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Introduction

¥ All the fundamental particles acquire mass through
the Higgs mechanism: SM prediction Y; ! m!

CHARM BOTTOM TOP

¥ Heavy [3avor processes 0" er a more robust test of
PQCD! o

E Kc = Kt
+ K is a free parameter
— SM prediction

¥ b" C quarks constitute portal to non perturbative
physics!
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¥ Recent measurements on jss observable for H-F jets: !
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o Lund b jet plane by LHCb collaboration,!

0 e - "ly = | “
o | g 4 observable for charm jets by ALICE,! ::_
o Upcoming measurements at ATLAS and CMS for b-jet ) ;:_ } % Lo
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Dead cone e! ect

When considering jets initiated by a HF, the quark!

mass shields the collinear singularity

#SCF dz d! 2 1= heavy quark mass!

M2
2$ Z | 2 —+ E E = heavy quark energy

d" $

Dead cone e! ect

the radiation emitted 0" a heavy [3avor Is
suppressed inside a cone of opening angle

| o # M/E (ALICE)!

— Charm quark
»  Gluon emission vertex
Emitted gluon

6/ > 02> “een > 95

Dead-cone effect
JMISSIONS are

PYTHIA 8 LQ / inclusive pp Vs =13 TeV

® -
ALICE Data no dead-cone limit

—— PYTHIA 8 charged jets, anti-k, R=0.4

SHERPA LQ / inclusive

SHERPA o no dead-cone limit

C/A reclustering

pch,leading track > 2.8 GeV/c

T,inclusive jet

k. > 200 MeV/c

Ml < 0-5 6 (rad)
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Jet angularities at hadron colliders
1 —2

$ We study jet angularities (sensitive to radiation pattern,
l.e. to HF jet substructure). !

$ In case of massless theory with just one emission

%$ 2™

$ Many more possible de bnitions when massive particles
are involved:

pPT

#

R | X |
06 = i R % — Pi 2P &N %# — Bi 2P &g

No| &

o Ry) ' pr( miRo)

- | |
 Pr (PR ) N(Ny) is a massive (massless) 4
vector aligned with the WTA axis

¥ All these variables coincide In the massless case.!
See also (C. Lee, P. Shrivastava, V.

Vaidya), for SCET analyses of ECFs.

¥ All these variables do not coincide when one take the guasi-
collinear limit (! it # M/ Pr)
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Jet angularities debpPnitions:

angularltles ungroomed

A ' Pythia8, hadron level

P.K. Dhani et al.

Aa =L LHC Vs =13.6 Tev
o :p anti-ky(Ro = 0.4)
AO 5 p:>750 GeV, |y|<2.5 _

ngularltles groomed
Il" . LJ
Y :54'1};_: 'LHC, VS =13.6 TeV
BT e anti-ky(Ro = 0.4)
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Monte Carlo study
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¥ Huge peak in the di" erential distribution associated to the dotted observables:
they do not vanish at Born level!

¥ The circled observables exhibits a larger peak than % : OkinematicalO 'eect.!

¥ The mass contribution in on %8 distribution is only OdynamicalO
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Resummation 1n the CAESAR formalism

|n"_ A

Q

Resummation performed using the CAESAR

formalism (A. Banb, G. Salam, G. Zanderighi) Threshold 5-4 Ravour

k

Q Q

-
)=y g ety R )+ (), (W) A
&

& d( ¢ [ )
D. Reichelt

Here, R denotes the massive radiator:

m Ny =
n .

Vik,!) = &

| Dead-cone angle

[ . = observable constraint!

1 & k2 #EMW (|2
R, g, | SEETD
o zme K28

I:)gb(z1 kt2 ) szz)- /#' / (( ) (min)

X

L min= lower bound In rapidity!

h = massive splitting function
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Validation against Pxed order

P et € [50,1500] GeV, parton-level
|

P et € [50,1500] GeV, parton-level
| |

pT,jet - [
|

ppl Z+ D

50, 1500] GeV, parton-level

0.20— Ungroomed - 0.20- Ungroomed 0.20- Ungroomed n
< I, heavy j. =< I P heavy j. < = | heavy J.
\%015_ — 5015_ =i 5015_ L_J_I_I_I-EI_%_XI_:_I_I_I_‘ N
o ) =
~ ~Z ~
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In(A\l},) [LHA] In(\!) [Width] In(\}) [Thrust]

OB # e

The distribution Is single
logarithmic for % 0 (m/* o)”

Comparison between expansion of the resummation at NLO against Pxed order !

$ Distribution overlapped at leading order (the extremely small 0 " set is driven by
power corrections in the mass and Iin the jet radius)!

