Flavoured jets: trials and tribulations

Rhorry Gauld

Heavy Flavours at High pT (30/11/23)

Higgs Centre for Theoretical Physics
Vi A

Il 4”’ :'
\“_/

MAX-PLANCK- INSTITUT
FUR PHYSIK
1




. _
1) Introduction 0 —
- +
| | quark }L)}"g -% :ﬁL
> Jet reconstruction basics £ET o
is — Kt
1~
N .
2) Jet flavour '
> Selected histories
ks
~ Recent progress
: ky
> |IRC tests J1

3) Implications/Applications

» Where does it (not) matter

» L+ c-jets



Short distance
hard scales ~ 10? GeV

c=0y(l+ac +alc,+...)



Short distance
hard scales ~ 10% GeV

c=0y(l+ac +ajc,+...)

Long distance

Q0
0000

" soft scales ~ GeV

(non-perturbative)



Short distance

— hard scales ~ 10° GeV

| | c=0cy(l+ac +ajc,+...)

distance

%0qq
A QQ
‘E soft scales ~ GeV

(non-perturbative)

PP—-f + X

How to describe the QCD radiation in events?

a jet algorithm which is insensitive to distance physics




Jets at the LHC

Experimentally: apply an algorithm to particle flow objects (Kaons, Pions,...)
(e.g. ATLAS arXiv:1703.10485, CMS arXiv:1706.04965, LHCb arXiv:1310.8197)

The anti-kT algorithm (Cacciari, Salam, Soyez arXiv:0802.1189) applied to these objects
Simple version

= Reconstruct hadronic jets (~collimations of hadronic radiation)
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Jets at the LHC

Experimentally: apply an algorithm to particle flow objects (Kaons, Pions,...)
(e.g. ATLAS arXiv:1703.10485, CMS arXiv:1706.04965, LHCb arXiv:1310.8197)

The anti-krt algorithm (Cacciari, Salam, Soyez arXiv:0802.1189) applied to these objects

-------------------------------------------------------------------------------------------------------------------------

: Or... initialise a list of particles (pseudo jets) from these objects

. Introduce distance measures between particles (pseudo jets) and a Beam:

AR;
Ti > Tj >

R? AR; = () — yj)2 + (¢; — ¢j)2
dip = k77

B~ "1 anti-kt (p=-1)

d = min (kzp k2P

(Inclusive) clustering proceeds by identifying the min. distance:

- Ifitis d;; combine particles ij (update list to contain combined particle)

- Ifitis d.g,identify i as a jet and remove from list

[repeat until list is emPtY]

~

------------------------------------------------------------------------------------------------------------------------



Jets at the LHC

Experimentally: apply an algorithm to particle flow objects (Kaons, Pions,...
(e.g. ATLAS arXiv:1703.10485, CMS arXiv:1706.04965, LHCb arXiv:1310.8197)

The anti-krt algorithm (Cacciari, Salam, Soyez arXiv:0802.1189) applied to these objects
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anti-kt has nice geometrical properties (used in all LHC analyses
P, [GeV] | antik, R | p, [GeV] |
anti-kt (p=-1) kt (p=1)
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InfraRed and Collinear safe observables

* Those not impacted by collinear splitting(s) or emission(s) of soft particles

» Those calculated in terms of quarks and gluons where the m_ — 0 limit

does not introduce singularities (Stermann,Weinberg '77)

= Can (reliably) use fixed-order perturbation theory

d Udata (meas.)

fixed—order
PP—->1+X dG

Vs PP—{+X

KLN theorem (Kinoshita '62, Lee & Nauenberg ’64)

* For such observables, a cancellation of IRC divergences between virtual
and real emissions is ensured (order-by-order)

* |RC unsafe observables can be defined, all-order-resummation/factorisation
theorems typically required (PDF evolution, obs. dependent resummation)
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InfraRed and Collinear safe observables

* Those not impacted by collinear splitting(s) or emission(s) of soft particles

» Those calculated in terms of quarks and gluons where the m_ — 0 limit

does not introduce singularities (Stermann,Weinberg '77)

= Can (reliably) use fixed-order perturbation theory

d Udata (meas.)

fixed—order
PP—->1+X d(;

Vs PP—{+X

ﬁearly, one can use a massive calculation to compute unsafe observables\

Some costs are:

- In [m/Q] corrections at each order in perturbation theory

\- Resummation of some universal corrections absent (heavy flav. PDFSJ
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Heavy-flavour jets at the LHC

Typical experimental approaches of defining jet flavour (truth/data level):
(ATLAS arXiv:1504.07670, CMS arXiv:1712.07158, LHCb arXiv:1504.07670)

------------------------------------------------------------------------------------------------------------------------
’

|) First identify flavour-blind anti-kr jets in a fiducial region

ii) Tag these jets with flavour by the presence of | or more D/B hadrons
AR(j,D/B) < 0.5
Eiii) [ATLAS/LHCb] Apply pT requirement to D/B hadron ~p£/B > 5 GeV

-------------------------------------------------------------------------------------------------------------------------
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Jet flavour is not a new problem ...

