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b-quark production at the LHC TRCH

* No inherent b-quark component
in the proton wavefunction

—> Prominent LO production is:
gg - bb,  qq - bb
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LHCD

b-quark production at the LHC

* No inherent b-quark component \ \ f(w,p* = 10" GeV?)
in the proton wavefunction = |
P T MSHT20NNLO
- Prominent LO production is: 0.8 :

gg — bb, qg — bb

* The gluons are frequently largely
asymmetric in their momentum 0.4 |
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b-quark production at the LHC

* No inherent b-quark component
in the proton wavefunction

- Prominent LO production is:

99 19 \s=7 TeV

* The gluons are frequently largely
asymmetric in their momentum

* bb pairs are predominantly
produced at small angles from . D)
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the beam direction /4
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A different kind of jet detector...
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* LHCb is a completely
forward detector
(2 <n<5)
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A different kind of jet detector...
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* LHCb is a completely
forward detector

(2 <n<5)

Interaction
Point (IP)

E.D. Lesser

* LHC beampipe opened(!) for silicon tracking

detectors to be placed closer to the beam

* Excellent primary vertex resolution of
~10 (transverse directions x, y) / ~40 (z) um
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A different kind of/j/et detector...

« LHCb is a completely /,_road range of tracking

.
£ \ N
forward detector // AL HEA va M N\ \
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* Measurement of charged hadrons and ,uJ—r S |

* Great momentum resolution a(p)/p» ~ 0.5%
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A different kind of/j/et detector...

* LHCb is a completely /) \\
o ‘
forward detector // pcar HCAL M\ \
7 / SPD/PS Mo 250mrad \
(2 < 77 < 5) [/ Magnet \ "‘\\

Interaction
Point (IP)

I

Cherenkov of particle type (PID) _
detectors » Separation of m¥, K* p* up to 100 GeV/c
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A different kind of/j/et detector...

* LHCb is a completely Fu’l/fl""’/ca lorim etry
forward detector // Coap HCAL

(2 < 77 < 5) // / Magnet

Interaction
Point (IP)

* Measurement of v, et n

* Can reconstruct “full” or “charged” jets
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A different kind of jet detector... %

LHCDb is an excellent |
detector for measuring|

heavy-flavor jets in LHC| .
kinematics!
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LHCD

* Many thanks to Rene Poncelet, Daniel Reichelt, Andrew Larkoski,
Giovanni Stagnitto, and Ludo Scyboz for the excellent presentations!

Public meeting on flavor algorithms

Public LHCb meeting on jet flavor algorithms
ﬁ Monday May 20, 2024, 3:00 PM — 5:30 PM Furope/Zurich
4‘\) Q 4/S-020 (CERN)

LA Andrii Usachov (Nikhef and VU (NL)) , Hang Yin (Central China Normal University CCNU (CN))

* Indico link: https://indico.cern.ch/event/LHCb-jet-flavor
* Recording of the event is available

E.D. Lesser 11 June 2024 13
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Two paths to heavy flavor

1) Reconstructing individual decay channels

*eg,BE> (/Y- utuT)KE
 Minimal bias on the reconstructed HF-hadron candidates
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Two paths to heavy flavor

1) Reconstructing individual decay channels

*eg,BE> (/Y- utuT)KE
 Minimal bias on the reconstructed HF-hadron candidates

2) Reconstructing secondary vertices (SVs)
* Build SV from tracks which are displaced from the primary vertex (PV)
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Two paths to heavy flavor

1) Reconstructing individual decay channels

*eg,BE> (/Y- utuT)KE
 Minimal bias on the reconstructed HF-hadron candidates
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LHCD

Single-hadron jets on LHCb TNCH

* Several dedicated hadronic triggers for high-statistics jet measurements
containing a wide variety of hadrons
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LHCD

Single-hadron jets on LHCb TNCH

* Several dedicated hadronic triggers for high-statistics jet measurements
containing a wide variety of hadrons

Decay search

B ntains (all of):~ | D% x Show only selected:

“Ntuple Wizard” for selecting decay(s)
B (B - Ko * Will be available for LHCb open data
B+ (' KK+ m)n * Currently in alpha testing (internal)

Comput. Softw. Big Sci. 7 (2023), no. 6 18
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LHCD

Single-hadron jets on LHCb TNCH

* Several dedicated hadronic triggers for high-statistics jet measurements
containing a wide variety of hadrons

