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  physics	
  searches	
  -­‐-­‐	
  need	
  precise	
  

calculaPons	
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  backgrounds	
  

×  Jet	
  observables	
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  mass,	
  n-­‐subjeSness,	
  …	
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Monte	
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  SCET)	
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  improvable	
  
•  Well-­‐understood	
  imprecision	
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14 9 Results from V+jet final states
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Figure 4: Unfolded distributions for the mean mass of the two leading jets in dijet events for

reconstructed AK7 jets, separated according to intervals in pAVG

T
(the mean pT of the two jets).

The data are shown by the symbols indicating different bins in the mean pT of the two jets. The

statistical uncertainty is shown in light shading, and the total uncertainty in dark shading. Pre-

dictions from HERWIG++ are given by the dotted lines. To enhance visibility, the distributions

for larger values of pAVG

T
are scaled up by the factors given in the legend.
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(a) anti-kt, R = 1.0 (ungroomed)
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(b) anti-kt, R = 1.0 (trimmed)
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(c) C/A, R = 1.2 (ungroomed)
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Figure 37. Mass of jets in the range 600 GeV ≤ pjetT < 800 GeV and in the central calorimeter
(|η| < 0.8). Shown are (a) ungroomed and (b) trimmed (fcut = 0.05, Rsub = 0.3) anti-kt jets with
R = 1.0; and (c) ungroomed and (d) filtered (µfrac = 0.67) C/A jets with R = 1.2. The ratios
between data and MC distributions are shown in the lower section of each figure.

mass for both the ungroomed and trimmed anti-kt, R = 1.0 jets. Prior to jet trimming,

the anti-kt, R = 1.0 area is very close to π (i.e. πR2, with R = 1.0). A small rise in

the ungroomed jet area is observed for jets with very large mass, characterized by small

additional clusters near the edge of the jet. For trimmed jets at low mass, the average jet

area is reduced by a factor of 3–5 and continuously rises as a function of the jet mass to

a maximum of approximately half of the original jet area for high-mass ungroomed jets.

These features are very well described by the MC simulations across the entire spectrum

of jet mass, both before and after trimming. Similar observations are made with respect
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…	
  but	
  why?	
  
Monte	
  Carlo	
  issues:	
  
×  Technically	
  only	
  

include	
  leading	
  logs	
  	
  

×  Tuned	
  to	
  data	
  

×  Precision	
  poorly	
  
understood	
  

×  Disagreement	
  
(Pythia	
  or	
  Herwig?)	
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Figure 8. Normalised cross-sections as functions of mass of Cambridge-Aachen jets with R = 1.2
in four different pT bins.
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(b) anti-kt, R = 1.0 (trimmed)
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(c) C/A, R = 1.2 (ungroomed)

Nu
m

be
r o

f j
et

s

5
10
15
20
25
30
35
40

310!

Jet mass [GeV]
0 50 100 150 200 250 300 350Da

ta
 / 

M
C

0.6
0.8
1.0
1.2
1.4

ATLAS  = 7 TeVs, -1 Ldt = 4.7 fb"C/A LCW jets with R=1.2
=0.67

frac
µ

| < 0.8# < 800 GeV, |
T
jet p$600 

Data 2011
Dijets (Pythia)
Dijets (POWHEG+Pythia)
Dijets (Herwig++)

(d) C/A, R = 1.2 (filtered)

Figure 37. Mass of jets in the range 600 GeV ≤ pjetT < 800 GeV and in the central calorimeter
(|η| < 0.8). Shown are (a) ungroomed and (b) trimmed (fcut = 0.05, Rsub = 0.3) anti-kt jets with
R = 1.0; and (c) ungroomed and (d) filtered (µfrac = 0.67) C/A jets with R = 1.2. The ratios
between data and MC distributions are shown in the lower section of each figure.

mass for both the ungroomed and trimmed anti-kt, R = 1.0 jets. Prior to jet trimming,

the anti-kt, R = 1.0 area is very close to π (i.e. πR2, with R = 1.0). A small rise in

the ungroomed jet area is observed for jets with very large mass, characterized by small

additional clusters near the edge of the jet. For trimmed jets at low mass, the average jet

area is reduced by a factor of 3–5 and continuously rises as a function of the jet mass to

a maximum of approximately half of the original jet area for high-mass ungroomed jets.

These features are very well described by the MC simulations across the entire spectrum

of jet mass, both before and after trimming. Similar observations are made with respect

– 50 –
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Figure 9: Comparison of the jet mass distributions with different orders of precision (curves)
for pT = 500 GeV and R = 0.5 to pythia (histograms). The right plot shows the effects of
hadronization in pythia as compared to resummed distributions.

