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Use Jets bins: (exclusive jet o’s)

(0’s with a particular # of jets)

® backgrounds vary with # of jets
® needed to improve sensitivity
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Use Jets bins: (exclusive jet o’s)
(0’s with a particular # of jets)

® backgrounds vary with # of jets

® needed to improve sensitivity
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Use Jets bins: (exclusive jet o’s)
(0’s with a particular # of jets)

® backgrounds vary with # of jets
® needed to improve sensitivity
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Theory Calculations
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Factorization for inclusive Higgs production [Collins, Soper, Sterman; Bodwin; '80s]

dotC =

\/EGFTTLH Z /dga déb do_partonic

Tq
576w E2 e g, (i ( )fz(fa) i (&)

ga Sb

Partonic cross section computed in QCD fixed-order perturbation theory

do-partomc :ZZ%(] %@
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Higgs Production to NNLO

Gluon fusion: gg — H

@ Total cross section at NNLO including top-mass effects > -
[Harlander, Kilgore; Anastasiou, Melnikov; Ravindran, Smith, van Neerven]
[Pak, Rogal, Steinhauser; Harlander, Mantler, Marzani, Ozeren]

@ Electroweak corrections to O(aemas)
[Aglietti, Bonciani, Degrassi, Vicini; Actis, Passarino, Sturm, Uccirati; Anastasiou, Boughezal, Petriello]

@ Summation of higher-order threshold and constant terms to N3LL
[de Florian, Grazzini; Ahrens, Becher, Neubert, Yang]

@ FEHIP, HNNLO: Numerical fully differential cross section at NNLO

[Anastasiou, Melnikov, Petriello; Grazzini]

—_

o(pp — H) [pb

100 150 200 250 300 350 400 450 500 550 600

M, [GeV] > >
Vector-boson fusion: qqg — qqH
@ Total cross section at NNLO™ [Bolzoni, Maltoni, Moch, Zaro] o
> >

@ HAWK: Numerical fully differential cross section at NLO (QCD+EW)

[Ciccolini, Denner, Dittmaier, Mick]

Friday, October 28, 2011



Multiple Particle Final States eg. gg— H+2jets ...

Number of NLO Feynman diagrams explodes with increasing number of
particles in the final state

@ Unitarity-based methods allow to circumvent Feynman diagrams

@ Directly construct NLO helicity amplitudes from “sewing together”
ower-point tree amplitudes

@ Several NLO programs/libraries

»| MCFM [Campbell, K Ellis, Williams]
Blackhat [Berger, Bern, Dixon, Febres Cordero, Forde, Gleisberg, lta, Kosower, Maitre]
Rocket [K. Eliis, Melnikov, Zanderighi]

HelacNLO [Bevilacqua, Czakon, Papadopoulos, Pittau, Worek]

Samurai [Mastrolia, Ossola, Reiter, Tramontano]
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PDF4LHC recommendation:

Compute MSTW 68% PDF+ o5 errors at NNLO.

Take envelope of CTEQ, MSTW, NNPDF errors at NLO,
and divide by MSTW error at NLO. Multiply NNLO
errors by this ratio (roughly 2).
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Group source Typical Uncertainty
PDFs+a gg — H,ttH, gg — V'V (QQ) 8 %
(cross sections) | VBF H, VH, VV@NLO (¢q) 4%

QCD scale | totalinclusive gg — H et
inclusive gg — H+ > 1jets 20 %
inclusive gg — H + > 2jets | 20% (NLO), 70% (LO)
VBF H 1%
associated VH 1%

taken from ATLAS & CMS Higgs combination group
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Lets focus on perturbative uncertainties for exclusive o’s

perturbative
uncertainties

exclusive jet cross sections

pPp — H + Ojets — 00 /\O
pp— H4+1jet — o7 = Ay 0 D ?
pp — H + 2jets — 09 + Ay correlations=:

sumis —>  Ototal /\total
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From CMS H-WW analysis:

CMS PAS HIG-11-014

2011/08/22

Table 3: Summary of all systematic uncertainties (relative). This is just an indicative table, since
the precise values depend on the final state and jet-bin.

Source H— qq — g¢ — | non-Zresonant | top | DY | W+jets | V(W/Z)
WTW~ | WrW— | WHW— Wz/77 +v
Luminosity 4.5 — — 4.5 — — — 4.5
Trigger efficiencies 1.5 1.5 1.5 1.5 — — — 1.5
Muon efficiency 1.5 1.5 1.5 1.5 — | — — 1.5
Electron id efficiency 2.5 2.5 2.5 2.5 — | — — 2.5
Momentum scale 1.5 1.5 1.5 1.5 — — — 1.5
EITniSS resolution 2.0 2.0 2.0 2.0 20 | 3.0 — 1.0
Jet counting | 720 | — 5.5 5.5 — — — 5.5
Higgs cross section 5-15 — — — — — — —
WZ/Z7Z cross section — — — 3.0 — — — —
qq — WW norm. — 15 — — — — — —
g¢ — WW norm. — — 50 — — — — —
W + jets norm. — — — — — | — 36 —
top norm. — — — — 25 — — —
Z/v* — £*4~ norm. — — — — — | 60 - o
Monte Carlo statistics 1.0 1.0 1.0 4.0 6.0 | 20.0 20.0 10.0

The uncertainty on the signal efficiency is estimated to be ~ 20% and is dominated by the theo-
retical uncertainty in the jet veto efficiency determination. The uncertainty on the background
estimations in the H — WTW™ signal region is ~ 15%, which is dominated by the statistical
uncertainties of the background control regions in data.
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Vetoing Jets : eg. H— WW 40 jets

