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Where do we stand

Theory status — V + jet production (not exhaustive)
» NLO QCD
& W s [Giele, Glover, Kosower 93]

+ threshold logs [Becher, Lorentzen, Schwartz '12]
........ [Baer, Ohnemus, Owens '90] [Gordon, Vogelsang '94] [Catani, Fontannaz, Guillet, Pilon '02]

[Kiihn, Kulesza, Pozzorini, Schulze '05] [Denner, Dittmaier, Kasprzik, Miick "11]
[Kiihn, Kulesza, Pozzorini, Schulze '07] [Denner, Dittmaier, Kasprzik, Miick '09]

.................................................... [Becher, Tormo "13, "15]

» NLO QCD+EW (+multijet merging) ..... [Kallweit, Lindert, Maierhofer, Pozzorini, Schénherr "15]

» NNLO QCD (this talk)

e [Gehrmann-De Ridder, Gehrmann, Glover, AH, Morgan "15]
[Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello.15]
W [Boughezal, Liu, Petriello '16]

[Gehrmann-De Ridder, Gehrmann, Glover, AH, Walker '17]
............................................................. [Campbell, Ellis, Williams "16]

~ all V' + jet processes now known to NNLO QCD!
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Uncertainty on 1/ do/dp" [%]

— Towards precision phenomenology
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( recoil

A
r  ATLAS
[ pp-channel

[ 66 GeV sm, <116 GeV, |y <2.4

Vs=8 TeV, 20.3 fb™

Data statistics
Detector

—— Background
—— Model

------- Total systematic

T

[Eur. Phys. J. C 76 (2016) no.5, 291]
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pp = V+X = LI+ X

> large cross section
» clean leptonic signature
recoil ~ sensitivity to as, gluon PDF

» fully inclusive w.rt. QCD radiation
» only reconstruct leptons

~ sub-% accuracy! (forz)
» probes various aspects

of theory predictions

> ratios: (do/dp¥)/(do/dp¥)

FEWZ
DYNNLO

Only NLO accurate
in this distribution

}



Inclusive pr spectrum of Z/v*

(1/0) do / dpf [1/GeV]

Ratio to NLO
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NNLOJET pp—Z+=20jet

Vs=8TeV
:

NNPDF 3.0
pF>20GeV Iyfl <24
66 GeV <m; <116 GeV

ATLAS Data —— |

NNLO ——

NLO — ]

50 100
p? [GeV]

500

[Gehrmann-De Ridder, Gehrmann, Glover, AH, Morgan '16]

1 do
o dpk

— NLO
undershoots data by 5-10%

—— NNLO

significant improvement
in Data vs. Theory comparison

+ EW corrections:

[Denner, Dittmaier, Kasprzik, Miick "11]



Inclusive pr spectrum of Z/v*

- NNLOJET pp—Z+=20jet Vs=8 TeV [Gehrmann-De Ridder, Gehrmann, Glover, AH, Morgan '16]

102 ATLASN Rig —— ] 1 do
E 103 NLO —— | = dp%
= 10 J
<
g 10° 1 —— NLO
5 .
< 10° weorso 1 undershoots data by 5-10%

107 56 GoV < my <116 eV
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‘ ‘ ‘ =—— NNLO
13 1 . .
S|gn|ﬁcant Improvement

g " ] in Data vs. Theory comparison
:‘é 1.1F s
g aaRAl Mt
T 10 ‘ | 3t .

0ol Tl | + EW corrections:

’ : : : [Denner, Dittmaier, Kasprzik, Miick "11]

50 100 500
—— pf [GeV]

f.o. divergent
for pr.z — 0

resummation ol log®(pr/M)
» RADISH [with Bizon, Monni, Re, Rottoli, Torrielli]
» NNLO matched to N3LL (talk by PF. Monni)




Inclusive pr spectrum of

NNLOJET W= e v, Js= 8 TeV [Gehrmann-De Ridder, Gehrmann, Glover, AH, Walker '17]
T T T

