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ttH in diphoton decay channel
• ttH, H→𝜸𝜸 has a striking signature:

• Two photons (really energetic), jets and b-jets

• Signal is small for Run1:
• σ x BR x 20 fb-1 ~ 5 evts

• But H→𝜸𝜸 is a very sensitive channel:
• Background is small
• Full reconstruction of H and peak search in m𝜸𝜸

• Backgrounds: everything with photons and jets
• 𝜸+jets, 𝜸𝜸+jets, tt+jets, tt𝜸, tt𝜸𝜸, t𝜸, t𝜸𝜸...

•  These backgrounds are not peaking in m𝜸𝜸
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Figure 1: Feynman diagram for one of the LO diagrams of tt̄H production at pp colliders, with
Higgs boson decaying to photons. The shaded area represents the fermionic and bosonic loop
connecting the Higgs boson to photons.

collected by the CMS detector at the Large Hadron Collider (LHC) in 2012. The data has been
recorded through the High Level Trigger (HLT) paths which rely on the presence in the event
of two photons with large momentum transverse to the beam axis, pT, similarly to Ref.[16].

A detailed description of the CMS detector can be found elsewhere [17]. Its central feature
is a 3.8 T superconducting solenoid of 6 m internal diameter. Within its field volume are the
silicon tracker, the crystal electromagnetic calorimeter (ECAL), and the brass/scintillator sam-
pling hadron calorimeter (HCAL). The muon system, composed of drift tubes, cathode strip
chambers, and resistive-plate chambers, is installed outside the solenoid, embedded in the steel
return yoke. CMS uses a right-handed coordinate system, with the origin at the nominal inter-
action point, the x axis pointing to the center of the LHC, the y axis pointing up (perpendicular
to the LHC plane), and the z axis along the counterclockwise-beam direction. The polar angle
q is measured from the positive z axis and the azimuthal angle f is measured in the x-y plane.
The pseudorapidity h is defined as � ln[tan(q/2)].

Photon candidates are reconstructed from the energy deposits in the ECAL, grouping its chan-
nels into a supercluster. The superclustering algorithms achieve an almost complete collection
of the energy of photons (and electrons) that convert into electron-positron pairs (emit brem-
strahlung) in the material in front of the ECAL. In the barrel region, superclusters are formed
from five-crystal-wide strips in h, centred on the locally most energetic crystal (seed), and have
a variable extension in f. In the endcaps, where the crystals are arranged according to an x-y
rather than an h-f geometry, matrices of 5 ⇥ 5 crystals (which may partially overlap) around
the most energetic crystals are merged if they lie within a narrow f road. The photon can-
didates are collected within the ECAL fiducial region |h| < 2.5, excluding the barrel-endcap
transition region 1.4442 < |h| < 1.566. Isolation requirements are applied to photon candi-
dates by looking at neighbouring particle candidates reconstructed with the particle-flow (PF)
event reconstruction technique [18]. Details on photon reconstruction and identification are
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Run1 Analysis
• Analysis was quite simple:

• We wanted to be efficient on signal, given low statistic
• No possibility of advanced techniques, just few cuts on basic quantities

• Photon identification and reconstruction inherited from std H→𝜸𝜸:
• Harder cuts on photon pT and diphoton MVA

• Cut-based analysis optimized on a data control sample

• Two categories depending on the presence of lepton: Leptonic / Multijet

• Cuts on #jets and #b-jets different for the two categories
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Multijet Leptonic

No use of Bkg MC
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Results
• The main advantage of H→𝜸𝜸 is m𝜸𝜸 :

• Background and signal estimated fitting m𝜸𝜸 distribution
• Signal model from MC
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No use of Bkg MC

• Yields are low:
• Enough to fit
• Low impact of syst (stat 

dominated) ~ 1%

• Background MC in H→𝜸𝜸 never used:
• Optimization on data control sample
• Bkg estimation from sidebands

Fine for low-stat Run1 signal.                          
Is this ok for the future? Could be, but...
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Background MC simulations

• In Leptonic category O(5-10) evts. They are enough but huge uncertainty. 
• Factor 2 fluctuation could be plausible

• We would like to be sure of the composition of this background
• Hard cuts on jets, what remains? tt𝜸𝜸, t𝜸𝜸....

