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2015 ATLAS Results

• Evidence of  Yukawa couplings to τ

• JHEP04(2015)117

• Lepton Flavour Violating (LFV)H→τμ

• submitted to JHEP

• ttbar-associated production

• PLB 749

• hh→bbττ

• PRD 92
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• Embedding method

• JINST 10

• H→aa→μμττ

• PRD92

• charged H→τυ

• JHEP03

• τ-reco commissioning for Run2

• ATL-PHYS-PUB-2015-25

http://link.springer.com/article/10.1007/JHEP04(2015)117
http://arxiv.org/abs/1508.03372
http://www.sciencedirect.com/science/article/pii/S0370269315005997
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.092004
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2014-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-30/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-025/


Evidence for SM H→ττ
• ATLAS sees evidence for Higgs boson yukawa couplings 

to τ leptons

• Consistent with SM couplings and mass of 125GeV

• JHEP04(2015)117
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http://link.springer.com/article/10.1007/JHEP04(2015)117


Discovery for SM H→ττ
• CMS+ATLAS combination establishes discovery at 5.5σ significance

• Still consistent with SM Higgs rate

• Some call it CMS-PAS-HIG-15-002, others ATLAS-CONF-2015-044

• Let’s agree to call it a fine example of cross-experiment collaboration
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-15-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-044/


Discovery for SM H→ττ
• Higgs→ττ will continue to be an interesting channel also post-discovery

• Best constraint on Higgs coupling to fermions

• Also contributed strongly to measuring VBF production rate at 5.4σ significance

• Access to direct Higgs-fermion vertex allows CP measurement in τ decays
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top associated H→ττ
• Disambiguation of leptons and hadronic τ decays from 

H and t decays difficult

• Analysis also includes WW, ZZ and other Higgs decays

• Therefore categorise by number of leptons and taus

• channels including hadronic τ decays are: 2leptons
+1τ and 1lepton+2τ’s
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Table 2: Fraction of the expected tt̄H signal arising from dif-
ferent Higgs boson decay modes in each analysis category. The
six 2`0⌧had categories are combined together, as are the two 4`
categories. The decays contributing to the “other” column are
dominantly H ! µµ and H ! bb̄. Rows may not add to 100%
due to rounding.

Higgs boson decay mode
Category WW⇤ ⌧⌧ ZZ⇤ Other
2`0⌧had 80% 15% 3% 2%
3` 74% 15% 7% 4%
2`1⌧had 35% 62% 2% 1%
4` 69% 14% 14% 4%
1`2⌧had 4% 93% 0% 3%

satisfy pT > 25 (20) GeV, and the muon isolation require-
ments are tightened to Econe

T /pT < 0.05 and pcone
T /pT < 0.05.

The angular acceptance of electron candidates is restricted to
|⌘| < 1.37 in order to suppress tt̄ background events where the
sign of the electron charge is misreconstructed, as the charge
misidentification rate increases at high pseudorapidity.

In order to suppress the lower-multiplicity tt̄+jets and tt̄W
backgrounds, events must include at least four reconstructed
jets. In order to suppress diboson and single-boson back-
grounds, at least one of these jets must be b-tagged. The se-
lected events are separated by lepton flavour (e±e±, e±µ±, and
µ±µ±) and number of jets (exactly four jets, at least five jets)
into six categories with di↵erent signal-to-background ratio,
resulting in higher overall sensitivity to the tt̄H signal.

6.2. 3` category
Selected events are required to include exactly three light

leptons with total charge equal to ±1. Candidate events
arising from non-prompt leptons overwhelmingly originate as
opposite-sign dilepton events with one additional non-prompt
lepton. As a result, the non-prompt lepton is generally one of
the two leptons with the same charge. To reduce these back-
grounds, a higher momentum threshold pT > 20 GeV is applied
to the two leptons with the same charge. No requirements are
imposed on the number of ⌧had candidates. In order to suppress
the tt̄+jets and tt̄V backgrounds, selected events are required
to include either at least four jets of which at least one must
be b-tagged, or exactly three jets of which at least two are b-
tagged. To suppress the tt̄Z background, events that contain an
opposite-sign same-flavour lepton pair with the dilepton invari-
ant mass within 10 GeV of the Z mass are vetoed. Events con-
taining an opposite-sign lepton pair with invariant mass below
12 GeV are also removed to suppress background from reson-
ances that decay to light leptons.

6.3. 2`1⌧had category
Selected events are required to include exactly two light

leptons, with the same charge and leading (subleading) pT >
25 (15) GeV, and exactly one hadronic ⌧ candidate. The re-
constructed charge of the ⌧had candidate has to be opposite

to that of the light leptons. In order to reduce tt̄+jets and
tt̄V backgrounds, events must include at least four reconstruc-
ted jets. In order to suppress diboson and single-boson back-
grounds, at least one jet must be b-tagged. To suppress the
Z ! `+`�+jets background, events with dielectron invariant
mass within 10 GeV of the Z mass are vetoed.

