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Lund diagrams, a theoretical representation of the phase space within jets, have long been
used in discussing parton showers and resummations. We point out that they can be created

for individual jets through repeated Cambridge/Aachen declustering, providing a powerful

visual representation of the radiation within any given jet. .
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Figure 3: Emission density along slices of the Lund plane, at fixed k; (top) and A (bot-

tor()/eéuiparing three event generators.
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The recipe... (1/2)

2D map of the jet tree filled via iterative declustering:

; QCD jets, averaged primary Lund plane
YES L TeN. pi> 2 Tev -Reclusterthe jet constituents with CA (a convenient metric
ythia8.230(Monash13)
for vacuum angularordered showers)

-Unclusterit step by step, from the prongs that were merged

2 3
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I 1 oa2s i i 1 —ozs
-2 — -2 -2 —
I 7d°'2 i i *do.z
L ] L L ]
i ] o5 L L 1 Hots
-6 -6 -6
-8 0.05 -8 -8 0.05
~10L ~10l _10L
0 05 1 15 2 25 3 35 4 45 5 . . 0 05 1 15 2 25 3 35 4 45 5
In(1/6) In(1/0) In(1/6)

Fi%lrze3 I%S Lund diagrams reconstructed from a sample anti-k+ R = 0.4 jets generated by PYTHIAS.
Three {eclustering strategies were considered: C/A (left), kr(middle), and anti-k+ (right).



ONTO HEAVY QUARKS

Hard gluons with restricted to
radiate outside the dead cone
(small k;)
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Dead cone measured?

Battaglia,Orava,Sami “A study of depletion
of fragmentation particles at small anglesin
b-jets with the DELPHI detector at LEP”

The first and only attempt of direct dead cone measurement

)

s .c(dN;édG ){édN‘_ilde
bh o N » o

N
EN

03} N .

e q direction estimated by
02} * thrust
s jet

" vertex

0.1

S\ Vi

007005 0.1 015 02 025 03 035 04 045 0.5
0, rad
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Recipe... 2/2

“tag & follow” heavy-flavors (hardest branch)...

We do the standard declustering process

We followthe prongcontainingthe heavy flavor
W at each step

0,
Q \ Negligible number of cases where the prong
C]

Q 2 containingthe heavy flavoris not the hardest,
no ambiguity when comparingto light quarks

Eradiator,l

E

radiator,2
Q 03
Eradia\tor,3

At each step of the jet tree we can access the angle of the splittingand the energy of the radiating parentsubjet,
E,adiator- FOr O < Mg/E,.qiator WE €XPect to see a suppression of splittings.

For low E, 4i.1or , Which means penetratingthe jet to deep levels, the phase space for the dead cone observation

grows.
A

10/23/18
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Recipe... 2/2

“tag & follow” heavy-flavors (hardest branch)...

We do the standard declustering process

We followthe prongcontainingthe heavy flavor
W at each step

Our excersize:

0,
Q \ Negligible number of cases where the prong
C]

E 2 containingthe heavy flavoris not the hardest,
radiator,1 Q . . .
E . no ambiguity when comparingto light quarks
radiator,2

Q 03

Eradia\tor,3

Pythia8 Tune 4C

pp collisionsatVvs=13TeV

Select ccbar, bbar productionchannels

At parton level the leading prongat each declusteringstep is the one containingthe heavy
parton

At hadron level, we inhibit the decay of the B and D mesons and the leading prongat each
declustering step the one containingthe heavy meson.

Antik;jets R=0.4, CA reclusteringalgo
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LF vs HQ - parton level - no UE, no ISR

log(kT) =-2 <& kT =0.135 GeV

All jets (light quark and gluon) log(kT) =0 < kT =1 GeV
Parton level Hadron level
Lund diagram p(kT, 0) = 1/Njet d®N/d In(kT) /d In(1/8) (GeV/c)" Lund diagram p(kT, 0) = 1/Njet d®N/d In(kT) /d In(1/6) (GeV/c)"
©  gFE "7 Light quark and gluon jets at partor ] ©  gFE T Light quark and glon jets at hadror ]l ]
> : Pythiad pp Vs = 13 TeV ] = B Pythia8 pp Vs = 13 TeV -
S 6 anti-k,, R=0.4p_ > 10 GeV/c, I {284 S 6 anti-k,, R=0.4p_ > 10 GeV/c, I {284
- ) T, jet et - ) T, jet et
;}_ 4 ? C/A declustering i 10 ;}_ 4 ? C/A declustering i 10
= 2F - = 2F -
oL 102 of | 4 107
2 F -2
-4 F 107° -4 - 10
-6 [ -6
-8 | | | | | 107 -8 | 107
0 1 2 3 4 5 6 0 1 2 3 4 5 6
In(1/6) In(1/6)
Tue 29/01/2019 11:48:36 PST Tue 29/01/2019 11:48:36 PST