Comments
“The Flavour-kt algorithm” flavoured jet algorit.hm
(Banfi, Salam, Zanderighi BSZ: hep-ph/0601 139) kT jets

Theoretical Physics | Published: 19 May 2006

Infrared-safe definition of jet flavour

A. Banfi >, G.P. Salam & G. Zanderighi

The European Physical Journal C - Particles and Fields 47, 113-124(2006) | Cite this article

109 Accesses | 71 Citations | Metrics

(1) Quantum flavour assignment (or modulo even 2):
b=+1 b=-1

(2) Flavour specific clustering (a flavoured jet algorithm)

Ayizj + Agb;?j max(k;, kt;j)* min(ky;, ktj)z_a softer of 7, 7 is flavoured,
min (kii, ki) softer of %, j is unflavoured
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... but it is an active one

Comments
“The Flavour-kr algorithm” flavoured jet algorithm
(Banfi, Salam, Zanderighi BSZ: hep-ph/0601 139) k jets
... selected recent work with anti-kr jets
Practical jet flavour through NNLO substructure

(Caletti, Larkoski, Marzani, Reichelt CLMR: arXiv:2205.01109)

Infrared-safe flavoured anti-kt jets

flavoured jet algorithm
(Czakon, Mitov, Poncelet CMP: arXiv:2205.11879)

damping function

A dress of flavour to suit any jet flavour assignment algorithm
(Gauld, Huss, Stagnitto GHS: arXiv:2208.1 | |1 38) (reconstructed jets are input)

Flavoured jets with exact anti-kt kinematics and tests of infrared and collinear safety
(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.073 I4gles rUCtUre

IRC tests up to @(af)
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Recent NNLO progress with flavoured jets

Methods
Antenna All calculations consider flavoured jets
Stripper (see Rene’s talk)
Nested SC
()7 subtraction
Slicing + P2B VI_‘I Z+b _ Z+c W+ec
1t tt(+B)
W+c W + bb
VH VH(m,) _
W + bb(my)
6,1
>
2016 2017 2018 2019 2020 2021 2022 2023 2024
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Practical jet flavour through NNLO

(Caletti, Larkoski, Marzani, Reichelt CLMR: arXiv:2205.01109)

Use of SoftDrop:

Uses Jade and # > 0

Infrared-safe flavoured anti-kr jets
(Czakon, Mitov, Poncelet CMP: arXiv:2205.11879)

S..
F 17
de])EdZJ X {1

if both 7 and 5 have non-zero flavour of opposite sign,

otherwise.

Sij =1-6 (1 — liij) COS (glﬁj

s

) with Rij =

a 2k2

1 k%z + k%,j

T, max

(2.8)

(2.9)

damping function, vanishes in double soft limit (overcomes E* of d;; )
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A dress of flavour to suit any jet
(Gauld, Huss, Stagnitto GHS: arXiv:2208.11138)

algorithm assigns f; to j,

set of jets {jl, e ,jm} <4— set of flavoured objects { fl, o ,fn}
(flavoured particles not required to be final state!)

Flavoured jets with exact anti-kt kinematics and tests of infrared and collinear safety
(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.073 | 4)

dmin dmin dmin cluster
q q q q
neutralise

\/ \/

q q
(a) (b) (c) (d)

3 1 2 3 1 2+3

3
Interleaved Flavour Neutralisation wir = [max (pes, por))* [min (pei, par)”™" x Qi (7a)
1
O =2 ") (cosh(wAy;x) — 1) — (cos Ags, — 1) |,

18 (7b)



wi, = [max (pei, pex )| [min (pei, pex)|° % x Q3 ,  (7a)
1
O =2 | — (cosh(wAy;) — 1) — (cos Agy, — 1) |,

) (7b)

Take @ = 1, for small Ay, and A¢, this behaves as AR = Ay? + Ag?

3

q

. |
However, for larger Ay the exponent )
leads to a larger distance:

q 1

| e.g.the [|2] clustering probability damped

Analytic/numerical tests suggest ® = 3 — «a is safe g
Such a distance also critical for original CMP and GHS algorithms (next slides)

\_ V),

1 2 3 1 2 3

12 3 1 243
(a) (b) (c) (d)

Uik = [max (Pgi, Pk )| [min (pti,ptk)]2_a X Q%k , (7a)

Interleaved Flavour Neutralisation 1
0, =2 [— (cosh(wAy;r) — 1) — (cos Agyy, — 1)] :

w2

19 (7b)



Tests of infrared and

Use of massless fixed-order calculations:

(1/0Born) dopag/dlog(ys)

2000

1560

1060

500

e

-500

Durham (k7) jets

R

‘‘‘‘‘
_____
_________________

- naive -
coeff of (ag/2m)3 ool dress
| | | | | | | |
-20 -18 -16 -14 -12 -18 -8 -6 -4 -2

-10600

Test bad’ assighments in IRC regime

%g - LHC 13 TeV, Pythia8, fg — fg b
2 8.1F | | E
_8 .
S~
S0 0,01 &
§ i dress [a=1]

E GHS flav-k¢ [a=2] —
_§ PR flav-k¢ [a=1]

8901 1 | | | | | |

-1 -9 -8 -7 -6 -5 -4 -3
log(y§®)

log(ys)

0.015 +

0.010 +

o [a.u]

0.000 +

—0.005

0.000 ~

—0.025 A

3: —0.050 A
)

