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Charm Physics and New Dynamics (ND).




Rome wasn’t built in a
day.



Standard Model: The Big Brother

X It opens up the possibility of FCNCs but the unitary and near-diagonal
CKM matrix keeps this to a minimum.

X It opens up the possibility of CP violation but seemingly not enough to
drive baryogenesisS.

correlated through the CKIM matrix
\ 4

8 CP violation is small in strange [ O(10-%)] and expected to be small in charm [O(10-4-102)]
but is very large in beauty [O(1)].



Why Charm?

Finding ND in beauty is difficult as SM effects are already quite large.

Charm has very small backgrounds from the SM.

Only charm in the up sector partakes in oscillations, an important
ingredient for CP Violation.



Experiments Past.



Measurements of Charm
Dynamics was a
Challenge!




Dedicated to Charm.

Pioneering analysis of:

» Lifetime of charm states.

* Neutral charm meson mixing.

* Semileptonic and hadronic decays.
= CP violation
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Experiments Present.



Charm

oscillation have been observed:

AMp

_ AT'p
- 2l'p

= (0.637030) % , yp = (0.754+0.12) %

q +0.17 ‘ 9.4\ 9
]—) = 0.89_0‘15 ) éD — <_101i—88)

assuming no DIRECT CP violation:

=1.024+0.04, ¢ = (—1.057159)°
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There are distinct hints of CP violation but nothing set in stone

and many decay channels remain unmeasured

Note: Only quark in the up sector that can participate in oscillations.

CP_invartamice — |q/p| #1 ¢p 7 0



AACP — ACP(K+K—)—ACP(7T+7T—)

AACP|LHCb = [—0.82 mm O.21(stat.) mm O.ll(sys.)]%
AAcplecpr = [—0.62 4 0.21(stat.) £ 0.10(sys.)]%
World average by CDF
AAZL = (-0.67+0.16)%|

3.8 0 significance.
FIRST Evidence of CP Violation in charm.

The ONLY evidence of CP Violation in the up type quarks_ L

Note: Asymmetries have opposite signs for the two modes.
Disclaimer: This is a theory assumption!




Experiments Future.



©)

©)

©)

©)

D Factories

ete” =" (3770) = DD /Dy D_ /DDy — f.fs

The meson pair is produced in a C odd P wave.
EPR Correlations comes to the rescue.
CP violation implied by mere existence of certain final states.

Both direct and indirect CPV can be probed.




Super B Factory(ies)

o Super B = Super D

o D produced from B offer a cleaner analysis.
o Not only low, but well understood backgrounds.

o The D eigenstates are no longer correlated, a disadvantage.
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A FAIR PANDA
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Caveat: charm pair production not well understood!

v’ Fixed target antiproton experiment
v Nearly full solid angle coverage.

v" Very high angular resolution.

v' 1.5 -15 GeV/c antiproton beam.

v’ Shiny new detector.

v" Manpower.




The Challenges of Charm



Why not Charm?

* Measurements in charm require very high statistics.
* SM contribution to charm dominated by long distance dynamics.

« Final state interactions (FSI) not under theoretical control.



All roads lead to Rome.



The Theorists’ World.



Answers?

Can oscillations in charm be accommodated in the SM?

SM contribution to rare decays are tiny. Does ND have a good chance?
Can charm physics constrain models of New Dynamics?

How do direct and indirect CP violation compare against each other?

Why is CP violation predicted to be tiny in charm dynamics?



Charm Changing Neutral Currents

CHANNEL OBSERVABLE SM SD SM LD EXPERIMENT
DO — vy BR(D° — vv) (3.6 —8.1) x 1012 (1—3)x10°8 < 2.7x107°
DY — putp~ BR(D" — putp™) 6 x 10711 (2.7 -8) x 10713 <1.3x10°°
D* = X, IT1= BR(D* = X, IT17) 3.7 x 10721 ~ O(1079) ~ O(1079)
¢B ~2x10701 - -
ASp ~3x 10741 - -
AGE ~3x 1075t E -
DY — gt~ BR(D" — nt77) - ~15-25x1073"7 (1.397 £ 0.026) x 103
s - ~107* [4+0.22 + 0.2440¢. + 01145, 1%
DY — 7070 BR(D" — 77°) - ~4—6x1074T (8.04+0.8) x 1074
D' - K*K- BR(D"— KtK") - ~T—8x 10737 (3.9440.07) x 1073
AKX - ~ 1074 [—0.24 4+ 0.22444¢. + 01045, ] %

"Estimates from our recent work on these decay channels.

A. Paul, I. I. Bigi and S. Recksiegel, D — vy and D" — u*u~ rates on an unlikely impact of the

littlest Higgs model with T parity. Phys. Rev. D 82 (2010) 094006. [arXiv:1008:3141].