Hadron level — ALL processes

10/23/18
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LF vs HQ - parton level - no UE, no ISR

log(kT) =-2 <& kT =0.135 GeV

Charm log(kT) =0 <> kT = 1 GeV
Parton level Hadron level
Lund diagram p(kT, 0) = 1/Njet d®N/d In(kT) /d In(1/6) (GeV/c)" Lund diagram p(kT, 0) = 1/Njet d®N/d In(kT) /d In(1/8) (GeV/c)"
QS gf ' Chamquarkjets at parton level ~  Cham quarkjets at hadron level (I
%J - Pythia8 pp Vs = 13 TeV § - Pythia8 pp Vs = 13 TeV :
g 6 - anti-k; R=0.4p_ o 10 GeVlc, lnjet_l: - anti-k; R=0.4 p_ o 10 GeV/c, lnjet_l:
= r C/A declusterind ] r C/A declusterind ] 1
~ 4 r ] - ] 10
= e2p . - .
0 = - = 107
-2 =
-4 - 107
-6 | =
-8 = 10
_I | I | S I | S I | S I | S I | S _I | 11
0 1 2 3 4 5 6 0 1 2 3 4 5 6
In(1/6) In(1/6)
Tue 29/01/2019 11:48:36 PST Tue 29/01/2019 11:48:37 PST

Hadron level — ALL processes

10/23/18
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LF vs HQ - parton level - no UE, no ISR

log(kT) =-2 <& kT =0.135 GeV

Beauty log(kT) = 0 < kT = 1 GeV
Parton level Hadron level
Lund diagram p(kT, 0) = 1/Njet d®N/d In(kT) /d In(1/8) (GeV/c)" Lund diagram p(kT, 0) = 1/Njet d®N/d In(kT) /d In(1/6) (GeV/c)"
g g Beautyquarkjets at parton level ]  Beauty quark jets at hadron level [
O C Pythia8 pp Vs = 13 TeV ] Pythia8 pp Vs = 13 TeV ]
S °r anti-k; R=0.4p . >10 GeV/c, m_H anti-k; R=0.4p__ >10GeV/c, i _H
:I— 4 C/A declustering - C/A declustering -
= 2F . =
oF E - < 102
-2
ud3 7 107
-6 [ -
C | S I | S I | S I | S I | S I | S 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
In(1/6) In(1/6)
Tue 29/01/2019 11:48:36 PST Tue 29/01/2019 11:48:37 PST

Hadron level — ALL processes
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LF vs HQ - parton level - no UE, no ISR

log(kT) =-2 <& kT =0.135 GeV

Beauty log(kT) =0 <> kT = 1 GeV
Parton level Hadron level
Lund diagram p(kT, 0) = 1/Njet d®N/d In(kT) /d In(1/8) (GeV/c)" Lund diagram p(kT, 0) = 1/Njet d®N/d In(kT) /d In(1/6) (GeV/c)"
© g ' Beauyquarkietsatparonlevel M . © gF ' Beautyquarkjets athadronlevel M |
% C Pythia8 pp Vs = 13 TeV ] % C Pythia8 pp Vs = 13 TeV ]
S 6 antik, R=04p_ >10 GeVic, In T S 6 antik, R=04p_ >10 GeVic, In T
;,_ 4 ;_ C/A declusterind _; ;,_ 4 ;_ C/A declusterind _; 10-
= 2F - = 2F -
L . - - 2
2k = -2 -
4 - —4 |- 107
-6 [ -6 |-
-8 |- -8 |- " 107
1 Ll ||
0 1 2 3 4 5 6 0 1 2 3 4 5 6
In(1/6) In(1/6)
Tue 290112013 114836 PST wtadeen level = ALL processes