] Lo =1 NLO NNLO  F*—' CMS
10 F 3

NLO
— shape differences 5-10%
< scale uncertainties 5-10%

1/o do/dp! [Gev™"]

NNLO
shape distortion
reduction of scale uncertainties

NN
NN
NN
NN

good agreement with data

Ratio to NLO

» similar corrections to p%

10 20 50 100 200 500
p¥ [Gev]



Ratio of pp spectra:  Z/W

ratio of pr spectra:

do""™ (ur, pr) /dpt
do®" (g, pr) /dpr

» 7-point scale variation for do:
(MR & /.LF) X {%,1,2}
constraint: 1 < pur/pr <2
uncorrelated scale variation:
»> naive approach: 7 x 7 = 49 points
> same contraint to exclude extremes:
% <p/p <2 ¥ scale pairs

~ 31-point scale variation




Ratio of pr spectra:  Z/\

NNLOJET @-pw/ G-pvy) Js= 8 TeV [Gehrmann-De Ridder, Gehrmann, Glover, AH, Walker '17]
4 T T T T T T
a5k LO 20 NLO NNLO F*— CMS i

P
% 3 1 » Ko /o ~ 1 (verystable)
2 2s5f 1 < QCD corrections similar: Z vs. W
=~ 2f » data well described
S st g A s by central values
T et . NLO

g Lt : : : ' — < scale uncertainties £10-20%

NNLO
/] .. _
— scale uncertainties +£5-8%

Ratio to NLO

10 20 50 100 200 500
pr [Gev]



Ratio of pr spectra:

NNLOJET (BN Vu) AT Vp) Js= 8 TeV [Gehrmann-De Ridder, Gehrmann, Glover, AH, Walker '17]
T T T T T T

1.6
15k L0 21N NNLO  Fe—icHs
== af
s 1.3 > Ko /(o ~ 1 (very stable)
2 1.2 < QCD corrections similar: W~ vs. W
=~ T » data well described
T 'F by central values
8 0.9
2 0.8
Y NLO
0.6 — scale uncertainties +10-20%
1.4
o 1.3
= 1.2
s 22223 NNLO
o
s 03 — scale uncertainties +5-8%
gg» 1 1 1 1 1 |7
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Angular coefficients — going beyond rate measurements

lepton plane

PP = Z/7+X = 0P+ X

3 h » lepton angular distributions (6, ¢)
T g < b ducti . —
probe production dynamics & polarisation

> My & sin? 6, measurement

hadron plane

[Gauld, Gehrmann-De Ridder, Gehrmann, Glover, AH "17]

Angular coefficients: A,-(p%, e mep) (Collins-Soper frame)

d 3 douerel: 1
o g = — Zo-iz{(1+c0520)+7;4(,(173(:0520)
dp% dy? dmye d cos 6 d¢ 167 dp% dy? dmy, 2

1
+ A sin(20) cos ¢ + 5 Ay sin? 6 cos(2¢)
+ A3z sinf cos¢ + Ay cos + As sin? 0 sin(2¢)
+ Ag sin(20) sin¢ + A7 sin sin ¢>}

Lam-Tung relation » analogue of Callen-Gross relation in DIS

Ag— Ay =0 > not affected by O(as) corrections



Angular coefficients — ATLAS @ 8 TeV

025 NNLOJET pp-— Z+X, y, inclusive (s=8Tev
T | e ATLAS data(reg) 1 - O(as) prediction:
< oz AllAsd = <+ vanishes (Lam-Tung)
B 1 === O(al) prediction:
o1f- E <> ~ DYNNLO (NNLO)
2 + < tension with data
"y < x*/Naat. ~ 4.89
o= 3 C
o = : S O(c) prediction: .
2 of N [ < large positive corrections
o E 3 2 ~
= 2:—l 3 — X" /Naat ~ 1.75
B 1Falet 3
14 ol | E » data: [ATLAS arXiv:1606.00689]
£ . 3

500 — applies “regularization”
P, ,[Gev]

No significant data” vs. theory disagreement between
(un-regularized) ATLAS & theory @ O(af)
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Jet Production at the LHC
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Jet Production at the LHC

> test perturbative QCD
— study scale choices

» constrain PDFs (talk by R. Thorne)
— sensitive to gluon
< probe wide z-range

» determine as(Mz) and running

» search for BSM physics

p+p — jet(s) + X
» jets produced in abundance
> precise measurements (pr ; = 20 GeV)
» wide kinematic range accessible
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[Phys. Rev. D 87 (2013) 112002]
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Jet Production — ere do we stand?

