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Outline

-> Three jet observables at NNLO QCD

R32 ratios
Event-shapes

> Flavoured jets

Infrared safe definition of jet flavour?
- New proposal for a flavour safe algorithm.

> Wrap-up and outlook
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SM measurements at the LHC
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SM measurements at the LHC

—

17.05.2022 Freiburg

Inclusive Jet Cross Section Measurements  status: July 2021

Incl. jet R=0.6, Iyl < 3.0 ' A
—lyl < 0.5, pr > 100 GeV
—0.5 < |yl < 1.0, pt > 100 GeV
—1.0 < |yl < 1.5, pt > 100 GeV
- 1.5 < |y| < 2.0, pr > 100 GeV
—2.0 < |y| < 2.5, pr > 100 GeV
—2.5 < |y| < 3.0, pr > 100 GeV
Incl. jet R=0.4, |y| < 3.0
—lyl < 0.5, pr > 100 GeV
—0.5 < |yl < 1.0, pr > 100 GeV
—1.0 < |y| < 1.5, py > 100 GeV
-1.5 < |y| < 2.0, pt > 100 GeV
—2.0 < |yl < 2.5, pr > 100 GeV
—2.5 < |y| < 3.0, pr > 100 GeV
Dijet R=0.6, ly| < 3.0, y* < 3.0
-y* <0503 <m; <43Tev
-05<y*<1.0,0.3 <my <4.3TeV
-1.0<y* <1.5,0.5 <my < 4.6 TeV
-15<y*<2.0,0.8 <my<4.6 TeV
-20<y* <2513 <my <5TeV
-25<y"<3.0,2<m; <5TeV
Dijet R=0.4, [y| < 3.0, y* < 3.0
-y* <0503 <m; <43 Tev
-05<y*<1.0,03 <m; <4.3TeV
-1.0<y* <15,0.5 <my < 4.6 TeV
-15<y*<2.0,0.8 <my < 4.6 TeV
-20<y* <2513 <my <5TeV
-25<y*<3.0,2<m; <5TeV

NLOJet++

[0 criorTe

CT14 (8,13 TeV)
LHC pp V5 = 13 TeV
[ | Data 3.2 -3.2fb!
stat
stat © syst
LHC pp V5 =8 TeV
- Data 20.2 - 20.2fb?
stat
stat @ syst
LHC pp V5 =7 TeV

[ ] Data 4.5-45fb!
stat
stat @ syst

ATLAS Preliminary
\s=7,8,13 TeV

1.2 1.4
data/theory
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Jet observables at the LHC

The LHC produces jets abundantly » many phenomenological applications

. PDF determination: :
Tests of pQCD, asextraction: ) . . BSM searches
R32 ratios, event-shapes Single inclusive, dijet mass
] . . . .o
Multi-differential dijet
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Multi-jet observables at the LHC

Multi-jet final states:

* Tests of pQCD at high energy

* Tests of MC modelling of LHC events
* Search for new physics

Study of perturbative QCD:
*| R32 ratios

dos(pr, pr)/dX
X = -
R3/2( KR, F) doa(pr, pr)/dX

g

- Extraction of the strong coupling constant
* Transverse Energy-Energy Correlator
* Event shapes

17.05.2022 Freiburg

ATLAS

ATLAS

Credits:
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NNLO QCD prediction beyond 2 > 2

L

2 > 3 Two-loop amplitudes:
* Advances in amplitude techniques:

IBPs, amplitude reconstruction and
master integrals

* (Non-) planar 5 point massless amplitudes

[
]

> triggered by efficient Ml representation

[ ]

Cross-sections > Combination with real radiation
* Various NNLO subtraction schemes available:

qT-slicing [ 1, N-jettiness slicing
[ ], Antenna [ ],
Colorful [ ], Projetction [ ],
Geometric [ ], Unsubtraction [

], Nested collinear [ ],

Sector-improved residue subtraction [Czakon'10-'14,'19]

17.05.2022 Freiburg

Rene Poncelet - Cambridge 5




Three-jet production

* Sector-improved residue subtraction [ ]
* Efficient c++ implementation > STRIPPER

