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https://www.sciencedirect.com/science/article/pii/S014664100400047X?via%3Dihub

Jet substructure/event shape

* Motivated mostly by
search for new particles
and BSM physics

* Within QCD, emphasis is
on perturbative part of
processl e'g' JHEP12, 064 (2018)

 Splitting functions,

QCD jets, averaged primary Lund plane W jets, averaged primary Lund plane

* Constraining a 6 e 25otionas . e sonsonas

 Theory revolutionized & ° °
experimental techniques . S
developed in past decade, ¢° §°
eg = j z j
* Soft Collinear Effective . .
Field Theory, . .

* Sophisticated jet grooming ., —— — Y SN - S

algorithms 0.0 05 1.0 15 2.0In(21.;:A)3.0 35 40 45 5.0 00 05 1.0 15 2.0In(21.?A)3.0 3.5 40 45 5.0

e Great opportunity to study P ot - . o o

1 p(B, ke (D, ke

hadronization processes!

Sookhyun Lee (University of Michigan), LHCP 2020 2
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Jet substructure/event shape
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Fragmentation functions (FF)

VeteVAnniilaBén: . InEciaIIy construct(ejd in I:?+e-,
' where no parton distribution
0" (2, Q% ki) o 3 eq (Dl (2 k1, Q%) + Dig( k. Q%) finction (PpDF is needed, as a
! function of z, longitudinal
momentum fraction of outgoing
Earton carried by final state
adrons : collinear FF

* More recently, BELLE made
measurements that can provide
5es 112006 2019)  ACCESS to unpolarized transverse
ErII:omentum dependent (TMD)
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2 Al PR

dPo(ete” — hX)/dzdP, dT
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Fragmentation functions (FF)

* e*e  annihilation:
o (2,Q% k) < Y €2 (DY (2, ke, Q%) + D} 5(z, ke, Q%))
q

max Y| PEMS - A

T =
2 Al PR

¢ =ds— dn

o' (¢) —a* (¢)
o’ (¢) + 0¥ (9)
: Transverse Single Spin Asymmetry (TSSA)

PRD97,032004 (2018)
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* Initially constructed in e+e-,

where no parton distribution

function (PDF) is needed, as a

function of z, longitudinal

momentum fraction of outgoing

Earton carried by final state
adrons : collinear FF

More recently, BELLE made
measurements that can provide
access to unpolarized transverse
Erlizgmentum dependent (TMD)

S
Also, STAR measured TSSA of
hadrons within a jet that enables
access to Collins epolarized TMD)
FF’s; new approach.

We can access collinear FF’s as
well as unpolarized TMD FF’s by
measuring hadron distributions
within Z tagged jets at LHCb 6'
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The LHCb Detector

Detector design:

* Forward geometry to
optimize acceptance for cC
and bb pairs:2<n <5

e VErtex LOcator (VELO): vertex

position, lifetime and impact / coap, HOAL |
parameter. SPD/PS M3 —250mrad |

* Tracking stations TT, T1-T3
and dipole magnet:
momentum of charged particles.

* PID system (RICH,
c;;lc;rlmeters):
1t/K/p separation, triggering on
high p; hadrons and eé, 14
energy.

* Muon stations M1-M5:
tnggerln‘g on muons, tracking
stations for muon identification.

JINST 3 (2008) S08005
Int. J. Mod. Phys. A 30 (2015) 1530022
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LHCDb Integrated Recorded Luminosity in pp, 2010-2018

—] - 2018 (6.5 TeV): 2.19 /fb

g 22 E— « 2017 (6.5+2.51 TeV): 1.71 ffb + 0.10 /fb ‘f 2018201
S 2] meenean g

Features attractive for 3 = : zuwsr | /- s
E . EE 2010 (3.5 TeV): 0.04 /fb : 7

hadronization studies: 3 .. AT
s 1t

e Full J?t reconstruction with g gi ///‘ J,{f/

tracking, ECAL and HCAL - R 1

* Tagging of jets from light-quark, Var ™ ay J s T Nov

Month of year
c- and b-quark ~
e Charged hadron identification ~40% of all produced cc and bb
from 2 < p < 100 GeV/c Jpairs are in LHCb acceptance.
e Large pp datasets available from :

Runl(3.23/fbatVvs=7-8 TeV) and 4

§

Run 1l (5.9 /fb at Vs = 13 TeV) N -

o

Can study identified hadron P

distributions within jets! ar ]
o _ ILHCb MC
C - [Ys=14TeV
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718ls.
Studying hadronization in jets: AiSY

Z° tagged jets at LHCb

* Zboson + jet production is
predominantly sensitive to
quark initiated jets.

* Forward kinematics
further increases fraction
of light quark jets, in .