= —0.075

—0.100 A

—0.125 A

0.005

collinear safety

Partonic channel: pp — ¢£bbb
e e

_—w

Partonic channel: pp — ¢lbgg
I | 1
4

—}— standard ket — fl. kr'a=0.1
—— fl. k' a=025 e fl k' a=10.05

10711

Lcut

1010 10~9 10-8 10-7 106

Insensitivity to technical parameter

(av)]
—_

0.01

bad/dys® / do/dykt

do

0.001

- LHC 13 TeV, Pythia8, gg(qq) — fF -

naive
dress [a=2] =——
dress [a=1]

GHS flav-ki [a=2] ——

flav-k =1
fsc | | |av1f|:a|:|

9 -8 -7 -6 -5 -4 -3
log(y4®)

-2

All order sensitivity tests via PS (qualitative, potentially misleading)
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Tests of infrared and collinear safety

Use of systematic framework, numerically test up to O(a’)
(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.07314)

Hard \ , Hard + IRC

cluster cluster

Frawd = {01, s s s £} Trwasice = L0 ) (B )}

Add a selected set of IRC emissions to test the jet algorithms safety (insensitivity):

Final-state hard collinear (FHC) Initial-state hard collinear (IHC)
Final-state double soft (FDS) Initial-state double soft (IDS)

21



Use of systematic framework, numerically test up to O(a’)

Tests of infrared and collinear safety

(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.07314)

flav-k; GHS, 8 anti-

order relative to Born| anti-k; (a=2) CMP (2,2) ki+1FN, [C/A+IFN,
FHC v v v v v v
s THC v Vg v v v v
FDS XI1IB v v v v v
IDS XI1IB v v v v v
o FHCxIHC v v v v v v
[HC” v v X9 v v v
FHC* v v v X C 4 v v
3 IHC xIDS ~(C1 XC3 ~C1 v v
s rest v v
4 IDSXxFDS X5 v v
%s rest v v
a’ v v
a® v v

Summary table from arXiv:2306.073 14 of IRC tests for CMP, GHS, IFN
note: for GHS the IHC? configuration does not appear for ete™ — jets at O(a?)



An example of a failure (GHS)

Toy event J1
| |

?

Flavoured particles
b-quark (theory) )
secondary vertex (exp.) --*"

J

algorithm assigns f; to j,

set of jets {jl, e ,jm} <4—— set of flavoured objects {fl, o ,fn}

(flavoured particles not required to be final state!)

Whole procedure has a few stages:

|. Prepare a set of flavoured objects (use soft-drop for a collinear dressing)
2. Use the flavour-kt distance (and an association criterion) to assign f, to j,

3. Sum up/count flavours per jet (in part 2 momenta of objects un-changed)
23



An example of a failure (GHS)

P1 D1
Pq
Pq add DCollinear
Scenario A: p, enters stage 2 Scenario B: py,p, , p; enters stage 2

d,z ~ 0 [removed]  p; ~ zp,

depending on event, can alter result

Whole procedure has a few stages:

|. Prepare a set of flavoured objects (use soft-drop for a collinear dressing)
2. Use the flavour-kt distance (and an association criterion) to assign f, to j,

3. Sum up/count flavours per jet (in part 2 momenta of objects un-changed)
24



An example of a failure (GHS)

IRC tests, GHS a2 FHCxFHC

2 P
}  GHSq(a=1,8=1) 5 3 pq
1004 el GHSq (@=2,B=2) 3 -
---------------------- O Pyq add DCollinear
(% 01T R § (B \.\'\.
= “ : =
- 10724 :;?
10 Scenario B: py,p, , p; enters stage 2
“a0 -3 -0 -0 -30 20
INPt, max
d -~ 0[removed] p;~2
. 1~ <P
GHS Failure rate (from IFN paper) 1

depending on event, can alter result

Whole procedure has a few stages:

|. Prepare a set of flavoured objects (use soft-drop for a collinear dressing)
2. Use the flavour-kt distance (and an association criterion) to assign f, to j,

3. Sum up/count flavours per jet (in part 2 momenta of objects un-changed)
25



Changes required for GHS

(i) To combine stages |.and 2. (without the need for SoftDrop)
(i) Modify the flavour-kT distance similar to the IFN approach

algorithm assigns /; to j,
set of flavoured & flavourless objects

Vise oS Prs P

(flavoured particles not required to be final state!)

set of jets {jl, . ,jm} —

Revision passes the tests up to O(a?):
Tested for gen-kr algorithm (-1,0,1)

An erratum to be submitted for GHS

Many thanks to the IFN authors for providing the test suite from

(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.07314)
26



Summary of part 2

Several anti-kt jet-flavour algs. with varying features, inputs, parameters
CMP: Modified clustering w.r.t. standard anti-kr
IFN: Interleaved with the clustering history (gives exact anti-kt kinematics)

GHS: Does not require flavours to be present in initial jet reconstruction

Some commonalties between algorithms (BSZ, CLMR, CMP, GHS, IFN, ..):
Flavour counting (or modulo even 2):g =+ 1, g = —1

Require knowledge of flavoured particles in event (full phase space, no pg cuts)
(except CLMR?)

All in conflict with experimental approaches

27
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(To what extent) does it IRC safety matter?

Are massive computations sufficiently precise to enable (unsafe) comparisons

Essentially, how large is the unsafe component numerically

data (meas.) theory
dGPP—>f+X v3 dUPP—>f+X

Some cases to consider: pp — tt, pp — Z+1{ — jet

29



(To what extent) does it IRC safety matter?