* Some previous/more ongoing LHCb measurements use this approach
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LHCD

Single-hadron jets on LHCb TNCH

* Several dedicated hadronic triggers for high-statistics jet measurements
containing a wide variety of hadrons

* Some previous/more ongoing LHCb measurements use this approach

* Possibility to reconstruct multiple decay channels at once
* Eg, Bt > (J/Y - uTu ) KE plus Bf - (D° - KinH) nt
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LHCD

Single-hadron jets on LHCb TNCH

* Several dedicated hadronic triggers for high-statistics jet measurements
containing a wide variety of hadrons

* Some previous/more ongoing LHCb measurements use this approach

* Possibility to reconstruct multiple decay channels at once
* Eg., Bt > (J/Y - utu)KE plus BT - (D° » KEnt) nt

* Very difficult to reconstruct all HF hadrons through all decay channels

e Correcting for gluon splitting jets in the new algorithms will require large purity
corrections, estimated from MC models

E.D. Lesser 11 June 2024 21
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Using the new tagging algorithms
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LHCD

Using the new tagging algorithms  justsisy

« Use Pythia 8 with HardQCD: all=on (enabling all 2 — 2 matrix elements)

R R pl\/l%

) 2 o g

.|

s-channel t-channel
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Using the new tagging algorithms

« Use Pythia 8 with HardQCD: all=on (enabling all 2 — 2 matrix elements)

* Check at parton level for at least one ¢ quark after the shower
 C quark required to be within 1 < |n| < 6 (for hadrons, 2 < | ycpl < 5)
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LHCD

Using the new tagging algorithms

« Use Pythia 8 with HardQCD: all=on (enabling all 2 — 2 matrix elements)

* Check at parton level for at least one ¢ quark after the shower
 C quark required to be within 1 < |n| < 6 (for hadrons, 2 < | ycpl < 5)

- Repeat hadronization until a DY is produced in the event (max attempts = 10)

- : i » @ D>
S : e e,
@ I c
| < ~ @ p°
o e

® po?
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Using the new tagging algorithms

« Use Pythia 8 with HardQCD: all=on (enabling all 2 — 2 matrix elements)

* Check at parton level for at least one ¢ quark after the shower
 C quark required to be within 1 < |n| < 6 (for hadrons, 2 < | ycpl < 5)

- Repeat hadronization until a DY is produced in the event (max attempts = 10)

* Force all D° - K* * (421 : onMode

N—

off, 421:onIfMatch = 321 211)

®
/ D° —y KT
/V.:

‘ & : > T
S : g . —%e
Y : < ~e
) ~®
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LHCD

Using the new tagging algorithms

« Use Pythia 8 with HardQCD: all=on (enabling all 2 — 2 matrix elements)

* Check at parton level for at least one ¢ quark after the shower
 C quark required to be within 1 < |n| < 6 (for hadrons, 2 < | ycpl < 5)

- Repeat hadronization until a DY is produced in the event (max attempts = 10)

 Force all D° - K* nt (421:0nMode = off, 421:onIfMatch = 321 211)

* Replace K* nr™ pair with mother D°, then reconstruct jets with anti-k;
« Require exactly one D° per jet

E.D. Lesser 11 June 2024




LHCD

Using the new tagging algorithms

« Use Pythia 8 with HardQCD: all=on (enabling all 2 — 2 matrix elements)

* Check at parton level for at least one ¢ quark after the shower
 C quark required to be within 1 < |n| < 6 (for hadrons, 2 < | ycpl < 5)

Repeat hadronization until a D° is produced in the event (max attempts = 10)

Force all D° - K* o+ (421:0onMode = off, 421:onIfMatch = 321 211)

Replace K* ™ pair with mother D?, then reconstruct jets with anti-k
« Require exactly one D° per jet

11 p;hat bins, 1M events each: (9, 12, 16, 21, 28, 36,
45, 57, 70, 85, 100, )
« Scale histograms by pythia.info.sigmaGen() / N _events

E.D. Lesser 11 June 2024
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Using the new tagging algorithms
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Using the new tagging algorithms

5 'LHCb unofficial | g 884 ' i
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Using the new tagging algorithms
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Using the new tagging algorithms %
| Large contribution (10-30%) of

dN/dprjet

Ratio to AKT -




Comparing 2—2 QCD with Z+jet

e /+jet naturally enhances the production of quark-jets at LO
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Comparing 2—2 QCD with Z+jet

