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Motivation for more precise theoretical calculations

ATLAS Simulation Preliminary

[ Theory uncertainty has big impact on
Vs =14 TeV: [Ldt=300 fb™ ; [Ldt=3000 fb™

guality of measurement

[0 NLO QCD is clearly insufficiently H-Hp (comb)
: s (incl.)

precise for SM, top (and even Higgs) (ttH-like)
measurements, H_TtT (VBF-like)

D. Froidevaux, HiggsTools School H-ZZ (comb.)

_ o _ (VH-like)

= Revised wishlist of theoretical (ttH-like)
predictions for (VBF-like)

. (ggF-like)

1 Higgs proces.ses VW (comb)

[J  Processes with vector bosons (VBF-like)

[0 Processes with top or jets E*é@;

+0j

Les Houches 2013, arXiv:1405.1067 H-Zy (incl.)

H-vyy (comb.)

(VH-like)

(ttH-like)

(VBF-like)
(+1j)
(+0j)

_p2



What NNLO might give you (1)

[ Reduced renormalisation scale dependence

pp » (Z,y")+X
R B T

d®0/dM/dY [pb/GeV]

20— Vs = 14 TeV —

[J Event has more partons in the final state so perturbation theory can start to
reconstruct the shower
= better matching of jet algorithm between theory and experiment

LO NLO NNLO

[1  Reduced power correction as higher perturbative powers of 1/1In(Q/A) mimic
genuine power corrections like 1/Q
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What NNLO might give you (2)

[1 Better description of transverse momentum of final state due to double radiation
off initial state

At LO, final state has no transverse momentum

[J Single hard radiation gives final state transverse momentum, even if no
additional jet

[]

[1 Double radiation on one side, or single radiation of each incoming particle
gives more complicated transverse momentum to final state

[ NNLO provides the first serious estimate of the theoretical uncertainty

OO and most importantly, the volume and quality of the LHC data!!
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[1 double real radiation matrix elements d&ﬁ?ﬁ,w

[]

[]

Anatomy of a NNLO calculation e.g. pp to JJ

[ implicit poles from double unresolved emission

single radiation one-loop matrix elements dé6 X% o

[1 explicit infrared poles from loop integral
[ implicit poles from soft/collinear emission

two-loop matrix elements dé X w70

[ explicit infrared poles from loop integral

A A RR A RV A VV
donNLo ~ / donnNLO ‘|'/ donnLO ‘l‘/ donnLO
Ay 4o Ay 41 dd,,
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Anatomy of a NNLO calculation e.g. pp to JJ

Double real and real-virtual contributions used in NLO calculation of X+1 jet

Can exploit NLO automation

... but needs to be evaluated in regions of phase space where extra jet is not
resolved

Two loop amplitudes - very limited set known

... currently far from automation
Method for cancelling explicit and implicit IR poles - overlapping divergences
... currently not automated
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IR cancellation at NNLO

[1  The aim is to recast the NNLO cross section in the form

N [  ~RR ]
donnrLo = / donNLO — dUNNLO
d®p, 42 -~ §

[ ARV AT ]
+ / donnro —doNnNLO
AP, 41 §

~U i
+ / dUNNLo —donnNLoO
dd :

where the terms in each of the square brackets is finite, well behaved in the
infrared singular regions and can be evaluated numerically.

0 déxnro and déinro

must cancel the implicit divergences in regions of phase space where d6 &% ; 5 and
dé v 1o are singular (subtraction)

or restrict the phase space to avoid these regions (slicing)
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NNLO - IR cancellation schemes

Unlike at NLO, we do not have a fully general NNLO IR cancellation scheme

R I A

[]

[]

Antenna subtraction Gehrmann, Gehrmann-De Ridder, NG (05)
Colourful subtraction Del Duca, Somogyi, Trocsanyi (05)
gr subtraction Catani, Grazzini (07)
STRIPPER (sector subtraction) Czakon (10); Boughezal et al (11);

