Z+jet @ NNLO

Alexander Huss

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

OCDELAC

2026 AUGUST

INTERNATIONAL CONFERENCE ZURIGH

Zurich, August 23" 2016

Eidgendssische Technische Hochschule Ziirich M E @ N N I_ D

Swiss Federal Institute of Technology Zurich



Motivation — Why Z + jet production?

pp — Z/y" +jet — 00T +jet+ X

» large cross section
» clean leptonic signature
+jet ~ sensitivity to as, gluon PDF

CMS  Prelminary
18.6 16 (8 TeV)

» precision measurements
— test pQCD
< constrain PDFs (gluon)

pODarme

32147 (0
MagGraph 24 24| TLO

Sherpa 41,2 @HLO.5 510

» detector calibration
— jet energy scale

of GldP, (j1) dy(j1) [po/GeV]

» searches for BSM physics

high-precision predictions
mandatory!

[CMSPAS SMP-14-009]
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Motivation — Why Z + jet production?

v vy

pp — Z/y" +jet — 00T +jet+ X

» large cross section
» clean leptonic signature
+jet ~ sensitivity to as, gluon PDF

NLO QCD ... .. [Giele, Glover, Kosower '93]
NLOEW ................ [Kiihn, Kulesza, Pozzorini, Schulze '05] [Denner, Dittmaier, Kasprzik, Miick '11]
NLO QCD+EW (+multijet merging) ........ [Kallweit, Lindert, Maierhofer, Pozzorini, Schénherr 15]
NNLO QCD ...ttt e et e et
< Antenna subtraction (this talk) [Gehrmann-De Ridder, Gehrmann, Glover, AH, Morgan 15, '16]
— N-jettiness ........................ [Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello.15]

[Boughezal, Liu, Petriello.16]

~~ validation (v/) & opportunity for benchmarks
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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

Common code base for NNLO corrections using Antenna Subtraction
» pp =V = 2% 40,1 jets
» pp—H +0,1,2jets
» pp — dijets (talk by ). Currie)
> ep — 1, 2 jets

>
» Fully differential parton-level event generator
» Work in progress: “appl(e)tise” the code (interface to APPLgrid, fastNLO)

(talk by M. Sutton)



© Numerical results for Z + jet production @ NNLO
® Inclusive Z-boson production at large pr

© The ¢; observable (preliminary)



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
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» NLO corrections > 40%
» NNLO corrections < 5%
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» significant reduction of scale uncertainty
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Distributions: Z-boson

(a) 10*
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do/dpf [fb/GeV]
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NNLOJET

pp—Z+=1jet
T T

Vs=8TeV
:
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20

» NNLO corrections not flat!
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120 140 160

— global K-factors not sufficient
» significant reduction of scale uncertainty
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® Inclusive Z-boson production at large pr



Motivation — Towards precision phenomenology

-

PP = Z/7 4+ X — 04T+ X
pr#0

fe-eeey

» large cross section

» clean leptonic signature

7 recoll recoil ~ sensitivity to as, gluon PDF

A T T — Ty
r ATLAS Vs=8 TeV, 20.3 fb™ .
[ pp-channel

[ 66 GeV <m, <116 GeV, ly | < 2.4

Experimental talks:
(ATLAS: S. Camarda) (CMS: X. Niu) (LHCb: A. Grecu)

T

------- Data statistics
Detector

—— Background

—— Model

------- Total systematic

=
o

» fully inclusive w.r.t. QCD radiation
» only reconstruct £7, ¢~
< clean & precise measurement

Uncertainty on 1/ do/dp” [%]

[Eur. Phys. ). C 76 (2016) no.5, 291]

1% ] ~ sub-% accuracy!
_______ ] » potential to constrain gluon PDFs
10_1fﬁ anlly L < uncertainties: PDF~ 5% NLO~ 10%
1 ~~ NNLO needed! [Malik, Watt "14]