* Highly automated to deal with enormous amount of channels in three-jet production

> O(1k) sectors >O(1M) individual MC integrals
* Still computationally very challenging! > O(1M CPUh)

* Many-leg, IR stable one-loop amplitudes » OpenLoops [ ]

* Double virtual amplitudes in leading-colour approximation [ ]

* Sub-leading colour corrections expected to be small

* Analytical expressions challenging

* Fast numerical evaluation - very small contribution to computational cost

pp — g99 + X

Only Approximation made:

RC) (i) = 2Re | MIOFO () + |FOP (uh) = R (s12) + 3 s’ (“—R

R(2) (812) ~ R(2)l'c' <812)

4 2

S
i—1 12

)
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Three-jet production - R32(pT1)

* LHC @13 TeV, NNPDF31

* Require at least three (two) jets:
« pr(j) > 60 GeV and |y(j)| < 4.4

« Hr 2 = pr(j1) + pr(j2) > 250 GeV
* Scales:

MRZ/JFZJEITZ Z pr

partons

da/dpry [pb/GeV]

ratio to NLO

LHC 13 TeV PDF: NNPDF:}I
Scale: pp = pg = Hr

500 1001 200 1600 1800 201

0 1200 1400
pra [GeV]
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do/dpr,y [pb/GeV]

ratio to NLO

LHC 13 TeV PDF: NNPDF31
Scale: yp = pp = Hr

200 1001 200 1600 1800 2000

0 1200 1400
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LHC 13 TeV PDF: NNPDF31
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Three-jet production — R32(HT,y*)

LHC 13 TeV

1.5
0.0<y k04

= NNLO

— L)

Ryyo] RO (11)

Fl L 1 L] I Ll L 1
R —
- ’ Rgf!z-, Scale: Ho = HT/Q

0 500 1nlm lf‘:ﬂﬂ H]I(l".l 25.[]“ Eﬂll'll.".i Rﬁlm 4000
Hrp [GeV]
Double differential w.r.t. Hr = ZPT and y* =|y(j1) —y(j2)|/2

jets
Central scale choice: ff;./2
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Three-jet production — azimuthal decorrelation

Kinematic constraints on the Dijet: Trijet:
azimuthal separation between the
two leading jets (912) bip =T biy > 2
3

@12 sensitive to the jet multiplicity:

2j: 12 = 72T Study of the ratio:

3] ¢ > —7T H * _ dO-S(HTay*a(,le < ¢max)

12 3 R32( T,Y 7¢max) dO'Q(HT,y*)

4j: unconstrained
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Three-jet production - azimuthal decorrelation

NNLO/NLO K-factor smaller than NLO/LO
Scale dependence is reduced

NLO 4-jet
Work in progress: phasespace in [ ] J Y
1+ {LHC 13 Tell PDF: NNPDF3L— [A@(jyjo) < 7/87 | [ LHC 13 TeV PDF: NNPDES] — A®(juja) < /67| LHC 13 Tev PDF: NNPDF3]  A®(jija) < /47 | LHC 13 TeV PDF: NNPDF3I  A®(jyja) < 23
12 - ! |
0.8 I
N EYRT 1<y <04 1<y <08 0y <.

=
&

=1

0.75
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=
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1.00

0.75
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4 it " -

T
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|

T
wews [() wmmm NL() = NNLO

T
== NI() === NNLO

N4<y <08 ' ' 04<y <08
08 <y <12 ' 18<y <2 08<y <12
lfilﬂ 15‘[]1 20‘"0 ZShﬂ :mlm 35‘0" 4000 lfilﬂ 1500 20‘“0 25‘0“ :{ﬂ‘m 35‘0“ 4000 l[ilﬂ 1500 20‘“0 25‘0“ :{ﬂlm 35‘0“ 4000 lfilﬂ 15‘[]1 ?ﬂlﬂﬂ ZShﬂ :Ldm 35‘0“ 4dm
Hr [GeV] Hr [GeV] Hy [GeV] Hp [GeV]
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Outlook: Extraction of the strong coupling constant
from multi-jet events at the LHC

- Transverse Energy-Energy Correlator TEEC

- Event shapes
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Transverse Energy-Energy Correlator @ LHC

