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Jet as a probe of QGP

Lund diagram and splitting history

. In 20

Outside medium

Inl/R /gL In1/6

5th Heavy lon Jet Workshop Report, 201 8:

* Devise jet substructure observables to probe different kinematical
regions of QGP and discriminate different jet quenching models.



Introduction

Lund diagram to map different splitting

* Lund diagram is useful to visualize

In 20 ; o
collinear and soft splittings.

In R

soft, large-angle radiation

In1/R In 1/9
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Introduction

Lund diagram to map different splitting

| / * Lund diagram is useful to visualize
n 26 4 : 5 : ful
InR o collinear and soft splittings.

* Map splitting history into Lund Plane.

=2 1Trr]‘rﬁ'|‘rr1‘rrTr1‘nTn‘r‘T1‘rﬁTrr11Trﬂ'rrrn‘rTﬂ"‘|] 0.35
£ |  QPYTHA |

i pT. > 130 GeV/c, anti-k; R =0.4 1" o3
Cambndge -Aachen Declustering

4 —0.25

; io.z

1" o.15

In1/R hl]./@ _6|

—10 . - l.
0 05 1 156 2 25 3 35 4 45 5
In(1/8)

5th Heavy lon Jet Workshop Report, 2018



Introduction

Lund diagram to map different splitting

In 20 * Lund diagram is useful to visualize
collinear and soft splittings.
* Map splitting history into Lund Plane.

* Identifies different kinematical regions
when medium is introduced.

i.e. regions inside / outside medium (size /)

In 4
prR/3 regions where medium resolves /does not resolve splitting
. %L Outside medium (broadening <k%> = qt )
PT i >
In1/R  In\/GL? In1/6

5th Heavy lon Jet Workshop Report, 201 8:
* Devise jet substructure observables to probe different kinematical
regions of QGP and discriminate different jet quenching models.
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Introduction

Lund diagram to map different splitting
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5th Heavy lon Jet Workshop Report, 201 8:

* Devise jet substructure observables to probe different kinematical
regions of QGP and discriminate different jet quenching models.
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Introduction

Jet substructures and characteristic scales

A
Single prong observables Hard —— DT

* Jet angularities

* Energy-energy correlations Jet algorithm —— pTR

* Jet shape

Multi-prong observables Energy profile —— P77

* N-subjettiness Jet mass —— m2j / DT
e Dy

and many more Grooming —— ZcutpTR

IRC unsafe observables

* Hadron in jet

* Multiplicities
* Jet charge

Groomed observables Temperature —— [’

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

Hadronization —— A

7



Introduction

Jet substructures and characteristic scales

Single prong observables Hard —— DT

* Jet angularities

e Enerov-enerov correlation et algorithm —— TR

Multi-prong ok

Jet substructures are perfect observables
IRC unsafe ob to prObe different
kinematical regimes of splitting.

Groomed ob

grooming (SD): z,, 0, = R,/R Hadronization

8



Hadron-hadron

Why we must study hadron-hadron collisions

e Hadron-hadron collisions teach us valuable lessons:

1.We need baseline to compare against vacuum predictions.  p :QE

dNAA/dp%dn
(Taa)doyy/dpz.dn

Raa =

2. Theoretical frameworks developed in pp can be insightful.

ex. QCD factorization, Lund diagrams, ...

3. Useful place to develop new observables that may be useful in heavy ion collisions.

ex. Grooming, multi-prong observables, ...



