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What qualities do we want 1n jet observables?

® can
distinguish QCD from boosted particle
decays

® Simple: can be understood analytically

® [nsensitive to soft recoil: preferred from
the calculation point of view as well as
for increased discrimination power



Energy Correlation Functions
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Energy Correlation Function

Double Ratios
3y ECF(N +1,38)ECF(N —1,83)
ON = ECF(N, )2

Some nice properties:

o reduced dependence on the
energy scale of the jet

® Simple scaling under boosts: scales like Yy so 3
can be used to emphasize different angular scales

% @ about IRC safety?



Why this combination of ECFs?

Three applications:

o Two-point correlation
function

® //H/W vs. QCD: Three-point correlation
function

® { vs. QCD: Four-point correlation
function



Why use C; for quark vs. gluon discrimination?
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C; 1s sensitive to emissions about a single hard prong
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For emissions about a single hard prong:
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Let’s calculate the quark vs. gluon
discrimination with C;

Given a value of C;, what fraction of quark
e T R I ] Jets or gluon jets lie to the left of that cut?

- QCD Jets (Pythia8)
10- pr € [400,500] GeV, Ry = 0.6
Quarks <

Gluons

c0

Compute the cumulative distribution of C;
for a quark jet and gluon jet

Relative Probability
(@)

¢ (8=02) | | Let’s consider the double-logarithmic
structure of C;

NOTE: The “Cumulant” 1s not the
“Cumulative Distribution’!



Double-logarithmic = Soft-collinear emissions
C’fﬁ ) — 0P  (for one emission)

Phase space for soft-collinear emissions:

1 1 o0 o0
do d 1 1
/ —/ —Z=/ dlog—/ dlog —
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To this accuracy, the cumulative distribution 1s

P (m < C’fﬁ)) — e_P,{ (x>0§5>)

cumulative probability for an probability for one
arbitrary number of emissions soft-collinear emission
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*to this accuracy, the

1

Double-logarithmic Resummation

Soft-collinear emissions are uniformly
distributed 1n this plane

~—leading emission setting value of C;

1 1 1
log C’(ﬁ) — log; —I—BI()gg
1

L 1 et
5 o8 P 5
2 ~(B)
Area of forbidden region = 10g2§1 x Pi(x > C’fﬁ >)

jet radius 18 irrelevant 10



Double-logarithmic Resummation
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To LL accuracy: |2, = ch a
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*This result holds for
N many observables at LL



One higher order effect: hard collinear logs

large [3 Z PTiPT; R?j
C(B) o 1,7€J
=

Asmall b (Z Dy > ’

Large [3: Dominated by soft radiation
Sensitive to total color of jet

Small [3: Dominated by hard collinear radiation
Sensitive to color and spin of jet

Expect better quark/gluon discrimination at small [3

*For ng = Ca, no improvement
over LL discrimination



Gluon Efficiency
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| Quark vs. Gluon (NLL+LO)
- pr =400 GeV, Ry =0.6

: C1 (B=0.2)

[ — =C1(B=0.5) 4
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[ e LL Approx. i

better
discrimination

0.6 0.8 1.0
Quark Efficiency

Several effects lead to better
discrimination at small [3:
¢ Hard collinear emissions
® Multiple soft emissions
® Running coupling
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Isn’t this the same as angularities like thrust,
broadening, etc?
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identical to T for § > 1 to NLL
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Important: C; 1s insensitive to recoil from soft,
wide angle emission



Contrast C; to angularities TP

angle from particle i
¥ jet axis to jet axis

-
-
-
-
-’
-
-

-="
-
-
-

7)) ~ 2P0P 4 2P

“recoil” “direct”
contribution contribution

Value of 5 determines sensitivity to recoil

|6



Contrast C; to angularities TP

7P ~ 2P0P 4 2P

“recoil” “direct”
contribution contribution

) — 2P
+(B) s 9.0 broadening/width/girth
+(B) ( 20)5 recoil-dominated angularities