£ Jet .
, T
Search for jets and require pziﬁt < pSt Jet k / /Jet
S
—— e
Tevatron: pSi"* ~ 20 GeV ————————

LHC: p5i'* ~ 25 GeV \\

Soft \

Jet Veto changes form of perturbation theory

Even if hard signal process gg — H contains no jets, g
jet veto affects cross section by restricting ISR -»--H
t-channel singularities produce Sudakov double logarithms

cut

3as2ln2pT | ...)

cut

op = o(pr ):‘7'8(1

I
v My

=- Perturbative corrections get large at small p5"* < m g
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. eg. H — WW +0 jets
Vetoing Jets :

£ Jet
e
Search for jets and require p}iﬁt < pSt Jet k / Jet
—————
Tevatron: pSi"* ~ 20 GeV - ;22@5,;
LHC: p5i'* ~ 25 GeV \\
Soft \\ £
Jet

Jet Veto changes form of perturbation theory

oo~ 1 + a,L? + o’L* +...

+oa,L  + oL ... ot
toe 402l 4. L=In"L
my
+ oL +...
+ a? + ..

S
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cut

P do do
Ototal — / de — + / de —
0 deJ pSut dpr

A\

_, = A\

oo (P + o>1 (P

\ inclusive jet cross section

pp — H +>1jet

cut

® Added uncertainty Acyt from our ability to predict p7+'" dependence

(“large logs” or “particle migration between bins”)

e C(ancels when adding og and o> A2 A2
_AQ AZ .

cut

anti-correlated

® [Extension to multiple exclusive jet bins:

00 (p%ut)’ 01 (p%mvp%u;)v 02 (p%UQtvp%u;)a s

Acut Acut pgY is cut on

7’th largest jet pr
How do we compute Aqyi 7
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We will explore three methods
(4) (B) (C)



(A) “Direct Exclusive Scale Variation?” vary up, ug in 0;’s — A,

consider og(u), vary u € [myg/2,2mpg| to get Ay etc.
® Uncertainties are 100% correlated. Common scale variation for jet bins

Ototal = 00 + 01 + ... gets back its uncertainty Ayotal

pp > H+ X >WW +X->evewrv+X
||||||||||||||

300

® Naively, jet veto appears to improve

:— MRST2001 LO, MRST2004 NLO/NNLO
My/2 € up = up < 2 My, NNLO
COnvergence Jso[ Mn = 165 GeV
i | i
® FO expansion gets unstable at small pS** . SRR
and eventually breaks down o :
150 {25
KX
100_— 10 -
eg. Tevatron N R B B
20 40 60 80 100
o pret® [GeV]
29 o 66.5% x (fg%) + 28.6% X (tgggg) 4 4.9% X (J_rﬁ;j) _ (j}gﬁ)
o - - - - RN - [Anastasiou et al., arXiv:0905.3529]
0 jets 1 jet > 2 jets
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® Smaller uncertainty in 0-jet bin than in inclusive cross section



(A) “Direct Exclusive Scale Variation?” vary up, ug in 0;’s — A,

consider og(w), vary u € /mg/2,2mpyg]| to get Ay  etc.

® Uncertainties are 100% correlated. Common scale variation for jet bins

Ototal = 00 + 01 + ... gets back its uncertainty Ayotal

e does not account for At

® due to numerical cancellations can underestimate uncertainties

Ototal = OB [1 ' Oti + O (a‘j)] large K-factor

cut

o>1(p3*) ~ op|al L+1) + a?(L*+L*+L?*+L+1) + O(a®L®%)] large logs

cut

L = ln(pT /M)

cut cut

always a large cancellation for oo(p7") = Ftotal — 0>1 (DT

in some range of p3"
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mp

For example, at LHC for my = 165 GeV and E.,, = 7 TeV HE = HR = 75~

Trotal = (3.32pb)[1 + 9.5 a, + 35 a2 + O(a?)]

o>1 (P’ > 30GeV) = (3.32pb)[5.1a, + 28 a% + O(a?)] .

Direct EXCluSive ]_O 1] IIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII [TTTTTTTTITTTTTTTTTfrIoTTeeTT

Scale VariatiOIr glreen gg — H+0 jet (NNLO)
) INES )

—

—
— =
—
, -
—
—

-----
--==
-------
-
-
-
-
-

-
-="
-
-
-
"
-

E.,=7TeV
mg=165 GeV

—p=mpy/2

o(PF") [pb]

o

V)
I
o
T K
I
3 3
T o
~~

IAN

cancellation

combined incl. unc. 4
O T\ (171 IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_

0 10 20 30 40 50 60 70 80 90 100
pF" [GeV]

All my fixed order plots use:
MCFM v6.0 for spectra, FeHiP for NNLO cross section,
MSTW pdfs, anti-kT jets with R=0.5
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(B) “Combined Inclusive Scale Variation”
IS, Tackmann, arXiv:1107.2117

e Treat inclusive cross-section uncertainties as independent

Atotaly AZI) AZQ? R Afota 0 0
C = 0 A%, 0
cut 0 0 Azzz

e For p3* uncertainty use: Acyy = A>q

Propagate errors to get uncertainty for oo(p7") = total — 051 (P7")

