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Congrats to LHC!
Thanks to ATLAS & CMS!
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tau’s have been identified in W/Z decays: 
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See next talks by Sridhara, Zofia.



Why tau’s
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A. The heaviest Lepton, 
strongest couplings to Higgs

Example I: Great Signal for h0/H0/A0 :

the uncertainty cancels in the branching ratio. The error on the H → τ+τ− branching ratio

is simply due to that of Γ(H → bb̄) in the total Higgs decay width.

[Note that, in the high mass range above the tt̄ threshold, the errors on the top quark

mass and the strong coupling constant do not affect significantly the branching fraction of

the H → tt̄ decay, the error being at the percent level for MH >∼ 500 GeV, and a fortiori

the branching ratios for H → WW, ZZ which dominate in this Higgs mass range.]

Thus, although the expected hierarchy of the Higgs decay modes is still visible from

Fig. 2.27, a more precise measurement of αs and the quark masses will be necessary to check

completely the predictions of the SM for the Higgs decay branching ratios which, as will be

discussed in the next sections, can be measured at the level of a few percent. In turn, if

we are confident enough that the observed Higgs is the SM Higgs particle, one can turn the

experimental measurement of the branching ratios into a determination of the light quark

masses and αs at the scale of the Higgs mass, in much the same way as the running b–quark

mass has been determined in Z decays at LEP1 [47].

Figure 2.27: The SM Higgs boson decay branching ratios in the low and intermediate Higgs
mass range including the uncertainties from the quark masses mt = 178 ± 4.3 GeV, mb =
4.88 ± 0.07 GeV and mc = 1.64 ± 0.07 GeV as well as from αs(MZ) = 0.1172 ± 0.002.
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The intense–coupling regime

In the intense–coupling regime, which corresponds here to the scenario tanβ = 30 and

MA ∼ 120–140 GeV, the couplings of both the CP–even h and H particles to gauge bosons

and isospin up–type fermions are suppressed, while the couplings to down–type fermions, and

in particular b–quarks and τ leptons, are strongly enhanced. Because of this enhancement,

the branching ratios of the h and H bosons to bb̄ and τ+τ− final states are the dominant

ones, with values as in the pseudoscalar Higgs case, i.e. ∼ 90% and ∼ 10%, respectively.

This is exemplified in Fig. 2.22 where we display the branching ratios of the three bosons

h, A and H but this time, as a function of the pseudoscalar Higgs mass in the range MA =

100–140 GeV. As can be seen, the decays H → WW ∗ do not exceed the level of 1%, already

for MA >∼ 120 GeV, and in most of the range displayed for MA, both the decays H, h → WW ∗

[and the decays into ZZ∗ that are one order of magnitude smaller] are suppressed to the level

where they are not useful anymore. The interesting rare decay mode into γγ [and the decay

into Zγ which has not been shown], which is at the level of a few times 10−3 in the SM, is

very strongly suppressed for the three Higgs particles. Finally, note that the branching ratios

for the decays into muons, Φ → µ+µ−, which have not been displayed earlier, are constant

in the entire exhibited MA range and are at the level of 3× 10−4. The charged Higgs boson

in this scenario decays mostly into τν final states.

Figure 2.22: The decay branching ratios of the neutral MSSM h, H and A bosons as a
function of MA in the intense–coupling regime with tan β = 30.
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SM : = i
mτ

v
, MSSM (H, A) : ≈ i

mτ tanβ

v
(1, γ5)
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tau’s are important:

SUSY H0/A0 at CMS:
         CMS-PAS-HIG-11-009

3

τ leptons of the same momenta. The reducible backgrounds (W + jets, multijet production,
Z → ee) are also evaluated from control samples in data.
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Figure 1: The median expected 95% CL upper limits on the cross section ratio σ/σSM as a
function of the SM Higgs boson mass in the range 110–600 GeV (left) and 110–145 GeV (right),
for the eight Higgs boson decay channels. Here σSM denotes the cross section predicted for the
SM Higgs boson. A channel showing values below unity (dotted red line) would be expected
to be able to exclude a Higgs boson of that mass at 95% CL. The jagged structure in the limits
for some channels results from the different event selection criteria employed in those channels
for different Higgs boson mass sub-ranges.