* Angularities are only
additive for p > 1



Contrast C; to angularities TP

D pTiijR?j
vy
Ciﬁ) — eEAS ~ Z Z’LH?H

(gm) 9

angle from particle i
E>
£
Z
0

to hard particle
C(B) - 295 forall >0
1 —_—

no recoil contribution

Insensitivity to recoll = more sensitivity to

pattern of soft emissions

*Cy is additive for all p >0
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095F % Quar ia8) 1
Monte Carlo Study | 0% Quark B By -

. 090 NG Ro=06 ]

Expectations: S '
* Improved performance with 085

recoil-free observables S .80k _

¢ Improved discrimination at o — . s

small B o 0951 50% Quark Eff. (Herwig++)

. ~ pr € [400,500] GeV |

® [dentical performance at S 0.90f R =06 -

large [ for most observables 5: . '

. 0.80}
Questions: .
- - 0.75}
* [s Pythia or Herwig closer to : 1 (Broadening Axis) :
data? 0.70F = = = 71 (Jet Axis) ]
® |s the improved performance S LL Approx.
at small [ observed in data? S0 o5 10 15 20 25 30
/ /s A
CMS prD  broadening/ thrust

width/girth
|19



On to C, for W/Z/H discrimination

). DPTiDT;PTk R?j Ry, Rfk
i<j<keJ

>
( > DTiDPTj Rfj)

CéB)Z:pTJ

i<jeJ

C» 1s sensitive to emissions about a two hard prongs
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For emissions about two hard prongs:

I ECF(3,0) ~ pTgegg X pTlpT2R%§
< 3 ECF(2,03) ~ pTlpTZR?Z
0 2

23
ECF(1, 8) ~ pr1 + pr2

P13
23 —
PTr1 T P12
02 — 5 ~ 23623 X
ECF(2, 5) / PT1PT?2
soft emission f

hard kinematics
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> pripripre R RS RS,

2 1,7,keJ
Cé ) — ijet d 9
( ). pTz'ijR?j)
1,7€J
1dentical to C-parameter 1n
COM frame to O(s)
a N .
2
2 (Z@ Pil)

Important: C; 1s well-defined in any frame and
so can be used at a hadron collider
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Contrast C; to N-subjettiness ratio t2/Ti

N-subjettiness: Always partitions the jet into N subjets

T](Vﬁ) = ZpTZ- min {Rii, Rgﬂ., . ,Rﬁu}
)

(B) T ](Vﬁ ) with some choice/procedure for
TN, N-1 = (B) determining N axes in the jet
TN-1

—‘
-
"
-
"
-
-

Ca: Sensitive to all soft and collinear singularities
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Contrast C; to N-subjettiness ratio t2/Ti

E; E1 > Es5, B3
013 < 019 ~ O3

For this kinematic configuration (see back-up slides):

(B)  _(B) 3 C, > 12,1 in the presence of
Gy = T21 X (012) ” soft, wide angle radiation
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Contrast C; to N-subjettiness ratio t2/Ti
Céﬁ) ~ Tz(ﬁ) X ((912)5

Take (3 = 2 and fix the mass: m* ~ F; max [Ez (612)% , F3 (913)2}

E> E>
E3 \ E3
E; E;
02~ (2 m’ 1 C, independent of energy
2 2,1 ( F )2 z fraction of E3
Greater weight to mass dominated Phase space for wide angle emissions

by soft, wide angle emissions from signal jets decreases with boost
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Let’s calculate the Z vs. QCD discrimination with C;

A\

WORK IN PROGRESS

Many challenges:
® [ cading-order calculation at o.s?