<A2>1 T A‘%otal _A2>1> has

Cg- {00 y 0>1 } —AZ, AZ, anti-correlation

Ototal =~ 0B |1 + as + a2 + O(a)] large K-factor

o>1(pF"*) ~ op|as(L*+L+1) + a?(L*+L*+L*+L+1) + O(a®L®)] large logs

cut

L = In(p$*/mpm)

treated as independent series

estimate for impact of logs obtained from o>1(pF") ‘s 14 dependence
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For example, at LHC for my = 165 GeV and E.,,, = 7TeV

Ototal — (332 pb)

o>1 (P’ > 30GeV) = (3.32pb)

Direct Exclusive
Scale Variation

10
green lines

8

Combined Inclusive 6

Scale Variation
Ag — total _I_ A

red lines

0

:5.1 as + 28 ai -+ O(ag)} :

gg — H+0 jet (NNLO)

o —
—
—
—
—
—

=

-----
--==

-------
-

- -

-
-
-

-
-
-
-
-
-
-
-

combined incl. unc.

L | WHV 4T IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII

10 20 30 40 50 60 70 80 90 100

pT"t [GeV]

:1 +9.5a, + 35 ag + O(ag’)]

agree when
cut is turned

off

these plots only vary ugr = up (varying pp alone is quite small for Higgs)
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Convergence (NLO to NNLO)

]_O :IIIIIIIII|||||||||||||||||||||||||||||I|IIIIIII||||||||||||||||||||||||||||||||||||||||||||||||||I ].O :IIIIIIIII||||||||||||||||||||||||||||||||||||||||||||||||II|IIIII||||||||||||II|IIIIIIIII|||||||||
g direct excl. scale variation ; combined incl. scale variation
8¢ 8
=y : I e - N R
= 6 B 5 2 6 b
N eI Eem=7TeV ]
S 4 mp=165GeV § <= 4 mp=165GeV
© et < 3.0 1 °® et < 3.0 -
2 B NNLO  — 2 ESNNLO
- —--NLO . ---NLO -
O ||||||||||||II||||||||||||||||||||||||||||||||||||||||||||||||II|IIIII|||||||||||||||II|||III|: O |||||||||||||||||||II||||||||||||||||||||||||||||||||||||||||||||||||II|IIIII||||||||||||||:
O 10 20 30 40 50 60 70 80 90 100 O 10 20 30 40 50 60 70 80 90 100
p7r" [GeV] pet [GeV]
at p5'* = 30 GeV and NNLO
6(o0>1) = 19% d(o0>1) = 19%
d(og) = 2.4% d(o0) = 18%
p(co0,0>1) = +100% p(0o,0>1) = —64%
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Quite generic:  same pattern at Tevatron

similar plots if we vary rapidity cuts

similar plots for other processes

0.5 0.5

combined incl. scale variation

direct excl. scale variation

0.4 0.4
=) - =) 3
2 0.3 - =03 —~
S E.,=1.96TeV 1 E E.,=1.96 TeV
2 0.2 mpy=165GeV 3 = 0.2 mpy=165GeV =
° <25 48 <25
0.1 E=NNLO 0.1 E=NNLO =
| ==-NLO : ;i ==-NLO :

% 10 20 30 40 50 60 70 80 90 100 % 10 20 30 40 50 60 70 80 90 100

ptcrut [GEV] p%m [GeV]
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eg. 100,01,0>2} Combined Inclusive Scale Variation

e Treat inclusive cross-section uncertainties as independent

Atotaly AZI) AZQ? R Afota 0 0
C = 0 A%, 0
0 0 AZ,

e For pi™ uncertainty use: Acyg = A>1, Acutz = Ao

Propagate errors to get uncertainty

00 = Ototal — O>1 01 —0>1 — 0>2, 0>2
total _I_ A _A221 0
— 2 2 2
2

o1 (pF, T )~ oplas (L + L+ 1)+ aZ(L* + LP + L + L+ 1) + O(alL°)
—(L*+ L+ L + L+ 1)+ O(a2 L) large logs

os2(p5H)~ opla(L* + L° + L? + L+ 1) + O(a’L°)] = In(p$*/mu)
L = In(pSy /mg)

cut

estimate Acui2 obtained from o>2(p75)
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other examples

405 éJ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| TTTTTTTTTITTTITITTTT ||||||||J:_
4F g9 — H+1 jet (NLO) =
3.5E Pr1>30GeV  __———=--__ =
2 F E
~ 25 S e —:
8&4 9 f_ N Cm:7TeV _E
Q:; - mpg =165 GeV :
b 1.5 E_ - ,u:mH/Z _E
1=/, >/ M=mH/ —
3 mu/a
0'55 ¥ | | | | |comlolmed |incl 1|1nc =
O o S toedd e e e beerecrreeberrereee b cerreeeer et b e e T
0O 10 20 30 40 50 60 70 80 90 100
pi [GeV]
50 é|||||||||||||||||||||||||||||||||||||||||||||||||||||||||| TTTTTTTTITTITTTIITTIT T ITTTI T Tdd ||||||||J:_
= WW 0 jet (NLO) ===~
40 = S =
=
£30E =
EI
S20 =
=} — _
© ]
10 & =
g combined incl. unc. 3
o |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||1__

0 10 20 30 40 50 60 70 80 90 100

p3t [GeV]
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o1(k)
A>1, A>o independent

o>1(pry > 30 GeV)
= (2.00pb)[1 + 5.4 a5 + O(a2))]
oo (g > 30GeV, iy > 30 GeV)
= (2.00pb) [3.6 a5 + O(a?)] .