Czakon, Heymes (14)

N-jettiness subtraction Boughezal, Focke, Liu, Petriello (15);
Gaunt, Stahlhofen, Tackmann, Walsh (15)

Projection to Born Cacciari, Dreyer, Karlberg, Salam, Zanderighi (15)

Each method has its advantages and disadvantages

Analytic  FS colour 1S colour Azimuthal Approach
Antenna [] [] [] [] Subtraction
Colourful [] [] [] [] Subtraction
qT [] [1(00) [] — Slicing
STRIPPER [] [] [] [] Subtraction
N-jettiness [] [] [] - Slicing
P2B [] [] [] — Slicing o8




NNLOQJET

X. Chen, J. Cruz-Martinez, J. Currie, A. Gehrmann-De Ridder, T. Gehrmann,
NG, A. Huss, M. Jaquier, T. Morgan, J. Niehues, J. Pires

UDUR, ETH, UZH, MPI, Peking University

Implementing NNLO corrections using Antenna subtraction for

pp — H — vy plus 0, 1, 2 jets
pp — eTe” plus 0, 1 jets

pp — dijets

ep — 2(+1) jets

O O 0O O
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Checks

[1  Analytic pole cancellations for RV, VV [0 Unresolved limits for RR, RV

Poles (daRV — daT) = 0

Poles (dovv — daU) = 0

09:26:35

$ form autoqgBlg2ZgtoqU.frm

FORM 4.1 (Mar 13 2014) 64-bits
#_

poles = 0;

6.58 sec out of 6.64 sec

[0 Partially autogenerated code using
Maple scripting language

do® — do

RR

dot — doftV

Q@ — Z + g3 g4 g5 (g3 SOft & g4 || Q)

1000

800
600
400

200

el

0
0.9999 0.99992 0.99994 0.99996 0.99998

Soft collinear - 3, 2/4

T T T
#phase space points = 1000
1 outside the plot ( 0, 0)
0 outside the plot ( 0, 0)
0 outside the plot ( 0, 0)

_— [

1

1.00002 1.00004 1.00006 1.00008 1.0001
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Example: Inclusive py spectrum of Z

€—|-

P =
jet

‘|L_‘ 1 E T 1T I T T T 1T | T T I;
> E 3
) E ATLAS \(s=7Tev; _[ Ldt=47f" 3
S 10" i -
N~ E c ¥, 3
ke 2 [ ..."' ]
g 10°g E
2 ) : \. -
— al & .
10 %_ ¢ Data 2 _§I
1 0_5 [ = FEWZ (u=M,) (PDF + scale unc.) . _;I
gg M FEWZ (w=M,) (PDF unc.) 3
10 ‘E ® DYNNLO (u=E1Z_) 3_
= A DYNNLO (u=E§) +NLO EW .
10—7_ Lol Lol L |||_

1 10 10?
pZ [GeV]

NNLO QCD Z+Jet

pp — Z/y* =40 + X

[J large cross section
[1 clean leptonic signature

[1 fully inclusive wrt QCD radiation

0 only reconstruct ¢, ¢~ so clean and
precise measurement
[1 potential to constrain gluon PDFs

Gehrmann-De Ridder, Gehrmann, NG, Huss, Morgan (15)
Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello (15)

Boughezal, Liu, Petriello (16)
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Example: Inclusive py spectrum of Z

m 1 _4_ TT I T T T T T TTT I
© L E= Data uncertainty
Q i3 - G [s]FEWZ (u=M ) (PDF + scale unc.)
o r #|FEWZ (1=M,) (PDF unc.)
B - ™ DYNNLO (u=E)
8 1.2 G A DYNNLO (p,:Ei) + NLO EW
o -
1.1
15
0.9 ATLAS
C is= 7TeV;JLdt=4.7 fo
0-8 1 1 vl | 1 ||||||2
1 10 10
pZ [GeV]
N
|
Z L 2
1 D7 7 0
|
( 1

