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Motivations: renewed interest in Monte Carlo generators for DIS

a First step to describe important DIS-like processes at the LHC (e.g. VBF) at NNLOPS
a Provide an NLO+PS generator to the EIC community

a High-energy cosmic neutrinos

Dedicated POWHEG generator for DIS

= Need to describe inclusive cross sections at pure NLO = novel mapping for real radiation that fully
preserves lepton kinematics

svn://powhegbox.mib.infn.it/trunk/UseiProcessefRES/DIS

Validation

a Inclusive cross sections, global event-shapes and VBF-like observables

a Comparison with default POWHEG RES, which does not preserve lepton kinematics
Phenomenology

a Comparison with HERA data

a New predictions for EIC


svn://powhegbox.mib.infn.it/trunk/User-Processes-RES/DIS




Both VBF and single-top production can be modelled using DIS kinematics
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Electron

{on Collider

The Electron-lon Collider will give new insight into the structure of the proton
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Cosmic nheutrinos

DIS is the main interaction mechanism for high-energy cosmic neutrinos
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The functionalities of Herwig and Sherpa allow for automatic matching of
these Monte Carlo generators to NLO

MadGraph5 aMC@NLO and old versions of POWHEG BOX do not support
the simulation of DIS

The default version of POWHEG BOX RES supports processes with
Incoming leptons, but the phase-space generation does not preserve lepton
kinematics

To reproduce inclusive fixed-order cross sections multi-differential in g, yp1s
and Q% we need a phase-space generation that preserves lepton kinematics

The new generator is a valid starting point for the matching of parton shower
and NNLO



s POWHEG provides a method to interface a hard event to a parton shower so
that the resulting cross section is exact at NLO

a The key feature of POWHEG is the existence of a mapping between the
phase-space with additional radiation and that of the underlying Born event

d®, .1 = d®,dP,.q

o Pl

dopwe = B(®,)d®,, [A(P,, 1)

+d®radO (Kt (Praa) — 1) —TE— A (®n, 'ft(‘l)rad)]

Sudakov form factor

A(®,,, ;1) = exp [—/d@radG (Kt (Praa) — 1) 5(3,)
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The default version of the POWHEG BOX is tailored to hadron collisions

Real radiation mappings fix the partonic centre-of-mass energy

2 P.q
xB_2P-q YDIs pag
z_kf
Py i
FRAEET k; Pi

Dy
We adapt the procedure to DIS by using a delta function as the lepton pdf
We call this I mplementation nAnmini mal
This minimal setup preserves the momentum of the incoming lepton only
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s The new version of POWHEG uses a phase-space mapping that fully

preserves lepton kinematics S :
Kir—= fkg (1, o s y,% cos @, /1 — y% Sln¢7yk)

pe=22(1,0,0,-1)

]{'7; = 78(1,0,0, 1)

& =1 —ypis(l — A) Ekyr = 1 — ypis(1 + A) A=zp/x

a The variable \ parametrises a boost that is required to apply FKS subtraction
as needed in POWHEG

a Once an event is boosted back to the original reference frame, lepton

momenta depend only on the DIS variables z 5, ypis and Q°
[AB FerrarieRavasiodgerKarlberg Reichenbach Zanderighi 2309.021
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s Radiation kinematics depends on the FKS variables £ and y

k¢ :5,6? (1,\/1 —y,%cosgb,\/l y%Sil’lﬁbayk)

G ho)
NG =S =
]ff,; = 7(1,0,0,1) Di 9 (170707 1)
Py Vs 5 2 =, 2 o
pr=£7 (1, 1 —y“cosop,\/1—1y Smgb,y)
§k =1 —ypis(l —A) Ekyr = 1 — ypis(1 + A) A=zp/x

a For initial-state radiation, energy-momentum conservation selects two values A+
a Only )\_ Is allowed Iin the soft and collinear limits = interface with MC

a The solution A\, gives a finite contribution that can be treated at fixed order
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s Radiation kinematics depends on the FKS variables £ and y

k¢ :5,6? (1,\/1 —y,%cosgb,\/l y%Sil’lﬁbayk)

pe=22(1,0,0,-1)