Can use some tricks for signal calculation
Feige, Schwartz, Stewart, Thaler 2012

Can’t use same tricks for boosted background jets

® With no mass cut, C; 1s actually not IRC safe

Actually, much less of an issue than i1t sounds like; see Jesse’s talk

AL, Thaler 2013
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QCD Rejection

90% Z Boson Eff. (Pythia8) ]

Cer799 1.0
Z VS. QCD \ | pr € [400,500] GeV, Ry = 1.0

Require mass of jetin a 0.8} :

. -
window about mass of boson S
3 0.6f ~ —
. . . . L Y A g
Rejection increases as boost increases N A L EE R T
because phase space for wide angle & 04,77~ ~----__C o TT—— .
emissions in Z jet decreases : 91 GeV: C 721
y 0.2¢ 125 GeV: Cy ===Ta
Y ' ! ' ' ' 200 GeV: Cr ===1y
0.9 05 10 15 20 25 30
0.8F g
-H vs. QCD

50% H Boson Eff. (Pythia8) Require two b Subjets

&
@)}
L] L] I L] L] L]

pr € [400,500] GeV, my = 125 GeV
Ry = 0.6: Cy ==-1 ] Dominant QCD background: g>bb
0.5 Ry =0.8: C, T21 ]
0al Ry = 1.0; C; =1 Rejection increases at larger [3/jet
s R0:1.2: C2 -—==T7 . . . .
: . . | . . radius because wide angle emissions
00 05 1.0 15 20 25 30 are weighted more

p
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On to Cs for t discrimination

-5 _ ECE(4, B)ECE(2, §)
3 2
ECF(3, 5)

. . . 1'0 :I I I I | I.I I I I I I I | I I I I I I I I I I I I I I:
Require mass of jet in a - = Hopkins 73/72 -
, SERTTTE CMS == ACF -
window about mass of top " Pruning — G (B=10) ]
. ATLAS s e
% 0.1 £ =i=1= Thaler/Wang i S e
C;is IRC unsafe even witha 2 £ =
ia B i
mass cut, so we apply a cut on Cs @ I _
0.01 :\_‘\ﬂ‘ =
Performance 1s significantly worse : -
in comparison to C; and C, ]
0.001«).é./‘ﬂ....|....|....|....|....|..

. . 0.1 0.2 0.3 04 0.5 0.6 0.7

No analytic understanding of the Top Efficiency
discrimination whatsoever C()mparison to BOOST 2010

*BOOST 2011 used a W subjet tagger that

- would artificially improve performance



Conclusions

Energy correlation functions have nice properties:
® Sensitive to N subjet structure

® Simple and analytically calculable (for low-
point correlators)

® Computing C; (Cs, too?) 1s promising

® Recoil-free
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Lessons: C; for quark vs. gluon discrimination

B=0 p=1 p=2
|
I
() NP Effects '
q/g disc.
Recoil : Identical to Identical to

C(P NP Effects t®atNLL : <t at NLL

q/g disc.

T

IRC unsafe

30
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Back-up slides
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Contrast C; to N-subjettiness ratio t2/Ti

E»
012 < 010 >~ 0
E. 13 12 23

ECF(1,8) ~ E4
ECF(2,8) ~ E; max [Ez (912)5 , I3 (913)5}
ECF (3, 8) = E1EyF5 (012093613)"

OB _ ECF(3,8)ECF(1,8) FoFs (012)% (613)°
5 = ~

ECF(2, 8)° max [Ez (612)", Ex (913)6} 2
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Contrast C; to N-subjettiness ratio t2/Ti

E»
E; E1 > Ey, By

012 < 010 >~ 0
E. 13 12 23

Choose subjet axes to lie along

(8) the hardest particle in the subjet
Ty~ O Max [E2(912)5,E3(913)5}

7'2(6) ~ min [EQ(le)B,Eg(ng)ﬁ}
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On to Csfor t discrimination

-5 _ ECE(4, 5)ECF(2, §)
° ECF(3,p)?

Unlike C; and C,, Cs retains
dependence on hard jet structure —E»
even for soft-collinear emission

E1E29f2 E1E39f3 E2E39§3

E1E>F505,
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