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Introduction Soft Drop Groomed Jets Fragmenting Jet Function

Jet substructures and characteristic scales

A
Single prong observables Hard —— DT
* Jet angularities
* Energy-energy correlations Jet algorithm —— pTR

* Jet shape
Energy profile —|— DT T
Multi-prong observables

2
* N-subjettiness Jet mass —— mj/pT
o D2
IRC unsafe /NP sensitive <> Grooming —— <cut TR

* Hadron in jet
* Multiplicities
* Jet charge

Groomed observables Temperature —— [’

* All of the above
* Observables characterizing
grooming (SD): 2,, 0, = R,/R

Hadronization —— A
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Jet substructures and characteristic scales
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Introduction

Lund diagram to map different splitting

* Lund diagram is useful to visualize
In 20 1 7 3 : o
. collinear and soft splittings.

InR

* Map splitting history into Lund Plane.
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Fig. from 5th Heavy lon Jet Workshop Report, 2018
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Introduction

Lund diagram to map different splitting
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* Devise jet substructure observables to probe different kinematical
regions to discriminate different jet quenching models and tune
Monte Carlo (with / without medium).

5th Heavy lon Jet Workshop Report, 2018



Introduction Soft Drop Groomed Jets Fragmenting Jet Function

Soft Drop Groomed Jet Observables

* Different grooming parametets

Fig. from Larkoski, Marzani, Soyez, Thaler " | 4
removes different region of phase space

o gl Soft Soft-Collinear
¢ I / i
A /8> 0 * Reduces NP effects by removing
D> 7 g soft radiations.
/7
& -
> 7
& /7
0,)0 p /7 TN Jon -\ p—
, 4 —> (ollinear | o °‘ = [ —= —_— \ :.’ -/jl = —=
1 , N NS : proveeeaeses
log K- - = IB =0
Zcut RN -
TN .. B <0 Soft Drop Condition
~ R
= > log =9 (AR12 ) ’
9 2 > Zeut R

* Soft drop grooming algorithms:

1. Reorder emissions in the identified jet according to their
relative angle using C/ A jet algorithm.

. . .. . Larkoski, Marzani, Soyez, Thaler "1 4
2. Recursively remove soft branches until soft drop condition 1s met. Frye, Larkoski, Schwartz,Yan " 16



Soft Drop Groomed Jets

Soft Drop Groomed Jet Observables

* Different grooming parametets

o Soft Soft-Collinear removes different region of phase space
O —_—
S I / i
. * Reduces NP effects by removin
A ;. B>0 y g
> 7 soft radiations.
L 7 :
Q@Q y I. Usual jet observables
o‘)o%’ /7 d
’ - Jet mass
7 —> (ollinear
1 |-
log -
Zcut
Ry
> log —
Jet mass 5 0



Soft Drop Groomed Jets

Soft Drop Groomed Jet Observables

* Different grooming parametets

log 1 Soft Soft-Collinear removes different region of phase space
Z
A T /8> 0 / * Reduces NP effects by removing
D> 7 g soft radiations.
L 7 :
e I. Usual jet observables
o L7 J
NS /7
7 - Jet mass (a = 0)
/ —> (Collinear

- Jet angularity Ta

Ta pTz ARZJ
N - Z )
> log — 7

Taq Jetmass Tg
a<0 a=20 a>0




Soft Drop Groomed Jets

Soft Drop Groomed Jet Observables

* Different grooming parametets

ol Soft Soft-Collinear removes different region of phase space
O —
S I /! .
A /8> 0 * Reduces NP effects by removing
D 7 ’ soft radiations.
Q@QQ y I. Usual jet observables
NS /7
7 - Jet mass (a = 0)
// —> (ollinear
log zl 47 - Jet angularity Ta
cut
Ta Z PT.i ARZJ)
Ry pT
> log — )
0 = R, 0

II.Observables unique to soft drop

- At the time soft drop condition is met

B
— fg Z > Zeut (Agl2>
/".r\ ‘ TRg
e cg = % Ry = AR12




Soft Drop Groomed Jets

Soft Drop Groomed Jet Observables

* Different grooming parametets

1 Soft Soft-Collinear removes different region of phase space
A /850 * Reduces NP effects by removing
/7 soft radiations.
z2=Ap 57 I.Usual jet observables
/7
/7
- Jetmass (a =0
, 4 g —> (ollinecar J ( )
log 1 17 - Jet angularity Ta
Zcut
Ta pT, AR J
Ry pT Z Z Z )
> log — )
f =R, 0
II.Observables unique to soft drop
- At the time soft drop condition is met
ITI.Soft-sensitive observables unique to groomed jets N ( AR1s ) b
r < Zcut
- Energy drop Agp = o

- Angle between standard and groomed jet axes cg = < Ry = AR

= eeoe 10



Soft Drop Groomed Jets

Soft Drop Groomed Jet Observables

* Different grooming parametets

1 Soft Soft-Collinear removes different region of phase space
A /B0 * Reduces NP effects by removing
/7 soft radiations.
z2=Ap 57 I.Usual jet observables
/7
/7 - Jet mass (a = 0)
// —> (Collinear
1 / Both groomed .
log - 4 and ungroomed — - Jet angularity T,
cut e s———————
1 92—
Ta =— — ZPT,’& (ARZJ) !
Ry PT =
> log — )
0 =R, 0
II.Observables unique to soft drop
- At the time soft drop condition is met
II1.Soft-sensitive observables unique to groomed jets - (A Ru)B
r < Zcut
__ Pr — Z?%v R
- Energy drop Agp = o

- Anglebetween standard and groomed jet axes cg T Rg,,:AR”_.