]ff,; = 78(1,0,0, 1)

§k =1 —ypis(l —A) Ekyr = 1 — ypis(1 + A) A=zp/x

a For final-state radiation we can apply the standard POWHEG setup
2p; Pr - Py
NE Yy 0,0

pfr'pf

a Energy-momentum conservation selects only one value of A

£ =
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OR(x,Q%) x 2291

10*2
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10°

104

Q? < 15000 GeV2, with Q, < Q < Quu1

Inclusive observables

" pythia8 default
I | |

NNLO ——
pythia8 dipole

] ' |

e’ (27.6 GeV) p (920 GeV) — e™ + X
NNPDF30 nnlo as 0118 hera

Hr = Hp = Q

n=0, Q,> = 4 GeV?
n=1, Q.2 = 5 GeV?
n=2 Q2 =7 Gev?
n=3, Q2 = 9 Gev?
n=4, Q2 = 11 GeV?
n=5, Q2 = 13 GeV?
n=6, Q% = 16 GeV?
n=7, Q.2 =20 GeW
n=_8, Q,> = 328V’
n=9, Q.2 510 Gev?
n=104,> = 50 GeV?
nsA1, Q.2 = 65 GeV?
n=12, Q2 = 85 GeV?
n=13, Q% = 110 GeV?

n=14, Q,2 = 140 Gev? ]
n=15, Q%2 = 185 GeV? |
n=16, Q2 = 240 GeV? -

n=17, Q, = 310 GeV?
n=18, Q,% = 410 GeV?
n=19, Q,% = 530 GeV?

n=20, Q% = 710 GeV?
n=21, Q. = 900 GeV? 1

n=22, Q2 = 1300 GeV?
n=23, Q.2 = 1800 GeV?2
n=24, Q2 = 2500 GeV?2
n=25, Q2 = 3500 GeV?

-10

-8

-6

log[xp]

s Doubly-differential reduced cross section
O-R(xBJ QQ) 5= FQ(xBa Qz) s O(aS)

NNLO predictions obtained with

DISORDER
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101(]
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10°

104

Inclusive observables

Q% < 15000 GeVZ, with Q, < Q < Quu;

M
a o
%

' I T T T T
e” (27.6 GeV) p (920 GeV) — e + X
NNPDF30 nnlo as 0118 hera

Mr = Hp = Q

n=0, Q%2 = 1 Gev?
n=1, Q.2 = 5 GeV?
n=2 Q2 =7 Gev?
n=3, Q2 = 9 Gev?
n=4, Q2 = 11 GeV?
n=5, Q2 = 13 GeV?

n=9, Q.2 = 40 GeV?

n=10, Q% = 50 GeV?
n=11, Q2 = 65 GeV?
n=12, Q2 = 85 GeV?
n=13, Q% = 110 Ge)#

n=18, Q,? = 410 GeV?

n=23, Q,% = 1800 GeV?2

n=24, Q2 = 2500 GeV>
n=25, Q,2 = 3500 GeV?
s NNLO —— ]
- pythia8 dipole .

