FNAL, Sept. 2009

Come Botticelli Nella Sistina --

On The Beauty of Charm

Tkaros Bigi (Notre Dame du Lac)
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yet is still Botticelli, i.e., first-rate!
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now race is on which one (+Atop #0) will show

incompleteness of SM quark flavour dynamics
Emergence of DO oscillat. with x5,y ~ 0.005 - 0.01 --
AC 20 close behind AB 20 in this racel
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Alternate Title
DD

Could Charm's Third Time Be the Real Charm?
R ————————————————————

"First Time"
J /¢y Revolution of 1974
Paradigm Shift!

"Second Time"
Observation of D7, X, Y, Z ... by the B fact. & CDF

Socrates: "Realizing you do not know = Ist step to wisdom!
Remember -- NP could be from Strong Dynamics



“Third Time"

Since 2007: Compelling evidence has surfaced for
D oscillations
A tactical draw in the struggle for gaps in the SM --

Xp & Yp While possibly generated by SM alone,

could contain large contributions from NP --
yet a strategic victory in sight:

CP studies in the future will decide the issue
possibly paving the way for a New SM to emergel
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Cheer up -- we will not fail forever!

compelling (mostly) heavenly evidence: there is NP --
possibly " around the corner’
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The Holy Grail -- New Physics

No matter.

Cheer up -- we will not fail forever!

compelling (mostly) heavenly evidence: there is NP --
possibly " around the corner’

= baryogenesis requires NP with £PI

= for me not /7, but when and what NP

16




rThe Plot J

TUniqueness of Charrﬂ
IT The Present " Draw' on D° Oscillations

'III CP as Footprint of NPJ
vV CP in Final State Dis’rribu’riogsd

"W Conclusions -- a Plan for Ac’riogJ

Eﬁlogue: Physics a la BismarcAkJ

Truth in advertising: will not talk about

2 charm data needed/helpful as input for B analysis
2 charm baryons and their SL decays

2 double charm baryons
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T Uniqueness of Charm J

SM:

> FCNC greatly suppressed
»> even more so for up-type quarks
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H Uniqueness of Char

SM:

NP:

o> FCNC greatly suppressed

»> even more so for up-type quarks

»> FCNC might be less suppressed for up-type quarks

¢ SM " background’ much smaller for FCNC of Up-type quarks

NP signal

|

theor.SM noise

= cleaner (not larger) signal:

NP signal

Lp-‘rype > [

theor.SM noise

]down—‘rype
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Up-type quarks: uc t

only Up-type quark allowing full range of probes for New Phys.
= top quarks do not hadronize — no T° - TY oscillations
hadronization while hard to force under theor. control

enhances observability of 2P
= up quarks: no n%-n° oscillations possible

CP asymmetries in partial widths basically ruled out by CPT

basic contention:
charm transitions are a unique portal for obtaining a novel

access to flavour dynamics with the experimental
situation being a priori favourable (apart from absence of
Cabibbo suppression)!
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IT The Present ' Draw' on D° Oscillations

© fascinating quantum mechanical phenomenon

© ambiguous probe for New Physics (=NP)
© important ingredient for NP CP asymm. in DO decays

_ Amy, AL,

Xp = FD Yb —2—1—‘[)
3 —T Xy =(1.00 £ 0.26) %
il v5=(0.76 + 0.18) %

\
(Xp.yp) = (0,0)
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IT The Present ' Draw' on D° Oscillations J

© fascinating quantum mechanical phenomenon

© ambiguous probe for New Physics (=NP)
© important ingredient for NP CP asymm. in DO decays
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Xp = T, Yb :TD
x5 =(1.00 £ 0.26) %
Yo :(076 T 018) o

\
(Xp.yp) = (0,0)

a1 most likely value in SM?

Xp (SM), yp (SM)~ O (10-9)

2 can one rule out 0.01?

Nol!

SM: similar numbers for x, v,
-- yet dynamical & theoretical

situation quite differentl
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Interpretation?

= If Xy >1 % > ypy could be intferpreted as manifestation of
New Physics -- yet such a scenario has basically been ruled out

= data: Xy, Yy ~0.5-1%

# could be due " merely’ to SM dynamics --
- still a great discovery & must know } ‘Nobel' goal
Xp VS. Yp irrespective of theory Guy W.

