Z + jet production at NNLO QCD

Alexander Huss

in collaboration with
A. Gehrmann—De Ridder, T. Gehrmann,
E.W.N. Glover and T.A. Morgan

LoopFest XV

University at Buffalo

Buffalo, August 16" 2016

Eidgendssische Technische Hochschule Ziirich M E @ N N I_ D

Swiss Federal Institute of Technology Zurich



Z + jet production at the LHC

-

PP — Z/v +jet — £ 0T fjet+ X

> large cross section
» clean leptonic signature

+jet ~ sensitivity to as, gluon PDF,...
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» precision measurements
— test pQCD
< constrain PDFs (gluon)
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bOocarme

» detector calibration
— jet energy scale

o GidP,([1) dy(1) [pbiGeV]

» searches for BSM physics

[CMSPAS SMP-14-009]

high-precision predictions
mandatory!
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Z + jet production at the LHC

-

PP — Z/v +jet — £ 0T fjet+ X

> large cross section
» clean leptonic signature

+jet ~ sensitivity to as, gluon PDF,...

> NLOQCD ... o [Giele, Glover, Kosower '93]
> NLOEW ... [Denner, Dittmaier, Kasprzik, Miick '11]
» NLO QCD+EW (+multijet merging) ........ [Kallweit, Lindert, Maierhofer, Pozzorini, Schénherr '15]
B NNLO QCD ..o e
— Antenna subtraction (this talk) [Gehrmann-De Ridder, Gehrmann, Glover, AH, Morgan '15, '16]
s N-jettiness ........................ [Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello.15]

[Boughezal, Liu, Petriello.16]
~ validation (v/) & opportinuty for benchmarks



@ NNLO QCD corrections — Antenna Subtraction
©® Numerical results for Z + jet production @ NNLO

© Inclusive Z-boson production at large pr



Anatomy of an NNLO calculation

RR LIS [Hagiwara, Z_eppenf_glq "89]
ONNLO = donnLo [Berends, Giele, Kuijf '89]
Dz43 T [Falck, Graudenz, Kramer "89]

[Glover, Miller '97]
RV [Bern, Dixon, Kosower, Weinzierl '97]
+ / doxnro [ [campbell, Glover, Miller '97]
P70 [Bern, Dixon, Kosower '98]

[Moch, Uwer, Weinzierl '02]

+ dUl\\leL() [Garlandet al. '02]
Dyiq [Gehrmann, Tancredi "12]

TS W S W TR

Individual building blocks known for a while



Anatomy of an NNLO calculation

RR S » single-unresolved
ONNLO = / dUNNL() g
Dz43 » double-unresolved

RV » single-unresolved
+/ donNro e '
Pz42 > 1/e%,1/¢
vV
+/ donNLo > 1/t 175 1/€%, 1€
P71

finite (Kinoshita-Lee-Nauenberg & factorization)

Non-trivial cancellation of infrared singularities



lation

Different methods:

> Antenna subtraction ......................

_ RR [Gehrmann-De Ridder, Gehrmann, Glover '05]
ONNLO = donNLO
Pz+3

> ColorFul subtraction ......................
[Del Duca, Somogyi, Trocsanyi '05]

> g7 subtraction ...

[Catani, Grazzini '07]

(talk by M. Wiesemann)

RV . . .
+/ donNto > Sector-improved residue subtraction .....
Pz40

[Czakon '10], [Boughezal, Melnikov, Petriello "11]
(talk by D. Heymes)

> N-jettiness subtraction ...................

