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Outline

 New observable: fractional jet multiplicity

* This talk: discuss analytic predictions and unique features
[DB, J.Thaler, and J.Walsh 1501.01965]
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Fractional Jet Multiplicity

definition

Njet = Z = O(Lir > Feut)
1€event

E;p = ZEJ @(A(g@] < R)

= energy in a cone around
particle i
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Fractional Jet Multiplicity

definition

- E,
]Vjet = Z o @(EzR > Ecut)

1€event

E;p = ZEJ @(A(g@] < R)

/ ;,
Each particle in the event = ene"gypi:rii ézlc;nie around
can contribute to jet multiplicity

Apparent over-counting is fixed
by the weight Ei/Eir
[ Jets-Without-Jets
DB, T.Chan, and J.Thaler 1310.7584]
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Fractional Jet Multiplicity

definition

Example of distributions in eTe™ — jets

Monte Carlo Distributions Monte Carlo Distributions
i QTv0cey — Pythia8 Lo QTS pythia8
S — Herwig++ | 107 Fou=20GeV . Herwig++ 3
. R=04 5 ; R=04
-§> hadron level = : hadron level
1L v

I Y R N s |

B 10-3L B '

=107 1 = L

10 : 107! 3
o 1 2 3 a4 5 6 18 20 22 24 26 28 30 32
N jet N; jet
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Fractional Jet Multiplicity

definition

Example of distributions in eTe™ — jets

Monte Carlo Distributions Monte Carlo Distributions
o1 97000y — Pythia8 Lo TINoY — Pythia8
Ecut =30GevV o Herng++ 10 _ Ecut =50GevV Herwig++ i
. R=04 J ~ ; R=04
o3 hadron level - hadron level
1L v

—8 2 N S o |

S 1073 5

= 107 = 1

10‘5;- -1 /

; 107"
N T
0 g 20 22 24 26 28 30 32

Njet

| will describe analytically the near-integer distribution
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Fractional Jet Multiplicity

definition

Collimated particles give integer number of jets

Consider three hard particles
Ei=E2=E3>Ec.
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Fractional Jet Multiplicity

definition

Collimated particles give integer number of jets

~

Nie: = 2 Ei/ Eir

o0 o = |/3

Consider three hard particles
Ei=E2=E3>Ec.
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Fractional Jet Multiplicity

definition

Collimated particles give integer number of jets

~

Nie: = 2 Ei/ Eir

I = |/3+1/3

Consider three hard particles
Ei=E2=E3>Ec.
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Fractional Jet Multiplicity

definition

Collimated particles give integer number of jets

~

Nie: = 2 Ei/ Eir

oo o = |/3+1/3+1/3=]

Consider three hard particles
Ei=E2=E3>Ec.
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Fractional Jet Multiplicity

definition

Less collimated particles give fractional number of jets

Consider three hard particles
Ei=E2=E3>Ec.
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Fractional Jet Multiplicity

definition

Less collimated particles give fractional number of jets

~

Nie: = 2 Ei/ Eir

o0 o = |/2+1/3+1/2=4/3

Consider three hard particles
Ei=E2=E3>Ec.
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Fractional Jet Multiplicity

definition

Soft limit drives the approach to the integer value

~

Nie: = 2 Ei/ Eir

o =4/3 = 1.3
Z3=E3/Etot= /3

Consider now one particle going soft
Ei=E>>Ec.cand E3—0
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Fractional Jet Multiplicity

definition

Soft limit drives the approach to the integer value

~

Nie: = 2 Ei/ Eir

~
—
[ J

Consider now one particle going soft
Ei=E>>Ec.cand E3—0
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Fractional Jet Multiplicity

definition

Soft limit drives the approach to the integer value

~

Nie: = 2 Ei/ Eir

ono

Z3 — E3/Etot =0

Consider now one particle going soft
Ei=E>>Ec.cand E3—0
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Fractional Jet Multiplicity

definition

Well separated clusters of particles give integer number of jets

Consider three hard particles
Ei=E2=E3>Ec.
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Fractional Jet Multiplicity

definition

Well separated clusters of particles give integer number of jets

~

Nie: = 2 Ei/ Eir

L O = |/2+1/2+1|=2

Consider three hard particles
Ei=E2=E3>Ec.