# yet might also contain large contributions from NP

breakthrough required for more accurate SM prediction
= knowing X Vvs. Yy also a practical goal

> important validation of (presumably small) time dep. CP
- input for differentiating sources of ¢P (see later)

_J

= DO oscillations a " tactical’ draw in the ~war' between
“us' vs. the SM

24



Knowing x5 & yy accurately important, albeit
infermediate goal
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Knowing x5 & yy accurately important, albeit
infermediate goal

IIT CP as Footprint of NP

Discovery of DO oscillations
-- Xp=(1.00 + 0.26)%, y5 =(0.76 + 0.18)% --
a great and essential experimental achievement;

Tactically a draw in our battle against the SM --

yet it promises a strategic victory
in the fields of CP

Analogy with another topical case: B, oscillations

AN\(Bs)lobs ~ AM(BSNSM
yet still possible with NP: SP(B, — y¢)~ 0.3 vs. 0.03| !
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(3.1) Generalities

© baryon # of Universe implies/requires NP in ¢F dynamics
© existence of three-level Cabibbo hierarchy

SMrate CF: CS:DCS5~1:1/20:1/400

© within SM:
= tiny weak phase in 1x Cabibbo supp. modes: V(cs) =1 .. + iz?
== no weak phase in Cab. favoured & 2 x Cab. supp. modes
(except for D* — K. h?)
© CP asymmetry linear in NP amplitude
© final state interactions large

© many H_.— = 3 P, VV... with sizeable BR's

e ml  m  m m— — — — — o m— — — — — — m—

-»EC_P observables also in final state distributions |

IS IS IS IS S IS S IS S S SIS S S S I IS IS IS S e e —
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T, new
+ DO oscillati ] - ) .
1™ DY oscillations at an observable rate! | situationl

———— e . . . . . . S T T T —— —— —

© adds a second coherent amplitude needed to make a complex
phase observable

© within SM its amplitude carries tiny phase ~ O(\%)
= even non-leading NP contribution can provide leading CP phase

Acp(t) = (Xpsindep - YpepCoshep)(t/T) + ...

Xp, Yp = 0.01, sin¢>M -, e5M 4, <0.001
- ASM(T) < 10'5T VS. ANP (1) < 10'2T
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© adds a second coherent amplitude needed to make a complex
phase observable

© within SM its amplitude carries tiny phase ~ O().*)
= even non-leading NP contribution can provide leading CP phase

Acp(t) = (Xpsindep - YpepCoshep)(t/T) + ...

Xp, Yp = 0.01, sin¢>M -, e5M 4, <0.001
= ASMCP(T) < 10- 5 VS. ANP o (F) < 10'2T
= need
o lots of statistics
2 good time resolution
1 efficient & flexible trigger
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T, new
|+ DY oscillations at an observable ratel | situationl

———— e . . . . . . S T T T —— —— —

© adds a second coherent amplitude needed to make a complex
phase observable

© within SM its amplitude carries tiny phase ~ O().*)
= even non-leading NP contribution can provide leading CP phase

Acp(t) = (Xpsindep - YpepCoshep)(t/T) + ...

Xp, Yp = 0.01, sin¢>M -, e5M 4, <0.001
= ASMCP(T) < 10- 5 VS. ANP (1) < 10'2T
= need
o lots of statistics
2 good time resolution
1 efficient & flexible trigger

© altogether excellent news for LHCb & Experiment X (2Project Xl)
well suited channels for analyzing oscillations & ¢#

DO (1) = Kso, KK, t* ot-, Kot ¥




oscillations can generate time dependent CP asymmetries that
survive integrating over time (unless e* e- — DOD0)

-,

Phys.Rev.Lett.100:061803 (2008) | E Arxiv:0807.0148v1 (2008) NEW
|

00— L 00 T TP
:H;'E L (a) r: L < - 1) KK < 003 bymn
> 0.01 - = 0.01c l'.l)!;- 0.0
i - .01
O 0 o | I —=
e, N - - _I_ 01
0010 ] 0.01F 002 002
- 003 - 003
D05 oe 0y M TS0 0 i : M e s MM e s
NS 08§ 0
| cos 93\55 ‘['UHBL‘ENS I cos ] jcos © |

A% =1 0.00 £ 0.34(stat.) £+ 0.13(syst.)] % :Ag_ff = [ 0.43 £ 0.30(stat.) £ 0.11(syst.)]%
A7 = [-0.24 £ 0.52(stat.) £ 0.22(syst.))% : AT = [0.43 £ 0.52(stat.) + 0.12(syst.)| %

ICHEP 2008, Philadelphia, PA, 7/30/2008 Brian Meadows, U. Cincinnati
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2 none seen so far down to the 1% (1%/1g%6.) level --
= they are ~ (x; or vyy) (t/t)sin &,.q.
== With Xp, yp = 0.01 a signal would hardly have been credible

-= yet now it is getting interesting!
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The " Dark Horse'

SL: D9— |~ vK* vs. DO— I"vK-
ag, ~ MIn[AT/AM AM/AT] sing.s,  AT/AM ~ O(1)

¢ a; ~ 0.1 conceivable (even few x 0.1)

[i.e. relatively few wrong-sign leptons, yet with a large J
asymmetry!