Semi-leptonic 17 + X (NLO+PS)
(Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler IFN: arXiv:2306.073 1 4)

anti-k; + any-flav —— 0.4 anti-k; + any-flav ——
0.4+ anti-k; + net-flav —— anti-k; + net-flav ——
— anti-k¢+IFN (a =2) —— — anti-k;+IFN (a =2) ——
> = 0.3
$ 03 CMP, (a=0.1) —— < CMPg (a=0.1) ——
o) flavour-k; q (a = 2) re) flavour-k; q (@ = 2)
o =
§ 021 g 0.2
B VS=13.6TeV,R=0.4 3 Vs=13.6TeV,R=0.4
o 01- Pythia 8.3, pp-tt-u *tv + jets o 0.1 Pythia 8.3, pp-tt-u* v+ jets
' tree-level (no shower) ' hadron-level (with MPI)
np=0 np=0
Y J P S R ST SSRGS [ SN SN S S S S S
e e
% 1.05¢ . o 1.05¢ .
(O] L ] Q L i
+ 1.00} ] + 1.00 == _
| N |
g2 093¢ ] 5 0.95} ]
° ..  Parton (no shower) N4 Hadron level _z
'% 20 40 60 80 100 120 140 160 % 20 40 60 80 100 120 140 160
= b-jet p: [GeV] = b-jet p; [GeV]
(a) (b)
« ., - . . « )
any-flav”: includes double-tagged b-jets (like “Exp”)
‘ 9, 1. 1. 1. .
net-flav’:b = 1,b = — 1 (removes g — bb collinear component)

“net-flav”’ and IFN almost identical, differ from “Exp” style by [0=3]%



(To what extent) does it IRC safety matter?
Z+b-jet (NLO+PS)

1.4 | | | | | | |
pp > Z + b-jet any-flav

1.3 T hadron level net-flav ]
> | | - flavour dressing
— ~ ; , ,
G- i
1.1 e .
c :
@© |
o | z
2 :
o 0.9 e
o :
+ i
L 0.8 —

8.7

8.6 I I I I I I I

b 160 150 2600 250 300 360 400
PT,b-jet

“any-flav”: includes double-tagged b-jets (like “Exp”)

“net-flav’:b = 1,b = — 1 (removes g — bb collinear component)
“net-flav”’ and GHS few percent differences at high pT

Two important points: pp — Z + (g — bb) at NLO, and the b-quark PDF
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(To what extent) does it IRC safety matter?
Z+c-jet at LHCb: IRC safety and MPI

/X 0.1 T T T | T T T T T T T | T T T T
0 i me gttt i
N LHCH i :
5 0.08— V5 = 13TeV [ 1 statdsyst |
5 0.08 ]
) - : 6fh~! i
\N_/ 0.06_— § 3 § —_
S i A I .
0.04 : J =
- NLO SM ‘ i
- e PDF4L.HC15-No IC L —
0-02__ m NNPDF 3.0-IC allowed -
4 CT14+BHPS (x)1c = 1% ]

P SR NN N N TN SRS NN TN SR SR S N A SN S S S SR SR N

) 25 3 35 4 45
y(2) , |
LHCb measurement (Stefano’s talk earlier)

Experimentally,“any-flav” with a pTD > 5 GeV requirement on the c-jet

Aim is to interpret the measurement in a collinear PDF fit (intr. charm)
The massless scheme (requiring IRC safe jet at FO.) allows this

(see Fabrizio’s talk tomorrow RE: massive initial-states)
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(To what extent) does it IRC safety matter?
Z+c-jet at LHCb: IRC safety and MPI

_/; 0.1_ I E—— L L B A R 47
\N/ - LHCb I;I SE&E@ t ) Intrinsic charm
o 0.08-  13Tev Stabwsyst - £
~— = \/g - e - K 7 el T .-,\.7'\ --------------------
N 6 b i VA bl
\N_/ 006__ ¢ . ] +§ 4 \
o - * i i - S 2 '
- — >
0.04— I l L iy
- NLO SM ‘ . ' Y
| e PDF4LHC15No IC o | ] " —— Baseline dataset N
002~ . NNPDF 3.0-1C allowed 7 + EMC F3 N
- A CT144+BHPS (2)ic = 1% s Y + LHCb Z+c
S ‘ —-= +EMC FS + LHCb Z+c
% 25 3 35 4 (Z)4.5 0 - — — —
Yy X
LHCb measurement (Stefano’s talk yesterday)

Experimentally, “any-flav” with a pTD > 5 GeV requirement on the c-jet

Aim is to interpret the measurement in a collinear PDF fit (intr. charm)
The massless scheme (requiring IRC safe jet at FO.) allows this

(see Fabrizio’s talk tomorrow RE: massive initial-states)
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(To what extent) does it IRC safety matter?
(RG et al., arXiv:2302.12844)

