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L HC performance

coming to end of run |l phase
[2015-2018] with pp collisions at 1/s=13
TeV

2018: 1.3x increase factor in peak
34 -2 -1
luminosity averaging ~2.010 cm s

Luminosity targets for 2018 being met
by all the collaborations — 10/10/2018

. ATLAS: 59.73 fb ' : ALICE: 0.025 fb '
« CMS: 61.43 fb " ; LHCb: 2.25 fb~

full run Il exceeded 150 fb™ of integrated
luminosity per experiment

approaching Heavy lon run in November/
2018 before long shutdown 2

expect to resume pp collisions in 2021 to
begin LHC run Il at \/s=14 TeV
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Outline

Jet production at L HC: motivation and phenomenological
relevance of the final state

Calculation of the NNLO QCD correction

The NNLOJET parton-level event generator

Numerical results for inclusive jet production at the LHC
Comparison with ATLAS/CMS jet data

Outlook and conclusions



Jet production at the LHC

* look at production of jets of hadrons with large transverse energy

o for sufficiently high transverse momentum pr > 20 GeV high rates and clean and simple

Cross section definition

do o 1 Njets
dprdy L AprAy

Phenomenology of jet production at the LHC:

» test perturbative QCD

* wide kinematical range in jet pT and
rapidity covers 7 orders of magnitude
IN Cross section

L=
o
<L ®

—r
o
&)

d“o/dp_ dy [pb/GeV]
S

—r —h
S 9
(o] w

I 1 llllll]

1 | 1

anti-k, R=0.4 ATLAS

Vs=13TeV, 81nb"'-3.21b"

lyl < 0.5 (x 10%

0.5 <lyl<1.0(x 107)
1.0 s lyl <1.5 (x 10%)
1.5 < Iyl <2.0 (x 107)
2.0 slyl<2.5(x 1079
2.5 <yl <3.0 (x10™")

ll ll ll ll ll ll II ll lll

—
=
—

107° I

Ay A _—

AN Ay ]

A A a =

1 0‘1 5 Systematic AAA A‘A‘ e

uncertainties AAA ‘A =

-18 AA ]

10 NLOJET++ (CT14 PDF) x AA —]

Non-pert. corr. x EW corr. A —

21 —]

1 O 1 ] L Lo ] ] L
10 10°

p_[GeV]

Single jet inclusive: (pp—jet+X)
ATLAS@13 TeV (arXiv:1711.02962)



Jet production at the LHC

look at production of jets of hadrons with large transverse energy

for sufficiently high transverse momentum pr > 20 GeV high rates and clean and simple
Cross section definition

CMS NLO HERAPDF Method (Hessian)
do 1 N jets 150 - .
dordu — L Ao C HERA I+IDIS  @'=100000 GeV
pray P&y X I HERA I+ll DIS + CMS jets 8 TeV
9400
Phenomenology of jet production at the LHC: o i

* test perturbative QCD 50 |

* wide kinematical range in jet pT and
rapidity covers 7 orders of magnitude

in cross section ‘qt; 04 "
g 0.2 -
* determine structure of the proton =+PDFs : 0 =
(sensitivity to the gluon medium to high-x) S-0.2 -
@ -
m.0.4:-— 1 llllllll 1 Illlllll 1 llllllll 1 L1 1Ll
10~ 10 10 10"

Gluon PDF fractional uncertainty with LHC
jet data included CMS (arXiv:1609.5331)



Jet production at the LHC

* look at production of jets of hadrons with large transverse energy

o for sufficiently high transverse momentum pr > 20 GeV high rates and clean and simple
Cross section definition

— A g Vet —— CMS Incl.Jet, Is = 8TeV, a (M) = 0.1164"""
dprdy L AprAy N e CMSInclJet, (5=8TeV o
0.22— —=— CMSR,,, {s="7TeV
- B CMS Incl.Jet, Vs = 7TeV
Phenomenology of jet production at the LHC: 0.2 —v— CMStt, {s=7TeV
- CMS 3-Jet Mass , Vs =7TeV
. 0.18— —o— DO Incl.Jet
* test perturbative QCD - DO Angular Correlation
[ H1
0.16- EUs
B ——
* wide kinematical range in jet pT and 014 ~ - = World Avg ag(M) =0.1185 = 0.0006
rapidity covers 7 orders of magnitude C
in cross section 0.12
, 0.1—
e determine structure of the proton =PDFs -
(sensitivity to the gluon medium to high-x) 0.08—
: | I | | | | | L1 1 1 | | | | | L1 1 1 | |
« determine agand running of as from a 67810 20 30 40 100~ 200 300 100% (Gi(\)/o)o

