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N-Jettiness Event Shape arXiv: 10042439
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Tn — 0 for N-jets
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Factorization Friendly / I
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Want to calculate N-jet exclusive cross-sections. ao

dT%---dT

eg. differential jet masses

Jouttenus, IS, Tackmann, Waalewijn
ar X1v: 1102.4344

Why? e sum logs beyond the parton shower (up to NNLL)

e realistic estimates for theory errors

e test and tune Monte Carlo

e reweight Monte Carlo (eg. Higgs Search)
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Exclusive Jet Measurements

signal may prefer N-jets
(eg.top is 2,4, or 6)

backgrounds vary with # of jets

study jet substructure,
study exclusive sub-jets

= t-channel singularities
produce Sudakov double logarithms

o cut
o(pit) oc 1 — *9n2 T
mpyg
3o Tcut
o(T") x 1 — —=In? + .
7T m g
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— Be exclusive in the number of jets
» pp — H(— WW?*)+0,1,2 jets

» Also relevant for H — ~~y
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Typical Event with Hard Interaction:

/
f. i

f
e_
Factorization:
“cross section can be computed as product of independent pieces”
Shower MC programs assume factorization:
initial state hard scattering Cnll s hadronization
dO- — parton ® ﬁXCd Order ® parton ® mOdel,
shower perturbative showers underlying event,

computation
(with parton P

distributions)
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Events with a Hard Interaction:

time

-

Decay Chain of
SUSY particles

Ny

g-l—

Nl
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Search for New
Heavy Particles
at short distances
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Key Simplifying Principle is to Exploit the Hierarchy

of Energy Scales R QLD
Uy = myg t M H
1
Hp = AQCD "
p ./ % pUB = 1j SCET
L / £ J,
AN
Ky, B
C —
p J,
HSs = Fisoft pu
pE ~ Msusy LS
fp

SCET = Soft-Collinear Effective Theory
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Key Simplifying Principle is to Exploit the Hierarchy
of Energy Scales
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Key Simplifying Principle is to Exploit the Hierarchy
of Energy Scales

Hp
po/
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Key Simplifying Principle is to Exploit the Hierarchy
of Energy Scales

) HJ J,
P
/ Al
p. /, UB
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pa

Wilson coefficients
+ operators at

HH

Wednesday, May 25, 2011

SCET

Hy, LB

HS

10



jet functions, beam functions E
& eikonal lines for softs t
& PDFs SC |
fp
. ./ 15 A SCET
/ 2
s - Hi, UB
D N
ps Js
/-
Wilson coefficients S
+ operators at
HH Hp

Factorization: do = fop ®Zup @ H Q[[; Ji® S

Aqcp MB  MH Mg HsS
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Factorization Friendly Observables
€1 s

eg. ete” — 2 jets

dijet event shape

€ = €1 + €2 T €

do
- = H(Q)/deldegdes J(e1)J(e2)S(es)d(e — e — ex — e3)
T do
o dr
04 ' U L L L L L
eg. thrust : Fit at N3LL' for a.(mz) & Q; NSLL + O(Oé?)

0.3 theory scan error | Gehrmann et al. & Weinzierl

Becher & Schwartz

0.2 ]
_ : iﬁgﬁf Abbate, Fickinger, Hoang,
Ul Mateu, I.S.
Q =mg
) 0: | | | | | global fit with
' 0.10 0.15 0.20 0.25 0.30 power corrections
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Factorization Friendly Observables

eg. ete” — 2 jets

dijet event shape
€ = €1 + €2 T €

do
T = H(Q) [ dexdeade, (e T(e2)S(e.)be — e1 — e~ e,

Not as friendly for resummation:
soft radiation grouped by jet algorithms

Procedures that introduce multiple jet or soft scales

see eg. Ellis, Hornig, Lee, Vermilion, Walsh;
Banfi, Dasgupta, Khelifa-Kerfa, Marzani; Kelley, Schwartz, Zhu
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: — jets, pp — W/Z + jets, ...
N-Jettiness 7y PR J55, PP /Z ]

consider an inclusive N-jet sample with jet energies ; &
directions 7; determined by anti-kT (or any suitable algorithm)

