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What this talk is NOT:

Topics covered during the conference:

@ Quarkonium production
See talks by , :

o W+ bb
See talk by

@ top associated production
See talks by ,

Mathieu PELLEN Vector boson plus heavy flavour at the LHC


https://conference.ippp.dur.ac.uk/event/1128/contributions/6511/
https://conference.ippp.dur.ac.uk/event/1128/contributions/6512/
https://conference.ippp.dur.ac.uk/event/1128/contributions/6513/
https://conference.ippp.dur.ac.uk/event/1128/contributions/6514/
https://conference.ippp.dur.ac.uk/event/1128/contributions/6507/
https://conference.ippp.dur.ac.uk/event/1128/contributions/6515/

Introduction:
Flavours of the LHC

opp—>Z+b
o pp —~ W+

o pp —> L+
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Overview of CMS cross section results
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@ V + jets among the largest cross sections at LHC
very well measured / standard candle
background to many SM processes / BSM searches
@ Test of the SM and QCD in particular
oV + jets:
often related to PDF content of the proton
interesting processes on their own
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jets are interesting?

@ Beyond NLO in QCD, no IR-safe definition of jets for anti-kr
— Flavour kr algorithm [ganfi, salam, Zanderighi; hep-ph/0601139]
—» Modified kt algorithm to account for soft wide-angle gg

/\ introduces mismatch with respect to experimental treatment
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https://conference.ippp.dur.ac.uk/event/1128/contributions/6509/

Why flavoured jets are interesting?

@ Beyond NLO in QCD, no IR-safe definition of jets for anti-kr
Flavour kt algorithm (anfi, Salam, Zanderighi; hep-ph/0601130]
Modified kt algorithm to account for soft wide-angle qg

/\ introduces mismatch with respect to experimental treatment

@ Many recent proposals ...
[Czakon, Mitov, Poncelet; 2205.11879 ],[Gauld, Huss, Stagnitto; 2208.11138], [Caletti, Larkoski, Marzani,
Reichelt; 2205.01109, 2205.01117], [Caola et al.; 2306.07314]

@ Vast topic!
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opp—>Z+b
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pp — /Z-+Db [Gauld et al.; 2005.03016]

e NNLO QCD in 5 flavours (5fs) combined with ...
... NLO QCD in 4 flavours (4fs)

FONLL __ 5fs 4fs Afs
do =do”" + <damb — dUmb—>0>

@ Allows to incorporate exact b-mass effects

NNLOET pp — Z+bjet+X Vs=8TeV
T 44T T T T T T T T T
&m r NLO 5fs flavour-k+, R=05,a =2 1
‘_3’ 4.2__ FONLL o2 !:ldua? region —
o » P miYS = 4.92 Gev ]
~ —— NNLOS5fs 1
4 — —
[ —— FONLL a? 7]
3.8 —

3l2IIIII| | | IEIII

m, [GeV]
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Flavour jet

o FlaVOUr kT algorithm Used [Banfi, Salam, Zanderighi; hep-ph/0601139]
@ But experimental data [cwms; 1611.06507]

@ reconstruction of jets with anti-kr algorithm

@ identification of flavour of these jets

@ Unfolding procedure via computation of non-perturbative
correction to data (~ 12%)
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Flavour jet

FlaVOUr kT algorithm Used [Banfi, Salam, Zanderighi; hep-ph/0601139]

But experimental data [cwms; 1611.06507]

@ reconstruction of jets with anti-kr algorithm
@ identification of flavour of these jets

Unfolding procedure via computation of non-perturbative
correction to data (~ 12%)

Applying non perturbative correction to the data gives

o—gﬁffdal,f_kT =3.134 4+ 0.2147333 pb

At O(a?), the FONLL prediction is

FONLL (, _phys.y __ 40.078
OFiducial(mMp © ) = 3.4907 g g7g(scales) pb

NB:
do (PDF, as) = £0.074 pb estimated at NLO
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NNLOJET pp— Z+bjet Vs=8TeV