Non-perturbative effects can be removed/isolated by cutting the region In(k;)<0

10/23/18
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Dead cone on parton level  cuoniogun>o
Eradz’ator > 1/(29)

Parton level - no UE, no ISR Angle vs. Energy of the radiator

charm beauty
Relative ratio to gluons and light flavor quarks Relative ratio to gluons and light flavor quarks
6 [ — 6
- 0.4 = -
~ Parton level charm In(kr)>0 r =  Parton level beauty In(k')>0
L c -
SE —— 0.=m/E 0.2 - >BN —— 0.=m,/E
. ------- O=2kT"/E -
Sl i o e e ey b e KU =~ 0 4 =
3 :_ ----------- - -0.2 3 :_
. —~ 0.4 :
2 = - [
- -0.6 -
- . C
L F | -0.8 : ¥
0 -1 o K

0 10 20 30 40 50 60 70 __86—50-.100 0 10 20 30 40 50 60 70 80 90 100
radlator (GGV) radlao (GeV)

Q - PQ (loq(l/o) radt'a!or) P”“ (100(1/0) radialor )
sz (100(1/0) “radiator )

The cut log(kr)>k:™" translates into |Eradiator> kmin /ZQI The black dashed line corresponds to the kinamtic limit of
z=0.5, above which there are no more entries mn the mclusive reference

We can identify regions of phase space where P2 =-1, meaning no radiation off the heavy quark
radiator. The suppression of large angles couples to the suppression of large z
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Dead cone at hadron level

Hadron level — ALL processes

charm beauty
Relative ratio to gluons and light flavor quarks Relative ratio to gluons and light flavor quarks
=y 6 p ry 6
= - 0.4 = - 0.4
hagt - Hadron level charm In(k ) >0 hagtt - Hadron level beauty In(k ) >0
[= e ' [= =
= 5 B —— 6.=m./E 0.2 - > B —— 9.=m,/E 0.2
L ceeeeee 0=2kF"/E L ceeeeee 0=2kT"/E
A g w A TR T S i R i e T U 0 L e e L 0
3 :_ -------- - -0.2 3 :_ ___________ -0.2
: o~ ~ 04 3 1 04
2 2B
r -0.6 - -0.6
0 -1 o Ed -
0 10 20 30 40 50 80 70 80 S0 100 0 10 20 30 40 50 60 70 80 90 100
Eradiator (GeV) Eradia‘.O' (GeV)

— PQ (IOQ(]'/O)a Eradiator) - Pi"‘:(log(l/O), Er'adiator)
Pinc(log(1/6), Eragiator)

At hadron level the effects are smeared but not washed out

As expected: the higher E, ..o, IS, the dead cone effects appear at smaller angles.

For D jets, the effects appear at measurable angles of ~0.1 rad for radiator energies of 10-30 GeV
For B jets, one can go higher in radiator energy and still have effects at angles of the order of 0.1 rad.

Q
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The observable - projections for E

Qo =

- P2(1/6) — P™(1/6)

Pznt:( 1/0)

P e 1 T 01 l T 1 I T T I T 1 I T 1 1 T 1 1 [ U B |
o | il .
~ ! solid=Hadron level i
. dashed=Parton level ~ —20<E""<25Gev 7
=0.5- — 25 <« E*" <30 GaV _]
O Charm 30 < E™" <35 GeV
— 35 < E** < 40 GeV ]

-O'ST ----- e b
L pp¥s=13Tev .. bea
L Antik, R=04 '
_1T P > 10 GeVic |
CA declustering, log{k ) >0
DY | AP B B S I B S
1 12 14 16 18 2 22 24

log(1/6)

:Eradiuto'r € (Emin, Ema;r)

-1.5-

solileadron !cvo‘ | ] i
boorspezzs  dashec=Parton level —2C<E::<2b GeV
pe—gee=  Beauty _izzé.:z{:gz“
- — 35 < E™* <40 GeV |

.“‘“““‘....t----.
e |
..... -
..... ,,'
—t—sssnguin N
PP S =13TeV i sasmsanniibii L
Anti-k;, B = 0.4 e S—TE
pf‘>10 GeVic
CA declustering, log(k_) >0
! | T ' | T !