$ At NLO the di" erence is given by a constant 0" set C obtain through matching.!

$ At NLL, NGLS are the same as in the massless case up (P.K. Dhani et al.)




E! ects of leading power corrections

$ In the small observable limit at order #¢, the leading power
corrections arise only from the calculation of soft function!

$ Jet radius power corrections computed in M. Dasgupta et al.

T; & !0|3kV\/iJ'&(2 (ke O™ %Y/ (" (i)

- &, o, K
Wi | | Q12 - Qle\2
(P &K)(p &)  2(p &K)?  2(p; &K)

Massive Eikonal

Power corrections computed in the limit where m/py # %R,
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|

_I_l_‘—-—-—-—-_._r—|_._|_l—

Ungroomed
heavy j.

o

f
—— LO — exp. LO
—— LO — (exp. LO + power corr.)

-8 -6 -4 -2 0
In(\}) [Width]


https://arxiv.org/pdf/1207.1640

b" Jet vs light quark |Jet: ungroomed case

pr € [120,254] GeV, NLO+NLL'+NP
| I | I
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ppl Z+D

$ Mass e" ects scale as # M” : H-F distribution exhibits a larger deviation from the light quark distribution.!

I ' I ' 2
$ Longer tail: reduced Sudakov suppression compared to the massless case ' , # € #SL, H e #sL” )

$ Comparison performed with stable B hadrons (P.K. Dhani et al.)!

$ Non perturbative corrections implemented with the transfer matrix approach ( Reichelt et al.)
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https://arxiv.org/pdf/2410.05415
https://arxiv.org/pdf/2112.09545

b" Jet vs light quark |Jet: ungroomed case

o pr € [120,254] GeV, NLO+NLL'+NP pr € [120,254] GeV, NLO+NLL'+NP pr € [120,254) GeV, NLO+NLL'+NP
: I I 1 I | 1 I B | [ I
10k [Ungroomed] | - 0.8 [Ungroomed} _ 0.6F [UngmomedJ .
~ light g. < 06l light q. i < light q.
— 0.8 —— heavy q. — — heavy q. - heavy q.
2 = avy q = 04} B pp 1 Z+ Db
& 0.6~ — 5 0.4k B Is ’—,_,-’\-LL‘
£ 04r i N i < 0.2F _ -
— 0.2+ | — - " - _,_:—’H
I
5 . 0.0 : I ' 0.0 | : { 0.0 | |
S o150 — S o1sf . S o5k _\_\_‘-\—_ -
o + - -
S = 1.0 SE 1.0 S = 1.0
Eg”f" 1 | l—\__{—’_ﬁ“ EE’()%— = | Eg’o.s— -
0-05 4 3 2 1 0 0.05—% ] 5 0 0.05— i > 0
In(A/,,) [LHA] In(\!) [Width] In()\)) [Thrust]
6(1) 6(1)  $36(2) 6(2) 6(1) 5o(1) 6(1)
ONT - - Dol — PIPRNEE DY Sires 2. — X
$ We have performed a multiplicative matching for each 2 =20 (1 o = _Th 2 T Th F
partonic channel using the BSZ algorithm! 0 70 70 70

$ The resummation is computed in a variable Ravour number
scheme while the bxed order is computed using Ny = 3

$ Similar techniques were used to compute the Lund b jet plane ( AG. S. Marzani, G Soye?z)
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https://arxiv.org/pdf/2512.17408

Towards higher accuracy: scale of the coupling and CMW scheme

In order to improve the accuracy of our calculation one the missing ingredients Is the running
coupling:

a2 (DK | M, _joppn 4 (K) + a3<ﬂ2>J [dk,1[dky] | My 4 (ky, kp)8*(k — k; — k)~ © This prescription is perfectly
’ Pne even If the emitter Is
2 RCMW massive at NLL accuracy as
— 2012 2 ot shown In for fragmentation
o (o) dk] | Mk, p) | ('BO In u? T 2 ) (A.G., S. Marzani and G. Ridolb)!