6.4. 4` categories
Selected events are required to include exactly four light

leptons with total charge equal to zero and leading (subleading)
pT > 25 (15) GeV. No requirements are applied on the number
of ⌧had candidates. In order to suppress the tt̄+jets and tt̄V back-
grounds, the selected events are required to include at least two
jets of which at least one must be b-tagged. To suppress the tt̄Z
background, events that contain an opposite-sign same-flavour
lepton pair with dilepton invariant mass within 10 GeV of the Z
mass are vetoed. In order to suppress background contributions
from resonances that decay to light leptons, all opposite-sign
same-flavour lepton pairs are required to have a dilepton invari-
ant mass greater than 10 GeV. The four-lepton invariant mass
is required to be between 100 and 500 GeV, which gives high
acceptance for tt̄H, H ! WW⇤ ! `⌫`⌫, but rejects Z ! 4`
and high-mass tt̄Z events. Selected events are separated by the
presence or absence of a same-flavour, opposite-sign lepton pair
into two categories, referred to respectively as the Z-enriched
and Z-depleted categories. In both cases the Z mass veto is
applied, but background events in the Z-enriched category can
arise from o↵-shell Z and �⇤ ! `+`� processes while in the
Z-depleted category these backgrounds are absent.

6.5. 1`2⌧had category
Selected events are required to include exactly one light

lepton with pT > 25 GeV and exactly two hadronic ⌧ candid-
ates. The ⌧had candidates must have opposite charge. In order to
suppress the tt̄+jets and tt̄V backgrounds, events must include
at least three reconstructed jets. In order to suppress diboson
and single-boson backgrounds, at least one of the jets must be
b-tagged. This final state is primarily sensitive to H ! ⌧+⌧�
decays, allowing use of the invariant mass of the visible decay
products of the ⌧had⌧had system (mvis) as a signal discriminant.
Signal events are required to satisfy 60 < mvis < 120 GeV.

7. Background estimation

Important irreducible backgrounds include tt̄V and diboson
production and are estimated from MC simulation. Validation
regions enriched in these backgrounds are used to verify proper
modelling of data by simulation. Reducible backgrounds are
due to non-prompt lepton production and electron charge mis-
identification, and are estimated from data, with input from sim-
ulation in some categories. In the 1`2⌧had category the primary
concern is fake ⌧had candidates, which are modelled using sim-
ulation and validated against a data-driven estimate.
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top associated H→ττ
• Given the available luminosity, not sensitive to SM signal

• 95% CL at 4.7 (2.4) x SM observed (expected)

• Due to combinatorics of top pair+H decay products, 
currently use ditau visible mass

• Looking into disambiguation via kinematic fit
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hh→bbττ
• Many different h decay mode combinations considered

• Both resonant and non-resonant hh production

• non-resonant production: use MMC for ditau mass

• for resonant combine MMC with bb invariant mass
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hh→bbττ
• No significant excess, so set 95% CL limits 

• For non-resonant set combined limit on hh production cross section

• observed (expected) at 0.69 (0.47) pb corresponds to 70 (48) x SM strength

• For resonant production 95% CL depends on mass of mother particle

• ranges from 2.1 (1.1) pb at 260 GeV to 0.011 (0.018) pb at 1000 GeV
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• Recently seen ~2σ excess in CMS results

• OS muon and hadronic τ decay

• two signal regions in mT(μ )-mT(τ) plane

• SR1: dominant BG W+jets

• SR2: dominant BG Z→ττ + jets

• submitted to JHEP

LFV H→μτ 

http://arxiv.org/abs/1508.03372


• Separate BG control regions for top, W+jets and Z+jets (SR2 started life as ZCR)

• QCD Multijet (plus some W+jets) modelled with SS data, other BG with MC OS-SS

• Z→ττ modelled with embedding

• Mass reconstructed with special MMC tune for prompt muon+hadronic τ decay
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LFV H→μτ: BG Model

Table 1: Summary of the event selection criteria used to define the signal and various control regions (see text).
Cut SR1 SR2 WCR TCR

pT(µ) >26 GeV >26 GeV >26 GeV >26 GeV
pT(⌧had) >45 GeV >45 GeV >45 GeV >45 GeV

mT(µ, Emiss
T ) >40 GeV <40 GeV >60 GeV –

mT(⌧had, Emiss
T ) <30 GeV <60 GeV >40 GeV –

|⌘(µ) � ⌘(⌧had)| <2 <2 <2 <2
Njet – – – >1

Nb�jet 0 0 0 >0

H ! ⌧⌧ search [38]. In addition, it was confirmed using a dedicated control region, MJCR, with an
enhanced contribution from the multi–jet background. Events in this control region are required to pass
all criteria for SR1 and SR2 with the exception of the requirement on |⌘(µ) � ⌘(⌧had)|, which is reversed:
|⌘(µ) � ⌘(⌧had)| > 2. Therefore, the number of the total OS background events, Nbkg