The H → bb search [62] concentrates on Higgs boson production in association with W or Z
bosons, in which the focus is on the following decay modes: W → eν/µν and Z → ee/µµ/νν.
The Z → νν decay is identified by requiring a large missing transverse energy Emiss

T , defined
as the negative of the vector sum of the transverse momenta of all reconstructed objects in the
volume of the detector (leptons, photons, and charged/neutral hadrons). The dijet system, with
both jets tagged as b-quark jets, is also required to have a large transverse momentum, which
helps to reduce backgrounds and improves the dijet mass resolution. We use a multivariate
analysis (MVA) technique, in which a classifier is trained on simulated signal and background
events for a number of Higgs boson masses, and the events above an MVA output threshold
are counted as signal-like. The rates of the main backgrounds, consisting of W/Z + jets and
top-quark events, are derived from control samples in data. The WZ and ZZ backgrounds with
a Z boson decaying to a pair of b-quarks, as well as the single-top background, are estimated
from simulation.

The H → WW(∗) → 2!2ν analysis [63] searches for an excess of events with two leptons of
opposite charge, large Emiss

T , and up to two jets. Events are divided into five categories, with
different background compositions and signal-to-background ratios. For events with no jets,
the main background stems from non-resonant WW production; for events with one jet, the
dominant backgrounds are from WW and top-quark production. The events with no jets and
one jet are split into same-flavour and opposite-flavour dilepton sub-channels, since the back-
ground from Drell–Yan production is much larger for the same-flavour dilepton events. The
two-jet category is optimized to take advantage of the VBF production signature. The main
background in this channel is from top-quark production. To improve the separation of sig-
nal from backgrounds, MVA classifiers are trained for a number of Higgs boson masses, and
a search is made for an excess of events in the output distributions of the classifiers. All back-

are well within the expected range assuming no signal. The
observed and expected upper limits are shown in Table II.

We can interpret the upper limits on !"B## in the
MSSM parameter space of tan$ versus mA for an example
scenario. We use here the mmax

h [27,28] benchmark
scenario in which MSUSY ¼ 1 TeV=c2, Xt ¼ 2MSUSY,
% ¼ 200 GeV=c2, M~g¼800GeV=c2, M2¼200GeV=c2,
and Ab ¼ At, where MSUSY denotes the common soft-
SUSY-breaking squark mass of the third generation; Xt ¼
At " = tan$ the stop mixing parameter; At and Ab the stop
and sbottom trilinear couplings, respectively; % the
Higgsino mass parameter; M~g the gluino mass; and M2

the SU(2)-gaugino mass parameter. The value of M1 is
fixed via the GUT relation M1 ¼ ð5=3ÞM2 sin&W= cos&W .
In determining these bounds on tan$, shown in Table II
and in Fig. 3, we have used the central values of the Higgs
boson cross sections as a function of tan$ reported by the
LHC Higgs Cross Section Working Group [26]. The cross
sections have been obtained from the GGH@NNLO [29,30]
and HIGLU [31] programs for the gluon-fusion process and
from the BBH@NNLO [32] program for the b !b ! " process
in the five-flavor scheme, rescaling the corresponding
Yukawa couplings by the MSSM factors calculated with
FeynHiggs [33]. The gg ! " cross-section calculations
combine the full quark mass-dependent NLO QCD correc-
tions [34] and NNLO corrections in the heavy-top-quark
limit [29,35,36]. The effect of the theoretical uncertainties
is illustrated in Fig. 3. We do not quote limits above
tan$ ¼ 60 as the theoretical relation between cross section
and tan$ becomes unreliable.

The present results exclude a region in tan$ down
to values smaller than those excluded by the Tevatron

experiments [8] for mA & 140 GeV=c2, and significantly
extend the excluded region of MSSM parameter space at
larger values of mA. Figure 3 also shows the region ex-
cluded by the LEP experiments [9].
In conclusion, we have performed a search for neutral

