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\ Jet results

@ Grids at NNLO for DIS jets:

% Eur. Phys. J. C 81 (2021) 10, 957 & Eur. Phys. J. C 79 (2019) 10, 845
@ Grids at NNLO for pp jets:

% Eur. Phys. J. C 82 (2022) 10, 930
@ All grids public @ PloughShare

Home About Operations Grid summar y Grid download Search grids Code download help

hosted by CERN
Code download Documen tation Statistics Contact

Ploughshare

for all your interpolation

grid needs

Ploughshare allows users from the HEP community to share
fast interpolation grids in a standardised way

PDF fitters and those from the experimental collaborations are
able to upload their validated grids and.access the grids of

others quickly and with minimal fuss

K. Rabbertz Les Houches, 15.06.2023 3


https://ploughshare.web.cern.ch/

\ Ingredients ETP)

a1/ |7 A/ A/ S\ A/ A/ S/

@ Theory: Interface to WYV YINEEYEN (V1)

/7| /7 |/ S/ A\ SR/ \ S/ S/ o/

% NNLOJET: T. Gehrmann et al., RADCOR2017 PoS (2018) 074, arXiv:1801.06415.
Inclusive jets: J. Currie et al, PRL 118 (2017) 072002; JHEP 10 (2018) 155.

Dijets: J. Currie et al., PRL 119 (2017) 152001; A. Gehrmann-de Ridder et al., PRL 123
(2019) 102001.

=% Full-colour NNLO: X. Chen et al., JHEP09 (2022) 025. (Not yet included — Lucas)

@ Tools: APZTL/W//WW faStNLO

APPLfast interface: D. Britzger et al., EPJC 79 (2019) 845, arXiv:1906.05303.
fastNLO: D. Britzger et al., Proc. DIS2012 (2012) 217, arXiv:1208.3641.
APPLgrid: T. Carli et al., EPJC 66 (2010) 503, arXiv:0911.2985.

xfitter: S. Alekhin et al., EPJC 75 (2015) 304, arXiv:1410.4412. ,
XFitter
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R\ The investment

Typical total runtime of a grid production
“Events” [ hour

é # jobs == Total CPU
time: 333 kh RRa, RV: LO, NLO, VV:
o most expensive easy
NEM® :
0(103-104) |O(105-107) |
é faster | ——
> e Vv

102

10!
30 35

CPU hours
Total # of ~24h jobs: O(15000)

10!

CPU resources from:
NEMO Freiburg, MPI Munich, CERN Theory

10¢ 107

Events / hour
5

10°

CPU overhead for filling grids: ~ 35%
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A

Return on investment

Institut fir Experimentelle Teilchenphysik
:

Aostat / 0(NNLO)

Relative numerical uncertainty of NNLO 3D dijet cross section
Dominated by RRa and RV channels
Numerical uncertainty provided inside grids

i3832_yb0_ys0O ptavgjl2
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\ Grid closure vs. NNLOJET Em®

APPLfast + NNLOJET ATLAS s = 7 TeV ATLAS inclusive jets at 7 TeV
1.8082 LO o  NLO ¢ NNLO -
= 1.001 F = 115
2 o000 8, & oo - Generally aim at closure
iy 1oo®0" 68 8 O O 0, o better than 1 %. at each
= level, LO, NLO, NNLO
o 0.999 -1%
inclusive jets
B < |yll <0.5 I APPLfast + NNLOJET ATLAS s = 7 TeV
9.998 | Mo = Ay central rapidity_ | | .
! l I 1.882 | LO o NLO < NNLO -
16006 200 . 560 10060
pri LGeV] = 1.001 g
= ¢ o
. = 00 20288 P
Closure deteriorates somewhat = T 8@%@@ o ® ° 3
= . —~ ©
towards phase space limits; = &%
exceptionally may exceed S 8.999 [ T
1 %0 at phase space edges 1.5 < Iyl <2 : -
P P g 9.998 | Heo = fir medium rapidity -
1606 200 500 16606
prd [GeV]
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R\ Scale dependence ETP)