single experiment

Qs running in the TeV range
from LHC jet data



Jet production at the LHC

* look at production of jets of hadrons with large transverse energy

o for sufficiently high transverse momentum pr > 20 GeV high rates and clean and simple
Cross section definition

= :
o ATLAS 5
~ 10 \s=13 TeV, 37.0 b~ 3
do 1 Njets "% 10° e Data =
- — — 5 Background fit N
> = =
d d E A A L - BumpHunter interval 3
pray pray 10° | .o-- g*,m _=40TeV o
” = e gt m:,=5.0Tev =
Phenomenology of jet production at the LHC: .F Ry, =
107 e N =
. 107 .-
» test perturbative QCD E =
10 g* ox10 N -
~ p-value = 0.63 -
« wide kinematical range in jet pT and e Dflza{;%e: 11-82Te llhl E
rapidity covers 7 orders of magnitude 8101 IR EFEIEET FUTTTTETT IIY 1 VLRI 0IT1| M A
in cross section g 2
3 I
@ o
* determine structure of the proton =+PDFs gkog ,. nm!‘lﬁ
(sensitivity to the gluon medium to high-x) 2 o5 J”'lﬁ

2 3 4 5 6 7 8 9
* determine agand running of ag from a m; [TeV]
single experiment

High mass BSM resonance decaying to jets
* search for BSM physics in resonances search by ATLAS@13 TeV (arXiv:1703.09127)



Jet production at the LHC

look at production of jets of hadrons with large transverse energy

for sufficiently high transverse momentum pr > 20 GeV high rates and clean and simple

Cross section definition

do o 1 Njets
dprdy L AprAy

Phenomenology of jet production at the LHC:

» test perturbative QCD

* wide kinematical range in jet pT and
rapidity covers 7 orders of magnitude
in cross section

e determine structure of the proton =PDFs
(sensitivity to the gluon medium to high-x)

* determine agand running of agfrom a
single experiment

* Jet substructure and quark/gluon jet
identification

20

ATL-PHYS-PUB-2017-009

o
ATLAS Q 1-0_1 71 T T T T ] 7 l.i
- s =8TeV g | ATLAS Simulation Preliminary ,-‘vf-
- Vs =13 TeV i
& 0.8(Anti-k, EM+JES R=0.4 s
kZ CInl<2.1 i
E 0.6/—Quark Jet Tagging: Nyaex <X ,_" _]
- - . 50<pr <100 GeV &
S [ - -~ 400<pr <500 GeV S
3 04— - 1200<pr <1500 GeV I
® Quark Jets (Data) O ‘
¢ Gluon Jets (Data) iy 0.2 -
O Quark Jets (Pythia 8 AU2) L
O Gluon Jets (P;/thia 8 AU2) | - = e
— Quark Jets N°LO pQCD 0 R e T
. —Gluon Jets N'LO pQCD 002" 04 06 08 1.0
500 1000 1500 Quark Jet Efficiency
Jet P, [GeV]

Improved gluon rejection at higher pr

Squarks decay to ligh-quark jets while SM
backgroung is dominated by gluon initiated jets

Average charged-particle multiplicity as g/g
jet tagger ATLAS@8 TeV (arXiv:1602.00988)



Theoretical framework

* |Improved parton model formula
o(Pr,Pp) = Z/dmld$2fi($laU%)fj(x%U%)a-ij(pl?vaO‘S(/ﬁ)vS/U27S//L%)
0]
To apply:
* require large momentum transfer

e scale of the reaction Q2 »Anagronic

j /

Hard Scattering

* running coupling as(Q?) decreases at
\ high-scales

e compute partonic cross section gjin
perturbation theory from first principles
— QCD Lagrangian

e quarks and gluons behave as free
particles in the collision




Theoretical framework

After hard scattering respect quark confinment:

