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A REMARKABLE SUCCESS STORY…
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“stairway to heaven”



…BUT NOT THE FULL STORY

• origin of dark matter  

• hierarchy problem 

• matter anti-matter asymmetry 

• hierarchy of scales 
(generations) 

• unification with gravity 

• … 

• what is the Higgs potential? 

• establish the Yukawa’s  Yij 

• …
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NEW PHYSICS —- DIRECT SEARCHES
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No striking signals so far!

1 TeV

1 TeV

Exotics

SUSY



NEW PHYSICS —- HIDING IN SMALL & SUBTLE EFFECTS?

WHAT IF?
• interaction weak

• wide resonance

• too heavy
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“bump hunting”
➡ little to no theory input needed

• shape distortion

NP

SM

MX
M12

dσ

dM12

• challenging signature

• …

requires solid understanding  
and control of SM backgrounds 



PRECISION MEASUREMENTS   &  INDIRECT SEARCHES

• constrained system 

➡ self consistent? 

➡
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precision theory 
for 

“standard candles”

[`Gfitter ’18]



HIGH-PRECISION THEORY PREDICTIONS!
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➤ (HL-)LHC — per-cent level! 

➤ FOCUS — clean processes with             
high momentum transfer 

‣ perturbative QCD 

➤ with   

‣ NLO ~  ,  NNLO ~   

‣ exceptions:  Higgs,  new channels, … 

➤ predictions as close as possible     
to the experiment 

‣ fiducial cross sections    &   
differential distributions

αs ∼ 0.1

𝒪(10%) 𝒪(1%)



1. Predictions for the LHC 

2. Phenomenological Applications 
‣ Jets — Photon — Z-boson — Higgs

THE PLAN.



THEORY PREDICTIONS FOR THE LHC

fa|A(xa) fb|B(xb)

�̂ab

X

xaPA xbPB

PA

A

PB

B

f

parton distribution functions 
(in principle, improvable) 

few % at LHC

hard scattering 
(systematically improvable) 

aim for few % level!
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�AB =
X

ab

Z 1

0
dxa

Z 1

0
dxb fa|A(xa) fb|B(xb) �̂ab(xa, xb)

�
1+O(⇤QCD/Q)

�

<latexit sha1_base64="ycQEEGn3WkApHkVpk+WJ6KwSSUg="></latexit>

non-perturbative effects 
(no good understanding) 

~ few %?



HARD SCATTERING —- PERTURBATION THEORY

fa|A(xa) fb|B(xb)

�̂ab

X

xaPA xbPB

PA

A

PB

B

f

leading order (LO)

“tree level”

�̂ab = �̂(0)
ab +

⇣↵s

2⇡

⌘
�̂(1)
ab +

⇣↵s

2⇡

⌘2
�̂(2)
ab + . . .

<latexit sha1_base64="O1G4yZvHnwkTsfZXDrr4HkYFNFU="></latexit>
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HARD SCATTERING —- PERTURBATION THEORY

fa|A(xa) fb|B(xb)

�̂ab

X

xaPA xbPB

PA

A

PB

B

f

next-to-leading order (NLO)

+ )(
“virtual” “real”

�̂ab = �̂(0)
ab +

⇣↵s

2⇡

⌘
�̂(1)
ab +

⇣↵s

2⇡

⌘2
�̂(2)
ab + . . .

<latexit sha1_base64="O1G4yZvHnwkTsfZXDrr4HkYFNFU="></latexit>

infrared singularities
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HARD SCATTERING —- PERTURBATION THEORY

fa|A(xa) fb|B(xb)

�̂ab

X

xaPA xbPB

PA

A

PB

B

f

next-to-leading order (NLO)

+ )(
“virtual” “real”

�̂ab = �̂(0)
ab +

⇣↵s

2⇡

⌘
�̂(1)
ab +

⇣↵s

2⇡

⌘2
�̂(2)
ab + . . .

<latexit sha1_base64="O1G4yZvHnwkTsfZXDrr4HkYFNFU="></latexit>

infrared singularities

one-loop amplitudes 
(all master integrals known, 

well understood: log, Li2)

IR subtraction 
(conceptually solved: 

CS, FKS, …)

�11



fa|A(xa) fb|B(xb)

�̂ab

X

xaPA xbPB

PA

A

PB

B

f

next-to-next-to-leading order (NNLO)

+(
“double virtual” “real-virtual”

�̂ab = �̂(0)
ab +

⇣↵s

2⇡

⌘
�̂(1)
ab +

⇣↵s

2⇡

⌘2
�̂(2)
ab + . . .