TEEC: Transverse Energy-Energy Correlation

1 4% 1 &
;dcosgbzﬁzz

E4 B4
1,15 26(
A=1 45 (ZkEiéIJ

COS ¢ — COS ;)

ATLAS measurement of the TEEC and ATEEC:
c @8TeV] ]
* @13 TeV]| ]

TEECin HT2 bins:

> from 1000 GeV to 3500 GeV and above
- sensitivity to different energy scales

17.05.2022 Freiburg

Data / Theory

Data / Theory Data / Theory Data / Theory Data / Theory

Data/ Theory

i

Hr, > 1000 GeV

SRR TR Rt

o(m,) = 0.1208 + 0.0007 (exp.)

08 06 03

02 0.4 0.6

1000 GeV < H,, < 1200 GeV

a,(m ) = 0.1206 + 0.0006 (exp.)

1200 GeV < H,, < 1400 GeV

a(m ) = 0.1191+ 0.0007 (exp.)

1400 GeV < H_, < 1600 GeV

a,(m ) = 0.1195 + 0.0007 (exp.)

1600 GeV < H_, < 1800 GeV

a,(m ) = 0.1186 + 0.0009 (exp.)

1800 GeV < H_, < 2000 GeV

a,(m ) = 0.1183 £ 0.0011 (exp.)

2000 GeV < H,, < 2300 GeV

a(m ) =0.1192 £ 0.0011 (exp.)

2300 GeV < H,, < 2600 GeV

a,(m ) = 0.1185 £ 0.0013 (exp.)

2600 GeV < H,, < 3000 GeV

a,(m ) =0.1179 £ 0.0015 (exp.)

3000 GeV < H_, < 3500 GeV

n:,[mz) =0.1194 £ 0.0015 (exp.)

Hy, > 3500 GeV

nc,[mz) =0.1167 £ 0.0017 (exp.)

08 06 04 02 0 02 04 08 0.8 08 06 04 02 0 02 04 068 08

Rene Poncelet - Cambridge

ATLAS Preliminary
Particle-level TEEC
Vs =13 TeV; 139 fb

NLO pQCD

3 MMHT 2014 (NNLO)

— Exp. unc.
& MNon-scale unc.

Theo. unc.

il < 2.4
p, > 60 GeV
anti-k, R = 0.4

11



Transverse Energy-Energy Correlator @ LHC

Extraction of alphas in different HT bins - test of SM running

5 -
g 0.14F
0.12f
0.15—
o.osf—
0.06~ — oy(m,)
R

ATLAS
Preliminary

[ 1 «y(m) =0.1181£0.0011 (PDG 2018)

* TEEC 13 TeV

o TEEC 8 TeV
arXiv:1707.02562

+ TEEC 7 TeV

arXiv:1508.01579

v CMSincl. jet

arXiv:1609.05331

o D@incl. jet
arXiv:0911.2710

=0.1196 "% (TEEC global fit)

