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CP-violating MSSM
Sources of CP violating phases in MSSM

@ In SM we have two CP-violating phases, fqcp and dckm-
@ Unlike SM, MSSM is the source of many other CP-violating
phases.
@ In the MSSM, CP-violating phases appear in the p term of
the superpotential,
W D nH, - Hgy
@ and in the soft-SUSY breaking terms as follows:
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CP-violating MSSM
CP violation in MSSM contd.

@ CP violation in the Higgs potential of the MSSM leads to
mixing terms between the CP-even and CP-odd Higgs fields
at loop-level. Pilaftsis, et al.

@ In the weak basis (G°, a, ¢1, ¢2), the neutral Higgs-boson
mass matrix M3 may be cast into the form

M(% = ( Mj) M%)

Mep Mg
where, . 6
s (5 ) (5) = (2)-(2)
GO
Mg = (M2p)T :(a)ﬁ<g)
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CP-violating MSSM

CP violation in MSSM contd.

@ The mixing term :

Ta( s ¢ m;  |pl|Ad :
2 _'a I [P0 s S Ll 1
Msp v ( —cg S > - <v2 327r2/\/I§USY sin gcp

where,
¢op = arg(Acp) + € Mygy = %(m%l + m%z)

@ CP-phases of gaugino mass parameter also contribute through
the threshold corrections ~ f(M*p*).

@ Not all are independent, physical ovservables depend on some
combinations.
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CP-violating MSSM

CP violation in MSSM contd.

@ Gy is massless: Doesn't mix with other neutral fields.

@ M3 reduces to a (3 x 3)-dimensional matrix, M3, in the basis

(au (bla ¢2)

° M?\, is symmetric, we can diagonalize it by means of an
orthogonal rotation O as follows:

0" M3 0 = diag(M;,, M;,, Mp) .

@ Where,

Mp, < My, < Mp,.

1

@ Do not have any definite CP properties.
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CP-violating MSSM

The scenario

The mixing become significant when Im(uA¢/MZ sy ) is large.

(]

Motivated by this following CP-violating benchmark scenario
CPX was introduced in the literature.
Carena,Pilaftsis, Ellis, Wagner

M(N?a = MUa = MD?, = Mi-a - MEa - MSUSY’
lu| =4 Msusy , |Aepr| =2Msusy, |[Ms]=1 TeV.

The parameter tan 3, My+, and Msysy can be varied.

(]

For CP phases, 4 = ®4, = P4, = ®4_, we have two
physical phases to vary: ®4 and ®3 = Arg(Ms).

(]

Special case:
M, = 2M; = 200 GeV, tanf=5—10
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Experimental constraints

The Experimental constraints

@ hy ~ CP-odd.

@ As hy ~ A= Z — Z — hy coupling goes down.
= could not probe the channel in the CPX scenario at LEP.
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Experimental constraints

The Experimental constraints

@ LEP put a lower bound on SM Higgs: my > 114.4 GeV.
@ The ‘'LEP hole’ in CPX scenario

1 Theoretically
inaccessible

020740760 80 100 120 10
myy; (GeVic?)

@ Finally both CMS and ATLAS at LHC found a Higgs like
particle around 125 GeV.
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Experimental constraints

The Experimental constraints

@ With ~ 125 GeV Higgs discovery at the LHC in July, 2012,
we should have one Higgs boson around ~ 125 GeV.

@ This severely constrains the scenario of buried Higgs, i.e., light
Higgs(es) below 100 GeV.

@ There are also many indirect experimental bounds that put
the scenario in the challenging situation.

@ We need to deviate from so called 'CPX’ scenario, to evade
some of the experimental bounds.
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Experimental constraints

The Experimental constraints

@ The CP-violating phases are mostly constrained by the EDM
bounds of different atoms.

@ EDM of Thallium with 20 upper bound is |d7| < 1.3 x 1072
e cm.

@ This constrains the relative angles between M; and M, also
DA PMs-

@ Though it is possible to get region where the one loop-SUSY
contribution and light Higgs mediated two-loop contribution
are comparable and tend to cancel each other.

Cheung et al.

@ Very light Higgs mp,, < 8 GeV is ruled out from bottomonium
decay T(1S) — v P. Franzini et al.
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Experimental constraints

The constraints from B-observables

@ Br(Bs — pp), which recently has come down by two orders of
magnitude can severely constrain this scenario.
The 20 bound from CMS is ~ 1.4 — 6 x 107°.