1 A . Q’ _(Q1‘|‘---‘|'QN‘|‘Q)2
i = 5t Een(L?),  TmT g =
M L A cim cim
qz — Ez(lvnz) L1 % _y
_ 5 n—=Y =...
qy, — §$b Ecm(la_z) T

(set z, = xp = 1 for cases with MET)

measure Iy = » |Prer| min{da(pr), do(pr), di(pr)s do(pr)s -« 5 dn (pr) }
k

/ no @ d.»(pr), dj(pr): Distance of particle k
| g to beam and jet directions

o = - @ Divides phase space into
\ N jet regions and 2 beam regions

W)z,

Wednesday, May 25, 2011
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: — jets, pp — W /Z + jets, ...
N-Jettiness 7y PR JER5, PP /Z +1]

consider an inclusive N-jet sample with jet energies ; &
directions 7; determined by anti-kT (or any suitable algorithm)

1 A . Q’ _(Q1‘|‘---‘|'QN‘|‘Q)2
i = 57 Een(12), T pr =g
M L A~ cim cim
q7j — Ez(lvnz) L1 i %e _ vy
_ 5 n—=Y =...
q, — §xb Ecm(la_z) T

(set z, = xp = 1 for cases with MET)

. (294 - Pk 2qb - Pk 2q1 - Dk 29N * Pk
measure 7, = mm{ , , R }
zk: Qa, Qb Ql QN

® Here Qj determines the measure

e Small 75 constrains us to N-jets

b

qa !\\i N:q
?X\‘_ (one added scale)
W/Z/,’//

T]\a[lg.l _ Tjslg.Q 4 O[(T]\a]lg.Q)Q]
Large 7n has >N jets
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: — jets, pp — W/Z + jets, ...
N-Jettiness 7y PR J55, PP /Z ]

consider an inclusive N-jet sample with jet energies ; &
directions 7; determined by anti-kT (or any suitable algorithm)

1 A . Q’ _(Q1‘|‘---‘|'QN‘|‘Q)2
i = 57 Een(12), T pr =g
M L A cim cim
q7j — Ez(lvnz) L1 n%e _y
_ 5 n—=Y =...
qy, — §$b Ecm(la_z) T

(set z, = xp = 1 for cases with MET)

. {2Ga " Pk 2Gb - Pk 241 " Pk 24N - Pk
measure 7, — E mm{ - 7 , R }
) Qa Qb Ql QN
0 “make it a true event shape”
/ .-~ e Determine ¢; by minimization
da / =X For Qi = |qr|, ﬁjét — E Dk
2 kei

; . ® Extension to N-subjettiness ' "2/crVan Tibure
Wiz, @ [ Jesse’s talk ]
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N-Jettiness Factorization

Qa, Qb Ql
ne (S (e S (y

k Esoft

20, - 20 201
TN:me{ da pk) db pk) d1 * Pk
k

Only soft particles get a
nontrivial grouping. Jet boundaries
are determined by the ¢,

(more later)

Wednesday, May 25, 2011

26]N°pk}
T On

collinear particles all
grouped with their q;
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N-Jettiness & Jet Masses

. [ 2Qa - Pk 2Qv - Dk 2q1 - Dk
TN = E mm{ , :
L QCL Qb

INn=T,+T,+T1+ --+71n

do
d7,dT,dTy ---dTy

Can measure:

with jet axes aligned
These are Jet Masses:

M3 = Pj = P; P} = QT

So one can study the
masses of jets! (or subjets!)

Wednesday, May 25, 2011

29N 'pk}

o T On

da
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Jet definition:

N-jettiness divides particles into jet and beam regions

Tn = Z\ﬁkﬂ min{de (Pk), do(Pk), d1(Pr)s d2(PK)s -+« dn(Pr) }
k

3 LT T T T ‘ T T ‘ T T ‘ T \i\ T T T ‘ T T ‘ T T ‘ T 171

- geometric -
2 Jet 1 ‘ measure —
1 —
9 0— Beamb Beama —
—-1F " E
- lﬁ”.]et 2 ]
—2— —
- | .
_3 CCl ]| ‘ L] ‘ L] ‘ L] ‘ I i L] ‘ L] ‘ L] ‘ [ ‘ L [T
-5 —14 -3 -2 —1 0 1 2 3 4 5

