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DEEP INELASTIC SCATTERING

➤ very precise probe of the                               
proton structure (PDFs)            
(talks in WG1) 

➤ independent variables: (x,Q2) 

‣ γ*/Z neutral current (NC) 

‣ W±  charged current (CC)
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➤ Focus: perturbative QCD to DIS jet production
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THE EXPERIMENTS

➤ 1994-2007: HERA I & II 

‣ e±(27.5 GeV) 

‣ p(460-920 GeV) 

‣ large set of jet data

HERA’s legacy…

…and the future?
➤ LHeC / FCCep (√s = 1.3 / 3.5 TeV) 

➤ precision QCD   (talk by C. Gwenlan) 

‣ δαs ~ 0.1%, PDFs ~ 1% 

➤ Higgs: disentangle WWH & ZHH 



DIS @ NLO
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INCLUSIVE DIS

➤ inclusive: integrate over “X”  (can do it analytically!) 

➤ only lepton kinematics: (x,Q2)
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INCLUSIVE DIS: THE STRUCTURE FUNCTION

➤ inclusive: integrate over “X”  (can do it analytically!) 

➤ only lepton kinematics: (x,Q2)
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Structure Functions:  FL,  F2,  F3   
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GOING DIFFERENTIAL

➤ differential: resolve “X”  &  study jets 

‣ αs extraction, PDF constraints, … 

d�̂NLO

a =

Z

�m

d�V

a Fjet({p}m) +

Z

�m+1

d�R

a Fjet({p}m+1).
<latexit sha1_base64="QbDyQyvt65FNDKlPyU08F9uqG7w="></latexit>



GOING DIFFERENTIAL

➤ differential: resolve “X”  &  study jets 

‣ αs extraction, PDF constraints, … 
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analytical integration unfeasible!
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N3LO INCLUSIVE:     2005 

N3LO DIFFERENTIAL:  2018



GOING DIFFERENTIAL

➤ differential: resolve “X”  &  study jets 

‣ αs extraction, PDF constraints, … 
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analytical integration unfeasible!
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INFRARED SUBTRACTION @ NLO 
➤ Dipole subtr.

➤ FKS subtr.

➤ …



GOING DIFFERENTIAL

➤ differential: resolve “X”  &  study jets 

‣ αs extraction, PDF constraints, … 
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INFRARED SUBTRACTION @ NNLO 
➤ Antenna subtr. 
➤ CoLorFul subtr.

➤ qT slicing   (talk by M. Wiesemann)

➤ Stripper

➤ 𝜏N slicing

➤ Projection-to-Born

➤ Nested soft-colliner subtr.

➤ Local analytic subtr.   (talk by G. Pelliccioli)

➤ …



GOING DIFFERENTIAL

➤ differential: resolve “X”  &  study jets 

‣ αs extraction, PDF constraints, … 
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INFRARED SUBTRACTION @ N3LO 
➤ qT slicing

➤ Projection-to-Born



DIS DI-JET PRODUCTION AT NNLO



DI-JET PRODUCTION

➤ #(jets) ≥ 2                                
or Breit Frame 

➤ direct sensitivity to αs  

➤ rare handle on gluon PDF       
at HERA

p

V

`
`

q

p

V

`
`

g

QCD Compton Scattering

Boson-Gluon Fusion

P

P ′

q = (0, 0, 0,−Q)
k

k′

partonic recoil



DIS2J  @  NNLO�ȣŒʉȴȝˈ ȴǇ Œȣ ££�´ ƁŒȋƁʞȋŒʉǩȴȣ

σ££�´ =

∫

Φw+3

(

/σ__
££�´

− /σa
££�´

)

! ɻǩȣǊȋƟ࢙ʞȣɫƟɻȴȋʻƟƌ
! ƌȴʞŷȋƟ࢙ʞȣɫƟɻȴȋʻƟƌ

+

∫

Φw+2

(

/σ_o
££�´

− /σh
££�´

)

! ɻǩȣǊȋƟ࢙ʞȣɫƟɻȴȋʻƟƌ
! 1/ϵ2ࡪ 1/ϵ

+

∫

Φw+1

(

/σoo
££�´

− /σl
££�´

)

