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Collinear Drop:

® Class of observables that do not depend on energetic
collinear radiation in a jet. perhaps

drop
® Puts focus on

| drop
Motivation: \ ///f/

® Test treatment of perturbative soft radiation in Monte Carlo Sim.

® More sensitive to hadronization. Provide new tests for
hadronization models by comparing to collinear drop data.

® Can be made sensitive or insensitive to underlying event/MPI

® Study color charge and correlations
(eg. quark vs. gluon vs. Z, connection to rest of event, ...)

® Provide a probe for jet quenching and medium effects in
heavy-ion collisions




Outline

® |et Substructure, Soft Drop grooming
® Factorization for Soft Drop Jet Mass

® Collinear Drop (CD) - exploring soft phase space in jets

® Partonic Factorization & NLL Resummation with SCET
® Analysis of CD using MC simulations and SCET

® Conclude



Jet Substructure

@ grooming jets

remove soft contamination
from jets

® tagging subjets

boosted particles have
collimated decay products

)’ .“: Ry “‘:
t — 9 \ VS. W/Z N< VS. g @

® collinear drop




Larkoski, Marzani, Soyez, Thaler (1402.2657)

(generalization of mMMDT: Butterworth et.al., Dasgupta et.al.)

Soft Drop Grooming

. . CA Clustering Soft Drop Grooming
Recluster jet with CA % _/—é} -
particles jet >
Groom soft radiation )—/ }Reiected
Groomed
test for subjets: Clustering Tree
min(pr;, prj) (ARZ-J- )5
> Zcut
PTi T PT; Ry
3 Groomed Jet

two grooming parameters

I3 more grooming |—> less grooming
B =0 G >0
Zeut less grooming <—|—|—> more grooming

Zeut — 0.1 Zcut — 0.2



Soft Drop Factorization

groomed
jet mass

keep
2
keep [ T

dro P/\</

Match to SCET

Factorize
Jet Function

Q
cht — chut 2[3

Frye, Larkoski, Schwartz, Yan (1603.09338)

sum large logs from
ratios of scales

isolates measurement
from rest of event



Soft Drop Factorization

In(z™")

Soft Dropped T Softer

Frye, Larkoski, Schwartz, Yan (1603.09338)

® Single scale in Collinear-Soft function

® No non global logarithms for the

Collinear

spectrum

® Enables NNLL, ... precision

do
dmZJ
1=q,g W_J
normalization,
contains
SG(chuta 57 Rv :u)
_1
PP = QU7 [dk* Ji(m3 —

- Z N’i((I)Jazcutaﬁvau) PiSD(m?J’Q’ZCU-t’ﬁ"u)

W_J
soft drop jet mass
spectrum
Qk*, 1) Seu (KT QI7 m,
9 C1 cut 71“’ @ << Zcut << ]-
Collinear-Soft Quut = Qo2

function function



Soft Drop Jet Mass
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Larkoski, Marzani, Soyez, Thaler 2014 Frye, Larkoski, Schwartz, Yan 2016 Marzani, Schunk, Soyez 2017

Also: Kang, Liu, Lee, Ringer 2018, Baron, Marzani, Theeuwes 2018



Comparison with Measurements
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Nonperturbative Corrections to Soft Drop Jet Mass
Hoang, Mantry, Pathak, Stewart 1906.xxxxx

0.75

qq — — - Partonic

Focus on the region where the soft drop [ bythia 8.2, o'e -

[ Q= 1000 GeV

stopping subjet is perturbative: DA Hadronic
Soft drop operator expansion region(SDOE) g 03 Pes > PA
1 S
In(z™") | Soft Dropped £ o5 b
N O
P~ A2 = :
T Softer QCD L |
-5. 0.

logy (m%/Eg)

Consider the perturbative modes in the EFT and
determine the leading nonperturbative mode in
the SDOE region:  QAqcp ( 4m? )ﬁ -1

Q2 Zcut

Collinear

~ In(R; ") In(®"

2m2J
Derive the leading power corrections to the partonic cross section:
* 3 universal hadronic parameters (indep. of zcut, beta, R, Q, and mJ)
* Perturbatively calculable Matching coefficients.

e LL resummation of matching coefficients in the coherent branching formalism

dohad  ds, od o, dé
see talks by A.Pathak: dm? ~ dm% AU dm? (Cl (M7, Q; Zeus, B, R) dm%)
Tues. blackboard - theor 1§+ BYY 3 dé .
5 oy ° y T Q( =k 25 1,1) C;(mQJaQa Zcutaﬁ7R) 0-2

Fri.2pm - MC analyses m5 dm?