[Gaunt, Stahlhofen, Tackmann, Walsh "15]

[Boughezal, Focke, Liu, Petriello "15]

+ / dUl\\%Lo (talk by W. Giele, X. Liu)
Dy > Projectionto Born ........................
[Cacciari, Dreyer, Karlberg, Salam, Zanderighi "15]

finite

Approaches: subtraction, slicing



Z + jet @ NNLO using Antenna

_ doRE oS
ONNLO = ONNLO — 4ONNLO
Pz43 S T .
» doxneos donnLo:

mlmlC d(fl}\]{i]{Lo, dO']%}\?LO
in unresolved limits

RV T
+/ (dUNNL() - dUNNL())
Pz40 T U .
» donnros donnLo:

analytic cancellation of

. RV vV
vV U pOleS n dO—NNLOI dUNNLO
+ (dUNNLo - dUNNLo)
P71

finite -0

= each line suitable for numerical evaluation in D = 4



Antenna Subtraction Formalism

» exploit universal factorization properties in the IR limits (colour-ordering):

R e
el

m+1 m+1

» phase-space factorization

d®(...,pispj, pry--.) =d(.. ., D1, DK, - - ) - dPx,, (Dis Pj, PR; P + D)

All building blocks known!

STV T SN/

0 <0 w1 I SIS T
antennae: X3, X4, X3 I NI I\ NS /]

integrated antennae: X3, Xy, X3

V configurations relevant at hadron colliders
— final-final, initial-final, initial-initial

X. Chen, J. Cruz-Martinez, J. Currie,
A. Gehrmann-De Ridder, T. Gehrmann,
E.W.N. Glover, AH, M. Jaquier, T. Morgan,
J. Niehues, J. Pires



Antenna subtraction — Checks of the calculation

Analytic pole cancellation
» Poles (daRV — do—T) =0

» Poles (davv — daU) =0

DimReg: D = 4 — 2¢

09:26:35
$ form autoqgBlg2ZgtoqU.frm

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

poles

6.58 sec out of 6.64 sec

Unresolved limits

» do® — dofR (single- & double-unresolved)

» dot — dotV (single-unresolved)

bin the ratio: doS/do R Unresolved,

qq—+Z+g3gigs (g3soft & gi| @)

Soft collinear - 3, 2/4
1000

#phase space points = 1000 =T
=T

0l =
T —]
1 outside the plot ( 0, 0) 0° ==

0 outside the plot ( 0, 0)
800 - 0outside the plot ( 0, 0)

600 -

200 -

0 —
09999 0.99992 099994 099996 099998 1 100002 100004 1.00006 1.00008 1.0001

(approach singular limit: z; =107, 10°%, 10™7)



© Numerical results for Z + jet production @ NNLO



7Z + jet: Fiducial cross section

Calculational setup [Gehrmann-De Ridder, Gehrmann, Glover, AH, Morgan '1s]
LHC @ 8 TeV [NNPDF2.3]: o (Mz) = 0.118

select resonant Z bosons: 80 GeV < my, < 100 GeV, |y‘| <5

jets [anti-kr (R = 0.5)]: pIS* > 30 GeV, |y'**| <3

scale choice: pp = pur = Mz x [5,1,2]

v

v

v

v

Fiducial cross section

oLo = 103.672% pb
+40%
onLo = 1444729 pb

ONNLO — 145 8+ pb

starting from NLO, all partonic channels open up: qg, ¢4, gg, 94, ...



Distributions: Leading jet

(a)

do/dpf! [fb/GeV]

(b)

N3

10%
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NNLOJET pp—Z+=1jet

Vs=8TeV
:

pf'>30GeV Iy <3
antikr (R=0.5)
NNPDF 2.3

MR = F = (1.2 Mz

NLOALO —— NNLONLO ——

20 40 60 80 100
P! [GeV]

» NLO corrections > 40%
» NNLO corrections < 5%

120

(

0

NLO

scale

140

~ 0

(quite flat)

160

LO
scale

)

do/dy'®! [pb]

(b)

» significant reduction of scale uncertainty

40

NNLOJET

pp—=Z+=21jet
T T

Pf'>30GeV Iy <3
antiky (R=0.5)
NNPDF 2.3

R = e = (%,12) Mz

1 0 1 2 3
yiet
p do(MNLO ()
=\
doeMLO (1 = My)



Distributions: Z-boson

, NNLOJET Pp—Z+=21jet Vs=8TeV
(a) 10° T T T T T T
NNLO ——
NLO ——
LO —
= 10% F
@
0] —
£
N
Q
k<] =
S 102t p'>30GeV Iyl <3
antiky (R=0.5)
NNPDF 2.3
MR = E = (4,1,2) Mz
. . . .