_Ratio RS Vs =13 TeV

0.06 LHCb cuts, PDFALHC21 ~ |
N% Flavour dressing q 19 b PDF Set = PDF4LHC21 Q =100 GeV
PRRULLE — pr(Z + jet) < pr' = - s
RS T Reference = N°LL
5 0.04 S—
| S~
o R —_
0.03
s —— el
2 0.02 ' — Z
b I S—
% 0.01
o LO NLO NNLO NLO+Py8
0.00 -—7—7-"-"-"-"r"+—+—"—r——"—1—
1.4
Q131 NLO NNLO
Z 1.2 I
211 —_I'—I
-% 1.0 1 |
Cdo-g__' L1l 1 L1 L 111l 1 L L LIl 1 L1 1L 111l 1 | | 1 [ VRYN]
08 ————T T T 02 107 107 107° 1072 107!
1.4
S 13 NNLO NLO+Py8 NLO+Hw? | X
NNLO QCD corrections c-quark PDF
sos{ | massive NNLO probs. insufficient
2.5 3.0 3.5 4.0
yZ

Experimentally, “any-flav” with a pTD > 5 GeV requirement on the c-jet

Aim is to interpret the measurement in a collinear PDF fit (intr. charm)
The massless scheme (requiring IRC safe jet at FO.) allows this
(see Fabrizio’s talk tomorrow RE: massive initial-states)
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Final comment about MPI effect
(RG et al., arXiv:2302.12844)

pp — Z + c-jet V5 =13 TeV
900 - 1.4
800 1 NLO+Py8 (w/o MPI) % 1.3 1 NLO+Hw7
: NLO+Hw7 (w/ MPI) S
700 NLO+Hw7 (w/o MPI) T 1.2
. ~
600 - —
: % 1.1 - —
g‘ i
== 500 - | |
& 400 - 0.0
= 1 . T [ S S S RS S B B B R R L B H
] 2.5 3.0 3.5 4.0
300 ,
Y
200 A . .
: — Contamination due to MPI
100 4 LHCD cuts .
1 Experimental tagging (|.e. Double Parton Scatt)
o -+ ——

Experimentally, “any-flav” with a pTD > 5 GeV requirement on the c-jet

Aim is to interpret the measurement in a collinear PDF fit (intr. charm)
The massless scheme (requiring IRC safe jet at FO.) allows this

(see Fabrizio’s talk tomorrow RE: massive initial-states)
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Summary of main points
i) Several IRC safe jet definitions of anti-kr jet flavour now exist

*Their experimental feasibility varies

*If used at ‘truth’ or unfolded level that does not really matter

ii) For some processes, using massive NNLO w/ unsafe is probably fine
* E.g. tt or VH (for which NNLO+PS is anyway available for)
(Behring et al. arXiv:2003.08321)
iii) For others,an IRC safe approach is important

* E.g. Z+c-jets (particularly from point of view of PDF fits)

iv) Alternatively, improve theory to better deal with collinear unsafety?

* Fragmentation approaches to jet flavour or exclusively with hadrons

(WTA aproach, Caletti et al., arXiv:2205.01 | I 7, Larkoski et al., arXiv: 2310.01486)
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Jet flavour (accepting collinear unsafety)

A Fragmentation Approach to Jet Flavor

Simone Caletti,! Andrew J. Larkoski,? Simone Marzani,! and Daniel Reichelt?

L Dipartimento di Fisica, Universita di Genova and INFN, Sezione di Genova,Via Dodecaneso 33,
16146, Italy

2SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, CA 94025, USA

3 Institute for Particle Physics Phenomenology, Department of Physics, Durham University, Durham
DH1 3LE United Kingdom
E-mail: simone.caletti@ge.infn.it, larkoski@slac.stanford.edu,

simone.marzani@ge.infn.it, daniel.reichelt@durham.ac.uk

ABSTRACT: An intuitive definition of the partonic flavor of a jet in quantum chromodynamics
is often only well-defined in the deep ultraviolet, where the strong force becomes a free theory
and a jet consists of a single parton. However, measurements are performed in the infrared,
where a jet consists of numerous particles and requires an algorithmic procedure to define
their phase space boundaries. To connect these two regimes, we introduce a novel and simple
partonic jet flavor definition in the infrared. We define the jet flavor to be the net flavor
of the partons that lie exactly along the direction of the Winner-Take-All recombination
scheme axis of the jet, which is safe to all orders under emissions of soft particles, but is
not collinear safe. Collinear divergences can be absorbed into a perturbative fragmentation
function that describes the evolution of the jet flavor from the ultraviolet to the infrared.
The evolution equations are linear and a small modification to traditional DGLAP and we
solve them to leading-logarithmic accuracy. The evolution equations exhibit fixed points in
the deep infrared, we demonstrate quantitative agreement with parton shower simulations,
and we present various infrared and collinear safe observables that are sensitive to this flavor
definition.
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Jet flavour (accepting collinear unsafety)

Flavor Fragmentation Function Factorization
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ABSTRACT: A definition of partonic jet flavor that is both theoretically well-defined and
experimentally robust would have profound implications for measurements and predictions
especially for heavy flavor applications. Recently, a definition of jet flavor was introduced as
the net flavor flowing along the direction of the Winner-Take-All axis of a jet which is soft safe
to all orders, but not collinear safe. Here, we exploit the lack of collinear safety and propose
a factorization theorem of perturbative flavor fragmentation functions that resum collinear
divergences and describe the evolution of flavor from the short distance of jet production to the
long distance at which hadronization occurs. Collinear flavor evolution is governed by a small
modification of the DGLAP equations. We present a detailed all-orders analysis and identify
exact relations that must hold amongst the various anomalous dimensions by probability
conservation and the existence of fixed points of the renormalization group flow. We explicitly
validate the factorization theorem at one-loop order, and demonstrate its consistency at
two loops in particular flavor channels. Starting at two-loops, constraints on phase space
imposed by flavor measurements potentially allow for non-trivial soft contributions, but we
demonstrate that they are scaleless and so explicitly vanish, ensuring that soft particles are
summed inclusively and all divergences are exclusively collinear in nature. This factorization
theorem opens the door to precision calculations with identified flavor in the infrared.
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Jet flavour (accepting collinear unsafety)

