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Factorising a pp collision
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Factorising a pp collision

K Shower evolution J

A wealth of partonic interactions to explore QCD
How can we access this region from final state hadrons?
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The parton shower

0909 2
§9 model the underlying QCD process /
O occc @ > 0
Q099 > é@ QQQQ‘ as a succession of 1 — 2 splittings \ 1— 2
@
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The parton shower

009°
Qs@ model the underlying QCD process
o000 @ >
QQ;Q;O. é@ Q0g, ® as a succession of 1 — 2 splittings
@

decrease the evolution scale with
some probability by inducing a splitting

Select an evolution scale to
track the shower (e.g virtuality)

Z

G
N

1—2

split again

Check scale

terminate
shower
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Splitting functions

Determining the splitting probabilities is a key
ingredient of constructing the shower

Altarelli-Parisi splitting functions G. Altarelli, G. Parisi, Nucl. Physics. B126 (1997) 298

4 N

dé ?
dP;jk = Wdz P ik(2) <
l1—2

o J
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Flavour dependence in QCD

The pattern of the QCD

2 2
parton shower exhibits a P_...=9C,4 (1—2(1~2)) Pyygg = @1 + (1 -2
999 21— 2)

flavour dependence

%' Gluon-initiated shower
g 9999 ® — _p%é Broader shower profile
® Higher number of emissions

009° -
& \_ Y,
a0 g 4 )
QQQO Quark-initiated shower

‘ ‘%
-— — <> narrower shower profile

Fewer emissions in the shower

o )
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Flavour dependence in QCD

(1) AK4, [120, 150] GeV Measurements of the shower profile

+ Data (2) AK4, [1, 4] TeV ,
& MG5+Pythiag (3) AK8, [120, 150] GeV of quark and gluon enriched showers
I(_|2UETP8M1 (4) AK4, [120, 150] GeV,
-+ Herwig++ charged 19.7 fb-1 (8 TeV)
NLO+NLL'+NP (5) AK4, [120, 150] GeV, 1.21 !
groomed . CMS ¢ Data
| N N B = T T T T - 1 — Gluon
o~ g~ 14 = B - "y _ " --=Up quark
5:<@- 5:<@- _ - - - = 08 P > 400 GeV **; - Down quark
el ! 1.4~ —H < F '
o) o) i L - cb i |’r]| <1.5
22 o e S oo
c g 12FF = —Zﬁi - % 2 |
= | = 12} —— — S i
5 q:, _ _ Z 0.4
63 6' - + - : $ : 0.2
L R R T T B el S S T i s i s
(1) (@) (3) (4) (5) (1) (@) ) (4) (5) 02745 4 05 0 05 1 15 2
T Leading-jet Q% [e]
0 .
Multiplicity (A,) Width (1)
CMS Collaboration, JHEP 01 (2022) 188 CMS Collaboration, JHEP 10 (2017) 131

Measurements constraining the different shower properties of quarks and gluons is an active area of interest
Separation of quark and gluon initiated showers is experimentally challenging
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% The dead-cone effect

The pattern of the QCD
parton shower exhibits a
flavour dependence

Angular region with size mq/Eq within which
emissions are suppressed
Y. L. Dokshitzer, J. Phys. G17 (1991) 1602

/ Heavy-quark-initiated shower \
Suppression of small angle emissions
g &99 ® /K 4 / Harder fragmentation
O 1 z  2(1—2)m?
P —Cpl=—1+2—
§' 095> \ @y CF[z + 2 k14 z2m2)
QQQO‘ Q0q, ® 4 Light-quark-initiated shower )
® ad 4,%’; < No small angle emission limit
o Softer fragmentation
1+ (1—2)?
Pysq9 =Cr ( )

o : )
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do"'/dz [fb]

107

108

10°

10*

10°

Fragmentation into light hadrons

|||||lrl'l

T |||||IT!

1. |||||rrl'l

i n* (Statistical, Systematic Uncertainties)

E[] K* (Statistical, Systematic Uncertainties)

: =

2 03 o

S ..
N L

Belle Collaboration, Phys. Rev. Lett. 111, 062002

Hardening of the fragmentation

for heavy-quarks

Leading-particle effect

>

15

Belle Collaboration, Phys. Rev. D 73, 032002

Mass effects arising from the presence of a dead cone have significant consequences in QCD
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Capturing the parton shower

;O\ How can we experimentally reconstruct
\@_/ li\\ the final state of the initial hard scatter?
5§ SO
oo @

The scattered parton quickly fragments

Bound hadronic states reach the detector
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Capturing the parton shower

How can we experimentally reconstruct
the final state of the initial hard scatter?

Bound hadronic states reconstructed as tracks
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Capturing the parton shower

How can we experimentally reconstruct
the final state of the initial hard scatter?

Jet algorithms identify and cluster hadrons

originating from a single scattered parton
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Indirect measurements of the dead cone

_pr(0,r)
YO=por =R

/S " [ DELPHI Collaboration, Phys.Lett.8479:118-128,2000 AL DR
Vv 7F E L ATLAS (s=7TeV -
E A DELCO + Mark Il + TPC = -
3 0 TASSO v [ i
A7 ¢ TOPAZ - -
\3 5 44? v Mark II + DELPHI + OPAL + SLD 0.8— —
.k = DELPHI 183—200 GeV 1 _ 30 GeV < p_ < 40 GeV ]
O ()// | 0.6 b-jets (R = 0.4) .
5 RN /\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ N B Data (stat @ sys) ]
- 7 Y - 0 -
2 | 0.4 MC @NLO+Herwig —
/////// - PowHeg+Pythia i
'F // ////// ool light jets (R = 0.4) =
o F ~ QCD(MLLA) T A Data (stat @ sys) =
/. Flavour independent //////// - 1 — MC@NLO+Herwig -
- o~ ILdt =1.8fb —— PowHeg+Pythia ]

_22;)'”410"1610”1810”l1<lno'”1£o'“1«|10‘“1el;o‘“11130”'2<1301 I B I IS I PP WA B

O 005 01 0.15 02 025 03 035 04
Een (GeV)

ATLAS Collaboration, Eur. Phys. J. C (2013) 73:2676 r

Difference in average multiplicity between pr density around the initial scattered

events containing a b-quark jet and and those b-quark direction compared to the
with a light-quark jet density around light quarks and gluons
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% Indirect measurements of the dead cone

ALICE

What is missing for a direct observation of the dead cone?