Hadron-hadron

QCD factorization

Inclusive jet production pp — jet + X

da.pp—)jetX

=) [u® [, @ Hy ® Jo

dprd
o ab.¢c Agcp  pr pri

Also exclusive processes and pp — 7 / Y —+ jet -+ X

Dasgupta, Dreyer, Salam, Soyez " |5
Kaufmann, Mukherjee,Vogelsang "~ 15
Kang, Ringer,Vitev "1 6

0 Dai, Kim, Leibovich " 16



Hadron-hadron

QCD factorization

Inclusive jet production pp — jet + X

da.pp—)jetX

= o H,, ®|J.
dedn Zf ®fb® ab &

abe Agep  pr  prR

Jet substructure 7

dopp—iet(T)X

iy ~ S e o

11

Ge(7)

abe Nocn  pr prR

and other scale(s) depending on [




Fragmentation Functions

Jet fragmentation function

do.pp—>jet(h)X
= Z fo® fo @ Hgy @Gl (21)
dednth ab.c L
where z = p7/p7
2h = /DT

IRC unsafe and require matching:

Q?(z, ZhapTRv :u) — ZZ](Za ZhapTRa :LL) %Y D]h(zhvlu)
J

prR Agcp

matching coefficients collinear FFs

Procura, Stewart " 10

Arleo, Fontannaz, Guillet, Nguyen "4

Kaufmann, Mukherjee,Vogelsang " |5

Kang, Ringer,Vitev " 16

12 Dai, Kim, Leibovich " 16



Fragmentation Functions

Jet fragmentation function

. ~ 10'°F
* Light charged hadrons Q:“ 1015 - pt pp (5=2.76 TeV anti-k,
Arleo, Fontannaz, Guillet, Nguyen " 14 E/ = ° ég,ILSAS RR:(())_? (I)n;<<1|n6| <2
Kaufmann, Mukherjee,Vogelsang " 15 10"
Kang, Ringer,Vitev " 16 —
Neill, Scimemi, Waalewijn " 16 10"
e Photons 109 :_
Kaufmann, Mukherjee,Vogelsang " 1 6 —
10"
* Heavy flavor mesons —
Chien, Kang, Ringer,Vitev, Xing " 15 10°
Bain, Dai, Hornig, Leibovich, Makris, Mehen " | 6 -
Anderle, Kaufmann, Stratmann, Ringer,Vitev * 1 7 10° |
* Quarkonia 10:_
Baumgart, Leibovich, Mehen, Rothstein " |4 —
Bain, Dai, Hornig, Leibovich, Makris, Mehen " | 6 10-1
Kang, Qiu, Ringer, Xing, Zhang " 17 u
Bain, Dai, Leibovich, Makris, Mehen "7 1073 B
F(Zh pT) _ do.pp—>(jeth)X do.pp—>jetX 10—5_ IR L L1
’ dprdndzy, dprdn 107 107! 1

13 h



Fragmentation Functions

Jet fragmentation function

2_5 [ T 11 | T T T T 1 11 | T T T T T |__ 2.5 P ] 1 ] 1 T T 717 ] 1 1 | L L L
» . u B jet . . N
ATLAS ly * I <2.1 anti-k, R=0.4 jets | ] | ATLAS I | < 2.1 anti-k, R=0.4 jets
—~~ —
— 1 N - -
Q" L SCET g=2.1 data | Q = . .
. |

2_ . 126 < plet < 158 GeV T || 2 - . 126 < pT < 158 GeV -
m T [ [ m i -.=. Hybrid Model, R __ =0 |

B ¢ 200 < pr < 251 GeVv o

i .=+ Hybrid Model, R _ =3 ]
% 316 < p < 398 GeV '|'|-|- ] EQ model o

1.5

1
| Pb+Pb, |s,,, = 5.02 TeV, 0.49 nb™, 0-10% | | Pb+Pb, |5, = 5.02 TeV, 0.49 nb™, 0-10% ]
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L1111 | | | | L1 1 11 | | | | L1111 | | l ! ] | 11 11 ll 1 | 1 | S -
2 1 2 —1
10 10 1 10 10 1
Z Z

ATLAS, PRC 98 (2018) 024908 Kang, Ringer,Vitev "1 7

Chien, Kang, Ringer,Vitev, In preparation ldilbi, Majumder 08
D’Eramo, Liu, Rajagopal " 10
Ovanesyan,Vitev " |2