<latexit sha1_base64="O1G4yZvHnwkTsfZXDrr4HkYFNFU="></latexit>

+ )
“double real”

infrared singularities

two-loop amplitudes 
(new class of functions,  

combinatoric & 
algebraic complexity)

IR subtraction 
(involved IR structure,  

numerical stability,  
construction)

one-loop amplitudes 
(evaluation in singular 

& unstable regions)
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HARD SCATTERING —- PERTURBATION THEORY



ANATOMY OF NNLO CALCULATIONS�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

5Ɵ࢖cƟǞɫȝŒȣȣࢁ 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

. . .
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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

5Ɵ࢖cƟǞɫȝŒȣȣࢁ 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

. . .
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antennae:



££�´΁̺ϫ

Ĳࡱ +ǞƟȣࡪ ࡱ� +ɫʞ˔࢙�ŒɫʉǩȣƟ˔ࡪ ࡱ� +ʞɫɫǩƟࡪ æࡱ cŒʞȋƌࡪ ࡱ� cƟǞɫȝŒȣȣ࢙5Ɵ æǩƌƌƟɫࡪ
üࡱ cƟǞɫȝŒȣȣࡪ Dࡱīࡱ£ࡱ cȋȴʻƟɫࡪ ࡱ� oɁǇƟɫࡪ �oࡪ xࡱ �ŒǽƟɫࡪ ࡱ� �ȴࡪ üࡱ �ȴɫǊŒȣࡪ ࡱ� £ǩƟǞʞƟɻࡪ

ࡱ� ßǩɫƟɻࡪ ࡱ5 īŒȋȅƟɫࡪ ࡱ� īǞǩʉƟǞƟŒƌ

ßɫȴƁƟɻɻƟɻ ƁȴȝɠʞʉƟƌ ʞɻǩȣǊ ʉǞƟ ŒȣʉƟȣȣŒ ɻʞŷʉɫŒƁʉǩȴȣ ȝƟʉǞȴƌ

! TT → V ॸ ££�´
! TT → V + j ॸ ££�´

↪→ V → ℓℓ̄ Vࢍ = w/γ∗, q±ࢎ
! TT → ǽƟʉɻ ࡱǩȣƁࢍ ǽƟʉɻࡪ ࢎǽࠉ ॸ ££�´
! TT → γ + j ॸ ££�´
! 2T → 1j ॸ ´�ࠊ£
! 2T → 2j ॸ ££�´
! 2+2− → 3 ǽƟʉɻ ॸ ££�´

