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What can be done with H+0-jet predictions?

• Use in differential Higgs studies

• Combine with H+1-jet predictions for use in 
Higgs coupling measurements, e.g. H → WW
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What can be done with H+0-jet predictions?

✓Use in differential Higgs studies

‣ Combine with H+1-jet predictions for use in 
Higgs coupling measurements, e.g. H → WW
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Figure 8: The measured and unfolded distributions for the jet multiplicity and jet veto fraction are com-
pared with the predictions from POWHEG and MINLO. The data points are identical with Figures 5(a)
and 5(b), but the theory uncertainties due to missing higher order corrections, are calculated using the
procedure outlined in Ref. [68], as is used in most Higgs boson studies. The inputs to this procedure
are the total Higgs boson production cross section of Ref [23] and the inclusive 1 and 2 jet cross section
uncertainties calculated using MCFM [69–72] to obtain a conservative estimate based on fixed order
predictions.
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Figure 9: The measured and unfolded inclusive leading jet pT spectrum is shown. The bin below 30 GeV
is populated by events with a jet multiplicity of zero. The differential cross sections are compared to
the theory predictions of Refs. [66, 67], both of which simulate ggH at NNLO precision with NNLL
resummations. To make a meaningful comparison with data, the contributions from other production
modes were added.
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What can be done with H+0-jet predictions?

✓Use in differential Higgs studies

‣ Combine with H+1-jet predictions for use in 
Higgs coupling measurements, e.g. H → WW

7

C? M! P?  “Classic” Jet Observables

C! M? P?  Jets in Medium

C! M? P?  Transverse Structure

C! M? P?  Jet Finding vs. Jet Vetoes

C? M? P!  Estimating Jet Cross Sections

C? M? P?  Non-Global Logarithms

C? M? P?  Monte Carlo Tuning

Future Jet Workshops

Friday, January 14, 2011

...to Jet Substructure

What QCD tests (jet shapes)
and what tagging methods 
(top, W/Z/H, g/q, ...)...
M: ...can be validated in data?
C: ...have well-behaved expansions?
P: ...best distinguish?

Consensus:  At minimum, jet mass must become a standard jet 
measurement.  Need for high granularity calibrations and 

effective pileup control.  Need Data & MC & pQCD/SCET.

Disputes:  Spikes vs. Moments, Inclusive vs. Groomed, 
Silver Bullet vs. Kitchen Sink, Outside-In vs. Inside-Out...

Friday, January 14, 2011

J. Thaler, Boston Jets 2011

Where we were 3 years ago:

✓Calculable: systematically improvable

✓Measurable: integral measurement in Higgs 
                     studies across channels

✓Practical: experiments can directly use our 
                results to lower uncertainties
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Figure 8: The measured and unfolded distributions for the jet multiplicity and jet veto fraction are com-
pared with the predictions from POWHEG and MINLO. The data points are identical with Figures 5(a)
and 5(b), but the theory uncertainties due to missing higher order corrections, are calculated using the
procedure outlined in Ref. [68], as is used in most Higgs boson studies. The inputs to this procedure
are the total Higgs boson production cross section of Ref [23] and the inclusive 1 and 2 jet cross section
uncertainties calculated using MCFM [69–72] to obtain a conservative estimate based on fixed order
predictions.
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Figure 9: The measured and unfolded inclusive leading jet pT spectrum is shown. The bin below 30 GeV
is populated by events with a jet multiplicity of zero. The differential cross sections are compared to
the theory predictions of Refs. [66, 67], both of which simulate ggH at NNLO precision with NNLL
resummations. To make a meaningful comparison with data, the contributions from other production
modes were added.
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Recent Work on (pT) Jet Vetoes

• Banfi, Monni, Salam, Zanderighi - 1203.5773, 1206.4996, 1308.4634

• Becher, Neubert, Rothen - 1205.3806, 1307.0025

• Stewart, Tackmann, JW, Zuberi - 1206.4312, 1307.1808

• Liu, Petriello - 1210.1906, 1303.4405

• Boughezal Liu, Petriello, Tackmann, JW (H + 0/1-jet) 1312.4535

• Gangal, Tackmann (fixed order uncertainties) - 1302.5437

• (Chong Sheng) Li, (Hai Tao) Li, Shao - 1309.5015

• (Ye) Li, Liu - 1401.2149

• Alioli, JW - 1311.5234

5

H + 0 jets

H + 1 jet

H + 2 jets

VH + 0 jets

clustering
effects

(also Z + 0 jets)



H + 0-jet and H + 1-jet Cross Sections

6

exclusive 1-jet events:
exactly one jet with pTJ > pTcut

pcutT

pjetT1

pjetT2

pjetT3
...