= eeoe 11



Soft Drop Groomed Jets

QCD factorization for inclusive jet

pp — J + X

\a - * Jet dynamics isolated to jet function J,

e Similar factorization holds for AA collision?

:b J. — Jgned Qiu, Ringer, Sato, Zurita " 19
p = —

Factorization for pp

d pp—)hX . dO’pp—>JX c
Hadron -2 _ @ @ f, 0S| o[ D Inclusive Jet = @ ® Ify @ |Hgy @\ J
ay

&

Aocop P Aaco “Aqep pr prR

abc

RG evolution
d Dasgupta, Dreyer, Salam, Soyez " |5
Md—«]i = Z Pj; ® J; Kaufmann, Mukherjee,Vogelsang " |5
. j Kang, Ringer,Vitev "1 6
12 Dai, Kim, Leibovich " 16



Soft Drop Groomed Jets

Jet substructure factorization

Inclusive jet production pp — jet + X

:Zfa@)fb@Hgb@Jc
ab.c Noecp  Pr PrT

Jet substructure O

dopPp—iet(P)X

= f.® fi ® H, ®[Ge(p)
a,b,c AQCD pr prR
and other scale(s) depending on IO

dprdndp

13



Soft Drop Groomed Jets

Jet angularity 7

doPp—iet(m) X

:Zfa(g)fb@Hgb@

Ge(T.)

de d?] dT a

a,b,c AQCD pT pTR
and T, dependent scales
1
Ta = § PT,i AR’L o
PT e7 TR

e A generalized class of IR safe observables for —00 < a < 2

e Parameter a gives varying sensitivity to collinear radiations.

log

log 1 Soft Soft-Collinear
yA /
A /, B>0
> 7/
o 7
oQQ 7/
S 7
% /7
Q)O //
7, —> (ollinear
1
Zcut
Ro
Tq Jetmass Tg > log 7
a<0 a=0 a>0

(& Jid SN B L B B B
o> [ 0-10%Pb-Pb 5, =276 TeV ALICE ]
% 30| Anti-k; charged jets, R =0.2 -
;3 C 4OSp;;etsso GeVic ]
- T T T . - 5 251 M ALICE data .
a=>0 2 ATLAS Preliminary - a - 1 | E - ® PYTHIA Perugia 2011
2“ e E Pb+Pb 0-10% 5 - 1 o 202— e O PYTHIA 8 Tune 4C —
Té?p — mJQJ_|_ (’)((Tgp)Q) 1 5:_ 126 <p_< 158 GeV E g(broadening) = — E PT.i (AR;y) wF - = .
C ] ¥ o _
pT . ) : PT 527 | - E
i ] —— e :
0.5:_ e ©& o o o —: 5_—=~ - .
[ ® o - ———
: ....................... : O 0__1 —l | | T N l_-
= 2k o ]
%1.5:- - _t -
[ ] [ ] L] D 1... ................. % __._..‘1. ...................................... _:
* Analysis for different o currently in progress. e preliminary ook T e :
0 002 004 006 008 01 012
14 g



Soft Drop Groomed Jets

Factorization for the jet angularity

Fixed Order

* The ungroomed case (7, K RQ_a)

Hard-collinear

Collinear -
Ze~ 1 O ~ 74 °

(Collinear-)soft

0s ~ R

Ta

RZ—a

ZCS ~

2> Zew(0/R)”
* The groomed case (7a,gr/R* " < zent < 1)

Hard-collinear

0y ~ R z2y ~ 1
Collinear -
Ze~ 1 O ~ 745 °

¢ gr NG
Hggr ~ R Zggr ™ Zcut <_> — Zcut
& gr soft (collinear-soft)

1
ON® e 1, Nl raRP\ 77
Zegr ™ Zcut E = Zout R2—a Hegr ~

15




Soft Drop Groomed Jets

Factorization for the jet angularity
Je = Ge

e The ungroomed case ( T, <K Rz_a)

gi(zapTRa Taalu) — ZHz—U(zapTRa M)Cj(Taameu) 0 Sj(TaapTa R7 :u)
J

1
e Jointly resums large logs o In" R and a”In”" 77" /R
y gc 1088 (g

* The groomed case ( Ta,gr / R« 2o < 1 ) g’H ~ g
ggr ™

gi(Z,pTR, Tas Zcut 67 ,u) - Z%/%/(/%[)TR ,“)Sjggr(pTa R7 Zcut s 67 M)Cj (TaapTa ,u) ) Sjegr(TaapTa R7 Zcut s 67 /'L) -.‘
j g

1
e Jointly resums large logs o In" R, oy In®" 7,7 /R and o In"" zeyy

16 Kang, KL, Liu, Ringer 18



Soft Drop Groomed Jets

Factorization for the groomed jet angularity

ungroomed

I NLL s | . .