! TT → > ࢎǊǊoࢍ ॸ ´�ࠊ£
! TT → > + j ࢎǊǊoࢍ ॸ ££�´
! TT → > + 2j ࢎ`#Ĩࢍ ॸ ££�´

↪→ > → γγ, ττ, V γ, V V

! TT → V > ॸ ££�´
↪→ > → # �#

! ࡬

�15ࠋ



ɻࢁ
ȋǩƌ
Ɵ
ŷˈ

cʞ
ƌɫ
ʞȣ

oƟ
ǩȣ
ɫǩƁ
Ǟࢂ

q + D2i ࢎࠎࠈࢪࢍ
>jjࢍĨ#`ࢎ ࢎࠏࠈࢪࢍ
>>jjࢍĨ#`ࢎ ࢎࠐࠈࢪࢍ
iī ࢎࠐࠈࢪࢍ
γ + D2i ࢎࠐࠈࢪࢍ

ƁȴȝŷǩȣŒʉǩȴȣ ȴǇ ࢎɠɫȴƌʞƁʉǩȴȣࢍ × ࡩࢎˈƌƟƁŒࢍ
! t࢙ƁǞŒȣȣƟȋࢍ ɻǩȣǊȋƟ࢙iࢎ× iࢍ → q+#ࢎ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡪƟɫǊƟɫ#ࢁ cŒȴࡪ ĳʞŒȣࡪ ĿǞʞ ࢂࠍࠈࢪ
! Vࢍ ×ࢎ< <ࢍ → # ࢎ#� 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 ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡪƟɫɫƟɫŒ`ࢁ ðȴȝȴǊˈǩࡪ üɫŒȝȴȣʉŒȣȴ ࢂࠎࠈࢪ
! ×ࢎ<qࢍ <ࢍ → # ࢎ#� 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 ࡱ ࡱ ࡪŒȴȋŒ+ࢁ �ʞǩɻȴȣǩࡪ �Ɵȋȣǩȅȴ ࡪ̒ æɁȣʉɻƁǞ ࢂࠎࠈࢪ
! ×ࢎiīࢍ iࢍ → q#2ࢎ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡱ ࡪƟǞɫǩȣǊ#ࢁ +˔Œȅȴȣࡪ �ǩʉȴ ࡪ̒ ßŒɠŒȣŒɻʉŒɻǩȴʞࡪ ßȴȣƁƟȋƟʉࡪ ࢂࠐࠈࢪ
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1. Predictions for the LHC 

2. Phenomenological Applications 
‣ Jets — Photon — Z-boson — Higgs

THE PLAN.



JET PRODUCTION AT THE LHC

�18

�Ɵʉ ßɫȴƌʞƁʉǩȴȣ Œʉ ʉǞƟ �o+

p

p T + T → D2i(b) +X

! ǽƟʉɻ ɠɫȴƌʞƁƟƌ ǩȣ ŒŷʞȣƌŒȣƁƟ
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10 6 Results

Figure 6: The triple-differential dijet cross section in six bins of y⇤ and yb. The data are indicated
by different markers for each bin. The theoretical predictions, obtained with NLOJET++ and
NNPDF 3.0, and complemented with EW and NP corrections, are depicted by solid lines. Apart
from the boosted region, the data are well described by the predictions at NLO accuracy over
many orders of magnitude.
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TRIPLE-DIFFERENTIAL CROSS SECTION

1

1 Introduction
The pairwise production of hadronic jets is one of the fundamental processes studied at hadron
colliders. Dijet events with large transverse momenta can be described by parton-parton scat-
tering in the context of quantum chromodynamics (QCD). Measurements of dijet cross sections
can be used to thoroughly test predictions of perturbative QCD (pQCD) at high energies and to
constrain parton distribution functions (PDFs). Previous measurements of dijet cross sections
in proton-(anti)proton collisions have been performed as a function of dijet mass at the Spp̄S,
ISR, and Tevatron colliders [1–6]. At the CERN LHC, dijet measurements as a function of dijet
mass are reported in Refs. [7–11]. Also, dijet events have been studied triple-differentially in
transverse energy and pseudorapidities h1 and h2 of the two leading jets [12, 13].

In this paper, a measurement of the triple-differential dijet cross section is presented as a func-
tion of the average transverse momentum pT,avg = (pT,1 + pT,2)/2 of the two leading jets, half
of their rapidity separation y⇤ = |y1 � y2|/2, and the boost of the dijet system yb = |y1 + y2|/2.
The dijet event topologies are illustrated in Fig. 1.

y⇤
=

1 2
|y

1
�
y 2
|

yb =
1
2 |y1 + y2|

0 1 2 3
0

1

2

3

Figure 1: Illustration of the dijet event topologies in the y⇤ and yb kinematic plane. The dijet
system can be classified as a same-side or opposite-side jet event according to the boost yb of
the two leading jets, thereby providing insight into the parton kinematics.

The relation between the dijet rapidities and the parton momentum fractions x1,2 of the incom-
ing protons at leading order (LO) is given by x1,2 = pTp

s (e
±y1 + e±y2), where pT = pT,1 = pT,2.

For large values of yb, the momentum fractions carried by the incoming partons must corre-
spond to one large and one small value, while for small yb the momentum fractions must be
approximately equal. In addition, for high transverse momenta of the jets, x values are probed
above 0.1, where the proton PDFs are less precisely known.