NLOLO —— NNLONLO —— 1

0.4 1 I
0 20 40 60 80 100 120

pf [GeV]

140 160

“Sudakov shoulder” at p% ~ 30 GeV

NNLO corrections not flat!

NNLOJET pp—Z+=z1jet Vs=8TeV
(a) 30 T T — . -
e NNLO ——
Br - NLO ——
o Lo —
_20f = 5 ]
| — =
=
N 15 = = J
8
g N =
3
10 PFt>30GeV Iyl <3 | !
anti-ky (R=0.5)
NNPDF 2.3
5T HR = HE = (14,1,2)- Mz 4
0 . . . . . . .
(b) 2.0 - - - - : : :
18 NLO/LO —— NNLONLO —— |
16 F i
14| J
s w
1.0 F
0.8 L . . . . .
-4 3 2 -1 0 1 2 3 4
yZ
} doMINLO ()
K =

significant reduction of scale uncertainty

T doeMLO(y = My)



© Inclusive Z-boson production at large pr



Inclusive pr spectrum of the Z boson (% > 0 Gev)

e
p o B PP = Z/7 +X — LT+ X
3 Z/y A
5 ' » large cross section
p E(i \\ ) » clean leptonic signature

recoil recoil ~ sensitivity to as, gluon PDF,...

_— lg—rrr — —
E 1015 ATLAS ﬁ:ﬂev;ILdz:mfb
e —.-
NFOE. T T
1% 102 ""' . . e
3 \. » fully inclusive w.r.t. QCD radiation
z 73— —_ —
% 1076 e 3 » only reconstruct ¢*, ¢
AT v - = .
07 b - g — clean & precise measurement
10.5; = FEWZ (u=M,) (PDF + scale unc.) - K . .
£ HIFEWZ (1M, (PDF unc.) s » potential to constrain gluon PDFs
6 W DYNNLO (k=E?) 3
10% A DYNNLO (ﬁ:si)wmgw . < NNLO needed [Malik, Watt "14]
10’77 M| | =
1 10 10?

p7 [Gev]



Inclusive p% at fixed order

PRRR ; : -
o = = Data uncertainty -
e 1 ai Bf  (aJFEWZ (4=M,) (PDF + scale unc) ]
= “r FEWZ (1=M_) (PDF unc.) 1 Z .
:‘ri F -DVNNLO(M:E? ] > low py 5,10 GeV.’
E 1.2 G A DYNNLO (u=E) + NLOEW | resummation FEQUIFEd
o r
£ 3 > ph>20GeV:
- Ele fixed-order prediction
1 = 8 ~ 10% below data!
F - o
- - Q .
0.9F ATLAS % 3 E > hlgh p"Z[‘ 2 500 GeV:
L7 tev: [La-are’ s O EW corrections ~ —5 - 10%
0.8- el el L J =
1 10 102



Inclusive p% at fixed order

14 FEWZ

% F ' E Data unoeualmy‘ 1 DYNNLO } Z + OJEt @ NNLO
a | Bi B [(+/FEWZ (n=M,) (PDF + scale unc.) E
S “r EWZ (=M,) (PDF unc.) .
B F = DYNNLO (n=E7)
g 1.2 = ADVNNLO(u=E$J+NLOEW T
a r — Z 1ph £ 0
1.1:_ § i pT #
E 1 3 >0
1 = 8 <&
: 8 N
0.9 ATLAS N 4 = /
E e J' B P 1. P
[ Vs=7Tev: [ Ldt-47M . 1 =
og———— el — ] — Only NLO accurate
1 10 10°