Hulcher, Pablos, Rajagopal " 17
Spousta, Cole " 15



Fragmentation Functions

Jet fragmentation function

= ATL,lqs y 4 ant ets |[] doAA—iet(h) X
. - y © | <2.1 anti-k, R=0.4 jets | || _ Z R 2 HS ® gmed,h(z )
N 1 dprdndzy, ab e
Q N SCET g=2.1 data | _ a, b,c
m oL ® 126 < p':t < 158 GeV “--u.-l—!
- ¢ 200 < pI < 251 GeV Include medium modified

g 316 < p"f‘ < 398 GeV '|'I.|.

splitting functions from SCET:

7
gg,(l)(z, zn,wR, p) = Dgy(zn) / dq) Pyq(z, QL)}
z(1—2z)pr R n
s = zh(l—zh)pTR

l gl 16(1 - 2) / dq1 Pyq(2n, 1) | ® Dyl2n)

- 7 Ho

| Pb+Pb, s, = 5.02 TeV, 0.49 nb™, 0-10% | "

0.5~ opp. \|G=5.02TeV, 25 pb’” | —
-2 ~1 d .
10 10 1 P;?e (Z,QL) — sz(zaql) f]Z(Zaq_LalB)

ATLAS, PRC 98 (2018) 024908
Kang, Ringer,Vitev "1 7
Idilbi, Majumder "08
D’Eramo, Liu, Rajagopal " 10
Ovanesyan,Vitev " 12

Chien, Kang, Ringer,Vitev, In preparation
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Jet Angularity

Jet angularity

* A generalized class of IR safe observables (—oco < a < 2), angularity (applied to jet):

Tg — _ZpTz AR@J)

zEJ

Sterman et al. 03, 08,

Hornig, C. Lee, Ovanesyan "09, Ellis,Vermilion, Walsh, Hornig, C.Lee " 10,
Chien, Hornig, C. Lee " 15, Hornig, Makris, Mehen " 16, Kang, KL, Ringer " 18

[ Jd PO B B B B

o> [ 0-10%Pb-Pb |5, =276 TeV ALICE
e Varying sensitivity to collinear radiations as the parameter is varied. 3°} fg‘;’;d‘i’gg‘g:\‘;c R=02 -
‘3} 25 | W ALICE data -
- - ® PYTHIA Perugia 2011 E
L [T 20— O PYTHIA8 Tune4C
- 0 2F ATLAS Preliminary - T - :
N - ‘_ A o _

m2 - Pb+Pb 0-10% . a 1 L ™ -
pp _ g ppy2 = - — . -
70 5+ O((15")°) 19F 126<p.<158Gev - e o :
T C a0
P n:é 1% . ——
____________ 5o —
E E (glrth § PT,i AR’LJ) :’: +=.=” :
- =1 i€J T S
0.5_. [ o o ® ® ° 1 O r T T T T

E 1 2 2E e ]
X . . . . 3 Sk e -
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Jet Angularity

Factorization for the jet angularity

Fixed Order

(arbitrary units)

1 do
o dT

Relevant modes for 7, < R*™¢

* Replace JC(Z,pTR, ,u) — Qc(z,pTR, Tas W

e When 7, < R*™% refactorize QC.

2_ [ ]
Ta ~ < 0“~%  Collinear
Ze ~ 1

(Collinear-)soft

Hard-collinear

0y ~ R

1 1
0.~ 1. ° pe ~ pria °
Ta PTTa
Zes T R2—a fLs ~ Rl—a

17 Kang, KL, Ringer, arXiv:1801.00790



Jet Angularity

Factorization for the jet angularity

Non-Perturbative Resummation Fixed Order

M
1
1
1
1
1
\
1
\}
\}
A )

(arbitrary units)

e When 7, < R*™% refactorize QC.