VS.
fa) GSL(KL) = 3.3 x103 with AT/AM ~ O(l) & Sin(I)CKMleff <«< 1
# ag (B) ~4x104  with AT/AM ~ O(few x 10-3)
# ag (B) ~ 2 x 103 with AT/AM ~ O(few x 10-3)
& Sin(I)CKMleff ~ O(few X 10-2)

ag (D) probably cannot be measured by LHCb, yet
: p/q| ~ |1- a5 /2| affects NL QP/obser'vablesJ
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(3.2) A New Physics Scenario -- LHT

= Baryogenesis requires New Physics with /Qp |

= do not need SUSY without R parity to generate observable € in
D decays
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= Baryogenesis requires New Physics with /QFS |

= do not need SUSY without R parity to generate observable € in

D decays
["SUSY without R parity can do anything -- except make coffeel!”]
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(3.2) A New Physics Scenario -- LHT
= Baryogenesis requires New Physics with /QFS |

= do not need SUSY without R parity to generate observable € in
D decays
[ SUSY without R par'l’ry can do any’rhmg -- except make coffeel"]

2 LHT designed to " delay the day of reckoning' --

i.e. reconcile SM electroweak quantum corrections
with NP to emerge directly at the LHC

- quadratic mass divergence cancelled on 1-loop level with
bosons unlike SUSY

@ SM + (W,ZA), + T, +01
= non-SM particles <1 TeV
« need T parity: T+ SM, T,
T (W, ZA), T Oy {mlrr'or fermions' qHJ



flavour dynamics not part of the motivation!
#) even SO: LHT 2z MFV

2 new 3x3 mixing matrices for coupling U, to D, & D, to U,
Uy Vuror = Vorur Vo™

= ViroL ~ VoruL

| d C
' W, W,

¢ | HT could

1 generate observed value of Xy without violating other bounds

2 exhibit a weak phase only moderately constrained! Y



Monika Blanke®’, Andrzej J. Buras®, Stefan Recksiegel?,
Cecilia Tarantino® and Selma Uhlig®

(M) Joga | [ps™t]
]

oscillation phase 2¢ = [-50°,+50°]

= sizable time dependem‘ﬁS conceivablel
¢ presumably also a general feature for direct CP

(to be worked out soon)
38



DO— |~ vK* vs. DO— I"vK-

ag = [1-1q/p|41/[1+|q/p|4]

—1.olL

BBBR= IB, M. Blanke, A. Buras, S. Recksiegel:
arXiv:0904.1545; JHEP 07 (2009) 097
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3 points
== with bounds on |g/p|, S(D° — Ks¢) can hardly be > 1%
== holds in general in absence of direct CP as fction of x,y

= more intriguing o check for DY — K*K-
40



o6, BBBR
04} |
[ large CP-violating effects in
02 — —
| both B, — B, and D° — D°
M: VEETIRCEE T L Uﬂ”k&'}f
02f .
[
0.4l .
Br( K VT
14x107 1"
simultaneous large 12107V
. . c i -10
CP-violating effects in both .
—_ 8. x 10
D° — DY and rare K .
decays possible Lot B
o 2.x107!
E.I].ﬂ .Ejﬂ EIS il

M. Blanke The Charm of the Littlest Higgs with T-Parity




Sabgp B B B R

{'J'.E[
D.=1- |
large CP-violating effects in
0.2 = —
both B, — B, and D° — DO
M: 28 = 25 VP! unlikely
02} .
ﬂ.4t =

simultaneous large
CP-violating effects in both
D% — DO and rare K7,

' N
decays possible Lsvs <005 |
Ejﬂl EISIqIP

M. Blanke The Charm of the Littlest Higgs with T-Parity
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Andrzej Buras has authorized me to make the following statement:
He is willing to bet his beard that LHT models would lead to
observable ¢f in D decays!
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IIT CP in Final State Distributions