12

22 24

log(1/6)

14 16 18 2

For Eradiator=20 GeV,

D-jets are suppressed by 30% relative to inclusive at @ ~0.1 rad
B-jets are suppressed by nearly by 100% relative to inclusive at @ ~0.1 rad

10/23/18
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Heavy-flavor and the dead cone...

* High-energy HF - little dead-cone
effect because of m/E small -
radiative quark (a la LF) e-loss
dominant

* |. Viteev et al. study HF-jets with Z,
(standard grooming tech.)=>no
significant differences as compared
to LF jets (high-momentum 140-160
GeV) for HF tagged jet Q->Qg

e QQbar splits in parton shower:

— |. Viteev - little / no in medium
modification

— Novel techniques in pp on
Disentangling Heavy Flavor at

Colliders [arXiv:1702.02947] -
potentially interesting for AA

10/23/18

1.5 |saw

anti-k R=0.4
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T T ]

prPh (Zg)/pPP (Zg)

=5.02 TeV

Light Jet e CMS data —

m<1.3l MLL ]

- O
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[T

P PbPb (Zg)/pPP (Zg)

—  Soft Drop: z,,

=0.1 p=0 MLL

Pova [Tl W

pPth (Zg)/ppp (Zg)
T

015 02

Figure 2.

025 03 035 04 045
Z,

31

The modification of the jet
splitting functions in 0-10% central Pb+Pb
collisions at /snyn = 5.02 TeV for the pr bin
140 < pr,; < 160 GeV. The upper panels
compare the LO and MLL predictions to CMS
light jet substructure measurements [12]. The
middle and lower panels present the MLL
modifications for heavy flavor tagged jet - the

Q — Qg and — QQ, respectively.



Heavy-flavor and the dead cone...

 Can we take a look with Lund diagram?
— Use leading (high-p;) HF-hadron (lepton) for the tag & follow declusterization

* Why z, (used so far) not good?

Q O I L L L L I L L . L I L L L L I L L L . I . L] L L]
‘E PYTHIA "= g, t)' = 0.01
-— - 1 SETA\, S 3
pp |5, =5 TeV (p, )" =10
anti-k_ R=0.4; C/A structure == (p_t)y'=10"*
5 . kTm (p, 1) 5
© . 80<p <120(GeVic) (P, t)y'=10
:\ : -:‘5\\
_3 : ot - ™ i
TN Scatter plot for BEAUTY jets
-4 TN )
- :
] n
—5 : \ - - - :A-q < - 7 0
\_\ -
o~ ~ .*‘f - %3
- 2.
- > 0 -
7 -k l', S~ <5
— L
»;_‘)eo -—.?bo <.
=% R NG
1 2 3 4 5
10/23/18 In(1/A)

Mon 22/1V2018 19:37:41 PDT



Heavy-flavor and the dead cone...

Can we take a look with Lund diagram?

— Use leading (high-p;) HF-hadron (lepton) for the tag & follow declusterization

Why z, (used so far) not good?

’Q 0 | L DL L DL DL B
g PYTHIA e (p, )" =0.01
- -1 pp |5, =5 TeV == (p, 9" =107
P - anti-k, R=0.4; C/A structure == p, ' =10"
N 80< p'T'" <120 (GeVic) (p,t)" = 10°

:\ : ‘".?\‘
i Scatter plot for BEAUTY jets

>*10
-6 . ‘if}"s
oy 0.1
02 - o.
-7 .
=0,
-8 ] N | P -0
1 2 3 4 5 6
In(1/A)

10/23/18
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Dead cone

An approximation
- A<m/E
Entries that dead
cone ought to
suppress
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Heavy-flavor and the dead cone...

Can we take a look with Lund diagram?
— Use leading (high-p;) HF-hadron (lepton) for the tag & follow declusterization

Why z, (used so far) not good? (even worse separation for higher p;)
CMS cuts A< 0.1 -ALICE does not

= F**** """ *'[*®"'""®
s b ppAA e (p, )" =0.01
- -1 P s, =5TeV == (p, 9" =107
P anti-k, R=0.4; C/A structure == (p,ty'=10"
80 <p <120 (GeVic) (p, 1) =10°

Scatter plot for BEAUTY jets

Dead cone

An approximation
- A<m/E

-5 — - Entries that dead
" a0, cone ought to
< suppress
. 02 — 0.1 PP
F0,;
-8 ] . ] Py -0
1 2 3 4 5 6
In(1/A)

10/23/18

Mon 22/1V2018 19:3742 PDT




Heavy-flavor and the dead cone...