A. Paul, I. I. Bigi and S. Recksiegel, On D — X, 71~ within the Standard Model and Frameworks

like the littlelest Higgs model with T Parity. Phys. Rev. D 83 (2011) 114006. [arXiv:1101.6053].

I. I. Bigi, A. Paul and S. Recksiegel, Theoretical Conclusions from CDF Analyses of CP Violation 20
in D' — ntn~, KT K~ and Future Tasks. JHEP06 (2011) 089. [arXiv:1103.5785].
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Littlest Higgs Model with T Parity
A solution to the Hierarchy Problem

Particle Content
<> The T-even sector:
< SM gauge bosons
<> SM fermions _ SM
< SM Higgs doublet
<> A heavy partner to the top, T,

<> The T-odd sector:

<> The heavy gauge bosons _ N‘D

<> A set of mirror fermions
<> The scalar triplet: ¢** ¢* ¢° ¢Ff
< A T-parity partner to the heavy partner of the top, T

Model Parameters

H H H H H H
€12 +» 613+ 623, 612 s 013 +» O33

l’
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Non-Minimal Flavour Violation:
A side effect of LHT.

A(decay) = Z Bingep Ve [Fsu + Fap| + Z Bi;\fu"/é‘;’gcuvﬁu Gyp)
: : ) 3
[ 3 o [ ] D
minimal non-minimal

‘/}1 d ‘/Il u VC-’ KM

» V, and V, are not independent, hence, parameterizing one fixes the other.

» A 3x3 unitary matrix can have 3 angles and 6 phases.

» Unlike the CKM matrix, we can rotate away only three phases using the phase
freedom of three mirror quarks.

» 3 angles and 3 CP violating phases = new FCNC and new CP Violation.

d _sed
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Charm Changing Neutral Currents

CHANNEL  OBSERVABLE SM ND Effects EXPERIMENT
D° — vy BR(D" — ~v) (1-3)x107® SM LD Dominated <2.7x107°
D — ptpu BR(DY — putp™) (2.7—8) x 10713 ~ O(10%) I <1.3x10°°
D* — X, I~ BR(D* — X,IT17) ~ O(107%) SM LD Dominated ~ O(107?)

Ay ~2x 10761 ~ O(1%) -

Ap ~3x 10741 ~ O(10%) I -

ASE ~3x 10751 ~ O(10%) — O(100%) -
DY = ntq~ BR(D" = ntn™) ~15-25x10731 - (1.397 £ 0.026) x 103

S ~10~* ~107% - 1072 [40.22 + 0.24 gpq¢. £ 0.11 5,5 | %

D% — 7070 BR(D" — 7%7Y) ~4—6x10"*T - (8.04+0.8) x 107*
D’ - KtK~ BR(D° - KtK~) ~7-8x10731 - (3.9440.07) x 10~

AEK ~ 10~ ~ 1073 —10"" [—0.24 £ 0.224¢a¢. & 0.105y5t.]%

tEstimates from our recent work on these decay channels.

A. Paul, I. I. Bigi and S. Recksiegel, D — vy and D" — u*u~ rates on an unlikely impact of the
littlest Higgs model with T parity. Phys. Rev. D 82 (2010) 094006. [arXiv:1008:3141].

A. Paul, I. I. Bigi and S. Recksiegel, On D — X, 71~ within the Standard Model and Frameworks
like the littlelest Higgs model with T Parity. Phys. Rev. D 83 (2011) 114006. [arXiv:1101.6053].
I. I. Bigi, A. Paul and S. Recksiegel, Theoretical Conclusions from CDF Analyses of CP Violation
in D' — ntn~, KT K~ and Future Tasks. JHEP06 (2011) 089. [arXiv:1103.5785].
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Details of the Fermion Sector

# N families of fermions. For SM N = 3
3 Isodoublets of a broken SU(2) X U(1).

# The fermions are at most familywise mass degenerate. hll

¥ Flavour eigenstates are misaligned from mass eigenstates.

N

Y Ai=0, with \; = ViV, ik

1=1

me =mihy Vi=1(1)N hi{=1 0<hy <oo

¢ = (m/me)’

Note on mSj :
3 It does not need to be from the first family or the lightest.
3 It does not need to be the mass of any of the fermions.
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Boxes and Penguins
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Model Generalizations



Defining LHT-like (or MGF'S?)

LHT: Little Higgs Model with T parity
MGTF'S: Multiple Gauge Fermion Sectors

* A second sector of fermions that are an exact copy of the SM ones.
* New forces that mediate interactions.

* New mass mixing matrices that are mathematically constrained by the CKM
matrix.

