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Overview 
1)  Introduc2on to standard VBF analysis techniques 
2)  Reminder: using VBF to extract Higgs quantum numbers and couplings 
3)  Iden2fica2on of the H+2j produc2on mechanism using a jet veto 



Higgs‐plus‐two‐jet produc2on 

Vector boson fusion (VBF): 

Quarks in proton radiate V’s. Naturally produces two tag  
jets with large transverse momentum , O(MW) 

No colour flow between quark lines – expect that 
QCD radia2on between quark‐jets will be suppressed. 

Gluon‐gluon fusion (GF): 

Higgs produc2on via gluon‐gluon fusion (through  
top quark loop). Tag jet produc2on not ‘typical’, but does 
occur. Therefore GF can act as a ”background” to VBF 

Colour octet flow between tag jets – expect more  
radia2on in the region between the tag jets. 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VBF analyses at the LHC (I) 

•  The Higgs events are selected in two stages: 
–  The Higgs is iden2fied by the decay products (i.e. tau reconstruc2on for Hττ) 
–  The jet ac2vity in the event is required to be (i) two ‘tagging’ jets (the leading jets in the event, 

corresponding to the quarks that radiated the vector boson) and (ii) no third jet in the rapidity 
interval between the tagging jets. 

•  There are a number of cuts applied to the tag jet system, which enhance the VBF signal over both the 
background and the GF process.  
–  Typical cuts are: 



VBF analyses at the LHC (II) 

•  A_er main analysis cuts on tag‐jets (widely separated, large invariant mass), the analyses typically veto 
on third jet ac2vity in the central region between the tag jets. 

•  This veto is set very low, not only to reduce backgrounds, but to suppress Higgs produc2on from gluon‐
gluon fusion (GF).  

Signal is extracted from the mττ  distribu2on. 

The shape of the background is dominated by  
instrumental effects and will be determined from 
in‐situ methods. 

Once the Higgs has been observed, the VBF events can be used for precision measurements  
of the Higgs CP, as well as feeding into the global coupling extrac2on 



Higgs CP measurements in VBF 

•  It was pointed out by Plehn et. al (PRL88:051801,2002) that the tensor structure of the Higgs 
coupling to weak bosons could be probed by analysis of the azimuthal angle between the tag‐jets in 
VBF. 
–  SM term                                can be dis2nguished from the anomalous CP‐even and CP odd 

couplings couplings,                                  and  Leff ∼ HVµνV µν
LSM ∼ HVµV µ

Leff ∼ HVµν Ṽ µν



Extrac2on of Higgs couplings 

•  The cross‐sec2on x branching ra2o for a Higgs measurement in VBF will eventually be fed into a global 
analysis of Higgs produc2on channels in order to extract the couplings. 

•  The ra2os of couplings are easily extracted: 

•  The individual couplings can also be extracted a_er making some mild assump2ons about the Higgs 
sector (e.g. Phys.Rev.D70:113009,2004) 

A recent evalua2on such a global analysis was done by 
Lafaye et. al. (JHEP 0908:009,2009) 

Note that the GF and VBF produc2on channels are not 
independent. Need to suppress one channel w.r.t the 
other. 

σWWH ×B.R(H → ZZ)
σggH ×B.R(H → ZZ)

∝ ΓWWHΓZZH/Γ
ΓggHΓZZH/Γ

∝ ΓWWH

ΓggH



Produc2on of H+2j events via gluon fusion 

•  CP nature of effec2ve gluon coupling can be probed in    H+2j 
events produced by GF 

•  Different cuts are proposed to enhance GF instead of VBF 
•  First studies indicated that SM HWW was feasible, but probably 

not lower masses with Hττ 

Leff ∼ HGa,µνGa,µν

•  In general, produc2on of H+2j by GF is considered to be a bit of a nuisance as it contaminates the VBF 
channel 

•  H+2j via GF has been studied in its own right by Klamke et. al. (JHEP 0704:052,2007).   

•  In BSM models, the Higgs couplings are typically different than the SM Higgs couplings: 
‐  GF could be very important if the couplings to vector bosons are heavily suppressed 

‐  It would be good to have a handle on the ‘contamina2on’ between GF and VBF channels 



Measuring VBF and GF at the same 2me? 

•  Crucial component is the veto on addi2onal jets above Q0 in the central region between the two tag 
jets. 

•  The excess of events in the di‐tau invariant mass spectrum contains contribu2ons from both GF and 
VBF: 

 here, Λi is the ra2o of the actual Higgs coupling to ‘i’ to the SM value, i.e. Λg= ΛV=1 in the SM. 

•  Instead of cuong at low veto‐scales, to suppress GF contribu2on, can in principle measure the size of 
the Higgs cross‐sec2on as a func2on of Q0 and extract contribu2ons for GF and VBF separately. [PLB 
696 (2011) 87‐91] 

–  Advantage that it does not assume a SM‐like coupling to vector bosons, applicable to BSM Higgs 
–  Can we do this in prac2ce, given the likely event rate at LHC and the theory/experimental 

uncertain2es? 



First es2mate of the feasibility: Hττ 

MC samples 
1)  SHERPA 1.2 used to generate samples of GF and VBF Higgs events at √s=14TeV. Specifically generate 

H+nj, with n=2,3. Higgs mass chosen to be 120GeV. 
2)  K‐factors invoked to account for missing virtual correc2ons by normalizing dedicated samples to the 

NLO calcula2on of Campbell, Ellis & Zanderighi (2006). This is needed to get the ra2o of GF and VBF 
events correct. 