(very incomplete list!)

» NLOQCD ........................... [Ellis, Kunszt, Soper '92] [Giele, Glover, Kosower "94] [Nagy '03]
» NLO QCD +PS (POWHEG) .......ouviiiiieiiiaeaannnnns [Alioli, Hamilton, Nason, Oleari, Re '11]
» NLO QCD +Resummation (threshold + jet radius) (talk by F. Ringer) .. [Liu, Moch, Ringer 17]
» NLOEW .............................. [Dittmaier, AH, Speckner "12] [Campbell, Wackeroth, Zhou "16]
[Frederix, Frixione, Hirschi, Pagani, Shao, Zaro "17]
» NNLO QCD (thistalk) ................oennt. [Gehrmann-De Ridder, Gehrmann, Glover, Pires '13]
[Currie, Gehrmann-De Ridder, Gehrmann, Glover, Pires, Wells "14]
[Currie, Glover, Pires 16] [Currie, Gehrmann-De Ridder, Gehrmann, Glover, AH, Pires '17]
2 Mo cMs 2 S NNPDF2.1
S o3 CdTowl s=7Tev 3 =7Tev
5 3 5
R sl Luminosity =]
§ ]
2 g
g g
S " S
experiment
- 200 300 400 10‘00 2000 0 200 300 400 10‘00 2000
Jet P, (GeV) Jet P, (GeV)
> up to ~ 2 TeV: sys. uncert. dominant - - - NLO scale uncert. ~ 10 %
jet energy scale +5-10% (limiting factor in s & PDF extraction)

» NNLO needed!



Inclusive Jet Production

Memsmmea\‘k B

e

Pra
77 P
n reconstructed jets n binnings to doine
. oy . — e
in the event the histogram ; dpr 7 Ctot
Ins
scale choices NS binning of individual jets vs. events

> “global” scales (event): prmax, (p1), -
» “local” scales (jet): T, .-



Inclusive Jet Production — ATLAS @ 7 TeV

ATLAS [HEP 1502 (2015) 153]
> 7 TeV, 45"
» anti-k;, R=04
> pr > 100 GeV
> |yl <3

predictions:
> ur = pr = (%, 1,2) X Pr  (Pr max)
» NNPDF 3.0, as(Mz) =0.118




Ratio to NLO

NLO ——NLO (~1)
ATLAS, 7 TeV, anti-k; jets, R=0.4, NNPDF3.0, pu=prt _ NNLO

NNLOJET NNLOXEW NNLO
1.4[: T T T i % ;
12 I . = .
0§L _ _ . -;;;iiiiiiii,:m‘ i = < high pr:
' lyjl <0.5 .
= } : 4 3 » small corrections: few %
iz; I " sesssaiddstil o o l: » reduction of scale uncert.
06— | | D-T <10 B » convergence of pert. series
1o 10<ly<15 i (central rapidity)
1
o ‘ ‘ ‘ 1 < lowpr:
14 [ [ l - . . . 0
12 15<ly<20 7 » sizeable corrections: —10%

0.6 [—

12 —

pr (GeV)

(across rapidity bins)

» scale bands: NNLO > NLO
(non-overlapping)

» NLO: asymmetric scale bands!