Four reasons for going beyond 2-body modes

© in 2-body modes one probably has to aim for
10-3 sensitivity levels -- systematics?
amplitude for D — 2P, VP merely a number

= direct P can be faked by detector biases,
production asymmetries eftc.
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IIT CP in Final State Distributions

Four reasons for going beyond 2-body modes

© in 2-body modes one probably has to aim for
10-3 sensitivity levels -- systematics?

amplitude for D — 2P, VP merely a number
= direct P can be faked by detector biases,
production asymmetries eftc.

o InD — 3P, 4P, .. P can arise in final state distributions --
- local asymmetries will be larger than integrated ones.
> can rely on relative rather than absolute calibration

® Such asymmetries subject to more internal constraints

@ can give us more info on the NP operator generating them.

= yltimate tool for CP studies 49



D — PPP A Catholic Scenario:
single path to heaven: asymmetries in the Dalitz plot

The challenge: search for

2 presumably small asymmetries -- ~1% ... 0.1 % --
2 in subdomains of the Dalitz plot
2 shaped by non-perturb. dynamics

= statistical fluctuations |?

How to deal with them?

heed

¢ lots of statistics
¢ final states with (multi)neutrals

¢ robust pattern recognition
»¢ some theoretical guidancel

50



#) |lessons on pattern recognition to be learnt from
astronomers

= working group of theorists & experimentalists founded by
Ch. Hanhart, U.-G. Meissner, ibi to deal with
CPV in Dalitz studies
Name: " Les Nabis'’
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D — PPPP A Calvinist Scenario

many paths to heaven -- success reveals Heaven's blessing
D— KKn'm -
¢= angle between n*n & K K planes
dr/do (D — K K w'mr) = I cos2( + I, sin2g + I's cos ¢ sin ¢
dr/d¢ (D — K K «'n-) = Ty cos2¢ + ', $in2¢ - T'5 cos ¢ sin ¢
- I'; drops out after integrating over ¢
T, vs. Ty &T,vs.T,: CPin partial widths

= T odd moments I';, I'52 O can be faked by FSI
yetI'3# Iy —> (P
D— KKuu likewise

yet many other ¢b observables
-- “optimal’ one depends on underlying dynamics
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V' Conclusions -- a Plan for Ac’rion J

¢ Discovery of DO oscillations greatly enhances chances for
1 observing CP in charm decays,
a2 establishing it as manifestations of NP
2 differentiating direct vs. indirect P
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V' Conclusions -- a Plan for Action

¢ Discovery of DO oscillations greatly enhances chances for
1 observing CP in charm decays,
a2 establishing it as manifestations of NP
2 differentiating direct vs. indirect P

=> present absence of CP signal not telling
¢ " realistically’ can ~expect’ small effects only

O (102) - 0 (10-3) - O (104
¢ NP signal/SM backgr. probably larger than in B decays
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V' Conclusions -- a Plan for Action

¢ Discovery of DO oscillations greatly enhances chances for
1 observing CP in charm decays,
1 establishing it as manifestations of NP
2 differentiating direct vs. indirect P

=> present absence of CP signal not telling
¢ " realistically’ can ~expect’ small effects only

O (10?) - 0(103) - O (1049
¢ NP signal/SM backgr. probably larger than in B decays

¢ no compelling' models, yet viable = rnon-ad-hoc models exist
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A general aside:

2 Electroweak dynamics: CP studies in charm sector

"hypothesis-generating' rather than ™ hypothesis-probing’ research
-- yet LHT scenarios could provide high p,-low p; connection

“hypothesis-probing' vs. * hypothesis-generating' research
=¢ funding agencies favour " hypothesis-probing' research
¢ B factories prime examples of " hypothesis-probing research
¢ once LHC finds New Physics in high p, collisions

= B & t program becomes " hypothesis-probing’ research

I # |LHT scenarios might achieve same connection for charm I
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2 excellent news for LHCb -- host of promising modes for CP
# Dr— Kt i, KK ot .
# DO(1)—=K KK Kgmrrm- K K-, K-, K*K-tem-, K*Kpewe,...
2 do not count on miracles from theorists, but can expect a
posi‘rive learning curve -- /f faced by accurate data

| “#a great deal of expertise exists in the hadronic |
| community that can be applied in CP studies of Dalitz plots |
_etc. with great profit! |

¢ not “merely' a "Ceterum censeo fascinum esse studiandum”
increased “ maturity’ =—> " phase transition'l

2 experimental observation of DO oscillations

2 theoretical “ awakening' concerning NP touching on charm
BBBR arXiv:0904.1545[hep-ph];

Grossman et al., arXiv:0904.0305, 0903.2118
Golowich et al., arXiv:0903.2830.
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How to design Experiment X for charm studies:
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How to design

= high cross section:

for charm studies:
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How to design Experiment X for charm studies:

== high cross section: hadronic collisions!

