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Jets play many roles in Higgs searches:

They may come from Higgs decay (H ! b�b)

They may help distinguish di�erent Higgs-production mechanisms
(VBF v. gluon-fusion)

They may help distinguish signal from background,
e.g. jet bins inH ! WW v. t �t ! WWb�b

This working group's aims:

Identify where further theory progress needed on jet-related topics.
Provide advice and/or prescriptions for uncertainties andcentral

predictions, where possible
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Two public subgroup meetings since last plenary

12 October:

https://indico.cern.ch/conferenceDisplay.py?confId= 211870

I Presentation of experimental needs
I Analytical theory predictions forgg ! H in 0-jet, 1-jet & VBF bins

29 November:

https://indico.cern.ch/conferenceDisplay.py?confId= 218887

I Predictions from latest MC tools forgg ! H with VBF-type selection
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Experimental cuts
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Cuts for H! WW
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Cuts for H! � �
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Cuts for H! 



NB: � � 2j ;2
 cut acts a bit like a jet veto
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Theory for 0-jet bin

important forgg ! H ! WW

I 0-jet requirement suppressest �t ! WWb�b bkgd by� factor 100

I To extract couplings, must know fraction ofgg ! H that survives veto
i.e. has no signi�cant ISR radiation

I But jet veto scale� 25 � 30 GeV� mH �! large logarithms

1 � 6� s
� ln2 MH =pt ;veto + : : :

cause problems for �xed-order perturbation theory
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What are genuine uncertainties in �xed-order calculations?
Total cross section series:� tot ' � LO(1 + 10� s + 36� 2

s + � � � )
Vetoed cross section series:� veto ' � LO(1 + 4 � s + 8 � 2

s + � � � )
Better-looking perturbative series gives spuriously low scale uncertainties

Stewart{Tackmann '11: write� veto@NNLO = � tot@NNLO � � 1-jet@NLO

Treat uncertainties in total and 1-jet as uncorrelated.
New procedure. Worthwhile cross-checking with other procedures.
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Alternative view: two physical e�ects

I largeK -factor in � tot

I Sudakov suppression (veto
e�ciency = � = � veto=� tot )

Treat veto e�ciency and total cross-
section uncertainties as uncorre-
lated.



Summing logs ofmH=pt ;veto

Part of issue with jet veto is large logarithms at all orders:

� n
s ln2n mH

pt ;veto

NLL resummation is remarkably simple: pure Sudakov form factor (no jets
= no radiation)

veto e�ciency � (pt ) = exp

"

Lg1(� sL)
| {z }

LL

+ g2(� sL)
| {z }

NLL

+ � � �

#

L � ln
mH

pt

resummation functionsg1 and g2 �
those inside Fourier Transform of Higgspt resumn

Ban�, GPS & Zanderighi '12

Essentially known since \CAESAR" automated resummation work '03
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Resumming jet veto at NNLL
Story is almost the same at NNLL, i.e. pure Sudakov, plus quasi �xed-order
correction

any number of emissions plus
1 gluon splits into two jets

any number of emissions plus
2 gluons clustered into one jet
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4 articles on the subject:
Ban�, GPS & Zanderighi, arXiv:1203.5773; + Monni, arXiv:1206.4998

Becher & Neubert, arXiv:1205.3806
Tackmann, Walsh & Zuberi, arXiv:1206.4312

[Results build on Higgspt resumn of Bozzi et al '03-, Becher & Neubert '10]
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Current situation:

The 3 groups agree on the NNLL result

BN argue for an all-orders factorization formula (' recipe beyond NNLL)
TWZ argue there are still issues there

One group (BMSZ) has published full NNLL+NNLO numerical predictions.
Two groups (BN+Rothen, TWZ+Stewart) have prelim. numerics

[BN numerics shown at last meeting di�er from NNLL by constant]

Plan for YR3:

Document the degree of agreement between the groups
Maybe compare �nal numerical results
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Jet veto e�ciency NNLL+NNLO results (BMSZ)
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(latter tuned/reweighted to HqT)
good agreement!

NNLL reduces uncertainties from
� 15%!� 9%

[0-jet / � 1-jet correlations
available too]

public code at
http://jetvheto.hepforge.org
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Jet veto e�ciency NNLL+NNLO results (BMSZ)
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[0-jet / � 1-jet correlations
available too]

public code at
http://jetvheto.hepforge.org

Interim prescription:

I Use these NNLL+NNLO uncertainties in WW 0-jet
I Check central values' your MC
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Open question: is jet radiusR � 0:4 too small?
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There are all-order terms like
� n+1

s L lnn 1
R .

If R is too small these become
large.

In practice, choosingR � 1 re-
duces uncertainties

Should we resum lnR terms?
Tackmann, Walsh & Zuberi '12

Should experiments switch to
largerR for utmost accuracy?

+ �ltering to control UE/pileup dependence
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Theory of (exactly) 1-jet bin
[for WW channel;� � more complex?]
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NLL is within straightforward reach for (exclusive) 1-jet bin

\straightforward" means no conceptual issues or new ingredients;
assembling known ingredients correctly still involves hard work

Is mH =pt ;veto large enough to warrant resumming two sets of logs?