EW corrections - - - -
small - moderate @
high pr & central rapidity

“no non-pert. corrections



Inclusive Jet Production — Scale Variation

NLO

ATLAS, 7 TeV, anti-k; jets, R=0.4, NNPDF3.0, p=p [_NNLO
" ’ Bt , R=U.4, .0, u\=ptr ...
NNLOJET NNLOXEW

14 — T T

ly;| <05 1L — aass iiiiii‘ﬂ—ii% ,,,,, ]

0.8 E— —
<05
0.6 | | Iy'l B

100 200 500 1000
pr (GeV)
7 TeV, anti-kt, R=0.4, |y}l < 0.5, 100 GeV < pr < 116 GeV 7 Tev, anti-kt, R=0.4, |y < 0.5, 642 GeV < pr < 688 GeV
& NNLOJET NNLOJET
7x108 120
h He/pr=2.0 - - - - WE/pr=2.0 = - - -
N rlpr=1.0 —— o efpr=1.0 ——
L0 N HelpT=0.5 Lo He/pT=0.5
6x10° -
s s
3 3
9 9
g 8
£ 5x108 £
H 3

ax10°

3x108
o.

oY T R=04y) <05 250 v <pr < 18 Gev
i " i pre= —— NLO: turn-over @ puR /pr ~ 0.5-1
Lot — asymmetric bands

3 1oact < pert. uncert. underestimated?!

& 10000 NNLO: monotonic behaviour

A — symmetric bands
s 0s . 2 . solid: analytic RGE, points: NNLOJET



Inclusive Jet Production — Scale Choices

Two common scale choices
Pr,max the leading-jet transverse momentum
pr transverse momentum of the individual jets

» identical at LO (2 — 2 kinematics)
» high-pr jets are mostly back-to-back: = pr max ~ pr

» differences:
— > 3jets in the event
— jets outside of fiducial cuts

» sensitive to the cone size R




Inclusive Jet Production — pr ax VS. P

} Inclusive Jets @ NNLO

ATLAS, 7 TeV, anti-k jets, R=0.4, NNPDF3.0 [
NNLOJET =P
= T T T T - —
i: I H0 = PT,max
6o I [ — - —
0; - 2ot HO = PT
06 lyj<0s e

high pr: both scales coincide

g (as expected)
kel
o . . .
o low pr: significant differences 15-20%
g “ DT, max away from data
o . .
3 < pr in line with data
z
\ ] (non-overlapping bands)
06 15<ly|<20 ‘ P &
= | | ] =
12 -1 large effects from scale ambiguity!
ot TTTTTTTTTITITNITY il
06— 20<|y|<25 \ L P -
14 — -

SRR |

sl TTTTTTT] .

06 = 25<[y|<30 L L L —— -

pr (Gev)



Inclusive Jet Production — CMS @ 7 TeV

CMS [Phys. Rev. D 90 (2014) 072006]
> 7TeV, 5fb"
» anti-k;, R =0.5and 0.7
» pr > 56 GeV
>yl <3
predictions:
> ur = pr = (3,1,2) X pr
> MMHT2014, «s(Mz)=0.118




NLO ——NLO (~1)

CMS, 7 TeV, anti-k; jets, R=0.5, 4 = pr o

NNLOJET : : — NLO‘XNP NNLO

1‘2’ <05 |
-=-=--NLO x NP

: b
i; r 05<lyl<10 _] = hlgh pr:
] _ > small corrections: few %
08 se7%% .
06 | | | | » reduction of scale uncert.

- [ [ [ [ —
4 10<lyl<15 _]

o .
M » convergence of pert. series
2 os $044%097 (central rapidity)
g : : -

8 L4 15<lyl<20 _|

— low pr:

» sizeable corrections: —10%

‘ | | — (across rapidity bins)
20<lyl<25 _|

,,,,,,,,,,,,,,,,,, » scale bands: NNLO ~ NLO
(non-overlapping)

|
[
25<ly] <30

» NP effects relevant for
pr < 100 GeV
MMHT2014 R
‘ ‘ ‘ » NLO: asymmetric scale bands!
200 500 1000

pr (Gev)
similar to ATLAS (R = 0.4)



Ratio to NLO

Inclusive Jet Production — , 7

——NLO (~1)