0-jet bin:
K-factor ~ 1.5
(K~ 2 with H search cuts)



other examples

405 éJ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| TTTTTTTTT]TTTTITT T ||||||||J:_
4F g9 — H+1 jet (NLO) =
3.5 Pr1>30GeV  __——==--""" "~ =
3 E
~ 25 e =
g& 2 - N em =1 TeV -
S Tk mp=165GeV 7
© 1'55_ —u:mH/2 _E
1=/ '/ M=mH/ —
- ! mgygy 4 _E
0.5 = combined incl. unc. 3
O L1 ||||l|| ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||T

0O 10 20 30 40 50 60 70 80 90 100

p7" [GeV]

005 E| [ | T T | T T | T T | T T | T T T T T |E
- gg — H+1 jet (NLO)  ———= =
0.4F pr;>120GeV - =
S a—
2 0.3 ' E
£ = E.,=T7TeV s
i@? 0.2 ;_ mg =165 GeV _%
g ——p=mp/2 E
ox: /) /T o g
. g— - M:mH/4 _g
= | | | | clombintled incll. unc. J
O 10 L/ | L 111 L 111 L 111 L 111 L 111 L 11 17

0 25 50 75 100 125 150 175 200
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pt [GeV]

o1(k)
A>1, A>o independent

o>1(pry > 30 GeV)
= (2.00pb)[1 + 5.4 a5 + O(a2))]

oo (g > 30GeV, iy > 30 GeV)
= (2.00pb) [3.6 a5 + O(a?)] .

® cancellation occurs for
t
a larger p7', as expected

® Jogs are larger earlier



{O-totala g0, 01}

g0
00 — Ototal — 0>1 , fO: )
Ototal
01
01 =0>1 — 0>2, fi=
Ototal

relative uncertainties

1 1 2
5(00)2 — f_g 5‘(:20‘5&1 + (% - 1) 5%1

§(o1)? = (1 — fo)Qéil + (1 ;1f0 — 1)25§2

Friday, October 28, 2011

or

{Utotala an fl}

2 2
Atota,l Atotal 0
2 2 2 2
Atota,l Atotal + AZl _A21
2 2 2
0 EASS A+ A3,

correlation coefhicients

62,
52

total

—1/2
p(00, Ototal) = [1 + (1- fo)2] )

AR T
plog,01) = — |14+ =2 ]
(00,01) [ 02, (1— fo)?

1 02, 1 fi N2
8 +52—( _1—f) ’

>1 0

p(0-070-22> — 07
P(UL Utotal) =0 )

B > fi \ 2
0(0‘1,(?2) = —[1A+.g<1n— 1 .fP) ]

1 - fo 5%1 ) (i . 1) Ofotal
fi 0t/ \o 0(fo)d(f1)

p(flaatotal) — _5(f1) .



jet
eg. Numbers for {owa, 00,01} P =306eV
pro > 30 GeV

start with:
Ototal — (870 + 075) pb 86%

o>1 = (3.29 £0.62)pb  18.8%
0>2 = (0.85 T 0.49) pbf 57%

,0(007 Utotal) = 0.77

o) ~Co0

or consider jet fractions:

B

fo = J"O 5(fo) = 13%
ol p(f()a Utotal) = (.42
fo p(fo, f1) = —0.80

Friday, October 28, 2011

A1?01:211 A1?01:&1 0
A‘?otal A‘?otal + AQZl _A221
0 —A%, A%+ AL,

00 — Otot — 0>1

01 —0>1 — 0>2

5(0’1) — 32%

plo1,0>2) :

0(f1) = 33%
,O(flaa-total) = —0.26

|



W +jets

]_OO :I FTTTTTTI | FTTTTTTTI | FTT T T TTTT T TTT T T TT T T T TTTTTTTI |:
- W40 jet (NLO) —
0 o -
N : :
= 6oL pp 1mportant =
T -
o~ - — ]
s k — RETmw -
A s w=2myy =
20 E_ - U:mW/2 _E
- | | |combined |incl. unc. o

OO 10 20 30 40 50

pSt [GeV]

2 :I T L | T T | T T | T T | T I__ LN -
- W41 jet (NLO) == ]
15 =
) - ' =
A, - .
o~ g - Ec,=7TeV -
5 = jet E
§ - T >80GeV -
: — p=my :
o.5=/%» / n=2mwy =
: —p=mw/2
- | | | | | c|0mb1n(|ed 1ncl| unc.
CuAll L 111 L 111 L 111 L 111 L 111 L 111 L1117

OO 25 50 75 100 125 150 175 200
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pt [GeV]

]_4 -l»||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||J:-
12 - W41 jet (NLO) _ _———==——"" -
10 S =
Q = =
S L E E
~ 8 En=7TeV =
< 6F 7>30GeV =
N ——h=mw E
4 = [ e M:me E
2E —p=mw/2
= combined incl. unc. 3
0 '_TIIJII IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII‘I_'

O 10 20 30 40 50 60 70 80 90 100

p [GeV]

2 :||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| TTTTTTTTT]TITTTTTITTT |||||||||:
- WT+2 jet (NLO) _ -
1.5 =
= F 9999 and qqqq
= - .
—_ - E.,=7TeV 3
E 1+ -
O&' m T12>30 GeV 7
T —p=mw
05~ (/[ ,/ p=2mw =
: —n=mw/z
- combined incl. unc.-
O ||||||||||||||||||||II|II|||||||||||||||II|II|||||||||||||||II|II||||||||||||||IIT

0 10 20 30 40 50 60 70 80 90 100

pt [GeV]