0025 1 ’ il e Ungroomed jet mass has large NP shifts
s ATLAS —e—i |
0.02 200 < p < 300 GeV
o[ 0.015 | do dopert Rl-a
s — / dkF, (k) (Ta — k

0.01 | dprdndr, dprdndr, pr

o
0.005 [ 1 Perturbative result & NP shape function

[

0 . N RS2 o 2 SO [ 4]€ 2]€
0 50 100 150 200 F.k)=|= |exp| —= Q, = /dkkFa(k)
02 Q.
mjy (GeV) a
Qa _ and 4+ QMPI
groomed hod , ,
0.8 F QCLZO — <O’O|O> ~ 1 GeV 1S unlversal. non_universal

. : NLL [
Dl i £ ]
< 0.7 J ATLAS o Lee, Sterman “07
ot U0 F V5 =13 TeV, anti-kr, R = 0.8 Stewart, Tackmann, Waalewijn " 15
Eost pT > 600 GeV, |n] < 1.5
E? 0.4 ? soft drop, Zcut = 0.1, 3 =0
<03 | ™ * Groomed jet mass is more robust to NP effects
.02 ¢
o1 F T * Nonperturbative corrections to groomed jet mass

0 P Hoang, Mantry, Pathak, Stewart "1 9

10glO (m?],gr/p%‘)

17 Kang, KL, Liu, Ringer 18



Soft Drop Groomed Jets

s extraction

Baikov '|—]—o——| ~
Davier i|—|-.—| %

. . Pich ——c—]
* World Average with 0.9% total uncertainty Boito ot s
SM review l——:—+—| 5

—_ HPQCD (Wilson loops) i

as (mZ ) - O ° 1 1 8 1 O ¢ OO 1 1 HPQCD (c-c correlators) F}:: L
Maltmann (wiison loops) |}t Q:-i:
. . . . . PACS-CS (SF scheme) —c E'
* Most precise input: lattice determination ETM os uonvern | -0 ®

BBGPSV (static potent.) |-@+]

+

* Next precise input: ¢' ¢ event shape determination: ASM - —— S5
| c
- JR | . | an
thrust and C-parameter. R - 25
. . . MMHT o 5 D
* 3 — 40 tension with lattice. =~ . T — IR
ALEPH (jets&shapes) : I O | ﬂ?,_
OPAL(js) I e 1 o
JADEGas) | ot ! =
Dissertori 3) I—IQJI—I o
JADEG) | : +—e | 0o
. . . DW(T) |_._f_l wn
* High-quality of data pouring out of the LHC. Avbatern et | | =
Gehrm. fp—=——4 | ©
Hza:gl—o—l || i 8
e Can we carry out an (/s extraction usin data? o - Hectiowesk
y g pp GFlttelr B | i precision fits
CMS i hadron
(tt cross section) | Cl ! ,_collider |
0.1 0.115 0.12 0.125 0.13
April 2016 GS(ME)

18



Introduction Soft Drop Groomed Jets Fragmenting Jet Function

s extraction

e Key challenge: (for e¢"e™ event shape extraction or ungroomed jet substructure at pp)

. . had
degeneracy between the extractions of (/g and fitting ()
| N | L . .
00l e [Tonin, Tona ] Also, contaminations from MPI
291 [ N ]
(GeV) [ /
0.70 - ! —
j | /
\
0.60 | X _
0.50 i
[ sewen [moo]
[ - —— 68%CL
040 Ll—— | P S ST ST B
0.111 0.112 0.113 0.114 0.115 0.116
as(mz)
Fig. from

Abbate, Fickinger, Hoang, Mateu, Stewart " 10

19



Introduction Soft Drop Groomed Jets Fragmenting Jet Function

s extraction

e Key challenge: (for e¢"e™ event shape extraction or ungroomed jet substructure at pp)

degeneracy between the extractions of (¢g and fitting Qhad

| N | R B . .
00l » [Tonin, Tona ] Also, contaminations from MPI
291 [ R RN ]
(GeV) [ N
0.70 |- ! / _
: | i
\
| \
0.60 |- N _
L \
\
050 | _
L 30% CL [0
[ - - - 68% CL
0-40--..l....l....l....l...
0.111 0.112 0.113 0.114 0.115 0.116
Oés(mz)
Fig. from

Abbate, Fickinger, Hoang, Mateu, Stewart " 10

e Desire:

- reduced sensitivity to non-perturbative effects (hadronizations and MPI)

- additional handle(s) to lift degeneracy between extractions of (v, and fitting ()24

Groomed jet angularities!