* Individual quarks cannot be observed directly

JUOUOOUULV

q

q

force between quarks increases as they are
separated

| - soft and collinear radiation produces new
qQq pairs

higher order corrections and parton shower
matched to ME calculation simulate QCD
radiation from the scattering scale Q?to the
hadronization scale Anadronic

Il - hadronization of quarks and gluons to
form collimated bound states of baryons
and mesons — final state jet

* properties of the final state jet follow closely the properties of the parton that

initiated it local parton-hadron duality



Jet algorithms

Jet algorithms standardise the definition of jets and reduce the complexity of the
final state to simpler calculable objects

* find the smallest distance measure d; between two particles and combine
them if d;; smaller than the jet resolution size R

AR?

7 AR = (yi — y;)" + (¢ — ¢5)°

dij = min(pff,pfp)
dz'B — p?zpa

« CMS and ATLAS have settled on anti-ktjets (p=-1)

jn—l—l(plv R 7p27pj) .:

;i —0

jn—l—l(pla D 7pn7pi) p: jn(pla I 7p’n,)

e Infrared-safe jet definition — allows inclusion of higher order perturbative
corrections to the inclusive jet cross section



Inclusive jet cross section: theory status

Much progress in fixed-order calculations/resummed and parton-shower predictions

e NLO QCD [Ellis, Kunszt, Soper '92] [Giele, Glover, Kosower '94] [Nagy 02]

[Dittmaier, Huss, Speckner '13]

* N I—O EW [Frederix, Frixione, Hirschi, Pagani, Shao, Zaro ’17]
« NLO QCD + PS (POWHEG) [Alioli, Hamitton, Nason, Oleari, Re '11]
NLO QCD + PS (MC@N |_O) [Hoeche, Schonherr '12]

« NLO QCD + Resummation (threshold+jet radius)

[Dasgupta, Dreyer, Salam, Soyez '14] [Liu, Moch, Ringer '17]

e NNLO QCD [Gehrmann-De Ridder, Gehrmann, Glover, JP *13]  [Currie, Glover, JP '16]
[Currie, Gehrmann-De Ridder, Gehrmann, Glover, Huss, JP '17]



Jet observables: uncertainties

Experimental uncertainties:

e observables measured differentially with percent level
uncertainties, dominated by systematics, jet energy

scale

[heoretical uncertainties:

* parametric dependence on PDF and ag

e perturbative uncertainty: truncation of the fixed order
calculation to NLO and NNLO

 NNLO prediction needed to improve our understanding

of inclusive jet data produced at the LHC

New results for jet production
at NNLO (this talk)

I 1 1 1 1 I 1 1 1 ]
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Tp B JetEnergyScale g 13Tev,81nb"-321b" 1
B Jet Energy Resolution . —
~ WM Other antl-kt R=0.4
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NNLO contributions

e Perturbative QCD expansion of the inclusive jet cross section at hadron colliders

2
do=Y" / [d&{;o + (;"—W) dohto + ( ;"—W) doiNEO 4 O(ai)] £ (21 )f, (x2) dx1 e

AL (3¢ — gggg)

tree-level 2—4 matrix elements [Berends, Giele ‘87] [Mangano, Parke, Xu ‘87]
[Britto, Cachazo, Feng 06]

* one-loop 2—3 matrix elements [Bern, Dixon, Kosower ‘93] [Kunszt, Signer, Trocsanyi '94]
[Anastasiou, Glover, Oleari, Tejeda-Yeomans ‘01] [Bern, De

* two-loop 2—2 matrix elements Freitas, Dixon ‘02]

NNLO DGLAP evolution [Moch, Vermaseren, Viogt ‘04]

« NNLO PDF’s [ABMP, CT, NNPDF, MMHT]



donno = déNnLo + déNnco + déNKio
d®, d®; d®;
dofNio = N d®a(ps,ps, ps, pe; P1, P2) [ Mg sgessl” I5 (3, s, P, Pe)
d&f,}f]w = N d®3(p3,ps,ps;p1,p2)

(0)* (1) (0) (1)* (3)
(Mgg—*gggMgg—*ggg + MggﬂgggMgg—*ggg) 2 (P3,P4,P5)
N d®:(ps, ps; p1, p2)