MSSM Higgs bosons, using the first sample of CMS data
from proton-proton collisions at a center-of-mass energy of
7 TeV at the LHC, corresponding to an integrated lumi-
nosity of 36 pb"1. The tau-pair decay mode in final states
with one e or % plus a hadronic decay of a tau, and the e%
final state were used. The observed tau-pair mass spectrum
reveals no evidence for neutral Higgs boson production,
and we determine an upper bound on the product of the
Higgs boson cross section and tau-pair branching fraction
as a function ofmA. These results, interpreted in theMSSM
parameter space of tan$ versus mA, in the mmax

h scenario,
exclude a previously unexplored region reaching as low as
tan$ ¼ 23 at mA ¼ 130 GeV=c2.
We wish to congratulate our colleagues in the CERN

accelerator departments for the excellent performance of
the LHC machine. We thank the technical and administra-
tive staff at CERN and other CMS institutes, and acknowl-
edge support from FMSR (Austria); FNRS and FWO
(Belgium); CNPq, CAPES, FAPERJ, and FAPESP
(Brazil); MES (Bulgaria); CERN; CAS, MoST, and
NSFC (China); COLCIENCIAS (Colombia); MSES
(Croatia); RPF (Cyprus); Academy of Sciences and
NICPB (Estonia); Academy of Finland, ME, and HIP
(Finland); CEA and CNRS/IN2P3 (France); BMBF,
DFG, and HGF (Germany); GSRT (Greece); OTKA and
NKTH (Hungary); DAE and DST (India); IPM (Iran); SFI
(Ireland); INFN (Italy); NRF and WCU (Korea); LAS
(Lithuania); CINVESTAV, CONACYT, SEP, and
UASLP-FAI (Mexico); PAEC (Pakistan); SCSR (Poland);
FCT (Portugal); JINR (Armenia, Belarus, Georgia,

TABLE II. Expected range and observed 95% CL upper limits
for !" % B## as functions of mA, and 95% CL upper bound on
tan$ in the mmax

h scenario described in the text. No bounds on
tan$ above 60 are quoted.

95% CL Upper Limit
mA Expected !"B## (pb) Observed
(GeV=c2) "1! Median þ1! !"B## tan$

90 107.75 153.30 227.10 147.74 27.4

100 88.61 127.09 184.17 112.30 29.2

120 42.72 62.48 90.24 39.61 25.2

130 31.97 45.96 67.11 25.40 22.6

140 22.14 32.81 47.30 18.20 23.6

160 13.83 19.70 29.27 11.37 23.8

180 9.95 14.16 23.13 9.78 28.1

200 7.90 11.36 17.61 8.71 33.0

250 5.01 7.54 11.15 5.77 43.4

300 3.77 5.71 8.58 4.36 56.6

350 3.09 4.64 7.04 3.60 % % %
400 2.57 3.79 5.39 2.86 % % %
450 2.21 3.34 4.77 2.41 % % %
500 2.00 2.95 4.18 2.10 % % %
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FIG. 3 (color online). Region in the parameter space of tan$
versusmA excluded at 95% CL in the context of the MSSMmmax

h
scenario, with the effect of'1! theoretical uncertainties shown.
The other shaded regions show the 95% CL excluded regions
from the LEP and Tevatron experiments.

PRL 106, 231801 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
10 JUNE 2011

231801-4

SM-like h0 at CMS:
   CMS-PAS-HIG-11-023



Why tau’s

5

Example 2: Leading Signal for H± :

Figure 2.19: The decay branching ratios of the CP–odd MSSM Higgs boson as a function of
its mass for the two values tan β = 3 (left) and tan β = 30 (right).

Figure 2.20: The decay branching ratios of the charged MSSM Higgs particles as a function
of their mass for the two values tanβ = 3 (left) and tanβ = 30 (right).

105

MSSM H+ ν̄ τ− : i
mτ tanβ√

2v

(
1 + γ5

2

)
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e.g., ATLAS search for H± :
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• Polarization in hadronic decays:
1
Γ

dΓ(τ± → π±ν)
d cos θ

= BRπ
1
2
(1∓ Pτ cos θ)

1
Γ

dΓ(τ− → v−ν)
d cos θ

= BRv
1
2
(1 +

m2
τ − 2m2

v

m2
τ + 2m2

v

Pτ cos θ)

cos θ =
2Em/Eτ

1−m2
m/m2

τ

− 1

FIG. 4: τ+ is left-handedly polarized in H+ → τ+ν, and right-handedly polarized in W+ → τ+ν.

