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Why heavy flavor jets?

Heavy quarks play a special role in HEP

) Clean signature of heavy particle cecays;

)Calculable*in pQCD up to hadronization
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' » Essential input for many processes in the SM & beyond

Provide stringent tests of pQCD & hadronization

>

nteresting probes of nuclear effects in heavy ions
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This talk:
v Flavor tagging methodology

v Cross sections of heavy quark jets
v Associated production: boson+Q
v Fragmentation & substructure
@Not covered: Nuclear effects

I\/Ieasurements of heavy ftlavor jet production & substructureh!
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: » High z: take a larger fraction of the jet energy |

(s fragment different

> Large angle: Collinear radiation is suppressed |
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avor tagging based on lifetime: '
isplaced vertices & track info, |
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Tagging is only half the job |
|Also need in-situ methods |
for tag & mistag efficiency |

ften combined with lepton info-

Heavy flavor tagging

LHCb simulation
C b'_j'e; - '.z.é<'~r;g'et_>'<'4fz' B
P et 20<p et <100Gevy  Recent developments use more info w/
0.6 4 Increasingly sophisticated ML architectures

Qu & Gouskos PRD 101 (2020) 056019, ATL-PHYS-PUB-2022-027

Besides b-tagging

o (
=
] | L

LHCb JINST 17 (2022) P02028

(b,c)-jet tag efficiency

0.2; T — » Charm-jet tagging CMS JINST 17 (2022) P03014
b » Tagging of boosted objects, e.g., H —=bb
0001  0.002  0.003  0.004  0.005
light-parton mistag probability ATLAS EPJC 79 (2019) 836
CMS-PAS-BTV-22-001
b-tag efficiency scale factors light jet mistag scale factors
35.9 fb' (13 TeV, 2016) e
i T T T T 1] I 1 T T T 17T *§ 22:—ATLAS 8 Total Uncertainty E
14~ CMS CSW2T 5, of (5= 18TeV. 1391 I Systematio Uncanainly 3
B : T OFZ+>1jet le, M| <25 o : e o
~ — I\_/Iuon jetS (})(g 1 8:—DL1rE"Ji ??T/fgingle Cut OP ;!rrgg)jcétl:ta. er:s;?traiLrjns E
B —e— Tt o "“I anti-k, R=0.4 particle flow jets ~ ==MC Stat. Uncertainty .
1.2_— Comb + (stat @ SYSt) K 165 -+-Data Stat. Uncertainty -
- : 3 14f
- = £ 12F
; CMS JINST 13 (2018) PO5011 : Tt
08— | (2018) — 0.8F- ATLAS EPJC 83 (2023) 728
| | L1 1 1 1 | | | 1 1 | 1 v by e b by by
30 40 50 60 100 200 300 400 1000 0'60 510 1(1)0 1%0 260 2é0 300
Jet P, [GeV] Jet p_[GeV]

Heavy flavor jet production & substructures


https://inspirehep.net/literature/1365284
https://inspirehep.net/literature/1992238
https://inspirehep.net/literature/1961179
https://inspirehep.net/literature/1644362
https://inspirehep.net/literature/1741421
https://cds.cern.ch/record/2866276
https://inspirehep.net/literature/1721352
https://inspirehep.net/literature/2095808
https://inspirehep.net/literature/2623785

The basics: inclusive b-jet cross section

Measured by ATLAS and CMS in Run 1 @ 7 TeV
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Consrstent vv/ NLO + parton shower MC generators
\Powheg matches y dependence better than MC@NLO
'No measurements yet at top energy / luminosity |
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D-jet x-section @ 5 TeV

Well described by POWHEG+P8 Compatible w/ soft-collinear effective theory
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Also x-sections in pp & PbPb @ 2.76 TeV, as well as pPb @ 5.02 GeV '3 i 5 oas o ey g
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Charm jet cross-section

