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Multi-jet production in DIS

» DIS precision improvements lacking behind LHC-driven development in
PyTHIA

» Good description of DIS jets important for EIC physics

» Multiple hard scales, hardest scale not unique

=@ = (Q+H)/2
N

where HT = Z /31'7,'
i=1

seen success in [J. Currie et al., JHEP 07 (2017) 018]
and [S. Hoche et al., Phys.Rev.D 98 (2018) 11]

Joni Laulainen
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Motivation - Parton shower approximation for dijets Joni Laulainen

Good agreement in high-Q2 using Power Shower (dipole recoil) -
Poor description of low-Q? dijets Merging stup
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[ZEUS Collaboration, Eur.Phys.J.C 70 [H1 Collaboration, Eur.Phys.J.C 77
(2010) 965-982] (2017) 4, 215]

5/24



Multi-Jet Merging Joni Laulainen

» Objective: Combine parton showers with matrix elements
» Separate phase space using merging scale. Merging secup

Hard jets : p2 > tus Soft jets : p3 < tys

() (7))

SHERPA generated
Ax parton level events VINCIA as the.par.ton
SHERPA. . (ME) up to +4 jets. shower (PS) with its
o AMADGRAPHS reliably sector merging

to 42 jets. machinery
TPQeisbe,g o :ﬂ JHEP 02 (2000) 007] [C.T.Preuss et al., JHEP 07 (2020) 032]
[J. Alwall et al., JHEP 07 (2014) 079]
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Merging - tys-dependence

Phase space separation with dynamic merging scale?.

10

P> Attempt to improve tus = (9 GeV)?

low-Q? jet production.

» Let MEs contribute more in

. tus = (5 GeV)?
low-@? region. us = (5 GeV)

Vims [GeV]
S

tm fus— )2
tys = ?MS 5 fus = (3 GeV)
1+ 52QQ2
0 10° 10! 102 10 10*
Q2 [GeV?]

!SuERPA DIS jet merging [T. Carli, T. Gehrmann, S. Héche, Eur.Phys.J.C 67 (2010) 73-97]

Merging setup
Resul

Joni Laulainen
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Merging - tys-dependence Joni Laulainen

Phase space separation with dynamic merging scale?.

Merging setup
2 — 1 Jet Resolution Scale

) \ \ \ \ \ —
= — s = (5GeV)?
R ——= s = (9GeV)> 3 ‘
ES fus = (3GeV)2 1 -
i E L —— LOME ] mplementation
> Attempt to improve ER —owe | |
low-Q? jet production. £ o v
. . £ dynamic fyg 3
> Let MEs contribute more in i ]
low-@? region. b ]
3 o \ \ \ \ | —
# __tms R el
MS = tyis 2 o8 Sainie
1 + & 06
SZQZ 04 =
B
o 04 o6 o5 e 12 i 16

logg(kr,2-51/GeV)

!SuERPA DIS jet merging [T. Carli, T. Gehrmann, S. Héche, Eur.Phys.J.C 67 (2010) 73-97]
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Merglng = Algorlthms Joni Laulainen

Merging algorithm effect on inclusive cross section. DIS +4 jets.

Merging setup
» CKKW-L!, dynamic merging
» phase space separation tys 1101
and reweighting using PS
histories to account for
double-counting.

» UMEPS?, fixed merging

» similar, but preserves 005

. . A CKKW-L
unitarity through UMEPS

“add-and-subtract” scheme. 00 --- Born level

10 15 20 25
[L. Lénnblad, JHEP 05 (2002) 046] VEws [GeV]
2[L. Lénnblad, S. Prestel, JHEP 02
(2013) 094]

100442 m___n______ 0 &

o9 gy
>
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We compare the results to HERA data. [H1 Collaboration, Eur.Phys.J.C 77 (2017) 4, 215]

¢ /(AQ*APr) [pb/GeV?]

MC/Data

Results - Inclusive jets
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We compare the results to HERA data. [H1 Collaboration, Eur.Phys.J.C 77 (2017) 4, 215]

¢ /(AQ*APr) [pb/GeV?]

MC/Data

Satisfactory result with just 2 additional jets.