2)* 0 0 2)* 1) 2) 1@
(Mz(zg)—>ggM§g)—>gg + Mgl sge Mgl rgg + | Mg e ) I3 (ps, pa)

~VV
dé NNLO

~000QHPO000QQ0000000000™

|

0000000000

0000000000

~000000000000000000000
A (38 — 8888) A (gg — 883) AP (g8 — 88)
« explicit infrared poles from loop integrations

e implicit poles in phase space regions corresponding to single and double unresolved gluon emission

e procedure to extract the infrared singularities and assemble all the parts



NNLO antenna subtraction

Glover, JP [arXiv: 1003.02824] JHEP 1006 (2010) 096
Glover, De-Ridder, JP [arXiv: 1112.3613] JHEP 1202 (2012) 141
Glover, De-Ridder, Gehrmann, JP [arXiv: 1211.2710] JHEP 1302 (2013) 026

donnio = / (dU nnro — d ANNLO) doinio dénnio
dd, * mimic RR,RV in unresolved limits
T / (d ONNLO — dO NNLO) dénnio  deto
d®,
e analytically cancel the poles in
—|— (d ANNLO — d ANNLO) RV and VV matrix elements
d®,

e matrix elements: universal factorization properties in IR limits

 phase space factorization

d®.11(P1s - -+ s Pm+159) = AP (P1, - - -, P1, DK, - - - s Pm15 Q) - A9x, . (Pi, Pj» PR3 D1 + PK)



Current state of the art/ NNLO hadron-collider
calculations v. time

WI/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov

VBF total, Bolzoni, Maltoni, Moch, Zaro
H total, Ravindran, Smith, van Neerven

WH diff., Ferrera, Grazzini, Tramontano

y-y, Catani et al.

WH total, Brein, Djouadi, Harlander
H diff., Anastasiou, Melnikov, Petriello Hj (partial), Boughezal et al.
H diff., Anastasiou, Melnikov, Petriello ttbar total, Czakon, Fiedler, Mitov
W diff., Melnikov, Petriello -y, Grazzini, Kallweit, Rathlev, Torre
iff. Ini iell
WIZ L., Melnkov, Petrietio ji (partial), Currie, Gehrmann-De Ridder, Glover, Pires
H diff., Catani, Grazzini .
ZZ, Cascioliit et al.
O o W/Z diff / Catani et af.
0o og / ZH diff., Ferrera, Grazzini, Tramontano
Oo o) o WW , Gehrmann et al.
(o] 06
% ’

> ttbar diff., Czakon, Fiedler, Mitov

explosion of calculations
in past 18 months 4, Boperast o

VBF diff., Cacciari et al.
k - Zj, Gehrmann-De Ridder et al.
2002 2004 2006 2008 2010 2012 2014 2016 22, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze
Zj, Boughezal et al.

Z-y, W-y, Grazzini, Kallweit, Rathlev
Hj, Boughezal et al.
Wij, Boughezal, Focke, Liu, Petriello

WH diff., ZH diff., Campbell, Ellis, Williams
y-y. Campbell, Ellis, Li, Williams

P/Ol- by GQVIH Sa/am WW , Grazzini et al.

MCFM at NNLO, Boughezal et al.
piz. Gehrmann-De Ridder et al.

e summary on progress on NNLO calculations at LHC



Current state of the art/ NNLO hadron-collider
calculations v. time

WI/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov VBF total, Bolzoni, Maltoni, Moch, Zaro

H total, Ravindran, Smith, van Neerven WH diff., Ferrera, Grazzini, Tramontano

WH total, Brein, Djouadi, Harlander y-y, Catani et al.
H diff., Anastasiou, Melnikov, Petriello Hj (partial), Boughezal et al.
H diff., Anastasiou, Melnikov, Petriello ttbar total, Czakon, Fiedler, Mitov
W diff., Melnikov, Petriello Z-y, Grazzini, Kaliweit, Rathlev, Torre
WIZ L, Nelnkov, Petrielio ji (partial), Currie, Gehrmann-De Ridder, Glover, Pires
H diff., Catani, Grazzini .
ZZ, Cascioliitetal.
O o W/Z dift / Catani et af.
0o og / ZH diff., Ferrera, Grazzini, Tramontano
O o o o o WW , Gehrmann et al.
%o Q ttbar diff., Czakon, Fiedler, Mitov
@ o=

ex p los i.o n Of Ca lC u la t i 0 n s A H;Z;o ?g:ei.rzz;.m Kallweit, Rathlev
in past 18 months e

Wij, Boughezal, Focke, Liu, Petriello
Hj, Boughezal et al.
2002 2004 2006 2008 2010 2012 2014 2016 22, Grazzini, Kallweit, Rathev
Hj, Caola, Melnikov, Schulze
Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
y-y. Campbell, Ellis, Li, Williams

WZ, Grazzini, Kallweit, Rathlev, Wiesemann
WW , Grazzini et al.