E.D. Lesser

e 7+jet naturally enhances the production of quark-jets at LO

* Replace HardQCD:all=on with of£f and:

* WeakBosonAndParton:qggbar2gmZg=on (qq - v*/Z° g)

* WeakBosonAndParton:gqg2gmZg=on (qg — V*/ZO g)

11 June 2024
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Comparing 2—2 QCD with Z+jet

5 " LHCb unofficial
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Comparing 2—2 QCD with Z+jet
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Comparing 2—2 QCD with Z+jet
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Comparlng 2—2 QCD W|th Z+Jet

Ratio to AKT

E.D. Lesser

_dN / de,jet

[Retain better statlstlcs in Z+je
%: All 2—2 QCD scattering w Z+jet (quark enhanced) ¥ _%
] LHCb would like an fjcontrib |
for experimental use! =
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LHCD

Heavy quarkonium in-jet? TNCH

* How to think about “heavy-flavor” jets with heavy qq pairs (e.g. J /Y)?

E.D. Lesser 11 June 2024 PhVS. Rev. Lett. 118, 192001 (2017) 39
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LHCD

Heavy quarkonium in-jet? TNCH

* How to think about “heavy-flavor” jets with heavy qq pairs (e.g. J /Y)?

b 03 T T T | T T T T T T T T T T T T T T
L Data (syst) LHCb
: Vs =13 TeV
02-_ Pythia 8 ey b
L (non-prompt) | |
0.1 —
0: N ] N ) f | | | N | N N N n "=-
0 0.2 0.4 0.6 0.8 1

z(J/y)
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Heavy quarkonium in-jet?

* How to think about “heavy-flavor” jets with heavy qq pairs (e.g. J /Y)?

© 0.3 . r 1 7 " r 17 711
L Data (syst) LHCb |
i Pythia 8 (s =13 TeV A
— la -
0.2 (nob:-f v |
a prompt) | |
0.1 _
O: el — L —— — L 1 '=-
0 0.2 0.4 0.6 0.8 1
z(J/y)
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0.1

A

— LO NRQCD
(Pythia 8)

——
.Data (syst) ---

DPS

SPS

~ LHCb

Vs =13 TeV

z(J/yr)

Phys. Rev. Lett. 118, 192001 (2017) a1



https://doi.org/10.1103/PhysRevLett.118.192001

This exact observable also measured by:
CMS: PLB 825 (2021) 136842
ATLAS: JHEP 12 (2021) 131
ALICE: preliminary

b=>Jly | 02  (Pythia 8)

0.2 B (non-prompt) | |
0.1 —
= —
0 0.2 0.4 0.6 0.8 |

2(J/ y)

Phys. Rev. Lett. 118, 192001 (2017) 42
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https://doi.org/10.1007/JHEP12%282021%29131
https://alice-figure.web.cern.ch/node/26481

H

*H

do/c

0.3

0.2

0.1

0

This exact observable also measured by:
CMS: PLB 825 (2021) 136842

ATLAS: JHEP 12 (2021) 131 _
ALICE: preliminary .

nnnnnn mpt 0.2 (Pythia 8) ———

Use new algorithms to study
shower and hadronization
effects with higher precision? |»
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Two paths to heavy flavor

1) Reconstructing individual decay channels

*eg,BE> (/Y- utuT)KE
 Minimal bias on the reconstructed HF-hadron candidates

Y

pe

Sl ©un

11 June 2024

44



E.D. Lesser

Two paths to heavy flavor

2) Reconstructing secondary vertices (SVs)
* Build SV from tracks which are displaced from the primary vertex (PV)

11 June 2024
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LHCD

EW-tagged heavy flavor production

1111111111 Phys. Rev. Lett. 128 (2022) 082001
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LHCD

EW-tagged heavy flavor production

c Z
jet
Wk
g C 7z
c

Z%
: Z

NI
A

e Search for intrinsic charm

g

1111111111 Phys. Rev. Lett. 128 (2022) 082001
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EW- tagged heavy flavor production

LHCD

In| < 2.4
pT(pn) > 25GeV
pT(j) > 30 GeV

Central Reglon &= Forward Reglon

2.0 < n(p) <4.5
pr(p) > 20GeV
2.2 < n(j) < 4.2
pr(7) > 20 GeV

Unique access
at LHCb!