* Proof-of-principle Monte Carlo study shows groomed angularity to be an ideal observable.
* Currently feasible to determine with 10% uncertainty.  |es Houches *17



Introduction Soft Drop Groomed Jets Fragmenting Jet Function

Groomed jet radius

\
\\
\\
N

° Dynamicaﬂy determines the size of the hard-collinear Splitting Wmm
g —

- What is the transverse resolution length of the medium?

* Also gives the “active area” of the groomed jet Y. Mehtar-Tani
anti-kr

Active area ~ TR?
g

- Can serve as a proxy for the sensitivity to pileup.
- Complicated by clustering effects

* Factorization formalism necessary for studying many groomed jet observables

- To regulate divergence of the Sudakov safe observables
- Sometimes the observables are invariably coupled to /7, measurements.

ex: Ag, energy drop

Kang, KL, Liu, Neill, Ringer " 19

21 Larkoski, Marzani, Soyez, Thaler " | 4



Soft Drop Groomed Jets

Groomed jet radius

e Factorization derived to NLL
log - Sot Soft-Collincar Kang, KL, Liu, Neill, Ringer *19

A 7/
, B8>0 .
> 7 * Data comparison
OQQ 4 -~ F— - T T T T T T T T % — T 1 . T T T T T T 1 T T T
Sz 2 3 ATLAS - :,: C ATLAS .
N d o | Vs=13TeV,329f" * Data 3 of 25F {s=13Tev, 329" « Data -
@ / o 25 :— Calorimeter-based, anti—k' R=0.8 % NLL _: o - Calorimeter-based, anti-kt R=0.8 % NLL .
4 —> (ollinear A © SoftDrop,z  =0.1,$=0 = L — Soft Drop, z_ =0.1,p=1 —
/ (o) 2 [ plead 5 300 G:;V —_ © » plead > 300 GeV .
- opY 1 C Py .
1 1 L 4 o 1 I [J Nonperturbative W Perturbative . © 1.5 Nonperturbative Bl Perturbative -
0g - 5 15 s :
N 1= ” o 2777 7 — r 2® -
%, % a 2 m
o - E 0.5'5/— =
R 0.5F - F a
0 - 7 r 7
) log 7 S S — i | — i L — i L — % — i ; E E L—— i i t i T * T i E
=R, & 15F E 8 15 E
o . 51?“ ,,,,, ® ® % % * é o . gE,;:u 4 B, :%
o 0.5 = o Y E
. . . N ‘; | | N | 1 l ! I 1 a E 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 [ 1 1 1 | 1 -
Kang, K[_’ [_,u’ Ne,”, nger |19 e 12 -1 0.8 0.6 0.4 Io_é).z( ) ¢ 12 -1 0.8 0.6 0.4 Io_é)1'02(rg)
. . \ 10 g AY
Larkoski, Marzani, Soyez, Thaler " | 4 ATLAS 19
1
i +MPI+had

L I +MPI L

0.8 N Vs =13 TeV, anti-kr, R=0.8 [ Partonic B

pT > 600 GeV, |n| < 1.5 i

00 _
e Small MPI effects T 0.6 | soltdrop Zew =04 s :
~—
S p=0
o)
Qgﬁl o 0.4 j ~
0 . | | |

—14 —0.7 0
10g10(9g)

—2.1




Soft Drop Groomed Jets

Energy drop

log 1 Soft Soft-Collinear log 1 Soft Soft-Collinear
? ! ) / ? ! , /
A ,7B>0 A ,7B>0
i : 2 R Ag\?
g R Ap\~? / g E
oA By s o (&)
B 7/ ’ R Zecut B 7/ ’ R Zcut
/7 Vg
7/ /7
/ —> (ollinear 7/ —> (Collinear
7/ 7/
1 4 1 /
log - log -
zCut zcut
R R
9 - Rg 0 9 = Rg 9

Cal, KL, Ringer, Waalewijn “20
Larkoski, Marzani, Soyez, Thaler " 14

* Energy drop measurements in soft drop groomed jet is coupled with 17, measurements.
- Factorizations for trimmed jets, iterated soft drop groomed jets cq ki, Ringer, Wadlewijn “20

* All energy drop dependent “modes” are only sensitive to soft modes only.