1 do
o dT

llllllllllll

* The ungroomed case ( 7, <K RZ_G )

gi(zapTRa Taa:u) — ZHZ—U(ZapTRa M)Cj(Tavamu) & Sj(TaapTaR %

J 1
pT R PTTa ° P17

18 Kang, KL, Ringer, arXiv:1801.00790



Jet Angularity

Non-perturbative Effects

dO’ do.pert
= ® FNp
dprdndr,  dprdndr,
1 PTTa
S Y
Large non-perturbative effects: Rl—a
o5l R =04, /5 =502TeV, [n] < 2.1 0.025
- pr € (126,158) GeV |
205_ —— PyTHIA w/o MPI —— w/ MPI 0.02 100 < pr < 500 Gev
o 15— W/MPI+PUT5 —— w/MPI+PU50 o2 0.015 |
& gelis I
< | —lb !
) : 0.01 ¢}
g 0.005 |
of L—F—" T ) }
0.00 0.05 0.10 0.15 0.20 0.25 0.30
mj/pr

19



Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

= =
< < * Multi-Parton Interactions (MPI)

Figs from P. Bartalini et al. | |

20

(Undetrlying Events (UE))
Multiple secondary scatterings of
partons within the protons may enter
and contaminate jet.



Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

=

2

Figs from P. Bartalini et al.

* Multi-Parton Interactions (MPI)
(Undetrlying Events (UE))
Multiple secondary scatterings of
partons within the protons may enter
and contaminate jet.

* Pileups
Secondary proton collisions in a
bunch may enter and contaminate jet.




Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

* Hadronization
Partons forming the jet eventually
hadronizes.

22



Non-perturbative Effects

Appearance of the NGLs

Dasgupta, Salam "01
9 H Y R Banfi, Marchesini, Smye "02
Larkoski, Moult, Neill 15
Becher, Neubert, Rothen, Shao " 15, " 16 ...

* Non-global logarithms (NGLs):
arises from the correlation between

Inclusive the in-jet and the out-of-jet radiation.

Dasgupta, Salam "0

23



Non-perturbative Effects

Large uncorrelated background in QGP

] AR AR RRARS AR LAAR) RARLY RARRN RARLS LALAN ARS 0.35

= [ QPYTHIA (embedded) jl
. 200 GeV/c, anti-kt R =0.4

Cambridge-Aachen Declustering

—0.3

—0.25

|
N
| L AL

1 1 l 1 1 1 l 1 1 L I 1

0.1

0.05

-10 e RS
0 05 1 15 2 25 3 35 4 45 5

* Heavy ion collisions produce large number of uncorrelated soft particles in the
background contaminating the jet.

1. Develop a background subtraction techniques to identify true compositions of the jets.

or

2. Define an observable less sensitive to the uncorrelated background.

a. Subtracted cumulants
b. Grooming (recursive algorithm)

24



Subtracted cumulants (moments)

do doPert

dedTQ N dedT()

Moments of the distribution can be separated into contribution from signal and background:

1 do 2
<7_O> — dTO T0 — TO pert | QF
Y dTodpT pT
/ Ym _ / dk & F (k)
signal uncorrelated emissions

25 Chien, Kang, KL, Makris, " 18



Subtracted cumulants (moments)

do doPert

dedTQ B dedT()

Moments of the distribution can be separated into contribution from signal and background:

1 do 2
— d — or | ()
(T0) U/ 00 G (T0,pert) Ll

Op = /dkkF(k)

* Experiments often done with several bins of pp range.

* The binned version would give:

(o)™ = <To,pert>[n] + 29F<p51>[n]

Subtracted cumulants (independent of contribution from SUEs) :

| | 141 | (p=1)
ATE = (r)U) — (ry W PTT 0 _ (g AP
0 <pT1>[k] < Oapert> < 7pert> <pT1>[k]

26 Chien, Kang, KL, Makris, " 18



Testing limit of SUE independence

o5 R=04, Vs =502TeV, [n| <21 ] 6f —— PyTHIA w/o MPI —— w/ MPI
- pr € (126, 158) GeV ’ [ —— w/MPI+PUT5
200 PyrHiA w/o MPT —— w/ MPI | ~ w/ MPI + PU 50
i 1 | 4r
s 150 —— w/MPI+PU75 —— w/MPI+PUS0 | T S . NLL/ + NLO
g [ #x 3
101 ] e |
: 2
5_ i 1 ]
i R=04, /s=5.02TeV, |n <21 °
0 i O o .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 150200020 300350 400 450
GeV
m,]/pT pr [ ]

* Even at 50 pile ups, the subtracted cumulants of 7y gives same subtracted moments!