NLL resummation:
non-global logs (known)

NLL resummation
as for 0-jet case

log(m H / p t,jet1 )

log(p t,jet1  / p t,veto )

scales for
1-jet bin

mH

p

p t,veto  on further jets

t,jet1
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Progress on 1-jet bin

Liu & Petriello '12

exclusive 1-jet rate v.pt ;min for jet 1 I \Resum logarithms
ln Q=pt ;veto [...] where
Q � mH � pt ;jet"

I minimal \NLL� " rather full
NLL

� n
sL2n + � n

sL2n� 1 instead of
exp(� n

sLn+1 + � n
sLn)

no non-global logs

e.g. full NNLL+NNLO
� N4LL�

I A step towards full
understanding of 1-jet bin
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gluon fusion (ggF) as
\background" to

VBF 2-jet selection

Gavin Salam (CERN) Jets in Higgs Searches Higgs XS WG 2012-12-06 19 / 30





Many recent new MC tools to address this

described by Stefano Frixione in his review

The jets group very recently \commissioned" a comparison of them!
understanding the ggF contamination to VBF.

I aMC@NLO with Frederix-Frixione (\FxFx") merging of H+0/1/2-jet
NLO+shower samples. Interfaced with Herwig 6.5

I Sherpa with their merging of H+0/1-jet NLO+shower samples plus
H+(2/)3-jet LO+shower samples Interfaced with Sherpa shower

I MINLO/POWHEG : either H+0, H+1 or H+2-jet NLO+shower
samples. Interfaced with Pythia 6.4 (pt -ordered), Perugia 0 tune

I HEJ: high-energy (large-rapidity) approximation for multiple gluon
emissions and virtual corrections + exact H+2/3 ME

Most of these tools are fresh o� the press
Comparison studies done in a short amount of time

Take following slides as indicative of work in progress rather than �nal word
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Cuts and histograms for comparison study

Simulation & cuts:

I 8 TeV pp collisions, Higgs production by gluon fusion
I Jet-�nding with anti-kt , R = 0 :4
I At least two jets with j� j j < 5, ptj > 25 GeV
I VBF cuts: � yjj > 2:8, mjj > 400 GeV, tagging jets de�ned as two

highestpt jets; 3rd jet considered ifptj > 20 GeV.

Histograms:

1. ptj 1: 25: : : 200 GeV, 25 GeV steps

2. ptj 2: 25: : : 150 GeV 25 GeV steps

3. yj 1: � 5 : : : 5 in steps of 1

4. yj 2: � 5 : : : 5 in steps of 1

5. j� yjj j: 0 : : : 8, in steps of 1

6. mjj : 0 : : : 800 GeV, 40 GeV steps

7. � � jj : 0 : : : � , 10 bins

8. ptj 3: 20: : : 100, 10 GeV steps

9. yj 3: � 5 : : : 5, steps of 1

[ 10. � � jj ;

 ]

Comparison plots: Sherpa (20 GeV matching); MC@NLO (30 GeV matching);
MINLO: Hjj sample; all at parton level, without MPI (UE)
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MINLO, Sherpa & HEJ all agree at central jet rapidities;
aMC@NLO 25-30% lower
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factor 2 di�erence between aMC@NLO and Sherpa/MINLO, small er
di�erences between MINLO, Sherpa

recall Sherpa is H+2@LO, aMC@NLO & MINLO are H+2@NLO



Dependence on matching scale or sample choice

aMC@NLO+FxFx (Frixione)
Sherpa (Sch•onherr)
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Di�erences easily summarised in cross-sections

� tot � 2-jets � VBF cuts

aMC@NLO FxFx (mQ = 30 GeV) 13.9 pb 1.65 pb 0.125 pb
Sherpa (Qcut = 20 GeV) 15.2 pb 2.38 pb 0.225 pb
MINLO Hjj 17.8 pb 2.39 pb 0.234 pb

HEJ | 2.20 pb 0.127 pb

The various di�erences need understanding

Study needs supplementing with pure NLO H+2 results (e.g. MCFM)
Probably worth examining change of shower in aMC@NLO and MINLO
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Impact of UE | is it really 30%?

my quick & dirty study: Pythia, scaled to NNLO� tot , VBF cuts ! UE . 10%

partons, no UE hadrons, no UE hadrons + UE

Py 6 DW (virt. ord. shower) 0.259 pb 0.243 pb 0.259 pb
Py 6 P2011 (pt ord. shower) 0.300 pb 0.292 pb 0.318 pb
Py 8 4C (pt ord. shower) 0.320 pb 0.310 pb 0.330 pb
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Does a 3rd-jet veto help disentangle VBF and gluon-fusion?

Normal wisdom says use of a jet veto reduces gluon-fusion \background".

But (at least in �xed order), it may increase uncertainty on how much
gluon-fusion you have.

Preliminary conclusion shown by Gangal & Tackmann:
in �xed-order calculations, a 3rd (central?) jet veto does not help.