Results - Inclusive jets
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Results - Inclusive jets Jori Laulainen

We compare the results to HERA data. [H1 Collaboration, Eur.Phys.J.C 77 (2017) 4, 215]

Inclusive jet production cross section in P{f[ Inclusive jet production cross section in P.';' R ' "m' o
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Satisfactory result with just 2 additional jets.
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Results - Inclusive jets Jori Laulainen

We compare the results to HERA data. [H1 Collaboration, Eur.Phys.J.C 77 (2017) 4, 215]

Inclusive jet production cross section in P{f[ Inclusive jet production cross section in P.';' R ' "m' o
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Satisfactory result with just 2 additional jets.
Result converges with addition of higher multiplicity samples. 9/24



Results - Dijets

Similar outcome as with inclusive jets. UMEPS fails to match data at high-pr.

o/ (AQ*A(Pr)2) [pb/GeV3]

MC/Data
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Results - Dijets

Similar outcome as with inclusive jets. UMEPS fails to match data at high-pr.
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Results - Dijets

Similar outcome as with inclusive jets. UMEPS fails to match data at high-pr.
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Results - Dijets

Similar outcome as with inclusive jets. UMEPS fails to match data at high-pr.

Dijet production cross section in (Pr);

Dijet production cross section in (Pr)a
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[Eur.Phys.J.C 77 (2017) 4, 215] RIVET analysis released
(along with [Phys.Lett.B 542 (2002) 193-206]).
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Results -Trijets Joni Laulainen
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Results -Trijets Joni Laulainen
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o/ (AQ*A(Pr)3) [pb/GeV?]
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Results -Trijets Joni Laulainen

Motivatio
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Trijet production cross section in (Pr)3

Results - Trijets
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Competent trijet modeling requires at least +3-jet merging.
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Results - CKKW-L parameter variations Joni Laulainen

Variation of S = 0.7 £ 0.1 and \/tpms = 5 between 3 and 9 GeV.

M ation
Merging setup

o ) et
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S-parameter mostly influences low-Q? region.
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Results - UMEPS parameter variations Joni Lautainen

Inclusive jet production cross section in P LU
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Moderate sensitivity to fixed merging scale variations.
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Also used M G5 input. CKKW-L +2 jets.

Results - Scale variations

Uncertainty bands by varying the scales ur and ug by a factor of 2.

dojet/d(EF/Q%) [pb]

[H1 Collaboration, Phys.Lett.B 542 (2002) 193-206]
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DIS NLOPS matching i e
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DIS NLO PS in progress Joni Laulainen

Schematic calculation of multiplicative matching. Start from the NLO
expectation value of an infrared-safe observable O

(O)xto = / [B(®5) + V(®5)] O(¢5) dbp + / R(®r) O(GR)dd (1)

add and subtract the real emission contribution and rearrange

(O)NLO :/ {B(QDB)—i— V(¢B)+/R(¢R)d¢'+1] O(¢p)dop

-~

B

+ [ R@R) [0(0r) - O(®)] %5
ddpdd, 4
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DIS NLOPS Joni Laulainen

The parton shower prediction for observable O is
(O)pg :/B(¢B).F(¢B,O)dd>3

The parton shower operator is defined recursively as
tn
Fo(0,0) = An(tn, 1) O(®1) +/ Kosns1(®n41) An(tns £) Frs1 (0, Do) Ay
te
where the no-branching probability (Sudakov factor) with kernel Kpspt1 is
to

as dt

A(tp, t.) = exp —/ Knsny1d®y1 o, Kisje = §7Piejk(z)
te
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DIS NLOPS Joni Laulainen

Expanding the operator for first emission to order as we get
to

}—O(CDB, O) = O(CDB) +/ KBHR((DR) [O((DR) — O((DB)] dd, 1 + O(Ozg)
te
Substituting this to the NLO PS prediction of observable O

(o)) = / B(o5) F) (05, 0) dog

i t B(®g)
_ / B(05)0(05)dds + / B(05) Kear(Pr) [0(®r) — O(®5)] dbr

te

(O)xio = / B(05) O(¢5) dbp + / R(®R) [0(®r) — O(®5)] dbg
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DIS NLOPS - Matrix-Element Corrections Joni Laulainen