27 Chien, Kang, KL, Makris, " 18



Soft Drop Grooming

Soft Drop Grooming

* Taming wide angle soft radiations, giving sensitivity to UE, PU; and NGLs directly changing
distribution.

Groom jets to reduce sensitivity to the wide-angle soft radiation.

N R

O;—. //. \\\ -

Cett) = = > (@) = —=

N / — N / —
1—=2

* Soft drop grooming algorithms:

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

2. Recursively remove soft branches until soft drop condition is met:

min|pr 1, pr,2] (ARl? ) ’
> Zeut
pPr.1+ P12 R

Larkoski, Marzani, Soyez, Thaler " 14

Frye, Larkoski, Schwartz,Yan 16
28



Soft Drop Grooming

Grooming to probe different kinematical regions

In 201 SD1 In 26 SD2 In 26 SD3

(Zeut, B) = (0.1,0) (zeut, B) = (0.1, —1.0)
Inz..
NN \
In1/R In1/6 n1/R In1/6 n1/R In1/6
B=0 5 >0 b <0
Grooming Stronger grooming
only on energy fraction on large angles

2.5
Inz R k_ Inz R .
~N

Only hard radiations

* By varying grooming parameter, specific regions of phase space can be isolated.

* Appropriate isolation can be used to study regions with enhanced
or suppressed medium effects.

29 5th Heavy lon Jet Workshop Report, 2018



Soft Drop Grooming

Relevant modes in the groomed jet

* The ungroomed case (7, K RZ_a)

Hard-collinear
0y ~ R z2y ~ 1

Collinear _ 1
e T 1 (90 ~ Ta

a

(Collinear-)soft

HSNR Zcs ™

Ta

RQ—a

* The groomed case (7a,gr/R* " < zent < 1)

Hard-collinear

69;}{ ~J _]FR ZZQLi N ]_
Collinear -
ZC (0 ]_ 9(3 T —

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

1
o\"° — T, —I— TaRB 2—a+p
Zcgr "™ Zcut E = Zcut R2—a HEgr ~

Zecut

30



Soft Drop Grooming

Factorization for the groomed jet angularity
Je = Ge

e The ungroomed case ( T, <K R2_a)

gi(zapTRa Tamu) — Z%l—m<Z7pTR7 M)Oj(TCL7pT7ILL) & Sj(TcmpTa R7 :u)
- :

* The groomed case (Ta,gr/R2_a < Zeut K 1) g’H ~ }R;{
¢gr ©

gi(Z,pTR, Tas Zcut 67 :u) - Z%/%/(/’LPTR /I)ngr(pTa R7 Zcutaﬁaﬂ)cj (TaapTa ,u) ) Sjegr(TaapTv R7 Zcut s 67 /'L) ) /A ‘
J

31 Kang, KL, Liu, Ringer 18



Soft Drop Grooming

Factorization for the groomed jet angularity
Je = Ge

* The ungroomed case ( 7, K R2_a) HHH - g
gi(Z,pTR,Ta,M) :Z Oj(Taameu)®Sj(TaapTaR7M)

J \

* Non-global logs directly affect the jet angularity spectrum. p—

-,
LOBEET000000Re
MR Jduyouye

al lnn(Ta/RZ_a) n > 2 D,

e
O O \D
=

=

4
O
o,
@
@,
O

* The groomed case (Ta,gr/R2_a &K Zeuy K 1) 0y ~ R

Hggr ~/ R
Gi(2, pr R, Ta, Zeut, By 1) = » ST (pr, R, zeuts By 1) Cj (70 o1 1) ® S5 (Ta, 1 R, Zeus: Bo 1)/ ~,
j A%
. Non-globa} logs only indirectly affects t%le . i
jet angularity spectrum through normalization. G, 00
D

CV? lnn(zcut) n > 2 )

32 Kang, KL, Liu, Ringer 18



Soft Drop Grooming

Phenomenology

0.8
Pythia
| NLL ‘|_ NP(QCL = == | L
0.6 | /5 = 13 TeV, anti-kp, R = 0.8 - Single inclusive groomed jet -
pT > 600 GeV, |n| < 1.5 I =1, a=-0.5 I B =2

0.4 | soft drop, zcut =0.1, 3 =0 B B

logyo(7a)

* General angularities show decent agreement with Pythia
with reduced contamination from UE /PU.