Plot by Gavin Salam o a6, Sospezlsl

piz. Gehrmann-De Ridder et al.

» current frontier: 2->2 crucial benchmark processes known theoretically from first
principles at the few percent level



NNLOJET

NNLO fully differential parton-level generator*

« Based on antenna subtraction for the analytic cancellation of IR singularities at NNLO

Infrastructure Processes implemented at NNLO
« Process management * Z+(0,1) jet, W+(0,1) jet
» Phase space, histogram routines * H+(0.1) jet
o | . DIS-2jet
 Validation and testing
« VBF H+2jet

* Applgrid and FastNLO interface
IN progress

Inclusive jet production

* |In use by the experimental collaborations ATLAS and CMS

*X.Chen,J.Cruz-Martinez, J.Currie, R.Gauld, T.Gehrmann, A.Gehrmann-De Ridder E.\W.N.Glover,
M.Hoéfer, A.Huss, T.Morgan, |.Majer, J.Niehues, D.Walker, JP [arXiv: 1801.06415] and references
therein



NNLOJET parton level generator

[X.Chen,J.Cruz-Martinez, J.Currie, R.Gauld, T.Gehrmann, A.Gehrmann-De Ridder, E.W.N.Glover, M.Hofer,
A.Huss, T.Morgan, I.Majer, J.Niehues, D.Walker, JP [arXiv: 1801.06415] and references therein]

. NNLOJET pp—=Z+20jet Vs=8TeV

ATLAS Data —*— _
NNLO —— |
NLO —— |

(1/0) do / dpf [1/GeV]
>
I'S

NNPDF 3.0
pF>20GeV Ii<24
107 66 GeV < my < 116 GeV

Ratio to NLO

100
pf [GeV]

o Ex1: Z-boson pr at NNLO: improved agreement with data with significant reduction in
the scale uncertainty with respect to NLO



NNLOJET parton level generator

[X.Chen,J.Cruz-Martinez, J.Currie, R.Gauld, T.Gehrmann, A.Gehrmann-De Ridder, E.W.N.Glover, M.Hofer,
A.Huss, T.Morgan, I.Majer, J.Niehues, D.Walker, JP [arXiv: 1801.06415] and references therein]

.

10°

pp—=Z+20jet

J§:8T8V

NNLOJET

10-2 -
10° |
10-4 .

10-5 s

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

6|
10 NNPDF 3.0

107 |

pF>20Gev Iyl <24
66 GeV <my < 116 GeV
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|

ATLAS Data ~—e—
NNLO ——
NLO ——
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A |
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ratio to NLO
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NNLOJET

p¥'>30GeV, Ind <44
fﬂ' >0.35-m",§l> 0.25‘m
Nyl < 1.37 or 1.52 < Il < 2.37
anti-k; (R=0.4)

PDF4LHC15 (NLO and NNLO)
Ur=pr=(1/4,172,1)- (m+ph) 2

pp—=H+z1jet my=125GeVVs =13 TeV

ATLASData
NNLO EFTeM :
NLO EFTeM ——
LOM —— |

(S 2 S|

o

o Ex2: Leading jet py in association with a Higgs boson: ATLAS measurement agrees well
with the NNLO prediction in shape and normalisation