» Useful on their own, but necessary
for multiplicative matching. First

2 — 1 Jet Resolution Scale

. . E‘ Default R
introduced for Pythia in (G M, T. % 05 —— MEC i
Sjéstrand, Phys.Lett.B 449 (1999) 313-320] 5 ; % % MECs

R (x,z1) = d077gsg/xd21 a3 E
v q—qg\ %y 41 doPS /dxdz F ]
9y+q—ag 1 i ]

X+ 24214 3x2)1—-x)(1—-z) or §
- 12 i IR RN
1+x* T

Ry+g—qa(x, 21) £ 22: Hh J H ]
7+ (1—2) Q1-x)1-2z) oF I

= +8x"— > o bttt ball
z] X %*(1 A*X) 02 04 o6 08 1 12 14 16 18

log,o(kr,2—1/GeV)
» Soft (x =1,z = 1) and collinear (z; = 1) limits give R = 1.
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DIS NLOPS - Implementation Joni Laulainen

The required ingredients for B = B+ V + [ Rd®g are

0)% 1
B(®p) = M, V(@p) = 2Re M M0
Implementation
_>_
* R(®g) = |M"/ q4<19|2 + ‘Mw yﬁqqu

&

These lead to coefficient functions, which are convoluted with PDFs to obtain
structure functions
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DIS NLOPS - Implementation Joni Laulainen
For example, the structure function

—ngQ2 Zeqx Q2

< [td
ca [ (a2 i)

)

Implementation

with the coefficient function

» Everything analytical until this point!

» Convolution integrals with Pythia's internal Gaussian integration
21/24



DIS NLOPS - Implementation

For example, the structure function

with the coefficient function

_ o z?
R R e R [ e

rarze (24 D)o )

» Everything analytical until this point!
» Convolution integrals with Pythia's internal Gaussian integration

Joni Laulainen

Implementat tion
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DIS NLOPS - Implementation

» Write the cross section as

Joni Laulainen

d 4ra? 2 2 2
dXdJQZ = XTrQazl {(1 -y + %)FQ(X, Q2) - %FL(X, Q2) + (y - y?)XF:g(X, Qz)}

Implementation

» Obtain the LO (B) and NLO (V + R) contributions with the corresponding
structure functions

» Calculate NLO K-factor and reweight the whole event to acquire inclusive
observables at NLO accuracy (Projection-to-Born)

w| o

Knpo = — <O>NLOPS:/ B(®g) F(®p, 0)ddg

» Turn on with flag SigmaProcess:reweightNLO = on
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DIS NLOPS - preliminary results Jori Laulainen

Differential cross section in Q%
T T T T
— Pythia LO

— = = Pythia NLO

» Full neutral-current contribution
implemented through inclusion of
Z-boson contribution in F3

G [pb/GeV?]

dy

d

preliminary results

» Available for any parton shower
which
» reproduces the matrix element for
first emission
> respects Born kinematics (e. g.

NLL accurate Apollo) i3 E

» Possible extensions: ‘E :,é N e ey Al T LA

charged-current, combination with 52 ; E
merging techniques, NNLO “h e e mszoa
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DIS NLOPS - preliminary results

» Full neutral-current contribution
implemented through inclusion of
Z-boson contribution in F3

» Available for any parton shower
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» reproduces the matrix element for

first emission

> respects Born kinematics (e. g.
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preliminary results
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SU mmary Joni Laulainen

Default PYTHIA shower not sufficient
to describe jets in DIS

— merging implementation, released in
version 8.313 2' e ey ™

g —4— Data

Recommended setup: CKKW-L with = e TN
dynamic tys and p2 = Q2 ER .
— good description of HERA data also S 3
in low-Q? region i ]
Ongoing NLO matching project to be ;:2%1H}HH}HH}{HwHH}HH}HH}HH}H{E
completed soon § aE # -
—fully internal NLO DIS event g -
generation in a future release e

PF' [GeV]

Ongoing tuning of dipole recoil shower
to HERA data
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SU mmary Joni Laulainen

Default PYTHIA shower not sufficient

to describe jets in DIS

— merging implementation, released in

version 8.313 e e
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Recommended setup: CKKW-L with igl;}ﬂ 3
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— good description of HERA data also
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Ongoing NLO matching project to be 18
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Ongoing tuning of dipole recoil shower
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