33 Kang, KL, Liu, Ringer 18



Soft Drop Grooming

Groomed jet mass in the medium (a = 0)

In 26 SD1 In z0 SD2 In 26 SD3

(Zout, B) = (0.5, 1.5) (Zeyts B) = (0.1, —1.0)
Inz..
Iz R iz 9 \
Q
In1/R In1/R In 1/9 In1/R In 1/9
102 pTJ '>130 GeV, anti 'k" R=0.4 102 pT] '>130 GeV, anti 'k" R=04 102 pT] t'>'1'éo'éév"éhti Kk, R=04
10°F Soft Dropz_=0.1, =0.0 10°F Soft Dropz_=0.5, =15 10°Fsoft Drop z =0.1, B=-1.0
10 out 104 cut 10
5, e PYTHIA8 % e PYTHIA8 % e PYTHIA8
~| o~ 10 -=- JEWEL Recoil off ¥ _| ;= 10 -=- JEWEL Recoil off§ _| - 10 -=- JEWEL Recoil off
© Ecn 102 - JEWEL Recoil on ° Em 102 - JEWEL Recoil on © Em 102 - JEWEL Recoil on
% 10 -+ QPYTHIA % 10 -+ QPYTHIA :6« 10 -+ QPYTHIA
L o z.q—’ 1 - z’g‘ 1 - z'q“’ 1 +
10" 10" 10~ M
1072 1072 1072 .
107 107k 107
: : -4-
E% 10 E% 10F _4;'4: E% 10F =
2k L I e S PP -
& 1 ......................... & 1 S P Y & 1E- ......... afasss + ................. _*_ ..............
R0anacal X e }
- -1 _
1075~ 005010M502 025 0.3 0.35 1075~ 005010M5°2 025 0.3 0.35 1079 005010M502 025 0.3 035
TJet Tjet Tjet

> 5th Heavy lon Jet Workshop Report, 2018



Soft Drop Grooming

Limit to the ungroomed case

* Soft drop condition is passed trivially when [ — 00 < returns ungroomed case.

5
mln[pT,fw pT,j] Rij
P, + PT,; R
0-4 I T T I T T T T I T T T T I T T T T I T T ] . .
: =0 - - - Checked both numerically and analytically.
0.35 | /s=13 TeV, anti-kt, R = 0.8 Bf; T
- pr > 600 GeV, |n| < 1.5 b=
03 I soft drop, zcut = 0.1 p= -
- O ungroomed 7
13 :
~—
5025 | : ,
C:g'j : | * At Ty = Zeut [T, the groomed result transitions
= 020 to the ungroomed case.
o i
T 015 |
Q i
g :
~e 0.1 |
0.05 [
O v

loglo(migr/p%) 35 Kang, KL, Liu, Ringer " 18



an
R, and Zg

Larkoski, Marzani, Soyez, Thaler " |4
Tripathee, Xue, Larkoski, Marzani, Thaler* | 7

R e T'wo characteristic variables that describe

— 2 soft drop groomed jet:
| | I Rg
—— 1% min|pr,1, pr,2|

5 Zg =
| [T pPri1 + P12

Rg o Ang

: Tripathee, Xue, Larkoski, M , Thaler™ 17 .. .
fg.from Tripathee, Xue, Larkoski, Marzan, Thaler when soft drop condition is met

min[pT,lapT,Q] > 5 (AR12)B
ut
pPr.1+ P12 ¢ R

36 Kang, KL, Liu, Ringer, In Preparation



Soft Drop Grooming

Groomed jet radius £,

¢ Zet K1 and R, < R

Hard-collinear

correlation
ZH N 1 0 H R
¢ gr ; Inclusive

0
Zggr ™ Zcut <E) — Zcut eéégr ~ R

Collinear

ZCN]. HCNRQ

correlation

c gr soft (collinear-soft)