SCET distributions with the NLO QCD cross section as determined by pythia 8, scaled by

the QCD NLO K-factor for the cross-section with the jet rapidity restriction (K ∼ 0.8 for a

500 GeV photon), which we compute with our own code. We do not match to the exact LO

QCD calculation which would account the power corrections in the tail. In the peak region,

where most of the events lie, these power corrections are small. The scale uncertainties for

the resummed result include variation of the factorization scale µf = µ, the hard scale µh,

the jet scale µj, and the soft scales µin and µout, Figure 10 shows the uncertainty bands for

separate variation of the scales between 1
2
µi < µ < 2µi for i = f, h, j, sin, sout, for pT = 500

GeV and R = 0.5 jets. Additional comparisons for pT = 2 TeV and R = 0.4 are shown

in Figures 11 and 12. The higher the transverse momentum of the photon, the closer to

threshold, so we expect that threshold resummation will be more effective in this case.

7. The Role of Non-Global Logarithms

As mentioned in Section 4, although we were able to refactorize the soft function into a

soft-collinear part, whose natural scale is associated with the soft modes within the jet,

the remainder soft function still depended on multiple scales Sr = Sr(kin, kout, µ). Thus

we cannot guarantee that all large logarithms in the jet mass distribution are resummed.

The residual dependence of the remainder soft function on two scales is the problem of

non-global structure. In the absence of a complete understanding of non-global structure,

and how the non-global logs (NGLs) might be resummed, we will content ourselves with

an estimate of how non-global structure might affect the jet mass distribution. We start

by drawing on the lessons learned when considering e+e− → dijets, where there have been

several studies [19,24,25,49,57].

A two-loop calculation of the soft function for hemispherical jets was performed in [49,

57] and for cone or anti-kT jets, with an out-of-jet veto, in [25]. An intriguing observation

from these studies is that in both examples, the NGLs arose from combinations of various

logarithms of a single scale, coming from integrals in separate phase space regions. To

give a specific example, in the calculation of the cumulative doubly differential dijet mass

– 20 –
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FIG. 17: Comparison of the Pythia jet mass spectrum for inclusive pp → jets to the corresponding ATLAS data [26].
Pythia results are shown at parton level (dotted), including hadronization (dashed), and including hadronization and multiple
interactions (solid). The final Pythia results reproduce the data well.
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imate hard process independence only holds separately
for gluon or quark jets, which themselves have fairly dif-
ferent jet mass spectra, see Fig. 5(b). Therefore when
varying the hard process we expect the dominant change
in the jet mass spectrum to be related to the process
dependent fraction of quark and gluon jets produced.

In Fig. 18 we compare our NNLL result for pp → H +
1 jet and for gg → Hg to the ATLAS data for pp →
jets. Recall that the peak location of the NNLL H +
1 jet calculation matches well with that from Pythia,
see Fig. 15. Because of the significant contribution from
quark jets the H + 1 jet spectrum peaks to the left of
the spectrum from dijets. On the other hand, the peak
location with pure gluon jets (gg → Hg) agrees quite well
with the data on dijets, particularly for the larger pJT bin.
From the results already obtained above, we expect only
small differences (comparable to the ATLAS error bars)
for effects related to the choice of the jet algorithm, the

choice of inclusive versus exclusive jets, or the choice of
looking at gluon jets in dijets or in Higgs production.
On the other hand there will be a more significant shift
of the spectrum to the left from quark channels in the
dijet production, and a shift to the right from adding
hadronization and underlying event, neither of which is
included in the solid red curve. The agreement between
peak locations seems to indicate that these two effects
largely compensate for one another. Finally, there will
be an effect related to the fact that there are nontrivial
color correlations in gg → gg which are not present in
gg → Hg (these effects are not apparent in Pythia, see
Fig. 12).

One may also look at the peak heights in Fig. 18, for
which the agreement is not as good. As described earlier,
this effect is related to the fact that we have not yet
included nonsingular corrections. These corrections are
known to decrease the tail to enable it to rapidly fall off
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But	
  so	
  far,	
  precision	
  jet	
  mass	
  calculaPons	
  	
  
	
  	
  	
  only	
  in	
  boson+	
  1	
  jet	
  events!	
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Figure 5: Comparison of our resummed and matched result NLL+LO (in red) to standard Monte
Carlo event generators, at the parton level.

 0

 2

 4

 6

 8

 10

 12

 14

 0  0.05  0.1  0.15  0.2  0.25  0.3

1/
!

 d
!

 / 
d"

" = mJ/pTJ

Z+jet, R=0.6, pTJ > 200 GeV

NLL+LO with shift #= 1.5 GeV
NLL+LO with shift #= 2.0 GeV

Sherpa with hadronisation
Pythia 8 with hadronisation

Herwig++ with hadronisation

Figure 6: Results for the ζ distributions obtained with standard Monte Carlo parton showers, with
hadronisation corrections (dashed lines) compared to analytical resummation with non-perturbative
shifts (shaded bands) as explained in the main text.