;‘ IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Q
Q 107 flavour-ky, R=05,a =2 —}— Unfolded CMS data
= =]

% = = FONLL a2

- [ ]
g1072 o —— FONLL a2
B =
© ==

Ratio to data

1 1
___ NNLOSfs
NLO 5fs

HEL 1

(1] = ol B e e |

100 200

Ratio to NLO 5fs

300
p; , [GeV]
[Gauld et al.; 2005.03016] :

Fit to data:
o X2/Nya(a2, prp) = 23.4/14
® Xx?/Naat(a3, pr,p) = 21.5/14
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o pp —> W+
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opp —> W+

wl
IS
4}
tt

@ Direct link between W+c measurements and strange PDF

@ Test of (perturbative) QCD
s-5 asymmetry predicted at 3-loop in QCD

[Catani, de Florian, Rodrigo, Vogelsang; hep-ph/0404240]
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Th. vs. Exp. - cross section

LHC 7 TeV PDF: NNPDF31 10

+: [—e—

Wt L . P —  NLO (favor k1)
——  NNLO (ftavor kr)

- — NNLO PDF unc.

Woel —et+— —— ATLAS (autikr)
10 1 20 % 30 £5 10 I5 50 55
o [ph]

R\’Vij( | E—— o

L L L
0.80 0.85 0.90 0.95 1.00 1.05

[Czakon, Mitov, MP, Poncelet; 2011.01011] + [ATLAS; 1402.6263]

_ Twij o 25 2 2
® Ry, = gl w1Vl + [Veol3) / (VelPs-+ Veal2)

@ PDF uncertainty dominant over NNLO scale uncertainty
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Discussion

— Open questions addressed in [Czakon, Mitov, MP, Poncelet; 2212.00467]

o Difference in the jet algorithms (flavoured kt vs. anti-kr)

- Estimated-to-be12% inZ+b-icauid-eratrzoos030t6—

... difficult translation to W + c < 3% for OS selection
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Discussion

o Difference in the jet algorithms (flavoured kt vs. anti-kr)

Estimated-to-be-12% in—Z 1 biesuieratr200505016r—

... difficult translation to W + ¢
@ Lack of higher-order QCD corrections to the off-diagonal

CKM matrix element ~ fewpereent
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Discussion

o Difference in the jet algorithms (flavoured kt vs. anti-kr)

Estimated-to-be-12% in—Z 1 biesuieratr200505016r—

... difficult translation to W + ¢
@ Lack of higher-order QCD corrections to the off-diagonal

CKM matrix element ~ fewpereent
@ Absence of EW corrections ~ —fewpereent

@ PDF uncertainty
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Discussion

o Difference in the jet algorithms (flavoured kt vs. anti-kr)

Estimated-to-be-12% in—Z 1 biesuieratr200505016r—

... difficult translation to W + ¢

Lack of higher-order QCD corrections to the off-diagonal

CKM matrix element ~ fewpereent

Absence of EW corrections ~ —few-pereent
PDF uncertainty

Definition of the experimental measurement 2
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Discussion

o Difference in the jet algorithms (flavoured kt vs. anti-kr)

Estimated-to-be-12% in—Z 1 biesuieratr200505016r—
... difficult translation to W + ¢

Lack of higher-order QCD corrections to the off-diagonal

CKM matrix element ~ fewpereent

Absence of EW corrections ~ —few-pereent
PDF uncertainty

Definition of the experimental measurement 2

/\ per-cent precision apart from PDF!
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Comparison against recent data

