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Deep Inelastic Scattering

Lepton-hadron scattering at high energies characterised by the hadron
breaking up: Deep Inelastic Scattering (DIS).
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DIS studies are typically fully inclusive: no final states hadron is identified.
Measurements performed using lepton kinematics.

q = k − k ′, Q2 = −q2, xB =
Q2

2q · P , y =
k · P
q · P
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Deep Inelastic Scattering

Fully inclusive - shortcomings

Fully inclusive measurement loses sensitivity to parton dynamics: e.g.
transverse momentum effects are lost.

⇒ Identify a final state
hadron

⇒ The Breit frame is useful
for studying parton
dynamics
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Parton fragmentation and factorisation

Coloured particles are not observed: transition of a parton to a colourless
hadron h described by a fragmentation function (FF) Dh

p .

The cross section for hadron h production factorises

σh =
∑

p

σ̂p(µr , µf , µa)⊗ f (µf )⊗ Dh
p (z , µa)

σ̂ is the partonic cross section: perturbative object with an expansion
in αs
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Motivations and objectives

FFs are universal, but extraction from data is process-sensitive: e+e− has
reduced sensitivity to gluon fragmentation relative to ep or pp collisions.

Scope of the computation

Compute the cross section at NNLO QCD for hadron production in
DIS

Assess the impact of gluons on the fragmentation process

Evaluate the range of validity of the computation
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Subtraction of IR singularities - the NLO case

The partonic NLO cross section for fragmenting parton p is

dσ̂NLO
p =

∫

m+1
dσ̂R

p

︸ ︷︷ ︸
Real

+

∫

m
dσ̂V

p

︸ ︷︷ ︸
Virtual

Due to IR singularities, dσ̂R
p is not integrable over its phase space

⇒ subtract singularities before integration with a subtraction term dσ̂S
p

dσ̂NLO
p =

∫

m+1
(dσ̂R

p − dσ̂S
p) +

[∫

m+1
dσ̂S

p +

∫

m
dσ̂V

p

]

dσ̂S
p has the same singular behaviour as dσ̂R

dσ̂S
p does not introduce new singularities

dσ̂S
p is analytically integrable on the (m + 1)-parton phase space

SB Single-jet Final States in DIS Student Talk, QCD MC 5 / 15



Single-jet final state

The Born level of single-jet final state in DIS is

γ∗

q

qid.
By jets we mean
number of resolved
final state partons!

At real level diagrams of the following type contribute.

γ∗

q

qid.

g

q fragmenting - IR singularities

g goes soft

q goes collinear to g

qid. goes collinear to g
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Subtraction terms to single-jet final state

Real subtractions terms are constructed as [arXiv:0505111, arXiv:0612257]
[arXiv:2208.02650]

dσ̂S, id.p
j =

NR

Sm+1
X 0, id.p
3 (pp, pj , pk)|M0

m(..., P̃, p̃p, ...)|2J(..., P̃, p̃p, ...; zz̃),

with initial-final phase space mapping defined by

z̃ =
skp

skp + skj
≡ z3, p̃p =

pp
z̃
, x̃ =

skp + skj − spj
skp + skj

, P̃ = pj +pk −(1−x)p.

The m+ 1 particle phase space factorises into a m-particle and an antenna
phase space dΦX 0

3
, and integrated fragmentation antenna function are

then given by

X 0, id.p
3 (x̃ , z̃) =

1

C (ϵ)

∫
dΦ2

Q2

2π
X 0, id.p
3,k (pp, pj , pk)δ(z̃ − z3).

Subtraction terms are implemented in the parton-level event generator
NNLOJET [arXiv:2503.22804].
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HERA and NNLOJET setup

HERA was an ep collider with H1 and ZEUS experiments. H1 measured
the production of identified charged heavy D∗meson in DIS
[arXiv:1106.1028] for

5 < Q2 < 100GeV2, 0.02 < y < 0.7

H1 data is differential in η(D∗), pT (D
∗) and z(D∗)

η(D∗) =
1

2
ln

( |p|+ pL
|p| − pL

)
, pT (D

∗) =
√

p2x + p2y , z(D∗) =
P · Ph

P · q
with cuts on the D∗meson phase space in the laboratory frame

pT (D
∗) > 1.25GeV, |η(D∗)| < 1.8

NNLOJET parameters

Hard scale for DIS: Q ⇒ µr = µf = µa ≡ µ = Q

PDF set used in the computation: MSHT20nnlo (NNLO)
[arXiv:2012.04684], FF set: CNO [arXiv:0510032,arXiv:2312.12519]
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Single-jet results - Q2 and xB distributions
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Theory uncertainty obtained by 15-point scale variation of µr , µf and
µa: contributions mainly from µf and µa

Q2 and xB are not sensitive to the details of the fragmentation
process itself.
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Single-jet results - z distribution
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NLO has sizeable
contribution

LO only contributes
with Dq, while NLO
also with Dg ⇒ new
sub-process
contributing

z distribution sensitive
to fragmentation
dynamics
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Single-jet results - dσ/(dηdpT) distributions

Double differential cross section for η and pT in the laboratory frame are
also computed for single-jet.
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The description at low-pT fails, and improves as pT increases.
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Single-jet results - dσ/(dηdpT) distributions

Low-pT description

At low-pT the theory prediction does not provide a satisfactory description
of the data ⇒ presence of unaccounted effects in our computation.