The decomposition of the dijet cross section into the contributing partonic subprocesses is
shown in Fig. 2 at next-to-leading order (NLO) accuracy, obtained using the NLOJET++ pro-
gram version 4.1.3 [14, 15]. At small yb and large pT,avg a significant portion of the cross section

➤ study different 
kinematic regimes 

➤ disentangle momentum 
fractions   &  x1 x2

4 4 Measurement of the triple-differential dijet cross section

the primary interaction vertex as determined by the tracker, the energy of the corresponding
ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with
originating from the electron track. The energy of muons is obtained from the curvature of the
corresponding track. The energy of charged hadrons is determined from a combination of their
momentum measured in the tracker and the matching ECAL and HCAL energy deposits, cor-
rected for zero-suppression effects and for the response function of the calorimeters to hadronic
showers. Finally, the energy of neutral hadrons is obtained from the corresponding corrected
ECAL and HCAL energies. The leading primary vertex (PV) is chosen as the one with the
highest sum of squares of all associated track transverse momenta. The remaining vertices are
classified as pileup vertices, which result from additional proton-proton collisions. To reduce
the background caused by such additional collisions, charged hadrons within the coverage of
the tracker, |h| < 2.5 [20], that unambiguously originate from a pileup vertex are removed.

Hadronic jets are clustered from the reconstructed particles with the infrared- and collinear-
safe anti-kT algorithm [21] with a jet size parameter R of 0.7, which is the default for CMS jet
measurements. The jet momentum is determined as the vectorial sum of all particle momenta
in the jet, and is found in the simulation to be within 5 to 10% of the true momentum over
the whole pT range. Jet energy corrections (JEC) are derived from the simulation, and are con-
firmed with in situ measurements of the energy balance of dijet, photon+jet, and Z boson+jet
events [22, 23]. After applying the usual jet energy corrections, a small bias in the reconstructed
pseudorapidity of the jets is observed at the edge of the tracker. An additional correction re-
moves this effect.

All events are required to have at least one PV that must be reconstructed from four or more
tracks. The longitudinal and transverse distances of the PV to the nominal interaction point of
CMS must satisfy |zPV| < 24 cm and rPV < 2 cm, respectively. Nonphysical jets are removed by
loose jet identification criteria: each jet must contain at least two PF candidates, one of which
is a charged hadron, and the jet energy fraction carried by neutral hadrons and photons must
be less than 99%. These criteria remove less than 1% of genuine jets.

Only events with at least two jets up to an absolute rapidity of |y| = 5.0 are selected and
the two jets leading in pT are required to have transverse momenta greater than 50 GeV and
|y| < 3.0. The missing transverse momentum is defined as the negative vector sum of the
transverse momenta of all PF candidates in the event. Its magnitude is referred to as pmiss

T .
For consistency with previous jet measurements by CMS, pmiss

T is required to be smaller than
30% of the scalar sum of the transverse momenta of all PF candidates. For dijet events, which
exhibit very little pT imbalance, the impact is practically negligible.

4 Measurement of the triple-differential dijet cross section
The triple-differential cross section for dijet production is defined as

d3s

dpT,avgdy⇤dyb
=

1
eLeff

int

N
DpT,avgDy⇤Dyb

,

where N denotes the number of dijet events within a given bin, Leff
int the effective integrated

luminosity, and e the product of trigger and event selection efficiencies, which are greater than
99% in the phase space of the measurement. Contributions from background processes, such
as tt production, are several orders of magnitude smaller and are neglected. The bin widths are
DpT,avg, Dy⇤, and Dyb.
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FIG. 4: The NLO (blue) and NNLO (green) theory predictions and CMS data normalized to the NLO central value. Parton-
level predictions corrected for non-perturbative (NP) e↵ects and Electroweak e↵ects (EW), implemented as a multiplicative
factor to the NNLO result, are shown shown in red. The shaded bands shown for the NLO and the NNLO⌦NP⌦EWK
predictions represent the variation of the theoretical scales in the numerator by factors of 0.5 and 2. The error in the data is
the total systematic error, including the luminosity uncertainty of 2.6%.

value of the MMHT2014 PDF set even at NNLO, in par-
ticular at large values of pT,avg.. In this region, which is
sensitive to the scattering of large-x parton on a low-x
parton (see Fig. 1), the PDFs su↵er from large uncertain-
ties. Our results at NNLO suggest that the understand-
ing of the high-x behaviour of the PDFs can be improved
upon by including measurements of triple di↵erential di-
jet distributions in future global PDF determinations.