Consequence of ST procedure: uncertainty never lower than for inclusive selection
Related dijet resummations: Forshaw, Seymour & collaborators



Other questions

Some analyses make use of Multi Variate Analyses (MVAs)
How do we treat theory uncertainties in those cases?

To help make progress with this kind of question:

Can you identify what the MVA is doing?

E.g. show main kinematic distributions after MVA cuts (e.g. �� 

; jj ),
so that it is clear which regions are being a�ected.

Can MVA be forbidden from going into poorly controlled regions?
[Bernlochner, Gangal, Gillberg & Tackmann]
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Conclusions

Signi�cant theory progress on 0-jet bin;
Di�erent groups converging in their understanding
Ideally have statement of where we agree in YR3

First developments on the 1-jet bin

Gluon-fusion contamination of VBF is still an open subject,
comparisons ongoing

A big thanks to all the participants (and my co-conveners),
who have contributed �gures, numbers, slides, comments!
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EXTRAS
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Cuts for H! WW[Extras]
[Cuts]

ATLAS

I 0 jet and 1 jet category based on Jets reconstructed with the anti-kt

algorithm, R = 0 :4. Jet pT > 25(30) GeV forj� j < 2:5 (2:5 < j� j < 4:5).
I For 1-jet category, anti-b tagging applied.
I no 2-jet category any more

CMS

I Jets reconstructed with the anti-kT algorithm, R = 0 :5. Jet
pT > 30 GeV,j� j < 4:7

I 0-jet and 1-jet according to above
I 2-jets: � � > 3:5, mjj > 500 GeV, central-jet veto (CJV) of 30 GeV
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Cuts for H! � �[Extras]
[Cuts]

ATLAS | 4 categories: VBF, boosted, VH, 1-jet

I for all, at least one jet withpt > 40 GeV

1 VBF: pt ;jet 2 > 25 GeV, � � jj > 3, mjj > 400 GeV, anti-b tag

2 boosted:pT ;� � > 100 GeV (+ VBF sel veto)

3 VH: 30 GeV< mjj < 160 GeV,pt ;jet 2 > 25 GeV, � � jj < 2, anti-b tag (+
boosted sel veto)

4 1-jet: veto of the other three,m� � j > 225 GeV

CMS | jets de�ned as pT > 30 GeV,j� j < 4:7

I leptonic 0 & 1-jet: anti-b tag for 1-jet; 0-jet used just for normalisation
I hadronic 1-jet: as above +pTH > 140 GeV
I leptonic 2-jet: � � > 3:5, mjj > 500 GeV, CJV (30 GeV)
I hadronic 2-jet: � � > 2:5, mjj > 250 GeV,pTH > 110 GeV
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Cuts for H! 

[Extras]
[Cuts]

ATLAS

I VBF: two jets, pt ;jet > 25 GeV, � � > 2:8, mjj > 400 GeV, � � 2j ;2
 > 2:6
NB: � � 2j ;2
 cut a bit like a 3rd jet veto

CMS | 2 categories in 2-jet bin

I tight: pt ;jet 1,2 > 30 GeV,mjj > 500 GeV, � � > 3
I loose: not tight + pt ;jet 1 > 30 GeV,pt ;jet 2 > 20 GeV,mjj > 250 GeV,

� � > 3
I for both: � � 2j ;2
 > 2:6, the di�erence between the average

pseudorapidity of the two jets and the pseudorapidity of the diphoton
system is required to be less than 2.5
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Di�erent uncertainty contributions at NNLO + NNLL[Extras]
[Jet-veto resummations]

central result
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Di�erent uncertainty contributions at NNLO + NNLL[Extras]
[Jet-veto resummations]

scale uncertainties
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Di�erent uncertainty contributions at NNLO + NNLL[Extras]
[Jet-veto resummations]

Q variation, withL = ln Q=pt ;veto
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Di�erent uncertainty contributions at NNLO + NNLL[Extras]
[Jet-veto resummations]

schemes a, b, c
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Di�erent uncertainty contributions at NNLO + NNLL[Extras]
[Jet-veto resummations]

complete band
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Resummation accuracy: know the �ne print[Extras]
[Jet-veto resummations]

There are two widely-used de�nitions of \NLL", \NNLL", etc.:
[+ minor variants; no good naming convention]

I \minimal" : � =
X

n

� n
sL2n

| {z }
LL�

+ � n
sL2n� 1

| {z }
NLL �

+ � n
sL2n� 2

| {z }
NNLL �

+ � � �

for L � 1=
p
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I \full": � = exp
hX

n

� n
sLn+1

| {z }
LL

+ � n
sLn

| {z }
NLL

+ � n
sLn� 1

| {z }
NNLL

+ � � �
i

for L � 1=� s, NpLL uncertainty isO (� p
s )

As an example, \full" NNLL (+ NNLO) � \minimal" N 4LL�
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Practical stability of Sherpa results[Extras]
[VBF MC results]

with VBF cuts:

� = :225+0 :074
� 0:055(� R=F ) +0 :010

� 0:005(� Q ) +0 :003
� 0:009(Qcut )

+0 :000
� 0:013(Nmax)� 0:004(stats)pb
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