! 1/ϵ4ࡪ 1/ϵ3ࡪ 1/ϵ2ࡪ 1/ϵ

∑
˨ȣǩʉƟ ŒʞƟȣŷƟɫǊ£�ƟƟ�ǩȣȴɻǞǩʉŒࢍ ॹ ǇŒƁʉȴɫǩ˔Œʉǩȴȣࢎ

− 0

£ȴȣ࢙ʉɫǩʻǩŒȋ ƁŒȣƁƟȋȋŒʉǩȴȣ ȴǇ ǩȣǇɫŒɫƟƌ ɻǩȣǊʞȋŒɫǩʉǩƟɻ

5ǩǇǇƟɫƟȣʉ ȝƟʉǞȴƌɻࡩ
! �ȣʉƟȣȣŒ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

5ƟcƟǞɫȝŒȣȣࢁ æǩƌƌƟɫࡪ cƟǞɫȝŒȣȣࡪ cȋȴʻƟɫ ࢂࠌࠇࢪ
! +ȴ�ȴɫ`ʞȋ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

5Ɵȋࢁ 5ʞƁŒࡪ ðȴȝȴǊˈǩࡪ üɫȴƁɻŒȣˈǩ ࢂࠌࠇࢪ
! qh ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

ࡪŒʉŒȣǩ+ࢁ cɫŒ˔˔ǩȣǩ ࢂࠎࠇࢪ
! ðƟƁʉȴɫ࢙ǩȝɠɫȴʻƟƌ ɫƟɻǩƌʞƟ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

Œȅȴȣ˔+ࢁ ࡪࢂࠇࠈࢪ ࡪȴʞǊǞƟ˔Œȋ#ࢁ �Ɵȋȣǩȅȴ ࡪ̒ ßƟʉɫǩƟȋȋȴ ࢂࠈࠈࢪ
! N࢙ǽƟʉʉǩȣƟɻɻ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

ࡪcŒʞȣʉࢁ ðʉŒǞȋǞȴǇƟȣࡪ üŒƁȅȝŒȣȣࡪ īŒȋɻǞ ࢂࠌࠈࢪ
ࡪȴʞǊǞƟ˔Œȋ#ࢁ `ȴƁȅƟࡪ �ǩʞࡪ ßƟʉɫǩƟȋȋȴ ࢂࠌࠈࢪ

! ßɫȴǽƟƁʉǩȴȣ࢙ʉȴ࢙#ȴɫȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ
ࡪŒƁƁǩŒɫǩ+ࢁ Ɵʉ Œȋࡱ ࢂࠌࠈࢪ

! £ƟɻʉƟƌ ɻȴǇʉ࢙ƁȴȋȋǩȣƟŒɫ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ
ࡪŒȴȋŒ+ࢁ �Ɵȋȣǩȅȴ ࡪ̒ æɁȣʉɻƁǞ ࢂࠎࠈࢪ

. . .



DIS2J  @  NNLO USING ANTENNA SUBTRACTION££�´ ʞɻǩȣǊ �ȣʉƟȣȣŒ ȋȴƁŒȋࢍ ɻʞŷʉɫŒƁʉǩȴȣࢎ

σ££�´ =

∫

Φw+3

(
/σ__

££�´ − /σa
££�´

)

+

∫

Φw+2

(
/σ_o

££�´ − /σh
££�´

)

! /σa
ࡪ´�££ /σh

ࡩ´�££
ȝǩȝǩƁ /σ__

ࡪ´�££ /σ_o
££�´

ǩȣ ʞȣɫƟɻȴȋʻƟƌ ȋǩȝǩʉɻ

! /σh
ࡪ´�££ /σl

ࡩ´�££
ŒȠŒȈˁʂǦƀ ƁŒȣƁƟȋȋŒʉǩȴȣ ȴǇ
ɠȴȋƟɻ ǩȣ /σ_o

ࡪ´�££ /σoo
££�´+

∫

Φw+1

(
/σoo

££�´ − /σl
££�´

)

∑
˨ȣǩʉƟ − 0

⇒ ƟŒƁǞ ȋǩȣƟ ɻʞǩʉŒŷȋƟ Ǉȴɫ ȣʞȝƟɫǩƁŒȋ ƟʻŒȋʞŒʉǩȴȣ ǩȣ D = 4

5ǩǇǇƟɫƟȣʉ ȝƟʉǞȴƌɻࡩ
! �ȣʉƟȣȣŒ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