NLO
- - = NNLO
7NNLOJET | CMS, 7 T‘ev, anti-k; jets, R=0.7, p = pT‘ ,,,,, NLO‘xNP ~ NNLO
éi S Iyl <05
L y ---NLOxNP
5} | i | o.5<|y‘Lw 3 < stabilization of corrections:
RS S % » small NNLO corrections

= | | | 3 » reduction of scale uncert.
T 10<lyl<15 _|
BACICE I8 S — So— ’ » good pert. convergence
C —— TETTEeeeEeese |
= | } | % . » across all pp
(3 S<lyl<20 | .
43 '?“f'"i"'i"—i'»xirf o ,,,;;};;%%Eg — NP corrections:
- | | | , 1 » moresizable at low-py (7 =0.7)
ESNE ‘ ‘ ‘ z.o<|yﬁ‘<2,5 ° .
) ;—}—»r;r»;m,?,f,,f,,;,, SEES! Ii,llﬂ < attention:
C | | ‘H L » NNLO: asymmetric scale bands!
T T eebe ]
H LT T TTT] 2014 NNLO/NLO for yt = pT max Stable
= L L L [

100 200 500 1000

pr (Gev)



Dijet Production

P ' p+p — 2jets+ X (#jets >2)
ji: leading jet

L. } ~ dijet system
Jj2¢ sub-leading jet

2
> myjj = (pj; +Pjs)
mj; = 2pr coshy (back-to-back)
« 1
> v =5 Wi — i)
< scattering angle in part. system <> x smeared out

> sensitivity to z:

1
g= 3 (Y5, + Yjs) longitudinal boost

Ymax = max (Y;j,, Yj,) scatteringangle in lab

scale choices

0.3y™

mjj, (pr) = 5(pT1+pr2), PT1, Prae , mji/2, ...



Dijet Production — my; vs. (pr)

ATLAS [JHEP 1405, 059 (2014)]
> 7TeV, 4.5fb"
» anti-k;, R=0.4
> pr1 > 100 GeV, pr2 > 50 GeV
> |yl <3
» binned in |y*|
predictions:
> o = my; Vs. (pr)
> MMHT2014, «s(Mz) =0.118




Dijet Production — m;

* *
0.0 < |y*| < 0.5 1.5 < |ly*| < 2.0
0
" — LO. H " — Lo

NNLOJET ATLAS 7 TeV, al’lﬁlrkT jets, R=0.4,0.0<ly*1 <0.5 = thLD | I NNLOJET ATLAS 7 TeV, armrkr jets, R=0.4, 1.5 <ly"l <2.0 = Wﬂo
For - — . = Fo, — . g
g 15 & = 15 = =
S = ] My o E | l |
g 1E E 73 g 1E R RRRRRE RO E
g L E 5 F ponnooonnonnae-- R
05 = - 05 = t t t —t—+—+ + t t t =
g E E o) TP s E
g 15 - g1 —
57 F E g E

e e i 2

s 1F | (pT) 2 1E =
s F El s F B
05 = | = 05 [ . 3

5x107 10° 2x10°  3x10° 5x10° 5x107 10° 2x10°  3x10° 5x10°
m; (Gev) m, (GeV)

— L0 — NLO — NNLO

small |y*|:
> both scales give reasonable predictions:
— overlapping bands, perturbateive convergence, ...
large |y"|:
> m;;: similarly good to small |y*|
> (pr): large NLO corrections with huge scale uncertainties
— for |y*| > 2.0 even negative cross sections @ NLO!
— inclusion of NNLO resolves these issues

~» choose pp = m;; (based on pert. convergence and residual scale uncertainties)



