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JETS
Collimated, energetic
spray®f particles

WATLAS

i XPERIMENT

ubiquitous @LHC:
60-70% of ATLAS
& CMS papers use

jets in theianalyses!



Searching for new particles)(l-a

¥ dandard analysis: the heavy particle X decays into two
partons, reconstructed as two jets
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http://arxiv.org/abs/1407.1376

Searching for new particles 1-b

¥ resolved analyses can look for much richer topologies
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Search for massive supersymmetric particles decaying to many
jets using the ATLAS detector in  pp collisions at s=8 TeV

The ATLAS Collaboration
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Searching for new particles (Il)

¥ LHC energy (10GeV) > electro-weak scale (AGeV)

¥ EW-scale particles (new physics, Z/W/H/top) are abundant
produced with a large boost

Fully Hadronic ""#$%&'&kearches

=N - )&+ 4+""01(23 ;456 local / 758 "9:&%/:"" %w;
e g \ - (< =4><"$2$:/>" & "01("Bwith functional fit
$ _ e \ of the background
- \ - @&TBISAS( -+ Y +> =+ N
boosted X _ | o e, e T oreondste 77
P S
= !
T / E — -
% /7 =~ ~ / et
<) T~
e— S —— ————
¥ their decay-products are then collimated e

¥ if they decay into hadrons, we end up with eIz
deposition of energy in the hadronic calorimetest
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Outline

1. Jet debPnitions, cross-sections and distributions
(mostly review of the Peld, with some personal contributions)

2. Looking inside |ets: jet substructure

3. Using jets to learn about Peld theory



Jet debnitions,
Cross-sections and distributions



Jet dePnition(s)

¥ Jet algorithms: sets of (simple) rules to cluster
particles together

¥ Implementable in experimental analyses and
Il theoretical calculations -----------------------SyE==ettttt

¥ Must yield to bnite cross sections

¥ First example :




Jet dePnition(s)

¥ Jet algorithms: sets of (simple) rules to cluster
particles together
¥ Implementable in experimental analyses and
Il theoretical calculations ----------------------—SE==et et
¥ Must yield to bnite cross sections
¥ First example :

| To study jets, we consider the partial cross section

- of(E,B,R,¢,8) for ete” hadreon production events, in which all but
a fraction e <<]1 of the total e*e- energy E is emitted within
some pair of oppositely directed cones of nalf-angle § << 1,

lying within two fixed cones of solid angle 1 (with né? <<l << 1)

| at an angle & to the e+e- beam line, We expect this to be measur-

Sterman and Weinberg,
9 Phys. Rev. Lett. 39, 1436 (1977):



Seguential recombination

¥ A large class of modern jet debnitions is given by sequentiz
recombination algorithms

¥ Start with a list of particles,
compute all distancesandds

¥ Find the minimum of al| andd

dj (weighted) distance betwee|
dis external parameter afistance
from the beam ...

for a complete review see G. Salam,
Towards jetography (2009)
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¥ Start with a list of particles,
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¥ If the minimum is d;, recombine
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for a complete review see G. Salam,
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Seguential recombination

¥ A large class of modern jet debnitions is given by seque
recombination algorithms

¥ Start with a list of particles,
compute all distancesandds

¥ Find the minimum of al| anddg

¥ If the minimum is d@;, recombine

| andJ and Iterate dj (weighted) distance betweel

dis external parameter afistance
from the beam ...

¥ Otherwise calla Pnal-state jet,
remove It from the list and iterate

We have debPned jets, how do we now study jet
cross-sections and distributions ?



The three pillars of LHC pheno

The mostcommon one

architecture.knoji.co

Parton showers

¥powerfulgeneral-purpose tools
¥provide fully differential events
¥interfaced with non-perturbative
models to give a realistic descriptic
¥all-orders, but theoretical accuracy
beyond leading-lagjfbcult to asses:s

Sy .
\ Resummation

Corinthian

¥well debned and improvable
accuracy (examples up tclNL)

¥provide insights and understandir

¥feasible for a limited number of
observable@ow automation)

Fixed-order

¥exploit QCD pert. expansion
¥NLO highly automated

¥can provide fully differential events
¥NNLO revolution on its way |
¥N3LO examples |
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http://architecture.knoji.com

Inclusive jet production
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ATLAS, Phys.Rev. D86 (2012) 014022