Moreover, π+ momentum depends on the polarization of τ+. (The thin arrow represents the

moving direction, and the bold arrow represents the spin direction of the particle.) Similar plots

for τ− are also shown in the right four diagrams.

pπ
T > 40GeV, is also shown in Fig. 5 for comparison. To further improve the signal-to-

background ratio, we require the invariant mass of bb̄ pair to be within MA ± σ, where

σ = 10GeV is the expected experimental resolution for a 100 GeV Higgs boson decay-

ing into a bb̄ pair [34]. As shown in Table III, the Wbb̄ background rate is reduced by

a factor of 13, and the other background rates are also reduced by an order of mag-

nitude. This yields S/B = 2.35 and S/
√

B = 22.5, with a total of 216 signal events,

q + q′ → A(→ bb)H+(→ ντ+(→ π+ν̄)) , produced at the LHC with an integrated luminosity

of 100 fb−1.

Up to now, we have focused our discussion on the AH+ signal channel. A similar analysis

can also be performed for the HH+ signal channel, whose result is shown in Table IV, where

we have required the invariant mass of bb̄ pair to be within MH ± σ with σ = 10GeV. As

shown in Table II, since the coupling of W±HH∓ is suppressed by a factor of sin(β − α) as

compared to that of W±AH∓ and MH > MA, the production rate of HH+ is expected to

be smaller than the AH+ rate by more than a factor of sin2(β −α). For MA = 101GeV and

tan β = 40, this reduction rate is about 11. Consequently, this HH+ signal is difficult to

detect, for the background rate is still larger by a factor of 5 even after requiring $ET > 50GeV

and pπ
T > 40GeV, cf. Table IV and Fig. 5.

20

H− → τ−R ν̄R; H+ → τ+
L νL.

W− → τ−L ν̄R; W+ → τ+
R νL.

An important
feature:

 [hep-ph/0311083, Q.H.Cao, 
Kanemura, C.-P. Yuan]
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In light of the current SM Higgs searches:

 [arXive:1006.2904, Christensen, Han, Su]
FIG. 5: Allowed region of tanβ versus mA for (a) At < 0 and for (b) At > 0, respectively. The region

with purple diamonds satisfies all the LEP2, Tevatron and the LHC direct search constraints. The black

dots represent those in the narrow mass window in Eq. (18). The light-blue triangles are those satisfying

the cross section requirement Eq. (19). Other parameters are scanned over the range in Eq. (15).

FIG. 6: Allowed region for the SUSY Higgs mixing parameter µ versus mA. The legends are the same as

in Fig. 5.

alone, which are uniformly from mA ≈ 90 GeV and on. The bounds from the hadron colliders

(purple diamonds) remove the region of low mA and high tan β. This is largely due to the searches

for h0, H0, A0 → ττ [10], as well as t→ bH± [8, 11, 12]. The final requirements for the existence

of a SM-like Higgs as in Eqs. (18) and (19) once again highly limit the parameter space (black

dots and light-blue triangles, respectively). Requiring the existence of a SM-like Higgs in the mass

range of 123 − 127 GeV results in mA ! 400 GeV for At < 0 and mA ! 300 GeV for At > 0.

13

FIG. 3: Signal cross section ratios σ/σSM versus mA for (a) to W+W− final state with h0 (green circles)

and H0 (red crosses), (b) to γγ final state, and the branching fraction correlation for (c) Br/BrSM for

h0 → γγ versus h0 → W+W− and for (d) h0 → τ+τ− versus h0 → W+W−. All the LEP2 and hadron

collider direct search bounds are imposed. The black dots in all the panels represent those satisfying the

narrower Higgs mass window in Eq. (2). The light-blue triangles are those satisfying the cross section

requirement Eq. (19). Other parameters are scanned over the range in Eq. (15) with At > 0.

ter scan, there is a strong correlation. This is shown in Fig. 3(c) for Br(γγ) versus Br(W+W−).

We see an empirical linear relation

Br(γγ)

Br(γγ)SM
≈ 0.9

Br(W+W−)

Br(W+W−)SM
. (17)

The smaller-than-unity pre-factor is due to some level of cancellation in the loops of h0 → γγ. In

Fig. 3(d), we show another correlation for the channels of τ+τ− and W+W−. The SM prediction

is at a value Br(W+W−)SM :Br(τ+τ−)SM ≈ 15% : 7% at 125 GeV. It is interesting to note

that they are “anti-correlated”. Thus a consistency check of the predicted correlations as shown in

10
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Example 3: Higgs pair production :

 [arXive:1006.2904, Christensen, Han, Su]
FIG. 13: Production cross sections at 14 TeV (left panels) and branching fractions (right panels) that satisfy

all constraints for the non-SM-like Higgs bosons in the non-decoupling region, (a) and (b) for h0, (c) and

(d) for A0, (e) and (f) for H± and associate production.

of 2.5− 3.5. At tree-level, the branching fractions are simply given by the mass ratios and tan2 β.