ATLAS inclusive jets at 7 TeV
Scale uncertainty bands: LO, NLO, NNLO

, APPLfast + NNLOJET ATLAS V5= 7 TeV
19+ T T I
; L0 === NL0O E===3 NNLD
16°2 | Her = HT part Full 2-dimensional scale
3 ' dependence in pgr for each bin
-%; 10°9
i i o 2 my —1.002 9
T . \ 2
g1y 1 "":n
o [+4
© s inclusive jets E’i
107 F 8< |yl <0.5 T
[ He = Hr
NNPDF3. 1
186 1 l 1
1.3 . . . b
o 112 i 9x10°"
= '.] e = 8x10-!
208.9F ’
o 8.8 | 7x107"
S 8.7 |
& g-g - 6x10°" usf
5 : 4 ] ! ] AL -. II"-.,‘ \
108 200 508 1000 e e : :
ij [GeV] ) g g uﬂfun
Alternative scale possible: prj: instead of HT .t From Snowmass report: arXiv:2203.13923
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L.

PDF dependence

Institut fur Experimentelle Teilchenphysik
,

( 0%t / OMibrss - 1) [%]

ATLAS inclusive jets at 7 TeV
PDF uncertainty bands for selection of 9 PDF sets

central rapidity

APPLfast + NNLOJET ATLAS Js= 7 TeV

“Central” PDF: NNPDF3.1

medium rapidity

APPLfast + NNLOJET ATLAS Js= 7 TeV

20 I T I 20 | I T
. SRR
Hg = Hf 0.0, 0.4 ug = Ay \\\\sss NNPDF3.1
10 | - .
RS \\\\\S\S 10 3 X TR 1 NNPDF4.80
8 0 B2 DA | B—1 CT14
inclusive jets —— inclusive jets ] \\\\\\\\\\ wocd CT18
~18 | 8 < Iyi| < 0.5 1 21k 1.5 < |y <2 Bl N
1 | | 1 | i< < \\\|
26 ] > 20 ]
18 | _ﬁ‘.:;.ggz..,aogg%g% 18 F MSHT20
e —:{Mﬁﬁxﬂﬁh’a’& SRS 5 <1 ABMP16
=== ~— =~ A PDF4LHC21
-18 | | ——AI& ﬁ% ~—= -10 F . = . 771 ATLASpdf21
100 200 500 16060 100 200 15]%) 1660
ptd [GeV] ppd [GeV]

Observation for APDF: CT14 — CT18 larger
NNPDF 3.1 — 4.0 much smaller
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Al Summer student project 2022 gTp)

Christiane Mayer: - Establish grid production workflow (LAW) on Ixplus
(with A. Huss, KR) - New result for Z+X @ NNLO to compare with CMS

CMS 359fb1 (13TeV) 9M|ISI|III|III|III|III|III|II|I3I5|9Iflbl1|$1lsl-|rle}q
E CTTT | 1T | LI | 1T | T | 1T ‘ T | I\I\I\\l{II|III|III|III7 E : 24 2 V * s e :
&500__ * e Data B 5 . doc m<24,p >25GeV Z/y - 'y, e'e -
N> - Z/'Y - M+M_5 e"‘e_ —s— aMC@NLO ) %
o I —— POWHEG 1 §
© 400 — FEWZ - 2
- = | 3
- = 1 s
300:_ $ _: é 1.1 __ ........................................................................................................................................ __
| ] % 10 ;q \\\\\\\\\ TR RUTEREY RN e L _‘ TS NEE T CLTRECERN XN
200 [ 1 3 oo
i == ] &
- Ml<2.4,p_>25GeV 1 s
_ ] = 1
100 - == 8 e
: : 5
i e 09
_I\I|III|III|III|III|III‘II\lIIIlIII|III|III|III_ _Il‘||‘|||I||||||I|I|I||||||||I‘||‘||I|I|I||||l_
0.0020406081012141618202224 000204060810121416 18202224
Z
Z
CMS, JHEP12 (2019) 061. |y | |y |
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Al Summer student project 2022 gTp)

Christiane Mayer: - Nicely agrees with CMS data
(with A. Huss, KR) - Slightly lower than FEWZ