-0.0106

o

e

>

ATLASR,,

arxiv:1805.04691

arXiv:1412.1633
CMSR,,

arXiv:1304.7498

CMS

arxiv:1904 05237

D@ R,

arXiv:1207 4957

10?
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10°

(Q) [GeV] as(mz) value (MMHT 2014)
Global ~ 0.1195 + 0.0002 (stat.) + 0.0006 (syst.} *0-0%4 (scale) f= 0.0009 (PDF) + 0.0003 (NP)
Inclusive  0.1198 + 0.0002 (stat.) + 0.0006 (syst.} *0-00 (scale) f= 0.0010 (PDF) + 0.0002 (NP)
1219 0.1202 + 0.0003 (stat.) = 0.0006 (syst.| *0-007° (scale) k= 0.0010 (PDF) + 0.0002 (NP)
1434 0.1184 +0.0003 (stat.) = 0.0007 (syst.| *0-00ss (scale) = 0.0011 (PDF) + 0.0002 (NP)
1647 0.1188 + 0.0004 (stat.) = 0.0007 (syst.| *0-0073 (scale) = 0.0012 (PDF) + 0.0001 (NP)
1856 0.1177 £ 0.0006 (stat.) = 0.0008 (syst.| *0-007 (scale) = 0.0013 (PDF) + 0.0006 (NP)
2064 0.1174 = 0.0008 (stat.) + 0.0009 (syst.| *0-995 (scale) = 0.0013 (PDF) + 0.0007 (NP)
2300 0.1185 % 0.0009 (stat.) + 0.0010 (syst.} *0-0003 (scale) = 0.0014 (PDF) + 0.0005 (NP)
2636 0.1166 % 0.0016 (stat.) + 0.0012 (syst.} *0-0%2 (scale) f= 0.0015 (PDF) + 0.0000 (NP)
2952 0.1141 +0.0029 (stat.) + 0.0013 (syst.] *0-00e5 (scale) f= 0.0018 (PDF) + 0.0003 (NP)
3383 0.1164 +0.0043 (stat.) + 0.0015 (syst.] *0-0039 (scale) f= 0.0017 (PDF) + 0.0001 (NP)
4095 0.1029 + 0.0163 (stat.) + 0.0014 (syst.| *-09 (scale) f 0.0010 (PDF) + 0.0003 (NP)

*

FO scale uncertainty limiting factor!

Rene Poncelet - Cambridge
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NNLO QCD corrections to TEEC @ LHC

Massive thanks to Manuel Alvarez and Javier Llorente for computing!

1.20

1.15 1
1.10 1

1.05 1

NLO

— NL( 7-point variation
NLO alphas [0.108.0.128]

LHC 13 TeV PDF: MMHT2014

1.00 1

.95 1

ratio to central

.90 <

Reduction in ﬂ

*Scale: jgp = pup = Hp

2000 GeV <= Hps < 2300 GeV

0.80
scale dependence

—0.50

—0.75

by factor 2-3 \

1.10 1

1.05 1

m— NNLO T-point variation
NNLO alphas [0.108.0.128]

NNLO -

0.95 1

.90 <

ratio to central

(.85 4

(A 0.25 0.50 0.75

LHC 13 TeV PDF: MMHT2014

Scale: pp = jup = I:IT

2000 GeV <= Hps < 2300 GeV

.80

17.05.2022 Freiburg

—0.50

0.00

cos(¢)
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Preliminary

Preliminary
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Event shapes at the LHC

ATLAS measurement of event shapes @ 13 TeV using multi-jet events (139fb-1) in

HT2 bins and high pT jets (> 100 GeV): [ ]
° Ziets ‘ﬁ 77: ) lfL| .
Transverse Thrust: .. —1_ e Back-to-Back Spherical
> |PTil o
. S P x RNk
. T, = =i PR

More quantities based on eigenvalues of : : ‘ - T 1 '
(transverse) linearised sphericity tensor: A %7 G

. 2
jets px,i Px,iPy,i DPx,iPz,i

Di 2
g vt | | Pz,iPxi  Pz,iPy,i pz,i
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Event shapes at the LHC

Transverse thrust:

1
1
10°
1
1

(1o(n® 2 2)) (dofdr))

0 005 01

17.05.2022 Freiburg

LB B o o i LR
[)E AT,LAS ) Syst. uncert.  =#= Total uncert.
o™ =3[ =x10°] fs=13TeV, 139"
E® =4[x10'] 1.0<H_,<15TeV
‘ﬂﬂ =5 [ % 10{]] —Sh&rpaE.l‘l

YO 26[x 107] —MG5_aMC 2.3.3

— Pythia 8.235

— Herwig 7.1.3 (ang. ord)
— Hirwig 7.1.3 (dipoba)

0.15 02 025 0.3
1

Transverse thrust minor:

)

L B e e
ATLAS [ Svyst. uncert. == Total uncert.
o™ =3[=10"] f(E=13TeV, 130®"

dﬁdem
3,2,

© 10° Wi =4[x10'] 10<H,<15TeV

— ot — Sherpa 2.1.1

~ 10° an®=5[x10"] o inia 8.93

~n 10° vi® 26[x 10"] —MG5_aMC 233

- 02 — Herwig 7.1.3 (ang. ord)