1.4 | | | | | | |
pp > Z + b-jet any-flav

1.3 hadron level net-flav ]
> | | flavour dressing
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A better description of this collinear unsafe region clearly desired

Note: there is also the p? > 5 GeV issue (would require resummed pp>Z+B)
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Z+b-jet comparison (CMP, and others)
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(Revised)" flavour dressing

1. Initialise empty sets tag, = @ for each jet j; to accumulate all flavoured
particles assigned to it.

2. Populate a set D of distance measures based on all possible pairings:

(a) For each unordered pair of particles k; and k;, add the distance
measure dy,,, except in the following case: if one (or both) of the
two particles is flavourless and they do not share the same jet asso-
ciation (in order words, we allow for distances involving flavourless
particles only with other particles in the same jet). When the two

3. While the set D is non-empty, select the pairing with the smallest distance
measure:

(a) di;k, is the smallest: the two particles merge into a new particle k;;
with the sum of 4-momenta and sum of flavours. Update all entries
in D that involve k; or k; with new distances involving £;;.

(b) dp,;, is the smallest: assign the particle k; to the jet ji, tag, —
tag, U {k;}, and remove all entries in D that involve k;.

(c) di,p. is the smallest: discard particle k; and remove all entries in
D that involve k;.

4. The flavour assignment for jet j. is determined according to the accumu-

lated flavours in tag;,. 43



(Revised)" flavour dressing

For the distance measure between two final-state objects a and b (particles
or jets) we use

d,p = Q?Lb max(p%’a,p%’b) min (p?rjao‘,pQijo‘) : (1a)
with .
02, = (E(Cosh(wAyab) —1) — (cos A¢p — 1)) . (1b)

The distance between a particle and a hadron beam in the direction of
positive (4) or negative (—) rapidity is

diBi — maX(p%,iap%,Bi (y’b)) min(p'zI‘;jCX?pQTjgi (yz)) )
m
pr.ee(y) = ) pr, [@(iﬁyjk) + O(FAy;,) eiijk} ) (1c)
k=1

with the rapidity separation Ay;, = y;, —y and O(0) = %
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Accumulating flavour quantum numbers

................................................................................................
- ~
\d ~

BSZ hep-ph/0601 139 and 0704.2999
How to count flavour quantum numbers:

e With charge info. (g vs g), theng=+1 andg=—1

(net flavour is sum of the g; and g; assigned to jet j,)

e |f one cannot (e.g. experiment), [g| =|g| =1
(net flavour is sum [modulo 2] of the g; and g; assigned to jet j,)

[i.e. even tagged jets are NOT flavoured]

~ L d
~ -
N N o om E E E W E E E O W W W O M M M M M M M M M M R M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M W Mmoo momomomom =™
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(1/3 OLD) collinear-safe flavoured objects
(RG, Huss, Stagnitto arXiv:2208.1 | | 38)

flavoured particles (quarks, hadrons) not collinear safe. Define new obijects:

-------------------------------------------------------------------------------------------------------------------------

. i) Initialise a list of all particles

ii) Add to the list all flavoured particles, removing any overlap

: iii) Calculate the distances d;; = ARZ.JZ. between all particles

Liv) If ™M > ARZ . terminate the clustering. Otherwise:
' ] cut g

|. (i & j flavourless) replace i & j in the list with combined object ij
2. (i or jflavoured) combine i and j if:

° p
min(propr) AR\ [Soft-drop] :
Pr.i + Pt ot R (Larkoski et al. arXiv:1402.2657)

cut

Otherwise:
(i & j flavoured) remove both from list
(i or j flavourless) remove only flavourless object

. [Repeat until list empty, or no flavoured particles left] k
o o L e



(2/3 OLD) Association criterion and counting
(RG, Huss, Stagnitto arXiv:2208.1 | | 38)

We now have have {jl, e ,jm},{j?l, N ,fn}

We introduce an Association criterion for fa with j, (some possibilities):

e the flavoured particle f, is a constituent of jet j,
® Or AR(faajb) < Rtag

e or Ghost association of f, (include direction of f, in anti-kt clustering)
(association criterion required as not assumed that f is a stable particle)

Introduce a Counting or Accumulation for flavour:

e with charge info. (g vs g), theng =+ 1 and g = — 1 (net flavour is sum)
e if one cannot (e.g. experiment), g = g = 1 (net flavour is sum modulo 2)

[i.e. jets with even number of g; + g; are NOT flavoured]
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(3/3 OLD) The flavour dressing algorithm

(RG, Huss, Stagnitto arXiv:2208.1 | | 38)
We now have have {jl, . ,jm},{fl, . ,fn}, association, and counting rules

: Dressing algorithm:
e Calculate a set of distances between the flavoured objects, jets and beam:

> [ff] d;, between all all flavoured objects fa and fb

> [fi] 4, between fa and j, ONLY if there is an association

> [fB] d 5 for all f, without a jet association

* Find the minimum distance of all entries in the list
> if it is an [fj] assign fa to j, (removing entries involving fa from list)
> otherwise just remove fa [fB] or fa and fb [ff] from the list