Daniele Bertolini - SCET 2015



Fractional Jet Multiplicity

properties

* To get non-integer behavior we need at least three particles.
LO = O(as?) in pQCD

* They have to be collimated (~ within 2R) and occupy special regions
of phase space

* Near-integer behavior is driven by soft logarithms
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Near-integer distribution

fixed order

Consider e™

< SRR s >
q (g q q
A2— = 2 _]/\\?jeta A2—|— — jv/jet - 27 A3— =3 _Kfjet

do
dAgy

e — jets

_ /dq>4 T(ete™ — 4 partons) F(Agt, Py)
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Near-integer distribution

fixed order

_|_

Consider e"e™ — jets

Az- =2~ Nie, App = Njew — 2.

do
dAgy

_ /dq>4 T(ete™ — 4 partons) F(Agt, Py)

-

T(ete™ — 4 partons) ~ T (eTe™ — qq) - Z 7,001 — 3)

ke{q—999,q— 993.9 —q¢dq,q— q7q}

Daniele Bertolini - SCET 2015



Near-integer distribution

fixed order

_|_

Consider e"e™ — jets

Az- =2~ Nie, App = Njew — 2.

do
dAgy

_ /dq>4 T(ete™ — 4 partons) F(Agt, Py)

e \

T(ete™ — 4 partons) ~ T (eTe™ — qq) - Z 701 - 3) measurement

ke{qg— 999,40 — 997,90~ 479,04 77 function
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Near-integer distribution

soft logarithms and rapidity divergences

single soft limit

; ; . . 21 — Egl /Etot — 0

giq g 0 Dermafln)=XN, (a,2) (W)
\o S do/dAgy ~ 1/Asg,

double soft limit
212 = Eg, ,/Etot — 0
Aoy ~ 22120 ~ N, (21,29) =~ (N, N)

dO'/dA2+ ~ lOg A2+/A2_|_ + 1/A2_|_

~ - -
____________
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Near-integer distribution

soft logarithms and rapidity divergences

Modes controlling near-integer behavior

2
\
We get “rapidity-like” divergences like
LT sc} 1soft, 2 collinear in SCET) and we use rapidity-regulators
In this case the rapidity-like variable
isy = 1/2 log(zi/z2)
! 1 soft, 2 soft
AN
1 collinear, 2 soft
AZ.
CS
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Near-integer distribution

fixed order

Fixed order result

do
= 0090 (A
ANt 000(Az+)
2
+ K1 (as) L1(As1) + Ko (&S) Lo(A24) 4+ non-singular terms
7 7

*  We calculated k; and ko (which include different color
structures and leading dependence on zcut = Ecut/ Etor)

* Get non singular from Event2
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Near-integer distribution

fixed order

Event2 comparison:

O(a?) contributions to Nie in full QCD

30 UL LU L L SS | 22 I L
R=01, 2 =002
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A2_ A2+ A3_
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Near-integer distribution

fixed order

Event2 comparison:

O(af) contributions to N jet With logs subtracted

10"""' ! et et | SS | 22 | LLELLLLLY | LLELLRLLL LLELLRLLL | | LLLLILELELE LI LI
of R=01, 2 =002 -~ =
—_ 2 1 [
6| o N3 N
- CFCA | )
- | |
8 4 ------ CFTan | |
S5 | |
‘d.a 2 | |
o I I
%0 | | e———
| |
_2' | |
| |
—4] | !
T T T T (C_ 1N NI BT BT | T T T
1073 107* 105 10%°7 ‘“10* 103 1072 107! 10-' 102 1073 104
A2_ A2+ A3_
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Near-integer distribution

fixed order

Fractional jet multiplicity
* Near-integer driven by soft-logs only
* Hybrid event-shape / jet-algorithm behavior

* Non-additive / non-factorizable / non-global
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Near-integer distribution
Hybrid event-shape / jet algorithm

Monte Carlo Distributions

 Mome Caro Disibuions
Q=500 GeV —— Pythia 8
: Ecur =50 GeV H - .
600l RrR=04  § 7 erwig++
.Q - hadron level
'
2
% 400
b
900k
.

(Njet = 2) - 10°
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Near-integer distribution
additivity / factorizability / non-global logs

Additive Factorizable | Global Logs
Yes Yes Yes Thrust
Yes Yes No Hemisphere Mass
Yes No Yes Jade Algorithm Rate
Yes No No ZZ: Ei/QO(Eir — Ecut)
No Yes Yes 4
No Yes No 4
No No Yes 4
No No No fractional jet multiplicity
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Near-integer distribution

beyond FO, collinear functions

o0 n—1

Coa(Boz) = 6(802) + 3 () Y [W) £r(Bos) + 5" Li(As)]

n=2 k=—1

Daniele Bertolini - SCET 2015



Near-integer distribution

beyond FO, collinear functions

~ 0y Cq(AQj:) X Cq(AQ:)

. .
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"""""

Lx] .