2 10°g — Herwig 7.1.3 (dipole)

+ 10

g T o™ ] —
10" . — —
1 0—3 i;;&fi' el HET,
10 :.ii' hﬂt;rmm'l[mlr_?l_lﬁtp“ £ .
10—4 : ?‘_L g =
10°
10°

0 01 02 03 04 05 06
T

[
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NNLO QCD corrections to event shapes

Comparison of public data from HEPdata

= T T T T T T
8 _ —e— ATLAS Data
= == LO pQCD
3 L === NLO pQCD

N lp =¥ NNLO pQCD
HT 2 denominator: - 2
5 =
S
z
o
o
14

‘I 000 1200 1400 1 600 1 800 2000 2200 2400
Hy; [GeV]

Credits:
Javier Llorente!

Example Thrust-Minor:
* Beautiful perturbative convergence

Significant reduction of perturbative
corrections

17.05.2022 Freiburg

LHC 13 TP%V DF: MMHT2014

LHC 13 TeV PDF: M\IHT2[114
100 ] Deale: pip = pip =

—LO e — . 1500 GeV <= Hpa < 2000 CPV
— NLO N e

107" e NNLO
— ATLAS \

107% —

121

1(1 e e == ]

0.8

ratio to ATLAS do /dT,, [pb] ratio to ATLAS do /AT, [pb]

10t

NS LHC 13 TeV PDF: M\IHT?UM
100 4 Scale: pp = pp=
R — —_— 2000 GeV <= Hya < 13000 GeV
— NLO e
107" e NNLO ' o
w— ATLAS

N —

' A 1 —_—
— . N P se—— e N e s N

ratio to ATLAS do /dT,, [pb]

L T T T T T T
0.15 0.20 0.25 0.30 0.35 0.40 0.45

.Tm

Rene Poncelet - Cambridge
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Flavoured Jets
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Flavoured jets

* Jets are atool to connect QCD of quarks&gluons to actually strongly interacting

particles, i.e. hadrons.

* They are defined by a suitable algorithm: experimentally and theoretically
* Jet-substructure reveals additional information:
* Separation of quark and gluon initiated jets

* Jets of definite flavour:
Experimentally

Displayed vertices of heavy intermediate particles: D/B mesons

MC Event Simulation

Similar objects due to hadronization and detector simulations

Partonic computations

* Impose relation between quarks and hadrons (quark model)
* Massless quarks: emission of soft flavoured pairs - gluons
- Implications for IR safety in FO computations beyond NLO

* Why are partonic computations for flavoured jets interesting?
* Higher order perturbation theory (not necessarily available matched to PS)
* Extraction of SM parameters or PDFs

17.05.2022 Freiburg

Rene Poncelet - Cambridge
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Fixed order flavoured jets beyond NLO

What is the problem with FO flavoured jets?

Example NNLO: double real radiation and subtraction
Double real matrix element

Double soft subtraction term:
Double soft function * tree ME

5

Flavour structure depends on the G

; ) IR safety: Fixed flavour structure
angular configuration Have to match in

double soft limit
* If F(n+2) does not treat the flavour pair appropriately:

- double soft singularity not subtracted
> Implies correlated treatment of kinematics and flavour information

17.05.2022 Freiburg Rene Poncelet - Cambridge 18



Solution: Modified jet algorithms

> Implies correlated treatment of kinematics and flavour information

Standard kT algorithm [ I:

Pair distance:
d;; = min(k2 ., k% )R,
ij — MURRp G, o )45

R?j = (A¢z2j + Anfj)/RQ

“Beam” distance for
determination condition:

di = k’%z

17.05.2022 Freiburg

Flavour kT algorithm [ 1:

Pair distance:
dii — R2 max(kTyi, k‘T’j)a min(kTyi, k‘T’j)Z
* * min(kT’Z7 kTaJ)a

—

Beam distance:
g v — 4 max(kr, kr p(y:))* min(kr, kr,p(y:))?~
"B min(kr;, kr,5(yi))®

dp(n) = Z kr,i(0(n; —n) + 0(n —n;)e ™"

dg(n) = Z kri(0(n —ni) + 0(n; —n)e’™™

softer of i,j is flavoured

else

® iis flavoured

else

Rene Poncelet - Cambridge




Problem solved, isn’t it?