- Does the medium modify the soft and collinear radiations differently?
23



Soft Drop Groomed Jets

Energy drop

e Factorization framework differential in both Ag, R:

do
dprdndAgpdR,

: R
* Integrate over regions of 7, : 9;‘” <0,<1 (99 —~ E")

. . . . cut Zent Axp
Experimental tracking efficiency may require ¢ <

- Different 9;‘” gives varying sensitivity to non-perturbative effects

. A )
- May be useful for MC tuning <Zcuj:; R>

12 E_ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 IE 20 : 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :
11 F Vs =13 TV, pp = 300-450 GeV, R = 0.8, | < 2 3 18 £ Vs =13 TeV, pr = 300-450 GeV, R = 08, |n| <2 3
10 ;_ Soft DI‘OpI Zout = 037 6 — 17 egut =0 _i 16 :_ Soft DI‘OpZ Zeut — 03, ﬂ = 1, Hg =0.25 _:
9 E = - .
S E 9t =0 E g pct = 0.25 o
7E : E 12 | 9 —— Partonic =
5 <L]ﬂ 5 —— Partonic E 5 <L]ﬂ s had -
73—565‘ — +had E 13@10;' A E
— b 5K +had+MPI = —lo 8E — +had+MPI -
4 F = 6 F ]
3 E 3 F| E
2 E E +E E
1B 2 £ .
0 3 YN T N N A TN SN T T (N NN MO M AT NN N NN M N AN AN 1 3 (] = A L vovov v by v v by vy . b
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3

Ag 24 A Cal, KL, Ringer, Waalewijn 20



Soft Drop Groomed Jets

Energy drop

e Factorization framework differential in both Ag, R:

do
dprdndAgpdR,

: R
* Integrate over regions of 7, : qut <0,<1 (99 —~ §g>

. . . . cut Zent Axp
Experimental tracking efficiency may require ¢ <

- Different 9;‘” gives varying sensitivity to non-perturbative effects

- May be useful for MC tuning

30 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
3 /5 = 13 TV, pr — 140-160 GeV, R = 0.8, |n| < 2 1
C - Soft Drop: zeyy = 0.5, 5 = 1.5, " = 0.25 1
25 — g ]
20 £ B ONLL A
[ C - .

S| 15F ¢ CMS E CMS *17
—le £ 3 [] [y .
10 -
* Good agreement within 5 | -
perturbative region : . :
0 -I 1 1 1 1 I 1 .I 1 1 I 1 1 1 1 I 1 1 [ 1 s
0. 0.1 0.2 0.3 0.4 0.5

25 Ag Cal, KL, Ringer,Waalewijn “20



Fragmenting Jet Function

Fragmenting Jet Function (F]F)

; * Fragmentation Functions

\Q/ .

/0
p :QE C
Factorization: separation of dynamics

do.pp—>hX

Hadron —; -7 = = > @ ® |fp| @ |H ey,

Parton polarization
02 Dh : ; :

C

a,b,c - U L circé T/lin
Aqcp pr Aqep 2 / /
< E
M i Dh/c S
<
e R, SO
h/c Lh/c
S I L
S '
ERNR N VR

26



Fragmenting Jet Function

Fragmenting Jet Function (F]F)

; * Fragmentation Functions

\Q/ .

V.
p :QE c

Factorization: separation of dynamics

do.pp—>hX

Hadron dordn C%:C@ ® \fo ® (Hgp
Aqecp pr Aqep

L

* Can jet substructure measurements
help us to constrain fragmentation functions?

| D?

C

27



Fragmenting Jet Function (F]F)

Unpolarized case:

pp—rjet(h)X
do = Zfa/A®fb/B®H§b®g?(zh)
dprdndzy,
obe  Agop P DR
Aqco
where 2z = pi/p}
o = DPip/pY

Procura, Stewart " 10

Arleo, Fontannaz, Guillet, Nguyen "4

Kaufmann, Mukherjee,Vogelsang "~ |5

Kang, Ringer,Vitev " 16

28 Dai, Kim, Leibovich " 16



Fragmenting Jet Function (F]F)

Unpolarized case:

do.pp—>jet(h)X
= faa® foyp ® Hgy @ G (1)
dprdndzy,
ibe  Agep P DrR
Aqcp
where 2z = p71/p5
2n = pip/py
d pp—h X
i -~ Zfa/A®fb/B®H§b®D?
dprdn
a,b,c AQCD DT AQCD

Procura, Stewart " 10

Arleo, Fontannaz, Guillet, Nguyen "4

Kaufmann, Mukherjee,Vogelsang "~ |5

Kang, Ringer,Vitev " 16

29 Dai, Kim, Leibovich " 16

where 2z = pl/p5



Fragmenting Jet Function (F]F)

Unpolarized case:

pp—rjet(h)X
do — Zfa/A@)fb/B@Hgb@g?(zh)
dprdndzy,
obe  Agop P DR
Aqco
where 2z = p71/p5
o = DPip/pY

IR sensitivity and require matching:

G (2, 21, pr R, 1) = Z%‘j(za Zn, pr R, 1) ® D?(zh,u)

/pTR AQCD\

matching coefficients collinear FFs

Procura, Stewart " 10

e Collinear FJFs can be related to collinear FFs Arleo, Fontannaz, Guillet, Nguyen "1 4
Kaufmann, Mukherjee,Vogelsang "~ |5