Inclusive p% at fixed order

— lg— 7 — ———g
Z E E
3 - ATLAS E—7TeV,ILdt—4.7fb
’\ZF . o o "‘.'.'.h.‘ .
2 E » lowpT <10 GeV:
3 .\. ] resummation required
2 ]
3 . B > pt220GeV:
4 Data - 3 fixed-order prediction
o -
10°E o FEWZ(i=M,) (PDF+ scale unc.) - 8 ~ 10% below data!
E BErewz (1=M,) (PDF unc.) 2 . ”
[ = DYNNLO (u=E2) E » high p7 2 500 GeV:
4 DYNNLO (4=Ep) + NLO EW —T g EW corrections ~ —5 - 10%
10'7 L L | n ol =
1 10 10°



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 = /
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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
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
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1.1

1.0
0.9
0.8

20 GeV < m) <30 GeV
. .

66 GeV <my <116 GeV
. .

1.3
1.2
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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 ¢; observable (preliminary)



Motivation — A precision probe in the low-p% regime

P,z ar
PP = Z/7+X — 44T+ X
P16 Agp JZews
Pacop .
- = 1 » large cross section
t aL

» clean leptonic signature

Recoil recoil ~- sensitivity to «as, gluon PDF

F ATlAS | fs=8TeV, 203100
[ 66GeV <m <116 GeV, ly| <2.4
10 pp-channel

E — Detector — Background

* Qac .
¢, = tan (%) -sin(65,)

[ —Model - Data statistics

£ -+ Total systematic

P> bacop =T — Ag, (:().\'(H{]) = ‘r;mh[(:;ki — 7]1'7)/2j
» only depends on ¢* directions (not energies)
~+ better experimental resolution

Uncertainty on 1/c do/dg* [%)]

[Eur. Phys. ). C 76 (2016) no.5, 291]

| %

> similarly to p%: ¢ > b} > 0

| S B T BT o
10° 102 10" 1 10 = 7+ 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
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.
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> 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]
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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 . . . . .
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12+ 4 12
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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 PP~ Z+=0jet (pf>20GeV) ATLAS +5=8TeV
NNPDF 3.0 NLO —— NNLO —— Data +——e— 66 GeV <my < 116 GeV

102
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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°
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2 10tk , , | , , | 4 10°®
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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

2 A

5 i i i

H 1.2

& 11

N 1.0

-l

® 04<ly% <08 1.6<ly4 <20 0.9

° ! ! ! !

G T T T T T T

= 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]
» improvement in theory vs. data comparison (4+5-10% NNLO corrections)

» reduction of scale uncertainties



The fiducial Drell-Yan cross section

-8% -6% -4% -2% 0% 2%

I_ ATII_AS syst.I § TeV pp; ATLAS data

. DYNNLO v1.5 theory
ATLAS lumi : scale err. from 1605.04295
—+— NNLO scale Injl <2.4, py > 20GeV, 66 < my < 116 GeV
, B £0.45% syst. S2;)
PDF4LHC15 H— : &
CT14 H— :

: & +2.8% lumi
MMHT2014 L

NNPDF30 = w—

1 1 1 L | il
490 500 510 520 530 540 550
o [pb]

[talk by Gavin Salam, LHCP 2016]



PDF constraints from pZ

2Z° (- I'T) + jet at the LHC with Vs = 8 TeV'

@ 115 .
é : ' ‘ e 1 > P% 2 Mz ~ fixed-order reliable
o "' e e | ] > left: only PDF uncertainties!
E 105 - - ABM1Y B (NLO scale uncertainty: ~ 10%)
3 1 » potential to constrain gluon PDFs
(=) .
= P = NNLO calculation needed!
@ o5 =

0.9 é

MCFM &t NLO with 1 = u_ = \[WFap? 1
0.85 e J

T S ST TR N ST T S NS T ST
50 100 150 200 250 300 [Malik, Watt "14]
Boson P, (GeV)

» 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)

120

. 110 - ul 'ag — by — qab — qg —abab — ' gg — |
Total cross section 100
90 - J
initial state  contribution 80 | i
70 - J
ag 56% £ 60 ﬁ
qq 23% £ soF ]
ag 23% s ol ]
g2g 73% 20 | 4
qq 1% 10 ]
qq 0.1% 0 =
20 s i ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 120 140 160

p7 [GeV]



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)
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