Dijet Production — ATLAS @ 7 TeV

ratio to NLO ratio to NLO ratio to NLO ratio to NLO ratio to NLO

ratio to NLO

14
12

0.8
0.6
14
12

0.8
0.6
14
12

0.8
0.6
14
12

0.8
0.6
14
12

0.8
0.6
14
12

0.8
0.6

—NLO
NNLOJET  ATLAS 7 TeV, anii jets, R=04 (i=m) NS ew
? 00<[yf <05 ‘ % l E
E xnxki ; ; 7777777 E
S e E
= - =
E o05<yI<10 3
E bbb E|
B At o
S 3
? 10<|y*| <15 E
E ol L 3
E mfrﬂ?rmf'ﬂrg 1 3
S | =
E 1s<iy<20 3
E S SRt i) E
3 Tttty ot 3
E y - =
E 20<i<25 3
3 s
3 P -
e e =
E 25<ly1<30 _L_ 3
2 ‘ 3
5x10? 10° 240°  3x10° 5x10°

m (

)
|4
S

——NLO (~1)
—— NNLO

> typically < 10%

> relatively flat

» large reduction of scale uncert.
— lowm;; & low |y*:

» shape distorted by NNLO

» scale bands: NNLO ~ NLO
(NLO: asymmetric again)

» better data-theory agreement

scales in dijet production
better behaved



Summary & Outlook

> theoretical predictions for VV + jet in good shape!
» NNLO QCD now available Vv V =W=*, Z/4",
< significant reduction in scale uncertainties  (~ few %)

— resolve / reduce long-standing tension with data:
Hr, pr, ang. coefficients, ...

> NNLO QCD corrections completed for jet production (N2, No Ny, N7)
> inclusive jet production:
< intermediate - high p: good perturbative convergence (NLO — NNLO)
< low pr: larger scale uncertainties & scale ambiguities  (pr o Vs pr)
> dijet production:
< inclusion of NNLO largely removes scale ambiguities  (even for (p+))
= po = mj; provides good convergence & reduced scale uncertainties

< improvement in comparison to data



Summary & Outlook
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X. Chen, J. Cruz-Martinez, ). Currie, R. Gauld,
A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover, AH,
I. Majer, T. Morgan, J. Niehues, ). Pires, D. Walker

APPLfast-NNLO interface: (talk by C. Gwenlan)
[Britzger, Gwenlan, AH, Morgan, Sutton, Rabbertz]




Summary & Outlook

> theoretical predictions for VV + jet in good shape!
» NNLO QCD now available Vv V =W=*, Z/4",
< significant reduction in scale uncertainties  (~ few %)

— resolve / reduce long-standing tension with data:
Hr, pr, ang. coefficients, ...

> NNLO QCD corrections completed for jet production (N2, No Ny, N7)
> inclusive jet production:
< intermediate - high p: good perturbative convergence (NLO — NNLO)
< low pr: larger scale uncertainties & scale ambiguities  (pr o Vs pr)
> dijet production:
< inclusion of NNLO largely removes scale ambiguities  (even for (p+))
= po = mj; provides good convergence & reduced scale uncertainties

< improvement in comparison to data

Thank you



Backup Slides



Why Higer-Order Corrections?

» high-precision mandatory
— processes with large K-factors (H)
— “standard candles” (jets, V, t, ...)

Jet clustering

V'V

» reduction of scale uncertainties

< variation of ur & up NLO NNLO
b > (Zy)x > better modelling of jet algorithm
N \ w ‘ ] between theory & experiment

NNLO

Initial-state radiation

N s

20— ]‘ZS:M? Tev - NLO NNLO

| | | M/“‘”““ | q@ ®qg, g D gs, ad’, a7, a7
E— —z 0 2 4

Y > opening up of all channels
[Anastasiou, Dixon, Melnikov, Petriello '0s4]

d%0/dM/dY [pb/GeV]

> more complicated pr recoil



NNLO Subtraction Methods

remarkable progress in the development of methods to perform NNLO computations

) local . PP final-state
(not an exhaustive list) subtraction analy“c collisions Jet(s)
Antenna ) v v v
(local after rot™)
CoLorFul v v X v
gr-Subtr. X v v
(only t)
Sector-improved v/ X v/ J/

Residue Subtr.