—150 CMS 138 fb" (13 TeV)
CMS 138107 (13Tev) S | Paronlevel ]
" = cjet cjet
Parton level = I P> 30GeV, <24 Wy A
Total uncertainty P> 30 GeV, P <24 T pl>35GeV, Il < 24 (=pe)
o ' B) B
[ statistical uncertainty > 35 GeV, | < 2.4 §+1OO 7#( ﬁ Jf ;ﬁ 1
Data:163.4+ 0.5 (stat) + 6.2 (syst)pb|  © % —LJ( % 4
CMPP predictions, NNLO NNPDF3.1: ° L # } ]
0 LOQCD: 137.4+74 —— 4
50— + Data % - |
¥ NLO QCD: 178.3+ 11.6 pb i : . EglPolz:Bredlclmn& NNLO NNPDF3.1: { T
[ + NLoacD ]
CINNLO QCD: 174.7439 pb e L° mtg ggg NLOEW
oS1.4F 3
ONNLO QCD, NLO EW: 171.1473 pb Q1.21*| [ } { | + { i 3
%0_ P A 3
0 50 100 150 200 EO.G E
S(W +c) [pb] a O 0.5 1 1.5 2 25
|
In'l

[CMS; 2308.02285] based on [Czakon, Mitov, MP, Poncelet; 2212.00467]

@ Perfect agreement between theory and data
—» going beyond this precision will be a challenge!
> at 1% accuracy everything is relevant!

Mathieu PELLEN
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N I_O QCD + PS in POWHEL [Bevilacqua, Garzelli, Kardos, Toth; 2106.11261]

2 L S B B I A e [ L A
20 — ATLAS ABMP16, PDF unc. = ABMP16, PDF unc.
1 L= 460! ABMP16 cent, 30 ATLAS ABMP16 cent, ——
CUELTT tnir € 112.2] oz F/Ldt =46 Er.Er € [1/2 2] el
_107”++D, V=TTV it —
Zu me = 1.5 GeV T [ me= 156 WH 472 et
2_ e E -
2 |5 22 ¢
gasy W E 5[ - 2y
////////(//// E “ é A B
‘E % sE A4
2 j
007“\(““1\”‘“‘“‘2\“ U:‘HH“HMHH
T e ( 05 1 2
” - \ e B
s (7 2 125~
N 4 oL
2 Z 1 W *
e r)L////];'/// T 1 | :0 . m it //7% //W
(0 =
HH\HH\H‘HH\‘A o L
0 05 1 15 2
nee| 11] 0 0.5 1 15 2

me 1]

@ Th. vs. Data [aTLAs; 140262631 @ 7 TeV

@ Useful comparison between W + D and W + ¢
— Estimate of [W + D] — [W + ] effects

NB: Also comparison [cwms; 181110021 for W + D @ 13 TeV
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N I_O QC D + PS in POWHEG [Ferrario Ravasio, Oleari; 2304.13791]

pp — ptv,e, /s =13 TeV, NLO+PS

o ——
= 0
=, 1075 —
5
% 10° 4 —
P
41071 PWG PWG-Dipole
Cb PWG+QTilde PWG+Vincia ss——
= —
1.3
2 10 —.
= L
2 (S —
~ 0.7  m—
-
0.47 T T T T T
0 2 4 6 10 18 50 114 300

%/PWG d(fUS:‘S/d[L]L [tb/GeV]
(=1
|

pp — 11,8, /s = 13 TeV, NLO+PS

PWG
PWG+QTilde

PWG+Dipole
PWG+Vincia s—

@ Comparison between pt . and pr

@ Non trivial (and different) effect of parton shower

e Up to 10% differences between various parton showers
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N I_O QC D + PS in POWHEG [Ferrario Ravasio, Oleari; 2304.13791]

pp = pv,E, /s = 13 TeV, Hw7, QTilde pp = pv,E, /s = 13 TeV, Hw7, QTilde
= 3
&) — &)
g —_— = _—_
= 10" — = 10" —
3 3
§ —_— § —
£ 1071 :I: PS PS-+had %1014 i PS PS+had
C'b PS+UE PS+had4+UE e 3 PS+UE PS+had+UE ===
= 3

201 154
»n 1.51 0 [
g S—— &
< 1.0 S
x x 10

0.5 —

0 2 46 10 18 50 114 300 0 2 46 10 18 50 114 300
pi. [GeV] P [GeV]