\v o Used for recent developments
for NLL shower with massive

_ oM particles (M. Van Beekved et al)!
aMW = gMS [ | 4 gCMW 2s
T
O

) ) ki
as(kt) — as(,u )| 1+ asﬁO In p

It has to be generalized beyond
NLL

ey

aMW(12) Slide taken from G. Zanderighi
Catani, Marchesini, Webber 1991 11



https://arxiv.org/pdf/2309.06139
https://arxiv.org/pdf/2605.13953
https://indico.cern.ch/event/1571392/sessions/627151/attachments/3175602/5647241/Zurich2025.pdf

Sketch of the calculation for the e! ective coupling

The Iingredients to determine the e" ective coupling are:

o One loop eikonal current computed in Catani and Grazzini, |. Bierenbaum, M. Czakon and A. Mitov, M.
Czakon and D. Heymes!

o Calculation of the web-function ( A. Banb, B. EI-Menoub, P.F. Monni)

WQ,NLO =Ne(kT){ (275(1—1 0+ (

g o } Virtual correction of the tree level !
. eikonal current |

 Tree level current for the emission |
| of two soft partons |

g T )

‘Wég(k‘la kz)LO + ang?(kl, kZ)L }

d?% d?%
+ | Gyt et (D3 (0% — by — )

n - - . . 1
The €" ective coupling Is then computed In terms of the v 2\ 2y = 2
web function as (Catani et al.): 3 47’ %) K) 5| Ak W (k)

o Alternative approach: inverse Fourier transform of the fully di" erential soft function computed In position
space (Ze Long Liu and P.F. Monni)
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https://arxiv.org/pdf/hep-ph/0007142
http://I.%20Bierenbaum,%20M.%20Czakon%20and%20A.%20Mitov
https://arxiv.org/pdf/1408.2500
https://arxiv.org/pdf/1408.2500
https://arxiv.org/pdf/1408.2500
https://arxiv.org/pdf/1408.2500
https://arxiv.org/pdf/1807.11487
https://arxiv.org/pdf/2309.11584
https://arxiv.org/pdf/2411.13466

Running coupling scale(s!)

Py &4, _ 1
O |n the massless case, the previous debnition is not ambiguous: 2(p; &K)(p, &K) B k2 + k2

© In the massive case, the eikonal is not simply the K of the emission. The debnition of the e" ective
coupling depends on which kinematical property of the emission we bx:

340 )K= %! dk2V\"‘(k)&( y' o9 ET) - # # 2)( 1+ ) o ‘.-

< B D) 14) g Dlogm

3 ,(#{' 9, k% 2) = %! dk2W4(k)&( z"

P1+) ( 2 )

- Scale that appear In quasi collinear

‘ factorization ( Catani et al. )
$ The di" erence between the two is NNLL! o

$ Overall, we do not expect the Born Eikonal to factorize as in the massless case (A. Manteu" el, R. Schabinger
and Hua Xing Zhu ,N. Kidonakis ) 13



https://arxiv.org/pdf/hep-ph/0201036
https://arxiv.org/pdf/1408.5134
https://arxiv.org/pdf/1408.5134
https://arxiv.org/pdf/1408.5134
https://arxiv.org/pdf/1408.5134
https://arxiv.org/pdf/1005.4451

Physical Interpretation

This happens because of the di" erent scaling of the scalar product in the two case !

2

ko= 2k " k5 —-=kk t=k/my

1 2(p &) , m o, ms te*”

#
(kD" ( (P &)(P2 &) (P &K)? (P2 &K)4) (1" Hi*
@ bxed rapidity

#=1
1 2(p &) ., M, oM , 1
(K" ( (pr&K) (P2 &) (P &K)? (P &K)2) (A" " (kg + z2met)?
@ bxed momentum fraction
Euristic interpretation: ! z=1

$ atlargeanglek, # k. 5 ' <=k

$ Inthe collinearregion k. 0 k, # p, 5 '“=ki+ z°m7 14



Conclusion and outlook

)

$ Examined recent results on jet angularities for H.F. jets!

$ Examined choice of the resummation scale in the case of massive emitters!

$ Cross-check against the yy soft function obtained in Catani et al. and S. Devoto and J. Mazzitelli!

$ Comparison against two loop anomalous dimension ( A. Manteu" el, R. Schabinger and Hua Xing
Zhu ,N. Kidonakis )!

$ Test our prescription for substructure observables

I anks for your & er#on!!!
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https://arxiv.org/pdf/2301.11786
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Resummation In the CAESAR formalism for groomed |ets

Resummation performed using the CAESAR
formalism (A. Banb, G. Salam, G. Zanderighi, A.G., S.
Marzani, G. RidolP)

¢
e =) d e ety R L)+ 4y, (4 (o,
& T ]

D. Reichelt, J. Baron et al.

Here, R denotes the massive radiator:

1 '3 k2 #EMW (|2
R,y | ST
0 T Z2m? kt 2%

Pgb(z1kt ) szz)- /#- / (( ) (min)- /SD

17

min

,.: | =
{ Dead-cone angle
| ) = (

[ 4 = observable constraint!

[ sp = soft drop constraint!

L min= lower bound In rapidity!