•

•

•

jet pT

exclusive 0-jet events:
no jets with pTJ > pTcut

pcutT

pjetT1

pjetT2

pjetT3
...

•

•

•

jet pT



H + 1-jet Cross Section: Ideal
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pTJ : leading jet pT

mH

pTcut

0-jet region

exclusive 1-jet cross section

pcut
T

� pTJ ∼ mH

pcut
T

∼ pTJ � mH

resummation
wanted for all pTJ

exclusive 1-jet events:
exactly one jet with pTJ > pTcut

pcutT

pjetT1

pjetT2

pjetT3
...

•

•

•

jet pT



H + 1-jet Cross Section: Reality
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pToff

mH

pTcut

0-jet region

exclusive 1-jet cross section

pcut
T

� pTJ ∼ mH

pcut
T

∼ pTJ � mH

resummation
wanted for all pTJ

Reliable predictions exist

Soft final state jet
framework unclear

H + 1-jet: Liu, Petriello, 
1303.4405, 1210.1906

matching
scale

cross section 
peaks at low jet pT

pTJ : leading jet pT



H + 1-jet Cross Section: Reality
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H + 1-jet predictions

H + 1-jet: Liu, Petriello, 
1303.4405, 1210.1906

pToff

resummed prediction (NLL’+NLO)
find a reduction in 

uncertainties over NLO

mH

pTcut

fixed order prediction (NLO)

0-jet region

exclusive 1-jet cross section

large logarithms remain in 
the fixed order contributon

mH >> pTJ ~ pTcut

Table 24: Shown are the central values and uncertainties for the NLO cross section, the resummed cross section,
and the event fractions in the one-jet bin using both the fixed-order and the resummed results. Numbers are given
for several Higgs masses and for pvetoT = 25, 30 GeV.

MH (GeV) pvetoT (GeV) σNLO (pb) σNLL′+NLO (pb) f1j
NLO f1j

NLL′+NLO

124 25 5.92+35%
−46% 5.62+29%

−30% 0.299+38%
−49% 0.283+33%

−34%

125 25 5.85+34%
−46% 5.55+29%

−30% 0.300+37%
−49% 0.284+33%

−33%

126 25 5.75+35%
−46% 5.47+30%

−30% 0.300+38%
−49% 0.284+34%

−33%

124 30 5.25+31%
−41% 4.83+29%

−29% 0.265+35%
−43% 0.244+33%

−33%

125 30 5.19+32%
−41% 4.77+30%

−29% 0.266+35%
−43% 0.244+33%

−33%

126 30 5.12+32%
−41% 4.72+30%

−29% 0.266+35%
−43% 0.246+33%

−32%

choices used in the code are the µint.
i appearing on the left-hand side of Eq. (55). We use κ = 0.2 to

produce all numerical results, although we have checked that their dependence on κ is negligible.
We show in Fig. 62 the cross section as a function of the lower cut on pJT for a fixed pvetoT =

30 GeV. The solid line and blue band show the NLL′ + NLO result together with its perturbative
uncertainty, which can be compared with the dashed line and yellow band showing the fixed NLO result
with its uncertainty. Even for values of the lower pJT cut near pvetoT , a sizeable reduction of the uncertainty
occurs when the NLL′ + NLO result is used. The reason for this is discussed in Section 8.2.3; roughly
half of the uncertainty comes from the high-pJT region, which is exactly the parameter space improved
by our effective-theory description.

Fig. 62: Shown are theNLL′ +NLO (blue band) and NLO (yellow band) cross sections for fixed pvetoT = 30 GeV
as a function of the lower cut on pJT.