n
da,b(pr) = €T
d;(pr)= 2cosh An,;ir — 2 cos Adji

~ (Anjk)® + (Adjk)’
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3 jL\ [T ‘ T T ‘ T T ‘ T T T T ‘ T T ‘ T T ‘ T T ‘ [T \Ji
- invariant-mass -
2 Jet 1 measure —
1 —
0— Beamb == Beama —
-1 -
—2 y Jet2 B
_3 ;\ [ ‘ [ ‘ [ ‘ [ ‘ [ ?%gh\\ | ‘ [ ‘ [ ‘ [ ‘ [ \7:
-5 —14 -3 —2 —1 0 1 2 3 4 5
n
2q; * Pk
d;(pr) = —=
Q |ka |
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Jet definition:

N-jettiness divides particles into jet and beam regions

Tn = Z\ﬁkﬂ min{de (Pk), do(Pk), d1(Pr)s d2(PK)s -+« dn(Pr) }
k

‘\\\\‘\\\\‘\\\L

3 jL\ [T FT T ‘ T T T ‘ T T T ‘ T T \i\ T FT T 3 i
- ' geometric - - : .
2 — Jet1 : measure — y ; circular -
n ‘ l ] - | geometric
1 : E 1 : measure
C I ] E A | I ]
S 0~ Beambd : Beama — e o0 » : i -
- Al 7 - I
1C e - qF : E
; == . =
—2 - E‘“F o 2 i -
- | . - :
—3 | EEEEEN RS FEEEE | | L -3 \ \ ! \ ‘ \
-5 —4 -3 -2 -1 O 1 2 3 4 o _5 _3 1 1 3 5
L n
do,p(pr) = et da.p(pr) = same
d;(pr)= 2cosh An,;ir — 2 cos Adji d;(px) = (same)/ cosh Anjy,

~ (Anjk)® + (Adjk)’
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Jets treatment of soft radiation
depends on the distance measure

b k
[ Invariant mass }
2 measure ]
=3[ ] ] 1 1 L .
- -2 0 2 4
1 g T T 1T T 1 _
circular ]
| geometric |
F measure -
< of :
OF h
-3 - 1 1 1 1 .
-4 -2 0 2 4
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; geometric 5
- measure ]
. -2 2 4 -
3 : 1 I -:

circular

: geometric
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af :
3 .

[ S I
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N-Jettiness Factorization Formula

do

ATedTh - dTy = /dxadxb /d(phase space)
N
<3 / dt, By, (ta.7,) / dty B, (1) [ / dsy gy (s))
K J=1

ctr (a5 a) S5 (75 -

X {1 + O(T]{,)}
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N-Jettiness Factorization Formula Ny
do da | —q»
A7 dTb o dTR N — / dzgdxy / d(phase space) —‘jﬂv_.‘; : <
r ///, \

=

q2

N -
dt B, ta,xa dtb wy (T, Tp) H/dSJ Ji (s7) W)z,
J=1

hard V|rtua|
function soft function known to

corrections p _7 o O(a?)
2— N +gq

— (Qz‘Qj)(Cfv: ' C.?j)

Wednesday, May 25, 2011

X tr HN {Q’L QJ\)
bean:\ N-jettiness jet function
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N-Jettiness Factorization Formula Sy T

Ty
dO' . // %
Qa e — —b
= [ dzgday / d(phase space el <
AT¢ ATy - ATy / ) i
N "‘.f \ N N
X Z /dta Bﬁ;a (taa CUa) /dtb B"ib (tb, ij) H /dSJ JH;J (SJ) W/Z/,'/ T]\Qf y <
r gk [ Ta b b 1 S N SN . .
Xtr[HN({Qi.qj}’maab)SN<TN T 7TN_—7°°'7TN 7{QZQJ}>]
Qa Qb Ql N

= (QiQ;)(4: - ¢5)

Assumptions needed to sum logs with this formula:

|) T ~ ’]3 (7; <71, gives non-global logs of Dasgupta & Salam)
[ Chris Lee’s talk ]

2) Gi-q;>7T;/Q (jets merge,“Ninja” limit)
jets are well separated [ Jon Walsh’s talk ]

3) Qi~Q;

Wednesday, May 25, 2011
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N-Jettiness Factorization Formula Sy T