CMS, 13 TeV, Z — (T4~
B CMS 35.9 fo (13 TeV)
3'400:_"‘ T \ —:m (T[T T AT [T [ TT [T [ T[T [T IT [ TTr U170
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S 350 e Ja 12— 7 .
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250 [~ —+— NNLO_CT14nnlo_6P_no_kScale1 rro O
- -
200 — i — ©
= 1 ©
150 |- e I T ]
100 - = B T . N
- 74 0 = — : ~1 — =
50 b — = I S . S SO S S o
i | | | | "9 r .
o:l}} } I II} II II I III }} }:D- II\ll\lllllllll|III|III|III|II\|I\I|III|III|III
1.2 | | | | = RN AR RN AR AL LA
% 1.1; é § 11H__‘ ........................................................................................................................................ e
- = i i
g 1T e—————————ty 4 $——— +——?—'_<E g 1.0 o e YO ATV R A e P Do v
S 0.9;— NNLOJET—; w o9 —FEW. ENINLQ .
0'8;_| Dl o — T b bocc becc e oo b beec b b b L L
0 0.5 1 1 2 . . ) . ) . : . . . : . .
5 00020406 0810121416 18202224

_N

v Z
Christiane Mayer: https://cds.cern.ch/record/2856036 Iy |
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Questions

K. Rabbertz

Les Houches, 15.06.2023
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Backup Slides ETP)
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R\ Interpolation concept ETP)

Implemented in APPLgrid & fastNLO

Use interpolation kernel = AR S Ramanans s
- Introduce set of n discrete x-nodes, x,'s e e h i a
being equidistant in a function f(x) PO N R N RARHE L
- Take set of Eigenfunctions E (x) around NENEANEENEL LN
nodes x,
. -2 0 2 4 6 8 10 12
— Interpolation kernels f t x
- Actually a rather old idea, see e.g. Single Eigenfunction ~ Sum of Eigenfunctions

C. Pascaud, F. Zomer (Orsay, LAL), LAL-94-42
— Single PDF is replaced by a linear combination

H 1 125 cubic interpolation of
of interpolation kernels . eveihied OTEGE 1M gluon
~ (i) é 0.75 w(x) = x % (1 - 0.99 x)*
fa(x):Zf;z(‘xi).E (X) (g) 05
. _— W, = 500 GeV
l i;i 0.25 - _ T
H Then the integrals are done only once 0 W:WJVI”'I‘ 1 IIIillkl-‘--'- 1 I-- I’t‘l 1 I IIIIIIIII\
— Afterwards only summation required to 1ot 10t 10® 10 05 09
Change PDF Xgluon
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A

Inclusive jet datasets

P )
Institut fur Experimentelle Teilchenphysik
.

@ Seven inclusive jet datasets from ATLAS & CMS, 2D in prand y

% Four centre-of-mass energies, three jet radii R

% Two central scales for prr

Sample plots
in this talk

Data N C no. of anti-kv kinematic range  fiducial cuts pugr/p-choice
[TeV] [fb~ '] points R [GeV]
CMS [30] 2.76 0.00543 81 0.7 pist € [74,592] ly| < 3.0 pist Hop
ATLAS [28) 7.0 4.5 140 0.6 335‘1_‘3" € [100, 1992] ly| < 3.0 p‘.jft.,HT
CMS [31] 7.0 5.0 133 0.7 pist € [114, 2116] ly| < 3.0 plst H
ATLAS [32] 8.0 20.3 171 0.6 plict € [70,2500] ly| < 3.0 pict He
5.6 et e [21, 74 o
CMS [33] 8.0 ’ 248 0.7 T € [21,74] ly| < 4.7 pict A
19.7 pln € [74,2500] T
ATLAS [34] 13.0 3.2 177 0.4 pist € [100, 3937] ly| < 3.0 pict Ho
36.3 0.4 : )
CMS [35] 13.0 23 2 x 78 o pist € [97,3103] ly| < 2.0 et Hrp
K. Rabbertz Les Houches, 15.06.2023 15



A

Dijet datasets

P J
Institut fur Experimentelle Teilchenphysik
.