¥ Inclusive jet observables are well-described by Pxed-order ¢
¥ Several NLO codes are publicly availabd@ (-« by nagy. naet by Badgear).
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http://prd.aps.org/abstract/PRD/v86/i1/e014022
http://prd.aps.org/abstract/PRD/v86/i1/e014022

Many jets at NLO
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d! /dp, ;, [fb/10 GeV]

¥ large number of diagrams

Jet production at NNLO

¥ subtraction schemes highly non-trivial
¥ complex color structure
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Boughezal, Caola, Melnikov, Petriello, Schulze (2013)
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Caola, Melnikov,, Schulze (2015)
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Parton showers and bxed-order

“—s - ¥ tremendous amount of work
N .y s o In combining all-order partolr
l ' = S0 showers to Pxed-order

¥ different methods,
iImplemented in public codes
¥ a new standard for analyses

Inclusive Jet Multiplicity

'(W+ ! N jets) [pb]

¥ Matching to NLO (MC@NLO,
Powheg) and even NNLO (MIinLO)
Frixione, Webbeet al., Nasonret al , Hamilton eal.
¥ Merging different jet multiplicities
@NLO and P S wmum, ckkw(L), MEPS@NLO, E

Hoeche, Krauss, Schonherr, Siegert (2012)
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1/ md Q-

Data/Theory
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Resummation

¥ parton showers provide a very general framework to
obtain all-order predictions in QCD. So why bother?

¥ we would like to reach better accuraeygimore logs,
subleading colors)

¥ we want to reach analytical understanding

Probing QCD radiation in-between hard objects
(Jets or electro-weak bosons)

ATLAS = +
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y NLL+NLO & |

10 dtdT,,

Banpb, Dasgupta, SM,

Tomlinson (2012)

Banpb, Monni, Salam,
Zanderighi (2012)

Banpb, Salam, Zanderighi
(2010)

Duran, Forshaw, SM,

20 Seymour (2011)



Resummation and automation

¥ many different calculations (both in dQCD and SCET)
¥ far away from automation
¥ one examples: resummationgbdbal event shapes

CAESARNLL resummation (and its recent extension to NINLL

Banb, Salam, Zanderighi (2002-2010), Banb, McAslan, Monni, Zanderighi

—
RO N :
V({g},k) = d % ¢ g | 1. parametrize event shape

In k,/Q

74 2. dipolesO phase-space and multiple emi

3. master formula for resummation
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A e yla :
leg 1 kt viEQ
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Inf (v) = C r(L)+r/ (L) Ind ! b_ln6 +B/ T ——
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Automating the soft function

!mo|e—§ﬂe—§r|mo"

S(£) =

= —ZZTZéT] In

we need color-decomposition of

!molmon

Qz'j

12

+ ill

Gerwick, Hoeche, SM, Schumann (2014

large-angle soft gluon contributions

have complicated color structure

both Born amplitude and soft
anomalous dimension

Dixon

Sub-process | ggg99| q999| A9 | 99999| q9999| A9Wg unt” recently by hand
Dim. basis 5 3 2 16 10 4
Dim. Born 2 2 > 6 6 4 Kidonakis, Oderda,Sterman (1998)
zero eigenvalues O 0 0 0 0 0 AL TS ST (000
NOW: general bases an | "Sub-process | 6g [ aea [ aeomaa| qqaeq| 79 | agby | aemso | aecraay
i Dim. basis 79| 46 14 6 421 | 252 62 18
Comix (Sherpa) for BOrry omeon [2a] 22a] 12 | 6 |120] 120] 48 | 18
zero eigenvalueg 5 6 1 0 70 | 75 12 1

amplitudes
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Looking Inside a jet:
et substructure



| CMS Experiment at LHC, CERN
Run 133450 Event 16358963

© )| Lumi section: 285

Sat Apr 17 2010, 12:25:05 CEST | /

JETS
Imated, energetic
By Of particles

We want to look
Inside a et



, )| CMS Experiment at LHC, CERN
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Signal-jet mass

¥ First jet-observable that comes to mind

¥ Signal jet should have a mass distribution peaked near the
resonance

- \

1

—= (7>, /

2/ T~ _ 7

¥ However, thatOs a simple partonic picture
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A useful cartoon

Inspired by G. Salam

\e/ hadronisation

pert. radiation
(parton branching)
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A useful cartoon

Inspired by G. Salam

y hadronisation
underlying éven ‘Q’ / pert.radiation
(multiple parton - : (parton branching)

Interactions)
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A useful cartoon

Inspired by G. Salam

hadronisation
underlymg e\[en \Q? °.'f, pert. radiation
(multiple parton o . : (parton branching)

interactions) .