Real world example: W+c-jet at NNLO QCD with flavour-kT [ ]
o A proper comparison would require to
PRI R e | unfold experimental data
i T s > (flavour-) kT and anti-kT cluster partonic jets
R S — differently » Non-trivial procedure.

0 L | ; ;
.5 . 15 5
|yn+|

NNLO QCD with flavour kT

ATLAS data with standard anti-kT

17.05.2022 Freiburg Rene Poncelet - Cambridge



What about flavour anti-kT?

Anti-kT:  dij = min(k;i, k%%)REJ di = k:FZz

The energy ordering in anti-kT prevents correct
recombination of flavoured pairs in the double soft limit.

Proposed modification:
A soft term designed to modify the distance of flavoured pairs.

F S, 1,j is flavoured pair
dz(j ) = dz‘j{

1 else
Ay
Sij=1-0(1—-1x) cos(ga:) with z = ZTézk%,maTj

17.05.2022 Freiburg Rene Poncelet - Cambridge
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Tests of IR safety with parton showers

Dress tree-level di-jet events (definite flavour structure: “qq”, “qg” or “gg”)
with radiation and study jet flavour (q or g) as function of kinematics.
In the di-jet limit the flavour needs to correspond to tree level flavours

- misidentification rate needs to vanish in dijet back-to-back limit

Flavour anti-kT
Flavour kT vs. kT [ I: "
100 — k= K
Pythia (P, ordered) 7 _ —= fl ke fl. kp'a=0.1
I I < 10 /
P . g
&
o =
§ 1071 §b 10724
© <
©
%o e qq
RS 1073 Lk
E kt ——- E 100 . kp/k fl. kpla=0.1/kp'
g . bland kt -- -- 2 e ! !
10 flavour o=1 ] 5 0751
flavour o=2 ------ 3
bland flavour o=1 - - - - & 0
(d) bland flavour a=2 —— S s
1 1 1 1 o v
10 -8 -6 -4 -2 0 I

T
1073 102 10-1
T2
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Tests of IR safety with NNLO FO computations

IR sensitivity of jet cross sections on (technical) IR regulating

parameter X
/—

dO' > d(I)TH-Q

In the limit x_cut »> O:
IR safe jet flavour
IR non-safe jet flavour

17.05.2022 Freiburg
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0.015 4

0.010 4

pp — LEbbD

—

| == flkrta=025

pp — Llbgy

L [ 1

| - — —
T

—}— standard gt — fl krta=0.1

—— fl. k;—l a = 0.05

pp = t(—= blv)t(— bio)bb
%

% 0.005 4

\ 0.000

Fn 0(3j - xcut) ':::m};:

I%‘—Hl)?-’;

_/ —0.12

%(HH

- no dependence on x_cut
- logarithmic divergent o

| —}— standard k!

pp — = blv)t(— biv)gg
e

T T T — I

- fl. krta=01
—— flk7'a=025 4 fl. k' a=005

0~ 10— 10-° - - 10

Teut
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Phenomenology: Z+b-jet

Benchmark process: pp > Z(ll) + b-jet
b 7z a 7z
Well studied up to O (a? :
P ( S) : : 5fs: Afs: )
: : . bb
* Defined with flavour-kT algorithm
g b 4
* Unfolding of experimental data o swom e e o wwom mozwe o
. o . % 255_ flavour-k, R =0.5, 0 =2 —}—Unfuldsdcmdala_f avour-k, R =0.5, 0 =2 ~}— Unfolded CMS data
(RooUnfold,bin-by-bin unfolding) £E B s —
y ;_ } TT_f_ —— FONLL o} _% :Pqﬂm —— FONLL o}
* Matching between four- and five- E I N i
0.5E- e B
flavour schemes (FONLL) [ ] | L L L T o [
- = T
NLL f Af Af Ce ' - ]
dO-FO — d0.5S —|_ (dO'mi —dO'mi_>0) < l:%.?.l.l.f I.I.}.[.l. .Il. IIIII SE
% 1,1 ‘NL()st = _J ‘ _é
* CMS measurement @ 8 TeV e N JE
[ ] 100 200 b, 5?&\/]
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Phenomenology: Tunable parameter