The band spreads are mainly due to the variation of tan β at tree-level and to a lesser extent to

other SUSY parameters at one-loop.

Similar to the non-decoupling case, the leading production channels are bb̄ → H0, A0 at the

26

pair production important!

mA plane in Fig. 12(d) for 8 TeV. Again the narrow mass window Eq. (18) is crucial when con-

straining the mA range as indicated by the black dots.

V. THE SEARCH FOR NON-SM-LIKE HIGGS BOSONS

The searches for the SM Higgs boson in the LHC experiments have a direct impact on our

knowledge of the SM-like Higgs boson in the MSSM Higgs sector, as discussed in the previous

sections. However, in order to unambiguously confirm the structure of the Higgs sector in the

MSSM, the most crucial next step would be to predict and test the other aspects correlated with

SM-like Higgs boson searches. Naturally, the other Higgs bosons in the MSSM are of the highest

priority. In this section, we comment on the search strategy for the two parameter regions as

defined in Eq. (23).

A. Non-decoupling region: mh0 ∼ mA ∼ mZ , mH0 ∼ mH± ∼ 125 GeV

Guided by the results in Fig. 5(b), a SM-like Higgs boson in the γγ mode directs us to a possible

region with low mass and non-decoupling when At > 0. Independently, the lack of W+W− signal

events indicates a lower cross section for the SM-like Higgs boson and thus prefers lower masses

for the non-SM-like Higgs bosons. In this parameter region, the SM-like Higgs boson is a heavier

one with mH0 ∼ mH± ∼ 125 GeV, and the other neutral Higgs bosons are all lighter. We show

their production cross sections at 14 TeV in Fig. 13 (left panels) along with the branching fractions

(right panels). Considering the large QCD background to the bb̄ final state, the preferred final state

for the Higgs signals are τ ′s [9–12]. It is encouraging that the hadronic mode from both τ+τ− can

be implemented in the search [45]. The events may contain one or two companying b jets in them.

We thus list the leading channels as

bb̄→ h0, A0 → τ+τ− + 0, 1, 2 b′s, gg → h0, A0 → τ+τ−, (27)

gg → tt̄→ H±b + W∓b, gb→ tH± → Wb + τν. (28)

The cross sections can be quite sizable and are of the order of 100 pb for the bb̄ annihilation

channel, largely due to the tan2 β enhancement. The next channel is gg → h0, A0, with a compa-

rable cross section. The production rates at the 8 TeV LHC are scaled down by roughly a factor

of 2.5 − 3.5. The production cross sections of the neutral Higgs bosons, as well as t → H±b

24

pp→W± → A0H± → τν + bb̄

pp→ γ/Z∗ → H+H− → τν + τν

model independent EW processes

pp→W± → h0H±, H0H± → τν, bb̄

model dependent, complementary
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B. Lightest S-lepton
RGE running: The large Yukawa 

drags its mass lower

τ̃

 [arXive:1006.2904, Lykken, Matchev.]

Figure 2: Scatter plot of MGM model points versus the ratios mẽR
/mχ̃0

1
and

mτ̃1/mχ̃0
1
.

• Region IV: mχ̃0
1

< mẽR
< mχ̃+

1
and mχ̃0

1
< mτ̃1 < mχ̃+

1
, so that the signatures

from both regions II and III can be present. Now, the trilepton signal is somewhat

suppressed, since the chargino decays mostly to taus.

• Region V: mτ̃1 < mχ̃0
1
. Here one finds a charged LSP (stau), which is stable, if

R-parity is conserved, and therefore excluded cosmologically.

• Region VI: mẽR
< mχ̃0

1
. This region is excluded for the same reason as Region V,

since now the smuon is the LSP.

To summarize, in SUGRA models, on most general grounds we expect chargino-neutralino

pair production to give rise to τττ , τ"" or """ final states, where the first two can be

dominant in certain regions of parameter space.