Kang, Ringer,Vitev " 16

30 Dai, Kim, Leibovich " 16



Fragmenting Jet Function

Polarized Fragmenting Jet Function (F]F)

Polarized case:

dgﬁp—)jet(ﬁ)X

= D N gua @ foyp @ ALLHG ® ALG:(2n) Ay
pPTanazp a,b.c P(Pa,Sa)
dgﬁp—ﬂ'et(ﬁ)X | - " .
d;;dndzh =D S hasa ® foyp ® Arr(Hy)g, ® Arge (21) Sjy
a,b,c
where 2 = p%/ pfcr p
h /) J
Zh = pT/pT
do(As. Ay) —do(A 4, —A
dorp = o(Aa, An) ; o(Aa, —An) Similar definitions for
) ) B - ALLHa,Cb and Ay (HZQ)
P do(Sa1,5h1) —do(SaL, —Shi)
T — 9

31 Kang, KL, Zhao, 20



Fragmenting Jet Function

Polarized Fragmenting Jet Function (F]F)

Polarized case:

do_f)p—>jet(ﬁ)X )
dLL = AuGaja® foyp ® ApLHg @ ALG! (21) Ay,
prdndzy -
a,b,c p(Pa,Sa)
dag;zp—n'et(ﬁ)x | ) ) |
=Y S, h, Arr(Hij)a, ® A S;
Iprdndor g):c A1 Naja ® foyp @ Arr(Hij)g, ® ArGl (2n) Sj, |
9 9 J C
where 2z = p7/pr p
L h J
zh = pr/Dr /
e s v v
LE =) A AL HS, ®|Gh g ' '
dedn ; AYa/A ®fb/B & Apriig, G, g U Dh/q
a,b,c c
_ T L S
d;; i D Sh1 haya ® foyp ® App(Hig)g, ®HY S7 § e e
a,b,c "g T H /4
T 5 5
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Fragmenting Jet Function

Polarized Fragmenting Jet Function (F]F)

Polarized case:

dO'ZZZ}J_)jet(E)X . ;
g = AAGaya ® foyp ® ALLHG ® ALG! (21) Ay
prdndzy, —
s Uy p(PAa‘SA)
pp—jet(h)X
dory = Z S haa ® fo/8 @ Arr(Hij)e, ® A7G (1) 5}7;
dprdndzy, —
where 2z = p7/p% b
. h J
zn = pr/pr
IR sensitivity and require matching: 5 : :
h : = v L7
gc (Z,Zh,pTR,,u) — ZJL](Z7Zh7pTR7:LL)®DJ (Zhalu) g : 5 E
j N h/q
prR Aqep g v Pt
Qo :
ALGH(z 2 prRop) = Y ALTij (2 20,0 Rop) @ Gl (2, ) 50 L Neldk
. =PSRN NSRS SR S
h : h § T H"a
ATgC (Za Zh7pTR7 :u) — Z AT\Z] (27 ZhapTRv /L) %Y H] (Zha :u) m
J

33 Kang, KL, Zhao, 20



Fragmenting Jet Function

Study of FJF

....................................................................................................................................................................................................................................

....................................................................................................................................................................................................................................

Differential in 25

Also large amounts of data available for pp!
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Introduction Soft Drop Groomed Jets

Fragmenting Jet Function

Fragmenting Jet Function (F]F)

* Light charged hadrons

Arleo, Fontannaz, Guillet, Nguyen " 14
Kaufmann, Mukherjee,Vogelsang " 15
Kang, Ringer,Vitev " 16

Neill, Scimemi, Waalewijn " 16

* Photons
Kaufmann, Mukherjee,Vogelsang " 1 6

* Heavy flavor mesons

Chien, Kang, Ringer,Vitev, Xing " 15
Bain, Dai, Hornig, Leibovich, Makris, Mehen " | 6
Anderle, Kaufmann, Stratmann, Ringer,Vitev "1 7

* Quarkonia

Baumgart, Leibovich, Mehen, Rothstein " |4
Bain, Dai, Hornig, Leibovich, Makris, Mehen " | 6
Kang, Qiu, Ringer, Xing, Zhang " 17

Bain, Dai, Leibovich, Makris, Mehen "7

do.pp—>(jeth)X / do.pp—>jetX

F —
(zn, P1) dprdndzp, dprdn
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Fragmenting Jet Function

Longitudinally polarized A

0.25 ¢
0.9 - - - scn.l
LT N - scn.2 ———
I I /,62 — 13 GeV2 L scn.d ——— uds
. 0.15 F - -
5 - - -
- 0.1 - - -
2 : u : d : S
=005 J /\
4 i i i
T T
~0.05 | s s
_01\\\\\\
—2 —1 0 —2 —1 0 —2 —1 0
10g10(z) 10%10(Z) loglo(z)

Three different scenarios
* Scenario 1: Only strange quarks have contribution to the fragmentation.
* Scenario 2: Negative distributions of up and down quarks are assumed.