" pythia8 default
1 | 1

n=19, Q.2 = 530 GeV2 |
n=20, Q% = 710 GeV?
n=21, Q. = 900 GeV? 1
n=22, Q.2 = 1300 GeV? |

-10

-8 -6 -4 -2 0 2

16

Doubly-differential reduced cross section
O-R(xBa QQ) 5= FQ(mBa QQ) s O(QS)

NNLO predictions obtained with
DISORDER [Karlberg CERINH2023229]

PYTHIA 8 dipole: new POWHEG
mapping with dipole PYTHIA shower,
which preserves lepton kinematics




OR(x,Q%) x 2291
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1010
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104

Inclusive observables

Q2% < 15000 GeVZ, with Q, < Q < Q.+,

e™ (27.6 GeV) p (920 GeV) — e+

i + X
NNPDF30 nnlo as 0118 hera
- Mg = Hp = Q
\
] \ n=0, Q2 — 4 GeV? ]
E n=1, Q2 = 5 GeV? E
\ i an mhey
n=3, Q> = 9 GeV?
n=4, Q2 = 11 GeV?
n=>5, Q> = 13 GeV
n=6, Q> = 16 GeV
n=7, Q,% = 20 GeV
\ n=8, Q2 = 32 Gev?
4&-\?—\ n=9, Q,2 =40 GevZ ]|
n=10, Q.2 = 50 GeVZ |
\ n=11, Q.2 = 65 GeV?
n=12, Q% = 85 GeV?
L n=13, Q% = 110 GeV?. -
\\ n=14, Q,2 = 140 Gev? ]
n=15, Q2 = 185 GeV? |
n=16, Q2 = 240 GeV? -
n=17, Q% = 310 GeV?
n=18, Q,% = 410 GeV
| n=19, Q.2 = 530 GeV2 |
n=20, Q% = 710 GeV?
“’“\ n=21, Q,? = 900 (
= 2
=24 Q,% = 2500 GeV?
=25, Q% = 3500 GeV?
- NNLO ——
- pythia8 dipole
" pythia8 default
. L L | | I I
-10 -8 € -4 2 0 2
log[xp]
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Doubly-differential reduced cross section
O-R(xBa QQ) 3 FQ('TBa QQ) s O(QS)

NNLO predictions obtained with
DISORDER [Karlberg CERINH2023229]

PYTHIA 8 dipole: new POWHEG
mapping with dipole PYTHIA shower,
which preserves lepton kinematics

PYTHIA 8 default: new POWHEG
mapping interfaced with default PYTHIA
shower, which does not preserve lepton
Kinematics



OR(x,Q%) x 2291

Q2 < 15000 GeV2, with Q, < Q < Qu.q

s Doubly-differential reduced cross section

T T T T T
e’ (27.6 GeV) p (920 GeV) — 7 + X
NNPDF30 nnlo as 0118 hera

A | or(zp, Q%) = Fa(zp, Q%) + O(a)

n=0, Q,’
n=1, Q,°

52 _ =
n=2 Q. =T Ge

102 |

s NNLO predictions obtained with

10°

|
')
[

e mapping interfaced with default PYTHIA

23, Q2 = 1800 GeV?

e shower, which does not preserve lepton
e T kinematics

\\Q i
;\ n=3, Q,2 i 9 Ge
%\ ii;i:i: DISORDER [Karlberg CERMNH2023-229]
Pz N e
: R S e |8 PYTHIA 8 dipole: new POWHEG
\ oz ol B | mapping with dipole PYTHIA shower,
: % 1.0 <o which preserves lepton kinematics
§ cwawee | g PYTHIA 8 default: new POWHEG

L L | |
e
~
o’

" pythia8 default
L L

w s s 4 2 o0 3 = NLO is identical to POWHEG+PYTHIA 8
di pole, hence 1t0s
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OR(x,Q?) x 2%

Inclusive observables

Q? < 15000 GeV2, with Q, < Q < Q4

s Doubly-differential reduced cross section

I T T T T I T I
et (27.6 GeV) p (920 GeV) = e + X
NNPDF30 nnlo as (0118 hera

i Hr = Hf = ( E 2 2

N} or(zp, Q") = F2(zB,Q") + O(as)
%\ i

| S&%%\ Corro ] NNLO predictions obtained with

% e DISORDER [Karlberg CERIH2023229)

