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Want to calculate N-jet exclusive cross-sections. '
. _— d7%---d7y
eg. differential jet masses

Jouttenus, IS, Tackmann, Waalewijn
ar X1v: 1102.4344

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

realistic estimates for theory errors
test and tune Monte Carlo

reweight Monte Carlo (eg. Higgs Search)

*« & K K
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Exclusive Jet Measurements — Ja Vo

Bl Z+jets ]

50; -
¥ signal may prefer N-jets i .

(eg.top is 2,4, or 6)

30F

¥ backgrounds vary with # of jets 20,

10

— Be exclusive in the number of jets —
» pp — H(— WW ')+ 0,1, 2jets oot 2 R

» Alsorelevant forH — ~~

'b) D 54fpt o pam

¥ study jet substructure, 10tk CIBkgd, syst
study exclusive sub-jets ; DZets |

103;#—‘—;# I W+jets
= ] Multijet

. . i - it
%-,-- t-channel singularities mzﬁs—h

produce Sudakov double logarithms : s
10F -
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Typical Event with Hard Interaction:

/
f . //S

f
e_
Factorization:
“cross section can be computed as product of independent pieces”
Shower MC programs assume factorization:
initial state hard scattering final state hadronization
dl = parton ® fixed 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

N>

ol N1
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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 E QLD
Ly = my | a
J;
“p! | QCD o+
p ./ y U = My SCET
L / £ J,
N
MJ, MB
< —
p T.
1S | Esoft /
pr =~ Msusy Ug
p

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

Mp
J =
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Key Simplifying Principle is to Exploit the Hierarchy
of Energy Scales

Mp
J =
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Jet functionspeam functions E
& eikonal lines for softs t
& PDFs SN
Mp gt
0 ./ B SCET
/ 2
X - MJ, MB
N
P J
Hs ]
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Wilson coefbcients s
+ operators at
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Factorization Friendly Observables
€1

eg. e e — 2 jets

dijet event shape

€= et ert+ eg

do
o= H(Q) | derdezdes J(e1)J(e2)S(es)d(e! er! ex! e3)
€
T do
o dr
04 ' ottt re ettt | 3 3
€g. thI'llSt : Fit at N3LLOfor as(mz) & Q N LL + O(I S)
0.3 B theory scan error R Gehrmann et al. & Weinzierl
[ ] Becher & Schwartz
0.2 =
_ : ifﬁgﬁl Abbate, Fickinger, Hoang,
UL Mateu, I.S.
Q =mz
. Oi | | | | | global Pt with
' 0.10  0.15 020 025  0.30 & power correction:s
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Factorization Friendly Observables

eg. e'e — 2jets

dijet event shape
€= et ert+ eg

3_!6 :H(Q)/deldezdesJ(el)J (€2)S(es)" (el el 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 7n PP )5 PP fZ ]

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

1 _ Q? _(Q1+---+QN+Q)2
= 5 Fem(1,2), tatb = o 7 2
u L A cm cm
Qi _Ei(lvni) 1 Ta
G = 5%b Ecn(l, —D) lnx—b - T
(set x4 = xp = 1 for cases with MET)
= H
measureTn = [Pkt | min da(pk), dp(pk), d1(px), d2(pk),---, dn (Px)
k
ql @ dos(Pr), d;(pr): Distance of particle k
T to beam and jet directions
O — O @ Divides phase space into

N jet regions and 2 beam regions

wiz -
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: — jets, pp — W /Z + jets,
N-Jettiness 7 PP J55, PP fZ ]

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

1 A _ @ _(nt .t gn T Q)
T = 5% Fem(1,2), rath T 2 T E2
= E(L,n) -
- _ _ n— = —
q) - 2Xb Ecm(l D) Th

(set x4 = xp = 1 for cases with MET)

20k AP 20p APk 20n apk 20N APk }

measure T = me{ on 'O TG
b 1 N

e Here Q; determines the measure

e SmallTy constrains us to N-jets

Ob

Ja !\\; “:
e (one added scale)
lg.l _ —alg.2 lg.2y 2
ﬁ \\\\ T]\a[g _Tjsg +O[(T]3g ) :|
wiz Large Ty has >N jets
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: — jets, pp — W/Z + jets,
N-Jettiness 7n PP )5 PP fZ ]