* Possible large angles and phases in the mass mixing matrices.
* Possible large hierarchies in the masses of the mirror fermions.

* A symmetry to protect large contributions to FCNC. The symmetry can be
discrete or continuous.

A. Paul, I. I. Bigi and S. Recksiegel, D' — v~y and D" — " pu~ rates on an unlikely impact of the
littlest Higgs model with T parity. Phys. Rev. D 82 (2010) 094006. [arXiv:1008:3141].

A. Paul, I. I. Bigi and S. Recksiegel, On D — X, 71~ within the Standard Model and Frameworks
like the littlelest Higgs model with T Parity. Phys. Rev. D 83 (2011) 114006. [arXiv:1101.6053].
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Defining MHDMSs

A model of ND with an expanded Higgs sector.

Can have n families of Higgs doublets and m families of triplets.
(Careful with the triplets though!)

Possibilities of new CP violating phases.

Possible existence of CP violations arising from the mixing of scalars and

psuedoscalars.

Possible alignment of the Yukawas to save FCNCs.

Realizing MHDs

Virtually any model can be given an extended Higgs sector, of course
after paying due respect to experimental constraints.
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CP Violation



Oscillations and CPV



Oscillations 101

1 _
0 (DN _( MR-iTh MB-irh )\ ( D D) = (p|D%) +q|D"%))
ot \ DY M{%*—ZFD* ME — lrﬁ DY :
. by |D2) = —=—=—= (pID°) —q|D"))
g MY - TR a’){)z:lfug Mis VP + ¢
p -\ M Tk 2 g 3
CP|D%) = +|D°)
AMp = M- My=2%|% (M- Ltrh)| = B2~ S|DB2 - iR (TR ME"
1D = 41— A2 = 5 - 12_§F12 = 2% |f"[12‘ _Z‘F12| _Z%(Plzﬂflz)
ATp = T —-Ty=—-43 L% (A[12 )} \/u\[ y2——|r o2 — iR (THMBY)
mass < CP mass = flavour
1 _ :
D) = +éD_ D) = 1+ &)|D% + (1 —€)|D°
|D1) L (ID+) + € D-)) [D1) TENED) (1 +8[D% + (1 -9[D%)
1 1 ¥
Dy) = é +|D_ Dy) = 1+ ¢&)|D°% — (1 —¢&)|D°
D2) —— (dD.) +ID-) D) —— (1 +9ID") - (1= 9ID")
1 -4
_ P
€ = q
1+ 4
Doy _ PP —laP _ 2R@
(D1|D2) = 2 2 =P
pl*+1q[* 1+ [€]?



CP Violation in Charm 101
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Two body problems.

D’ - ntn—, KTK~

1t q P q P ,
and | (t) ~ —— |1 —| —|=| ) cosodp — x —| 4+ |=| ] sing
D’—>f() 2711 [./D(p q) YD D<p q D
dir Af|? — |Af|? —2|A1||A2|sin Aa X sin A¢
a - = — = = : : : . :
P27 Af12 4+ |Af2 T |ALl? 4 |A2|2 + 2|A1 || A2 cos Aa x cos A

(ASBY (DY = 7nt77)) = (40.22 4 0.24440¢ + 0.114ys¢) %

(AGRY (DY = KTK™)) = (—0.24 £ 0.224tat £ 0.105y5¢) % .

Within the SM,

» Indirect CP violation ~ 10-°,

» Direct CP violation ~ 104,

 CDF measurement is in excess of SM predictions.

« The differences cited by LHCb and CDF are open to interpretation.

I. I. Bigi, A. Paul and S. Recksiegel, Theoretical Conclusions from CDF Analyses of CP Violation
in D' —» ntn~, K™K~ and Future Tasks. JHEP06 (2011) 089. [arXiv:1103.5785].



Direct CPV in LHT-like Models

Constrained Unconstrained
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 Enhancement to direct CP asymmetry is O(10%).

* ND cannot enhance direct CP asymmetry significantly.

* ND can enhance indirect CP asymmetry to account for experimental values.

« If CDF measurements are interpreted as NP effects, it is probably indirect
CPV.

I. I. Bigi, A. Paul and S. Recksiegel, Theoretical Conclusions from CDF Analyses of CP Violation
in D' - ntn—, KT K~ and Future Tasks. JHEP06 (2011) 089. [arXiv:1103.5785].



The Future of Charm



Three body problems.
Dy = hihshs
» Separation of weak and strong phase possible.

» CP asymmetry does not depend on relative production of CP conjugate
states.

D°/D° - KsKt*K~ DY/D° - Kgnr

» Possible intervention of ND.

» SM cannot generate direct CP violation.

v' 2D Dalitz Plot analysis needs to be done.
v' CP asymmetry does not depend on relative production of CP conjugate states.
v" More data necessary but more information can be gleaned.