@ Underlying Event and hadronisation can have large effects
— Different between pt . and pr
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N I_O QC D + PS in POWHEG [Ferrario Ravasio, Oleari; 2304.13791]

CMS, /s =13 TeV, pp =W*D*(2010)7 CMS, /s =13 TeV, pp =W *D*(2010)~ CMS, /s =13 TeV, pp =W ~D*(2010)*
=100 4+ cms 4+ PWG+Dipole = + oMs +  PWG+Dipole = 4+ cms +  PWG+Dipole
= =+ PWG+QTilde + PWG+Vincia = + PWG+QTilde + PWG+Vincia =) =+ PWGHQTilde + PWG+Vincia
=80 =40 ‘
= = ‘ == =
% 60 % = #

% ] % — %
%, _— L == i =
= 49 CMS_ 201911705068 EE = R CMS_ 201911705068 = CMS_2019.11705068
El.o El.-) Z’L)
N e RN e e I S
QLo et | 9\1-“ ] | &1'0 T el

0.5 0.5 0.5

00 04 08 13 18 24 00 04 08 13 18 24 00 04 08 13 18 24
[74] 74l (774

@ Th. vs. Data (cms; 1811.10021] @ 13 Tev
— both signature separately and their sum
— Large th. and exp. uncertainties — agreement!
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o pp —> Z+
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o pp —> Z+

@ Sensitive to charm PDF
[Lipatov, Lykasov, Stepanenko, Bednyakov; 1606.04882], [Bailas, Goncalves; 1512.06007], [Boettcher,
liten, Williams; 1512.06666)]

especially at forward kinematic (like LHCb [utcb; 2100.08084))

@ Probe of instrinsic charm
[Brodsky, Hoyer, Peterson, Sakai; Phys. Lett. B 93 (1980) 451-455], [Brodsky et al.; 1504.06287], [Ball et

al.; 2208.08372], [Hou et al.; 1707.00657], [Guzzi et al.; 2211.01387]
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pp — Z+ cjet V5 =13 TeV pp — Z + c-jet Vs =13 TeV
700 700

LHCb cuts, PDF4LHC21 LO LHCb cuts, PDF4LHC21 LO
600 4 Flavour dressing NLO 600 4 FJ:L\"()\\rvrlr(mx;inﬁw NLO
pr(Z +jet) < pp
— 5001 NNLO 500 4 NNLO
NLO+Py$ NLO+PyS
5 4009 4004
Sl B0 f——p
=
5 — ] \
= 200 \—‘ 200
100 4 100
0 T r T v 0 T r T T
14 14
S 1.3 NLO NNLO 1.3 NLO NNLO
R R s— 1.2
114 1.1 —
Lo ]
0.9 209
0.8 T T : . 0.8 r - : T
o Lt oLt
5 L34 NNLO NLO+Py8 NLO+HwT 5 1.3 NNLO NLO+Py8 NLO+HwT7
Z 1.2 Z 121
Z 11 Z 11
2104 2 1) e
2 09 PSS SNy ERIEEEESES e
=2 0.8 2058
~oT r T T T ~oT T r T T
2.5 3.0 3.5 40 25 3.0 3.5 4.0

peiet

[Gauld et al.; 2302.12844]
@ (10 — 20)% corrections @ NNLO QCD
perturbative convergence improved with pt z4; < pr;
@ Coherent picture between NNLO QCD and NLO QCD + PS
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Ratio R§ Vs =13 TeV Ratio R Vs =13 TeV

~_ 0.06 4 LHCb cuts, PDFALHC21 LHCb cuts, PDF4LHC21
] Flavour dressing Mlavour dressing
57 0.05 1 pr(Z +jet) < Pt
g

i L

5 0.04

=

= 0.03

= ‘

2 0.021 I ——
& = e ———
. 0.014

= LO NLO NNLO NLO+Py8 LO NLO NNLO NLO+Py8

0.00 T T T

T 0.00 T T T

S
S

131 NLO NNLO 1.3 NLO NNLO

©
s

Ratio to NLO
L
Ratio to NLO
HJ

w
o

o 14 o L4
3 134 NNLO NLO+Py8 NLO+Hw? o 1.34 NNLO NLO+Py8 NLO+HwT
Z 12 —— Z 1.2
Ll L] “ 11 IIIII s g s
Z L0 210 e
209 209
£ 0.8 £ 08
ToT T T T T Tor T T T T