[repeat until list empty]

* The flavour of each jet is then just the accumulation of its flavour

-------------------------------------------------------------------------------------------------------------------------



(4/3 OLD) The distance measure

(RG, Huss, Stagnitto arXiv:2208.1 | | 38)

................................................................................................
- ~
id ~

d,, = Abe max (pj‘{a,pj‘f b) min (P%,;a’ P%,Za)

(this is the original flavour-kr distance)

d,ps = max(pf,.pp (v;)) min(p2.® piz(v;))

(rapidity dependent measure of the Beam)

> If min.is dj; :assign f quantum number to j, [remove f from Iist]é

> If min.is:dor dgg , [remove f from list]
[repeat until list is empty]

~ L d
~ -
N N o om E E E W E E E O W W W O M M M M M M M M M M R M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M M W Mmoo momomomom =™

Note: only evaluate d;; if the f is associated to the jet (e.g.a constituent)
49 [complete details in back-up slides]



da/dnde [pb]

Ratio to NLO

Application of the algorithm (pp)

(RG, Huss, Stagnitto arXiv:2208.1 | | 38)

Now consider the process pp — Z + b — jet in Fiducial region (I3 TeV, CMS-like)

(N)NLO at fixed-order w/ NNLOJET, RG et al.arXiv:2005.03016

NLO+PS Hadron-level with aMC@NLO interfaced to Pythia8

Tests sensitivity to: all-order effects, hadronisation (also FO |IRC safety in pp)

nb—Jet pT,b—Jet Prz
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Applications: Z+c-jet at LHCb

LHCb measurement (|3 TeV), arXiv: 2109.08084

—~ 0.l L e B B B
= B i _
N i LH Cb stat .
\b/ 0 08__ ] Stat@syst _
< UL Vs =13TeV i
o F 6fb~"! -
N 0.06F + ; ]
— L § =
@ = * 4 I =
0.04— - S— l  —
i NLO SM ‘ I
-~ e PDF4L.HC15-No IC L4 .
0.027 & NNPDF 3.0-1C allowed -
- 4 CT144BHPS (z)ic = 1% i

| | | | | | | | | | | | | | | | | | | | | | | |

% 25 3 35 A 45

y(Z)

Table 1: Definition of the fiducial region.

Z bosons  pr(p) >20GeV, 2.0 < n(p) < 4.5, 60 < m(pTp~) < 120 GeV

Jets 20 < pr(j) < 100GeV, 2.2 < n(j) < 4.2
Charm jets pr(c hadron) > 5GeV, AR(j,c hadron) < 0.5 |RC unsafe
Events AR(u,7) > 0.5

51



Applications: Z+c-jet at LHCb

g ) c

9 _

_ C
17 — [l _
e V17 — 1]

8 _ q
c

Calculated in the 3fs scheme (i.e. n]fnax = 3 in PDFs, and a, evolution)

do”s = dg™= + dgnlme] + do™

Massless component % @(mcz) effects
@(asznf) in 4fs (exact kinematics)
00"

Note, initial-state mass singularities still there (even with IRC safe jet alg.)
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Applications: Z+c-jet at LHCb

g ) c

9 _

_ C
17 — [l _
e V17 — 1]

8 _ q
c

Calculated in the 3fs scheme (i.e. nfm'“‘X = 3 in PDFs, and a, evolution)

do”s = dg™= + dgnlme] + do™

0.220 = +0.0364 +0.203 -0.019 [pb]

100% = +16% +92% -8%

Note, initial-state mass singularities still there (even with IRC safe jet alg.)
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Applications: Z+c-jet at LHCb

The perturbative corrections are enormous: resummation critical
(this class of logarithm resummed by PDF evolution)

1o PDF Set = PDF4LHC21 Q =100 GeV

Reference = N°LL

<X1>NO.2

<x>~6x107*

| | | | ||||||| | | LY
107 107 107 1072 107

02 I_Hl Ll L] L]

X
LHCDb cross-section: Leading Log (Ist order) = 0.203pb, Leading Log (resumed) = 0.332pb

| am showing fixed-order pdf versus a resummed one (PDF evolution)

aIn"[uz/m?], m>n Note! a, In[mZ/m?] ~ 1.0
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Applications: Z+c-jet at LHCb

RG, Gehrmann-De Ridder, Glover, Huss, Rodriguez Garcia, Stagnitto, arXiv:2302.12844

> Theory study based on SPS predictions (no MPI corrections)

> Consider a fiducial region matching that of the LHCb experiment

Introduce the constraint

rrZj.) < pr(j.)