Higgs production at the LHC

- e T
o : (s=13TeV, 36.1fb" ota at.
Process 5 = 1p3 TV Order of calculation of o -0 y;s m = e e GV s so e
ggH 48.52 N°LO(QCD)+NLOEW) ‘“op [~ +—o—i by = 05 258 [205 ‘a1 oo ]
VBF 3.78 NNLO(QCD)+NLOEW) | , o w, = 07 0% [08 w02 02 ]
WH 1.37 NNLO(QCD#+NLOEW) _ 2 08 [+08 +03 +0s ]
93’ — ZH 0.76 NNLO(QCD)+NLO(EW)  V&F | O M T 7T s Lros o2 o
88 — ZH 0.12 NLO+NLL(QCD) ~ ‘“w|-  ret g =081 T01 (1050 105 "0
(iH 0.51 NLO(QCD)}+NLOEW) 4 . | wevio 1o =099 SO0 0 or]
TN ER w =147 SSB[192 o 2]
PO W NN T TN Y U N TN TN WA T N TN T WA AN TN Y UM YUY SN TN W N TN N U U NN NN A A A
0 1 2 3 4 5 6 7

. Signal strength
[ATLAS arXiv:1802.04146] Phys.Rev. D98 (2018) 052005

Ex3: Higgs cross section at the LHC, perturbative accuracy and ATLAS /s=13 TeV
measurement

e Dominated by the experimental statistical uncertainties, theory error under control at NNLO




Diboson ZZ production at the LHC

— LO
— NLO

oro [pb] | onro [pb] onNNLO [pb] & AllAs .

Our Result S -
MSWT2008 | 9.890749% | 14.508+30% 16.92+3:2% 0 N
845+52% | 14.100+29% Goraid T [ hebe

NNPDF3.0 | 9.845132% | 14.100129% 16.691 3% r -
ATLAS [7] 17.3 £ 0.6(stat.) £ 0.5(syst.) £ 0.6(lumi.) = -
CMS [8] | 17.24+0.5(stat.) & 0.7(syst.) & 0.4(theo.) & 0.4(lumi.) 10— -

G.Heinrich, S.Jahn, S.PJones, M.Kerner, JP |
[arXiv:1710.06294] JHEP 1803 (2018) 142 ! + %

—h
T

ratio to NNLO
o
fo's
T | T T
|

o
(o)}
T | T 1
I

Ex4: ZZ inclusive cross section at the LHC and ATLAS and CMS +/s=13 TeV measurement

13 Vs[GeV]
e clean signature from fully leptonic decay mode to electron/muon final states 0(5%) experimental erros

« large NNLO effects 6(20%) from opening of new channels at higher order gg at NLO and gg at NNLO

» climinate 30 tension between the measurement and NLO SM prediction

NNLO generators are becoming indispensable for data analysis at the LHC and crucial for the success
of the physics programme in the understanding of high energy particle physics at hadron colliders




Phenomenology of inclusive
jet production at the LHC



Jet phenomenology at the LHC

On-going pheno studies of jet production at the LHC

(CERN, ETH, Zurich, Durham, Lisbon) authors of NNLOJET

concentrate on two observables:
e inclusive dijet production and dijet mass
e single jet inclusive pl spectrum

mention scale choice for the theory prediction to assess perturbative
scale uncertainty of the result

present results and comparisons with LHC data

present an outlook for inclusive jets at the LHC and future directions



Dijet inclusive production \/s=7 TeV

J.Currie, T.Gehrmann, A.Gehrmann-De Ridder, E.W.N.Glover,
A.Huss, JP [arXiv: 1705.10271] Phys. Rev. Lett. 119, 152001
Theory setup (2017)

MMHT2014 nnlo

.+ anti-krjet algorithm Q%ATLAS 2-Jet Collision Event at 7 TeV
! R EXPERIMENT .

2010-03-30, 13:16 CEST

° pT‘|>1OO Ge\/; pT2>5O Ge\/;* Run 152166, Event 399473
* |yil, lyje| < 3.0
* Pr=pr={my, <pr>}

e vary scales by factors of 2
and 1/2

Com pari son to d ata i . http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html

« ATLAS7 TeV ; L=4.5fo

[ATLAS data, arXiv:1312.3524]
. R_04 JHEP 1405 (2014) 059

“measurement requires observation of a dijet system in the final state; asymmetric pr cuts increase phase space
available for real-gluon emission suppressing large logs in the QCD perturbative expansion of the observable



Dijet Inclusive production: scale choice

pp->2jets +X:
* Cross section measured differentially
2 2 . 1
mj; = (pj1 + Pj2) Y=

e compare behaviour of the scales (normalised to data)

p=(pr) =

(
1
p= M55 5 9

18k

(?le — yjz)