@ Four dijet datasets from ATLAS & CMS, 2D in m42 and y* or Ymax, Or 3D in <prt12>, ¥*, Yi

% Three centre-of-mass energies, three jet radii R

% One central scale for prr, except for 3D data with two

Sample plots
in this talk

Data 8 £ no. of anti-k kinematic range fiducial cuts uRr F-choice
[TeV] [fb~!] points R [GeV]
1], ly2| < 3.0
ATLAS [55] 7.0 4.5 90 0.6 miz € [260, 5040] [pr.1.pr.2] > [100,50]GeV mys
y" < 3.0
lyl < 5.0
CMS [31] 7.0 5.0 54 0.7 miz € [197, 5058] [pr.1, pr.2] > [60,30]GeV mys
|!‘1r[tl'r'l.x| { 2"':'.
lyl < 5.0 pr.1exp(0.3y")
CMS [49] 8.0 19.7 122 0.7 (pr1.2) € [133, 1784] pr.1.pT.2 > 50GeV
1. ly2| < 3.0 Tty o
s lyz| < 3.0
e - ) pT.1,pT.2 = T0GeV
ATLAS [34] 13.0 3.2 136 0.4 mia € [260, 9066] - - mys

{pr1,2) > 100GeV
y"

< 3.0

K. Rabbertz

Les Houches, 15.06.2023
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A

K factor robustness

Institut fur Experimentelle Teilchenphysik
,

Dependence of Ko On: as — negligible

APPLfast + NNLOJET

ATLAS JS= 7 TeV

KNNLO
—

0 = = N W
|

inclusive jets
B < |yJ| < 8.5

2] | Mg = Hr -
I I I
T T T
1F i
o
X 0.5 .
- (3] e = = —— N
— AT i i W gl iy R ;-;‘ = U e Y N
I -8.5 |
- I I ]
g
[a=]
Js T T T
== 1 - -
7
~—
" 9.5 F |
=
=0
5 0 E
~ -8.5

108
central rapidity

2086 500 1060
prd [GeV]

K. Rabbertz

os depend.
0.108 - 0.124

PDF
dep.

KNNLO

—
a2

( K&k / Kieorsn = 1) L

most PDF sets — ~ 0.5%
exceptionally (HERAPDF) — ~1%

APPLfast + NNLOJET

ATLAS s = 7 TeV

inclusive jets
1.5 < |yd| <2

I
L —

I I
- Scale

. NNPDF3.1

Qs
NNPDF3.1
NNPDF4.8
CT14
CT18

HERAPDF2.0
MSHT286
ABMP16
PDF4LHC21
ATLASpdf21

Les Houches, 15.06.2023

500 1008
pr) [GeV]

medium rapidity
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L.

as dependence ETP)

Ratio to as(M;) = 6.118

ATLAS inclusive jets at 7 TeV

APPLfast + NNLOJET ATLAS Js= 7 TeV

3he T T o= A ] Scale Scale uncertainty versus
? : B < |yl] <8.5 NNPDF3. 1 : — 9.188 Os dependence
| Feeaa s se=rranmay T 00 g (0.108 — 0.124)
- .o T o T oo =TS s —-- o, —
9 o112 g at each order
- , | ! 4 — 8.114 @
- - 8.1 ©
3 F T 1 ] —
> | NLO 1 = 8.117 E
S — 1 8.119 E
N et ar = 9.128 =
oF - - - oo - - -~ g2 2
- , | ] B.124
3 B | I |
> || NNLO _
T S
1B =
e B e e il s
8| | | . 1 Precision determinations require NNLO
188 208 500 18080 (and equally accurate data!)

prd [GeV]
K. Rabbertz Les Houches, 15.06.2023 19



A Total inclusive jet cross section eTp)