* Scenario 3: Same fragmentation for up, down, and strange quarks.

Burkardt, Jaffe, “93
36 De Florian, Stratmann,Vogelsang, “98



Scenario 2
Vs =200 GeV, R=04
4

Scenario 3

FJF to study longitudinally polarized /\
0 Scenario 1
5 ' RHIC kinematics

L gl < 1.2, 10 < pyr < 15 GeV

uds

Dt (%)

p(Pa,Sa)

0.6 0.8
ZA
Dy =

1
do

Gives shape expected from the scenarios
jetA  AArpo e Scenario 1: Only strange quarks have contribution to the fragmentation.

* Scenario 2: Negative distributions of up and down quarks are assumed.

* Scenario 3: Same fragmentation for up, down, and strange quarks.
37
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TMD hadron in jet (I MDF]JF)

e Still hard-collinear factorization structure other than jet function modified.

do.pp—>jet(h)X
=Y fao/a® forp ® Hg ®|GE (21)
dprdndzy, o \
do.pp—>jet(h)X
— =) Jaja® foyp® Hop 9 (20,
dprdndz,d?j | C%:Cf /A ® fo/B b (2, 71)
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TMD hadron in jet (I MDF]JF)

e Still hard-collinear factorization structure other than jet function modified.

doPp—riet(h) X

=Y fa/a® foy5® Hoyy @Gz, 51)

a,b,c

dprdndznd?j |

When Aqep S0 < prR, A~ jL/pr

collinear ke ~ pr(A2,1,)0)
soft ks ~ pr(AR,A\/R,\)

G (2, 2zn,wiR, 1 1) =Heoi(z,wyR, M)/d2lﬂd2)&52 (zh Al + ki —J1)
X Dh/i(Zh,kJ_,,LL,V)Si(AJ_,,LL, VR)

= Cesi(2,p7 R, 1) D1 yi (21, 5 13 1o = prR)

__

—_—

Standard subtracted TMDFFs, say in SIDIS
Shown to be true perturbatively at NLO

* TMDE]JFs can be related to TMDFFs “



Fragmenting Jet Function

Polarized TMDEFE]JF

e Still hard-collinear factorization structure other than jet function modified.

dO_IZI}/_)Jet(B)X ) -
dprdndzy, a,zb,:c / /B b (2n)

da-g—%—w_)l]et(ﬁ)x | ) . .
dednth a,;,c Al "Pa/A b/B TT ( J)ab T ( h) Wl

40 Kang, KL, Zhao, 20



Fragmenting Jet Function

Polarized TMDEFE]JF

e Still hard-collinear factorization structure other than jet function modified.

D jet(h)X
dprdndzy, —
pp—jet(h)X
‘o1t =Y Sh1 haja ® foyp ® Arr (Hig)o,®|ArGl (2n) 5],
dprdndzy, 77ab -
a,b,c
Polarized TMD hadron in jet production
when fragmenting parton is unpolarized, g é” ( z h) — g? ( Zh ] J_) Fir
7 longitudinally polarized, ALGM(21)SL — ALG (zn, 51 Fr
/! transversely polarized, ATQQ(Zh)S;LT — ATQ?(Zha ]J_)F%

F U, F I, and F. 17% can depend on 7L, Sh1, Ay, depending on the polarization of the final hadron.

41 Kang, KL, Zhao, 20




Fragmenting Jet Function

Polarized TMDEFE]JF

TMD Fragmentation Functions (TMDFF) TMD Fragmenting Jet Functions (I'MDE]JF)
~ Quark polarization ~ Quark polarization
IS ' IS '
.§ U Dh/4a HLh/a g U Dh/q 7/-Lh/q
e I S S L SRR SO N S
h Lh h Lh/q
S B Lol L A B Ll
= Lh = h/q i Lh
ST DM G gk gt ST |pite ghle e g
T T ,
Polarized TMD hadron in jet production Actually not really good not\a‘tionsz
: : : h h '
when fragmenting parton is unpolarized, gc ( Zh) N gc ( Zhs ] J_) Fy
7 longitudinally polarized, ARG (21)SL = ALG (zn, 51 ) Fr
/! transversely polarized, ATQ’?(Zh)S;LT — ATQQ(Z}L, ]J_)F%

F U, F I, and F. 17% can depend on 7L, Sh1, Ay, depending on the polarization of the final hadron.