We present in Table 24 numerical results for both the cross sections and the fraction of events in
the one-jet bin, f1j . We define the event fraction as

f1j
x =

σx
σinc

, (61)

where x denotes either the NLO or the NLL′ + NLO cross section in the one-jet bin. We note that
our values for f1j

NLO are consistent with those obtained by the ATLAS collaboration, which provides
a cross-check of our results.The total cross section σinc, as well as its estimated uncertainty, is taken
from the LHC Higgs cross section working group. The uncertainties shown are calculated as discussed

98

pTJ : leading jet pT



Combining 0-jet and 1-jet Bins
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pToff

resummed prediction (NLL’+NLO)
mH

pTcut

0-jet region

exclusive 1-jet cross section

use the resummed inclusive 1-jet 
predictions (+ FO correction)

match onto the direct 1-jet 
resummation at high jet pT

Table 24: Shown are the central values and uncertainties for the NLO cross section, the resummed cross section,
and the event fractions in the one-jet bin using both the fixed-order and the resummed results. Numbers are given
for several Higgs masses and for pvetoT = 25, 30 GeV.

MH (GeV) pvetoT (GeV) σNLO (pb) σNLL′+NLO (pb) f1j
NLO f1j

NLL′+NLO

124 25 5.92+35%
−46% 5.62+29%

−30% 0.299+38%
−49% 0.283+33%

−34%

125 25 5.85+34%
−46% 5.55+29%

−30% 0.300+37%
−49% 0.284+33%

−33%

126 25 5.75+35%
−46% 5.47+30%

−30% 0.300+38%
−49% 0.284+34%

−33%

124 30 5.25+31%
−41% 4.83+29%

−29% 0.265+35%
−43% 0.244+33%

−33%

125 30 5.19+32%
−41% 4.77+30%

−29% 0.266+35%
−43% 0.244+33%

−33%

126 30 5.12+32%
−41% 4.72+30%

−29% 0.266+35%
−43% 0.246+33%

−32%

choices used in the code are the µint.
i appearing on the left-hand side of Eq. (55). We use κ = 0.2 to

produce all numerical results, although we have checked that their dependence on κ is negligible.
We show in Fig. 62 the cross section as a function of the lower cut on pJT for a fixed pvetoT =

30 GeV. The solid line and blue band show the NLL′ + NLO result together with its perturbative
uncertainty, which can be compared with the dashed line and yellow band showing the fixed NLO result
with its uncertainty. Even for values of the lower pJT cut near pvetoT , a sizeable reduction of the uncertainty
occurs when the NLL′ + NLO result is used. The reason for this is discussed in Section 8.2.3; roughly
half of the uncertainty comes from the high-pJT region, which is exactly the parameter space improved
by our effective-theory description.

Fig. 62: Shown are theNLL′ +NLO (blue band) and NLO (yellow band) cross sections for fixed pvetoT = 30 GeV
as a function of the lower cut on pJT.

We present in Table 24 numerical results for both the cross sections and the fraction of events in
the one-jet bin, f1j . We define the event fraction as

f1j
x =

σx
σinc

, (61)

where x denotes either the NLO or the NLL′ + NLO cross section in the one-jet bin. We note that
our values for f1j

NLO are consistent with those obtained by the ATLAS collaboration, which provides
a cross-check of our results.The total cross section σinc, as well as its estimated uncertainty, is taken
from the LHC Higgs cross section working group. The uncertainties shown are calculated as discussed

98

pcutT poffT

pTJ : leading jet pT



Bootstrapping from Inclusive 1-jet Resummation
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relation for exclusive 1-jet cross section in bin [pTcut, pToff]:

σ1([p
cut
T , poffT ]; pcutT ) = [σ0(p

off
T )− σ0(p

cut
T )] + [σ≥2(p

off
T , pcutT )− σ≥2(p

cut
T , pcutT )]� �

0-jet (1-jet inclusive) terms 2-jet inclusive terms

will use the 0-jet (inclusive 1-jet) 
resummation to improve over fixed order

will find the (fixed order) 
2-jet corrections are small

resummed prediction (NLL’+NLO) from Boughezal, Liu, Petriello
(with/without NNLO virtuals)

pcutT < pTJ < poffT

poffT < pTJ

use 1-jet inclusive resummation + FO correction



Bootstrapping from Inclusive 1-jet Resummation
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relation for exclusive 1-jet cross section in bin [pTcut, pToff]:

σ1([p
cut
T , poffT ]; pcutT ) = [σ0(p

off
T )− σ0(p

cut
T )] + [σ≥2(p

off
T , pcutT )− σ≥2(p

cut
T , pcutT )]� �

0-jet (1-jet inclusive) terms 2-jet inclusive terms

2-jet corrections are small
(LO shown)

use resummed results
(equivalent to inclusive 1-jet)

use H+2-jet at NLO 

fixed order comparison



Ecm � 8 TeV
pTcut � 30 GeV
R � 0.4

1-jet direct resum
�1-jet resum � 2-jet FO

pToff
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Testing the Matching

13

scheme A: π2 resummation, H + 1j NNLO virtuals scheme B: no π2 resummation, H + 1j @ NLO

Matching of the “direct” and “indirect”  approaches is smooth across pTcut

scheme A shows significantly reduced uncertainties

⇔π2 resummation          H + 1j NNLO virtuals



Ecm � 8 TeV
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scheme A: π2 resummation, H + 1j NNLO virtuals scheme B: no π2 resummation, H + 1j @ NLO

Matching of the “direct” and “indirect”  approaches is smooth across pTcut

scheme A shows significantly reduced uncertainties

⇔π2 resummation          H + 1j NNLO virtuals



Testing the Matching
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Σ1�pTcut�
pTJ � pT

off

pTJ � pT
off

Ecm � 8 TeV, pTcut � 30 GeV, R � 0.4 �1
tot

�1
res

�1
Μ

50 55 60 65 70 750

1

2

3

4

5

6

7

pToff �GeV�

Σ
1�p Tcut

�

pp � H � j, Scheme A

Σ1�pTcut�
pTJ � pT

off

pTJ � pT
off

Ecm � 8 TeV, pTcut � 30 GeV, R � 0.4 �1
tot

�1
res

�1
Μ

50 55 60 65 70 750

1

2

3

4

5

pToff �GeV�

Σ
1�p Tcut

�

pp � H � j, Scheme B

scheme A: π2 resummation, H + 1j NNLO virtuals scheme B: no π2 resummation, H + 1j @ NLO

Matching scale (pToff) dependence is small

mHpTcut

small pToff :
direct approach increases, 
but larger FO contributions

large pToff :
indirect approach increases, 
but larger FO contributions

intermediate pToff :
using each resummed 

prediction where it is reliable



Jet Bin Cross Sections
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Ecm � 8 TeV
pTcut � 30 GeV
R � 0.4

A FO

B

0 1 �20

5

10

15

jet bins

Σ
�pb�

cross section in jet bins

bin-by-bin uncertainties reduced 
by a factor of 2 over FO

need to determine 
the theoretical uncertainty 

on this cross section

cross section in the WW analysis

σWW = �acc0 σ0 + �acc1 σ1 + �acc≥2σ≥2

acceptances from analysis cuts
(jet bin cuts, leptonic cuts, ,
  reconstruction efficiencies)



Covariance Matrices

17

general form of the
covariance matrix

C =




C00 C01 C0≥2

C01 C11 C1≥2

C0≥2 C1≥2 C≥2≥2




basis of 

0, 1, ≥2 jet 
cross sections

need a way to parameterize physical sources of uncertainty



Covariance Matrices
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general form of the
covariance matrix

Cy = �∆y
�∆T

y

Ccut =
�

i,j

�
∆2

ij cut −∆2
ij cut

−∆2
ij cut ∆2

ij cut

�

ij

anti-correlated
2x2 blocks

fully correlated

C = Cy + Ccut

C =




C00 C01 C0≥2

C01 C11 C1≥2

C0≥2 C1≥2 C≥2≥2





need a way to parameterize physical sources of uncertainty

yield uncertainty

bin migration
uncertainty

this decomposition is completely generic (no built-in assumptions)
and 

can be associated with physical sources of uncertainty

basis of 
0, 1, ≥2 jet 

cross sections



Combining Jet Bins
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Signal strength: µ =
σobs

σexp
σexp = �exp0 σexp

0 + �exp1 σexp
1 + �exp≥2 σ

exp
≥2

2-jet term 
negligible for 

gg → H → WW
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Figure 12: VBF results for (a) p0 and (b) 95% CL upper limit using 8 TeV data considering VBF as

signal and ggF as part of the background. Details are given in the caption of Fig. 10.
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Figure 13: VBF signal strength parameter µ. The observed (solid black line with shaded cyan band)

and the expected result (solid red line with dashed band) are shown.