multiple proton interactions)




Effect of jet mass

¥ |n reality perturbative and non-pert emissions pair broadens

and shift the signal peak

¥ Underlying Event and pile-up typically enhance the jet mas:

(both signal and background)

jet mass distribution from W bosons
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http://prd.aps.org/abstract/PRD/v86/i1/e014022

Beyond the mass: substructure

¥ LetOs have a closer look: background peaks in the EW reg
¥ Need to go beyond the mass and exploit jet substructure
¥ GroomingandTagging

1.clean the jets up by removing soft junk

2.1dentify the features of hard decays and cut on them
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= ATLAS, JHEP 1309 (2013) 076
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http://prd.aps.org/abstract/PRD/v86/i1/e014022

Beyond the mass: substructure

¥ LetOs have a closer look: background peaks in the EW reg
¥ Need to go beyond the mass and exploit jet substructure
¥ GroomingandTagging

1.clean the jets up by removing soft junk

2.1dentify the features of hard decays and cut on them
¥ Grooming provides a handle on UE and pile-up
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http://prd.aps.org/abstract/PRD/v86/i1/e014022

Trimming

Krohn, Thaler and Wang (2010

recluster discard subjets @

—

with < Zcut pt

on scale Rsub

1.Take all particles in a jet ar g
re-cluster them with a |
smaller jet radiusiB< R

2.Keep all subjets for which
ptSUbjet> 2 pt

3.Recombine the subjets to - R
form the trimmed jet Before After

33




A theoristOs worry

¥ Complicated algorithms with many parameters
¥ Are we giving up on calculability / precision QCD ?

precision

QCD \

.\
=g

A\
ST e
-

M. Schwartz (Boost 20.i2:)‘ Pisel

¥ First comprehensive QCD stuolythese algorithms

Dasgupta, Fregoso, SM, Powling EPJ C (2013)
Dasgupta, Fregoso, SM, Salam, JHEP 1309 029 (2013)
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Soft-gluon phase space

Soft gluons off a ha
parton (a quark for
debPniteness)

11 z

Emission probability is uniform in the

(log z, lod) plane: dp. | ls C dZZi C:li
Ty

35




Trimming

Soft gluons off a ha
parton (a quark for
debPniteness)

11 z

¥ The action of a groomer is to remove some of the allowed
phase space (typically soft and soft-collinear)

¥ What are the consequences for physical observables, e.qg.
the jet mass ? 36



Trimmed mass: MC vs analytics

Pythia 6 MC: quark jets
m [GeV], forp, =3 TeV,R=1

10 100 1000
0.3 ~—rrrm——rrrr————r - ——
Trimming
Reup = 0.2, 2,4t = 0.05 = '
o2} Reup=02,7,4=01 = = = |
o
E L S
/
'g \
01}
0

10 107 001 01 1
2, 2 2
I =m"/(p;y R) Dasgupta, Fregoso, SM and Salam (2013)

¥Trimming is active (and aggressivekforp < Rsut/R2 Zout
¥ Not active below because of bxegdR

S/



Trimmed mass: MC vs analytics
Modibed LL (MLL): LL + hard collinear + running coupling

Pythia 6 MC: quark jets Analytic Calculation: quark jets

m [GeV], forp, =3 TeV,R=1 m [GeV], forp,=3TeV,R =1
10 100 1000 10 100 1000
Trimming Trimming
Reyp = 0.2, 2,y = 0.05 = ] ' Reyp=0.2, 2;;=0.05 = ]
o2t Reup = 0.2, 254 = 0.1 = = = ] o2t Reup=0.2, Z;;7=0.1 = = = |
© ©
IS PR E _
E N = 7N
IO 01}
0 ] L M M O - ] ] L M M
10 107 001 01 1 10° 107 001 01 1

| =m’l(p; R®)  Dasgupta, Fregoso, SM and Salam (A28} /(v; R?)

¥Trimming is active (and aggressivekforp < Rsut/R2 Zout
¥ Not active below because of bxedsR
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Analytic understanding at work:
SOft DrOp Larkoski, SM, Soyez and Thaler (2014)

1.Undo the last stage of the C/A clustering. Label the two
subjetsjand 3 .