(C)  Use Resummed Predictions to get Uncertainties

this will allow us to include both types of uncertainties
(correlated & uncorrelated) from methods (A) and (B)

e resummed calculation has two sources of uncertainty;
- one is correlated with Ayg¢a
- one gives Acyg
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Jet Vetoes

Conventional: Jet Algorithm

® Search for jets and require pjﬁt < chut

Tevatron: p5'* ~ 20 GeV
LHC: pSi't ~ 25 GeV

e Complicated phase-space restrictions

Alternative: Event Shape

e Measure beam thrust for each event

Tom = ) _|Birle™™ =3 (B — Ip7])
k

k

and require 7., < 7"

® Nice for higher order calculations
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p AT e
\ l
Soft \\
Jet
2
p%axjp%ax IR HT
ra ldl 2
P tYl Y T
binning

Jet k Jet
‘» _
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Jet veto restricts ISR, gives double logs

cut cut
P 15
L=In~2— or L=
m g myg
3y pcut
t s 2 Pt
U(p%u)ml_( - )21n M .. NNLO spectra close, agree to 7%
1.5EI|||IIII\I\I|||||||||||||||||||||||||||||||||||II|IIIIIIIE
3@ Tcut 1.4 \ o Tcut_p%ut _:
Teut ocl—( S)ln2 = +... 5 -
( m) T mir ?1.35
5&1.2:_
S . Lk
\b/]_.]_z—
= 1
ZE0.9F
Appropriate correspondence: l% 0.8
Pt Y ook
t t O :
7;(;;11 NmH< ) 0.5:|||||||||I."l||||||||||||||||||||||||||||||||||||||IIIII:
mpg 0 20 40 60 80 100 120 140

pt [GeV]

= 7" ~ 10 GeV corresponds to p3** ~ 20 GeV in conventional jet veto
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Jet veto restricts ISR, gives double logs

L =In— P or L =1In T
m g myg
LO NLO
O0-jet = 1+ o, L2 + oé[/l
+ oL + o2L°
+ asni(p7")  + gL’
+ onL

Parton Shower
eg. Pythia is LL. (+ tuning)
eg. MC@NLO is NLO+LL
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o’ LO
s L°
+ a2 L*
+ L3
+ a’L?
+ a’L

3
+ o

LL



Jet veto restricts ISR, gives double logs %
p%llt ,Z-C(;;llt - - -

L=In——— or L=In
m g myg
LO NLO NNLO
O0-jet — 1+ o, L2 + a?[fl + ag’LG +... LL
+ oL + o?L? +a’l’ +... NLIL
+ asni (pS)  + o?L? + oLt ...
+ oL +all® ... NNLL
+ aino(pS™) 4+ atL® +...
3
Calculation: ol
+a;  +
NNLL + NNLO s

. ar X1v:1012.4480
two orders of summation

beyond LL shower programs

Berger, Marcantonini, IS, Tackmann, Waalewijn
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NNLL + NNLO calculation Hol
AN A
Bg
¢ AA KB

g9
SB
Jet k Jet ks
— ’. -— - f
— o — Aqcp
—— A ——— p
‘

do*® ta —|— tb

H— QQ(IJ’) /dtadtb Bg (taa p,) Bg (tba p,) S%g (IZ'cm — ’ H)

d7Zcm my

d
Bi(t,z) = /f Zij(t,z/€) f;(&)
Function describes at the scale
Hard H,, hard virtual radiation | ~ myg 105%% 8iYe
Beam B, virtual & real energetic ISR pup ~ vVZTenmu sensitvity
. o to smaller

Soft SE’ virtual & real soft radiation s =~ Tem scales

Perturbation theory at each scale contributes to uncertainties
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General Structure of the Cross Section

do In® do™s _ 7.
— = C5(r) + ZC"“[ } | with 7= —"
dr k T 14 dr mg
S ~~ -~ ~—
singular nonsingular
]_OEI IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII | IIIIIII | IIIIIII | IIIIIII |I§
. E.,.=7TeV
Singular (log-enhanced) terms S o — 165 GV _
@ Dominant contribution at small 7 SO — full NNLO -
..8_. 0.1 3 - —- smgl.llar E
= Resummed to NNLL using SCET 5 P~ nonsingular 3
% ) % T e aE
Nonsingular terms = 107 , y _
¢ S_uppressed by O(7) relative to 10~ g i éﬁldl'”'1'(|)'6'”'1'2“6””1!16'”'1'('5;)
singular ones Tom [GeV]

@ Required to reproduce full fixed-order cross section at large =
= Obtained numerically from FEHIP to NNLO
(MCFM)
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Summation of Jet-Veto Logarithms

Factorization theorem splits up large logarithms

do® ta, _|_ tb
dT — gg(“’) /dtadtb Bg (taa p,) Bg (tba ll') S%g <,Z::m _ —_— ’ N)
IZ’cm 7'cm cim
2= — g2 tH 2 lem™H o0
M £ v p? G
Logarithms are summed by
@ Evaluating each function at its natural scale Hgg} HH
) = mp > pp o~ Tommp > s ~ Ton, AN K T T ETTH
B,
@ RG evolving to common (arbitrary) scale A A KB
NNLL requires G99
- B
» 1-loop matching s
» 2-loop anomalous dimensions f
» 3-loop cusp anomalous dimension Aqco
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Nonsingular Corrections