2.5 3.0 3.5 40 2.5 3.0 3.5 4.0

v 7

[Gauld et al.; 2302.12844]

® Rf =0(Z+c—jet)/o(Z+ jet)

— Same (flavour) algorithm for both computations
[Gauld, Huss, Stagnitto; 2208.11138]
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pp = Z + c-jet V5 =13 TeV pp = Z + jet V5 =13 TeV Ratio R V5 =13 TeV

900 25000 0.09
NLO +Py$ (w/ MPI) NLO +Py$ (w/ MPI) NLO +Py$ (w/ MPI)
800 NLO +Py8 (w/o MPI) NLO +Fy8 (w/o MPI) 0.08 NLO +Py8 (w/o MPI)
N NLO +Hw7 (w/ MPI) 20000 4 NLO +Hw7 (w/ MPI) ~ NLO +HwT (w/ MPI)
700 NLO +Hw7 (w/o MPI) NLO +Hw7 (w/o MPI) | s 007 NLO +HwT (w/o MPI)
600 | 5 0064
= 15000 4 &

500 ’—'_‘ = < 0.05

Y Y -
400 S 2004

= 10000 4 i |
300 1003 =
— B 1
200 5000 4 T 0.02
_— 3 | —
100 ] LHCD cuts 0.01 ] LHCb cuts
Experimental tagging LHCb cuts Experimental tagging
0 0 0.00
14 14 14
NLO+Py8 NLO+Py8 _ NLO+Py8

13 NLO+HwT 134 NLO-+Hw? 13 NLO+HwT

w/ MPI / w/o MPI
/ MPI / w/o MPI

0.9 0.9

0.9

[Gauld et al.; 2302.12844]

@ Large MPI corrections for Z + c
no comparison to data [LHch; 2109.08084]
A\ different flavour tagging in exp. vs. th.
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a IRC-safe definition of jet flavour. Only a joint effort
of both communities, theory and experimental, will en-
able to exploit in the best way the huge amount of data
that LHC will provide us in the next decades, better
enabling the use flavour signatures as a powerful win-
dow into short-distance interactions from GeV to TeV
energy scales.

[Gauld et al.; 2302.12844]
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Summary

New computations available:

@ Z-+Db [Gauld et al.; 2005.03016]
o W+C [Czakon, Mitov, MP, Poncelet; 2011.01011, 2212.00467], [Bevilacqua, Garzelli, Kardos, Toth;

2106.11261], [Ferrario Ravasio, Oleari; 2304.13791]

@ Z-C [Gauld et al.; 2302.12844]
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Summary

New computations available:

@ Z-+Db [Gauld et al.; 2005.03016]

o W+C [Czakon, Mitov, MP, Poncelet; 2011.01011, 2212.00467], [Bevilacqua, Garzelli, Kardos, Toth;

2106.11261], [Ferrario Ravasio, Oleari; 2304.13791]

@ Z-C [Gauld et al.; 2302.12844]

e Decisive information for SM measurements/BSM searches
— Precision programme at the LHC

@ Crucial interplay between theory and experiment
— Big impact on physics results
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Summary

New computations available:

@ Z-+Db [Gauld et al.; 2005.03016]

(] W+C [Czakon, Mitov, MP, Poncelet; 2011.01011, 2212.00467], [Bevilacqua, Garzelli, Kardos, Toth;

2106.11261], [Ferrario Ravasio, Oleari; 2304.13791]

Z+C [Gauld et al.; 2302.12844]