L} .
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--------
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] .
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", .
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.......
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",

Wide angle soft emissions give enhanced logarithmic
contributions to Nje:=2 cross-section
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Near-integer distribution

beyond FO, collinear functions

do
~ g0 C, (Aot C-(Aoy
dAQ;t 0 CI( Qi) ® Q( 2-—)
E < Eoy
: * .............. ) .
........................... = ol q

At higher orders they also enhance fractional Njet
cross-section
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Near-integer distribution

beyond FO, collinear functions

do
dAQ:E

~ 0y Oq(AQj:) X Cq(AQ:)

Note that this contribution
is contained in C
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Near-integer distribution

a candidate factorization theorem

do ~
N 0(Njet = 2) [Cq(A2+) @ Cg(Az+)]
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Near-integer distribution

a candidate factorization theorem

do ~
dAgr O<NJet:2> Cq(A2+) ® Cq(Az)]

~~

U(Njet — 2) = UOHqci(QaM)Jq(Q7 R, Zcutalu)ch(Qa R, Zcutmu)sqq_(Ra Zcut,,u)
+ 05" (Q, R, Zeut 1)
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Near-integer distribution
beyond FO, improved distributions

Improved distributions

* Include O(s*) terms from convolutions

e Running coupling a (), p = Q+/ Dot
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Near-integer distribution
beyond FO, improved distributions

Comparison Between Analytic Predictions

104 (( )
;""" ' | R LI )) | (( | R L LN L LLLELELELE L R
i Q=10TeV 3.21 — O(af + af) + @, running %2’
|| --- Fixed O(@?) O .
\ &
n

10°! 1072 1073 1074 10-' 1072 1073 10°*

Ay AL Aj_
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Near-integer distribution
beyond FO, improved distributions

Analytic / Monte Carlo Shape Comparison

4 (( )))
10 g""" ! | LALLLELELE | LELLLELELE | )) | (( | LAY | ALY | L LN L LI | LLLLLLLE | LU
E Q=10TeV E.Z‘ 3,2’ == Analytic
103k ch i 82 TI | 7| - - - Pythia 8 p
- o [\ (\®) . -
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3 | | 4
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Near-integer distribution
beyond FO, improved distributions

(1/07) do/dN e

102

Analytic / Monte Carlo Shape Comparison

[
<

Q=10TeV
Zeut = 0.2

R=04
parton level

—— Analytic
— — — Pythia 8

------- Herwig++

~

Njet
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Conclusions

* Fractional jet multiplicity can be used as a novel and more
powerful probe of jet formation. E.g. quark/gluon
discrimination?

* |t has peculiar analytic properties. However, | showed we
still have very good analytic control, which in principle is
improvable. E.g. generalize to LHC case!?

* Wide dynamic range, potential test of matching/merging
matrix-element/parton shower.
Potential phenomenological applications e.g. in multijet
final states!?
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2_]Vjeta

2__

near-integer phase space configurations

Backup

A

Ag_

Agy
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Backup

near-integer phase space configurations

AQ— =2 - ]Vjeta A2—|— — ]Vjet — 27 A3— =3 — ]Vjet
Observable Region Expression Limit Cuts

Ao_ R A 2129 1, 2 soft 21+ 29 < Zeut
Ao_ Rp 2129 1, 2 soft 21+ 29 < Zeut
Aoy R 4 21(1 — 23) /9 1 soft 29 > Zeut
Aoy Rp 20(1 — 23) /21 2 soft 21 > Zeut
Aoy Re 2129(2 — 2z2) /(1 — 29) 1 soft -

Aoy Rc 2129(2 — 21)/(1 — 21) 2 soft -

Aoy Re 22129 1, 2 soft =

As_ R4 29[l — 21(1 — 21)]/[21(1 — 21)] 2 soft 21 > Zeut
As_ Rp 21[1 — 29(1 — 29)]/[22(1 — 29)] 1 soft 29 > Zeut
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Backup

rapidity divergences

A = Z1 <9

2
1 o0
2 soft: I.s(A) = / ﬁ/ dz (z2122) ““ 0(A — z129)
0o <1 Jo 2
00 7 00 % Ly
1, 2 soft: Is(A) = / —/ — (2122) " ““0(A — z129)
0 21 0 Z9
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Backup

rapidity divergences

A = 2129 energy-sharing “rapidity”
s =z122, Yy=1/2log(z/22) <

oo

1 soft: Is.(A) = A_l_QE/ dy@(—% In(1/A) < y)

2 soft: I.s(A) = A_1_2€/ dy@(y < %ln(l/A))

1, 2 soft: Is(A) = A_l_Qe/ dy
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Backup

rapidity divergences

A = 2129 energy-sharing “rapidity”
s =z122, Yy=1/2log(z/22) <

1 soft: I.(A) = A—He/ dy@( n(1/A) < y) (]_;J)"S—n/zey"
2 soft: I.s(A) = A_1_2€/ dy@( n(l/A) )( VJ>775—77/2e_y77
1, 2 soft: I (A) = A_1_2€/ dy(EJ) _”/2]2 sinh y| ™" \

rapidity regulators

[full(A) — ISC(A) ICS(A) ISS(A)
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