I. I. Bigi and A. Paul, On CP Asymmetries in Two-, Three- and Four-Body D Decays. JHEP03

36
(2012) 021 [arXiv:1110.2862].



Four body problems.
Dy — hTh7lHl~

Dy g{) htn— 1B h*h™~ and Dy, M hth™ v
Dy = hth " = hTh 11~

BR(D = ntn 1t 17)~ 1077
BR(D - K"K It17)~10"'" ~107?

d ,
@F(DL — hTh7IT17) =T cos®’® 4 'y sin’® + I's cos® sind.

3 32—” T 2w C
o S L) —(E+ 0 dsde o,

T 2T 4T — RS
f() Ed‘b 7T(F1 + Fz)
D(h) __ <h+h_|Hu/|DL> B B D(h) DR R
Thtn= = <h+h_|HVV|D5'> =€p+t GID? arg (77}L+h_) = (I):t Kr —»eTen™™n

Atlghoory = (143 £1.3)%
Ap|, = (13.7£1.5)%

exrp

L. M. Sehgal, M. Wanninger, CP Violation in the Decay K; — n"n~ete . Phys. Rev. D 46 (1992) 1035; 37
Erratum: Phys. Rev. D 46 (1992) 5209.



The Outcome.
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I. I. Bigi and A. Paul, On CP Asymmetries in Two-, Three- and Four-Body D Decays. JHEP03
(2012) 021 [arXiv:1110.2862].
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The Outcome.
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Similar analysis for D — K*#x 1t~ vs. D" — K- wHitl—

I. I. Bigi and A. Paul, On CP Asymmetries in Two-, Three- and Four-Body D Decays. JHEP03
(2012) 021 [arXiv:1110.2862].
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Four body problems.

DY » KtK—ntn—

v Time dependent CP analysis can be done.
v T odd correlation can be probed.
X Theoretically more challenging.

D* — K¢K*[*]~ :CP violation from FSI, none from ND.

F(D+ — KS7T+) — F(D_ — ]X'YSTF_)

. - £F: 2~ -3
D = Ksm=l"l™  [07 5 Kerr) 1 TD- = Keno) — 2heler) = 3.3 x 10
v' CA mode, CP violation possible within SM through interference with
DCSD.

v" ND contribution possible.
v T odd correlation can be probed.

I. I. Bigi and A. Paul, On CP Asymmetries in Two-, Three- and Four-Body D Decays. JHEP03
(2012) 021 [arXiv:1110.2862].
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Old parameterization of the CKM

/ 1 — 2)2 A A)\S(p—inJrz'n%)\Q)\
—A 1 — 2% —inA?X*t  AN2(1 +iM?p)
\A)\S(l — p—1in) —AN? | /

A=0.808"0022 X =0.2253 4 0.0007,

p=0.13270017,  7=0.34140.013,
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New parameterization of the CKM

— A A2 A hAdeidam
R 1 - /\72 — ’;—4(1 +4f2) — fhN\Peidan 4 T—;(—lfz —4h%—1)  fAZ+ hA3e tam %ﬁ.fﬁ“’tdQM

() 75410-016 T 1 a47+0.045 C () 4+0-36Y0
f=0.754"011 h= 134770030, Oqm = (90.47775)° .

Significant Change in the CKM Landscape due to
Expansion through O(\)

Ikaros I. Bigi, Ayan Paul

Department of Physics, University of Notre Dame du Lac, Notre Dame, IN 46556, USA
email addresses: ibigi@nd.edu, apaul2@nd.edu
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50...
What do I bring to the
table?



But this is what I did to earn a PhD...
v I Learnt:

v’ Calculations within the Standard Model.

v' Oscillations and CP violation and charm dynamics.
v' Little Higgs Models.

v To do what Ikaros* tells me to.

v I'Worked:
v Calculated rare decays of charmed mesons in LHT-like models.
v CP violation in two- three- and four-body decay modes of charmed mesons.
v Did what Ikaros told me to.

v' I Understood:
v' Charm dynamics is plagued by theoretical uncertainties.
v’ It is best to do what Ikaros tells me to.

v' So why should I be given a PhD?
v' It is the beginning of another era of charm dynamics, both in the theoretical

* Ikaros: a.k.a. my advisor.




"Ghost of the Future," he exclaimed, "I fear you more than any spectre I have
seen. But as I know your purpose is to do me good, and as I hope to live to be
another man from what I was, I am prepared to bear you company, and do it with
a thankful heart. Will you not speak to me?”

Charles Dickens
A Christmas Carol
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In Rome you live like the
Romans do.

(“... Best of Luck, you will need it!!”)*

Thank you...!!

* Ikaros would say...




