¢ b i | | = HERAPDF2.0Jets NNLO
0.8 ] 0g(M,) = 0.1155,Q,_, = 3.5 GeV’
0.6 | 700 < Q* <5000 GeV? T 5000 < Q% < 15000 GeV? ] """ NNLO(0.118)/NNLO(0.1155)
~10 30 10 30
b) <pp>,/ GeV
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Uncertainties

H1 and ZEUS
:_ All u.ncel"tai'nt'ie's w1tll1 respe'ct to tc;ta.l lvmt.:eil:tainty ;)f HERAPDF2I0 NN I.:O, (;Ls = 0118 _
* Reduction of low-x gluon o 2 = 10 Gev?

(x < 10-3) uncertainties e .

[ HERAPDF2.0J NNLO, o, = 0.118, total uncertainty ratio 1
due to reduced )
model/param uncertainties

in variations of M_and .2

05 |

HERAPDF2.0Jets NNLO, o, = 0.1155, experimental uncertainty ratio

0 : HERAPDF2.0Jets NNLO, o, = 0.118, experimental uncertainty ratio
[ — HERAPDF2.0 NNLO, o, = 0.118, experimental uncertainty ratio
. f - 1 1 L L ol " " L PR S R | 1 1 1 a2 gl
Reduction of high-x gluon e 3 ~3 - )

(x > 10-3) uncertainties due
to reduced

Uncertainty ratio for gluon
o

—  HERAPDF2.0Jets NNLO, o, = 0.1155, experimental + model uncertainty ratio
mO d e I / pCl r'C(m/ ZX p ok — HERAPDF2.0Jets NNLO, o, = 0.118, experimental + model uncertainty ratio ]
i — HERAPDF2.0 NNLO, o, = 0.118, experimental + model uncertainty ratio 1
uncer‘TalnTleS C) -_4 ' ' ' ' .'..I_S ' * — l.'ll_z ] ' ! = ..'I_]
10 10 10 10 1

T T T —TT T T T T T

* The same for other scales

[ — HERAPDF2.0]Jets NNLO, o, = 0.1155, experimental + parameterisation uncertainty rati
0 | — HERAPDF2.0]Jets NNLO, o, = 0.118, experimental + parameterisation uncertainty ratio

HERAPDF2.0 NNLO, o, = 0.118, experimental + parameterisation uncertainty ratio
PR S S S S A | L PR S S S S | PR S S S | N PR T

107 107 10~ 107 1



HERAPDF2 el camino completed)

* HERAPDF2.0 family completed

— NNLO fit including jet data performed
* Two new PDF sets

— HERAPDF2.0Jets NNLO a (M,) = 0.118 — PDG ;

— HERAPDF2.0Jets NNLO a (M,) = 0.1155 — value favoured by our fit g—

=

* Jet data allow us to constrain o (M,) :(3@
=

ay(M3) = 0.1156 + 0.0011 (exp) oo (model + parameterisation  + 0.0029 (scale) R
* Comparing to NLO at the same footing _
NNLO  a,(M7) = 0.1156 + 0.0011 (exp) *oo00s (model + parameterisation) %
+0.0022 %

NLO as(M%) = 0.1183 £ 0.0009(exp) + 0.0005(model/parameterisation) %

+ 0.0012(hadronisation) ") joag(scale) . >

Systematic shift downwards at NNLO and reduction of scale uncertainty 5




K. Wichmann @ DIS22

NNLO jets @ HERA
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.. and how it compares to o,

H1 and ZEUS

‘8- 0.7
% [ 4%HERAPDF2.0Jets NNLO, o, = 0.1155
3 0.6]- >~ HERAPDF2.0Jets NNLO, , = 0.118
0.5
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0.1+
DL_ 1 il llllll] L 'l llll.lll L L lIIllll AL Ll L Lil)
107 10° 102 LA
& 100
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X

1

IIII|IIIITIIII

d) o

4% HERAPDF2.0Jets NNLO, o = 0.1155
3 HERAPDF2.0Jets NNLO, o, =0.118
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Some remarks on NLO to NNLO comparison- (not in the paper)
Our present NNLO result using Y2 correlated and Y2 uncorrelated scale uncertainty

0(M5) = 0.1156 + 0.0011(exp) * 00001 ;. ,o(Model+parametrisation £ 0.0022(scale)

where “exp” denotes the experimental uncertainty which is taken as the fit uncertainty, in-
cluding the contribution from hadronisation uncertainties.