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

1 A _ @ _(n* ... +tant )’
T = 5% Fem(1,2), rath T 2 T EZ,
— Ei (17 n; ) L1 ey
_ - 5 n—=Y =...
q) — 2XbEcm(17 D) Th

(set x4 = xp = 1 for cases with MET)

measure T, = Z mm{ 2Ce APk | ZQE?ipk | qu?pk . qujpk }

0 Omake it a true event shapeO
/, -~ e Determine ¢4 by minimization

B //// b FOF Q’L — H’LT’ y jjiet — pk

Oa E
k €l

e Extension to N-subjettiness' "2/ Van Tiiburg
@ . [ JesseOs talk
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N-Jettiness Factorization

Ty = Z min{ 20 APk 20p QP 201 apk
K

Qa | Qb |
Wqu.pqu/U

IN = | min —
m Qm

k! soft j=a,b,1,...,N

Only soft particles get a
nontrivial grouping. Jet boundaries
are determined by they

(more later)
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\

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

. (204 Pk 20p APk 201 apx 20N APk
Ty = min , ,
' Ek: { Qa ' Q = Qi Qn |

TN :Ta—l—Tb—l—Tl—Fé.éé-TN |
7= 3 Ier | d (po)

—
Can measure: al <}
. . d1
with jet axes aligned SN 1/
N \
These are Jet Masses:
I Ja "v?/:@ (_qb
— — ! + ) > N
g T
// TZ TN
So one can study the LI N "N

masses of jets! (or subjets!)
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Jet definition:
N-jettiness divides particles into jet and beam regions

Ty = |brrImin do(pr), do(Pr), di(pr), do(pr),..., dn(pr)

k
3 jL T ‘ T T ‘ T T ‘ I \Ji 3 jL\ ‘ ‘ ‘ T ‘ T T ‘ T T ‘ T T ‘ I \Ji
- geometric - - invariant-mass
2 — measure — 2 — Jet 1 measure —
1 3 1
0 Beam a S 0 Beamb Beama
- !E;:—’ Jet 2 n - AT A A Ve =
_2 - —2F U -t 2 =
_3#\\\‘\\\\‘\\\\‘\\\\‘\\\\i\\\\‘\\\\‘\\\\‘\\\\‘\\\T _3#\\\‘\\\\‘\\\\‘\\\\‘\\\\‘%;\g\\\‘\\\\‘\\\\‘\\\\‘\\\T
-5 —4 -3 -2 —1 0 1 2 3 4 5% -5 —4 -3 -2 —1 0 1 2 3 4 5
! n
d —_ I 2 . é.
ab(Px) = e 9 _ 20; apk
i(Pr) = Q|0ur
dJ(pk)Z 2 cosh A’l]jk | 2cos A¢3k PrT

" (Anje)* + (Adjk)’
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Jet definition:

N-jettiness divides particles into jet and beam regions

Tv = |Prrlmin do(pr), do(Pr), di(Pr), do(Pr)y ..., dN(PR)
k
3:4 ‘ ‘ ‘ \\\i\\\ \\\‘\\\\‘\\\\‘\\\L: 37 i I ‘ I I I
) Jet1 g | Erensure | : i circular
- ‘ : ] = ! geometric
e : E 1 ; measure
O Beamb : Beama —| # 0 ; S i .
- £ ] - = :
1= = B 11 = ! E
- o 2 - :
—2 %’” e = 12 E £
—3:# | || \IH\ Lo !37 i ‘
-5 4 -3 -2-1 0 1 2 3 4 5 I 5 1 3 1 1 1 3 5
!
—_ ol —_
da,b (pk) = e da,b(pk) = Same

dJ(pk)Z 2 cosh A’l]jk | 2cos A¢3k
" (Ank)® + (Adjk)’
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Jets treatment of soft radiation
depends on the distance measu

T T T T T T T T T T T T T T T T T T T4 T T T T T T T T T T T T T T T T T T T

_ : geometric ]
5 2f measure -

l - — 1 F ]

— () — — — () = -

~1F - | F . —
Invariant mas$

measure 2f

—I M M M —I: 1 M 1 1 M 1 M ;- 1 i A ; i 1 " N —l." 1 1 1 —12 1 1 1 [l= i " i ; " 1 i ‘l‘
1 1

circular ! circular
geometric ’F geometric -
f measure 1 measure
- or -: — or .
L |

—l .—l— 1 [l ; ‘l‘ 4 B 2 [ 2 ‘

I ! TR
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N-Jettiness Factorization Formula

d!