5ƟcƟǞɫȝŒȣȣࢁ æǩƌƌƟɫࡪ cƟǞɫȝŒȣȣࡪ cȋȴʻƟɫ ࢂࠌࠇࢪ
! +ȴ�ȴɫ`ʞȋ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

5Ɵȋࢁ 5ʞƁŒࡪ ðȴȝȴǊˈǩࡪ üɫȴƁɻŒȣˈǩ ࢂࠌࠇࢪ
! qh ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

ࡪŒʉŒȣǩ+ࢁ cɫŒ˔˔ǩȣǩ ࢂࠎࠇࢪ
! ðƟƁʉȴɫ࢙ǩȝɠɫȴʻƟƌ ɫƟɻǩƌʞƟ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

Œȅȴȣ˔+ࢁ ࡪࢂࠇࠈࢪ ࡪȴʞǊǞƟ˔Œȋ#ࢁ �Ɵȋȣǩȅȴ ࡪ̒ ßƟʉɫǩƟȋȋȴ ࢂࠈࠈࢪ
! N࢙ǽƟʉʉǩȣƟɻɻ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

ࡪcŒʞȣʉࢁ ðʉŒǞȋǞȴǇƟȣࡪ üŒƁȅȝŒȣȣࡪ īŒȋɻǞ ࢂࠌࠈࢪ
ࡪȴʞǊǞƟ˔Œȋ#ࢁ `ȴƁȅƟࡪ �ǩʞࡪ ßƟʉɫǩƟȋȋȴ ࢂࠌࠈࢪ

! ßɫȴǽƟƁʉǩȴȣ࢙ʉȴ࢙#ȴɫȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ
ࡪŒƁƁǩŒɫǩ+ࢁ Ɵʉ Œȋࡱ ࢂࠌࠈࢪ

! £ƟɻʉƟƌ ɻȴǇʉ࢙ƁȴȋȋǩȣƟŒɫ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ
ࡪŒȴȋŒ+ࢁ �Ɵȋȣǩȅȴ ࡪ̒ æɁȣʉɻƁǞ ࢂࠎࠈࢪ

. . .



DIS2J  @  NNLO USING ANTENNA SUBTRACTION££�´ ʞɻǩȣǊ �ȣʉƟȣȣŒ ȋȴƁŒȋࢍ ɻʞŷʉɫŒƁʉǩȴȣࢎ

σ££�´ =

∫

Φw+3

(
/σ__

££�´ − /σa
££�´

)

+

∫

Φw+2

(
/σ_o

££�´ − /σh
££�´

)

! /σa
ࡪ´�££ /σh

ࡩ´�££
ȝǩȝǩƁ /σ__

ࡪ´�££ /σ_o
££�´

ǩȣ ʞȣɫƟɻȴȋʻƟƌ ȋǩȝǩʉɻ

! /σh
ࡪ´�££ /σl

ࡩ´�££
ŒȠŒȈˁʂǦƀ ƁŒȣƁƟȋȋŒʉǩȴȣ ȴǇ
ɠȴȋƟɻ ǩȣ /σ_o

ࡪ´�££ /σoo
££�´+

∫

Φw+1

(
/σoo

££�´ − /σl
££�´

)

∑
˨ȣǩʉƟ − 0

⇒ ƟŒƁǞ ȋǩȣƟ ɻʞǩʉŒŷȋƟ Ǉȴɫ ȣʞȝƟɫǩƁŒȋ ƟʻŒȋʞŒʉǩȴȣ ǩȣ D = 4

5ǩǇǇƟɫƟȣʉ ȝƟʉǞȴƌɻࡩ
! �ȣʉƟȣȣŒ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

5ƟcƟǞɫȝŒȣȣࢁ æǩƌƌƟɫࡪ cƟǞɫȝŒȣȣࡪ cȋȴʻƟɫ ࢂࠌࠇࢪ
! +ȴ�ȴɫ`ʞȋ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

5Ɵȋࢁ 5ʞƁŒࡪ ðȴȝȴǊˈǩࡪ üɫȴƁɻŒȣˈǩ ࢂࠌࠇࢪ
! qh ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