In this letter, we computed the second-order QCD cor-
rections to the triple-di↵erential di-jet production cross
section at hadron colliders. Our results substantially im-
prove the theoretical description of this benchmark ob-
servable, with theory uncertainties now being comparable
or lower than experimental errors, while better explaining
kinematical shapes. Our newly derived results will enable
the usage of di-jet measurements in precision studies of
the partonic structure of the colliding hadrons.
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ࠍࠎ
ࠉࢍ
ࠈࠇ
ࢎࠍ
ȣȴ
ࡪࠌࡱ
ࠐࠉ
ࢂࠈ

! ȴȣȋˈ ɫƟƁȴȣɻʉɫʞƁʉ ℓ+ࡪ ℓ−

! ɻʞŷ࢙ह ŒƁƁʞɫŒƁˈ࡭
! ǩȝɠȴɫʉŒȣʉ ƁȴȣɻʉɫŒǩȣʉɻ ǩȣ ß5` ˨ʉɻ

ȴʞǊǞƟ˔Œȋ#ࢁ Ɵʉ Œȋࡱ ࢂࠎࠈࢪ

! ɠɫȴŷƟ ʻŒɫǩȴʞɻ ʉǞƟȴɫˈ ŒɻɠƟƁʉɻࡩ
ʻƟɫˈ ȋȴʿ pT ȣȴȣ࢙ɠƟɫʉࡱ ƟǇǇƟƁʉɻ

ȋȴʿ pT ɫƟɻʞȝȝŒʉǩȴȣ
ǩȣʉƟɫȝࡱ pT ˨ˇƟƌ ȴɫƌƟɫ
ǞǩǊǞ pT Dī ðʞƌŒȅȴʻ ȋȴǊɻ
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FIXED ORDER + RESUMMATION —- NNLO + N3LLpw
h ɫƟɻʞȝȝŒʉǩȴȣ ࢕ ��ࠊ£ + ££�´

ࡪǩ˔ȴȤ#ࢁ +ǞƟȣࡪ cƟǞɫȝŒȣȣ࢙5Ɵ æǩƌƌƟɫࡪ cƟǞɫȝŒȣȣࡪ cȋȴʻƟɫࡪ �oࡪ �ȴȣȣǩࡪ æƟࡪ æȴʉʉȴȋǩࡪ üȴɫɫǩƟȋȋǩ ࢂࠏࠈࢪ
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RadISH+NNLOJET

8 TeV, pp ! Z(! `+`�) + X
0.0 < |Y``| < 0.4, 66 < M`` < 116 GeV

NNPDF3.0 (NNLO)
uncertainties with µR, µF ,Q variations

NNLO

N3LL+NNLO

NNLL+NLO
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pZt
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R
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pw
h

££�´ ˨ˇƟƌ ȴɫƌƟɫࡩ O(α3
b )

££��+£�´ ↔ࢍ 5ĳæƟɻࢎ

´�££+��ࠊ£
5ŒʉŒ ࢎ�ü��ðࢍ

! ɻʞŷɻʉŒȣʉǩŒȋȋˈ ɫƟƌʞƁƟƌ
ʞȣƁƟɫʉŒǩȣʉǩƟɻ
↪→ 5ह࢖3 ȝȴɫƟࢍ ʉǞŒȣ×2ࢎ

! ɻʉɫȴȣǊ ƌǩɻʉȴɫʉǩȴȣ ȴǇ ɻǞŒɠƟ
↪→ ƌŒʉŒࢍ ʻɻࡱ ʉǞƟȴɫˈࢎ ȝʞƁǞ
ǩȝɠɫȴʻƟƌ

! ɻǩȝǩȋŒɫȋˈࡩ mℓℓ ॹ yw ŷǩȣɻࡪ φ∗
η

ȣƟˇʉࡩ pq
h ॹ pq

h /pw
h ࢎǇȴɫMqࢍ
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also:
[Bizoń, Gehrmann-De Ridder, Gehrmann, Glover, AH, Monni, Re, Rottoli, Walker `19]



Angular coe�cients

hadron plane

x

y

z

lepton plane

p1 p2

k1

��

✓ �

p p ! Z/�⇤ +X ! `�`+ +X

I lepton angular distributions (✓, �)
I probe production dynamics & polarisation
I MW & sin2 ✓w measurement