Ty
dO' . // %
Qa e — —b
= [ dzgday / d(phase space el <
AT¢ ATy - ATy / ) i
N "‘.f \ N N
X Z /dta Bﬁ;a (taa CUa) /dtb B"ib (tb, ij) H /dSJ JH;J (SJ) W/Z/,'/ T]\Qf y <
r gk [ Ta b b 1 S N SN . .
Xtr[HN({Qi.qj}’maab)SN<TN T 7TN_—7°°'7TN 7{QZQJ}>]
Qa Qb Ql N

= (QiQ;)(4: - ¢5)

Assumptions needed to sum logs with this formula:

|) T ~ ’]3 (7; <71, gives non-global logs of Dasgupta & Salam)
[ Chris Lee’s talk ]

2) Gi-q;>7T;/Q (jets merge,“Ninja” limit)
jets are well separated [ Jon Walsh’s talk ]

3) Qi~Q;

Wednesday, May 25, 2011
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A couple of interesting projections

One Central Jet’s Mass

do QuR/2  (QuR/2 QJR/z do
—_(Qi,R,...) = 7, dT 4T,
a7 @ ) /0 ;! / ! H / dT AT dT, - - dTy

A Central Jet “Thrust”

o QuR/2  QuR/2 Jo 1
—(Qi,R,...) = a7, | 47 T b
a7 @ ) /0 . [/1;[‘1 J]d%d%dz...dTNé(T N

where m%4 = Q7T

Wednesday, May 25, 2011

5(T —T1)

> 7)
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eg. Higgs Jet Veto

Berger, Marcantonini, IS, Tackmann, Waalewijn
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Higgs + 0 jets gg — H — WW — Llily

® Strong discovery potential at the LHC for mpyg = 130 GeV
pp— H—>WW — utv,e v,

® dominant channel in Tevatron search

pp— H —- WW — ,u+uue_56

Tevatron Run II Prellmlnary, <L>=59fb"

> LEPExclusmn ~ Tevatron
S0l <. ... Excusion
E B R o Expected rrrrrrrrrrrrrr rrrrrrrrrrrrrr i S 8
=
=
@)
I
u
=)
1 B
L <—'“"Tf"’atr°“‘EX‘CI“’S‘?""”" """ e “ """ {'1y'1'9"2q10 """" -
100 110 120 130 140 150 160 170 180 190 200
H(GeV/c )

Wednesday, May 25, 2011
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Large Background from Top Decays

Soft

to
[ b ‘
VOO0 —> @f . k
W U |
40 = =
V0000 ¢—= WD
{ b Soft

Jet

- 14

W y Jet k

—

1 Lty —I;[— IZI| > p —
f I4
v

= Veto events with central jets, measure pp — H(— WW) 4 0 jets

(Sensitivity dominated by 0-jet sample)

Wednesday, May 25, 2011
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Jet Vetoes

Conventional: Jet Algorithm

. . 1et Jet
® Secarch for jets and require /. < pi J /// p J
et | et
Tevatron: pS* ~ 20 GeV —— -;—g.‘i
LHC: p'* ~ 25 GeV \\ N
e Complicated phase-space restrictions Soft t \\ ¢
€
Alternative: Event Shape
¢
® Measure beam thrust for each event J l J
et et
N —
_ o1 — Ikl — — |p? <
Tem = Z'ka|e Wl = Z(Ek p%|) p ~
k k
. ¢
and require 7, < 7°U* Soft

® Nice for higher order calculations

Wednesday, May 25, 2011



300

250

o [fb]

Jet veto restricts ISR, gives double logs

L=leg 1o NLO
00-jet — I + OésL2
+ aglL
+ asni (p
Fixed Order to
NNLO

pp > H+ X > WW+ X->e'verv+X

— MRST2001 LO, MRST2004 NLO/NNLO
i Mpn/2 S pp = pp S 2 My
- My = 165 GeV

200 —

150

100

NNLO

NLO

L =25

20

40

Wednesday, May 25, 2011

60

pr® [GeV]

80 100

)

NNLO
+ a?L* + oL +
+ o?L° + oL +
2L T
o’ L o’ L3
baZna(pf) +alL? 4
} O‘i L a
- o N