37 Kang, KL, Liu, Ringer, In Preparation



Soft Drop Grooming

Factorization of R,

A% (0,)
dndpr

= fal@a, 1) ® fo(@p, 1) ® Hy(xa, 3,1, 07/ 2, 1) ® Gel2, 1, Og, 15 Zeut, B)
abc

gc(z7 pT, (997 Mty Zcut ﬁ) — Z HC—>i(Z7 pTRv /VL) C’L (pTR97 :u) Siegr(zcutpTRga Iy 6)

X

do d dX(Ry)
dndprdR, B dR, dndpr

o Zeyt <1 and R, < R

Hard-collinear correlation Collinear

zg ~ 1 O ~ R (,\ 2o 1 0. ~ Rg correlation
¢ gr : (\
9)6 L 00 ~ R c gr soft (collinear-soft)

Zggr ™ Zcut (_ B g
i Zegr ™ Zcut (ﬁ) = Zcut (&) HEgr ~ Rg
R R

38 Kang, KL, Liu, Ringer, In Preparation



Soft Drop Grooming

Phenomenology

NLL [ ]

Vs =13 TeV, anti-kT, R =0.8 [
pT > 600 GeV, |n| < 1.5
soft drop, zcut = 0.1, 8 =0 B

Pythia (hadron=off)

Pythia (hadron=on)

Groomed inclusive jet -

B=1

—0.7 0

-2.

1 -1.4 -0.7 0

—2.1 —14

; 10g10 (Qg) 10g10(9g) logl()(eg)
r NLL 3 ¢ r
[ STAR +—e— | /s =200 GeV, anti-kp, R =0.4 | }

5 L soft drop, zcut = 0.1, 3 =0

20 GeV < pt < 25 GeV

4 L
o f
z | } ;
&3 w~ } s
o L P S oo /
H‘g [ 7 \\
N r / ~
2 L ~

25 GeV < pr <30 GeV, |n| <14 t

30 GIV < pr <40 GeV

0.1

* Shows agreement for both LHC
and STAR kinematics.

0.1

Kang, KL, Liu, Ringer, In Preparation
STAR Preliminary data



Soft Drop Grooming

R, in the medium

* Are substructures quenched differently
as a function of their angular separation?

In 20 SD1 In 26 SD2 In 26 SD3
(zcut= B) = (0.1,0) (zcutaﬂ) = (0.5,1.5) (zcut=ﬁ) = (0.1,-1.0)
Inz..
Inz R NN In z”"RZS \
R \\\\
In1/R In1/6 In1/R In1/6 In1/R In1/6
pTJet>13O GeV, anti-kT, R=0.4 pT'jet>130 GeV, anti-kT, R=0.4 pT'jet>130 GeV, anti-kT, R=0.4
10? Soft Drop z_ =0.1, B=0.0 J0? Soft Drop z_ =0.5, B=1.5 - _FSoft Drop z_=0.1,B=-1.0

e PYTHIAS —e- PYTHIAS 3 —e- PYTHIAS E

- mfl‘ -=- JEWEL Recoil off ] m‘-l' -=- JEWEL Recoil off ] 05‘3 i -=- JEWEL Recoil off

° % 10 - JEWEL Recoil on ° % 10 —4 JEWEL Recaoil on © % 10k — JEWEL Recaoil on_]

: 4+ QPYTHIA : 4+ QPYTHIA >k 4+ QPYTHIA ;

~| 2 ~| 22 |2 F :

1 1 |3 -
10" 10" 10"

3 3F 2 ot =

e oo u ] 0 u a

—=|< =|< 2 4+ 1 =< 3 :