@ Closest possible definition with

a
83 @
; B " B =% ATLAS: R=0.4, pr>100GeV, |y| <3
Q
?} % CMS: R=0.7, pr>97 GeV, |y| <2
(3]
— @ — . .
@ 107 1 @ Only 13 TeV grid used here with
S I ' i E.ns extrapolation
O n _
B | ]
w© i i
O
>
i, i i
"_t; % CMS data (anti-k R=0.7, p,>97 GeV, Iy1<2.0)
E ¢ ATLAS data (anti-k R=0.4, p_>100GeV, ly*<3.0) . 5APPLfast+ NNLOJET
5 5 —
1070 4 — NNLO x NP (u=H_, anti-k R=0.7) u = Binvcop-A- [lNLO LO ]
B i 6 3 Me=0.5p, TTHeSHg 7T R=20,
i — NNLO x NP (u=H_, anti-k R=0.4) | S - ]
| | | | | | | | | | | | | | | | | | | | | | | | | "3 25; 7
2 4 6 8 10 12 14 & g g
proton-proton Vs [TeV] g °p ' —~—
@ 1.5 =
S - .
S 1= E
0-5§* anti-k, R=0.7, p>97 GeV, V¥<2.0 é
Scale dependence for CMS 2:10” T2 345678
R 0
K. Rabbertz Les Houches, 15.06.2023 21



\ Triple-differential dijets ETP)

Most measurements done with respect to dijet mass d30
and either max. rapidity |y| _ (CMS) or rapidity separation y’ X az
(ATLAS). One CMS result 3D in priz, y*, yo: dpT,ave dYpdy*

lllustration of dijet event topologies
19.7fb-1 (8 TeV)

108 1 1 1
& S —0— 0= yp<1 0= y*<1(x102)
== ) 107 | CMS =¥= 0= yp<1l 1=y*"<2(x10?) A
| O —A— 0= yp<1l 2<y*<3(x101)
= B 106 } - 1<y,<2 0=<y*<1(x101)
—l o - 1l=syp<2 1=sy*"<2(x101)
| = 105 } o— 2=<yp,<3 0= y*<1(x100) 4
% *
=2 tE‘ 104 } NLOJET++ (NLO®EW®NP) -
o Y NNPDF 3.0
o | [ =
T| 2 103 } U = PT, max€0-3¥ i
= ant-KeR=0.7
S 102 | -
101 } -
77777777777777 100 } -
: 10-1 .
~ i 10-2 | -
: 103 | =
| N » &
é 4 10—4 | | | | | | | 1

200 300 500 1000
PT,avg [GeV]
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A 13 parameter fits — NLO vs. NNLOep)

Gluon from 13-parameter PDF fit with xfitter for two central scale choices

— IIII 1 I IIIIII| {(]-\ 1 T T T I ||||||| 1 1 ||||||| T T Tl
(4]
o o
X Fit | Xzfﬂ'dof X Fit | XQ /Ndof
\E 4 m DIS only 1.151 | \iﬁ 4 E DIS only 1.159
Hrsv = pr,exp(0.3y™)| 1.130 pr/p = pr.1exp(0.3y*) | 1.153
W pR/p = M2 1.282 B pr/Fp = Mi2 1.133
3 — 3 —

-
-
-

1 exp. uncertainty | | N
bands only
NLO theory NNLO theory :
QZ -1.9 GeV? QE =1.9 GeV? :
or Lol Lol Lol | |||||i or Ll Lol Lol ! ||||T|_T
10-4 10-3 102 10-1 100 10-4 103 102 10" 100

X X

Left: NLO Significant differences between central scale definitions
Right: NNLO Much improved agreement between scales

K. Rabbertz Les Houches, 15.06.2023 23



. | Scale varied fits & PDF+a; fit TP

Gluon from 13-parameter PDF fit Gluon from 14-parameter PDF fit
with scale variation band at NNLO at NNLO with free a.

o~ | |||||||| | |||||||| | |||||||| | T T TTTI o~ 1 |||||||| | |||||||| | |||||||| | I T T TTTI
(o] od
o o o : 2
> pr/F = pr,1exp(0.3y") > Fit ‘ X“/Ndot s
B B pR/p = mi2 & priexp(0.3y™) | 1.151 0.1154 + 0.0013
x 4 / . x 4| - —
B oo 1.133  0.1164 + 0.0013

1 l 3 -_----'-'--"--'-—----.... !