T3 dTD AGaT ] = dXadXp d(phase space)

| | I
" ! I #\' |
! dta By, (ta;Xa) dtpBi, (th, Xb) ds; Ji, (s3)
! =1
$ (
/0 7 &'I t {
tr Hy {0 4G}, Xap Sy TE" 2 TP 2ol 2
a Qb
1+ O(Tl\JI)
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N-Jettiness Factorization Formula SOy W

N
/
¢ | | e e
ITadTP AAaTN dXadXp d(phase space) ’7.‘. i b
" l ' #J | ’ ) \ TN
dta B, (ta,Xa) dtpBy, (tp, Xp) ds; Ji, (s3) wz e TN
J=1 5
%
| tr HN {q aq}\\
bearvn\ _jettines jet function
hard V|rtual N-} S ¥ :
function soft function nown to
COrreCthnS B — ||| A fl' O(] 2)
2— N +0¢ 5

gi &g = (QiQj)(G &g )
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N-Jettiness Factorization Formula LW

N
d! _ Ix.d _ d(ph ) Oa ‘,1 —
— XadX = = <
T2 dT,> A &dT,N atp  CAPTERE SPace b
T I | #\' | o /// \ TN
! dta BI a (ta, Xa) dtb BI b (tb, Xb) dSJ \JI 3 (SJ ) W/Z //'/ ']T\IZ 02 \\\\
! J=1
$ ( ) *
I A) Z &' | " t " tb " Sl " SN A& LA
! tI‘ HN {q| an },Xa,b SN TNa Q—a,TNb @,TN:L E ..... TNN Q—N,{qi aqj }
a

gi &gy = (QiQ;)(dG &agj)

Assumptions needed to sum logs with this formula:

1) 7,7 ; (7: < 7; gives non-global logs of Dasgupta & Salan
[ Chris LeeOs talk ]

2) & & >7T/Q (jets merge, ONinjaO limit)
jets are well separated [ Jon WalshOs talk ]
3) Q! Q
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N-Jettiness Factorization Formula LW

N
d! _ Ix.d _ d(ph ) Oa ‘,1 —
— XadX = = <
T2 dT,> A &dT,N atp  CAPTERE SPace b
T I | #\' | o /// \ | TN
! dta BI a (ta, Xa) dtb BI b (tb, Xb) dSJ \JI 3 (SJ ) W/Z //'/ ']T\IZ 02 \\\
! J=1
$ ( ) *
I A) Z &' | " t " tb " Sl " SN A& LA
! tI‘ HN {q| an },Xa,b SN TNa Q—a,TNb @,TN:L E ..... TNN Q—N,{qi aqj }
a

gi &gy = (QiQ;)(dG &agj)

Assumptions needed to sum logs with this formula:

1) 7,7 ; (7: < 7; gives non-global logs of Dasgupta & Salan
[ Chris LeeOs talk ]

2) & & >7T/Q (jets merge, ONinjaO limit)
jets are well separated [ Jon WalshOs talk ]
3) Q! Q
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A couple of interesting projections

One Central Jet’s Mass

o QuR/2 QR QJR/2
FQuR.)= [dr [T | /dle/ ) " (T - )

A Central Jet “Thrust”

* QaR/I2 P QupRI2 "¢ # b do % 1 &

do |
—(Qi L) = d7; dly d7; 0 7T — — T

where m% = QT
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eg. Higgs Jet Veto

Berger, Marcantonini, IS, Tackmann, Waalewijn
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Higgs+ O jets gg! H ! ww ! [I*[

e Strong discovery potential at the LHC fomy = 130 GeV
pp—H — WW — u* | Lle Mo

® dominant channel in Tevatron search
pp! H! WW! pfl e &

. -1
Tevatron Run II Preliminary, <LL.>=5.9 fb
LI ‘ T { T { T { T T { T T ‘ L ‘ T { T { T

% LEP ExcluSion ~ Tevatron
= 10 e | | Exclusmn
E =
-
=
@)
I
u
=N
1 B
L <———T1 vatro an clusi l“ """"" N W ;W"ly'1'9"2q10 """" -
100 110 120 130 140 150 160 17() 180 190 200
H(GeV/c )

Wednesday, May 25, 2011
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Large Background from Top Decays