FEHIP, HNNLO: Numerical fully

differential NNLO cross section for
gg — H

[Anastasiou, Melnikov, Petriello; Grazzini]
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Fixed Order to

Jet veto restricts ISR, gives double logs
NNLO

Current recipe being used by experiments [Anastasiou et al., arXiv:0905.3529]
@ Common scale variation for jet bins, e.g. for the Tevatron

Ao
+5% +24% +78% \ __ (+14%
— = 66.5% X (o) +28.6% x (Yoam) +4.9% x (T13%) = (F13%)

\ - 4 _J/ A\ >4

0 jets 1 jet > 2 jets

Problem:

Utotal:1+a3—|—a§—|—---
051(p) = a (L2 + L)+ o2 (LA + L3+ L2+ L) + - -

cut cut

oo(P7") = Ototal — 0>1(P7
1tast+a+ ] —|as(L* + L) +ai(L*+--)+--]

e perturbative series have different structures and are not related

e small uncertainties are result of cancellation of two large corrections

Wednesday, May 25, 2011 32



Jet veto restricts ISR, gives double logs
NNLO

Current recipe being used by experiments [Anastasiou et al., arXiv:0905.3529]
@ Common scale variation for jet bins, e.g. for the Tevatron

Ao
L +5% +24% +78%\ __ [(+14%
7 == 66.5% X (_9%) —|— 28.6% X (_22%) —|- 4.9% X (_41%) - (—14%)

\ - 4

0 jets 1 jet > 2 jets

_J/

Proposed Fixed Order Solution ~ { Tackmann, ... ]

@ The inclusive |et cross sections are considered uncorrelated

Ototaly O>1y O>2 for scale variation

@ The covariance matrix for the exclusive jet cross sections follows from

00 — Ototal — O>1 01 —0>1 — 0>2, 0>2

Wednesday, May 25, 2011

Fixed Order to
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Fixed Order to

Jet veto restricts ISR, gives double logs
NNLO

Current recipe being used by experiments [Anastasiou et al., arXiv:0905.3529]
@ Common scale variation for jet bins, e.g. for the Tevatron

Ao
o +5% +24% +78%\ _ [(+14%

\ - _J/ _J/

0 jets 1 jet > 2 jets

Proposed Fixed Order Solution ~ { Tackmann, ... ]

Using naive scale variation for o Using above procedure for og
10 10
8 8
) )
a6 . 2 6
EJ 4 E.,.=7TeV = \% 4 E.,=T7TeV =
© mp=165GeV 3 © mp=165GeV 3
2 B NNLO - 2 ESNNLO  —
---NLO : ---NLO :
OO 10 20 30 40 50 60 70 80 90 100 00 10 20 30 40 50 60 70 80 90 100

p7" [GeV] Pt [GeV]

Wednesday, May 25, 2011
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Jet veto restricts ISR, gives double logs

using “beam thrust” or “o-jettiness”

LO NLO NNLO
O0-jet = 1+ o, L? + ozglfl
+ aL + ot L’
+ asni (pS)  + o?L?
+ a2
+ agna(p7")

Owur calculation:
NNLL + NNLO

two orders of summation
beyond LL shower programs g

Wednesday, May 25, 2011

k Jet
“ ———'(

Soft
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0-025:IIIIIIIII TTTTTTTTT IIIIIIIII|IIIIIIIII|IIIIIIIII:
Emm=1.96TeV :
> 0.02F mp=165GeV S
3 B NNLL+NNLO 3
2 0.0155 =¥ NLL'+NLO -
i B O, R NLL -
& 0.011 E
= - ]
S : .
< 0.005 | -
O 'E' I | | I e | | | I.I.l.l-l.-l.l.l.l-l-l | I o e I_
0 10 20 30 40 50
T [GeV]
B
0-5 :I TTTTTTTI | FTTTTTTTTT | TTTTTTTTT TTTTTTTTT FTTTTTTTTT
- B NNLL+NNLO
0.4 - B8E NLL'+NLO
. Em= NLL
QO
2035
TINTEY g
So2: LT =
b Y AL -
0.1F Een=1.96 TeV —
= myg=165GeV :
- [ | I B I | | I | I e | I I I:
% 10 20 30 40 50

JCut [GeV]