O low p% < 10 GeV, resummation required

O p% > 20 GeV, fixed order prediction
about 10% below data

[ Very precise measurement of Z pr
poses problems to theory,

D. Froidevaux, HiggsTools School

FEWZ/DYNNLO are Z + 0 jet @ NNLO

[1 Only NLO accurate in this distribution

[ Requiring recoil means Z + 1 jet @
NNLO required
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Example: Inclusive py spectrum of Z

10%

do/dp% [tb/GeV]

108 ¢

0.8

PRELIMINARY pp—Z+=0jet
E T T T

Vs=8TeV
T E|

NNLO —— |
NLO —— 1
LO — -

NII.O/LO - NNLO/NITO -

1
50 100 150 200 250 300
pf [GeV]

NLO corrections ~ 40 — 60%

significant reduction of scale
uncertainties NLO — NNLO

NNLO corrections relatively flat
~ 4 — 8%

Can the NNLO corrections resolve the discrepancy in theory v data?
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Inclusive p% spectrum: Setup

Calculational setup
0 LHC @ 8 TeV

[ PDF: NNPDF2.3 as(Mz) =0.118
[ fully inclusive wrt QCD radiation
0 p% >20GeV
0 pl > 20GeV, pit > 10 GeV, |y* | < 2.4, 12 GeV < my < 150 GeV
[0 dynamical scale choice
HR = HF = \/mz%e + Pt g X Ba 172]
CMS setup arXiv:1504.03511 ATLAS setup arXiv:1512.02192
- Pl > 25 GeV, [yft] < 2.1 - pE > 20GeV, |yt | < 2.4
- pi2 > 10GeV, |yf2| < 2.4 - 66 GeV < my, < 116 GeV + binning
in y%

- 81 GeV < myy < 101 GeV+ binning
in y? - |yZ| < 2.4 + binning in m,
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Double-differential: do/dp#% binned in y“ - CMS

pp—Z+=0jet

PRELIMINARY

NLO —— NNLO ——

(pf > 20 GeV)

CMS +Vs=8TeV
Datg —e— 81 GeV <m; <101 GeV

| 0<lyd <04

104

1.2<Ily%<1.6 , -

do/p% [pb/GeV]

[ 04< IyZI <0.8

R

1.6<IyZ|<2

| T T | L L P R T

104 |E

[ 08<lyl<

1.2

50 100
pf [GeV]

- 81 GeV < myy < 101 GeV

500

1000

50 100 500 1000

Pt [GeV]

- 5bins in yZ: [0,0.4], [0.4,0.8], [0.8,1.2], [1.2,1.6], [1.6,2.0]

1 100

1107

1072
103
10
109
1071
1072
1073

4 10

10
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Double-differential: do/dp#% binned in y“ - CMS

Theory / Data

do/p%

1.1

1.1

1.1

PRELIMINARY

NLO —— NNLO ——

pp—Z+=z0jet (pf>20GeV)

Data —e—

CMS +Vs=8TeV
81 GeV <m; <101 GeV

0<Ily?l <0.4

12<lyé <16

0.4<Iy?1<0.8

08<lyf<1.2

50

100

pf [GeV]

500 1000

- Improvement of theory vs. data comparison
- significant reduction of scale uncertainties

1.1
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Double-differential: do/dp% binned in my, - ATLAS

pp—Z+=0jet

(pf > 20 GeV)

ATLAS Vs=8TeV

PRELIMINARY 5
NLO —— NNLO —— Data —e— O<ly“ <24
101 [T T T T T T T T T T T T T — T T T
10-2 %ﬂl N
100 | h
104 F 7
105 12 GeV <m; <20 GeV 46 GeV <m; <66 GeV
E. 0 . I . [ I h
— 10_1 __I T T T T T T T T L | T -
> F ]
[ § =
O 102 F E
3 | ]
= 103 i _
NE- al ]
< 107 F ]
_g 105 20 GeV <m; <30 GeV 66 GeV <m; <116 GeV 5
10" _: — : : : — : — : : : _
102 | 7
103 | 7
104 | 7
105 L 30 GeV <m| <46 GeV 116 GeV <m| <150 GeV
E. 0 I . L L 5
50 100 500 50 100 500
pf [GeV] p? [GeV]
Z
- 0<ly?| <24