§§ 2 §F——: 2:_:: T 4 ] ,08:; 2 e _%

E|> » E|> 5 —a—$— 1 E|> . - ——a— ]

a 1 A 1?',_:’:,._.*:_‘_--.0 ............... — A 1 R i -

: H_.__:_HQE ] : P S I -
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ARy, ARy, ARy,
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Soft Drop Grooming

Momentum sharing fraction 2,

T * Sudakov safe observable
[ [ - Groomed Momentum Fraction
| - Herwig++, 13 TeV LHC | TTTmmmsssmssoeooees
6} 3 Ry=05,6=0 - |
i : i 2
L, = == pr > 50 GeV _ : — J
Lo | pr>100GeV | 5 | 11—z,
odz, | Ng 0 Tt pr > 500 GeV - e
2] * Identifies collinear-splitting and give
' direct access to the splitting functions.
N
00 0.1

Larkoski, Marzani, Thaler * 1 5
Tripathee, Xue, Larkoski, Marzani, Thaler "1 7
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Soft Drop Grooming

Momentum sharing fraction 2,

1.8 CMS  |s.,=502TeV
1 6 Preliminary pp 25.8 pb™ E M- ]
- PbPb 404 ub™ 3 [ coherent  §=1-2 GeV/fm
1.4 Centrality: 0-10% 3 13} Lot
o . . SIS 1) p=0
S | + T E -l E pr=140 GeV
é 0.8 —— — o pr=250 GeV
3 R
0.6 — 23
——] S QR SARAARRAARRRRRRRRARRRRRRRR
0.4 3 - 2
0.2 140<p_ <160 GeV E =
0==%71 02 03 04 05 Y S :
Z 0.1 0.2 0.3 0.4 0.5
g
Z
CMS(2016) PAS HIN-16-006 ¢
T Mehtar-Tani, Tywoniuk "7
- CMS Viny =5.02TeV _
L4r, Preliminary R=04,|n]|<13 ) tot d
[ ] O vacC 1ne
R LT 140 GeV < py < 160 GeV ] P — P —I_ AP
= 2 : N Centrality: 0—10% j
Y A B . o -
Sl - g=25T Tk : * Can give access modification of splitting
—| & o8l g=2.0(+0.2 Il S ) .
x| osp 8220(20.2) R ] due to the presence of medium.
_ w/ coll. energy loss ]
0.61 w/o coll. energy loss T T :
[ B:()s ZCllt:O-]-, AR12>0-1 ' I ' I ’_"_‘
o1 0z 03 o4 os
Zg

Chien,lVitev 17 42



Relative Probability

Many more...

Multi-prong observables

2.0}

[
)|

[
-

05p

PP = Zj Groomed D; Spectrum (NLL + LO)

Boosted Z _
Selection
Boosted Z
= = = QCD Jets (Perturbative)
—— QCD Jets (Full) |

my € [80, 100] GeV, pry> 500 GeV -

R=10,Zy=0.1"

1 | — 1 L

1.0

15 20 25 30
D,

Soft Soft

Collinear

1 ¢ Designed to discriminate one-prong QCD jets and

multi-prong boosted heavy objects.

* May be used in heavy-ion collisions to discriminate jets with single or several hard cores.
May be used to test color decoherence.

Larkoski, Moult, Neill * 16-17
Stewart, Tackmann, Waalewijn " 10
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Many more ...

LI T T 1
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& 4
= | —o—
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=
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CMS, PLB 730 (2014) 243
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042 ¥ ATLAS -
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).2 N .
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0. 0.1 0.2 0.3 0.4 0.5
.
Jet energy profile

0.6

recoil-free axis

ot

Pcoll

Psoft

Larkoski,

Neill, Thaler " 1 4

5th Heavy lon Jet Workshop Report " 18
Cal, Ringer,Waalewijn " 19
Neill, Papaefstathiou, Waalewijn, Zoppi " 19

Jet axis

pT'Y>60 GeV/c, pT’ jet>30 GeV/c, |[Ad|>5n/6

and more...
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