<¥(r)>

_ p10,r) |

YO ot TE
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ATLAS |s=7TeV

30 GeV < p, <40 GeV

b-jets (R =0.4)

B Data (stat ®@ sys)
----- MC @NLO+Herwig
————— PowHeg+Pythia
, light jets (R = 0.4)
| A Data (stat @ sys)

—— MC@NLO+Herwig
j Ldt=1.8fb" ——— PowHeg+Pythia

lIIIIllllll]lllllllIlllllllllllllllllllllll
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0

0.05 01 0.15 0.2 025 03 035 04
ATLAS Collaboration, Eur. Phys. J. C (2013) 73:2676
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% Indirect measurements of the dead cone

ALICE

What is missing for a direct observation of the dead cone?

/ The dead-cone angle appears at the partonic \
emission level - need to reconstruct the
dynamically evolving direction of the heavy quark

<¥(r)>

_ p10,r) |

=R TS

_IllIlllllllllllllllIIIIIIIIIIIIIIIIIIIIIIII_
13 ATLAS (s=7TeV -
0.8 , -
- 30 GeV < p, <40 GeV -
0.6~ b-jets (R = 0.4) —
B B Data (stat ®@ sys) ]
o4 /' m " MC @NLO+Herwig —
B A PowHeg+Pythia i
- light jets (R = 0.4) N
0.2 R
- N A Data (stat @ sys) -
B p ——— MC@NLO+Herwig ]
O~ I Ldt=1.8fb ——— PowHeg+Pythia ]
l_lIlIIllll]lllllllllIlIll[llllllllllllllllllj
0O 005 01 015 02 025 03 035 04
ATLAS Collaboration, Eur. Phys. J. C (2013) 73:2676 r
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% Indirect measurements of the dead cone

ALICE
N . . vy =200
What is missing for a direct observation of the dead cone? pr(0, R)

A _I LI | LI I 17T TT I L I 1T T1TT I L I L I L I LI l_
= 13 ATLAS Vs=7TeV ]
=2 ]
/ The dead-cone angle appears at the partonic \ VoL §
emission level - need to reconstruct the 0.8 ' ~
dynamically evolving direction of the heavy quark - 20 GeVi<py <40 GeV .
y y g yd 0.6 b-jets (R = 0.4) B
B B Data (stat ®@ sys) ]
Uncorrelated sources such as the decay products 04— /' m - MC@NLO+Herwig |
B N PowHeg+Pythia 7]
of the heavy-flavour hadron can populate the B g it -
) oo ight jets (R = 0.4) ]
k dead-cone region / | A Data (stat @ sys) -
B 1 ——— MC@NLO+Herwig ]
O~ I Ldt=1.8fb ——— PowHeg+Pythia ]
l_l 1l I 1 1 I 11 1 1 I 11 1 1 I 11 1 1 l 1 1 1 I 1 1 1 l 11 1 1 I 11 l_‘

O 005 01 0.15 02 025 03 035 04
ATLAS Collaboration, Eur. Phys. J. C (2013) 73:2676 r

decay products of
heavy-flavour hadron
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Dynamically reconstructing the parton shower

How can we access the intermediate partonic structure of the shower?

L3
/ Final state hadrons _,«+"% \
'

. .}‘...0'

How can we access the partonic structure
of the shower?
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Y. L. Dokshitzer et al. JHEP 08(1997)001
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Dynamically reconstructing the parton shower

How can we access the partonic structure
of the shower?

Start by clustering the closest constituents
in angle : the last emissions in the jet
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Dynamically reconstructing the parton shower
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How can we access the partonic structure
of the shower?

Start by clustering the closest constituents
in angle : the last emissions in the jet

Replace emission prongs with the sum of
their four-momenta : reconstruct emitter
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Dynamically reconstructing the parton shower

How can we access the partonic structure
of the shower?

The procedure is iteratively repeated with

the next closest constituents
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Dynamically reconstructing the parton shower

How can we access the partonic structure
of the shower?

The procedure is iteratively repeated with

the next closest constituents
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Dynamically reconstructing the parton shower

How can we access the partonic structure
of the shower?
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” ) The procedure is iteratively repeated with
' the next closest constituents
. \ ::<
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Dynamically reconstructing the parton shower

How can we access the partonic structure
of the shower?

The procedure is iteratively repeated with

the next closest constituents
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Dynamically reconstructing the parton shower

ALICE

How can we access the partonic structure

...... ;o
........ k of the shower?

~ / The procedure is iteratively repeated with
......... \ i the next closest constituents
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Dynamically reconstructing the parton shower

~
/

How can we access the partonic structure
of the shower?

"
™
cocesstssses’

first splitting e

Once the jet has been reclustered the
sequence of emissions are available by

\

unwinding the reclustering history and
following a branch
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Dynamically reconstructing the parton shower
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How can we access the partonic structure
of the shower?