Wednesday, May 25, 2011

Berger, Marcantonini,

IS, Tackmann, Waalewijn

two orders of summation
beyond LL shower programs

logs are large

theory error bands from
varying [;

NNLO underestimates size of
errors by factor of two

scale uncertainty at
NNLL+NNLO is 10-20%

36



o (T ) [pb]

NNLO: using inclusive jet cross sections & correlation matrix

10 g 40 - T T
= En="TTeV - -
gf_ myg=165 GeV 305_ _5
- - 20 E
6 4 . 10F -
- 1 X =
- 1 e OF
*E 1 -0 -
25 B NNLL+NNLO _QOé_ -NNLL—l—NNLOE
- == NNLO 1 30F = NNLO E
OO |II:II-|OI||||||||2|OIIII|||I:I?)|()II|||||||4:|()IIIIIIII£")O _4OOIIII I:II-|()|||||||||2|OIIIIIIII’{))'()Illlllllé:'()lllllllléo
T [GeV] T [GeV]
cut Order 60'1;01;3_1 50'21 50'()
'Z;(;Et = 20 GeV NNLO 8.5°/o 280/0 160/0
’2;‘]’;“3 = 20 GeV |NNLL+NNLO/|| 5.2% | 21% || 13%
@ NNLO uncertainties now consistent with those from NNLL+NNLO
resummation -
® increased theory errors will impact Higgs bound

Wednesday, May 25, 2011
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Jet Mass

Jouttenus, IS, Tackmann, Waalewijn
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N-Jettiness Factorization Formula T

do
d7yg dTb .

|
\

il

N J J/
X Z/dt B, ta,SUa /dtb o tb,ﬂﬁb H/dSJ JH;J SJ W/Z//,/’ T3
J=1

X tr [Hﬁ[ ({QZ ’ Qj}a ma,b)

= (QiQ;)(4: - ¢5)

Pieces needed for NNLL are now all in hand:

e Three Loop Cusp Anom. Dim, Two Loop Non Cusp.
(Note: Beam function has same Logs as Jet Function)

® One Loop Hard functions: when available in QCD literature
(only part that restricts N)

® Jet & Beam Functions at one loop

Jouttenus, IS, Tackmann,

e N-jet Soft function d
Waalewijn

also: Bauer, Hornig, Dunn

Wednesday, May 25, 2011

dTN — / dz,dzy / d(phase space) _:3;,;%_ :
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N-Jettiness Factorization Formula T

Iy
d7 d’]'(ia A7y B / dzqdxs / d(phase space) ’ :“g \ ==
xZ/dt By (ta,xq) /dtb wy (T, Tp) H/dSJJRJ SJy) WZ/,/ T3
J=1
X tr [Hf\} ({ai - a5}, zap) ]

= (QiQ;)(di - 5)
With assumptions: 7, ~7; , Gi-4; > T/Qi , Qi ~ Q)

Can explore angular dependence,
R dependence,
Qi dependence

Have Color / Kinematic info. Can look at jet mass in
samples with various amounts of quarks vs. gluons.

Wednesday, May 25, 2011 40



Unfortunately we did not quite get final results
in time for the workshop ...

Jouttenus, IS, Tackmann, Waalewijn

Wednesday, May 25, 2011

41



Beam-Jet Mass

(glue ie. Higgs production) [Adam Davison’s talk here]l

> IIIYIYIIIYIYIIIYIIIYII
m?2 — Q7T G
J J g ATLAS Preliminary —=— ATLAS 2010 Data, L = 35 pb”
= — Pythia MC10 x 0.14
§2)
L
0-2_ IIIIIIIIIIIIIIIIIIII |IIII|IIII|IIII_ ﬂ
- Antik, R=1.0 jets
Dol Ney=1,p, >300GeV, |y|<2
0.1 Stat. Unc. Only
0.05 -
0_ IIII|IIII|IIII|IIII|III

0 25 50 75 100 125 150 175 200

looking only at the shape:

100 150 200 250 _ 300
0.2_|||||||||||||||||||||||||||||||||||_ jetmass[GeV]
i B NNLL -
015 [ 0 -
0.1 -
0.05 - -
0_ Lo b bvvna b Loy L

0 25 50 75 100 125 150 175 200
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Beam-Jet Mass
(glue ie. Higgs production)
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The End
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