(pr1 + p12)

small |y*|:

* both scales give reasonable predictions

large |v*|:

* large negative NLO corrections, non-overlapping scale

bands and residual NLO, NNLO scale uncertainties of

~100%, ~20% with 4 = (pT)

+ stable prediction with [t — 771
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ATLAS dijet inclusive production /s=7 TeV
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Excellent convergence of the perturbative expansion; NNLO/NLO < 10% and flat

Improved description of the dijet data at NNLO with theoretical uncertainties below the

experimental error



Single jet inclusive production

J.Currie, EW.N.Glover, JP [arXiv: 1611.01460] Phys. Rev. Lett.118, 072002 (2017)
J.Currie, T.Gehrmann, A.Gehrmann-De Ridder, E.W.N.Glover, A.Huss, JP

[arXiv: 1807.03692] to appear in JHEP
Theory setup

e PDF4LHC15nnlo

CMS Experiment at LHC, CERN
Data recorded: Fri Oct § 12:29:33 2012 CEST  ,
Run/Event: 204541 / 52508234 3

anti-ky jet algorithm

R=0.4; R=0.7;

pr>114 GeV*

|yj| <4.7*"

theory uncertainty: vary renormalization pg
and factorization pg scales by factors

[1/2,2] around pre-defined central scale

Comparison to data | l|'|

* CMS+/s=13TeV : L=71 pb_1
[CMS, arXiv:1605.04436]
* R=0.4and R=0.y Eur.Phys.J. C76 (2016) no.8, 451

*single jet inclusive observable obtained by summing over all jets that are observed in the event



Scale choices Ur Y

* p7 — transverse momentum of the individual jets

o~ PT
* pr;— transverse momentum of the leading jet L~ D711
« H; = scalar sum of the transverse momenta of the reconstructed jets L~ HT
* H; — scalar sum of the transverse momenta of all partons L~ HT

* Ug Hr are arbitrary and unphysical parameters and are absent from the true result = a priori each scale

above is an equally valid scale choice
However, a suitable scale choice would
* minimize ratios of Q*/u? i.e, faster perturbative convergence and smaller scale uncertainties
« avoid scales that introduce pathological behaviours in the prediction, i.e, 0 < 0

e avoid scales that are discontinuous on the phase space of the observable, i.e, no kinks in k-factors

— recently derived NNLO predictions for inclusive jet production allow for the first time a robust study on

scale setting, making use of the knowledge of three orders in the perturbative expansion of the observable




Define scale choice criteria for single jet inclusive cross section

Studied the IR sensitivity of the different ingredients and introduced an extended set of criteria to help
identify the most appropriate scale choice for the perturbative description of single jet inclusive production

. (a) perturbative convergence: size of the J.Currie, T.Gehrmann, A.Gehrmann-De Ridder,

corrections to the inclusive cross section E.W.N.Glover, A.Huss, JP [arXiv: 1807.03692]
reduces at each successive order criterion
_ scale (a) (b) (c) (@)
* (b) scale uncertainty as theory
estimate: overlapping scale uncertainty pr,1 v v
bands between the last two orders, i.e., 2pr1 v v v
between NLO and NNLO pr v v v
2})1' v Ve v
* (c) perturbative convergence of the fie /2 p p
individual jet spectra: perturbative i , , ,
convergence of the corrections to the :
individual py, and p+, distributions (a) =07
 (d) stability of the second jet criterion
distribution: require the predictions and scale (a) (b) (c) ()
associated scale uncertainty to provide -
physical, positive cross sections |
2pra v v (v')
~ pr
Singled out Y4 = 2pT and u = Hr as scales that 2o , , , ,
satisfy all the criteria above for both cone sizes R=0.4 fro/2
B
and R=0.7 = M = PT,1 strongly disfavoured B , , , )
J.Currie, T.Gehrmann, A.Gehrmann-De Ridder, (b) =04

E.W.N.Glover, A.Huss, JP [arXiV_' 1807_03692] Table 2: Summary of scales vs. criteria for (a) R=0.7 and (b) R=0.4 cone sizes.