Once the jet has been reclustered the
sequence of emissions are available by

unwinding the reclustering history and
following a branch
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Dynamically reconstructing the parton shower

~
/

"
™
soesssssseeee®

How can we access the partonic structure
of the shower?

Once the jet has been reclustered the
sequence of emissions are available by

unwinding the reclustering history and
following a branch
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ALICE

Dynamically reconstructing the parton shower

>\/f0:1rthspvlitting.

Y,

How can we access the partonic structure
of the shower?

Once the jet has been reclustered the

sequence of emissions are available by

unwinding the reclustering history and
following a branch

The splitting flavour is not conserved
along the branch
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Using heavy-flavour jets to isolate c->cg splittings

=

Charm

>

~

decay daughter
«

hadron ’.o"

decay daughter

/

L. Cunqueiro, M. Ploskon, Phys. Rev. D 99, 074027 (2019)

The charm jet is identified by the presence

of a charm hadron amongst its
constituents
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Using heavy-flavour jets to isolate c->cg splittings

4 N

: The charm hadron is fully reconstructed

decay daughter th rough its decay tracks
Charm
> > \ hadron
decay daughter

\_ /

L. Cunqueiro, M. Ploskon, Phys. Rev. D 99, 074027 (2019)
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decay daughter

decay daughter

L. Cunqueiro, M. Ploskon, Phys. Rev. D 99, 074027 (2019)

The charm hadron is fully reconstructed
through its decay tracks

The four-momentum of the charm hadron
enters the reclustering procedure
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% Using heavy-flavour jets to isolate c->cg splittings

ALICE

The charm quark flavour is conserved
throughout the shower

Following the branch with the charm hadron
is equivalent to following the charm quark

The kinematics of each c->cg splitting are
dynamically updated

Nima Zardoshti - LIP Seminar
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% Using heavy-flavour jets to isolate c->cg splittings

ALICE

The charm quark flavour is conserved
throughout the shower

Following the branch with the charm hadron
is equivalent to following the charm quark

The kinematics of each c->cg splitting are
dynamically updated
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% Using heavy-flavour jets to isolate c->cg splittings

ALICE

The charm quark flavour is conserved
throughout the shower

Following the branch with the charm hadron
is equivalent to following the charm quark

The kinematics of each c->cg splitting are
dynamically updated
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% Using heavy-flavour jets to isolate c->cg splittings

ALICE

The charm quark flavour is conserved
throughout the shower

Following the branch with the charm hadron
is equivalent to following the charm quark

The kinematics of each c->cg splitting are
dynamically updated
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Reconstructed splitting kinematics

fraction of momentum
carried by the emitted gluon

8 ~ k;/zp,
energy of the
emitting charm

(e

\V

transverse scale
of the splitting

emission angle
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Reconstructed splitting kinematics

Lund plane F-A.Dreyeretal. JHEP 12 (2018) 064

Each entry corresponds to one
splitting

Region dominated by non-perturbative effects

large angles small angles
< >

>

In(1/6)

fraction of momentum
carried by the emitted gluon

8 ~ k;/zp,
energy of the
emitting charm

(e

\V/

transverse scale
of the splitting

emission angle

(The splitting phase spaced can be mapped through 2D distributions called Lund planes\

QCD phenomena such as the dead-cone effect and the running of the strong coupling
\ manifest in the Lund plane emission densities )
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® The ALICE detector 39

Time Projection Chamber
Inner Tracking System

Charged particle tracking
with 60 pm impact 7 AR >

parameter resolution at 8 " i i '}1;” ’77’ < 0.9

\_ pr =1GeV/c ) | F

v 5 — 2
. . T ‘i" 14 3 ] = —ay—
Time of Flight Detector AT A T ‘
wm”, PR :‘:V 4 ol "I 7 p -/ QI | s " i r i) :

PID separation with 60 ps
resolution

Charged particle tracking
down to py = 150 MeV/c
and PID separation

Ideal for track—based heavy-flavour jets tagged with a
fully reconstructed heavy-flavour hadron at low p;
where mass effects are most significant
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Fully reconstructing the charm hadron

: N

pointing angle 0

pointin

-
—
-
-—

-—
—
—
—
-
—
-
-

D flight

-
—; -

s
-—
—

\impact parameters ~100 (L m /

D° mesons are tagged through the hadronic decay channel DY — K~ 7T (and charge conjugate)

Decay topology and PID selections are applied to identify D°-meson candidates
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Extracting the D-meson signal

UL LA BN B LR B
ALICE, pp

2<p_ <50GeV/c
T, ch.jet

3 <P < 4 GeV/c

600

500

400

Counts per 5 MeV/c2

300

/

2
17

1.85

200

100

nn

1.75

1.9 1.95 2

arXiv:2204.10167 M(Kr) (GeV/c?)

measurement performed with Run 2 pp data froh

2016, 2017 and 2018
Lii =25nb 1

Track-based jets clustered with the anti-k; algorithm
with R=0.4 M. Cacciari et al. JHEP 04(2008)063

5 < piet < 50 GeV/c

Measurements pushed to low p; where the emitting
charm has a large dead cone

k 2 < p%o < 36 GeV/c /
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Extracting the D-meson signal

6 (rad)

O- 037 030 0.25 020 0.7 0.14 0.1 0.09 0.07 0.06 0.05
t ~ 5 x10°
ALICE Preliminary
pp Vs =13 TeV
D’ in charged jets, anti-k;, R=0.4

In(k-)

’M — /Lﬁt| < 20'ﬁt
4 )