Can we take a look with Lund diagram?

— Use leading (high-p;) HF-hadron (lepton) for the tag & follow declusterization

Why z, (used so far) not good? (even worse separation for higher p;)

Go to lower p,’s ...
—_—

— I
»
s £ pppAA e (p, )" = 0.01
-1 P s, =5TeV == (p, 9" =107 0.5
5 anti-k, R=0.4; C/A structure == p, ' =10*
- 40 <p <60 (GeV/c) (p,t)" = 10°

0.4

Scatter plot for BEAUTY jets

~4 0.3
&= "o —~ 0.2
-6 - ; ?f?s
o 0o 4 01
-7 AN
o Q05 ?fol
-8 PR o P -0
1 2 3 4 5 6
10/23/18 In(1/A)

Mon 22/1V2018 19:3742 PDT

CMS cuts A< 0.1 - ALICE does not

Dead cone

An approximation
- A<m/E
Entries that dead
cone ought to
suppress
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Heavy-flavor and the dead cone...

Can we take a look with Lund diagram?
— Use leading (high-p;) HF-hadron (lepton) for the tag & follow declusterization
Why z, (used so far) not good? (even worse separation for higher p;)

CMS cuts A < 0.1 - ALICE does not
/ Go to lower p;’s ...
L] L] L] I L] L] L] L l L] L] L] L

- 0 : 0.45
s £t  PppAA e (p,t)'=0.01
- -1 P s, =5TeV -'-(th)'=103 0.4
5 anti-k, R=0.4; C/A structure == (p,ty'=10" 0.35
B 20 < "' < 40 (GeVic) (p, 1" = 10°
3l Q 0.3 Dead cone
Scatter plot for BEAUTY jets . .
0.25 - An approximation
—4 ,
-5 S, L5k = - Entries that dead
" 0 —~ 0.15
‘ g DN cone ought to
LB e N : suppress
- ° ~ ~ s S
- ~ o 005
3. c@ R 7 oo s,
-8 | a2 1 NN B -0
1 2 3 4 5 6
In(1/A)

10/23/18
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Lower pT

High-p;
1.5 |syn=5:02 TeV Light Jet | ® | CMS data —|
anti-ky R=0.4 p<1.3| MLL

prl’b (zg)/ppp(zg)

‘\\\\TT\

140<p, <160 GeV

- O
o o
|

L Soft Drop:z  =0.1 f=0 MLL c —cg

pPth (Zg)/ppp(zg)

0.5 .
80 go19:00 MLL g - |
N g —>bb |
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R | T P PP —
& 1

o 1
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Figure 2. The modification of the
splitting functions in 0-10% central Pb-
collisions at \/sNN = 5.02 TeV for the pr
140 < pr; < 160 GeV. The upper pa
compare the LO and MLL predictions to (
light jet substructure measurements [12].

middle and lower panels present the D
modifications for heavy flavor tagged jet -

Q — Qg and — QQ, respectively.
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Hai Tao Li, yesterday. ..
There it is!
Normalization?(!)

Modification of fragmentation functions for glu Lnien e

and quark Kang et al 2014
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5“ - ant'kT R=04 : b — bg

& § -
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https://indico.bnl.gov/event/5039/contributions/26256/

attachments/21619/29615/b jet haitao.pdf
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kT cut vs. Soft Drop ?
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OUTLOOK: REVISIT LEP, MEASURE AT
LHC, ... EIC? DETAILED HADRONIZATION
STUDIES?



