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RPI - Siena connection

Jim was my thesis advisor.
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Discovery of Reactor Antineutrino
Disappearance at Daya Bay

Over the past decz at neutrino oscillations explain the
olar neutrino probl heric neutrino anomaly. These phenomena r

atrino mixing betwe: Y ond, and second neutrino generations,

and third
the g angle 8,5. Knowledge x
leptogene: baryon asymmetry of the Univer:

The Daya Bay Reactor \ X s recently made a conclusive measurement of 6,5,
and the value turns out to be larger than mo; ected. We will discuss some of the
recent experimental history concerning this
We will conclude with po
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® Qur universe is matter...not anti-matter.

. ) NASA/ESA [JMA]
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® t=early universe:

® Qur universe is matter...not anti-matter.

® matter = anti-matter
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® Qur universe is matter

not anti-matter
® t=now

P m--’ ;‘A ;

®* matter # anti-matter

® How do we know?
® Cosmic ray's are mostly matter
® ~-ray spectrum

® Universe is compartmentalized?

® Very difficult theoretically.




® Andrei Sakharov (1967)

® “Violation of CP Invariance, ¢ Asymmetry, and Baryon Asymmetry of the Universe."
® Three conditions required for matter (baryon) asymmetry. [Sak67]
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® Andrei Sakharov (1967)

® “Violation of CP Invariance, ¢ Asymmetry, and Baryon Asymmetry of the Universe."
. Early universe is out of thermal equilibrium.

® Three conditions required for matter (baryon) asymmetry. [Sak67]

® The universe is cooling!
. C and CP-violation

® Rate for 1)g—g — ¥ is different than for ¥g_.q — ¥p—g.
. Baryon number violation

® Decay rates are different for matter and anti-matter.
® |et's look at these last two...

® Implies sum of baryons + anti-baryons is a non-conserved quantity.



Direct CP-violation

® Direct CP-violation
e 5=t
« 3=k

BABAR

Preliminary
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Direct CP-violation

® Direct CP-violation
e B0 Ktp— -
¢« 5k [l
® Decay rates are different!
® Acp~ —0.1

BABAR

Preliminary

® Sakharov condition # 2!
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® Baryon number violation actually does exist in the Standard Model.
® Sphaleron, a non-perturbative process.

® Occurs at very high temperatures. T = 100GeV. (101°K)
® Only found immediately after the big bang.
e Sakharov condition # 3!



® Does this predict our asymmetric universe?
® B for baryon
L]

® B B annihilations in the early universe produced photons.
Asymmetry parameter (7).

Ng — N
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® Does this predict our asymmetric universe?
® B for baryon
® B+ B annihilations in the early universe produced photons.
® Asymmetry parameter (7).

Ng — N
N’Y
107°

~
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® Combination of observed CP-violation and
is insufficient by 10 orders of magnitude!!!

and theoretical BNV in Standard Model



® Does this predict our asymmetric universe?
® B for baryon

® B B annihilations in the early universe produced photons.
® Asymmetry parameter (7).

Ng — Np
e
y
~ 107°
® Combination of observed CP-violation and and theoretical BNV in Standard Model
is insufficient by 10 orders of magnitude!!!
°

Additional CP violation? Much work out there...no smoking gun.
® Additional BNV?
1974, “Unity of All Elementary Particle Forces.”, Georgi and Glashow

® Proton decay mediated by heavy bosons (X & Y) which couple to quarks and
leptons.

® Many Grand Unified Theories = BNV

How would proton decay work?



New interaction with new gauge
bosons.
e X has charge g = +3
e X—qg+gq
e X—=qg+ 1
e B-L is the conserved
quantity




Experimental work
Super-Kamiokande
Proton lifetime > 10% years!

Kamloka Observatory, ICRR (Instltute for Cosmic Ray
Research), The University of Tokyo[KO]




® Xisg= % q
®* X—=q+gq
®* X—qg+¢
® B-L is conserved quantity.
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[} = = QA



® Xisqg= 1+
qg=3 a
®* X—=q+gq
® X—qg+/
® B-L is conserved quantity.
® Hypothesize a flavour/generation
dependance to this interaction...

7T0
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Experimental work
® Tevatron, HERA, LHC searches for leptoquarks.
My q > 300 — 1000 GeV/c?
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Experimental and theoretical constraints
Experimental work
® Tevatron, HERA, LHC searches for leptoquarks.
My > 300 — 1000 GeV/c?

Theoretical work
® “Baryon number violation involving higher
generations.”, Hou, et.al.[HNS05]
® Uses proton decay to constrain

upper limits.
B(B%) — AT4~ < 4x10729
“Despite our findings, we believe it is still worth
to look for BNV processes in 7, charm, B, and

maybe in the future in top decays.”