Ditterential single jet inclusive k-tfactors: CMS cuts and scale choices

NNLOJET VYs=13TeV, anti-k_jets, R=0.7, 0.0 <lyl <0.5 NNLOJET Ys=13TeV, anti-k_jets, R=0.7,0.0 <lyl <0.5
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* Excellent convergence of the perturbative expansion and overlapping scale
uncertainty bands observed for p = 2prand pu = Hyp



Comparison with CMS +/s=13 TeV data R=0.7

— NLO — NLO
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« small positive NNLO corrections improve the agreement with CMS data with respect to NLO

 significant reduction in scale uncertainty from NLO to NNLO — roughly more than a factor of 2 in a

wide range of pr and rapidity 6., .~0(<5%) J.Currie, T.Gehrmann, A.Gehrmann-De Ridder
E.W.N.Glover, A.Huss, JP [arXiv: 1807.03692]



Comparison with CMS /s=13 TeV data R=0.4
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* improved agreement with data at NNLO with respect to NLO

* both scale choices are stable and provide reasonable predictions for jet sizes R=0.7 and R=0.4

J.Currie, T.Gehrmann, A.Gehrmann-De Ridder
« opens the path towards precision jet physics at the LHC E.W.N.Glover. A.Huss, JP [arXiv: 1807.03692]



summary

1. LHC had a successful run Il experimental run producing data above the target expectations
« excellent performance from both the accelerator and the detectors
* increasing paradigm shift in the experimental analysis: hadron collider is a precision machine

2. On the theory side NNLO calculations and generators are becoming indispensable tools for data analysis and
crucial to fully explore and understand the TeV region with the LHC and future HE/HL upgrades (Higgs, Drell-
Yan, inclusive jets, Diboson production, top-pair production, ...)

* No physics beyond the Standard Model has been observed in the analysed datasets = can expect new
physics hiding at large energy scales that will manifest as small deviations from the SM background at the
LHC — need the best theoretical calculations to maximize the sensitivity to small BSM effects and to search
for BSM scenarios. Even more at large luminosities, currently siting at 1% of the full HL-LHC full dataset
L.=3000 fb-1

3.NNLOJET framework developed to perform the computation of hadron-collider processes to high perturbative
accuracy

* Observed remarkable improvement in the description of LHC data at NNLO in a variety of processes and a
significant reduction in the theory uncertainty with respect to NLO

 Many new encouraging phenomenological results available not possible a few years ago

4.Possibility to add new final states/processes to NNLOJET — to be done in coordination with the needs of the
experimental community = goal to work on specific phenomenological analyses relevant in LHC physics



Jet phenomenology outlook

. Perform further quantitative comparisons between data and theory (different center of mass energies, covering wide jet p;
and rapidity to jet cone sizes) = goal to have a consistent description of all jet datasets

. Study the sensitivity of jet-based observables to (X g and PDFs and assess ultimate precision in their extraction in a
combined fit

» Request from Review of Particle Physics (S.Bethke, G.Dissertori) to provide an extraction of the strong coupling
constant from LHC jet data at NNLO to enter world average determination of (X g(On-going work with D.Britzger,
K.Rabbertz (CMS) and C.Gwenlan, M.Sutton (ATLAS) to provide the necessary APPLfast grids)

» Study with the PDF fitters to perform PDF extractions with LHC data and assess the impact from LHC jet data on the
determination of gluon PDF at NNLO. On-going work with S.Forte, J.Rojo, S.Carrazza (NNPDF), CTEQ, MMHT

. Comparison between fixed-order NNLO calculation and the matched NLO+PS inclusive jet shape description

» On-going work with Joey Huston (ATLAS) — goal to understand Jet Shapes at the LHC and Non-Perturbative (NP)
uncertainties in inclusive jets in Showers and at fixed-order

. Request from the HE/HL-LHC working group to investigate the reach in cross section at the HL/HE stages of the LHC
» Yellow Reportin preparation for release by December 2018 and send to the European Strateqy Council

. Match the NNLO calculation to the parton shower = NNLO+PS hadron level prediction for inclusive jets

. Study jet production in heavy ion collisions for Nuclear PDFs New MCs and comparisons with jets in pp

. Include contributions from EFT higher-dimensional operators beyond the SM in the NNLO prediction and constrain them
with LHC data



Thank you for your attention