10' 3 aw, Q:? = 2(; (t\—‘ E

- n=8, Q2 =32 GeV2 ] %

i % s om ] PYTHIA 8 dipole: new POWHEG
nl % mapping with dipole PYTHIA shower,

n=14, Q2 = 140 Gev2 3

’\ s 07— 5 Gov® ] which preserves lepton kinematics
- \ n=16, Q,2 = 240 GeV?
n=17, Q,% = 310 GeV?
§ 110,00 53 G | PYTHIA 8 dipole (minimal POWHEG):
: x n=20, Q,2 = 710 GeV2 ]

2~ G POWHEG BOX RES mapping, which
/\ does not preserve lepton kinematics

10

pyvthia8 dipole

NNLO ——

pythia8 dipole (minimal POWHEG) ——
1 l 1 | 1

-10 -8 -6 -4 -2 0 2
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Inclusive observables

Our new mapping, interfaced to PYTHIA 8 dipole, is the only one that
reproduces correctly NLO predictions

xp-< 0.82, with %y; < Xp < Xnia xg < 0.32, with x,, < xg < Xp41
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n=0, x, = 0.0002 . F 0. x. — 0.0002 1
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x . S "

8 = — (] 3 |- =
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T I : & f | ]
:_);: F n=8, x, = 0.008 . F =8, x, = 0.008 .
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10° ' n=10, x, = 0.02 //, r 10" E n=10, x, = 0.02 //_, :
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106 |- n=13,x, = 0.08 T " 106 | n=13, x, = 0.08 — e .
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Inclusive observables

Preserving lepton kinematics in the generation of the hard event (cf minimal
POWHEG) is more important than in the shower (cf PYTHIA8 default)
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Continuously global event shapes In
DIS, such as 7,9 and B, g are
directly sensitive to real radiation

Resummation at NLL+NNLO accuracy
can be performed automatically using
CAESAR

Excellent agreement between
POWHEG+PYTHIA at parton level
and NLL+NNLO

Although POWHEG+PYTHIA is
formally NLO, it agrees quite well with
NNLO in the tall of the distributions



- W ﬁ
-Tq ‘ -
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s H1 measured the fraction of events where the current hemisphere in the Breit
frame is empty [H1 2403.08982]

Before After

Such events start at order a; and involve the presence of an extra jet

Excellent testing ground for parton-shower event generators
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Empty current hemisphere

s H1 measured the fraction of events where the current hemisphere in the Breit
frame is empty

s Our new POWHEG generator agrees with all distributions within experimental

errors
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Event shapes at HERA

s Good agreement with H1 data for event shapes

ep—e+ X

NNPDF30 nnlo as 0118 hera

H1 data F—+
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Pythia8 Vincia 85—

Hr = Hp = Q E
Hl1 data: [hep-ex/0512014]
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E
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(Qu> EJTﬁ {;C‘d‘r-%
(Q,) = 80.6 GeV
E
Q) = 115.6 GeV
| | |
0.2 04 06 08 1.2 14 16
T.E

Ilqu

£ g0 Rt 00, Q) = 149 GeV
— =

| | |
H1 data —+—

Pythia8 dipole (parton) F>¢— 4
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Pythia® Vincia —&—

ep—e+ X

NNPDF30 nnlo as 0118 hera
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H1 data: [hep-ex/0512014]
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=2='H'*""'|'.'|+H-I=0=I-ﬁ n=2, {Q,) = 23.8 GeV

L

T tetototed =3, (Q.) = 36.9 GeV

Balinlas ot a T TNCEEETNG n=4, {Q,) = 57.6 GeV
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M 11:51 {Qu) — Hﬂﬁ (;C‘.-‘r
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=

=
3 pans: P n=6, {Q,) = 115.6 GeV 7
| | | i | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Bz-.E-

a For event-shape distributions, hadronisation is crucial to describe the data
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s Good agreement with H1 data for event shapes

a For event-shape distributions, hadronisation is crucial to describe the data
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