Benchmark process: pp > Z(ll) + b-jet

Tunable parameter a:
* Limita > 0 <=> original anti-kT (IR unsafe)

* Large a <=> large modification of cluster sequence

Flavour kT: Flavour anti-kT: a = 0.1

LHC 13 TeV PDF: NNPDF31 | & LHC 13 TeV PDF: NNPDF31 | &
200 Scale: pr=pr=mr(Z) | £ Scale: pig = pr =mr(2) | £
Algorithm: flavour kr % Algorithm: favour k' a =0.1 f
=
=g — 0 =, — LO
= ——Y = ——)
5N —_ L0 = — xNO
= — NLO+PS = —NLO:
= T —— < —
L) 5
g = 8 1

Preliminary

Comparison of different
parameter a to data:

i

225 LHC 13 TeV PDF: NNPDF3L | &
Scale: g = pp =mr(Z) | 5
200 =
t &
-+ 005
o1
o

do/dfn(by)] [pb]

ratio to NLO
ratio to NLO

rrrrr

w +
I
[n(by)|
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Phenomenology: Tunable parameter

Preliminary

What happens in the presence of many flavoured partons? > NLO PS

I

do/d|n(by)] [pb]

LHC 13 TeV PDF: NNPDF31 ;
Scale: pp = pp = mr(Z) E
Order: NLO+PS |

— *'1‘

Tunable parameter a:

* Small a: Flavour anti-kT results are
more similar to standard anti-kT
- small unfolding factors

* Larger a: Larger modification of
clustering

ratio to k]:l

Good FO perturbative convergence +
Small difference to standard anti-kT
> a~0.1is a good candidate

17.05.2022 Freiburg
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W+c-jet

|dea: Identify final state c-quarks to access s-quark PDFs.
- Reduction of PDF uncertainties
- Shed light on ss asymmetry

* Non-diagonal CKM and g = cc reduce s-PDF sensitivity
* Large NLO corrections - higher order corrections?
* Theoretical treatment:
* Massive c (3-flavour scheme): /—\
* Resummation of mass logs at high pT > PS flavour
) - s,d,b C
* Higher order predictions?
* Massless c:
* c-quark part of the PDFs
* NNLO QCD available
* Jet definition?

Vsc > Vdc >> Vbc
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W+c-jet with flavour kT at NNLO QCD

NNLO QCD 7 TeV results [

]

* Full NNLO corrections for Vcs contribution

* Off-diagonal CKM only LO QCD

* Comparison flv. kT results vs. ATLAS [ ]

Update for 13 TeV measurement:
* Full CKM through NNLO QCD

* Study of different jet-algorithms:
* Impact of beam-function d_iB in flv kT

* New anti-kT algorithm

* Study of different flavour tag definitions/setups:
* Modulus vs. absolute flv tag definition

* OS minus SS
* “Inclusive c-jet"” rates

17.05.2022 Freiburg

do /dly,+|

Rene Poncelet - Cambridge

100+

LO
— NLO (favor k)
— NNLO (favor kt)
1

— NNLO PDF unc. :
T I ATLAS (autikn)

LHC 7 TeV
pp — W cjet

1
2.0 2.5
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W+c-jet with flavour anti-kT

Exactly one c-jet requirement: .
* Comparison of parameters a: juiiu
-> small dependence < 2% S o]
* Comparison to flv kT: = 109
> small dependence @ NNLO <2% = ']

Preliminary
LHC 13 TeV PDF: NNPDF31 Scale: muW.J
exactly one ¢-jet

Preliminary

m— NNLO flv. akt a = 0.1 tag: #Hv =0
| — NNLO flv. akt a = 0.2 tag: #flv!=0
NNLO flv. akt a = 0.05 tag: #fv !=10