' , "R\
2 |f min(pr1, Pr2) e ( 1 )
Pr1t Pr2 R

then deem | to be the soft-dropped je

3. Otherwise redePne | to be the harder subjet and iterate.
1-prong jets can be either kept (grooming mode) or discarded (tagging mode)

¥ Generaliation of the (modibPed) Mass Drop procedure

¥ no mass drop condition (not so important)

¥ mMDT recovered fof=0 P Dasgupts, Freguas SMIATHS e
¥ some inspiration from semi-classical jetS tseng and Evans 2013)

£12)



Soft Drop as a groomer

¥ useful to
consider the soft-
gluon phase spac

¥ soft-drop
condition become

Z > Zcut R

¥ soft drop always removes soft radiation entirely (hence the ni
¥ for B>0 soft-collinear is partially removed

40



Soft Drop vs Trimming

¥ trimming had an
abrupt change of
behavior due to
pPxed Rub

¥ in soft-drop
angular resolutior
controlled by the

exponentf

¥ phase-space
appears smoothe

Soft dropin grooming modefix0) works as aynamical trimmer

41



Soft Drop and mMDT

¥ useful to
consider the soft-
gluon phase spac

¥ soft-drop
condition become

Z > Zcut R

¥ soft drop always removes soft radiation entirely (hence the ni
¥ for B=0 soft-collinear is also entirely removed (mMDT limit)
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Soft Drop as a tagger

¥ useful to
consider the soft-
gluon phase spac

soft dropped ¥ soft-drop
condition become

Z > Zcut R

¥ soft drop always removes soft radiation entirely (hence the n:
¥ for <0 some hard-collinear is also partially removed
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Calculatingroomed-jet properties

Pythia8, parton Analytic

0.25 1 1 II 1 1 II-I -I II 1 1 II 1 1 II 1 LI 0.25 1 1 II 1 1 II-I -I II 1 1 II 1 1 II 1 LI
plain jet plain jet dashed: one em.
"=2 "=2 solid: mult. em.
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energy TN
correlation
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B Pythia8, parton Analytic
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Calculatingroomed-jet properties

0.5

0.4

groomed jet
radius

0.3

0.2

Ry/! d!/dR,

(1€ Ri2)

0.5

jet energy | .
drop

e/ d fl

Pythia8, parton

p>3 Tei

- ﬁ-_i-_‘g_ﬁh‘\.‘h‘.r‘\.ﬁ.ﬂ.'-.l - I
I dl
Ry/! d! /dR,

Pythia8, parton

R=1,p>3 TeV, z

Ll dtid) g

0.5

0.5

04 -

0.3

0.2

0.1

Analytic

R=1, p>3 TeV, z

Analytic

R=1,p>3 TeV, z

Dashed: one em.
Solid: mult. em.

10°



Analytics to check MCs

¥ How solid are MC descriptions of jet substructure ?
¥ Take something we analytically understand very well (mMLC

I/ md m' d|

m [GeV], forp, =3 TeV,R=1
10 100 1000

v6.425 (P11) p, ordered = = =

| v6.425 (DW) virtuality ordered == == = |
0.1 F -
v8.165 (4C) p, ordered = : =

46

¥Take the spread as the
uncertainty ?

¥ But we also have an
analytic calculation



Analytics to check MCs

¥ How solid are MC descriptions of jet substructure ?
¥ Take something we analytically understand very well (mMLC

miGev] forp = TeV, R =1 ¥ Take the spread as the
| v6.425 (DW) virtuality ordered — — = | uncertainty ?
OLE e 40y b ordered — - ¥ But we also have an
':“ v6.428pre (P11) pf\Q?JfriSZ s analytiC calculation

.
ke O
*

N

¢, &

Y -:—-N.‘Q-—-'\_\
L} v N

R W ¥ Problem in the shower:
| pxed by the Authors In
the 6.428pre version

I/ md n/ d |

I pt,jet >3 TeV

[ MMDTy,,, = 0.13)

10°° 10 001 01 1
| = m?%/(p? R?)
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more robust

Jet substructure Taggers
at LHC Run |

deeper understanding
QCD, calculationsic.

iIdeas, phenomenology,

MC simulationstc. more efbcient
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Jet substructure Taggers

at LHC Run I
1%
D)
O
= -
= 8 5 Eand we probably
S 2£3 are somewhere
5 O here
%D
5

»*

iIdeas, phenomenology,

MC simulationstc. more efbcient
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Using jets to learn about
pPeld theory



¥

¥

Common lore: IRC safety

For an observableOs distribution to be calculable in [Pxeerord Taken from Gavin Salam
perturbation theory, the observable should be infra-red safe, i.e
Insensitive to the emission of soft or collinear gluons. artular if b;