M. Bellis Aug. 2012 B mixing 15 / 52



BaBar and SLAC
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BABAR Detector
® BaBar at SLAC
Muon/Hadron Detector

Magnet coil . - ® 1999-2008
Ml clectronPhoton Detector A
B cherenkov Detector

Tracking Chamber

l support Tube

Vertex Detector
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BABAR Detector

BaBar at SLAC

Muon/Hadron Detector

Magnet ol 4 ® 1999-2008
: FlectronPhaton Betector ) : ® PEP-Il asymmetric et e~ collider
Cherenkov Detector
Tracking Chamber ® Ran on T(4S)
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BABAR Detector
® BaBar at SLAC

Muon/Hadron Detector

Magnet ol 4 ® 1999-2008

: FlectronPhaton Betector S - : ® PEP-Il asymmetric et e~ collider
Cherenkov Detector
Tracking Chamber ® Ran on T(4S)

1 support Tube ® |nstantaneous £ = 10734 cm~—2

Vertex Detector e S

® 1 billion B mesons
® PBackgrounds (or other physics!)
® ete™ — un/dd/ss/cc
® etem s ete /utu=/rtr™

® 400+ papers and counting.

® Excellent momentum and spatial
resolution.
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Muon/Hadron Detector
Magnet Coil
Ml clectronPhoton Detector
Bl cherenkov Detector
Tracking Chamber
B support Tube

Vertex Detector

M. Bellis

Aug. 2012

Sophisticated particle ID.

Inner silicon vertex detector.
® Energy, spatial position
(momentum)
Drift chambers.

® Energy, momentum
Cerenkov detector (DIRC)

® Velocity (7/K ID)
Muon detection in outer region

® Timing, spatial position
All fed into a neural net algorithm.

Gives analysts 6 levels.

® For each particle type (e, p, p, 7, K)
® Vary purity/efficiency.
® Function of kinematics.

B mixing 21 /52
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B® 5 A0

AL = pK Tt

— 5 A%

A’ = pr

® Experimental requirements:

® Cleanly identify 3-4 charged particles.
® Demonstrate they came from a B meson.
o = = = = DA



Blind analyses
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Blind searches

Blind searches (Roodman, [Roo03]

Background

/\/\/\ Result

Cut Value
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Blind searches

Blind searches (Roodman, [Roo03]

e Experimenter’s bias.

¢ Medical field: double blind Background
trials.

* Electron e/m, Dunnington /\/\/\
(1933) Result

Cut Value
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Blind searches

Blind searches (Roodman, [Roo03]

e Experimenter’s bias.

e Medical field: double blind
trials.

* Electron e/m, Dunnington
(1933)

e History of measurements?

e How do you guard against
this?
e Don't look!
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B
Blind searches

Hidden signal box.

e K — ptef

e Ariska, PRL 70, 1993

e FNAL, E791
Kinematics dictates region of
interest.

Other approaches: hidden
answer, random noise.

M e (MeV/e?)
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Blind search

CDMS (2009), dark matter search

Tonization Yield
Normalized Yield

Normalized Yield
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Our search
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Particle Identification (PID)

® Optimize PID for kinematics.
® eg. AF = pK—nt
® |loose PID
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Particle Identification (PID)

® Optimize PID for kinematics.
® eg. AF = pK—nt
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Particle Identification (PID)

® Optimize PID for kinematics.
® eg. AF = pK—nt
® |loose PID

Some set of PID criteria.

[y
o
o

Use AL efficiency and background
rejection to optimize selection.
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Particle Identification (PID)

® Optimize PID for kinematics.

® A cT=7.89cm

® Select transverse flight length > 0.2cm
and loose PID criteria.

M. Bellis Aug. 2012
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Multivariate discriminator
TMVA http://tmva.sourceforge.net/
® Six variables: B cos(0) CM and 5 shape variables

® Neural network algorithm was used.

BcosthCM BCosThetaS BCosThetaT

(1/N) dN/0.0169
dN/0.0169

V.

02 04 06 08 > > o . > 02 04 06 08
BcosthCM BCosThetaT

BLegendreP2

(1/N) dN/0.128
dN/0.00687

o bl 0 222,908 < dhwun P77 2%4
0. 06 07 08 09 06 065 07 075 0.8 0.85 0.9 095
BlLegendreP2 R2AIl thrustMagAll

Figure: Ac.u~ Comparison between signal MC and qg MC.
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small signal.

® Punzi figure of merit. (PHYSTAT 2003) [?]

® ais significance (# of o).

® Strike a balance between setting upper limit for null results and observation of a
® For this analysis, a = 5.

® s is the efficiency of the signal.

® B is the number of background candidates.



B
Discriminating variables

Signal process (Monte Carlo)

e B mass

Entries: 21753
e Beam energy resolution is
better than B energy.

events/MeV

5.25 5.3

B mass GeV/c?

All background processes (Monte Carlo)

Entries: 16216

events/MeV

5.25 5.3

B mass GeV/c?
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Discriminating variables

Signal process (Monte Carlo)

e B mass

Entries: 23802

e Beam energy resolution is
better than B energy.