O T T T T P IIIIIIIII: 1.5:||||||||| T T T T TTTT |||||||||||||||||||:
—0.1E Eem=T7TeV 3 1.25 E.,.=7TeV =
= Cene myg=165GeV ] & 3'51 mpyg =165 GeV 1
8 0.2 % e ~e 4 & 1H E
M b . \‘\\‘\ n — - .\} .
Si_03c S~ p=2my 3 Zz OT5o -
N F TTTe--3 & s e 1w=my =
S~ —0.4F ’ ‘o H=mg 3 O S & ]
= - . 1 2 025 *%a -
% _05E " 14 % = e e S T -

= U e ] 3 0F

S o o.._gu’:mH/z . Hb -
_0-6 — T ®.... - —0.25 :_ =]
- T - | | n = 2mpg ]
_ o b b b B Y R R R Nl
0.7, 5 10 15 20 05 5 10 15 20
T [GeV] T5 [GeV]
O_ns,NLO (Tcut) — O_NLO (Tcut) o O_S,NNLL(Tcut)‘NLO
res, NNLO cuty __ NNLO cut s, NNLL cut
g (T ) — 0 (T ) — g (T )‘NNLO

@ oNLO gnd o NNLO numerically from FEHIP [Anastasiou, Melnikov, Petriello]

@ NNLO C—16(7) termis not part of o5 NNLL

» Obtained from intercept at 7°"* = 0 and added to singular
» Proper treatment requires 2-loop hard, beam, soft functions
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Scale Profiles

@ Nonsingular terms are equally
important for 7¢,,, = mpyg /2

= Resummation in singular terms must
be turned off to not spoil large
cancellation between singular and
nonsingular terms

Scale variations

@ Overall scale by factors of 2
Q 115(7..) profile

Q 1s(7...,) profile

= Perturbative uncertainties estimated
by envelope of three variations
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|do/dZewm| [Pb/GeV]

my=165GeV _
—— full NNLO -

— — - singular —
------ nonsingular 3

—_———
—-—

- : \’ ]
_| |||||| Lot ||r ||||| it 'll ||||||| Lo Lo Lot |_

20 40 60 80 100 120 140 160
Tem [GeV]




Beam Thrust Spectrum and Cumulant

0.5:IIIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII:
; E.,=7TeV ;
S 041 mp=165GeV 3
3 B NNLL+NNLO S
3 035 S=ENLL'+NLO =
i - N NLL
K 025 - gg — H production cross section for
S mpy = 165 GeV at the LHC
< 0.1 —
0 o N oL m = Differential beam-thrust spectrum
10 T [GeV] @ peaks at small 7.,
:IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII .
- BN NNLL-+NNLO @ has rather large tail from ISR
8 - BEE NLL'+NLO
T E | | |
= 65 R Perturbative corrections are important
LY E @ Incoming gluons radiate a lot
° f E @ Very large at lower orders
2 Eum=T7TTeV = Good t hiah
g =165 GeV @ Good convergence at higher
- . L1l | I I | 1 I | | I I | | I I | I:
0O 10 20 30 40 o0 orders

T [GeV]
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Reproducing Fixed-Order Result at Large 7.,

10 :IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII TTTTTTTTTITIT T T I T I T I I T I T I I I TI I TTT]
- E.,=T7TeV .
oE 165 GoV 1~ my in gluon form factor
a g ] .
s - @ Exactly reproduces fixed NNLO at
‘:ig B E pnw = my for large Z¢m
- (scale profiles are essential)
2F B NNLL(no n2)+NNLO -
: == NNLO(p=mn) -
H IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII]:
0O 10 20 30 40 o0 60 70 80
T3 [GeV]
]_0:|IIIIII TTTTTTT T T T T T T T T T T I I T T T I T i T T T T T T T T T I T T T T T TTT T |:
st 8 4~ —impg in gluon form factor
= - |
= 6 E @ Increases cross section
S Bon=TTeV @ Almost exactly reproduces fixed
° mp=165GeV NNLO at conventional pn = m g /2
2 F B NNLL+NNLO
- == NNLO - @ Smaller incl. uncertainty +3%, —5%
00_ IIIIéBIIIII4I:|()IIIIIIélollIIIIéBIIII:II-I(l)I()IIII:Il-Izll()IIII:II_I4|:I()IIII:II_I6|I() (Same eﬁ:eCt aS in Becher, Neubert’ et al.)

T [GeV]
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Small 7c1

individual scale variations

® three separate scale variations

® Uy = o 100% correlated

o ipand ug give Ay = Agp
(dominate for small 7. 1*)

-
-= )
- =

==

.-

-
-
-
- -
-
- -
-
-
-
-

I'LILJJ.III|IIII|IIII|IIII|IIII|II|I|II

0 IIIII|IIIIIII|IIIIIII|IIIIIII|IIIIIII

0 20 40 60 80
Tem [GeV]

ek
o [

0
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do [%]

o (75" [pb]

10

80

- B =7TeV
8 my=165GeV 5
6 =
AE =
- W pg S
2 KB
= B as
O: IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII|:
0 10 20 30 40 50 00 70
T [GeV]
4:0:|||||||||||||||||IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII|:
- myg=165GeV -
20 - -
oi— =
_10F =
- a3
—30F s -
_40:|III III|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII|:
0 10 20 30 40 50 60 70 80

T [GeV]



(C)  Use Resummed Predictions to get Uncertainties

for pp?