P

9

H = massive splitting kernel


https://arxiv.org/pdf/hep-ph/0407286
https://arxiv.org/pdf/2309.06139
https://arxiv.org/pdf/2309.06139
https://arxiv.org/pdf/2309.06139
https://arxiv.org/pdf/2309.06139
http://www.apple.com/it/
https://inspirehep.net/files/1d0caa9eee9c88eaa20e8baf1d417b2d
https://arxiv.org/pdf/2012.09574

Kinematics set up

We employ the kinematics set-up of the CMS measurment:
ppl Z/++jetl '™ + jet Three di" erent processes.

Sample Event selection

Z+jet >2 muons with || < 2.4 and p} > 26 GeV
Opposite-charge muons
|mW — mzl < 20GeV

$ Heavy Ravour production : partonic process b(B) + g1 Z + b(H) p? > 30GeV

>1jet with |y| < 1.7 and pjT > 30GeV,
AR(jllI’ll,Z) > R =040r0.8

Light Ravour production: partonic process |] 1 Z+ |! AG12)>2
- : . . |P]11"_PT|/(P111"+PT)<0-3.
" Inclusive production : combination of the former two cases Dijet >2jets with |y| < 1.7 and p). > 30 GeV

(centraland  A¢(jy,jo) > 2 |
forward)  |py — pil/ (Pt +pt) <0.3

Taken from CMS

© At hadron level, we recquire at least one B hadron inside the jet. B hadron are kept stable in the HF
production process, while they are let decay In the inclusive case.
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https://arxiv.org/pdf/2109.03340
https://arxiv.org/pdf/2109.03340

Validation against Pxed order. groomed case

P iet € [50,1500] GeV, parton-level P iet € [50,1500] GeV, parton-level P 5et € [50,1500] GeV, parton-level
[GroomedJ [GroomedJ _I—L [GroomedJ
- heavy j. ~— h B — heavy j.
< 0.15 W) Al < oY) < 0.075 ML
= — LO = 0.10- — LO = — LO
< < <
—— NLO —— NLO —— NLO
< o10L = T _Ll_ = 0.050
= — exp. LO - exp. LO = exp. LO
o exp. NLO & 0.05 exp. NLO o exp. NLO
5 0.05 — exp. NLO+C ﬁi - —— exp. NLO+C 5 0.025 — exp. NLO+C
Al 0.00— | %='£_ | A 0.00— | _ | ~; 0.000— —=
< 0.05— — < 0.05F — % 0.05-— —
= 0.00 ——— Q—T 0,00 ——] — =1 0.00 ———
8 ~0.05F | | | | - O —0.05F 7 QO —0.051 7
~0.10 T | | | | T | | | |
-8 6 A 2 0 010/ 6 4 2 0 010/ 6 4 2 0
In(Aj/,) [LHA] In(A\{) [Width] In(\$) [Thrust]

ppl Z+ D

Comparison between expansion of the resummation at NLO against bxed order for ) = (!

$ In principle 6(Z.,) €" ects, but very small, not observed numerically.!

" (%) # exp(Lod#al) + g4
$ The distribution tend to 0 in the asymptotic limit: the cumulative becomes constant.! /

$ Negative derivative of the radiator over a part of the spectrum.
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b" jet vs light quark jet: groomed case

ot € (120, 254] GeV, NLO+NLL'+NP nr € (120, 254] GeV, NLO+NLL'+NP pr € [120, 254] GeV, NLO+NLL'+NP
1.6 | I —F | 1 I ~F i 1 l |
[Groomed] 1.5 [Groomed) 16~ (Groomed}
%\ 1.4 light q. :<: M light q. :<: N light q.
— heavy q. = 1 3 —— heavy q. 51 1l —— heavy q.
.-E = '_9 T —S
® o6l < 0.4 =
e 7 |
~ Q EO.Z
— 0.3 _’_’_,_4—""—\_\—\_| Z 0.2 ﬂ T 0.1H
0.0 I “ I 0 O_Ll BN | | 0.0 | | |
o - .Y | | | : | | | |
S o150 S o 15l S o 15
o += - )
=g 1.0 — 25 1.0 — o= 1.0 —
Eg’ 0.5 | B E.E’ 0.5 5.9 0.5
0.0—Y) — )’ | | | — / | | | |
x 4 2 0 0.02 6 4 ) 0 00 8 6 4 2 0

]1"(/\il,.-"‘2) [LHAi In(A}) [Width] In(\y) [Thr-ust]
$ Huge peak at the end of the distribution, already present at parton level: 8(%) contribution to the resummation

(Jjets composed of a single parton)!