Collinear Drop

Demand that contributions from collinear region are at least exponentially suppressed

Examples:
o stronger
|) jet algorithm based & soft drop 2 srooming
eg. groom Jet (Zcut2, O2)
twice and take
complement o [O1 =02 Zoutl < Zeut2
Ocp = O[{jetSDl} \ {jetSDQ H ® 61 > 627 Zcutl — <cut?2
Ocp = Osp, — Osp, o 0O1>02, Zut1 < Zeut2 ...
CD jet mass: (Zeut1, B1)
2 _ 2 2
Am® = Mgsp, — MsD, (Zcth,ﬁz)
(trivially generalizes to drop

R
other observables) Y 2 2 /




Collinear Drop

Demand that contributions from collinear region are at least exponentially suppressed

Examples:

2) jet shape based

eg. energy fraction in an angular region

for eTe™ collisions: Ty = Z zi w(6;,00), where z; = bi
i€jet jet

for pp collisions: T = Z zi W(AR;, 0p), where z; = pJTez
1€jet Pr

collinear drop:  w(f < 6p,6y) ~ 0

suppress wide angle radiation if desired: w(¢ — R,6p) ~0

(can make various choices for W, and trivially generalizes to other observables)

Not CD: large a angularity, (1-T)-(C/6) , ... have polynomial angular

suppression




Focus on first example with two Soft Drops
2 2 2
Am*® = mgp, — mgp,

(Zcut27 62)

In(z~ 1)

+Softer

Soft Dropped
Zeutt =001, B =1

Collinear

Anti-Soft Dropped
Zeu2 =0.2, B2 =1

In R;ll In R:zl ln(H_l)




Choose a Region of Soft Phase Space

In(z™")
TSofter
Soft Dropped
Zeutl =0.01, B =0
@ Collinear
GS] e
GS,
[
Anti-Soft Dropped
Zeu2z =02, B2 =0
l l
I I
_ -1 _
InR™! InR,, InR,,
In(z™")
Soft Dropped
Zeutt =0.05, 1 = | 1 Collinear

Anti-Soft Dropped
Zeurz =0.15, B =1

InR™! InR>} In(e™")

In(z™h

Soft Droppe
Zcutl :OOI, ,81 =N

*Softer

Anti-Soft Dropped
Zcut2 :02’ ﬂZ = 1l

Collinear

Soft Dropped
Zeutl =0.1, g1 =1

Anti-Soft Dropped
Zeut2 :01’ 182 =0

Collinear

InR™!



Choose a Region of Soft Phase Space

In(z"™") In(z™")
TS ofter *Softer
Soft Dropped Soft Droppe
Zeutl =0.0L, 81 =0 Zeutl =0.01, B; =1 Collinear
® Collinear —
GS; —
1Gs,
.GS2 GS, Anti-Soft Dropped
Anti-Soft Dropped Zauz =02, f2 = 1
Zeuz =02, B2 =0
l l ' .
I I 1 1
InR™ In Ry, In R, In(6™") InR™ InR,| InR;, In(@™")
-1
In(z™)
. Soft Dropped
€ )
Pl nCh ed case Zeutt =0.1, Br =1 Collinear
° _>
provides extra
suppression \.
PP, GS Anti-Soft Dropped
for wide angle oz =01 2 =0
soft radiation |

|
1
InR! InR,| Rk, In@")



SCET Factorization (partonic)

virtuality ,
@ In(z™)
+Softer
3 Soft Dropped
G82 QCth — QZCU.’G 22 2 Zeut1 =0.01, B =1
? Collinear
— b1 GS,
GSI chtl — chut 12 -
Anti-Soft Dropped
2 CRalep: Zeur2 =0.2, B =1
213 1
CS (%) o .
2 Q cut2 : :
In R;,l' In R*Zl In(6~ 1)
143
CSl m2J 2—|—51 ﬁ
1
Q chtl
(as) s 2 N\ 52—
Single emission: A2 400 as()Ci ) | Zey 3 < Am >2+ﬁz T8

cut 1

double logs cancel when (; = (5

true for full resummed result (“NLL” is actually LL for this case)



virtuality ,

SCET Factorization (partonic)