Idea: e reweigh MC@NLO or POWHEG to NNLO (what you

do now)
cut

for central values for p7

e resummed calculation has two sources of uncertainty;
one is correlated with A¢ota), one gives Acyy

e given these as % errors for spectrain 7, , reweigh
a MC sample to apply these errors for pS*
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C =Cqgp +Cygy

2
AHtot

CH — AHtot A2HO

Aot Ag>1 ApgoAp>1

0 0

Friday, October 28, 2011

Aot AHo

0
Csp=|0 Aip —Afp
0 —A%p  Agp

Afrtot Ag>1

Apo Ag>1
2
AHZl

Arrtot = Apg

Ag>1



Small 7c1

like small pS**

direct exclusive scale variation shown for NNLO & MC@NLO

combined NNLL scale variations shown

]_O :I FTTTTTTI | FTTTTTTTTI | FTT1T1r1rrrTry T T T T T T T T T T TTTTTTI 40 e T | T T | T T | ——

- Een=T7TeV : : Eon=T7TeV -

- 30 em —

8 mu=165GeV - myg=165GeV

— T - 20 =

-g_' - e ] - ]

= 6K = — 10K —
o~ 1 X -
i SN )¢
ml 4 b =

\é 4 : - < _10 ;_ —;

g B NNLL+NNLO g _20L B NNLL+NNLO =

2 E=E R(MC@NLO) (excl. p) - = R(MC@NLO) (excl. p)]

-y - NNLO (excl. ) . =30 ¥ NNLO (excl. ) E

5 I | I Y O | I Y O | I Y O | I |: - :I I 11 L1111 | I Y I | I I A | I I A | I |:

OO 10 20 30 40 50 40() 10 20 30 40 50

T2 [GeV]

T2 [GeV]

logs are large, NNLL central value lower than NNLO
reweigh MC@NLO to match NNLO value/uncertainty at 200GeV

Central value is nearer NNLL. Uncertainty is only for norm.

® direct exclusive uncertainties here are too small (we discussed that...)
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Small 7 like small pS**

combined inclusive scale variation shown for NNLO & MC@NLO

combined NNLL scale variations shown

T T T T FTTTTTTTTI | ITTTTTTTTI | ITTTTTTTTI
E.,=7TeV
myg =165 GeV

B NNLL+NNLO E
m=r R(MC@NLO) (incl. )]
...... NNLO (incl. ) E

]_0 :I ITTTTTTTT | ITTTTTTTTI | ITTTTTTTTI ITTTTTTTTI ITTTTTTTTI 40 -
- FE.,=7TeV -
8 mpy=165GeV 305_
. - 20
v& - . -
— 6 J — 10
e 1 X r
ié - i < 0t
- s I o) -
O: 1 ©-10¢
° ok B NNLL+NNLO 1 _o0b
2 == R(MCQ@NLO) (incl. ) =
3 / /A NNLO (incl. ) 1 —30¢

5 L1 11 | Y O | | I I O | | I I | | I O | I: _ :I L1
% 10 20 30 40 50 4%

75" [GeV]

10 20 30 40 50
T [GeV]

® NNLO band largely overlaps NNLL result

e reweigh MC@NLO to match NNLO incl. relative uncertainties (full

spectrum). Overlaps nicely with NNLL.

® This factor of two improvement in uncertainty with NNLL is what

one would expect if a similar reweighing exercise is done for p:;
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Validation? Other options?

® Drell-Yan pairs from ~*, Z™ with a jet veto should be used for

validation.

® Directly measure beam thrust

(important on its own). And

UE is no harder than it is for HT.

280 :I IF'TTTTTTT | IF'T T TTTTTT IF'T T T T T TTT ' TTTTTTTT

— Een=TT

= 240 7 TeV

0 -

Q2008 0 E

) - .

=160 =

52120 - E

S . E B NNLL -

s 80% E==NLL =

S 40F - LL E
o /A sing. NLO 3
= I I I | | [ I I I | | [ I I I | | [ I I A | I:

% 5 10 15 20
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6(do/dQ) [7]

20

10

—10

E-I-
Jet a
— - ;\‘_., Pb
Soft

B scale unc. E
PDF+o,

—
—
—
—
—
—
—
—
——
— —
— —

—
-
-
-
-
-----
-
--
---

— e ——--nog —
" Een=T7TevV r—1 .
i ,T'%ut _ 0[1 — sing. NLO 7
L1 [ | | | | | | [ | I I Y B
0 100 200 300 500 1000
Q [GeV]



Theory Plans:

® A calculation of the Higgs + 0-jet cross section at one higher
order (N3LL) is feasible. “Only’” a missing 2 loop calculation.
This will help reduce the perturbative uncertainty.

® Similar resummed calculations for Higgs + | jet, H + 2 jets, ...
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S, Tackmann, Waalewijn

N-Jettiness Event Shape arXiv: 1004.2489
. X 1
TN:TN(Qa7Qb7q17---7QN) N Iy p
Té )
Tn — 0 for N-jets
Qa :“;;'::{:%" =
Factorization Friendly / .
iy /// \ TN
In=T¢+T5 +T3 +... +TF ol ‘
N N TN T4IN N W)z, 72 '\,
Want to calculate N-jet exclusive cross-sections. do
dTe - dTY

eg. differential jet masses

Jouttenus, IS, Tackmann, VWaalewijn
arXiv: 1 102.4344

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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: — 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,
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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 )55, PP /2 +]

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 ~ c1m cm
_ 5 n—=Y =...
a4 = 5T Een(1,—-2) 4