oZ [GeV] in this distribution!
2



Inclusive p% at fixed order

Prediction / Data

1.4 FEWZ .
F ' B Data unoeualmy‘ DYNNLO Z + O_]Et @ NNLO
1 Bi B (=)FEWZ (u=M,) (PDF + scale unc.)
F [#]FEWZ (n=M,) (PDF unc.)
r L] DVNNLQ(M=E§J
1.2 o DVNNLO(u=E$J+NLO EW , T
F 7
F — 4 11 £ 0
11+ g [
E = ":_; >®
1E =S <~
F — 3 o &CP
C — Q
- - <
0.9 ATLAS N 4 = J
r 1.‘s:7TeV;_[Ld1:4.7fb" o R £ E
0.8————wul o 47 < Only NLO accurate
1 10 10° in this distribution!
pi [GeV] In this distribution!

p”Zf > p”Zf,cut =20 GeV

> requires hadronic recoil
~ Z+ > 1ljet @ NNLO



Inclusive p% spectrum: Setup

Calculational setup

» LHC @ 8 TeV

» PDF: NNPDF3.0 a.(Mz)=0.118

» jetewts <+— fully inclusive w.r.t. QCD radiation
p% > 20 GeV

v

» scale choice (dynamical)
pr = pr = \/mj, +p% 5 % [3,1,2]
ATLAS setup [arXiv:1512.02192] CMS setup [arXiv:1504.03511]
> pi >20GeV, |y | < 24 > p > 25GeV, [y <21
> 66 GeV < my < 116 GeV > P >10GeV, [y?| < 24
+ binning in y* > 81 GeV < mye < 101 GeV

> |y%| < 2.4 + binning in me + binning in y*



Inclusive pr spectrum of Z/~*

do / dpf [pb/GeV]

10’

NNLOJET pp— Z+=0jet Vs=8TeV

NNLO —— ]
NLO ——
LO — |

NNPDF 3.0
p§>20GeV Iyl <24
L 66 GeV <my <116 GeV

50 100 500
pf [GeV]

» NLO corrections ~ 40 - 60%

» significant reduction of scale
uncertainties NLO — NNLO

» NNLO corrections:
relatively flat ~ 5 - 10%

Can this resolve the
discrepancy in
theory vs. data?!



Inclusive pr spectrum of Z/~*

10! NNLOJET pp = Z+20jet V5=8TeV
100 b ATLAS Data —o— | » NNLO corrections
ik NS ] < goes into right direction
>
[]
[O] .
g w0*F » still undershoots data by ~ 5%
& 100)
5 el » Note: data does not include the
Mos0oey i<zs +2.8% luminosity error!
105 | 66 GeV <m; < 116 GeV . . . .
< use normalised distributions
1 do
o dpZ
S
z
L
2
&

50 100 500
pf [GeV]



Inclusive pr spectrum of Z/

NNLOJET pp—Z+=20jet

107

Vs=8TeV

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

NNPDF 3.0
p§>20GeV Iyl <24
66 GeV <m; < 116 GeV

ATLAS Data +—— |

NNLO ——

NLO —— ]

10»8 L L

Ratio to NLO

50 100
pf [GeV]

500

o Ratio to NNLO

 do
dp

SHE
SN

» uncorrelated scale variation
+» numerator & denominator

» significant improvement
in Data vs. Theory

NNLOJET . ; ATLAS V6=8TeV

NNPDF 3.0 Pp—=Z+20jet 0<lyfi<24
1.20

NNLO ——

1.15 Data
1.10 I ]
1.05 +
1.00
0.95
0.90

20 40 60 80 100 120 140
my [GeV]



Double-differential:

NNLOJET PP~ Z+=0jet (pf>20GeV) ATLAS +5=8TeV
NNPDF 3.0 NLO —— NNLO —— Data +——e— 66 GeV <my < 116 GeV