65
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= excellent time resolution: uvertex detector!
needed for

Charm Decay Factory
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How to design Experiment X for charm studies:

== high cross section: hadronic collisions!

== not truly high energies: ~1 -2 TeV!

= efficient & flexible trigger

= excellent time resolution: uvertex detector!

heeded for

Charm Decay Factory

CDF!
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Acp(T) = (XpSindep - YpecpCoshep)(t/T) + ...

Xp, Yp given by data, sind ., ¢ given by theory
(t/t) under control of experiment

= trigger on t » t to enhance observable asymmetry
(Giovanni Punzi)
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Epilogue

Bismarck:

"... role of the statesman is to grab the mantle of

history when he feels it passing by..."
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Epilogue

Bismarck:

"... role of the statesman is to grab the mantle of
history when he feels it passing by..."

Likewise:

I't is the task of the physicist to make the greatest
use of a special gift from Nature

DO oscillations are such a gift
= it is our duty --
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TEpilogueJ

Bismarck:

"... role of the statesman is to grab the mantle of
history when he feels it passing by..."

Likewise:

I't is the task of the physicist to make the greatest
use of a special gift from Nature

DO oscillations are such a gift
= it is our duty -- & there is fame within your grasp!
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Back-up Slides

77



So far all observed £P in partial widths -- except for one:

Kl — n'me*e

cp = CP,M1

> T > oy + K| > T Y

T T

suppressed suppressed

Ki

¢ = angle between «*n~ & e*e” planes analyzes y* polarization

interference between CP E1 & CP M1 amplitude
= Forw-Backw asymmetry A in ¢ (Sehgal et al.)

A= 14 % driven by £=0.002)
~ trade BR for size of asymm.!

price: BR ~ 3 x 107 _
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mar‘e Decays J

the usual -- and some unusual -- suspects

- "adagio, ma non troppo”

2Dy =1 X } controlled by
1D = v K/ p/w/d long distance dynamics

awithin SM: BR(D? — v X)[spgyn ~ few x 108
BR(D? — y K*) ~ few x (10->- 10-4)
BR(DO — yp0) ~ 10-6- 105 , BR(D® — v4) ~ 10¢- few x 105

1 BR(DO — y¢) ~ (2.6+0.70+£0.17) x 10-2

© New Physics transition operators local * Penguins'
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= the likely work horse
1Dy — M- X, } shaped to a higher degree by long
1Dy — I'"K/m... distance dynamics than in B decays

2 theoret. control helped by analyzing m(I*I-)
a within SM: BR(D® — I"I-X)| spgy, ~ few x 108
BR(D — I*l-n/p) ~ 106
s FOCUS:  BR(D*— I!I'n*) < 8.8 x 106
© New Physics transition operators local * Penguins'
© can/should analyze lepton spectra
® I am skeptical a convincing case for NP can ever be
made from these transitions
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1Dy — I'"K/m... distance dynamics than in B decays

2 theoret. control helped by analyzing m(I*I-)
a within SM: BR(D® — I"I-X)| spgy, ~ few x 108
BR(D — I*l-n/p) ~ 106
s FOCUS:  BR(D*— I!I'n*) < 8.8 x 106
© New Physics transition operators local * Penguins'
© can/should analyze lepton spectra

® I am skeptical a convincing case for NP can ever be
made from these transitions -- unless

© LP emerges!
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= DO — utu- doable at LHCb
a2 SM: BR(D? — utu-) ~ O(10-12)
1 CDF: BR(DO — utu-) < 5.3 x 107

no cute enhancement in SUSY as for B, — u*tu-
a2 Golowich et al., arXiv:0903.2830: list of NP scenarios

e DO — vy not doable at LHCb
2 NP can generate SD contributions
2 LD contributions here can affect D° — utu-

- forbidden modes: D° — etu/ute-
2 BR(D? — u*te) < 8.1 x 106
2 SUSY with R: BR(D® — u*e-) up to experim. bound

¢ exotic New Physics: D* — a*/K* f0 , w /K- I* I

«familon fO searched for in K & B decays, not in D decqys