5<p™ <50GeV/c
T,jet

~

Gaussian width Gaussian mean

\n[ab\ <05 signal region

N LI l LI B I l LI I B | l LN I B l LI I I l L . )
% .
S ALICE, pp Contains almost all of the
® 600 )
signal and some
= <p. <50GeVic i .
‘oo T, chijet background candidates
g 3<p_,<4GeVic \_ )
(/)] ’
£ 400
2 ) S IR OO I O AP Ol A M
(@] 1 12 14 16 1.8 2 22 24 26 28 3
O 300 In(1/6)
0 (rad)
200 B TS
x ALICE Preliminary
£ pp Vs =13 TeV 5<p$‘jel<50 GeV/c 7
100 D%in charged jets, anti-k;, R=0.4

dogi < ‘M — ,LLﬁt| < 9044
4 )

Entirely composed of
background candidates

- J

1,/ < 0.5 side-band region

1.85

18 98
M(Kr) (GeV/c?) 1

sideband region__z

-3

Performed in intervals of PT Do

-4

III|I|I|IIIIIII|III|III|III|III|III 1
1 12 1.4 16 1.8 2 22 24 26 28 3
In(1/6) Nima Zardoshti - LIP Seminar
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Counts per 5 MeV/c2

Extracting the D-meson signal

IIIllllllllllllllllil'lllll
ALICE, pp
600
<p_ <50GeV/ic
T, ch.jet
500
400
300
200
100

U

18 185

M (Kr) (éV/cZ)

sideband region__z

Performed in intervals of PT Do
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ALICE Preliminary
pp Vs =13 TeV 5< pi']el <50 GeV/c
D’ in charged jets, anti-k;, R=0.4
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ALICE Preliminary

pp Vs =13 TeV 5< p?‘iel <50 GeV/c
D%in charged jets, anti-k;, R=0.4
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0
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G 4E D%in charged jets, anti-k;, R=0.4 14
= aF In 1<05
¥|_ ; nlab )
= [ side-band subtracted 1.2
— 2j

ch
5= pT!jet <50 GeV/c

Purely signal D%-tagged jet
distribution extracted
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Counts per 5 MeV/c2

Extracting the D-meson signal

M LA BN B BLELELELE B

ALICE, pp
600

<p_ <50GeV/ic
500 T, ch.jet
Do<4GeV/c
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Soft t from D* decays

Selection in k; of emissions

suppresses non-perturbative effects
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% Correction for D%jet reconstruction efficiency

—

8 [ I | T 11 | L | L | T 11 | L | L |_
c - ALICE Preliminary .
£ 09E pyTHIAG, pp V5 = 13 TeV Efficiency
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< [ charged jets, anti-k;, R=0.4 +prompt . The efficiency of reconstructing D°-tagged jet
2 07F n_1<0.5 ©non-prompt — candidates is strongly PT,D¢ dependent
O - a ]
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— _é_ —
C —— _ 0]
0.20 E PT.DO Intervals
E OrO== E
0.1—_0_ = -]
- ? :
Oﬁ?il | | I I | | | I I | | | I I | | | I I | | | I I | | | I I | |_

5 10 15 20 25 30 35
Py (GeV/c)
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Populating the c->cg Lund plane

By fully reconstructing the D°-meson and following
it in the shower we have isolated c -> cg splittings

sassansnses

.
% : D meson
_ .
> -
.
- . -
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Populating the c->cg Lund plane

Lund plane of c -> cg emissions By fully reconstructing the D°-meson and following
6 (rad) oy . . L
0.37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05 4 it in the shower we have isolated ¢ -> cg spllttlngs
"r_5_III|III|III|III|III|III|III|III|III|III_ )(10
= - ALICE Preliminary 2<pTD<36 GeV/c - 8
£ 4— Vs = ch -
- pp Vs=13 TeV 5<pT’jet<50 GeV/c H

3 - D%in charged jets, anti-k;, R=0.4 7

= Inlabl <05 side-band subtracted

D% meson

.

. . .

- > E

. \

_5III|III|III|III|III|III|III|III|III .....‘..g_’Cg ’ C‘_:Cg C_>Cg.
1 12 14 16 18 2 22 24 26 28 3 . ,<:
.' »
In(1/6) S, N
>

Smaller angles
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Populating the c->cg Lund plane

Lund plane of ¢ -> cg emissions

6 (rad)
0.37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05
"'\_5_III|III|III|III|III|III|III|III|III|II|_ X10-3
= - ALICE Preliminary 2<pTD<36 GeV/ic { _{g
c 4 ’ —
= 4L ppfs=13Tev 5<pf" <50 GeV/c

3 - D°in charged jets, anti-k, R=0.4 —7

= Inlabl <05 side-band subtracted

_ III|III|III|III|III|III|III|III|III
51 12 14 16 1.8 2 22 24 26 28 3

In(1/6)

The signature of a significant dead cone in the

charm-quark emissions would be a suppression of
small angle emissions

By fully reconstructing the D°-meson and following

it in the shower we have isolated c -> cg splittings
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Populating the c->cg Lund plane

Lund plane of ¢ -> cg emissions

6 (rad)
0.37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05
"'\_5_III|III|III|III|III|III|III|III|III||||_ X10-3
= - ALICE Preliminary 2<pTD<36 GeV/ic { _{g
c 4 ’ —
= 4L ppfs=13Tev 5<pf" <50 GeV/c
33_ D% in charged jets, anti-k;, R=0.4 _f —7
- Inlabl <05 side-band subtracted
2

_ III|III|III|III|III|III|III|III|III
51 12 14 16 1.8 2 22 24 26 28 3

In(1/6)

The signature of a significant dead cone in the

charm-quark emissions would be a suppression of
small angle emissions

Can we construct a baseline where a

dead cone is not expected?
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Populating the c->cg Lund plane

Lund plane of c -> cg emissions Can we construct a baseline where a
0 (rad) dead cone is not expected?
0.37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05 3
"'\_5_III|III|III|III|III|III|III|III|III|III_ X10
= - ALICE Preliminary 2<pT’D<36 GeV/ic { _{g
= 4L pps=13Tev 5<p <50 GeV/c ] Following the charm quark through the shower

3 - D%in charged jets, anti-k;, R=0.4

7 coincides with following the hardest prong in 99%
of cases

= Inlabl <05 side-band subtracted

Following the

[
:
charm branch_ -~~~ g E
- .