7.5 8 TeV results

The expected significance for the signal with mH = 125GeV is 3.5 s.d. corresponding to p0 = 2× 10−4.
The corresponding observed significance is 4.3 s.d. (p0 = 1× 10−5), but the highest value of 4.5 s.d.
(p0 = 4× 10−6) occurs at mH = 135GeV. The best-fit signal strength µ at mH = 125GeV is

µobs, 8 TeV = 1.26± 0.24 (stat.)± 0.21 (theo. syst.)± 0.14 (expt. syst.)± 0.06 (lumi.)
= 1.26± 0.35.

The expected best-fit µ at mH = 125GeV is

µexp = 1± 0.23 (stat.)± 0.23 (syst.)
= 1± 0.33.
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ATLAS measurement of signal strength in H > WW :
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Combining Jet Bins
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Signal strength: 

Table 13: Leading uncertainties on the signal strength µ for the combined 7 and 8 TeV analysis.

Category Source Uncertainty, up (%) Uncertainty, down (%)

Statistical Observed data +21 −21
Theoretical Signal yield (σ · B) +12 −9
Theoretical WW normalisation +12 −12
Experimental Objects and DY estimation +9 −8
Theoretical Signal acceptance +9 −7
Experimental MC statistics +7 −7
Experimental W+ jets fake factor +5 −5
Theoretical Backgrounds, excludingWW +5 −4
Luminosity Integrated luminosity +4 −4

Total +32 −29

7.3.1 VBF results and measurement of couplings

Statistical tests of a VBF signal are performed on the 7 and 8 TeV data by considering the ggF signal

as part of the background. The test defines µVBF, the signal strength parameter associated with the

VBF process, as the parameter of interest. The ggF signal strength µggF is profiled, and is constrained

mainly by the Njet ≤ 1 signal regions.
The expected VBF signal significance at mH = 125GeV is 1.6 s.d. (p0 = 0.05). The corresponding

observed significance is 2.5 s.d. (p0 = 0.007), but the highest value of 2.5 s.d. (p0 = 0.006) occurs

at mass mH = 115GeV. Figure 12a compares the observed p0 with the expected distribution in the

presence of a signal. The 95% CL exclusion on σ/σSM is shown in Fig. 12b. In the absence of a VBF

signal, the expected exclusion is mH > 130GeV. However, the observed exclusion is mH > 147GeV.

Figure 13 shows µ vs. mH . The best-fit measured signal strength at mH = 125GeV is

µobs, VBF = 1.66± 0.67 (stat.)± 0.42 (syst.)
= 1.66± 0.79.

Similarly, µggF has been measured on the 7 and 8 TeV data by considering the VBF signal as part

of the background. In this test, µVBF is constrained mainly by the Njet ≥ 2 signal region. The best-fit
signal strength at mH = 125GeV is

µobs, ggF = 0.82± 0.24 (stat.)± 0.28 (syst.)
= 0.82± 0.36.

A two-dimensional likelihood scan of the signal strength for the ggF and VBF production modes

is shown in Fig. 14a. Since the signal strengths in the VBF,WH, and ZH production modes scale with

the VH coupling, the three strengths are grouped together. The results are consistent with the expected

SM values of unity. Figure 14b shows the likelihood curves for the ratio µVBF+VH/µggF+tt̄H from the

H→γγ, H→ZZ(∗)→4#, H→ττ, and H→WW(∗)→ #ν#ν analyses. The branching ratio dependence
of the individual channels cancels in the ratio so that the compatibility of the measurements in the

various channels can be compared. The H→WW(∗)→ #ν#ν channel has a larger best-fit ratio than the
other channels, but is consistent with the H→γγ and H→ZZ(∗)→4# results at 68% CL.
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Uncertainties in the H → WW Signal Strength
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∆th, y
FO

µ = 0.12
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A µ = 0.07

reduction by almost a factor of 2!

the signal yield uncertainty is no 
longer a dominant systematic
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Conclusions

• A new approach and prediction for the exclusive H+1-jet cross 
sections that has resummation across the entire phase space

• Direct resummation of the exclusive 1-jet rate at high jet pT, 
indirect resummation using the inclusive 1-jet rate at low jet pT

• Combined exclusive 0-jet and 1-jet predictions can be used in Higgs 
analyses

• Roughly halves uncertainty compared to fixed order, 
can be directly used in H → WW signal strength measurement

• Experiments are evaluating how to best utilize resummed results

• W/Z+jets an interesting testing ground - more data and more 
precise predictions can be made
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