102
102
10

10° 2 , 10°
0<ly“l<0.4 12<lyl<1.6

= 10°F ‘ ‘ ‘ 7 s ‘ 3100
3 T T T T T T
S 102 102
=
~ 10 108
N
g 104 104
<
3 10° 10°
P 0.4<Ily?<0.8 1.6<ly? <20
2 10tk , , | , , | 4 10°®
= T T T T T T

102 102

108
10
10°

08<lyfl<1.2 20<lyll<24
E L L

. ! 5 10
50 100 500 50 100 500
pf (GeV] pf [GeV]

> 66 GeV < my < 116 GeV
» 6binsiny”: [0, 0.4] [0.4,0.8] [0.8, 1.2] [1.2, 1.6] [1.6, 2] [2, 2.4]



Double-differential:

NNLOJET PP~ Z+=0jet (pf>20GeV) ATLAS +v6=8TeV
NNPDF 3.0 NLO —— NNLO ——  Data —— 66 GeV < my < 116 GeV

12

S 1.2<ly? <16
z \
° T T T
]
° 1.2
1
& 11
N 1.0
°
® 04<ly% <08 1.6<ly4 <20 0.9
° ! ! ! !
5 T T T T T T
s 12 1.2
1.1 1.1
1.0 1.0
09 | 08<lyi<1.2 20<lyfl <24 0.9
. . . . . .
50 100 500 50 100 500
pf [GeV] pf [GeV]

» NLO prediction systematically undershoots data, NNLO corrections ~ 5-10%
> improvement in theory vs. data comparison %hfill(+5-10% NNLO corrections)
» reduction of scale uncertainties



The ¢; distribution

¢, = tan (%) -sin(6;,)

> Gacop = T — A¢, cos(0;) = Lanh[(}]/ — )]/ )/2]
» only depends on ¢* directions (not energies) ~ better exp. resolution

» similarly to p%:  ¢; > ¢p e >0 = Z+jets



Double-differential: do/d¢* binned in y*

PRELIMINARY PP Z+z0jet (¢'>002) ATLAS Vs=8TeV
NLO —— NNLO ——  Data —+— 66 GeV <my < 116 GeV

NNPDF 3.0

12<ly? <16
.

10"
102
10

(1/0) do/ d”

1.6<ly? <20

et R

10!
100
107
102
10°
104

08<lyfl<1.2
. .

20<lyll<24

002 0.05 0.1

0.

2 0.5 1 2 5 1002 0.05 0.1 0.2 05 1 2 5

> 66 GeV < mygy < 116 GeV

> 6 binsin y?:

[0, 0.4] [0.4, 0.8] [0.8, 1.2] [1.2, 1.6] [1.6, 2] [2, 2.4]

10%
10’

107
102
10°
19
10'

100
101
102
10
1¢¢
10’

100

102
10°
10
10



Double-differential:

PRELIMINARY Pp—Z+z0jet ($'>002) ATLAS Vs=8TeV
NNPDF 3.0 NLO —— NNLO ——  Data —— 66 GeV <my < 116 GoV

1.2
1.0
0.8
0.6
104
0.2

0<ly?l <04
.

1.2
1.0
0.8
0.6
104
0.2

1.2
1.0
0.8
0.6
104

Ratio to NLO

(1/0) do/ do’

08<lyfl<1.2 20<lyll<24
. . . . | . . . . . \ L..d02

L L
002 005 0.1 02 0.5 1 2 5 1002 0.05 0.1 0.2 05 1 2 5 10

> high ¢7: NNLO corrections ~ 10%, low ¢;: significant shape distortion
» improvement in theory vs. data comparison & reduction of scale uncertainties
» extends validity of fixed-order predictions before resummation takes over



Summary & Outlook

Summary

» we have computed NNLO corrections to Z + jet production

— reduction of scale uncertainties (~ 1%)
» results implemented in a flexible parton-level event generator NNLOJET
» we have used our Z + jet calculation to predict to NNLO accuracy

m the inclusive p% spectrum for p% > p% .
m the ¢y distribution for ¢3 > ¢ ..