G5

G5y

Q

Hgs2 = chtQ — chut 22ﬁ2

Hgsl — chtl — chut 12ﬁ1

In(z™h)

+Softer

Soft Dropped
Zeutt =001, B =1

Anti-Soft Dropped

Collinear

2 ;’:g; 1 Zewz =02, B = 1
CSQ Hes2 =— (5‘]) Qi:;fg : :
In R:ll In R:21 ln(é’_l)
2 ;igi 1 b b
m
Cby Hesl _( QJ) Quit
do :
— N'CD(q)JvRaz utiaﬁ’iv:u) P'CD(Am27Q7'Z utiaﬁiv:u) PI’OdUCt is RG
dAm? qu:g J Ny : J ’ / invariant
oD - (unlike Soft Drop)
H;" (@7, R)|Sa;(Qcut1, B1, 1)1Sc; (chw,ﬁ%u)‘
GSq GSo
)N e e + o+ 2 + + b AT TR
J = Qeutl Qewss [ k1 dks 5(Am — Qk — Qk; )'SCJ (lﬁ Qeutt 01, 1 )Py (k2 Qeut - 02, M)

CS1 CS2



Resummation

Simple to derive for fully hierarchical case:

B . 2452 2C (/Lcslau)
CD 22+ 51) 2(2+ 52) QTP |, i
Pj = eXp|— 1+ 6 CiK (fests ) + (1+ Bo) Ci K (pes2, 1) (11;;2 C{f?
QCU.tQ /’Lc;i !
X €exXp :wSCi (ﬂcsla /i) + Wpg, (Ncha H)} D¢y (8777 Ba, o (Mch))
1 2489
N Q 1+581 m 1489 e~ VEN 1 2 Q 1+ﬁ2
X SC% (877 + In Cllf:lj 02?/31 ) 617 Og (MCSl) F(n) AmQ 2+/320ut2
1 1
cht22 ,LLCS—HBl C;-2/32 Q 77:2Cj w(,ucsla,ucs2)

NJCD((I)Jy R; 5cuti7 67:7 Hgsly Hgs2, ,u) — H]CD<(I)J7 R)SGj<cht17 617 ,Ugsl)ng(chtQ: 627 MgsZ)

2C'; 2C;
X €Xp [1 I 351 K(Mgsla () — 1+ 352 K(MgsZa ,U)] exXp [WSG% (Ngsla ) + W3, (MgsZ: U)}

Up to NLL this same formula smoothly gives the non-hierarchical cases

Only consider NLL here



Transitions & Endpoints

ol 5 - Am? Same in “pinched
ollinear Drop endpoint: PRE T Feut? case

o \ W W )\

- R=R, =0.8, pPr = 700 GeV - R=Ry=0.8, pr = 700 GeV

: (Zcutl,ﬁl) :(OOIaO) r (Zcutl,ﬁl):(o-laz)

i (Zcut2,,82) — (0057 O) /1 5 I (ZcutZ,ﬁ2) = (Ola O)
30 254 60 L

Msgl = Hsg2
2 O
5 g o
20+
ol . . . .




Look at

pp — dijet



Collinear Drop vs. Soft Drop vs. Ungroomed

SCET

004 T T T T T T T T T T T T T T
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150 200
(Am?)'/2 GeV
13 TeV,R=0.8, pr: (600,700) GeV  PYTHIA dijet parton
i (ZeutB)
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Collinear Drop vs. Soft Drop vs. Ungroomed

Pt
log variable: /
R S S AT 1.2 [y
- 13TeV,R=0.8, pr: (600,700) GeV  SCET NLL partonic - - 13 TeV,R=0.8, pr: (600,700) GeV  PYTHIA dijet parton -
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Collinear Drop Spectra

SCET

dlog(o) / dlogso(Am?/p7?)

dlog(o) / dlogo(Am?/p+?)