@ Br(Bs — pp) grows high as tan 3 grows.
@ For the cancellation we use GIM operative point mechanism.

@ So we vary p = %32 the ratio of first two generation of the

squark masses over the third generation squark masses. We
see the cancellation happens when p ~ 0.8 — 1.9.
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Experimental constraints

The constraints from B-observables

@ This predicts very light first two generation masses for some
cases.

@ To evade such light mass bound coming from jets+ pT at the
LHC, we have to take large LSP masses which would make
the jets rather soft.

@ Unlike Bs — pu case Br(Bs — Xs7) decreases as tan
increases. This is because the charged Higgs contribution is
suppressed due to the threshold corrections at higher tan 5.
Carena et al., Degrassi et al.
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Experimental constraints

Other bound from LHC

@ We also included recent bounds on third-generation squark
masses and LSP from 8 TeV LHC.

@ We also choose m3 = 1.4 TeV to satisfy recent gluino mass
bound.

@ For this choice of gluino mass we find it is very difficult to get
mp, > 124 GeV by using CPsuperH 1

There is ~ 2 — 3 GeV uncertainty in Higgs mass calculated by CPsuperH
and FeynHiggs
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Benchmark Points

Benchmark points

@ For this paper we have used CPsuperH2.0 for the mass
spectrum and the other observables. We varied tan 8 and
my+ as usual as we move to different points in the 'LEP hole'.

@ Top mass was taken 173.2 GeV.

Mass | BP1 BP2 BP3

in GeV | in GeV | in GeV
M, 5425 | 25.00 | 123.50
mp, | 95.00 | 94.70 | 490.70
my, 124.40 | 124.60 | 494.70
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Collider analysis

Cross-sections

BPs Cross-section in fb

Ohh, | omm | omm | omm | Omm | Ohn
BP1 908.02 47.02 5393.50 24.11 7.83 6.92
BP2 1858.89 4523 33086.7 20.35 5.19 3.01
BP3 [ 1.73x 1072 | 1.0x 102 186 [86x103|57x103] 047

Table: Cross-sections (in fb) of two Higgs productions (hy3h; = 1,2, 3)
at the LHC with E,, = 14 TeV for the benchmark points.

* h;Z processes also contribute in final states.
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Collider analysis

Higgs decays

@ The buried Higgs bosons h1, ho mainly decay to bb and 77.
@ h3 when around 125 GeV, can decay to h; pair.

@ The heavier Higgs bosons, hy, hs can have off-shell or on-shell
decay to h1Z depending on benchmark points.

@ We investigate the final states with b, 7-jets and leptons.
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Collider analysis

Set up for the numerical session

@ Event generation: CalcHEP interfaced withCPsuperH.

o (Generated events + Relevant CPV-Brs) = passed to
PYTHIA(via SLHA).

ISR/FSR, hadronization and jet formation: from PYTHIA.
We use Fastjet-3.0.3 for the jet formation

the calorimeter coverage is |n| < 4.5
jet
T,min

leptons (¢ = e, p) are selected with pr > 20 GeV and
In| <2.5

@ no jet should match with a hard lepton in the event
*] AR/_,‘ > 0.4 and AR// > 0.2
@ hadronic activity within a cone of AR = 0.3 between two

isolated leptons should be < O.5p§- GeV in the specified cone.

= 20 GeV and jets are ordered in p1
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Collider analysis

Kinematic distributions
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Figure: p?e‘ distribution for hyhs for BP1 and Jet multiplicity

distributions for h1 h3 for BP1, BP2 and tt at an integrated luminosity of
£ =10 fb" 1
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Collider analysis

bb invariant mass distributions
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Figure: b-jet invariant mass distribution coming (a) from hyhy, (b) from
hy hy for benchmark pints at an integrated luminosity of £ = 10 fb~!.
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Collider analysis

77 Invariant mass distributions
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Figure: T-jet invariant mass distribution coming (a) from hyhy, (b) from
hy hy for benchmark pints at an integrated luminosity of £ = 10 fb~!.
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Collider analysis

3b + 27 final states at the LHC

pp — hihagz,
— h1 Zhl(hlhl)—>4b+27'.

(]

We investigate

sigl mjets < 54 > 3b — jet+ > 27 —jet + pr < 30GeV.
o We consider tf, ttZ, ttW, ZZ and ttbb as the main SM
backgrounds.

@ BP1 has 7.10 significance over backgrounds at an integrated
luminosity of 10 fb~!.