\

C-jet

Predictions are provided in a Massive - Variable Flavour Number Scheme
RG, Gehrmann-De Ridder, Glover, Huss, Maier, arXiv:2005.0301 6, RG, arXiv:2107.01226

dUM_ VENS _ dO.ZM— VENS + doP€

NNLO QCD predictions via the Z+jet antenna subtraction calculation
Gehrmann-De Ridder, Gehrmann, Glover, Huss, Morgan, arXiv:1507.02850

ag, scheme, 7-point scale variation around E; ,,and the PDF4LHC2] set
55 arXiv:2203.05506



Ratio to NLO
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Ratio to NNLO

Applications: Z+c-jet at LHCb

- pp — Z + c-jet Vs =13 TeV Ratio R Vs =13 TeV
1 LHCb cuts, PDFALHC21 LO < 0.06 - LHCD cuts, PDF4LHC21
600 4 Flavour dressing NLO = . Flavour dressing
1 pr(Z +jet) < Pt 5 0.05 = pr(Z + jet) < p’
500 - ( ) < pr NNLO z —— ( ) <pr
NLO+Py8 N
& 0.04 1
400 - 3 —
300 - N%b 0.03
: [ — 5 0.02 3 i
200 | v —
— | I | —
100 t 0.01 7
] | o ] LO NLO NNLO NLO+Py8
o —mm——— 77— 0.00-'"'|""|""|""|""

1.4 1

1.4 1.4
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1.2 7 Z 1.2 -
1.1 1 % LY N E—
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0.8 1 < 0.8
0.7 ————7m—/—"—7——7T———7 "7 T mo.?""I""I""I""I""
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Z—Iy-Z et Z+c—jet v et
c—je c—je e
do”" do”" do’

dy, dy, dy,

NNLO QCD corrections positive and grow with y,
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Applications: Z+c-jet at LHCb ... MPI

Possibility for multiple hard interactions in a single pp-collision

e.g. single-parton-scattering (SPS), double-parton-scattering (DPYS), ...

Hard Process | (HPI) = Z+jet Hard Process 2 (HP2) = cc
pu
P = ¢t g C
q W
P ( / s :
7 jet
The jet is flavour inclusive Large cross-section at LHCb

Probability that AR(jyp(, Cypr) < 0.5 leading to a charm tagged jet

(small phase-space compensated by large cc cross-section)
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Applications: Z+c-jet at LHCb ... MPI

Possibility for multiple hard interactions in a single pp-collision

e.g. single-parton-scattering (SPS), double-parton-scattering (DPYS), ...

pp — Z + c-jet Vs =13 TeV
900
: NLO+Py8 (w/ MPI)
800 - NLO+Py8 (w/o MPI)
] NLO+Hw7 (w/ MPI)
7007 NLO+Hw7 (w/o MPI)
600 Z+c-jet (MPl on / MPI off)
g o] 1.4
<1 | o NLO-+Py8
ge ] | o ]
i ~ 12 -
300 = _
~—
S 114
200 0.
_ — = -
100 ] LHCb cuts E 1.0 A
1 Experimental tagging y
O_ IIIIIIIIIIIIIIIIIIII E— 0.9 —— T T T T 1 T T T T T T
9 5 3.0 a5 40 2.5 3.0 ) 3.5 4.0
y” Y

MPI correction required when the considered observable is sensitive to the

combination of HI and H2 (a genuine physics effect not described by SPS)
58



Ratio to central value

Heavy-quark pair production
(RG et al., arXiv:1506.08025)

NNPDF3.0, scales+PDFs, D° mesons, 2.0<y<2.5

— POWHEG H
%5 aMC@NLO
= FONLL :

Ratio to central value

NNPDF3.0, scales+PDFs, D° mesons, 3.5 < y<4.0

— POWHEG H
%5 aMC@NLO
= FONLL :

X~
V‘V o

A A"V’v'v .
AV VAVA Ve e
0«0‘0.?0201?‘2326:0}010'

1 1 1 1 1 1 1 1 1 1
5 6 7

1 2 - | | 3 | | | | 4
p, (GeV)

These are the theory uncertainties (PDF+scales) for D-cross section at LHCb

With a requirement of Py . > 5 GeV QCD uncertainties >> 50% (at best)

The charm MPI component generates a ~15% contribution to LHCb Z+c-jet o

Extracting the SPS component will lead to increased uncertainties (>>7.5%)
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Z+b-jet and unfolding

How to account for theory-experiment mismatch?
[Gauld, Gehrmann-De Ridder, Glover, Huss, Majer] PRL 125 (2020) 22, 222002

Use an NLO + Parton Shower prediction (which can evaluate both)
|) Prediction at parton-level, flavour-kt algorithm (Theory)
2) Prediction at hadron-level, anti-kT algorithm (Experiment)

Calculate an “Unfolding” correction from 2) Experiment — 1) Theory

Data ppﬁ Z+b-jet Vs =8 TeV Data pp— Z+b- Jet Vs=8 TeV
o 1 5 [T T T T T T T T T[T T T T T T T T T[T T T T T T T [TrrrrrrrT [Trrrrr1 n o 1.5 T T T T 11 [T rrrrrrr 111111111
=) N ] = N
y= — — anti-k, (original) = o, = — — anti-k, (original)
| 35 —I— flavour-k, (hadron) ] : 35 —I— flavour-k, (hadron) ]
g """"" flavour-k, (parton) g g """"" flavour-k, (parton) :
1.2 - 1.2 —
1.1 i 1.IE B
09 - A AN 09 : ':I-' vaa. - - ’ f'.f; ’ .j(‘, . X " %
0.8F 0.8F
0.7 — 0.7
0.6F S 0.6F 4 Toeoiees
0.5Eiiy Litiiiiiis Litiiiiiiy Litiiiiiny Liviii . 05111 I | SR b
=0 05 1 1.5 2 : 100 200 300
m | p, , [GeV]

We use RooUnfold (following the procedure used in the exp. analyses)
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