5 cmm NNLO flv. kt tag: #flv 1= 0
0.80 T T T T T T T T
50 75 100 125 150 175 200 225
1.20 b
ONLY large effect in SS contribution 113 E
* Exactly one c-jet of SS type: Spro] e
o 105 o~
Larger dependence ~15% B
(roughly size of NNLO scale band) 2 el |
e BUT:SS contribution ~2-5% E 090 TNl it o = 02 b, i 1o 0

o NNLO flv. akt a = 0.05 tag: #fv !=10
— .85 B T P
* => 0S5 ~0.2-0.5% dependence ] NNLO . ¢ tag: =0
{]s‘} T T T T
:':rl} TI-J 1{1]0 125 150 175 200 2%5

pr(f) [GeV]
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Flavour tags: OS - SS

Preliminary
Exactly 1 c-jet: OS-SS:

102 LHC 13 TeV PDF: NNPDF31 Scale: muW.J | .. 102 ﬁ LHC 13 TeV PDF: NNPDF31 Scale: muW.] -
ﬂv_ akt a = 01 tag #ﬂv '= U ‘E ﬂ\’. akt a = 01 tag #ﬂ\’ ': U ‘é
— tly one ¢-jet |.E  — OS minus SS |2
> exactly one ¢-je = > =
‘“3 10! & ‘3- 10" &
o = =E‘
"::., lﬂn E | “:’-- lnﬂ -
IS IS |
— L) —1()
— NLO — NLO
107" § e NNLO 107" s NNLO

-
1S

=

-

-
=

—-

=

ratio to central NLO
ratio to central NLO

1.2
v ﬁw
= 1.0

S 0.9 =

=07 ——— |

%0 s 100 125 150 175 200 25 50 75 100 125 150 175 200 225

pr(f) [GeV] pr(f) [GeV]
17.05.2022 Freiburg Rene Poncelet - Cambridge 30



Some final remarks

* What is that kT_max parameter?

i JF) _ g S;; 1,j is flavoured pair
Some scale to define what soft means. L AN else
Examples: ™ k1 + ki
. Sij=1—0(1—x)cos( = ith = —*_—
1. pT of hardest pseudo jet or lepton ’ (1-2) (293) T 20k

at a clustering step
2. Some fixed dynamical scale, e.g. pT(Z), pT(lep), ..
3. Some fixed hard scale: m_top, m_Z etc.

- The choice impacts the clustering.
* Besides c/b jets: What about gluon/quark jet identification?

Conceptually not a problem. Not yet studied in detail.
But might introduce some more sensitivity to actual form of S_ij 7?7

* More complicated examples: pp » W bbar ! LO sensitivity to flv jet algorithm
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Summary and Outlook

Precision jet observables allow for many pheno applications!

* First NNLO QCD phenomenology results for three jet production
R32 ratios, azimuthal decorrelation, event-shapes

* Future application to alpha$S extraction

Flavoured jet observables

* New proposed flavour safe version of anti-kT

* Phenomenological applications to Z+b-jet, W+c-jet, top-quark pairs
* Many more applications ahead: open-b’s,...
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Backup
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b-jets in top-pair production&decay

NNLO QCD corrections [ ]to: pp = t(— blv)t(— blv) + X

Flavour sensitive channels like: pp — ttbb — (vlv|bbbb

Small numerical impact from extra bbar emissions
in pp = bbar [ ] and single-top production [ ]
- naive treatment via cut-off procedure

0.02 - 004
NNLO mt172.5 HT4 NNPDF31 0.06 NNLO mtl72.5 HT4 NNPDF31 NMNLO mt172.5 HT4 NNPDF31
:’.Lj 001 m— standard k' = 0.04 7 mm— standard k' b‘_: 0.02 m— standard k'
-%L ’ 1 — ﬂavourk;'a={].1 él’lﬂQ- = flavour k.;'a={].]. S: - — ﬂa\rourk.;'a=ﬂ.1
0.00 4 0,00 0.00 4
— 1.05 A
1.00 4
1.00 ———
0.95 4 1.00
——
0.95 —
- 00 —— 095
0 100 200 300 400 500 600 50 100 150 200 250 300 350 400 1] 100 200 300 400 500 GO0 700 800
pTt pTI pTbl

Naive ‘cut-off’ treatment vs. proposed IR safe flavour anti-kT
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