We next consider the minimal gauge mediated models (we follow the conventions of

Ref. [21]) and show the corresponding scatter plot in Fig. 2. Our discussion of regions

I-IV above applies here as well. The novel feature is that now the goldstino G̃ is the

LSP, and therefore regions V and VI are in principle allowed. We do indeed find points

in those regions, but only if mẽR
> mτ̃1 . This is again a consequence of the generation

expect the tau slepton masses to be the lightest slepton masses at the GUT scale.

5

Figure 1: Scatter plot of minimal SUGRA model points versus the ratios mẽR
/mχ̃0

1

and mτ̃1/mχ̃0
1
.

• Region II: mẽR
> mχ̃+

1
, but mχ̃0

1
< mτ̃1 < mχ̃+

1
, so that BR(χ̃+

1 χ̃0
2 → τττ) " 100%.

Note that if the stau mass is too close to either mχ̃0
1

or mχ̃+
1
, at least one of the

resulting taus will be quite soft. One would therefore expect the largest efficiency

if mτ̃1 " (mχ̃+
1

+ mχ̃0
1
)/2.

• Region III: mτ̃1 > mχ̃+
1

and mχ̃0
1

< mẽR
< mχ̃+

1
. Then the gauginos can only decay

to selectrons or smuons via two-body decays. Note that χ̃0
2 is mostly W̃3, while χ̃+

1 is

mostly W̃+, and those do not couple to right-handed squarks or sleptons. Therefore

the decay χ̃0
2 → #̃±#∓ proceeds through the relatively small B̃ component of the χ̃0

2,

while the decay χ̃+
1 → #̃+ν# is severely suppressed by the small muon or electron

Yukawa couplings, and the three-body decays χ̃+
1 → χ̃0

1#
+ν#, χ̃+

1 → χ̃0
1τ

+ντ become

dominant. Since those can also be mediated by an off-shell W , we expect both of

them to be present. Notice how the assumption of generational independence of

the scalar masses at the GUT scale assures that mτ̃1 < m#̃R
, so that there are no

SUGRA model points in region III, but this can be avoided if one alows for different

stau and first two generation slepton masses at the GUT scale [20]3.
3Such a situation, however, is not well motivated from the point of view of SUSY GUTs. One can

imagine that strict universality holds at the Planck scale, and then RGE running down to the GUT scale
introduces intergenerational mass splittings. But then, due to the large tau Yukawa coupling, we would

4

τ̃ → τ G̃, τ χ̃0
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χ̃0 → τ τ̃

tau’s: vehicle for further studies:
Probing coupling  [arXive:1006.2904, Kitano et cl.]

Figure 3: Distribution of the pT fraction that the visible tau decay products
(charged leptons or tau jets) inherit from the tau parent.

the presence of taus in the underlying SUSY signal always leads to an enhancement of

the signatures with tau jets in comparison to the clean trileptons. This disparity is most

striking for the case of τττ decays, where BR(τττ → ""τh)/BR(τττ → """) ∼ 5.5.

An additional advantage of the tau jet channels over the clean trileptons is that the

leptons from tau decays are much softer than the tau jets and as a result will have a

relatively low reconstruction efficiency. We illustrate this point in Fig. 3, where we show

the distribution of the pT fraction carried away by the visible decay products (charged

lepton or tau jet) in tau decays (for theoretical discussions, see [22]). We can see that the

leptons from tau decays are very soft, and it has been suggested [15] to use softer lepton

pT cuts in order to increase signal acceptance.

However, there are also some factors, which work against the tau jet channels. First

and foremost, the background in those channels is larger than for the clean trileptons. The

physical background (from real tau jets in the event) is actually smaller, but a significant

part of the background is due to events containing narrow isolated QCD jets with the

correct track multiplicity, which can be misidentified as taus. In Fig. 4 we show the tau

fake rate that we obtained from SHW in W events. We define the fake rate as the number

of QCD jets misidentified as taus over the total number of reconstructed QCD jets. The

fake rate that we find with SHW is somewhat higher than in real data and/or with full

7

Figure 4: The tau fake rate defined as the number of QCD jets misidentified as
taus over the total number of reconstructed QCD jets, in W events.

CDF detector simulation [23, 24]. This is to be expected in a much cleaner simulated

environment, where, unlike real data, there is less junk flying around, and the jets tend

to pass the isolation cuts more easily.