-
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o
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SCET NLL partonic

Pythia
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i (ZcutB)
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PYTHIA

dijet parton :
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Endpoint of Evolution & Nonperturbative region
(SCET, compared to MC)

Stop SCET evolution at o ~ 1 GeV CD has a non-trivial
as Am?2 — 0 take  fes2 — Mo contribution
es1 — MO in Am? ~ 0 bin

In(z™)

+Softer

Soft Dropped
Zeut1 =0.01, By =1

CS;

Collinear

s,

Anti-Soft Dropped
Zeu2 =0.2, B2 =1

GS,

i i
7 7
In R;ll In R;zl ln(Q_l)



Stop SCET evolution at o ~ 1 GeV

Hes2 — O

Endpoint of Evolution & Nonperturbative region
(SCET, compared to MC)

as Am? — 0 take

Hes1 — MO

varying the cutoff:

dlog(o) / dlogqo(Am?/p12)

04l

0.8

0.6

(Zeut1,81)=(0.1,2)
(Zeur2»B82)=(0.1,1)

------ PYTHIA
---- VINCIA

. 13 TeV,R=0.8, pr: (600,700) GeV
partonic dijet

— up=1.0 GeV

NLL SCET =10 norm
—— 4p=15GeV |

CD has a non-trivial

contribution
in Am? ~ 0 bin

© dAm?
- NLL SCET
- —— w=15GeV
L ——  1p=10GeV
\Value also depends
on CD parameters
s 4 3 2 1 0
I |—|0910(Amc2/pT2)

region more sensitive to NP effects / hadronization



Sensitivity to Hadronization & MPI (MC)

© 13 TeV,R=0.8, pr: (600,700) GeV
 PYTHIA dijet

(Zeut1,81)=(0.1,1)

(Zeur2,82)=(0.1,0)

Am?Z=m?

parton
hadron

2 o
SDy —m SD»

hadron+MPI |

" 13 TeV,R=0.8, pr: (600,700) GeV

(Zeut1,81)=(0.05,1)

 PYTHIA dijet (Zeur2B2)=(0.20,1)
_ parton Am?=m?gp - m?sp 5
_— hadron |
. —— hadron+MPI

Interesting hadronization corrections

® Soft Drop grooming protects against large MPI effects




dlog(g) / dlogso(Am?/p12)

Quark and Gluon Components for Dijet

08 T T T T T T T T T T T T T T T T T T T T T T T T
| 13 TeV,R=0.8, pr: (600,700) GeV (zZeut1,61)=(0.1,1)
.~ PYTHIA hadronic dijet (Zeut2,082)=(0.1,0)
—— quark+gluon
I —_— uark
04+ d
I S gluon

0.2

0.8

0.6

dlog(g) / dlogso(Am?/p?)

- 13 TeV,R=0.8, pr: (600,700) G
. PYTHIA hadronic dijet
- —— quark+gluon

N — quark
| — gluon

eV

(Zeut1,81)=(0.05,1)
(Zeur2,B82)=(0.20,1)

2_,2 2 .
Am*=m~gp, —m~sp,

® Quark and Gluon peak in different regions




Comparison SCET & partonic MC
gluon

quark

dlog(o) / dlogso(Am?/p+?)

dlog(o) / dlogo(Am?/p+2)
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13 TeV,R=0.8, pr:
partonic quark jet

2_,2 2
Am”=m*gp, —m”sp,
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13 TeV,R=
partonic gluon jet
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(Zeur2,82)=(0.1,0)
2

Am?=m

2 i
SDI —-m SD2

PYTHIA
VINCIA

log1o(Am?/p7?)

13 TeV,R=0.8, pr: (600,700) GeV

partonic gluon jet

Am? =m’ 2

SDy —m SD,
PYTHIA parton ISR off et

(Zeut1,81)=(0.05,1)
(Zeur2,$2)=(0.20,1)

log10(Am?/p7?)




0.8

Comparison SCET vs. MC (dijet)

13 TeV,R=

partonic dijet

8, pr: (600,700) GeV

(Zeut1,81)=(0.1,1
(Zeur2,B2)=(0.1,0)

PYTHIA
VINCIA
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(o))
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©
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(Zeur2,82)=(0.20,1)
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Summary:

® Collinear Drop: direct probe for soft (& collinear-soft) radiation

® TJool for MC, testing softer momentum regions in the shower
and hadronization models

® Interesting observable for color correlations (quark vs. gluon, ISR)

Future:
® [Improve partonic SCET predictions (NNLL+NLO)

® Universality for hadronization? (extend Soft Drop results)

® Study slices through soft phase space with other
Collinear-Drop observables (eg. angularities)

® Add Herwig. Systemize the study of various features.
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