Angular coe�cients: Ai(p
Z

T
, yZ,m``) Ylm(✓,�), l = 0, 1, 2

d�

d4q d cos ✓ d�
=

3

16⇡

d�unpol.

d4q

⇢
(1 + cos2 ✓) +

1

2
A0 (1 � 3 cos2 ✓)

+ A1 sin(2✓) cos� +
1

2
A2 sin2

✓ cos(2�)

+ A3 sin ✓ cos� + A4 cos ✓ + A5 sin2
✓ sin(2�)

+ A6 sin(2✓) sin� + A7 sin ✓ sin�

�

Ai(q) + �unpol.

production dynamics

Ylm(✓,�)
lepton kinematics

l = 0 : m = 0
l = 1 : m = ±1, 0
l = 2 : m = ±2, ±1, 0

total: 9

ANGULAR COEFFICIENTS
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Angular coe�cients — A2 & A4

[Gauld, Gehrmann—De Ridder, Gehrmann, Glover, AH ’��]

210  [GeV]Z
TP

0

0.2

0.4

0.6

0.8

12
A ATLAS data

LO
NLO
NNLO

NNLOJET  = 8 TeVs inclusive
Z

 Z+X,  y→pp

 [GeV]
T, Z

p
0.6
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 to
 N

LO

100 50020

A2

I A2 drives Lam–Tung violation (A0 6= A2)

I negative corrections (@ low prT )
,! NNLO ⇠ �20% (� scale reduction)

I visible improvement (data vs. theory)

210  [GeV]Z
TP

0

0.02

0.04

0.06

0.08

0.1

4
A ATLAS data

LO
NLO
NNLO

NNLOJET  = 8 TeVs inclusive
Z

 Z+X,  y→pp

 [GeV]
T, Z

p

0.5

1

1.5

Ra
tio

 to
 N

LO

100 50020

A4

I A4 sensitive to sin2 ✓w

I very stable w.r.t. QCD corrections
,! NLO! NNLO (mostly scale reduction)

ANGULAR COEFFICIENTS —- A2 & A4
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Angular coe�cients — ATLAS @ 8 TeV

 [GeV]Z
TP

210

2
 A− 0

A

0

0.05

0.1

0.15

0.2

0.25
ATLAS data (reg.)
ATLAS data
LO
NLO
NNLO

NNLOJET  = 8 TeVs inclusiveZ Z+X,  y→pp

 [GeV]
T, Z

p

Ra
tio

 to
 N

LO

0

1

2

3

100 50020

O(↵s) prediction:
,! vanishes (Lam–Tung)

O
�
↵2

s

�
prediction:

,! ' DYNNLO (NNLO)
,! tension with data
,! �2/Ndat. ⇠ 4.89

O
�
↵3

s

�
prediction:

,! large positive corrections
,! �2/Ndat ⇠ 1.75

I data: [ATLAS arXiv:����.�����]
,! applies “regularization”

No signi�cant data⇤ vs. theory disagreement between
(un-regularized) ATLAS & theory @O(↵3

s )

⇤
�
2

=

N
dat.X

i,j

(O
i

exp
� O

i

th.
)�

�1

ij
(O

j

exp
� O

j

th.
)

ANGULAR COEFFICIENTS —- LAM—TUNG

�29



1. Predictions for the LHC 

2. Phenomenological Applications 
‣ Jets — Photon — Z-boson — Higgs

THE PLAN.



THE HIGGS BOSON

• experimental era of Higgs physics just starting 

‣ scrutinise all properties 

‣ couplings/interactions 

‣ probe the potential 

• notoriously bad perturbative convergence (N3LO needed)
üȴʿŒɫƌɻ Ǉʞȋȋˈ ƌǩǇǇƟɫƟȣʉǩŒȋ ´�ࠊ£

σ£ࠊ�´
ʉȴʉ = 48.68T#+2.07 T#

Ɛ3.16 T#
�ȣŒɻʉŒɻǩȴʞࢁ Ɵʉ Œȋࡱ ࢂࠌࠈࢪ �ǩɻʉȋŷƟɫǊƟɫࢁ ࢂࠏࠈࢪ

! ŒȣŒȋˈʉǩƁ ǩȣʉƟǊɫŒʉǩȴȣ ȴǇ Ǉʞȋȋ ɠǞŒɻƟ ɻɠŒƁƟ
" ȣȴ ǩȣǇȴɫȝŒʉǩȴȣ ȴȣ ˨ȣŒȋ ɻʉŒʉƟ

FULLY DIFFERENTIAL?
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qh ɻʞŷʉɫŒƁʉǩȴȣ ॸ ´�ࠊ£