$ Non perturbative e" ects smears out this e" ect, but con bgurations remain in which the jet has only the B
hadron!

$ This e" ect can be removed by using Soft Drop in tagging mode, as suggested in S. Caletti, A.G., S. Marzani. In
this case it is natural to consider ratio D/l distributions
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https://arxiv.org/pdf/2312.11623

Transfer matrix approach

Hadronisation correction included with the transfer matrix
approach (Reichelt et al.)

pr migration matrix — heavy-flavour jets

408 < pr < 1500 0.0 0.986
p 5 5 326 < pr <408 3.4e-6 0.014  0.958 | 0.014
[ dPdgotm (2 — V(P)) 6™ (a — V (H(P)))
T(?—)’hh}'p) - = = 254 < p1 <326 1.4e-5 0.0 0.954 | 0.030
[ dpdez 5m) (mo _ V(P)) 5
& 186 < pr < 254 0.032 | 0.954 | 0.0
e
$ We consider distribution of kinematic variables and T 150<pr<iss| 138 0.0401 0.922 G
I -
observables to determine the transfer operator! © 120 < pr < 150 | 14e6 o .o BN
E
- - . . - . an 88 < pt <120 0.050 0.9 0.0 2.0e-5
$ Migration of the cross section in di " erent Py bins from
parton to hadron level due to UE and hadronization 65 <pr <88 1.0e-5
corrections! DTN 0.136 | 0.544  0.05¢ 1005

. . 9
$ Transfer matrix almost diagonal, due to the fact that we N P I S

keep the B hadron stable (less fragmentation product).!
Parton-level pr bin

21
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https://arxiv.org/pdf/2112.09545

Hadronisation

pr.ie € [50, 65| GeV

Ungroomed
heavy j.
< -—- NLO+NLL').+NP. . - o
S 0,757 2INLONLL) NP, o6
= —— (NLO+NLL) 40,50 +NP 0 50 - 50,6

——— (NLO+NLL") 55 65 +NP 50,65 - 50,63
—— (NLO+NLL") g5 35 + NP g5 8 s 50,631

—————

: -2
In(\}) [Width]

corrections via transfer matrix

(1/012 %N do /d(In \)

1.6}

1.4}

-~
-1

0.2}

0.1}

0.0

pr.iet € [50, 65 GeV

/L
A’

- —

heavy j.

~== ) (NLO+NLL");+NP, _, 50 5

{Groomed]

——— (NLO+NLL') 4 50+ NP3 50 - 50 65
—— (NLO+NLL) 50,65+ NP 50,65 - 50,65
(NLO+NLL') fi5, 88 +Np'h.'|,.\?~‘ — 00, G5]

/
I
|
|
|
|
|
|
|
|
|
|
|
|
|

A

rrrrr

- i 1
d_'_.—’_’_'_‘_‘_;
|
/

+ ([65,89 1 [50,69) = 12.8%!

A\

- + ([40,50 1 [50,69) = 7.6%

oc-0

-4 -2
In(\}) [Width]

0

$ For both cases the transfer matrices have rather large 0" -diagonal elements, populating signi bcantly larger
observable values at hadron than at parton level.!

$ Jets migrating towards higher transverse momentum also exhibit a larger mean angularity value than jets that have

similar pr at hadron and parton level.!

$ The downward migrated jets are distributed more similar to the unmigrated jets, with a distribution peaking at

roughly the same value.
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Comparison

PT.iet € (120, 254] GeV, hadron-level
|

5.00 | | |
_ [Ungroomed]
heavy j.
_ 3.75[ VY _
Z NLL'+NLO+NP
S —— MC@NLO+Had
< 2.50 @ ad | |
S
~—
A
— 1.25 |
__l_L—l_l—\l |
-8 0'10(5) I I | |
9L 1.0 R — .
5s L :
T 0.5 |
ae 0.0 | | | |
) 0.2 0.4 0.6 0.8 1
)\11/2 [LHA]
g PT.jet € (120, 254] GeV, hadron-level
| | | |
Groomed
heavy j.
~ 6F _
Tz NLL'+NLO+NP
o _
S 4L MC@NLO+Had
©
~—
™
\./2_ |
_I_|—|__|_I l l
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Comparison to CMS data for untagged |ets
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Comparison against CMS data for the inclusive case for NLL+NL+NP angularity distributions!

$ We rebne the theoretical framework of S. Caletti et al. by incorporating contributions from b-initiated jets and by
iIncluding running coupling e " ects in the light 3avour case!

$ Blue band: light quarks + gluon, Orange band: D" jets. Good agreement with data, con brming the results of S. Caletti

et al. ”
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