* mes= /35— (Pp)?

events/MeV

All background processes (Monte Carlo)

Entries: 47036

events/MeV

5.25 5.

Mg GeV/c?
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Discriminating variables

Signal process (Monte Carlo)

e B mass

Entries: 23802

e Beam energy resolution is
better than B energy.

* mes= /35— (Pp)?

e AE=FEp—34/s

events/MeV

Entries: 47036

events/MeV
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Discriminating variables

Signal process (Monte Carlo)

e B mass

e Beam energy resolution is
better than B energy.

* mes= /15— (pp)?

P AE= By 13

e Discriminating power in
2D plane.

e Signal region is blinded

during candidate selection
optimization!

M. Bellis Aug. 2012 B mixing 35 /52



Fitting procedure

Optimized PID selection and neural net selection with blinded data and MC samples.
Determine probability density functions (PDFs) used to describe signal and background.
Fit using unbinned extended likelihood method

Define criteria for quoting upper limits and significance of signal.

Many (~ 100k) Monte Carlo studies to determine sensitivity and possible bias.

A FooPIotof 'y"
90| 120,
80|

N
3
=3
S
£
T
]
s
w

Events / (0.016 )

Figure: Fit to simulated data
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Our blind data

Entries: 18220

5.24 5.26

Meq GeV/c?
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Results!
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T
Results

B— Afu~
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Results

B— A°u~
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T
Results

B — Ay~
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No significant signal is observed

Decay mode | Upper limit (90% CL)

B = Afp 180 x 1078
B> — Ate 520 x 1078
B~ — A% 6.2 x 1078
B~ — Ale 8.1x 1078
B~ — A% 6.1 x 1078
B~ — Ale 3.2x 1078

Most signficant branching fraction:
B(B® — Afe™) = (190733°) x 107® at 2.40

First experimental upper limits on these processes. ijdASfll]E o
~ M.Belis Aug. 2012 " Bmixing 42/52



Other places to look



Rubin, et al. (CLEO Collaboration, 2009)
“Search for D’ — pe™ and D’ — pe™" [RT09]
>




A decays (Jefferson Lab)

Current analysis...

at

® Jefferson Lab (CLAS)

® yp— KtA
A — meson + lepton

® Mike McCracken at Washington &
Jefferson College, and CMU colleagues.
Blind analysis!

® Parallel analysis: ROOT and python
https:
//github.com/mattbellis/lichen
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A decays (Jefferson Lab)

Current analysis...

d
7T+
A s °
%
u ° |
particle 0 (+): 3, particle 0 (+): 4,,

® Jefferson Lab (CLAS)
® vp— KTA
A — meson + lepton
® Mike McCracken at Washington &
Jefferson College, and CMU colleagues. s
Blind analysis! o s
particle 2 (- particle 2 (-):
® Parallel analysis: ROOT and python
https:
//github.com/mattbellis/lichen

05 =0 00
particle 1 particle 1 (+)
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Davidson and Verdier, (2011)
“Leptoquarks decaying to a top quark and a charged lepton at hadron colliders”"[DV11]
Dong, et al. (2011)
“Baryon number violation at the LHC: the top option”[DDG112]
,. “" - . - w

Decays of top quark to leptoquarks?




Standard Model decays
t q=(b)

Baryon-/Lepton-number violating decays
W+

q=(b5d

)

v

W+
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e Does New Physics have a more complicated flavour structure?
Something is missing in our picture.
e Experimentally, there's still a lot of places left to look!
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e Does New Physics have a more complicated flavour structure?
Something is missing in our picture.

e Experimentally, there's still a lot of places left to look!

e Regardless of outcome, these searches provide an excellent
training ground for students.

Thanks for your time!



P. del Amo Sanchez et al.

Searches for the baryon- and lepton-number violating decays BY - Afe—, B~ — AL,
and B~ — Al™.

Phys.Rev., D83:091101, 2011.

Zhe Dong, Gauthier Durieux, Jean-Marc Gerard, Tao Han, and Fabio Maltoni.

Baryon number violation at the LHC: the top option.
Phys.Rev., D85:016006, 2012.

Sacha Davidson and Patrice Verdier.
Leptoquarks decaying to a top quark and a charged lepton at hadron colliders.
Phys.Rev., D83:115016, 2011.

Wei-Shu Hou, Makiko Nagashima, and Andrea Soddu.
Baryon number violation involving higher generations.
Phys. Rev., D72:095001, 2005.

(Institute of Astrophysics of Andalucia Spain) J. Maiz Appelaniz.
http://hubblesite.org/newscenter/archive/releases/2007/34/image/a/.

The University of Tokyo Kamioka Observatory, ICRR (Institute for Cosmic Ray Research).
http://www-sk.icrr.u-tokyo.ac.jp/sk/gallery/index-e.html http:
//wwu-sk.icrr.u-tokyo.ac.jp/sk/gallery/usage-e.html.
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