ࡪŒʉŒȣǩ+ࢁ cɫŒ˔˔ǩȣǩ ࢂࠎࠇࢪ

/σ>
´�ࠊ£ = /σ>

´�ࠊ£

∣∣∣
qh<q+mi

h︸ ︷︷ ︸
qh ɫƟɻʞȝȝŒʉǩȴȣ

+ /σ>
´�ࠊ£

∣∣∣
qh>q+mi

h︸ ︷︷ ︸
/σ>+D2i

££�´

≃ H>
´�ࠊ£ ⊗ /σ>

�´ +
[
/σ>+D2i

££�´ − /σ>, +ü
´�ࠊ£

]

qh>q+mi
h
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︸ ︷︷ ︸

qT SUBTRACTION @ N3LO

�32* numerical approx. for unknown coefficients

[C
ieri, C

hen, G
ehrm

ann, G
lover, AH

 ’18]



HIGGS RAPIDITY @ N3LOy> ƌǩɻʉɫǩŷʞʉǩȴȣ ॸ ´�ࠊ£

ࡪǩƟɫǩ+ࢁ +ǞƟȣࡪ cƟǞɫȝŒȣȣࡪ cȋȴʻƟɫࡪ �o ࢂࠏࠈࢪ
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HN3LO + NNLOJET √s‾ = 13 TeV

Ra
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NN
LO

yH
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25
HN3LO + NNLOJET √s‾ = 13 TeV

μ [μR;μF] = (¼,½,1) MH

dσ
H /
dy

H
[p
b]

p p → H + X

LO
NLO
NNLO
N3LO

HN3LO + NNLOJET √s‾ = 13 TeV

μ [μR;μF] = (¼,½,1) MH

LO
NLO
NNLO
N3LO ! ǅȰʗɥ ɻʞƁƁƟɻɻǩʻƟ ȴɫƌƟɫɻ

´�ࠊ£
! ǇƟʿ ह
! Ǉʞȋȋˈ ƁȴȣʉŒǩȣƟƌ
ʿǩʉǞǩȣ ££�´ ŷŒȣƌ

↔ ƁȴȣʻƟɫǊƟȣƁƟ࡭

! ŒȣŒȋˈʉǩƁŒȋ ɫƟɻʞȋʉ Ǉȴɫ y>ࡩ
ࡪ5ʞȋŒʉࢁ �ǩɻʉȋŷƟɫǊƟɫࡪ ßƟȋȋȴȣǩ ࢂࠏࠈࢪ
ǦȠ ǈȰȰƊ ŒǈɥƝƝȚƝȠʂ࡭
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CONCLUSIONS & OUTLOOK

➤ LHC — remarkable opportunity to study high-energy physics 

• search for new physics  &  probe the Higgs sector 

• precision measurements using “standard candles”   

⇒   high-precision predictions essential!   

(reduced uncertainties & often resolves tension to data) 

➤ Remarkable progress in precision calculations: 

• 2 → 2 @ NNLO,    2 → 1 @ N3LO,    NLO EW 2 → 6  

➡ precision phenomenology using these calculations has only started!



CONCLUSIONS & OUTLOOK

➤ LHC — remarkable opportunity to study high-energy physics 

• search for new physics  &  probe the Higgs sector 

• precision measurements using “standard candles”   

⇒   high-precision predictions essential!   

(reduced uncertainties & often resolves tension to data) 

➤ Remarkable progress in precision calculations: 

• 2 → 2 @ NNLO,    2 → 1 @ N3LO,    NLO EW 2 → 6  

➡ precision phenomenology using these calculations has only started!

THANK YOU!



BACKUP.



PREDICTIONS @ LHC

➤ Hard subprocess 

➤ PDFs 

➤ Parton shower 

➤ Hadronization + decays 

➤ Underlying event 

➤ Jets, substructure, res.



SUBTRACTION METHODS

➤ Remarkable progress in the development of methods to perform NNLO computations! 