— improvement in the theory vs. data comparison

Outlook
» development on NNLOJET

— interface to APPLgrid & fastNLO, performance, more processes, ...
» different PDF sets ~~ potential to constrain PDFs?
» complete W + jet (subtraction terms almost identical to Z + jet)



Summary & Outlook

Summary
» we have computed NNLO corrections to Z + jet production
— reduction of scale uncertainties (~ 1%)

» results implemented in a flexible parton-level event generator NNLOJET
» we have used our Z + jet calculation to predict to NNLO accuracy

m the inclusive p% spectrum for p% > p% .

m the ¢y distribution for ¢3 > ¢ ..

— improvement in the theory vs. data comparison

Outlook
» development on NNLOJET

— interface to APPLgrid & fastNLO, performance, more processes, ...
» different PDF sets ~~ potential to constrain PDFs?
» complete W + jet (subtraction terms almost identical to Z + jet)

Thank you
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Distributions: lepton ¢

, NNLOJET pPp—Z+21jet Vs=8TeV NNLOJET pPp=Z+=1jet Vs=8TeV
() 10 T . : : : (a) 30 : :
NNLO —— L NNLO ——
NLO —— 25 NLO ——
Lo — Lo —
5 10° 1 _ 20f 1
g 2
5 = L |
£ 5 15
8 3
8 102 PF'>30GeV Iyt <3 10 | Pt>30GeV Iyl <3 1
anti-ky (R=0.5) anti-kr (R=0.5)
NNPDF 2.3 NNPDF 2.3
MR = HF = (2,1,2)- Mz 5 MR = e = (%,1,2) Mz
101 1 1 1 1 1 1 1 0
(b) 2.0 . . . . . . : (b) 2.0 . . . . .
181  NLOLO —— NNLONLO —— 1 1.8 NLOLO —— NNLO/NLO —— 4
16 J 1.6
14 _4_‘_,—'_\_\_]_,7 X 1.4
12+ 4 12
Wo—_—
1.0
08| 1 1 1 1 1 1 1 ] 08 L L L L L
0 20 40 60 80 100 120 140 160 -4 2 0 2 4
pk[GeV] n"

(lﬁ{!\‘;\ll.()(ﬂ)
- . . K —
» significant reduction of scale uncertainty doMLO (= My)



Double-differential:

NNLOJET
NNPDF 3.0

pp—Z+=z0jet (pf>20GeV) CMS ve=8TeV
NLO —— NNLO ——  Data —+— 81 GeV <my < 101 GeV

100 F 0<lyZ <04
L

12<ly? <16
.

100 F 04<lyZ<08
L

16<ly? <2
.

(1/0inc) do/ dpf  [1/GeV]
3
3

100 F 08<lyli<12
L

pf [GeV]

50

100 500 1000
pf [GeV]

» 81 GeV < myge < 101 GeV  (narrower mass window than ATLAS)

» 5binsin y*:

[0, 0.4] [0.4, 0.8] [0.8, 1.2] [1.2, 1.6] [1.6, 2]

L L
50 100 500 1000

10°
10

107



Z

Double-differential: do/dp% binned in y

NNLOJET PP Z+z0jet (pf>20GeV) CMS V5=8TeV
NNPDF 3.0 NLO —— NNLO ——  Data —— 81 GeV <my <101 GeV

12

11 F

o
3 09 0<ly?l<0.4 1.2<ly?l <16
e : : : : : :
Q8 12 1.2
&

1.1 1.4
Y
g 10 1.0
<
8 09} 04<ih<o08 16<lyll<2 0.9
= . . . .