: .

u.'.. \./ \' — : :

_5||||||||||||||||||||||||||||||||||| .'...'.g_’(:g : C‘_:Cg C Cg. :
1 12 14 16 18 2 22 24 26 28 3 . . “'<:.:
.7 :

In(1/6)

D% meson

The signature of a significant dead cone in the

charm-quark emissions would be a suppression of
small angle emissions
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Populating the c->cg Lund plane

Lund plane of ¢ -> cg emissions
6 (rad)
0.37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05
"'\_5_III|III|III|III|III|III|III|III|III||||_ X10-3
ﬁé, - ALICE Preliminary 2<pT’D<36 GeV/ic { _{g

4 pp (5=13 TeV 5<p <50 GeV/c
3 - D%in charged jets, anti-k;, R=0.4 ]

—7

= Inlabl <05 side-band subtracted

_ III|III|III|III|III|III|III|III|III
51 12 14 16 1.8 2 22 24 26 28 3

In(1/6)

The signature of a significant dead cone in the

charm-quark emissions would be a suppression of
small angle emissions

Can we construct a baseline where a
dead cone is not expected?

We can implement a complementary procedure
in a non-flavour tagged jet sample to study
emissions from light quarks and gluons

Inclusive jets : all jets o***
without any flavour o’
determination

Following the

[
-
hardest branch -~~~ g E
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Populating the c->cg Lund plane

Lund plane of ¢ -> cg emissions

Lund plane of light quark and gluon emissions

6 (rad) 6 (rad)
0.37 030 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05 0.37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05 3
"'\_ 5_I T | T TT | T TT | T TT | T TT | T TT | T TT | T TT | T TT | T T] X10-3 /'r_ 5_I T | T TT | T TT | T TT | T TT | T TT | T TT | T TT T TT | T T] ><10
= - ALICE Preliminary 2< P, < 36 GeVic { _g < - ALICE Preliminary 5< p?r"jet <50 GeV/c - —8
c C ' . c C ' .
- 4; pp Vs =13 TeV 5<p$hjet<50GeV/c: - 4; pp Vs =13 TeV :
- ’ ] o 1 =7
3F D% in charged jets, anti-k, R=0.4 - —7 3F charged jets, anti-k;, R=0.4 -
) 3 In_1<0.5 side-band subtracted_: s - In_1<05 Er

_ coa b b b b b b P By _ coa e b b b b b L B
51 12 14 16 18 2 22 24 26 28 3 51 12 14 16 1.8 2 22 24 26 28

In(1/6) In(1/6)

The signature of a significant dead cone in the

charm-quark emissions would be a suppression of
small angle emissions
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Populating the c->cg Lund plane

Lund plane of ¢ -> cg emissions

Lund plane of light quark and gluon emissions

6 (rad) 6 (rad)
0.37 030 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05 0.37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05 3
"'\_ 5_I T | T TT | T TT | T TT | T TT | T TT | T TT | T TT | T TT | T T] X10-3 /-|: 5_I T | T TT | T TT | T TT | T TT | T TT | T TT | T TT T TT | T T] ><10
= - ALICE Preliminary 2< P, < 36 GeVic { _g < - ALICE Preliminary 5< p?r"jet <50 GeV/c - —8
c C ' . c C ' .
- 4; pp Vs =13 TeV 5<p$hjet<50GeV/c: - 4; pp Vs =13 TeV :
- ’ ] o 1 =7
3F D% in charged jets, anti-k, R=0.4 - —7 3F charged jets, anti-k;, R=0.4 -
) 3 In_1<0.5 side-band subtracted_: s - In_1<05 Er

_ III|III|III|III|III|III|III|III|III _ III|III|III|III|III|III|III|III|III
51 12 14 16 1.8 2 22 24 26 28 3 51 12 14 16 1.8 2 22 24 26 28 3

In(1/6) In(1/6)

No dead-cone effect expected
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The signature of a significant dead cone in the

charm-quark emissions would be a suppression of
small angle emissions




Uncovering the QCD dead cone

R(9) — 1 dnPjets / 1 dninclusive jets Compare the angular distribution of charm-quark
(6) = ND%ets dIn(1/6)/ Ninclusivejets  q]n(1/0) emissions to those of light quarks and gluons

k1, ERadiator
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Uncovering the QCD dead cone

Nature 605 (2022) 440-446 _ _
PYTHIA 8 q / inclusive

W ALICE Data ===, 4ead cone limit " 8~ kilzp,
— PYTHIA 8 o
___ SHERPA g/ inclusive . 9
SHERPA no dead cone limit
0.37 0.22 0.14 008 0 (rad)
N 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
%;i ' 5 < Eppyoe < 10 GeV
1.5F 7 : .
The dead cone is uncovered through a direct
1 E L _ messssskssEssa; measurement of the emission angle
051 - significance Small angle emissions supressed for charm
quarks compared to light quarks and gluons
O 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