• With this low statistic, no advanced reconstruction techniques used

• In the future lots of improvements possible:

• Objects full reconstruction

• MVA techniques for analysis
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For all these studies MC crucial
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Not only ttH
• Precise MC simulations would be useful not only for ttH

• When we study BSM process similar to ttH, ~0 evts in sidebands
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Figure 3: Diphoton invariant mass distribution for candidate TT̄ events for the hadronic (left)
and leptonic (right) channel. The signal is normalized to the predicted theoretical cross section
corresponding to mT = 700 GeV. Background predictions coming from the fit are shown as a
red line, and bands corresponding to 68% (yellow) and 95% (green) are added.

shown in Figure 4, for the hadronic and leptonic channels. The expected limit is shown as a229

dotted black line, and the bands corresponding to 68% (yellow) and 95% (green) probability are230

added. The observed limit is represented by a black line. As can be seen the hadronic channel231

expected exclusion reaches top quark partner masses up to 538 GeV. The upper limit expected232

in the leptonic channel corresponds to an exclusion of top quark partner with masses up to233

522 GeV.234

Combining the two channels we proceed to set 95% confidence level upper limits on the pro-235

duction cross section of strong TT̄ production. We thus proceed to translate the limits into236

observed (expected) exclusion bounds to the existence of top quark partners with masses up237

540 (607) GeV using 19.7 fb�1 of integrated luminosity. All these results are obtained under the238

assumption of B(T ! tH) = 100%. The two channels are combined, and the resulting upper239

limit is shown in Fig. 5. The observed and expected 95% CL upper limits for mT = 700 GeV are240

summarized in Table 4.241

Table 4: Summary of observed and expected 95% upper limits (UL) to the production cross sec-
tion of heavy vector-like partners of the top quark (T), with T ! tH(! gg): the observed and
expected limit are given for the hadronic channel, the leptonic channel, and their combination.

Observed UL Expected UL for mT = 700 GeV
Hadronic Channel 0.25 pb 0.16 pb
Leptonic Channel 0.29 pb 0.27 pb
Combined 0.19 pb 0.12 pb

Relaxing the assumption that B(T ! tH)=100% we can proceed to set limits as a function of242

B(T ! tH) and mT. In Fig. 6 we show the expected and observed region of exclusion in the243

2-dimensional space of B(T ! tH) and mT. In Fig. 7 we show the ratio of the upper limit on244

the cross section and the predicted cross section in the same 2D space. As can be seen from245

VLQ: TT→tHtH(→𝜸𝜸)
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Table 1: Expected MC yields in L = 19.7 fb�1 of data passing full requirements. Yields are
counted in the 122-128 GeV range. The additional contributions to the ‘standard’ Higgs pro-
cesses which would arise from the condition Ct = �1 are marked with a dagger (†).

Process Yield
tHq (Ct = �1) 0.67

tt̄H 0.03 + 0.05†

VH 0.01 + 0.01†

other H 0
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Figure 2: Invariant mass of the diphoton system for events passing full selection requirements.
The data (black markers) are compared to the Monte Carlo simulation (stacked histograms).
As can be seen, zero events are observed in the data.

• jet multiplicity;
• transverse mass of the top candidate;
• pseudorapidity of the qJet candidate;
• rapidity gap between the lepton and the qJet;
• charge of the lepton candidate.

All of these variables are found to discriminate between tt̄H and tHq simulated events, and
their linear correlation coefficients were found to be less than 10% on both processes. Hence
the use of a simple likelihood product is expected to have close-to-optimal performance. We
require the likelihood discriminator to be greater than 0.25, to suppress the tt̄H contribution
under the peak.

After enforcing the full analysis requirements, we obtain the yields shown in Table 1. The anal-
ysis selection has an expected efficiency of about 17% on tHq events decaying to the sought-for
final state. Figure 2 shows the diphoton mass spectrum for events passing full selection re-
quirements. As can be seen no events which pass full selection requirements are found in the
data.

Anomalous t-H coupling: 
tH(→𝜸𝜸)q in leptonic channel

3 evts: minimum 
number of points 
for a fit

0 evts: background shape 
from control sample (low 
stat, big uncertainty)

• All possible data-driven 
control-samples are low 
stat in this phase space:

• 1 lepton
• high number of jets
• high number of b-jets

If we find an excess and 
want to believe it robust 
MC prediction needed
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What do we need?
• Up to now low-stat, MC not crucial

• For Run II high-stat:
• MC is needed for precise optimization
• Signal extraction still data-driven

• Minimal Wish-list:
• t𝜸
• t𝜸𝜸
• tt𝜸
• tt𝜸𝜸
• 𝜸𝜸 + many jets (Sherpa?)

• ttH optimization with BDT and full reconstruction of objects

• tHq and BSM searches would also profit from these:
• tHq in the hadronic channel has to be done
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Current status
• Something has changed probably:

• At the time of the analysis we tried some tt𝜸𝜸 and t𝜸𝜸 MC but big Data/MC scale factors
• Now there are updated calculations
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• What has to be studied carefully in MC generation?

• Matching: for photons and jets. We require a lot of jets in the final state
• Leptons: in our ‘handmade’ MC requiring at least a lepton caused disagreement
• How to sum samples (#jets, #b-jets...)
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Conclusions

• Precise background estimation not crucial for H→𝜸𝜸 Run1 given low-stat:
• Optimization and background estimation from data
• Simple cuts on #jets and b-jets (no fine optimization needed)
• Low impact of systematics 

• For Run 2 it could be crucial:
• ttH optimization
• BSM searches

• Wish-list :
• t𝜸, t𝜸𝜸, tt𝜸, tt𝜸𝜸
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