N-jettiness X v v

(< 1 jetso far)




NNLO :
v 4 is

® antenna g
ep Je
t
: cll\l jettiness HH (me S
! WW  HW,HZ _
@ ZH Yy =
@ projection to Born zz W +jet =
@ colorful Zy Wy ZieEN -
ep — 2jets =
. & W/Z pp — 2jets e
diff 7 vy Z 4 jet £
WH H + jet (m: - ) £
H +jet(m—o) 3
oot WH Otot Hjj (VBF) g
ot I ete™ — 3jets é
O ot W/Z ete” — event shapes i :
eel S aiels

" 2003 2005 2007 2009 2011 2013 2015 2017
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NNLOJET
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X. Chen, J. Cruz-Martinez, J. Currie, R. Gauld, A. Gehrmann-De Ridder,
T. Gehrmann, EW.N. Glover, AH, |. Majer, T. Morgan, J. Niehues, ). Pires, D. Walker

Common framework for NNLO corrections using Antenna Subtraction

» parton-level event generator
» based on antenna subtraction
» test & validation framework

> APPLfast-NNLO interface
[Britzger, Gwenlan, AH, Morgan, Sutton, Rabbertz]

(talk by C. Gwenlan)

Processes:

>
>
>

vvyVvyy

pp— (Z —=¢107) +0,1]jets

pp = (W = v) +0,1jets

pp — H +0,1jets, VBF
oy, £T07, 4, ...

pp — dijets

ep — 1, 2jets

eTe” — 3jets



Ratios — correlated vs. uncorrelated

correlated: uncorrelated:
NNLOJET pp- Z+X, y, indlusive s=8Tev NNLOJET pp— Z+X, y, inclusive (5=8Tev
N ; - N ;

< [ — ATLASdata RO < [ —+ ATLASdata ]
o8- Lo . + ] _l J g

[ B NLO - ] ]
06 == NNLO N R E 3 3
04 s E -

F . ] ]

02 Lu 3 3
T ] ]

o E (o] E
— - — -
b4 = P4 E
e 4 e e
) 1 o 3
ol = B =
© 4 E

00
[GeV]
----- LO as cancels in correlated case ~ almost no scale bands

---: NLO substantial differences in correlated vs. uncorrelated
—— NNLO similar uncertainty estimates

uncorrelated exhibits more realistic behaviour ~ default choice



Jet Production — Channel Breakdown

Fraction

ATLAS, 7 TeV, anti-k; jets, R=0.4, |yJ| <05

o1 I NLO I I I NNLO
0.8
0.6
0.4
0.2
0 \ \ \ \ \ \
100 200 500 1000 100 200 500 1000 100 200 500 1000
pr [GeV] pr [GeV] pr [GeV]
—— gluon-gluon [LC"13] [SLC 4]
— low pr
—— quark-gluon [LC 6]
— low - intermediate pr
—— quark-quark [LC 6]
— high pr

*LC = leading colour
*SLC = sub-leading colour




Analytic Scale Variation

> Lr =1In(u®/pp)

o, po, as(p)) = as(u)) filpo) ® 0 ® £5(1o)

(

+ (a;:))g filpo) ® [a}j + 2ﬁoLRa?j] @ fj(po)
(
®

{ij +3BoLro; + (281 Lr + 353L§)a§’j} ® fj (o)



Inclusive Jet Production — ATLAS @ 7 TeV

NLO ——NLO (~1)

ATLAS, 7 TeV, anti-k, jets, R=0.4 o NNLO
NNLOJET ‘ ‘ : NNLOXEW NNLO
Li B = B ] P WY iiiiiiéririi """" . ;) hi h .
08— Iy <05 7 gh pr: .
= | | ; 3 » small corrections: 1-2%

=== - -uiii““ii{r»? rrrrrrrrrrrr » reduction of scale uncert.