Transverse-momentum-dependent (TMD) effects

High-pT can only be acquired in the hard-scattering process because
hadronization is a low-energy process. This is no longer the case at
low-pT : it can be generated during the hadronization.

Mass effects

Computation is done with massless partons. At Q2 ∼ 5GeV2 neglecting
mc = 1.5GeV is a strong approximation. Power corrections are
non-negligble.
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Is µa = Q sensible?

The choice of µa deserves care ⇒ µa =
√

Q2 + p2T +m2
c accounts for

both transverse enegry and the mass of the fragmenting parton.

10−2

10−1

100

101

d
σ
/d
p T

[n
b
·G

eV
−

1 ](
N

N
L

O
)

DD∗: CNO (NLO)
f p: MSHT20nnlo

5 < Q2 < 100 GeV2

0.02 < y < 0.7
|η| < 1.8

pT > 1.25 GeV

NNLOJET

µ = Q

µa =
√
Q2 + p2

T + m2
c

µr,f = Q

H1

1.25 5 10 20
pT [GeV]

0.5

1.0

1.5

2.0

R
at

io
to

µ
=
Q

SB Numerical Results - H1 Data Student Talk, QCD MC 13 / 15



Single-jet results - Channel decomposition

Decompose the cross section into its different contributing channels, e.g.
q → q, where the final state quark fragments.
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Hard to make assertive comments given that we do not disentangle
between hard-scattering matrix elements and PDF contributions.
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Conclusion

First (not anymore! See [arXiv:2602.22972]) computation of
heavy-quark fragmentation in single-jet final states in DIS at NNLO
QCD

Great sensitivity to gluon fragmentation which is poorly constrained

Unaccounted effects in the computation is a limitation; need to
evaluate impact of TMD and mass effects

Computing the NNLO for di-jet final states is work in progress

Thank you for your attention!
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Antenna subtraction with identified hadrons

The subtraction term dσ̂S
p is a sum over unresolved partons j , and

decomposes as

dσ̂S, p
j = dσ̂S, non-id.p

j + dσ̂S, id.p
j

■ dσ̂S, non-id.p: unresolved parton j is not colour connected to the
fragmenting parton p ⇒ conventional antenna formalism
[arXiv:0505111, arXiv:0612257]

■ dσ̂S, id.p: unresolved parton j is colour connected to the fragmenting
parton p, requiring the use of fragmentation antenna functions
[arXiv:2208.02650]
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Single-jet results - pT distribution
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High-pT tail dominated
by real-emission
contributions due to
the higher final-state
multiplicity
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Heavy-quark fragmentation

The fragmentation of light quarks differs from heavy quarks (with mass
larger than ΛQCD). Different approaches exist.

When mQ ≪ Q, the cross section can be computed as the convolution of
a massless partonic cross section, and a process-independent perturbative
fragmentation function. This perturbative FF describes the transition from
a massless parton into a heavy quark, and it follows the DGLAP evolution
equation.

∂

∂ lnµ2
Dh
i (z , µ

2) =
∑

j

∫ 1

z

du

u
Pji (u, αs(µ

2))Dh
j (

z

u
, λ2)

Initial conditions for the perturbative FF are universal and admits a
perturbative expansion in αs ; at LO

DQ(z , µ0) = δaQδ(1− z)
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Heavy-quark fragmentation and universality

Just like for light-quark, the binding of this heavy quark into a hadronic
state is described by a non-perturbative FF, which is extracted from data.

Universality of FF holds within a factorisation scheme: it describes how the
uncancelled collinear divergences of final state parton are absorbed into
the bare FF, usually done in the MS scheme (such as CNO and KKKS08).

⇒ For a consistent picture, one needs to compute partonic cross section
at the same perturbative order and with the same factorisation scheme as
the FF.

In practice, universality does not hold entirely; corrections can be
process-dependent. Note that the same discussion holds for PDFs.
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Scale variation and theoretical uncertainties

Scale variation is an ad hoc method to estimate the impact of unaccounted
missing-orders in the perturbative expansion of the partonic cross section:
vary the scales µr , µf , µa, as the result will change by an amount that is
formally of the same order as what this uncertainty wants to quantify.

µr ∈ {µ/2, µ, 2µ}, µf ∈ {µ/2, µ, 2µ}, µa ∈ {µ/2, µ, 2µ}

Why so high uncertainties in our result at low-Q? Not yet fully
understood. Uncertainties are coming mainly from the variation of µf and
µa.
At low values of Q2 the gluon distribution is large compared to quarks
distributions, i.e. gluon contribution is large, combining then with poorly
constrained FF for gluons could lead to a large uncertainties.
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