+ȴȝɠŒɫǩɻȴȣ ȴǇ ££�´ ɻʞŷʉɫŒƁʉǩȴȣ ȝƟʉǞȴƌɻ

ɫƟȝŒɫȅŒŷȋƟ ɠɫȴǊɫƟɻɻ ǩȣ ʉǞƟ ƌƟʻƟȋȴɠȝƟȣʉ ȴǇ ȝƟʉǞȴƌɻ ʉȴ ɠƟɫǇȴɫȝ ££�´ ƁȴȝɠʞʉŒʉǩȴȣɻ

ȣȴʉࢍ Œȣ ƟˇǞŒʞɻʉǩʻƟ ȋǩɻʉࢎ
ȋȴƁŒȋ

ɻʞŷʉɫŒƁʉǩȴȣ ŒȣŒȋˈʉǩƁ TT
Ɓȴȋȋǩɻǩȴȣɻ

˨ȣŒȋ࢙ɻʉŒʉƟ
ǽƟʉࢍɻࢎ

�ȣʉƟȣȣŒ !
ȋȴƁŒȋࢍ ŒǇʉƟɫ ɫȴʉȣࢎ

" " "

+ȴ�ȴɫ`ʞȋ " " ! "

qh࢙ðʞŷʉɫࡱ ! " " !
ˈȴȣȋࢍ iࢎ

ðϫϘͮϑϑ̺Ϙ ࡷ
ȣƟɻʉƟƌ ɻȴǇʉ࢖Ɓȴȋȋࡱ " ! "ࡷ " "

N࢙ǽƟʉʉǩȣƟɻɻ ! " " "
≥ࢍ 1 ǽƟʉ ɻȴ ǇŒɫࢎ

‣ Projection-to-Born,  Local Analytic Sectors,  Geometric, …

* more painful with massless particles



qh ɻʞŷʉɫŒƁʉǩȴȣ ॸ ´�ࠊ£

ࡪŒʉŒȣǩ+ࢁ cɫŒ˔˔ǩȣǩ ࢂࠎࠇࢪ

/σ>
´�ࠊ£ = /σ>

´�ࠊ£

∣∣∣
qh<q+mi

h︸ ︷︷ ︸
qh ɫƟɻʞȝȝŒʉǩȴȣ

+ /σ>
´�ࠊ£

∣∣∣
qh>q+mi

h︸ ︷︷ ︸
/σ>+D2i

££�´

≃ H>
´�ࠊ£ ⊗ /σ>

�´ +
[
/σ>+D2i

££�´ − /σ>, +ü
´�ࠊ£

]

qh>q+mi
h

ĂȠȂȠȰʸȠ ɛǦƝƀƝɵ ǦȠ H>
ࡩ®�ࠍ  H>;(3)

; ࡪ C(3)
;a (z)ࡪ G(2)

;a (z)

#ʗʂ ʸƝ ȂȠȰʸ σʂȰʂ ࡭®�ࠍ ࡪ�ȣŒɻʉŒɻǩȴʞࢁ 5ʞǞɫࡪ 5ʞȋŒʉࡪ oƟɫ˔ȴǊࡪ �ǩɻʉȋŷƟɫǊƟɫ ࢂࠌࠈࢪ �ǩɻʉȋŷƟɫǊƟɫࢁ ࢂࠏࠈࢪ

σʉȴʉ£ࠊ�´ =

∫ ∞

0

/qh
/σ>

´�ࠊ£
/qh

=
M2

ŝ
H>
´�ࠊ£ +

∫ ∞

0

/qh

[
/σ>+D2i

££�´
/qh

−
/σ>, +ü

´�ࠊ£
/qh

]

⇒ ȠʗȚƝɥǦƀŒȈ ƟˇʉɫŒƁʉǩȴȣ ȴǇ ʞȣȅȣȴʿȣ ɠǩƟƁƟɻࡩ → CN3

! ŒɠɠɫȴˇǩȝŒʉǩȴȣࡩ f(z) → Ɓȴȣɻʉࡱ δ(1− z)

! Ǟȴʿ ʿƟȋȋ ƌȴƟɻ ʉǞǩɻ ʿȴɫȅ࡭ࡲ ! ɛƝɥࢗȚǦȈȈƝ ȈƝʴƝȈ ॺ   �®
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qT SUBTRACTION @ N3LO