1 1.5 2 2.5 »

Smaller angles

R(9) — 1 dnPjets / 1 dninclusive jets Compare the angular distribution of charm-quark
(6) = ND%ets dIn(1/6)/ Ninclusivejets  q]n(1/0) emissions to those of light quarks and gluons

k1, ERadiator
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Uncovering the QCD dead cone

Nature 605 (2022) 440-446 q/ inclusive The energy dependence of the dead-cone
B ALICEData === o Zip; f
no dead cone limit

— PYTHIA 8 . | K
—— SHERPA - - - SHERPA q / inclusive : 5

no dead cone limit

effect is measured in intervals of the energy
of the charm quark at each emission

0 (rad)
0.37 0.22 0.14 0.08 0.22 0.14 0.08
—~ T 1T T 1 | LI I I | ! T 1T T 1 | 1 T 1 T 1 1T 1 I T 1 1 : LI 1T 1 I LI
S:E - @Radiator<1oeev | 10 < ERgiator < 20 Ge
151 +
| X { rmmmmmmfemmann]
! oo SEEEEE= llllll_l’- —IIF:-:o:s
1 tttlttl B
L —— —— i %
0.5F |
oLl N T T W NN TN SN WO TN NN N N B PR TN T T [N T WO N NN N N N M NN MO A
1 1.5 0 25 1.5 > 25  In(1/6)

>
less suppression with increasing energy of the radiating charm quark

R(9) — 1 dnPjets / 1 dninclusive jets Compare the angular distribution of charm-quark
(6) = ND%ets dIn(1/6)/ Ninclusivejets  q]n(1/0) emissions to those of light quarks and gluons

k1, ERadiator
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Uncovering the QCD dead cone

Nature 605 (2022) 380456 o 1A 8 g/ inclusive The energy dependence of the dead-cone
M ALICE Data ==~ 2P t

effect is measured in intervals of the energy

no dead cone limit

— PYTHIA 8 b i
— hErpa .. SHERPAGQ/inclusive E . of the charm quark at each emission
no dead cone limit 6 (rad)
0.37 0.22 0.14 0.08 0.22 0.14 0.08 0.22 0.14 0.08 0.05
) 1 1 1 I I I I I 1 ! 1 I I I I I I I I 1 1 1 1 I 1 1 1 1 : 1 | 1 | I | | | | 1 1 1 1 I 1 1 1 1 : 1 1 1 1 1 1 I I
% - @Radiator <10 GeV | 10< ERadiator <20 Ge | 20 < ERadiator = 35@ [
1.5F + T EE=e=ee- k===
- i { _______:::::::;:::::: ________ P
--—---lllllll IIIIII_I’- ___+___ 1 --- -- - . J
= T : s
L —— —— i % L ]
0.5 u T .
oLl TN T TN W N T TN TN WO AN SO TN W PR TR TR T N TN TN T T O O N A A MO M A PR TN TN T [N T TN TN T N T T N N N NN M M
1 1.5 2 2.5 1.5 2 2.5 1.5 2 2.5 3
. . . o T In(1/6)
less suppression with increasing energy of the radiating charm quark n(
R(6) = 1 dnPjets / 1 dninclusive jets Compare the angular distribution of charm-quark
~ NDOjets dIn(1/0)/ Ninclusivejets dIn(1/0) emissions to those of light quarks and gluons
kt, ERadiator
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Uncovering the QCD dead cone

Nat““*.GOSA (Lzl‘gé);::’:‘is_ _ PYTHIA 8 g /inclusive LS The charm mass remains constant
no dead cone limit throughout the shower and gives rise to
— sHERPA - .. SHERPAQ/inclusive : 0 the deac-cone effect
no dead cone limit 6 (rad)
0.37 0.22 0.14 0.08 0.22 0.14 0.08 0.22 0.14 0.08  0.05
N T T T T I T T T T I T I I I I I I I I | | | | I | | | | I | | | | I | | | | I I I I I I I I I I I I I I I I I I I
&‘i ' 5 < Ep <10 GeV i 10 < Eyyper < 20 GV i 20 < E oo < 35 GeV
151 B EEEEETE
| ) I o ommIIiyIiil L. ... .
--—---lllllll Illlll_l’- ___+___ 1 --- --- . J
= T : s
L —— —— i % L ]
05 _ ; -/ ]
oLl [ |I| PR I T T TR T N T W T L1 IR B L 1 v ey o o by oy by
1 15 | 2 2.5 1, 25 1.5 2 2.5 3
Shaded regions are expected dead-cone In(1/6)
region for a charm mass of 1.275 GeV/c
R 1 dnP"jets / 1 dninclusive jets Compare the angular distribution of charm-quark
(6) = ND%ets dIn(1/0)/ Ninclusivejets  qln(1/9) emissions to those of light quarks and gluons
kt, ERadiator
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Uncovering the QCD dead cone

Nature 605 (2022) 440-446

PYTHIA 8 q / inclusive

B ALICE Data ==~ no dead cone limit

— PYTHIA 8

The real baseline for the absence of a
dead-cone is influenced by the differences
between quark and