- 6 bins in mee: [12,20], [20,30], [30,46], [46,66], [66,116], [116,150]

1 107"
1102

103
10

10
101

100

107!
102
108
104
10%
106
107

1072
1078
10

10
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Double-differential: do/dp% binned in my, - ATLAS

pp—Z+=z0jet (pf>20GeV)

ATLAS +s=8TeV

PRELIMINARY 5
NLO —— NNLO —— Data —e— O<ly“l <24
1.2_| T — T T L B ]
1.1 .
1.0
0.9
08
07 L 12 GeV <m < 20 GeV 46 GeV < m) <66 GeV |
] 7 | L | . 1 I |
et
©
o
~
-
o
Q
<
-
N
o 20 GeV <m) <30 GeV 66 GeV<m; <116 GeV
; 07 _I L L M| | L | PR | ]
T T T T

3 3. 3. 0.3 LT 1.1
LA SLEN SLEN SLES AL AL 1 /1
07 - 30 GeV <mj <46 GeV 116 GeV < m; <150 GeV |
) | L) 1 L L [ 1
50 100 500 50 100 500
pf [GeV] pf [GeV]

- Improvement of theory vs. data comparison

- significant reduction of scale uncertainties

1.2
1.1

0.7

0.7

1.2
1.1
1.0
0.9
0.8
0.7
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Example H + jet production, large mass limit

NNLO QCD H+Jet Boughezal, Caola, Melnikov, Petriello, Schulze (13,15)
Chen, Gehrmann, NG, Jaquier (14)

Boughezal, Focke, Giele, Liu, Petriello (15)

Caola, Melnikov, Schulze (15)

[1 large K-factor [1  Three independent computations:
onrLo/oro ~ 1.6 [J STRIPPER

1.3 L] Antenna
[J  N-jettiness

ONNLO/ONLO ~

[1 significantly reduced scale depen-

dence O(4%) [ allows for benchmarking of methods

(for gg, qg and gg processes)
0 oNNEC = 9457025 fb

Caola, Melnikov, Schulze (15)
0 oVVEO =9.447552 fb

Chen, Gehrmann, NG, Jaquier (16)
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Higgs plus Jet: ATLAS

ATLAS setup arXiv:1407.4222
[ LHC @ 8 TeV

0 anti-kr algorithm, R = 0.4, p7- > 30 GeV, |ns| < 4.4
O pp >43.75 GeV, p? > 31.25 GeV, |ny| < 2.37
[0 isolation criterion AR(J,~) > 0.4 in [n, ¢]
[0 NNPDF2.3, as(Mz) = 0.118 and fixed scale choice
pr = pr =mp X |3,1,2]
o T T atev | AmAs —— ] [ " Vs—8Tev ATLAS —— T
05 NNPDF2.3 LO - 14 - NNPDF2.3 LO —
_ NLO L NLO |
o 04 F NNLO W - & | NNLO s
3 = }
T 03 1 = -
g T 5
8 o2f 4 ° s ]
. |
0.1 %!: . T . 7 i
| I— = ! Ii ' 2
o — : : = 0
40 60 80 100 120 140 160 180 200 0 1 2 3 4 5
pr1 (GeV) Inil
pr Of leading jet Rapidity of leading jet
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do/dpt [ib/GeV]