6. Dijets at the LHC

In this section we provide numerical predictions for the jet mass distribution in dijet events.

As before, we consider proton-proton collision at
√
s = 7 TeV, with jets defined according to

the anti-kt algorithm [27]. The main complication with respect to the Z+jet case previously
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AnalyPc	
  Methods	
  Work	
  Well	
  
•  SCET,	
  pQCD	
  compute	
  distribuPons	
  analyPcally	
  
•  Precision	
  under	
  analyPc	
  control	
  
•  SystemaPcally	
  improvable	
  



…	
  but	
  faces	
  pracPcal	
  challenges.	
  
×  Jet	
  mass	
  so	
  far	
  only	
  for	
  boson+jet	
  events	
  

	
  (or	
  single	
  phase	
  space	
  point	
  for	
  dijets)	
  

×  But	
  jet	
  mass	
  data	
  is	
  primarily	
  from	
  dijets	
  

×  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  starts	
  at	
  pp-­‐>jj+X	
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τ2/τ1

•  Precision	
  calculaPons	
  difficult	
  and	
  tedious	
  
•  Must	
  be	
  recomputed	
  for	
  every	
  observable.	
  
	
  

9	
  Color	
  Structures	
  
Color	
  mixing	
  in	
  operator	
  evoluPon:	
  

Phase	
  space	
  integrals	
  somePmes	
  
include	
  perturbaPvely	
  singular	
  regions;	
  
require	
  mulPple	
  subtracPons	
  	
  	
  

Now	
  go	
  to	
  V+2j:	
  	
  
	
  2	
  to	
  3	
  phase	
  space	
  with	
  mass!	
  

Why	
  no	
  dijets?	
  
	
  

	
  
We’d	
  like	
  to	
  use	
  exisPng	
  tools	
  to	
  simplify	
  calculaPons	
  and	
  move	
  forward.	
  	
  





CA(U − 2T ) 0 0 0 0 0 −T U − T 0
0 −CAT 0 0 0 0 0T − U −U
0 0 CA(U − 2T ) 0 0 0 −T U − T 0
0 0 0 CA(U − T ) 0 0 T 0 U
0 0 0 0 −CAT 0 0 T − U −U
0 0 0 0 0 CA(U − T ) T 0 U

U − T 0 U − T U 0 U 2CA(U − t) 0 0
−T −U −T 0 −U 0 0 −2CAT
0 T − U 0 T T − U T 0 0 0







Monte	
  Carlo	
  vs	
  AnalyPc	
  Methods	
  
Factoriza)on	
   Monte	
  Carlo	
   Analy)c	
  Methods	
  (e.g.	
  SCET)	
  

Hard	
  
Interac)on	
  

e.g.	
  Madgraph	
  
•  Exact	
  tree	
  level	
  matrix	
  elements	
  
•  Monte	
  Carlo	
  sampling	
  phase	
  space	
  
•  SystemaPcally	
  improvable	
  (NLO…)	
  

Hard	
  funcPon	
  
•  Different	
  for	
  each	
  process	
  
•  Phase	
  space	
  integrals	
  

tedious	
  even	
  at	
  tree-­‐level	
  
•  Color	
  structures	
  subtle	
  

Showering,	
  
Hadroniza)on,	
  
etc	
  

e.g.	
  Pythia,	
  Herwig	
  
•  LL	
  ResummaPon	
  
•  Precision	
  hard	
  to	
  understand	
  
•  Not	
  systemaPcally	
  improvable	
  

Jet,	
  Sot	
  funcPons	
  
•  SystemaPcally	
  improvable,	
  

for	
  inclusive	
  enough	
  
observables	
  

•  Mostly	
  universal	
  funcPons	
  
•  Mostly	
  universal	
  integrals	
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Using	
  Monte	
  Carlo	
  in	
  SCET	
  

MadGraph	
  

Process	
  

Parton-­‐level	
  
momenta	
  

Total	
  (physical)	
  
distribuPon	
  

Observable	
  
DistribuPons	
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1 � Τ2

dΣ
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Τcut � Τacut � Τb cut

Τcut � 30 GeV
Μ Variation
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Τcut � 30 GeV
Μ Variation

SCET	
  

Part	
  1:	
  MadGraph	
  
•  Gives	
  weighted/unweighted	
  sampling	
  of	
  phase	
  space	
  
•  Hard	
  funcPon	
  computed.	
  