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

. (2Qa "Dk 2qb-Pr 2q1 - Pk 2N - Dk
measure TN:ZHHH{ a p) q p) q p’.”’ q p}
) Qa Qb Ql QN
0 “make it a true event shape”
/ .-~ e Determine ¢; by minimization
%a / <" 4 For Qi =ldir|, Pier = Zﬁ’f
\ 'ihaler,Van Tilburg k€

w/z 0 ® Extension to N-subjettiness
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N-Jettiness Factorization

20, - 20 201 - 2 :
TN:me{ da Pk) db P/f? d1 pk’”., dN pk}
k

Qa Qb Ql QN
v (T M) > (3

k Esoft

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

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

. (294 Pk 2qb - PE 2q1 - Dk 2qN - Pk
TN:me{ : : e }
I Qa Qb Ql QN

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

do keEj

d7,dTyd7; - - dTn

Can measure:

\\ 1
with jet axes aligned 7o TN /
N \
These are Jet Masses:
e R <
2 _ p2 _ p—pt _ N .Ti =
N
W)z T3 ™

So one can study the
masses of jets!
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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)’

Friday, October 28, 2011

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 |



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

GF E
: Invariant mass |
measure
ab ]
! circular ]
2f geometric -
T measure |
© :
or 7
GF :
aF | | | S

Friday, October 28, 2011

3 3 | 1 1 .' 1 -:
' geometric !
2 measure :
't .
© of .
ab h
-3 1 1 1 1 -
2 0 2 4
3' 1 1 1 L . L 1 _-.
' circular
2 geometric -
: measure |
l -
< | ]
0 I 7
i h
-3 1 1 -:

63



With Minimization

Friday, October 28, 2011

5 (Ro, o) memm{(

exp —

Thaler,Van Tilburg

) (o) () o (2
) 7/]0 ) RO 2 ) RO

Event display comparing N-jettiness and anti—kT clustering

— (B = 1) cones
—(p =2) cones
anti—kT area

O (Bp=1)axes |

O (B=2)axes
% antl—kT axes ||




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]{,)}

Friday, October 28, 2011

a b 1
7TN_ TN_

0.

’]']\1] / Q1
T , )
\\\\ ////
da :“%’g_;: - /(_qb
\[
AL R
J // ‘
W/Z,’/ T]\Qf q2



N-Jettiness Factorization Formula Ny
O da “?"“‘f—:‘;: ‘ =
aTe Ty - ary / dz,da, / d(phase space)

=

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)
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X tr HN {Q’L QJ\)
bean:\ N-jettiness jet function



N-Jettiness Factorization Formula N

Ty
d \
o da . — b
= [ dz,dx / d(phase space e <
ATe ATy - dTY / » | diphase space) ’ ‘\ N
X Z /dta Bﬁ;a (taawa) /dtb B"ib (tb,ﬂjb) H /dSJ JH;J (SJ) W/Z ']']\2[ y S
q S1 N SN . ~
X tr H}y i qjryLq SFL Ta_ Tb Tl 7"'77 o y 1497 45 >]
[ N({q qj} ’b) N< v Qa Qb Ql N o { ]}

= (QiQ;)(4: - ¢5)

Assumptions needed to sum logs with this formula:

|) T ~ ’]3 (7; <71, gives non-global logs of Dasgupta & Salam)
2) 4i-4;>7Ti/Qi jets are well separated

3) Qi~Q;
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N-Jettiness Factorization Formula T

do

|
\

il

T dTb — dTN — / dz,dz / d(phase space) ‘:i’:;:’-}e‘"
N ] /// S
X Z/dt B, ta,a?a /dtb o tb,ﬂﬁb H /dSJ JH;J SJ W/Z/’/ T3
J=1
X tr [Hf\} ({Qz © Q5 } an,b)

= (QiQ;)(4: - ¢5)

With assumptions: 7, ~7; , Gi-4; > T/Qi , Qi ~ Q)

Can explore angular dependence, Qi dependence

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

Again can compute (un)correlated uncertainties.
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N-Jettiness Factorization Formula N

do

= / dx,dx / d(phase space) o e =
AT dTh - dTY a b [ TAPTESE AP :
o7 N
X Z/dt B, (ta, %a) /dtb ks (Tbs Tp) H /dSJ Jy, (57) wiz, o U,
J=1
X tr [Hz@({qz’ Qi) Tap) ]

= (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

® N_]’et Soft function Jouttenus, IS, Tackmann,
Waalewijn also: Bauer, Hornig, Dunn
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If we make use of a for SCET operators,
then hard matching coefficients are precisely the

finite part of the color ordered helicity amplitudes
in MS.

S, Tackmann, Waalewijn
(work in progress)

eg. ggggH : Basis

A(17273T4 5) =

» Five helicity operators:

1
abcd . a b C d
OY 1y = 4! Bi1 By, Bs, By Hs
1
bed _ b d

» Tree-level helicity amplitudes calculated by [Kauffmann, Desai, Risal (1997)]

2 : 2 .
Vs12523534514] V/Is12523534514]
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Summary

® [Experimental measurements require precision jet-bin cross sections
with careful assessment of theoretical uncertainties

® Assigning independent uncertainties to inclusive jet cross-sections,
and propagating these to exclusive jet cross-sections is a good
starting point.

® Theory errors are important for Higgs analyses. Improved
precision for exclusive jet cross sections is necessary
(through resummation, or full N*LO , or approximate N*LO,
or more realistic analysis corresponding to the experimental
measurements)

® Resummation for N jet-bins at NNLL is in sight, but will
require coordination between various groups.
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The End
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