Z Py

luon fragmentation

. ___ SHERPA g/ inclusive . 9
SHERPA no dead cone limit 6 (rad)
0.37 0.22 0.14 0.08 0.22 0.14 0.08 0.22 0.14 0.08 0.05
N T T T T I T T T T I T I I I I I I I I | | | | | | | | | | | | | | | | | | | I I I I | I I I I | I I I I | I I I I
&‘i ' 5 < Ep <10 GeV 10 < Eyyper < 20 GV 20 < E oo < 35 GeV
1.5 T == oym b=
------- i- - om om s
oLl [ 4 0 T S T W A N T W L1 I T T T T N N T M A PR S T T N T T TN TN NN TN T NN T N N N M
1 15 /2 2.5 1.5 2 2.5 15 2 2.5 3
Real baseline is the ratio of light In(1/6)

guark to inclusive emissions

1 ano jets

dninclusive jets

1
R(e) = NDOjetS dln(l/e)/NinclusivejetS d]n(l/e)

kT ) ERadiator

Compare the angular distribution of charm-quark
emissions to those of light quarks and gluons
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Now that we have uncovered the mechanism responsible for mass effects in the QCD shower
we extend the techniques to characterise the impact of these mass effects

/ ........... - \ The grooming procedure reduces contribution of non-perturbative
"""""" effects and enriches the selection with perturbative emissions

Each splitting is tested against ky
the Soft Drop condition "

Soft Drop grooming condition , S - / :
c.... > > -
P AR, e '\i:: SRS
g 1o 4 12 - >
%( ) | <

R

I

-
il
sadansnsns -

= >
Pt1t P2

2 =0.1,8=0

wj. Larkoski et al. , JHEP 1405 (2014) My ""'-.k:
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Measuring the c->cg splitting function

2 =0.1,8=0

wj. Larkoski et al. , JHEP 1405 (2014) My

dé
dPi—)jk —

/Converges onto ths

QCD splitting function
7 for the first splitting
that passes Soft Drop

Emissions from
charm-quarks have a
steeper splitting
probability than light
guarks and gluons

Fewer symmetric
splittings /

\_ _/

Fdz Pz‘—)jk(@)

IIIIIIIIIlIIII|IIII|IIII|IIII|IIII|IIII

ALICE Preliminary, pp, Vs = 13 TeV
charged jets, anti-k;, R = 0.4

15 < p‘e‘Ch <30 GeVic, [ | <05
5<p <3OGeV/c ly 0|_08

(Zew=0.1, ﬂ 0)

© D-tagged
I8 inclusive

(1/N.,) dN/dz,

(D
Q
o
o)

SD-untagged jets
D°-tagged: 22%
inclusive: 2.8%

NN W A~ 01 OO N 00 ©

o

—

o )
s2 DY-tagaed POWHEG + PYTHIA 6
3 “e- D"tagged PYTHIA 8
O 1.
= , =
1 1 l I l 1 1 1 l 1 l T 1 1 1

CU T T T T I T T T T T T T T I T T T

: 11 - inclusive PYTHIA 8
T
D 10
St TTTT T T TT T T T T G

.0-9 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 * 1 1 1 1 ' I 1 1 1 * 1 1 1 I
01 015 0.2 025 03 035 04 045 05

ALI-PREL-523374 Zg
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% Measuring the c->cg angular dependence

dP,_, . = — L
s 0,= Ry/R

/ \ o 604...0;1...92...93...94...95...96..97...98...99...J
Opening angle of the " ALICE Preliminary, pp, /s = 13 TeV

I

SD-untagged jets
D°-tagged: 22%

inclusive: 2.8%
I | I I I I | I 1 1 1 I 1 1 1 1

I I I I T I LI | I I I I
POWH EG + PYTHIA 6
PYTHIA 8

broader shower profile
than quark jets

5 i

2 0_ _

first emission passing E 5__ charged jets, anti-k;, R = 0.4 =D Itagged E
Soft Drop o 15<p‘et°“<30 GeVe, | |<05 inclusive 7

=P 4 5<pY <30GeVic, Iy 12058 E

— 35 Soft Drop( ot = 0.1, ﬁ 0) .

Gluon jets have a — 5 ﬁ

1l

Soft Drop grooming condition

|

Competing effects _

déi

tn

TTT | TTT
O
Ty
QO
[((e](e]
DO |
00 |

ﬁ ~

P AR, , between the dead cone [ &
— ’ > ’ . - -
% Bt <+ P Zut\ Tp and the increased quark| : B - -
’ . . w 125 ~m inclusive PYTHIA 8 =
emissions at small S 11 = w3
— — 5 Fr——————
2=01,5=0 angles < 09 . - E
H 0'8 11 1 1 1 | 1 | | 1 1 1 1 | 1 1 1 1 | 11 1 1 I 1 11 1 | 1 1 1 I_;

wl- Larkoski et al. , JHEP 1405 (2014)14y K / 0 005 01 015 02 025 03 035 04
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% Looking deeper into the perturbative shower

Towards isolating the perturbative physics of heavy-flavour fragmentation functions

................... &, < 0.7 ALICE Preliminary, pp, Vs =13 TeV . =

..................... Strongly correlated to g = charged jets, anti-k;, R = 0.4 ._D -tagged ]

; the number of T 065 15<p"" <30 Gevic, I | <05 Winclusive -
. .. - - D° .