—— [C allowed
g C 0.02 —— BHPS (2)1c =1%
. 0 . L L y ] | 2 y L
e Search for intrinsic charm 0 1 2

E.D. Lesser 11 June 2024
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EW-tagged heavy flavor productlon %

E —~ 0.1 .
c _ 7 N L LH Cb = stat ]
- ~ el [ ] stat@syst
jet ~I_ © 0.08 /5 =13TeV Y _
% N o :
g C 7 Nb 0. 06_— ; . 3
C Z i jet i }
// g 0.04— ? —]
, : - NLO SM -
> \ A — e PDF4LHC15-No IC [ _
0.02~ . NNPDF 3.0-1C allowed B
g C - 4 CT14+BHPS (z)1c = 1% .
. . . . 0 [ T T KN TR T NN S A N SO T SR N T N S S N NN SR SR
e Search for intrinsic charm 2 2.5 3 3.5 4 4.5
y(Z)
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EW- tagged heavy flavor productlon %

—~ 0.1 —

c ST = stat i

QB LHCb — :

: _ 5 0.08+ S at@SYSt ]

: jet ~Z_ Vs =13 TeV _

g ¢ i 7 = 0.06[= ; —

C Z i jet i }

o g 0.04 o

¢ : - NLOSM -

> \ E A — e PDF4LHC15—No IC [ _

0.02~ . NNPDF 3.0-1C allowed B

g C - 4 CT14+BHPS (z)1c = 1% .
. . . . 0 [ T T KN TR T NN S A N SO T SR N T N S S N NN SR SR

* Search for intrinsic charm 2 2.5 3 3.5 4 4.5

y(Z)

* Repeat with Run 3 data (better statistics) & new flavor algorithm?
E.D. Lesser 11 June 2024 Phys. Rev. Lett. 128 (2022) 082001 50
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EW-tagged heavy flavor production %

N LO | LHCb data
}  default charm

I perturbative charm

NNPDF Collab., Nature 608 (2022) 483-487

2.0 2?5 STO 315 4?0 4.5
y(Z)
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Repeat with Run 3 data
(better statistics) & new
flavor algorithm?

* NNLO predictions now available

e Requires use of IRC-safe flavor
tagging algorithm

* Possibility to resolve the 30
discrepancy with a new Run 3
measurement, using higher-
precision experimental &
theoretical methods
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Jet fragmentation functions

* Measurement for inclusive Z+jets published
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Jet fragmentation functions

* Measurement for inclusive Z+jets published
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* Train a Boosted Decision Tree (BDT) to identify HF jet candidates

BDT(blc)

-0.5

E.D. Lesser

T

b-jets

LHCb snnulatlon

_1

B

T
0.5

1

BDT(bcludsg)

]

BDT(b[c)

-0.5

[—
T T

_-1

L L L B B BN

c-jets
LHCb simulation ]
s 0 o5
BDT(bcludsg)

11 June 2024

(Y

BDT(bc)

-0.5

rLHCD

udsg-jets. . .

LHCb snnulatlon

_-1

B

e
0.5 1

BDT(bcludsg)

]

JINST 10 (2015) P06013

61


https://doi.org/10.1088/1748-0221/10/06/P06013

Machine Learning approach

* Train a Boosted Decision Tree (BDT) to identify HF jet candidates

I
- b-jets

=P BDT(blc)

0.5

LHCb snnulatlon

ok ijZZZ::.

I Y- —

T
0.5

1

BDT(bcludsg)

E.D. Lesser

BDT(b[c)

-0.5

[—
T T

_-1

11 June 2024

L L L B B BN

c-jets
LHCb simulation ]
s 0 o5
BDT(bcludsg)

=P BDT(5c)

(Y

S
i

-0.5

rLHCD

=]

udsg-jets. . .

LHCb snnulatlon

_-1

B

e
0.5 1

BDT(bcludsg)

JINST 10 (2015) P06013

62


https://doi.org/10.1088/1748-0221/10/06/P06013

Machine Learning approach
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* An excellent experiment for HF-jet studies in mostly unexplored
kinematic region!

* Ongoing studies using WTA flavor tagging (Lund jet plane, jet mass,
jet fragmentation functions...)

* A small team of hard-working experimental jet experts ready to make
strong measurements with data from LHC Runs 2 & 3

e Feel free to contact us for collaboration ©
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