Decisive information for SM measurements/BSM searches
Precision programme at the LHC

@ Crucial interplay between theory and experiment
Big impact on physics results

Thank you
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Back-up slides

BACK-UP
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Feature of the (new) computation (cukon, witor, up, poncetr; 2212 00467

S Vi 5 Vi

@ Full CKM dependence up to NNLO QCD
o NLO EW

e Study of flavour-jet algorithm

@ Study of experimental definition

@ 13TeV setup
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Best predictions @ 13 TeV - Differential distributions

LHCJI3TeV PDF: NNPDF31 Seale: (Ef.w +pr}/2

tagging: k{CA

at least one ¢-jet

IC 13 TeV PDF: NNPDF31 Scdle: (Bry + pry. )] 2

at least one c-jef

tagging: hrCA

ft

L)
pr(6) [GeV]

=

=

B — 10

S =
= Mo

=

o

32

At

=]

Z

@ Good perturbative behaviour for QCD corrections
@ Sudakov logarithm for EW corrections
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Best predictions @ 13 TeV - cross sections

Order | o, [ob] \ ow—;, [ob] | Rustj, = owti,/Sw— i,
Lo ‘ 113.817(2) H24% ‘ 119.711(2) H2 4% ‘ 0. 95076(2)t%?01231"{27
NLO | 162.4(1) 7 %% | 168.1(1) %% | 0.9650(9) t4, 2%

NNLO ‘ 168. 6(8)+0 7% +3.8%(PDF) ‘ 173.9(1.9) +0.6% +3.7%(PDF) ‘ 0.96(1 +0.2% +2.1%(PDF)

2.1% —3.8%(PDF) )1 8% —3.7%(PDF) —0.3% —2.1%(PDF)

@ PDF uncertainty dominant at NNLO QCD
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Best predictions @ 13 TeV - cross sections

+0.7% +3.8%(PDF)
2.1% —3.8%(PDF)

+0.6% +3.7%(PDF)
—1.8% —3.7%(PDF)

+0.2% +2.1%(PDF)

173.9(1.9) 0.3% —2.1%(PDF)

Order ‘ T, [pb] ‘ Wi, [ pb] ‘ Rwijc = owij, /JW,J.C
+12.4% +12.4% +0.013%
Lo ‘ 113.817(2) H24% ‘ 119.711(2) H2 4% ‘ 0.95076(2) 7%, %1%
NLO ‘ 162.4(1) 7 %% ‘ 168.1(1) %% ‘ 0.9650(9) t4, 2%

NNLO ‘ 168.6(8) " ‘ 0.96(1)*

@ PDF uncertainty dominant at NNLO QCD

Order ‘ ow-+j, [Pb] ‘ ow-j, [pb] ‘ Rw=j, = ow+j, /ow-j,
NLO EW | 117.399(2) | 111.627(2) | 0.95084(2)
Sncorw(%] | —1.93 | —1.92 | —0.01

@ EW corrections null in the ratio
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Effect of non-diagonal CKM @ NNLO QCD

LHC 13 TeV PDF: NNPDF31 Scale: (Etw + pr;,)/2
tagging: k1CA
at-least-one ¢-jet

LHC 13 TeV PDF: NNPDF31 Scalé: (Enw [ pry,)/2

tagging: krCA
at-least one-e-jet!

—NNLO full CKM
o | = NNLO diag CKM

i

25 B E) 7 It 5

o 12 150
pr(jc) [GeV]

o full CKM / no CKM ~ 7.5—11%

o full CKM / VLEO £0 ~ 3%
— Original approximation rather good
— Full CKM dependence up to NNLO QCD for precise

predictions
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Scale setting

LHC 13 TeV PDF: NNPDF31 tagging: ktCA LHC 13 TeV PDF: NNPDF31 tagging: ktCA
Lo7: B Teast one ¢-jet 3 at least one ¢-jet
z
— | | ik |
e —
- ; ) )
I I ] I I
3)/2 (Tp
pr(f) [GeV] pr(0) [GeV]

o o =73 (Erw+pry)
o For pr ¢, po/2 best / For pt_, po best / For cross section,
210 best
1o good choice with good perturbative convergence
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PDF uncertainty

LHC 13 TeV PDF: NNPDF31 tagging: k{CA !