............ perturbative emissions | & 05- :SPT <30 GeVie, %Do'SO'S E

i ) = ~ Soft Drop (z,,; =0.1, 8=0) J

1 1 _—" in the shower ~ 0.4F —

1 2 // t e S O e ~— - "‘H ........ - .......... 1

nSD 0.3;_ ¢¢¢¢¢¢ & * ---.’. _;

¥ Emission is groomed away Charm qua rks on — 0.0 :_4.'—"‘/'-‘,. ........ _f
P EisdomeatidiesSof Brop average have fewer hard o T b "o

. . emissions S T T T ]

Soft Drop grooming condition S o = - | | | ]
S = 153 D-tagged POWHEG + PYTHIA 6 3

5 . T 1.55 res D™tagged PYTHIA'8 =

s AR, Hardening of the % 1;——&———-‘*———,;,—— ———-——é
z= > Zoue| —p fragmentation function 055~ | | | =
Pyt Prp 8 16 . L ! ! I
from the dead_cone g 142_ | inclusive PYTHIA 8 . _z

_ - < 1.2F —=
Z—O.l,B—O O 12_________7___'______2

= 0.8F E

0.6E =

A. J. Larkoski et al. , JHEP 1405 (2014) 146 I » T | | |
K / 0 1 2 3 4
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% A new era of heavy-flavour jet measurements with ALICE

ALICE
/ Run 3 and 4 \

faster readout to access rare probes

Impact parameter resolution of
25 um at pr=1 GeV/c

Access to fully reconstructed beauty
and charm hadrons

Time Projection Chamber Qpected pp luminosity of 200 pty Inner Tracking System 2
GEM based readout 7 layer pixel inner tracker
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% A new era of heavy-flavour jet measurements with ALICE

ALICE

>

Time Projection Chamber
GEM based readout

Superconducting RICH
magnet system

ALICE 3

Letter of intent:
CERN-LHCC-2022-009 ; LHCC-1-038

FCT

Run 3 and 4

faster readout to access rare probes

Impact parameter resolution of

25 um at p;y=1 GeV/c

Access to fully reconstructed beauty

and charm hadrons

N

Qpected pp luminosity of 200 pty Inner Tracking System 2

TOF

7 layer pixel inner tracker

-~

-

absorber

Run5and 6 \

Impact parameter resolution of 3 um at py=1 GeV/c

Excellent PID capabilities to intermediate p

Unprecedented access to fully reconstructed beauty

and charm hadrons

J
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% Disentangling mass and Casimir colour effects in Run 3

ALICE

Dead cone of B* - tagged jets / Comparisons in \
Dead cone of D° - tagged jets P pPp

TII]III]1II IITIIIIIIIIIIIIIIIIIIIIIIIT

- ALICE Upgrade Projection
- pp {s=14TeV (200 pb™, B%, B
-~ pp Vs=5.5TeV (3pb™, D

Low p; charm and inclusive sensitive to both mass and
Casmir colour effects (Run 2)

-—  e=h
N DO 0N

|

O S0

R=0.4,20 < <100 GeV Beauty and charm-quark emissions isolate mass effects
o Tjet

10 < ESyiaior < 20 GeV

(B°,B*)-tagged to D°-tagged

llllllllllllllllllllllllllll

1
i: No dead-cone baseline | ., High p; charm and inclusive comparisons isolate Casmir
i = =Ky > Aqcp colour factors
T o8F = — k> Agep/2
Ay - |
0.6
[ *
0.4 —
0.2f-
0:1111111lllllllllllllllllllllllllllllllL
112 1416 18 2 22 24 2628 8
ALICE-PUBLIC-2020-005 ; CERN-LHCC-2020-018 log(1/6)
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% Disentangling mass and Casimir colour effects in Run 3

ALICE

Modification of the heavy-flavour splitting
functions in heavy-ion collisions

Soft Drop: z_ =0.1 §<0 MLL c —>cg

b —bg

!Ill'llll

0.8 —

06 ISxn=5-02 TeV 140<pT’j<160 GeV e
- c —>cg

12 ant—kT R=0.4 b —bg

pAuAu (Zg) /pPP(zg)

o
(o)

Illlllllllllllll

10<pT’j<30 GeV

P T P P

3 035 04 045 05

PO IS S S N R

015 02 025 0.
Zg

H. T. Li, I. Vitev, arXiv:1812.03348

.—\.Illlllll

o
© o

/ Comparisons in pp \

Low p; charm and inclusive sensitive to both mass and
Casmir colour effects (Run 2)

Beauty and charm-quark emissions isolate mass effects

High p; charm and inclusive comparisons isolate Casmir

colour factors

/ Comparisons in Pb-Pb \

Measurements of the heavy-flavour shower profile to be
extended to heavy-ion collisions where these flavour
dependent properties can unlock new insights into the

\ nature of the deconfined medium /
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Conclusions

0
*e
0
.
e,

1 >
.f, /—>cg \Z_’Cg C"CE

-
‘e
......
......
.

.
.
LI
ue
e
""""
......
'™
L
.
ea
.
e

New experimental technique to
reconstruct emissions of heavy-flavour
quarks in the parton shower
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Conclusions

_ PYTHIA 8 q/inclusive pp Vs =13 TeV

Bl ALICE Data == no dead cone limit
— PYTHIA 8 charged jets, anti-k;, R=0.4 Nature 605 (2022) 440-446

_ SHERPA q/inclusive

——SHERPA === ad cone limit C/A reclustering 6 (rad)
0.37 0.22 0.14 0.08 0.22 0.14 0.08 0.22 0.14 0.08 0.05
.......... " :;;;*cg \.\c‘;—:cg c—»sg %1 Al |5< ERadiato: <10 Gevl i |10 < ERadiatlor< 20 Ge\ll 1 l20 < ERadialt-or-<-:E5- E;?\:/- .
............ \_L’<: el e =
........... E. :: ------.......i......_- ::::::: 1 -- - - 1
............ == . | - """!.""" *
...... .k ; =l &
. . 0.5F
New experimental technique to .
1 1 _ PR T TR T A S W SO T A T S T S N TN T T PR TN S T N T T N T O T T N S T W Lo v s by oy by oy
reconstruct gmlssmns of heavy-flavour | ol L L S L . S L . S .
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