Particular up and down S ogpjTgl_Ar\svz—qgazq o
lavored quarks £ 085 Fonvarazeiet -
* Events are selected such § E
that there is a back-to-back & ost E
(Ap >7/8 1) Z + leading 93 E
jet pair present per event. 03 E
020 e =
0.1 e
0162650 40 56 60 70 8080 700
p? [GeV]
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718ls.
Studying hadronization in jets: AiSY

Z° tagged jets at LHCb

* LHCb previously measured Z0

+ jet cross section = f | | |
- JHEP 05, 131 (2016) O LHCb. Vs =8 Tev
* Now have measured 2 W JHEPOSI3LE0I0) T Datag,
unidentified charged hadron 5. | bo Data,,
distributions within the jetin & 0 iy + POWHEG
the same dataset. ~ > aMC@NLO?
. PRL 123, 232001 (2019) >
 First measurement at the R * :
LHC of charged hadrons 102 .
within Z°-tagged jets and also 1 4F i i i =
at forward rapidity. 2 ikt 4, { ; E
 Measurement of identified a3 | | | E
hadron distributions within 20 40 60 30, 100
the jet under way. pr [GeV]
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https://link.springer.com/article/10.1007/JHEP05(2016)131

Charged hadrons in jets

: Observables

e Longitudinal momentum fraction z

* Transverse momentum with respect
to jet axis jr

Radial profile r

Lays the foundation for a broader
hadronization program at LHCb
utilizing

* Full particle identification

Charm- and beauty-initiated jets
Multiparticle correlations within jets

Hadron distributions in correlated
jet pairs

Sookhyun Lee (University of Michigan), LHCP 2020
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__Djet " DPhn
|pjet|2

jir = | Pjet X D |
r | Djet |

r= \/(¢jet — On)? + Vjer — Yn)*
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An a |ySiS PRL 123, 232001 (2019)

LHCb-PAPER-2019-012

* Follow similar analysis strategy to previous ATLAS
and LHCb papers

- ATLAS : EPIC 71, 1795 (2011), NPA 978, 65 (2018)

- LHCb : PRL 118, 192001 (2017)
Covariance matrix fqr unf_ol_qling ]
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RESU ItS: Rad|a| prgﬁle PRL 123, 232001 (2019)

LHCb-PAPER-2019-012

 Observe that the

greater energy s E i +20<p<30Gev ]
available in higher s B [5=8TeV w 30 < p™ <50 Gy ]
- & [ == T -
e emtumiets [ s TRTcmoey
==
leads to more 10

t
+Hk
o

hadrons produced

* Almost all of the
additional particles
are produced close
to the jet axis, and 0o o1 02 03 04
go from a depletion
to an excess

\,O_
n
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Quark- vs. gluon-initiated jets

. Radial profile

PRL 123, 232001 (2019)

LHCb-PAPER-2019-012
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e Quark-initiated jets
narrower (more

collimated) than gluon-
initiated jets measured
by ATLAS.

i.e. more charged
hadrons at small radii,
fewer at large radii.

Qualitatively agrees
with conventional
expectations, but this
shows clear and
guantitative evidence
from data.

14



v 107
ko]

2 10°

107!

Quark- vs. gluon-initiated jets

. Longitudinal profile

PRL 123, 232001 (2019)
LHCb-PAPER-2019-012
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* Quark-initiated jets have
relatively more hadrons
produced at higher
longitudinal momentum
fractions than gluon-
initiated jets

* Measuring identified
charged hadron
distributions will be
sensitive to the quark
flavor transition
between hard scattering
and formation of a
hadron at high z.
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Quark- vs. gluon-initiated jets AiSY
. Longitudinal profile

PRL 123, 232001 (2019) * ATLAS midrapidity y+jet

LHCb-PAPER-2019-012 and LHCb Z+jet
longitudinal momentum
distributions are more
similar

- Y+ jet, like Z+jet,
enhances quark jet

LI I T T LINLIL I T
o ATLAS vy-jet arXiv:1902.10007

Vs=5.02 TeV
80 < E- < 126 GeV, 'l <2.37
63 < p' <144 GeV, "1 < 2.1, R = 0.4

—f"—’—'i-n:'_ p [Tka >1GeV
 —— ]

Ny/ZﬂetdZ
p— ok
o S
[N N
T |||||I'I] T |||||I1]_I_I'I'I1TI1]I

1 IIIII|,|,| 1 IIIII|,|,| 1 IIIII|,|,| 1 IIIII||| 1 |||||||-|]

- e .
N e =t fraction |
sy _;i_—ui: - Fgrther evidence that
| QMO Dad3 i differences observed
<Py <0GV <l <4 R=0 o between LHCb and
p‘%adr"“ >0.25 GeV, phadron > 4 GeV
L N _ ATLAS results are due to

107! S — . .
1072 107! differences in quark and

gluon hadronization
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Future work

PLB 798, 134978 (2019)
do™h

4 4
=Y [ s f Phid (@r — > kip) fuCas oy 1Y) fy (i s 1, ¥)
APS dz, &2, ;f J l;[ T T Z 7)fe 1M b bl‘%rﬂ

lobal .
X Siﬁ(:’lj (k3T’l‘l’ V)Sflj(k4T’ R’ ﬂ)Hab—»cZ(pT, mz, l‘l) g?(zh’ pJTR’ Jis ”) ’

}

~Dnyc(Zn,ji,1y) : TMD FF

Two-dimensional analysis of
hadron distributions

* j vsz:Access to unpolarized
Transverse-momentum-
dependent Fragmentation
Functions (TMD FF)

Identified charged hadron
distributions in jets & charge ratio
thereof

* Statistical sensitivity to flavor of
qguarks that initiate jets
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Conclusion

e Jet substructure/event shape research advanced in past
decade improved our knowledge of QCD.

 TMD observables have gained much interest in nuclear
hysics community and unpolarized TMD fragmentation
unctions are poorly constrained.

* LHCb has full potential of measuring identified hadron
distributions within a jet in order to access unpolarized TMD
fragmentation functions.

* First measurement of unidentified hadron distributions
within a jet has been recently published, showing results
that are

* in contrast to inclusive jets results from ATLAS.

e similar to photon+jet results from ATLAS.

* Lays the foundation for a variety of future measurements
related to hadronization in jets.
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