IS any momentum occurring in its dePnition, it must be invariamtder Sterman_weinberg

the branching

bi b+ b jet dePnition
whenevelp; andpy are parallel [collinear] or one of them is small
[infrared]. [QCD and Collider Physics (Ellis, Stirling & Webber

in soft or collinear limit the The original (Pnite) jet dePnition

O-functions disappear An event has 2 jets if at least a frac- |

R-V cancellation occurs tion (1! !) of event energy is con-
leading to a Pnite cross-  tained in two cones of half-angle.

sectionlRC safety | ) 2"Ce dEd$ _TE
!2!jet—!qq: 1+ I E $ R 6,$
subtract © &
3-jet component ® E &
! (1 1 ! (E 11 O/Q) ! ($ [} ] 80) [ 1] V 6’ $

il



Common lore: IRC safety

For an observableOs distribution to be calculable in [Pxeerord Taken from Gavin Salam
perturbation theory, the observable should be infra-red safe, i.e
Insensitive to the emission of soft or collinear gluons. &rtigular if ;

IS any momentum occurring in its debPnition, it must be invariamtder i
~ the b>r/anching ¥ Partonlc_:
bi ! b+ by Cross-sections
whenevelp; andpy are parallel [collinear] or one of them is small
[infrared]. [QCD and Collider Physics (Ellis, Stirling & Webber

In soft or collinear limit the
O-functions disappear
R-V cancellation occurs !
leading to a Pnite cross-
sectionlRC safety

IRC unsafe example

partonic x-sections p s
an arbitrary collinear

emission carries away

momentum fractiol-x : B d% - -
collinear divergencies b=1g "(1! x)+ S T/O(P(X)+ K"(1! x))+ C(x)

absorbed by pdfs i



Beyond IRC safety ?

Larkoski, SM and Thaler (2P15

|IRC unsafe
|IRC safe
for =0

always contributem the

collinear limit At this point non-pert
real / virtual singularities ObJeCtS are Usua”y
donOt cancel iInvoked
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Perturbative Sudakov safety

p(zg) = $ dz, = drgp(rg) p(zg|rg)\

Pnite conditional
probability forg0
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Perturbative Sudakov safety

1d$
Zq) = = drgp(r Zo |1
P(Zg) $ dz, g P(rg) P(Zg| g)\
all-order distribution: / Pnite conditional
emissions at zero angle afe probability forg>0

exponentially suppressed

If this procedure gives a Pnite regyi$, saidsudakov satf:
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Perturbative Sudakov safety

1d$
Zq) = = drgp(r Zo |1
P(Zg) $ dz, g P(rg) P(Zg| g)\
all-order distribution: / Pnite conditional
emissions at zero angle afe probability forg>0

exponentially suppressed

If this procedure gives a Pnite regyi$, saidsudakov satf:

As B varies, we move from an
IRC safe situation to IRC unsafe
(but Sudakov safeBgime

What Is the structure of the
result ?
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Fixed-coupling calculation

"~ \. ~ ) splitting
P(zg) = ) S!C'(fexp ;!C, Ing)ﬁ (P.i(zg) /functlon

# erf —sFilog- !oerf  —Filog =

l <0: IRCsafg "s! expansion
' > 0: Sudakov safe "g! expansior

¥ In the IRC safe case we recover a standard pert.
expansion (good!)

¥ the Sudakov safe case has a non-analytic expansion in t
coupling!

ST/



The = 0 boundary

¥ The = 0 case (MMDT for the experts) is special

o # / 4+ functionFto absorb

i By J . A
L Piz)! (zg" zw)" F(zg)  dzPi(z)  collinear singularities

Zcut

T " d# we introduce a fragmentation

¥ Via renormalizatioRracquires scale
dependence |
¥ RG RBow with a perturbative UV~ — |
bxed point: f

¥ Alternative interpretation: generalized IRC safety
¥ Fis a measurement function for 1-prong conPgurations
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Some funEvery preliminary!

| donOt yet know
how to estimate
theory
uncertainty: now
vary scales
iIndependently

| loose
normalization

10

1.4r

Ratio 1.2¢

o 1.0f
Theory 0.8k

0.6r
0.0

—— Theory (MLL)

Antibki:R =0.5; pt > 150 GeV | |
Soft Drop: " =0; z.t =0.1

0.1 0.2 0.3 0.4 0.5 0.6

0.1 0.2 0.3 0.4 0.5 0.6
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Some funEvery preliminary!