VBF analysis cuts 
Jets found using An2‐kT algorithm with R=0.4. 
Then, follow explicitly the ATLAS standard VBF analysis [outlined in arXiv:0901.0512] 
1)  Tag jets: ET,1 > 40GeV and ET,2 > 20GeV  
2)  Tag jets: Mjj > 700GeV, Δηjj > 4.4 and η1.η2 < 0 
3)  Tau candidates: cos(Δϕ) > ‐0.9 
4)  Missing ET > 30GeV 

A_er these kinema2c cuts, we have a reasonable jet/Higgs topology that mimics a realis2c search at the 
LHC. 



The jet veto dependence  

•  Le_ plot shows the size of the VBF and GF cross‐sec2on as a func2on of Q0 a_er the kinema2c cuts (s2ll 
missing experimental efficiencies for taus, such as trigger, reconstruc2on…) 

•  Right plot highlights the different Q0 dependence of VBF and GF events. 
–  CKKW matching scale in SHERPA is important in GF shape – in a way this reflects the large theory 

uncertainty in the predic2on, will return to this later. 
–  Underlying event also cause a shape uncertainty between Q0=20 and Q0=50 for GF and VBF 

σ(Q0) =
∫ Q0

0

dσ

dpT,3
dpT,3



Extrac2ng the GF and VBF components  

•  We need to account for experimental efficiency, ε, for tau‐tau measurements (trigger, reconstruc2on, 
id…..) 

–  Efficiency will be similar for GF and VBF events because we have already cut on the topology of the 
H+2j system. Take ε=0.036 (corresponds to all decay channels). 

•  Using NLO cross‐sec2ons and experimental efficiency, predict number of Higgs events for 60�‐1 of data. 
Find NGF=25 and NVBF=90 for Q0=50. 

•  Perform 2000 pseudo‐experiments for a specific choice of Λg and ΛV [SM is Λg,V=1]. 
–  (Poisson distributed) GF and VBF events chosen at random from reduced MC samples (i.e. samples 

a_er kinema2c cuts),  

–  Smear/shi_ Q0 distribu2on by systema2c uncertain2es (expt and theory) 
–  Fit each pseudo‐data with theory predic2on to extract Λg and ΛV 

–  Take uncertainty in method to be the RMS of fit values. 



Results without systema2c uncertain2es 

•  Colours represent the frac2onal uncertainty in the fit, across BSM parameter space. 
–  Yellow, orange, red mean a very large final uncertainty on Λ 

–  Dark blue represents a very well measured uncertainty. 



Impact of systema2c uncertain2es 

What we are trying to measure: 

Take all theory/experimental uncertain2es from literature: 

UncertainAes in theoreAcal predicAon: 
1)  VBF: Normaliza2on of H+2j is known to about ±4% and (1‐Pveto) is known to ±1% at all Q0.   
2)  GF: Normaliza2on of H+2j is known to about ±20%. Addi2onal uncertainty from (1‐Pveto) is not well known. 

Assign addi2onal, uncorrelated, uncertainty of ±20% at Q0=20 and 50 GeV. 
3)  Add in UE uncertainty in (1‐Pveto), found from SHERPA a_er turning UE on/off. 

UncertainAes  from experimental measurement: 
1)  VBF systema2c (20%) on acceptance/normaliza2on is mainly from JES. We find that corresponding 

systema2c for GF is larger (~30%), due to steeper tag‐jet distribu2ons.  
2)  Find mild effect of JES on  (1‐Pveto) ‐‐ 0% for VBF and (max) ±3% for GF. 
3)  Background fluctua2ons affec2ng signal extrac2on is taken into account across Q0 distribu2on by adding/

removing events based on poisson fluctua2on of background. 

H+2j cross‐sec2on (a_er cuts on tag jets) 
i.e.  A normaliza2on uncertainty  Probability of addi2onal jet above Q0 

i.e. a shape dependence 



Results with systema2c uncertain2es included 



Breakdown of systema2c uncertainty 

Represent the uncertainty given 60 [300] �‐1 of data.  
Middle rows show effect of sta2s2cal uncertainty + specific systema2c  
  ‐ sta2s2cal uncertainty in fiong procedure is always present. 

Largest uncertainty arises from  
the theore2cal modelling of the GF 
cross‐sec2on and kinema2cs. 

Experimental uncertainty mainly due to JES. 
  ‐ Overes2mated: the current JES@ATLAS is about 1.5x  
    smaller than the values used in this analysis. 



Summary 

Higgs‐plus‐two‐jet at the LHC 
•  VBF measurements are well established as LHC search channels. 

•  VBF measurements allows the CP nature of the Higgs to be determined, and feed into global 
extrac2on of Higgs couplings 

•  BSM Higgs produc2on changes the rela2ve size of GF and VBF couplings. 

The role of the central jet veto 
•  Dependence of the signal on the jet veto scale can be used to extract the different mechanisms of 

Higgs produc2on. 
–  Contamina2on of GF in VBF studied in‐situ. 

–  Simultaneous extrac2on of effec2ve coupling of Higgs to gluons and vector bosons 
•  Large uncertainty in both the normaliza2on and shape of the GF cross‐sec2on. 

•  Understanding the central jet veto in the presence of pile‐up will be 
–  Early measurements of central jet veto in dijet produc2on and W/Z+2jet produc2on is crucial to 

pin down both the theory and experimental uncertain2es 