40

Outlook : LEP, (elC...) - charm

In(k_) (GeV/c)

In(k_) (GeV/c)

Lund diagram p(k_, 6) = /N, &*N/d In(k) / d In(1/6) (GeV/c)'

Light quark and gluon |ets at parton IeveJ:
Pythia8 e'e’ Vs =m,, f f — y*/Z -
anti-k., R=0.4 p e 10 GeVrc, Injetl <

C/A declustermg

o

1 2 3 4 5 6
In(1/6)

Lund diagram p(k , ) = 1N "N /d In(k ) /d In(1/6) (GeV/c)"

Light quark and gluon |ets at hadron Iev

1
Pythia8 e’e Vs =m,, f f — y*/Z
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/A | ] _
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10°
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In(k_) (GeV/c)

In(k_) (GeV/c)

Lund diagram p(k_, ) = /N &N /d In(k,) / d In(1/6) (GeV/c)"

Charm quark jets at parton Ievel
Pythia8 e'e” {s =m,, f f — y*/

anti-k; R= 04p >10GeV/c In I<2
C/A declustermg

II|III|III|III|II-P|III|I

10

107

o

1 2 3 4 5 6
In(1/6)

Lund diagram p(k , 6) = /N 'N/d In(k ) /d In(1/6) (GeV/c)"

Charm quark jets at hadron Ievel
Pythia8 e’e Vs =m,, f f — y*/

anti-k; R= 04p >10GeV/c In I<2
C/A declustermg
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Outlook : LEP, (elC...) - beauty

Lund diagram p(k_, 6) = /N, &*N/d In(k) / d In(1/6) (GeV/c)'

’\G 8 :_ Light quark and gluon |ets at parton IeveJ:
% : Pythia8 e'e’ Vs =m,, f f — y*/Z -
0] 6 antik;, R=0.4p, > 10 GeVic, n_ | <24
- 4 & C/A declustermg ]
x C ]
£ 2F =
0 =
2 F =
-4
-6
-8
M U R B R B
0 1 2 3 4 5 6
In(1/6)
Lund diagram p(k ,0) = 1/N_ N /d In(k,) / d In(1/6) (GeVic)!
§ 8 :_ T 'Lllght'ql'Ja'rk'aﬁd gluon |ets at hadr'on Iev'
% C Pythia8 e’e” (s =m,, f f — y*/Z
0] 6 antik;, R=0.4p__ >10 GeVic, n_ | <24
~~ 4 | C/Adeclustermg ]
x C ]
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-6
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Lund diagram p(k_, ) = /N &*N/d In(k,) / d In(1/6) (GeV/c)"

Beauty quark jets at parton Ievel
Pythia8 e'e” {s =m,, f f — y*/

anti-k; R= 04p >10GeV/c In I<2
C/A declustermg
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Outlook : LEP,

Relative ratio to gluons and light flavor quarks

§ 6
) Parton level charm In(kT) >0
c
= 5 0, =m,/E
0=2k""/E
4 T
3
2
1
0
0O 10 20 30 40 50 60 70 80 90 100
Eradiator (GeV)
Relative ratio to gluons and light flavor quarks
§ 6
s Hadron level charm In(kT) >0
c

6. =m./E
0=2k""/E

0O 10 20 30 40 50 60 70 80 90 100
Eradiator (GeV)

Tue 29/01/2019 10:54:33 PST

(elC...)
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In(1/6)
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Summary

* Dead cone at the subjet level:
— rather “simple” conceptually

— Cut on kT: opportunity to study the effect
systematically => constraints on hadronization (LEP,
elC; hadronic collisions more difficult ISR, MPI,...)

 More applications for declustering in
considerations (jet classification based on Lund
plane - kT)

e Last but not least: no grooming, no soft drop, no
AR cuts... => opportunity for heavy-ion collisions
=> jet modifications, medium response(?), ...
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Notes on heavy-quarks

. Gluon splits
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, LF Quark splits
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plA, k) =

PT,a > PTbs K =

0.05

1 dnelrnissiorfl'5
Niet dInk dlnl1/A
PTb
PT,a+DT.,b ab

Purely MC exersize -
compare LF to HF jets

An approximation:

- use the leading
parton within the
emitter (follow Q)

Opportunity? — explore
with Machine Learning
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Jet Lund diagram
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Jet Lund diagram
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Jet Lund diagram
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Jet Lund diagram P77 PTh R = g pr, Db
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Jet Lund diagram P77 PTh R = g pr, Db
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Jet Lund diagram

slicing through time 5(a, x) =

PT.b 52
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Low- with high-p- for
the similar t
=
similar suppression
(scaling factor for p; x t
roughly 80/200)

Work on slicing on

formation time directly

ongoing



Sensitivity to medium’s T

An example...
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Sensitivity to medium’s L (centrality)

An example...
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