06 ! ! °-5}< vl <10 E » convergence of pert. series
; 12 % S L 7 (esp. central rapidity)
20k ‘ ‘ ! i‘ t 1 < lowpr:
g e ‘ ‘ ‘ - » sizeable corrections: +10%

12 15<ly|<20 ( idity bins)
U_;ﬁ [EARERARRAALIIT: 7 = across rapidity bins
|

os | | } L - » scalebands: NNLO ~ NLO
: 20<lyl<25 (non-overlapping)

0.8 [— —
06 |- - » NLO: asymmetric scale bands!
04 |- | 4
1.5 I f 25/<Iy) <30 -
08 - 7 EW corrections - - - -
0.6 — NNPDF3.0 —
04— | | | | small - moderate @
100 200 500 1000 high pt & central rapidity

pr (Gev)

“no non-pert. corrections



do/dpr [fo/GeV]

Inclusive Jet Production — Scale Variation

NNLOJET

ATLAS, 7 TeV, anti-k; jets, R=0.4

NLO
= NNLO
NNLOXEW

ly;| < 0.5

0.8
06 |
100 200
77V, Iyl < 0.5. 100 GeV < pr < 116 Gev
16 _NNLOJET
N Belpr,=0.5 - - - -

6x10°

5x106

ax10°

belpr;=1.0 ——
belpr,=2.0

3x108
025 05 1 2
Ha/pT,
NNLOJET

| nyl <05 _
500 1000
pr (GeV)
7TeV, |yj < 0.5, 642 GeV < pr < 688 GeV
NNLOJET.
120 N

Hlpr; =05 - - - -
HelPT,=1.0 ——
HelpT,=2.0

3 100

]

&

€

3 80

2x10*

b 0
18x10* :

1.6x10%

1.4x10%

do/dpr [fb/GeV)

1.2x10% |- "N

7TeV, |yj| < 0.5, 290 GeV < pr < 318 GeV'

He/pT,=O0.
He/pr,=1.
welpry=2

5----
0 —
0

1104
[

25 05

walpr,

60
025 05 1 2 4

—— NLO: turn-over @ pr/prt,1 ~ 0.5-1
— asymmetric bands
— pert. uncert. underestimated?

—— NNLO: monotonically decreasing
— symmetric bands

solid: analytic RGE, points: NNLOJET



Inc. Jet Production — CMS @ 7 TeV (R = 0.5)

Ratio to NLO

NNLOJET

CMS, 7 TeV, anti-k; jets, R=0.5, 4 = p1q.

s NLO
= NNLO

- NLOXNP

el

11l

|
5<lyl<20

—

TOeeYTYeYYIT

|
20<|y|<25

|
25<y|<3.0

MM HT20‘14

200

500
pr (GeV)

1000



Inc. Jet Production — CMS @ 7 TeV (R = 0.7)

Ratio to NLO

NNLOJET

CMS, 7 TeV, anti-k; jets, R=0.5, 4 = p1q.

s NLO
= NNLO

rrrrr NLOXNP

el

11l

—

|
5<lyl<20

TOeeYTYeYYIT

|
20<|y|<25

|
25<y|<3.0

MM HT20‘14

200
pr (GeV)

500

1000



Dijet Production — CMS @ 7 TeV

CMS [Phys. Rev. D 87 (2013) 112002]
> 7TeV, 5fb"
» anti-k;, R=0.7
> pra > 60 GeV, pro > 30 GeV
> |y <25
> binned in |ymax|
predictions:
> o = myj
> MMHT2014, «s(Mz)=0.118




ratio to NLO ratio to NLO ratio to NLO ratio to NLO

ratio to NLO

0.5 < y_{max)| < 1.0

*l —~—— T

| I et
1.0 <|y_{max}{ <1.5 ;
e R w

1.5<|y7(max)\<2(% l L %

TL

+ 1 U + Hr—+
20 <y_{max)| <25 } } t

T

5x107 10° 2x10°  3x10° 5x10°
m; (GeV)

— NLO
NNLOJET  CMS 7 TeV, antik,jets, R=0.7 (u=m) N
LS s
0.0 <Jy_{max}| <05
1 =
I ) gu !
g |

——NLO (~1)
—— NNLO

> large reduction of scale uncert.
> overlapping bands

— oW |Ymax|:
» shape distorted by NNLO
> small @ low-m;
> 420% @ high-m;
< high |ymax|:
> relatively flat: 10-20%

— NP corrections ~ 5-10% @ low-m;

scales in dijet production
better behaved
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