OS in each bin of the
mMMC
µ⌧ (or any other) distribution in SR1 and SR2 can be obtained according to the following formula:

Nbkg
OS = rQCD · Ndata

SS + NZ!⌧⌧
OS�SS + NZ!µµ

OS�SS + NW+jets
OS�SS + Ntop

OS�SS + NVV
OS�SS + NH!⌧⌧

OS�SS, (1)

where the individual terms are described below. Ndata
SS is the number of SS data events, which are domin-

ated by W+jets events but also contain contributions from multi–jet and other backgrounds. The fractions
of multi–jet background in SS data events inside the 110 GeV< mMMC

µ⌧ <150 GeV mass window are
⇠17% and ⇠44% in SR1 and SR2, respectively. The contributions Nbkg�i

OS�SS = Nbkg�i
OS � rQCD · Nbkg�i

SS
are add–on terms for the di↵erent backgrounds components (where bkg–i indicates the ith background
source: Z ! ⌧⌧, Z ! µµ, W+jets, VV , H ! ⌧⌧ and events with t–quarks), which also account for com-
ponents of these backgrounds already included in SS data events.3 The factor rQCD = Nmulti�jet

OS /Nmulti�jet
SS

accounts for potential di↵erences in flavour composition (and, as a consequence, in jet ! ⌧had fake
rates) of final–state jets introduced by the same–sign or opposite–sign charge requirements. The value of
rQCD = 1.10 ± 0.14 is obtained from a multi–jet–enriched control region in data, as discussed in detail in
ref. [38]. It was verified in the MJCR in this search.

The largely irreducible Z/�⇤ ! ⌧⌧ background is modelled by Z/�⇤ ! µµ data events, where the muon
tracks and associated energy deposits in the calorimeters are replaced by the corresponding simulated
signatures of the final–state particles of the ⌧–lepton decay. In this approach, essential features such as
the modelling of the kinematics of the produced boson, the modelling of the hadronic activity of the
event (jets and underlying event) as well as contributions from pile–up are taken from data. Therefore,
the dependence on the simulation is minimized and only the ⌧–lepton decays and the detector response
to the ⌧–lepton decay products are based on simulation. This hybrid sample is referred to as embedded
data in the following. A detailed description of the embedding procedure can be found in ref. [39]. The
Z/�⇤ ! ⌧⌧ normalization is a free–floating parameter in the final fit to data and it is mainly constrained
by events with 60 GeV<mMMC

µ⌧ <110 GeV in SR2.

The W+jets and Z ! µµ backgrounds are modelled by the ALPGEN [40] event generator interfaced with
PYTHIA8 [41] to provide the parton showering, hadronization and the modelling of the underlying event.

3 The rQCD · Nbkg�i
SS correction in the add–on term is needed because same–sign data events include multi–jet as well as elec-

troweak events (Z ! ⌧⌧, Z ! µµ, W+jets, VV , H ! ⌧⌧ and events with t–quarks) and their contributions cannot be
separated.
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LFV H→μτ: Results
• 2.2 (1.3) σ local (global) excess in SR2

• Consistent within errors with SM and CMS 
results



Outlook for Run2
• pp data-taking in 2015 done

• Lumi not sufficient for rediscovery of Higgs→ττ 

• But still lots we can do with this data

• validate tau reconstruction → Peter’s talk

• especially want to utilize τ substructure

• understand backgrounds

• re-establish embedding method → Juergen’s talk

• MC modelling at 13TeV

• re-tune mass reconstruction

• MMC being tuned to 13TeV and 2015 pileup 

• other algorithms being tested 
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Summary
• SM H decay to τ-leptons discovered in CMS+ATLAS combination

• Hints in Run1 data that we should look closely at LFV H→τμ decay

• ~4fb-1 of 2015 data, not enough by itself to rediscover H→ττ at 13TeV

• But working on understanding our backgrounds

• Some development in ditau mass reconstruction

• retuning old methods to Run2 conditions and 

• also new tune for existing mass reco for LFV H→τμ

• Eager to test drive new substructure reconstruction

• allow access to CP properties of the Higgs boson in fermion decays

• also improve analysis sensitivity by decay-mode categorization 
14



Backup
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Basic τ Properties

• properties of hadronically decaying 
τ’s: 

• very well collimated object of 
charged and neutral pions

• charged component of τ reproduces 
the direction of visible τ well 
(particularly leading pion) 

• most τ’s have one or three charged 
decay products (pions) 

• modest but significant proper 
lifetime  (87 microns)
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