ALICE JHEP 06 (2022) 133 charm

light
DO-jet x-section at 13 & 5 TeV DO-jet / inclusive-jet for different R @ 5 TeV
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'Reasonable theory description, |
tension at low pr where mass effects are relevant? |
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Also: Inclusive c-jet x-section @ 2.76 & 5 TeV CMSPLB 772 (2017) 306
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Event selection
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1st measurement broadly consistent w/ NLO Poor description by NLO+PS when you push the kinematics

e.g., at low prpp, Where flavor excitation contributes
Also: b-dijet pt balance at 5.02 TeV c¢wms JHEP 03 (2018) 181
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x-section vs FO pQCD
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Generators describe Z+bb / Z+b x-section, but have more trouble w/ kinematic distributions
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p-jet fragmentation w/ exclusive B+
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= | | | - 05 v - Gluon splitting plays a key role:
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s 1.2 13E E = 0.6 —e— Sherpa (Lund) —o&— Sherpa (cluster)
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o S oaE T  SRR— S —— o T E 2 - - -
0.9 o 0.9E — 00— O = o 04F O —
= 3 = 08F o E © = .
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» Universality of b-hadron fragmentation appears to hold; | °20 60 80 100 120 140 160
, : : C | ! [GeV]
» String-based models give a good description of the data o Pr |
SR st Ew mg R L e T o ] See also b-fragmentation in ff: ATLAS PRD 106 (2022) 032008, CMS-PAS-18-012
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Fragmentation of charm jets

'Hadron species dependence of fragmentation accessible in the charm sector

ALICE PRD 109 (2024) 072005, ALICE JHEP 06 (2023) 133

%= 5 ;_ ALICE, pp, Vs = 13 TeV 61 Al-tagged jets =
ALICE JHEP 12 (2023) 086 = 4.5 chargedjets, anti-ky, K =0.4 0 D™tagged jets —
© 45_7SpftCh<15GeV/C,|77jet|£0.5 =
s 1 | | | | .{'.’o §35E_3< h 15 GeV/ h _E
o R S5E3<p< eV/c, |y"| <0.8 =
N " ALICE, pp ly| < 0.5 ! R § E T E
T [ wvs=13Tev ] T e -
L 0.8 = {s=502TeV — o E
: _ : 2 ; .
B + B factories, e'e”, Vs = 10.5 GeV | 1.5 $ —
06L&  +LEP e, s=m, | E 5 =
B o HERA, ep, DlS 7] o — —— — — — :E
i o HERA, ep, photoproduction | Q 6 data e PYTHIA 8 Monash .
0.4 ] ] _ L2 — — PYTHIA 8 CR-BLC Mode 2 —
I y 1 15 -
- ¢ d _ R .
0.2 | III E E E H |£| E 1 : I Jrnunaa r-----:............:
i o 0 ¥ ™ o - 1r _:_—] —]
O — | | | @ | | | X 20 | ; ------------------------ — i — I_ _E
D° D° D A = E Jy D g 051 . L . . .
0.4 05 0.6 0.7 0.8 09
al

Universality of charm fragmentation known to broken:

A./DP qui i T . ete - '
/D" quite different in pp vs. e*e”, ep A well described by model w/ color reconnection

beyond leading color approximation
See also D'-jet FF: ATLAS PRD 85 (2012) 052005
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Variety of substructure variables

compared to jets of all flavors
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Limited by FSR scale uncertainty of LL parton showers
Expect improvement from top decays at H.O.
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D-jet substructure: g— bb

ollnar ittig In d hvyﬁq”uarksw acc‘:e”ssewdww/ j”et szstﬂructuﬂre’ }
- » Measured via large-R jets (R=1.0) w/ track jets (R=0.2) inside
1» Crucial background for boosted processes, notably H — bb

AR i SR B R D T A e Y B e e R R e R S R TS e e N e e S S e S R R s St e

Inclusive large-R jets, pt > 450 GeV Z+bb-tagged large-R jet, pr > 200 GeV
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Poor description in some kinematic regions, Clear preterence for 5 flavor scheme,
e.g., for the most pr asymmetric splittings In this kinematic regime

Related: J/y-in-jets LHCb PRL 118 (2017) 192001, CMS PLB 825 (2022) 136842
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charm-jet substructure & the dead cone %
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Conclusions

e Single and double b-jet & c-jet cross sections

» Generally compatible w/ generators, but some tensions, e.qg, for extreme kinematics
» Still room for more precise measurements, e.qg., at high pr

e Assoclated production

» Importar

» Constrair

t to test pQCD & constrain background processes
strange sea & intrinsic charm content of proton

e Jet fragmentation of b-hadrons & c-hadrons

» Precise data constrain b-hadron fragmentation & showering model
» C-jet fragmentation w/ differen

e Heavy quark-jet substruc

» Direct measure

- hadron species valuable for hadronization models

ure

ments of mass-dependent gluon radiation (dead cone)

» Able to probe interesting dynamics such as collinear gluon splitting

This Is an active area of study

— should anticipate more interesting results from LHC expt’s in the near future
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