@ For BP2 and BP3 it is 4.50 and 0.50, respectively.

@ Higgs boson mass peaks can be extracted by putting window
cuts around bb or 77 invariant mass mass at relatively higher
luminosity.
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2b + 27 final states at the LHC

@ Unlike for the other benchmark points, in BP3, hs3 — hyhy is
very small, and h3 mostly decays to b or tau pairs.

@ 2b + 27 looks promising and we choose
sig2 Mjets < 5+ > 2b —jet+ > 27 —jet + pr < 30GeV.

o It has 13.5 ¢, 100 and 0.6¢ significance at 10 fb~! for BP1,
BP2 and BP3, respectively.

@ hy peak as |mpp — mp, | < 10 GeV has significance of 120 and
10.40 for BP1 and BP2 at 10 fb 1.

@ Even hy mass peak has 50 significance at 10 fb~! for BP1 &
BP2

Priyotosh Bandyopadhyay, UH and HIP PTH@LHC



Collider analysis

2b + 27 final states at the LHC

Signal Benchmark Points Backgrounds
BP1 BP2 BP3 tt ttZ ttw zZ ttbb
sig2 501.30 350.80 19.00 812.10 0.30 0.50 57.70 0.20
65.00 0.04 0.05 6.20 0.00
sig2-+|mpp — m,,l\ < 10 GeV 195.00 129.00 4.00 23.70 0.00 0.00 0.60 0.00

59.00 | 0.05 | 0.05 | 0.60 | 0.00
103.00 | 001 | 008 | 1500 | 0.06
sig2+|myy — mp, | < 10 GeV 69.00 56.00 | 0.00 104.10 | 001 | 008 | 16.00 | 0.06
1.0 0.00 | 0.00 | 000 | 0.00
60.00 | 0.04 | 0.06 | 030 | 0.0

sig2+|mpy — mpy | < 10 GeV 22.00 8.20 0.00 60.00 | 0.04 | 0.06 | 030 | 0.00
100 | 000 | 000 | 000 | 0.00
Sig2+|mrr — mp] < 10 GeV 0.10 0.00 0.00 0.00 [ 0.00 | 0.00 | 0.00 | 0.00

101.00 0.04 0.10 17.00 0.06
sig2+|mrr — mpy| < 10 GeV 52.00 33.00 0.20 103.00 0.04 0.10 17.00 0.06
1.00 0.00 0.00 0.00 0.00
105.00 0.01 0.07 0.30 0.06
sig2+|mrr — mp3| < 10 GeV 4.00 3.00 0.10 104.00 0.03 0.07 0.20 0.00
1.00 0.00 0.00 0.00 0.00

Table: Number of signal events for the benchmark points and
backgrounds at an integrated luminosity of 10 fb~! at the LHC with
Ecn = 14 TeV.
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Collider analysis

2/ final states at the LHC

@ Higgs bosons decay to lepton pair branching fraction is small.

@ Final states with dilepton can be crucial for precision
measurement in of invariant mass peak.

@ We study, final states with 2y or 2e.

@ The signal significance is 50 and 3¢ for BP2 and BP1,
respectively at 10 fb~ 1.

@ h; mass peak gets a significance of 7.60 for BP2 at 10 fb~!
of luminosity and for other benchmark points one needs
higher luminosity.
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Conclusion

Conclusion and remarks

@ Higgs pair production is interesting in spite of being
electroweak production process.
@ Specially 2b + 27 (Sig2) final state looks promising.

@ |t is possible to reconstruct the Higgs mass peak, both via bb
invariant mass and through 77 invariant mass distribution.

@ leptonic final state can come handy for light (buried) Higgs
search.

@ LHC at 14 TeV has a great chance to explore these scenarios

@ In particular for some benchmark points the hint could come
earlier.
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Conclusion

Thank you
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CPX:"LEP-hole” and Earlier works

@ Sum rule;
2 2__
ghvvt | ghH-wt [7=1

gﬁ,-vv L\ = gwH-w+T
@ New channel:  pp — HTh;y — hihy WT — bbbblv
Moretti, Gosh,
o New channel:  pp — tt + X — bbbbqqlv
Gosh, Roy and Godbole
o As 8hizm T and  grpp, |
Low mp, (<60 GeV
= t1t7h1 — 4b+ OSD+ p'r can be promising
Bandyopadhyay, Datta, Datta, Mukhopadhyay
@ Higgs production in third generation SUSY cascade, exploring
H* — hi W* decay.
P. Bandyopadhyay
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