1L _ |
NNLO theory NNLO theory
Q? =19 GeV? Q%2=1.9 GeV? y
or L1l Lol Lol ! |||-||x||- or Lol Ll Lol ||‘|-|__|=:T
10-4 108 10-2 10- 10° 10-4 10-3 10-2 10~ 100
X X
Much reduced scale dependence Consistent results between scales

K. Rabbertz Les Houches, 15.06.2023 24



| Demo plot using Python extension gTp)

v Python extension available
< .. [--enable-pyext]

v Easy example plotting 2D
scale dependence:

‘ o CMSITeV<M,,<1.23 TeV, 2 <[y,...| <2.54¢:p.1._w‘

[A8Dy/qd] uonoes ssoId

K. Rabbertz

Les Houches, 15.06.2023

#! [usr/bin/env python2

Setup Python
with fastNLO

from fastnlo import fastNLOLHAPDF

import matplotlib

import matplotlib.pyplot as plt

from matplotlib import cm

from mpl_toolkits.mplot3d import axes3d
import numpy as np

fnlo = fastNLOLHAPDF('fnlotable.tab') Select table,
fnlo.SetLHAPDFFilename('CT10nlo.LHgrid')
fnlo.SetLHAPDFMember (0) PDF & mem.

mufs = np.arange(0.1, 1.5, 0.10) Define M, M
murs = np.arange(0.1, 1.5, 0.10) r’ f
xs = np.zeros((mufs.size, murs.size)) ranges
for 1, muf in enumerate(mufs):
for j, mur in enumerate(murs): l-()()‘) over
fnlo.SetScaleFactorsMuRMuF(mur, muf) l‘ l‘
fnlo.CalcCrossSection() r f

xs[1][j] = np.array(fnlo.GetCrossSection())[0]

Plot

fig = plt.figure(figsize=(13,13))

.. plotting details

ax.set_ylabel('Scale factor $\mu_F$')
ax.set_xlabel('Scale factor $\mu_RS$')
ax.set_zlabel('Cross Section [pb/GeV]')
plt.show()

.. plotting details

26



| Extra slide: CMS dijet mass

ETP)
Central scale: p = <pT, ,> Outer |y__| bin!
e CMS1 TeV<M,;;<1.23 TeV, 2<[y,,,| <2.5, p=pr,,

Central scale: p=M /2

CMS 1 TeV <M, <1.23 TeV, 2 <|y,..| <2.5, u=M,,/2

U\QS.’qdl uonoas ssoid

Q
I
@
w
@
&
°
E]
=
k)
|2
)
<
=

Grids allow plotting full 2D (ur,ur) dependence
K. Rabbertz Les Houches, 15.06.2023
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| Extra slide: ATLAS dijet mass EgTp

Central scale: p = pT__ Outer y* bin!

‘ o ATLAS 1.18 TeV <M, <1.31 TeV, 3.0 <y = <3.5, 1 =pr e

Central scale: y = pT__ - exp(0.3 y*)

max

+80k wo

eV <M;; <1.31 TeV

Grids allow plotting full 2D (ur,ur) dependence
K. Rabbertz Les Houches, 15.06.2023 28



R\ DIS interpolation grids ETP)

Successfully used for jets at NNLO in DIS: &

3
+ H1, EPJC 77 (2017) 791; Err. EPJC 81 (2021)

738.

+ APPLfast, EPJC 79 (2019) 845; Err. EPJC 81
(2021) 957.

+ HERAPDF2.0Jets, EPJC 82 (2022) 243.

w

3

Example: /E

Running of as from inclusive jets

Interpolation grids available on:
https://ploughshare.web.cern.ch

0.22
0.2

0.18

0.16
0.14
0.12

0.1
0.13

0.12}

0.11

0.1}

K. Rabbertz Les Houches, 15.06.2023

™1

[ — World average [rpG1g] —

b » HERA inclusive jets [NnLO, this work]
_\\\ H1 inclusive jets [NuLO] N

[ 7 ZEUS inclusive jets mnLD, this work]
B 7 \ HERA inclusive jets [all points] N
| H":\‘:“,}\_*\ —]
! I, -
&z " |
| APPLfast and NNLOJET |

—t—t—t—] : : et —t—t—{
G *_—*—_i_—_*:i_ s
- | . o
678 10 20 30 40 100
, [GeV]
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