The jetty signatures are also hurt by the lower detector efficiency for tau jets than for

leptons. The main goal of our study, therefore, was to see what would be the net effect

of all these factors, on a channel by channel basis.

2.3 A Challenging Scenario

For our analysis we choose to examine one of the most challenging scenarios for SUSY

discovery at the Tevatron. We assume the typical large tanβ mass hierarchy mχ̃0
1

< mτ̃1 <

mχ̃+
1

< mµ̃R
. One then finds that BR(χ̃+

1 χ̃0
2 → τττ + X) " 100% below χ̃±

1 → W±χ̃0
1

and χ̃0
2 → Zχ̃0

1 thresholds. In order to shy away from specific model dependence, we shall

conservatively ignore all SUSY production channels other than χ̃±
1 χ̃0

2 pair production. The

pT spectrum of the taus resulting from the chargino and neutralino decays depends on the

mass differences mχ̃+
1
−mτ̃1 and mτ̃1 −mχ̃0

1
. The larger they are, the harder the spectrum,

and the better the detector efficiency. However, as the mass difference gets large, the χ̃+
1

and χ̃0
2 masses themselves become large too, so the production cross-section is severely

8
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C. Lepton Flavor Mixings:
4 The ATLAS Collaboration: Search for Lepton Flavour Violation in the eµ Continuum
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Fig. 2. Observed distributions of dilepton invariant mass (meµ), dilepton azimuthal opening angle (∆φeµ), E
miss
T and number

of jets after object selection (‘preselection’). The expected SM contributions, obtained as described in the text, with combined
statistical and systematic uncertainties, are shown. In addition, the expected signal for mt̃ = 95 GeV is overlaid. For each
case, a plot of the ratio of observed events to the expected background is shown. The error bars on these points represent the
statistical errors on the data points and the hashed boxes represent the total error (statistical and systematic) on the expected
background.

t-channel exchange of t̃ in RPV SUSY models. A mod-
ified frequentist approach, using a binned log-likelihood
ratio (LLR) of the signal-plus-background hypothesis to
the background only hypothesis [46], is used to set the
95% confidence level (CL) upper limits. Confidence lev-
els, CLs+b and CLb, are defined by integrating the nor-
malized probability distribution of LLR values from the
observed LLR value to infinity for the two hypotheses.
Since no data excess is observed, the production cross sec-
tion is excluded at 95% CL when 1−CLs+b/CLb = 0.95.
The limits take into account systematic uncertainties by
convolving the Poisson probability distributions for sig-
nal and background with the probability distributions for
the corresponding uncertainty, which are assumed to be
Gaussian.

The upper limit on the production cross section for
pp → eµX through the t-channel exchange of a t̃ at 95%

CL is shown in Fig. 4(a). For a t̃ with mass of 95 GeV
(1000 GeV), the limit on the production cross section
is 170 (30) fb which is in agreement with the expected
limit of 180+80

−60 (30+11
−10) fb. The theoretical cross section

for |λ′
131λ

′
231| = |λ′

132λ
′
232| = 0.05 is also shown to illus-

trate the sensitivity.

The fraction of events produced by the dd̄ → eµ
(ss̄ → eµ) process is predicted to be fdd̄ = 0.72 (fss̄ =
0.28) using the pythia generator with the central CTEQ6L1
PDF set and with mt̃ = 95 GeV. The cross section for the
signal process is hence proportional to the PDF-weighted
sum of the RPV couplings, which is fdd̄ × |λ′

131λ
′
231|2 +

fss̄ × |λ′
132λ

′
232|2. The cross section limits set above can

be interpreted as a limit on the plane spanned by the sum
of couplings and mt̃. The resulting two-dimensional 95%
confidence limit is shown in Fig. 4(b).

Recent ATLAS report         [arXive:1205.0725]e−µ+

tau’s more interesting: less constrants;
stronger coupling;

neutrino connection θ23        
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e.g., Type 2 Seesaw: Doubly charged Higgs     
H++ → τ+τ+, µ+µ+, e+e+17

FIG. 13: Scatter plots for the H++ decay branching fractions to the flavor-diagonal like-sign dileptons versus the

lowest neutrino mass for NH (left) and IH (right) with Φ1 = Φ2 = 0.

FIG. 14: Same as Fig. 13, but forH++ decay to the flavor-off-diagonal like-sign dileptons.

values will be known to a better precision one can improve our predictions for the lepton number violating

Higgs decays.