•  Color	
  structure	
  usually	
  marginalized,	
  but	
  can	
  be	
  extracted	
  

Part	
  2:	
  SCET	
  
•  Generate	
  distribuPon	
  for	
  each	
  MadGraph	
  phase	
  space	
  pt	
  
•  For	
  given	
  phase	
  space,	
  integrals	
  tractable	
  

Part	
  3:	
  Sum	
  
•  Sum	
  distribuPons	
  across	
  phase	
  space	
  points	
  
•  Use	
  weights	
  from	
  MadGraph	
  
•  Does	
  hard	
  integral	
  (numerically)	
  



For	
  Monte	
  Carlo	
  
Enthusiasts	
  

For	
  SCET	
  Enthusiasts	
  

1.  FactorizaPon	
  theorem:	
  
2.  Compute	
  jet,	
  sot	
  pieces	
  

analyPcally	
  
3.  Compute	
  hard	
  funcPon	
  and	
  

phase	
  space	
  integral	
  
numerically	
  (with	
  MadGraph)	
  

Using	
  Monte	
  Carlo	
  in	
  SCET	
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σ =
�

HJJS1.  Generate	
  events	
  
(e.g.	
  MadGraph)	
  

2.  Compute	
  analyPc	
  
distribuPon	
  for	
  
each	
  each	
  event	
  

3.  Sum	
  appropriately	
  

•  AlternaPve	
  to	
  Pythia	
  
with	
  less	
  tuning	
  

•  	
  Semi-­‐analyPc	
  
method	
  provides	
  
imprecision	
  control	
  

•  Just	
  using	
  MadGraph	
  to	
  
numerically	
  evaluate	
  difficult	
  
integrals.	
  	
  

•  Semi-­‐automaPc	
  method	
  
provides	
  extensibility	
  

MadGraph	
  

Process	
  

Parton-­‐level	
  
momenta	
  

Observable	
  
DistribuPons	
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Total	
  (physical)	
  
distribuPon	
  

SCET	
  



PotenPal	
  Reach	
  
×  Could	
  be	
  used	
  for	
  lots	
  of	
  observables:	
  

×  Dijet	
  events	
  (e.g.	
  in	
  pp-­‐>Wjj)	
  :	
  
×  Jet	
  mass	
  
×  2-­‐subjeSness	
  (not	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  

×  MulP-­‐jet	
  events	
  

×  Set	
  up	
  machinery	
  once,	
  get	
  results	
  for	
  many	
  observables	
  with	
  less	
  
addiPonal	
  work	
  

×  Explore	
  subtle	
  QCD	
  effects	
  (e.g.	
  color	
  mixing)	
  

×  Can	
  be	
  systemaPcally	
  improved	
  to	
  NNLL	
  (up	
  to	
  NGLs)	
  with	
  
improved	
  Monte	
  Carlo	
  generators	
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Preliminary	
  Results	
  

MadGraph	
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Parton-­‐level	
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2-­‐jeSness	
  at	
  LHC	
  
(Work-­‐in-­‐progress)	
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  Results	
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4-­‐jeSness	
  in	
  ee	
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Conclusions	
  
×  Monte	
  Carlo	
  generators	
  can	
  help	
  simplify	
  tedious	
  and	
  non-­‐universal	
  parts	
  

of	
  precision	
  calculaPons	
  

×  Combining	
  MadGraph	
  and	
  SCET	
  allows	
  semi-­‐numerical,	
  semi-­‐analyPc	
  
computaPon	
  of	
  various	
  distribuPons	
  

×  Precision	
  and	
  accuracy	
  analyPcally	
  controlled;	
  can	
  be	
  systemaPcally	
  
improved	
  

×  Non-­‐universal	
  pieces	
  automated;	
  can	
  be	
  extended	
  to	
  different	
  processes	
  

×  Example	
  applicaPons:	
  	
  
×  Jet	
  mass	
  in	
  dijet	
  events,	
  	
  
×  n-­‐subjeSness	
  in	
  boson+jj	
  events.	
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Thank	
  you	
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Comparison	
  

Comparison	
  to	
  Monte	
  Carlo	
   Comparison	
  to	
  SCET	
  

Pros	
  of	
  hybrid	
  
method	
  

•  Semi-­‐analyPc;	
  imprecision	
  
understood	
  

•  Semi-­‐automaPc;	
  easier	
  to	
  
compute	
  many	
  different	
  
observables	
  

Cons	
  of	
  hybrid	
  
method	
  

•  Only	
  semi-­‐automaPc;	
  takes	
  
more	
  work	
  

•  Less	
  universally	
  applicable;	
  
only	
  valid	
  when	
  logs	
  
exponenPate	
  

•  Only	
  semi-­‐analyPc;	
  no	
  analyPc	
  
formula	
  at	
  the	
  end	
  

•  Requires	
  Monte	
  Carlo	
  
generators	
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