Comparison to
standard MCs tell
us that we are
not doing
anything crazy

10
—— Theory (MLL)
8t —— Pythia 8.205 1
— Herwig++ 2.6.3
6L Antibki: R =0.5; pr > 150 GeV _
1 d! Soft Drop: " =0; z.t =0.1
l dzg 4
s
-
80 0.6
1.4¢
Ratio 1.2
to 1.0F :\_:\_\_‘_.éaq_,_._-—-—' —r— ﬁ
Theory 0.8k —
0.6} | .
0.0 0.1 0.2 0.3 0.4 0.5 0.6
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Some funEvery preliminary!

Unigque
opportunity to
test these ideas:
CMS open data

10 1 1
Prelim. (20%)
8_
6_
1d!
L dzg 4
E3

-+ CMS 2010 Open Data
—— Theory (MLL)

—— Pythia 8.205

— Herwig++ 2.6.3

Antibk;: R =0.5; pr > 150 GeV |

Soft Drop: " =0; z.t =0.1
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Summary

1. Jet debnitions, cross-sections and distributions
¥ towards automation of resummed calculation

2. Looking Inside jets: jet substructure
¥ very active beld (theory and experiment).
¥ It has now reached maturity

3. Using jets to learn about Peld theory
¥ understanding (and pushing) the limits of pQC
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Most common jet algorithms

Common choices for the distance are
p = 1 k algortihm
(Cataniet al, Ellis and Soper)

: =
AT 2p .2p ! R% p = 0 Cambridge / Aachen |
dij = min Py, ptj (Dokshitzeret al, Wobish and Wengler
RZ
p = -1 anti-k algorithm
SR 2 Cacciari, Salam, Soyez
diB o ptip ( yez)
: Ty 2 2
with | Rij =(yi!t yj)o+( 0 1)

¥ Different algorithms serve different purposes

¥ Anti-k clusters around hard particles giving round jets
(default choice for ATLAS and CMS)

¥ Anti-k is less useful for substructure studies, whSleCKA

refdects the structure of QCD matrix elements
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Soft Drop In data

CMS study of W tagging with soft-dropped jet mass

19.7 fo* (8 TeV) 19.7 b (8 TeV) 19.7 bt (8 TeV)

> T T T T T > [ T T T T T T T T T T T T T >
8 - @ Data CMS 8 600 [~ o pata CMS ] 8 300
s 300 [~ TopW! ) Preliminary — N Top (Wt ) Preliminary N
@ B Top (@t ) 7 B Top@! ) I
c Top(g! ) —_— c Top(g! ) —_— IS
2 [l Other bkg 2 [l Other bkg °>'>
m — w . — w

B 400 [— —] 200

200

= N\
100 o 200 100

4 4
2 Oy IR = Sl
T 3 a4 T T e
| I T T B -1y 200 ‘ 40 50 100 150 200
| M 2 [GeV] Mgy ! =-1 [GeV]

CMS-PAS-JME-14-002

What about ATLAS ? ;-)
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Trimmed mass at LL

¥ One emission
sets anasan

¥ Need to veto
emissions that
would give too
big a mass (blue)

¥Trimming here
has no effect

¥ Probability of
having a massss
thanm is given by

smallerp = m?/ (R? p1?)
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D

I
=

D
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|
N

O
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line of constant
m?=2pgapy ! z(1" %) °p%
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Trimmed mass at LL

¥ First transition
point atp = Zcut

¥ Soft & soft-
collinear radiatior
IS trimmed away

¥ Only single logs!

smallerp = m?/ (R? p1?)

-2 = Leut

: ! 3 1 1
! (t“m) (| ) | eXp " 32(#\4: " é In I_ + " (I n Zcut) |n2 I_+
1 # ' #$
" " > 1 Zcut 1
+" (Zewt " ') In©—+2In In

Zcout ! Zcout




Trimmed mass at LL

1 ¥ Second transitiot
o9 point at
smallerp = m?/ (R2 pr?) P o IQSUbZ/IQ2 Zcut
¥ Soft & soft-

X, Zcut collinear radiatiol

below angular
resolution isnOt
trimmed away
¥ Back to double
logs (same as

plain mass)
! [} ]
L @M (1)1 exp " Z(;F glnl1 + (1" Zew) In® =
" 1 Z 1 #o Z rz#$
+" (Zew " 1) 2= +2In = n £ (Zoer2" 1) In2 2t

Zcout ! Zcout