The total decay width of H++ depends on the neutrino and Higgs triplet parameters. In terms of v∆,

the minimal width or the maximal decay length occur near the cross-over betweenWW -dominant and !!-

dominant regions near 10−4 GeV. As seen in Fig. 15, the proper decay length can be as largeas cτ >∼ 10 µm.

20

TABLE I: Relations among the branching fractions of the lepton number violating Higgs decays for the neutrino mass

patterns of NH, IH, and QD, with no Majorana phases Φ1 = Φ2 = 0.

Spectrum Relations

Normal Hierarchy BR(H++ → τ+τ+), BR(H++ → µ+µ+) " BR(H++ → e+e+)

(∆m2
31 > 0) BR(H++ → µ+τ+) " BR(H++ → e+µ+), BR(H++ → e+τ+)

BR(H+ → τ+ν̄), BR(H+ → µ+ν̄) " BR(H+ → e+ν̄)

Inverted Hierarchy BR(H++ → e+e+) > BR(H++ → µ+µ+), BR(H++ → τ+τ+)

(∆m2
31 < 0) BR(H++ → µ+τ+) " BR(H++ → e+τ+), BR(H++ → e+µ+)

BR(H+ → e+ν̄) > BR(H+ → µ+ν̄), BR(H+ → τ+ν̄)

Quasi-Degenerate BR(H++ → e+e+) ∼ BR(H++ → µ+µ+) ∼ BR(H++ → τ+τ+) ≈ 30%

(m1, m2, m3 > |∆m31|) BR(H+ → e+ν̄) ∼BR(H+ → µ+ν̄) ∼BR(H+ → τ+ν̄) ≈ 30%

simplicity, are

Γ22
++ =

1√
2v∆

(

√

∆m2
21 c2

12c
2
23 +

√

∆m2
31 e−iΦ2s2

23

)

(31)

Γ23
++ =

s23c23√
2v∆

(

−
√

∆m2
21 c2

12 +
√

∆m2
31 e−iΦ2

)

(32)

Γ33
++ =

1√
2v∆

(

√

∆m2
21 c2

12s
2
23 +

√

∆m2
31 e−iΦ2c2

23

)

(33)

The decay rates thus depend on only one Majorana phase Φ2. The behavior of branching fractions for

all channels is shown in Fig. 18. We see the rather weak dependence of the decay branching fractions

on the phase, which can be understood by realizing the large difference between the two interfering terms

∆m21 ' ∆m31. When the phase Φ2 = π, one obtains the maximal suppression (enhancement) for the

channels H++ → τ+τ+ and H++ → µ+µ+ (H++ → µ+τ+) by a factor of two at most.

2. Inverted Hierarchy with one quasi-massless neutrino: m3 ≈ 0

In the case of Inverted Hierarchy the relevant channels areH++ → e+e+, µ+τ+, as well as H++ →

e+µ+, e+τ+. The couplings, taking s13 = 0, read as

Γ11
++ =

1√
2v∆

(

√

∆m2
21 + |∆m2

31| s
2
12 +

√

|∆m2
31| e

−iΦ1c2
12

)

≈

√

|∆m2
31|

2v2
∆

(

s2
12 + e−iΦ1c2

12

)

,(34)

Γ23
++ = −

s23c23√
2v∆

(

√

∆m2
21 + |∆m2

31| c
2
12 +

√

|∆m2
31| e

−iΦ1s2
12

)

∝ c2
12 + e−iΦ1s2

12, (35)

Γ12
++ =

s12c12c23√
2v∆

(

−
√

|∆m2
31| e

−iΦ1 +
√

|∆m2
31| + ∆m2

21

)

∝ 1 − e−iΦ1 , (36)

Γ13
++ =

s12c12s23√
2v∆

(

√

|∆m2
31| e

−iΦ1 −
√

|∆m2
31| + ∆m2

21

)

∝ −1 + e−iΦ1 . (37)
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D. Unique Properties for observation:

• Displaced Vertex: 

Signal identification, background separation
!τ ≈ 87 µm

• Decay products collimated: 

Simple collinear kinematics 
when Eτ ! mτ

tau’s for new physics:
Theoretically: hopeful

Experimentally: playful
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(a street banner in Brugge)