Maybe compared with the NLO result
0g(M,) =0.1183 + 0.0008(exp)+0.0012(had)*0-0003, . s(mod/param) *0-0037 , . .(scale)

e the choice of scale was different:;

BUT

e the NLO result did not include the recently published H1 low-Q? inclusive and dijet
data [28];

e the NLO result did not include the newly published low py points from the H1 high-Q?
inclusive data;

e the NNLO result does not include trijet data:
e the NNLO result does not include the low p7 points from the ZEUS dijet data:
e the NNLO analysis imposes a stronger kinematic cul | > 10 GeV

e the treatment of hadronisation uncertainty differs.

All these changes with respect to the NLO analysis had to be made to create a consistent envi-
ronment for a fit at NNLO. at the same time, an NLO fit cannot be done under exactly the same
conditions as the NNLO fit since the H1 low Q? data cannot be well fitted at NLO. However, an
NLO and an NNLO fit can be done under the common conditions:

(from A. Cooper-Sarkar, alpha-s 2022 workshop)

22SIQ @ uupbWyaIMm ¥
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An NLO and an NNLO fit can be done under the common conditions:

choice of scale, prf _ p,z = 0%+ p.f,;

exclusion of the H1 low-Q? inclusive and dijet data;

exclusion of the low-p; points from the H1 high-Q? inclusive jet data;
exclusion of trijet data;

exclusion of low-p; points from the ZEUS dijet data;

exclusion of data witt y < 10 GeV

hadronisation uncertainties treated as correlated systematic uncertainties as done in the
NNLO analysis.

The values of ag(M,) obtained for these conditions are:

0.1186 £ 0.0014(exp) NLO and 0.1144 + 0.0013(exp) NNLO.

The change of the NNLO value from the preferred value of 0.1156 is mostly
due to the exclusion of the H1 lowQ? data and the low-p; points at high Q?

What do we mean when we say the H1 low Q? jets cannot be well fitted at NLO?

Simply this, that at NNLO the increase in overall x2 of the fit when the 74 data pts of these
data are added is ~80 (exact value depends on ag(M,) and on scale choice)

Whereas at NLO the increase in overall x2 of the fit when the 74 data [pts of these data are
added is ~180.

—~

(from A. Cooper-Sarkar, alpha-s 2022 workshop)
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Data/Theory
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Uncertainty ratio for gluon
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Uncertainty ratio for gluon

0.5

T
All uncertainties with respect to total uncertainty of HERAP:

H1 and ZEUS

W =10 GeV’

HERAPDF2.0]Jets NNLO, o, = 0.118, total uncertainty ratio

HERAPDF2.0]Jets NNLO, o, = 0.118, experimental uncertainty ratio
HERAPDF2.0 NNLO, o, = 0.118, experimental uncertainty ratio
1 1 1

U
.0 NNLO, ot = 0.118

107 107

-1

10 1

HERAPDF2.0]Jets NNLO, o, = 0.118, experimental + model uncertainty ratio
HERAPDF2.0 NNLO, a_= 0.118, experimental + model uncertainty ratio

107 107

al

HERAPDF2.0Jets NNLO, o = 0.118, experimental + parameterisation uncertainty ratio

HERAPDF2.0 NNLO, o = 0.118, experimental + parameterisation uncertainty ratio

107 10~

107 1

-1 I ' —
10 1

Uncertainty ratio for gluon

H1 and ZEUS

1 T 1
All uncertainties with respect to total uncertainty of HERAPDF2.0 NNLO, o = 0.118

—  HERAPDF2.0Jets NNLO, o = 0.118, total uncertainty ratio
— HERAPDF2.0]Jets NNLO, o, = 0.118, experimental uncertainty ratio

HERAPDF2.0 NNLO, o, = 0.118, experimental uncertainty ratio
L PR SR e | M L M R | L L M|

107 1072 107!

HERAPDF2.0Jets NNLO, o, = 0.118, experimental + model uncertainty ratio

HERAPDF2.0 NNLO, w, = 0.118, experimental + model uncertainty ratio

107 107 10"

T T T T — T

HERAPDF2.0Jets NNLO, o, = 0.118, experimental + parameterisation uncertainty ratio

HERAPDF2.0 NNLO, o = 0.118, experimental + parameterisation uncertainty ratio

107 107 10"

37



HERA combined inclusive DIS
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