LHC 13]TeV PDF: NNPDF31 tagging: krOA
af least one ¢-jet o 1

at Teast one c-jet

NNLO NNPDF31 PDF var.

NNLO NNPDF31 PDF o
s NNLO NNPDF31 scale var

s NNLO NNPDF31 scale var

= NNLO NNPDF31 PDF vie. ol
NNLO NNPDED)

—NNLO NNPDFi0

—NNLO CTIS

—NNLO CT

I 17 20 iy 00 05

(0 [GeV]
o NNPDF3.1 variation ~ +4%

@ Spread of various PDF sets ~ 10%
—» PDF error is the largest theoretical uncertainty
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Event selection(s)

—

Ip

Op
]
o PF P S orme “D w
\oppow\t 53N (5.5)
v e2) (¥ e sgm
(

3 B (=)
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Event selection(s)

—

Ip
o PF P [\ S orme “D w
\ o‘;paa:\e 55“ (55)
v L‘O{’) oﬁans ‘rc ﬁf‘;f\

3 )

_/

@ Experiments measure OS-SS
—» More sensitivity to strange PDF

@ Many possibilities...
—» most inclusive: at least one c-jet
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Event selection(s)

LHC 13 TeV PDF: NNPDF3L Scale: (Br +prg)2 LHC 13 Tev PDF: NNPDF31 Scale: (Brw + pry)/2
. tagging: ArCA - tagging: ArCA
%1
E
. 0ss
S N ) LI TR
[y(0)] pr(f) [Gev]
e LHC 13 TeV PDF: NNPDF3l Schle: (Bry + pry))- e LHC |13 TeV PDF: NNPDF3I Scale: (B

72
tagging: hrGA

ratio to first sel

ERED
pr(f) [GeV]

e At NLO QCD, differences covered by scale uncertainty
o At NNLO QCD, differences > 10—15%
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Jet algorithms - definitions (1)

—» Freedom in choosing whether cc and cc are flavoured

Variation of flavour kT algorithm [Banfi, Salam, Zanderighi; hep-ph/0601139]

o flavoured kr algorithm, charge dependent (kpCD)
o flavoured ky algorithm, charge agnostic (kpCA)

o flavoured kr algorithm, charge dependent, with beam
definition including W momenta (krCDB)
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Jet algorithm (1)

LHC 13 TeV PDF: NNPDF31 Scale: (Eray + pry,)]2 * LHC 13 TeV PDF: NNPDF31 Scale: (Eryy + pry,)/2
exactly one c-jet exactly one SS c-jet

—NLO b:CD
o | — 10 kA
NLO kOB

—NLO kCD
o | — N0 kA
NLO kxCDB

i 3 50 07 T 12 150 17 200 om 3 050 07 i 12 150 17 200

[y(O)] [y(0)]

LHC 13 TeV PDF: NNPDF3I Scfle: (Eny + pry,)|2 LHC 13 TeV PDF: NNPDF31 Schle: (Eryy + pry)/2
exactly one c-jet ; exactly one SS c-jet

0 —NNLO £5CD
—NNLO k£ CA
NNLO by CDB

Lo % o m
[y(0)] ly(6)|

3 150 17 200

@ No difference at NLO and NNLO for exactly one-jet

@ Large differences for exactly one SS c-jet
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Jet algorithms - definitions (2)
— Flavoured anti-kt algorithm

(flavored) __(standard) S, if both i and j have non-zero flavor of OS,
d,-j = d,-j X

1,  otherwise.

where

s . 1 kz.f+k2.'
Sij=1-6(1—kjj)cos (5’/]) with  rj = ; %

2
T ,max
[Czakon, Poncelet, Mitov; 2205.11879]

Variation of anti-kr algorithm
o flavoured anti-kp algorithm, charge dependent, with
a=0.2,0.1,0.05 (akpCD-0.2, akpCD-0.1, akTCD-0.05)

o flavoured anti-kt algorithm, charge agnostic, with a = 0.1
(akTCA—O.l).