ࡪŒʉŒȣǩ+ࢁ cɫŒ˔˔ǩȣǩ ࢂࠎࠇࢪ
! ðƟƁʉȴɫ࢙ǩȝɠɫȴʻƟƌ ɫƟɻǩƌʞƟ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

Œȅȴȣ˔+ࢁ ࡪࢂࠇࠈࢪ ࡪȴʞǊǞƟ˔Œȋ#ࢁ �Ɵȋȣǩȅȴ ࡪ̒ ßƟʉɫǩƟȋȋȴ ࢂࠈࠈࢪ
! N࢙ǽƟʉʉǩȣƟɻɻ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ

ࡪcŒʞȣʉࢁ ðʉŒǞȋǞȴǇƟȣࡪ üŒƁȅȝŒȣȣࡪ īŒȋɻǞ ࢂࠌࠈࢪ
ࡪȴʞǊǞƟ˔Œȋ#ࢁ `ȴƁȅƟࡪ �ǩʞࡪ ßƟʉɫǩƟȋȋȴ ࢂࠌࠈࢪ

! ßɫȴǽƟƁʉǩȴȣ࢙ʉȴ࢙#ȴɫȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ
ࡪŒƁƁǩŒɫǩ+ࢁ Ɵʉ Œȋࡱ ࢂࠌࠈࢪ

! £ƟɻʉƟƌ ɻȴǇʉ࢙ƁȴȋȋǩȣƟŒɫ ɻʞŷʉɫŒƁʉǩȴȣ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ
ࡪŒȴȋŒ+ࢁ �Ɵȋȣǩȅȴ ࡪ̒ æɁȣʉɻƁǞ ࢂࠎࠈࢪ

. . .

ANTENNA: 

“catch multiple limits in one go”



INCLUSIVE JETS IN THE BREIT FRAME  (NC DIS2J)

➤ sizeable corrections in lower Q2 bins  (better description of data) 

➤ high-Q2 bins: small NNLO corrections + reduction of scale uncert.
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[Currie, Gehrmann, AH, Niehues ‘17]

already used: 
➤ αs extraction 

(talk by D. Britzger)   
➤ PDF fits            

(talk by A. Sarkar)



DI-JETS  (CC DIS2J)

➤ CC: flavour information 

➤ NLO → NNLO                 
typically ×2 reduction       
in scale uncertainties 

➤ negative corrections      
@ low ηj12 

[Niehues, Walker ‘18]
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DIS JET PRODUCTION AT N3LO



DIS1J  @  NLO

➤ differential: resolve final-state partons 

‣ rich theoretical testing ground 
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DIS1J  @  NLO USING PROJECTION-TO-BORN

➤ differential: resolve final-state partons 

‣ rich theoretical testing ground 
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DIS1J  @  NLO USING PROJECTION-TO-BORN

➤ differential: resolve final-state partons 

‣ rich theoretical testing ground 

(SF @ NLO)   +   (DIS2j @ LO)
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INCLUSIVE JETS  (NC DIS1J)

➤ for the first time:  overlapping bands  (agreement with data) 

➤ reduction of scale uncertainties

[Currie, Gehrmann, Glover, AH, Niehues, Vogt. ’18]
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JET RATES  (NC DIS1J)
[Currie, Gehrmann, Glover, AH, Niehues, Vogt. ’18]
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INCLUSIVE JETS  (CC DIS1J)

➤ for the first time:  overlapping bands  (agreement with data) 

➤ reduction of scale uncertainties

[Gehrmann, Glover, AH, Niehues, Walker, Vogt ’18]
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SUMMARY & OUTLOOK

➤ DIS — precise probe of the proton structure & QCD 

• PDF constraints, αs extraction, … 

➤ current state of the art:    ( DIS2j @ NNLO )   &   ( DIS1j @ N3LO ) 

• substantially reduced theory uncertainties & better convergence 

• improved description of the data 

➤ precise QCD predictions essential to… 

• fully exploit HERA measurements  (calculations already being used) 

• match demands of future colliders  (LHeC, FCCep) 

➤ calculations & techniques also useful for LHC: 

• ( VBF @ N3LO )  —  VBF ≃ (DIS1j)2  

• ( ggH @ N3LO )  —  Projection-to-Born: numerical stability & performance
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