42 Kang, KL, Zhao, 20



Fragmenting Jet Function

103 |

102
E% 10!
= _

109

1071 L—

Z-tagged jet

e LHCDb collaboration measured collinear FFs and J |

Agrees well in the (.1 < z;, < 0.5 region

43

Z +jet, /=8 TeV, R=0.5 Theory E——r
tiet, vs=38deV, R=0. LHCb data e
25<n;<4.0
A 20<nz <4.5 - u
= @
e S Rt - S ST S
. e g ~ . &
e N8 <
™ ~
o g s
> X -
© 20 < pyT < 30 GeV B SN F 30 < pyr < 50 GeV \g [ 50<pyr <100 GeV N
r—?«\o I N I - \
A b ; "\
P | ' oo L N | L ' L L L P
0.1 0.1 1 0.1 1
Zn Zn Zh

Kang, KL, Terry, Xing "1 9



Z-tagged jet

Z +jet, v/s=8 TeV, R =0.5 ' ' Theory [
. 2.5 <ny < 4.0 ' 0.1<zn,<0.5 " Pythia
10° 2.0 <7z < 4.5 - 1

0 20 < pyT < 30 GeV - 30 < pyT < 50 GeV - 50 < pyT < 100 GeV
107~ F - -
0 0.5 1 1.5 0 0.5 1 1.5 0 0.5 1 1.5
j1 (GeV) j1 (GeV) j1 (GeV)

e LHCDb collaboration measured collinear FFs and J |

Agrees well in the (.1 < z;, < 0.5 region

* LHCDb collaboration measured J | recently.

but with entire (0 < z;, < 1

44 Kang, KL, Terry, Xing "1 9



Fragmenting Jet Function

Polarizing FF

uds
TMD Fragmentation Functions

Quark polarization S \
i ' ' * Describes transversely polarized hadron

= U L | T e .
k= g g inside unpolarized parton.
) .
< |
N h/q: Lh
2 U Dh/4a | H+h/a
TN SN SO SO
e T
o L GMa g
8 ------------------- J_h/ -------- }:L""""‘: ------------------- 0.1
T T DSV Gh e g o | | (a) A+ X
m 8 0.04} 0.2<z,<0.3 | 0.3<z,<0.4 - 0.4<z,<0.5 - 0.5<z,<0.9
w002t - - -
N OF Dnggeneseneesfeens- N ST (COTOR SRR I ETR——
S 002t +—++ t - L}
O  -0.04} - = _+_
O o0} — ++ :
* Belle data shows different trend in Dy o N I | D Oj‘ A
with different range of <A p (A)(GeV/c)
Belle Collaboration "9 o - - T
o | o)+
S 0.04} 0.2<z.<0.3 | 0.3<z.<0.4 - 0.4<z.<0.5 -1 0.5<z.<0.9
. = 002} : g g
* FJF at hadron colliders would be | TS U S SN SS—
. | o -0.02} +4_ ! —+r—
a great complimentary results! S o0 p T :
-0.06 - o
-0.08} : : ol a { } }
By 15 | S T A R | | I | 1

05 1 15 05 1 15 05 1 15 05 1 15
pt(K)(GeV/c)
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Polarizing FJF

DJ_h /c| * Desctibes transversely polarized hadron
T inside the jet produced from an unpolarized parton.

dAa.pp—)jet(ﬁ)X

= > fa® fr ® Hg ®|Dr" (2, 51)

a,b,c

dprdndz,d?j |

When Aqcp < < prR,

pv g
€L Onl / Pl XL 0% (AL + ) — 7))
Zth

X kin’}/i(zh, ki, v)Si(AL, p, VR)

D%h/c(zy Zh, Wi, J 1) =Hei(z,wi R, 1)

~ Sp1 sin(¢s — ¢;)

46 Kang, KL, Zhao, 20



Polarizing FJF

e Used PFF fits from Belle data

Callos, Kang, Terry, “20

u

0.1 + d

0.05
S ,
< I
X

sea

V5=

200 GeV

02 025 03 035 04 045 0.5

<A

0.55 0.6

e Predictions at the LHC kinematics

* Positive from up quark PFF at small 2 A\

* Negative from down quark PFF at

zp 2 0.3

Py (%)

—0.5

~15 |

_2_

Fragmenting Jet Function

uds

&

LHC kinematics

J/5=8TeV, R=05

25 <ny <4
0<jL<1GeV

20 < pygr < 30 GeV
30 < pyr < 50 GeV
50 < pyr < 100 GeV

"\

0.15 0.2 0.25 03 035 04 045 0.5 0.55

47
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Fragmenting Jet Function

Azimuthal angular dependence

doP(84)+p/e(jet h(S1)) X

. h sm(gb —& )
pordnydamdy, = Fouu HISTIsinGs, = on)Frupt

+ Ap, [)\FLU,L + |S7| cos(ps, — én)F ;O;(zibsA_%)]
p(Pa,Sa)

+\ShL|{Sm( — g, [Sjlll}(ih ¢Sh)+)\cos(qb _ g, )F E%S(%bh ¢s),)

A Q
+ |ST|(COS(¢SA ¢Sh) ;?($SA_¢Sh)
~ ~ cos(2¢p—dg, — P
+ cos(2¢n — bs), — Psa)F TU(T(bh Pon ¢SA))} ’
FSASB,Sh

!

Polarization of A, B, h

* Different structures come with different characteristic angular dependence.

48 Kang, KL, Zhao, 20



Thank you!