2208.11138

NB: Alternatives [Caletti, Larkoski, Marzani, Reichelt; 2205.01117, 2205.01109], [Gauld, Huss, Stagnitto;
Mathieu PELLEN
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Jet algorithm (2)

LHC|[13 TeV PDF: NNPDF31 Scale: (Efw + pr.])/2 -

LHC 13 TeV PDF: NNPDF3 Scale: (Eny + pry.)/2
exactly one ¢-jet L5

exactly one S8 ¢-jet

. NLO ke CD-0.05
—NLO £:CD

"] —N10 krCD

pr(0) [GeV] pr(f) [GeV]
" LHC 13 TeV PDF: NNPDF31 Scale: (Etw + pr)/2 " LHC 13 TeV PDF: NNPDF31 Sc
L exactly one ¢-jet
———— :
— W0 w1 o L0 abrCD01
= — ommcas
i s o e scEiats
pr(£) [CeV] (:

pr(0) [GeV]

@ No(small) difference at NLO and NNLO for exactly one-jet
@ Large differences for exactly one SS c-jet
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Jet algorithm (3) at

THC 13 TeV PDF; NNPDF3I Seale] Hy THC 13 TeV PDF: NNPDF31 Seale] Hy
e At Teast one ¢-jot g Teading c-jet i OS

1 - T
PR e — > = B ™ =
pr(0) [GeV] pr(6) [GeV]
= THC 13 TeV PDF: NNPDF3] Scalo: fir = LHC 13 Te PDF: NNPDF3] Scales Hr
e at Teagt one c-jet L Teading c-jet is OS

51— NLOPS krCD

[ R —
n(e) [GeV] 1(t) [GeV)

e 5—10% differences for at least one c-jet (inclusive)

o Below 5% differences for leading c-jet is OS
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Jet algorithm (4) at

12 12
THC 13 TeV PDF] NNPDF31 Scale] Hy THC 13 TeV PDF] NNPDF31 Scale] Hy
~ e exactly jone OS ¢-jet exactly one SS¢-jet:
S
T
£ ‘ }
=T !
> W m m m m o m m
pr(f) [GeV] pr(f) [GeV]

o LHC 13 TeV PDF: NNPDF31 Scale: Hy LHC 13 TeV PDF: NNPDF3] Scale: Hr
L exactly one OS c-jet exactly one S c=jet
S
s
s —
095 | wm—NLO+PS akr | e |
s

— NLOIPS kD — NLOPS D
B T oa— B a— TR t

RO T w m
n(t) [GeV] n(t) [GeV]

o < 3% differences for exactly one OS c-jet

@ Huge differences for exactly one SS c-jet
— exactly one OS c-jet is preferred in this respect
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Cuts @ 13 TeV

@ Charged lepton

pt.e > 30GeV, |ne| < 2.5.

@ At least one c-tagged jet

pr,j. > 20 GeV, ;.| < 2.5.
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CKM effect

onNLo [pb] | full CKM | vEO o0 | no CKM

+0.7% +3.8%(PDF)
—2.1% —3.8%(PDF)

+0.7% +4.2%(PDF)

156.7(8) 3 19 —4.2%(PDF)

+ ‘ 168.6(8)

‘ 164.4(8)+1'°% +3.9%(PDF) ‘

—2.4% —3.9%(PDF)

+0.6% +3.7%(PDF)
—1.8% —3.7%(PDF)

+1.0% +3.8%(PDF)
—2.2% —3.8%(PDF)

+0.5% +4.2%(PDF)

156.7(1.9) _ 6%, _4.20(PDF)

. ‘ 173.9(1.9) ‘ 168.5(1.9)
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