Vs = 13 TeV, PDF4LHC15, p/¢* > 30 GeV, anti-kr, R = 0.4, ur = pr = (0.5,1,2)mpy

HXSWG

pp— H+=1jet Vs =13 TeV
300 [T T F [ 7 F®&F [ ® % r2 [ & Lo 58 F® ] £ r & F&r Tt 521
L NNLO ——
L NLO ——
250 - Lo i
3 plet s 30 Gev
[ anti-kt (R=0.4) ]
200 _ PDF4LHC15
i HR=pF=(0.5,1,2)-My
150 [ ]
100 | G
50 | ]
o 1., e = : - =
0 50 100 150 200 250 300 350 400
27 — LA B SR B R R R B B LN LB I B LI T T T T T
24 L
21 f:e‘
1.8 [
1.5
1.2
0.9 PP oy ——— O P Se ek .S TN )
NLO/LO —— NNLO/NLO ——
0.6 L MR RIS T BT S S RS T S i PR R
0 50 100 150 200 250 300 350 400

pT [GeV]

do/dyt [pb]

pR=pr=(0.5,1,2)-M

pp— H+=1jet W/S =13 TeV
r T T T T I U ! ]
E | piets 30 Gev NNLO — 3
E |anti-kr (R=0.4) NLO — ]
E |PDF4LHC15

¥ p—

NLO/LO —— NNLO/NLO ———

-4 -3 -2

-1 0

yH

Higgs pr and rapidity distributions

-p.21



HXSWG

500
450
400
350
300
250

do/dpl] [fo/GeV]

200
180
100

50

2.4
2.1
1.8

1.2
0.2
0.6

pp— H+z1jet Vs =13 TeV

pp—- H+=1jet Vs =13 TeV 45
550 ———r———————————1—+————— [+ " T T T T T T T T T
E piet > 30 GeV
F NNLO —— 4 anti-ky (R=0.4)
: NLO —— PDF4LHC15
:— LO _— ¥ ,UR=,UF=(O-5:112)'M
E plet > 30 Gev ]
anti-kt (R=0.4)
o PDF4LHC15 1
b UR=HF=(0.5,1,2) My "é
:‘ 1%
F el
e 1 B
; ]
- . =
0 250 300
. —
L ¥
i NLO/LO —— NNLO/NLO —— 07 NLO/LO —— NNLO/NLO ——
" L " " " " L 1 " L 2 " 1 L " L L 1 L L " 2 " L M " s 1 1 1 1 L 1 1 1 L
0 50 100 150 200 250 300 -5 4 3 -2 -1 0 1 2 3 4 5
p'! [GeV] y!

Leading jet pr and rapidity distributions

V5 = 13 TeV, PDF4LHC15, p/¢* > 30 GeV, anti-kr, R = 0.4, ur = pr = (0.5,1,2)mpy
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HXSWG

pp—= H+=1jet Vs =13 TeV
16000 — 000000000 9 O0O0O0O0O0O0O0O0OO0O0OoOO0O0O0
[ NNLO — ]
14000 L NLO ——— 1
1O — |
12000 pi®t > 30 GeV ]
anti-kt (R=0.4)
10000 PDF4LHC15 |
pH=UF=(0'5!1=2)'M
2 8000
o
6000
4000
2000
0 . . . . 1 . . . .
1 2 3
Njet

Exclusive H + nJ cross sections

V5 = 13 TeV, PDF4LHC15, p’¢* > 30 GeV, anti-kr, R = 0.4, ur = pr = (0.5,1,2)mg
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Summary

[ NNLQJET is able to make fully differential NNLO predictions that can be
compared with data

0 Z+jet

0 The inclusive p7 spectrum is a powerful testing ground for QCD predictions,
modelling of Z/W backgrounds, potential to constrain PDFs, ...

0 We have predicted this distribution to NNLO accuracy for p7 > p7 ..

[ We observe a reduction of the scale uncertainty and an improvement in the
theory vs. data comparison

[0 H+tjet
[1 Validated against calculation using different IR subtraction
[1 Large corrections, but still some tension with inclusive H+J data
Work in progress:
[J Including other processes, such as dijets, other Higgs decays, etc

[1  Studying potential of data to constrain PDF sets and interface to APPLgr i d,
fast NLO
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