14
L
t W, U Jet k Jet
e —
1 Ty —I;[— IZ{> P ——— }i.s;é“x\‘. ' D
t 14
v Soft ¢
(0
t b ! Jet
TOOO0y—> @ 14 //
W 1V Jet k | Jet
=
40 L4 W , IZ{> 5 }io_:qf; ———
OO Q{ 2 \\
t g Soft | \ '

Veto events with central jets, measurepp! H (! WW )4 0 jets
(Sensitivity dominated by 0-jet sample)
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Jet Vetoes

Conventional: Jet Algorithm

+ Search for jets and requirg)”" < p S

Tevatron: pS"* !l 20 GeV
LHC: pg"t ! 25 GeV

¥ Complicated phase-space restrictions

Alternative: Event Shape

¥ Measure beam thrust for each ever

T, = Z”)lee! M| = Z(Ek# |pZ|)
k

k

and require T¢, < TS

¥ Nice for higher order calculations

Wednesday, May 25, 2011

Jet

Soft

Soft

Jet
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Jet veto restricts ISR, gives double logs
L = log

LO NLO
lojet = 1+ "4L7
+ "L
+ " Ny (pF"
Fixed Order to
NNLO

300

250

o [fb]

200

150

100

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

MRST2001 LO, MRSTR2004 NLO/NNLO
Mpn/2 S pp = pp S 2 My
M, = 165 GeV

NNLO

NLO

: .!.let =29

20

40 60
pr° [GeV]

Wednesday, May 25, 2011

80

100

NNLO
+ l12_4 + ll3_6 +
S S
+ "2_3 + "3_5 +
S S
+ l12_2 + ||3_4 +
S S
+ ||2_ + ||3_3 +
S S
n 2 cut n 3y 2
T an(pT t s = T
+ "3 4+
S
+ "3 +
S

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
I 11 | 1] I 11 I 1]

T =66.5% x [TO% +28.6% x [T25% +4.9% x TS = 1A%
| # $%m & # $% & # $% &
O jets 1 jet > 2 Jets
Problem:
O'total :1+as+a§+ééé

o 1(P8M) =as(L* + L)+ ai(L* +L° +L* + L) + 444

cut _ cut
(o Jy) (p'r = Ototal | O 1(p-|-

=[1+as+ai+ada [as(L°+L)+ai(L" +ada+aafp
* perturbative series have different structures and are not related

¥ small uncertainties are result of cancellation of two large corrections
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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
I 11 | L1 I 11 ' I

Al . ! ! !
——=66.5% X oot +28.6% x [0 +4.9% x IR = A%
e $% & # S0 & H___$% &

O jets 1 jet > 2 Jets

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

@ The inclusive |et cross sections are considered uncorrelated

- total; |

| 5q, !

>2 for scale variation

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

Lo =" totar 1 1, ly=1r 1" Ty o, Ly 9
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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
AI I 1] l 1] I 11 l 11

= -66.5% x 3% +28.6% x 2% 44 9% x [FT% = H14%
L # $% & # $% & # $% &
0 jets 1 jet > 2 Jets

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

Using naive scale variation for o Using above procedure for o
10 10
8 8
5 6 0 S 6
él— 4 " :;:-; .
£ 4 Ecm=T7TeV = S 4 Enm=7TeV =
- My =165GeV - © mp= 165GeV -
2 B NNLO - 2 E=NNLO =
---NLO E ---NLO E
OO 10 20 30 40 50 60 70 80 90 100 0O 10 20 30 40 50 60 70 80 90 100
pgl_ut [GeV] p%” [GeV]
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Jet veto restricts ISR, gives double logs

using “beam thrust” or “o-jettiness”

LO NLO NNLO
! O_jet — 1 _l_ " SL2 " _4
_|_ n SL n _3

+ ! snl(p%Ut)

—

+ + + + +
CIJI.\DCIDL\DCDI_ECDI.\DOD[\D

Owur calculation:
NNLL + NNLO

two orders of summation
beyond LL shower programs P

Wednesday, May 25, 2011

k Jet
“ ———'(

Soft
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Berger, Marcantonini,

0.025 g BESENEEE BESEEEE . IS, Tackmann, Waalewijn
; E.,=1.96 TeV 1
> 0.02: mp =165 GeV _
2 oist IR e two orders of summation
= N beyond LL shower programs
W 0.01¢ .
< -
S 0.005 . ® |ogs are large
ol
0 10 20 30 40 50
T [GeV] ® theory error bands from
varying Hi
" NNt T ® NNLO underestimates size of
0.4 B NLLANLO errors by factor of two
E 0.3%— .
S . scale uncertainty at
— 0.2F - :
S : NNLL+NNLO Is 10-20%
0.1 Eon=1.96TeV 5
mpy=165GeV -
L T T R TR (R
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NNLO: using inclusive jet cross sections & correlation matrix

10:IIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIIIIII|IIIIIIIII 40_ IIIIIIII|IIIIIIIII|IIIIIIIII_
= En="TTeV - -
gf_ myg=165 GeV 305_ _5
- . 20 [ =
o’ - - - .
2 6 4 ., 10k ]
~~ - n o\o -
EER 1 % OF
— 4 - = -
T F E e -
- i —20F -
2 B NNLL+NNLO — - EEENNLL+NNLO -
- === NNLO T 30 ==NNLO E
n IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_ _ L1111 II|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_
% 10 20 30 40 50 4% 10 20 30 40 50
TSt [GeV] Tem' [GeV]
cut order 00total |00 >1 || 0070
’Z::‘;#t = 20 GeV NNLO 383.5% | 28% || 16%
’Z;‘;#t — 20 GeV | NNLL+NNLO | 5.2% | 21% || 13%

@ NNLO uncertainties now consistent with those from NNLL+NNLO
resummation

F—

® Increased theory errors will impact Higgs bound
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Jet Mass

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

N
d! | dx.d | d( h ) Ca ‘@é_
. - = XadXp phase space ===
dT2 dT,P 4 &dT,
woo | ! o ! ) " .
! dta By, (ta,Xa) dtpBi, (tp, Xp) ds; Ji, (s3) wz 2
'$ J=1

% &
I tr Hy {G ag}, Xap

g ag = (QiQ;)(a ag )
Pieces needed for NNLL are now all in hand:

¥ 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
¥ N_jet Soft function Jouttenus, IS, Tackmann,

Waalewijn also: Bauer, Hornig, Dunn
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N-Jettiness Factorization Formula o

LN
a  dxadxp d(ph ) — ="
p— — ase Space =
T2 AT, & AdT,N o CAPHEE D SN
" I I #J I < - /// \

! dta BI ta, Xa dtb BI tb, Xb dSJ \JI SJ W/z // TZ

a b J / N

I$ J=1 *

% &
I tr Hy {G ag}, Xap

g ag = (QiQ;)(G ag)
With assumptions: T, ' T ; , & & >7/Q: , Qi! Q

Can explore angular dependence,
R dependence,
Qidependence

Have Color / Kinematic info. Can look at jet mass In
samples with various amounts of quarks vs. gluons.
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Unfortunately we did not quite get final results
in time for the workshop ...

Jouttenus, IS, Tackmann, Waalewijn

Wednesday, May 25, 2011
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Beam-Jet Mass
(glue ie. Higgs production)

mJ - QJT

Jets / 10 GeV

002 (rrrrprrrrprrr T T T | 1T 1T | T T TT | 17T I_
0.15:
0.1F

______
-
s

0.05|

0 25 50 /5 100 125 150 175 200

looking only at the shape:

0.2IIIIIIIIIIIIIIIIIIII|IIII|IIII|IIII_
B NN LL A

0.15—- s @

0.1

0.05

0 25 50 75 100 125 150 175 200
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[Adam Davison’s talk herel

Ll ] Ll L] L\l Ld I . L\l L] T I L\l L) Ll T

—&— ATLAS 2010 Data, L= 35pb”

——— Pythia MC10 x 0.14

Antik, R=1.0 jets
Ney=1,p,>300GeV, |y|<2

Stat. Unc. Only

200 250 300
jet mass [GeV]
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Beam-Jet Mass
(glue ie. Higgs production)

Jets / 10 GeV

looking only at the shape:

0.2IIIIIIIIIIIIIIIIIIII|IIII|IIII|IIII_
B NN LL A

0.15—- s @

0.1

0.05

0 25 50 75 100 125 150 175 200
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Ll I Ll L] T T l L T L T ] T L} T 13 I L4 T L} T I T L Ll T

ATLAS Preliminary —=— ATLAS 2010 Data, L = 35 pb”

——— Pythia MC10 x 0.14

NN
o
o
o
ERNEARANEEREE L
[T

i T T I'l LRI I LWL I'I LA |'l LRIL I i l'|

0 50 100 150 200 250 _ 300
jet mass [GeV]
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The End
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