2 T T T

& 12 50 100 500 1000
=2 pf [GeV]

08<lyfl<1.2
.

s ‘
50 100 500 1000
pf [GeV]

» NLO prediction systematically undershoots data, NNLO corrections ~ 5-10%
» improvement in theory vs. data comparison
» reduction of scale uncertainties



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

NNLOJET PP~ Z+=0jet (pf>20GeV) ATLAS +5=8TeV
NNPDF 3.0 NLO —— NNLO —— Data +——e— 0<|Vz|<2.4

-4
10 108
105 [ 12 GeV < my < 20 GeV 46 GeV <m); <66 GeV 106
= i : : : : : .
S 402 10"
g1 103
-4
N 109 10
5 10
E 10 10':
B 105 [ 20GeV<m<30GeV 66 GeV <my < 116 GeV 10°
2 107, . . . . . 108

10°

[ 30GeV<m;<46GeV 116 GeV < my < 150 GeV
. . . .

50 100 500 50 100 500
pf [GeV] p? [GeV]

> 0< |y’ <24
» 6 bins in mg [GeV]: [12, 20] [20, 30] [30, 46] [46, 66] [66, 116] [116, 150]



Double-differential:

NNLOJET PP Z+z0jet (pf>20GeV) ATLAS v5=8TeV
NNPDF 3.0 NLO —— NNLO ——  Data —=— 0<ly?l <24
13 [ ' ' ' ' ' 1.3
12 1.2
1.1 h
1.0 .
09 0
o 08 0.9
12 GeV < my < 20 GeV 46 GeV <m); <66 GeV
3 07L, ) ! ; 08
2 13f’ ' ' ‘ ‘ ‘ 13
o
2 12 1.2
g 11
e 1.1
o 1.0
"§ 09 .
< 08 09
5 o7 20 GeV < my <30 GeV 66 GeV <my <116 GeV 08
T J ! 1 -
T ial : : == :
K
=

o7 | s0GeV<m<5Gey 116 GeV < my < 150 GeV.
7L ‘ ‘ ‘ ‘
50 100 500 50 100 WNEQIET  pp-zesojer  ATUS feigTey

pf [GeV] of G T T T T T T
NNLO (Drell-Yan) ——
NNLO (Z + jet) ——

—

» improvement in theory vs. data comparison
» reduction of scale uncertainties
» three low-mass bins: p% > 45 GeV

o Ratio to NNLO (Drell

20 40 60 80 100 120 140
my [GeV]

-

J




Double-differential:

NNLOJET
NNPDF 3.0

(°f
NLO —— NNLO ——

pp—Z+=20jet

>20 GeV)

Data ——

ATLAS +vs=8TeV

12 GeV < my < 20 GeV
. 1

46 GeV <m); <66 GeV
. .

O<lyfl<24
:

13
1.2
1.1

1.0
0.9
0.8

20 GeV < m) <30 GeV
. .

66 GeV <my <116 GeV
. .

1.3
1.2
1.1
1.0
0.9
0.8

(1/6) do/dp#  Ratio to NLO

30 GeV < m < 46 GeV 116 GeV < my < 150 GeV
0.7, . . . . . 08
50 100 500 50 100 500
pf [GeV] pf [GeV]

» improvement in theory vs. data comparison
» reduction of scale uncertainties
» three low-mass bins: use Z + jet @ NNLO



The fiducial Drell-Yan cross section

-8% -6% -4% -2% 0% 2%
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[talk by Gavin Salam, LHCP 2016]



PDF constraints from pZ

2Z° (- I'T) + jet at the LHC with Vs = 8 TeV'
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» repeat study at NNLO using newest generation of PDF sets
» work in progress: interface to APPLgrid, fastNLO
» tag flavour: Z + b(b) <> constrain b-quark PDFs



Z+jet: Channel breakdown

Variety of partonic channels contribute to Z+jet production
— what are the most important sub-processes?
< channel breakdown @ NLO (default cuts & scale choice)
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Antenna subtraction @ NLO

[J. Currie , EW.N. Glover, S. Wells "13]




Antenna subtraction @ NNLO

[J. Currie , EW.N. Glover, S. Wells "13]
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