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Introduction

CPV in charm provides a unique probe of New Physics (NP)

® sensitive to NP in the up sector

® SM charm physics is CP conserving to first approximation (2 generation dominance)

Nevertheless, the statement "any signal for CPV would be NP" needs sharpening due to
continuing improvement in experimental bounds:

® Inthe SM, CPV in mixing enters at O (Vo Viup /VesVus) ~ 1073

® how large can SM indirect CPV really be?

® Inthe SM, direct CPV enters at O([VopViup/Ves Vus] as/m) ~ 10~% in singly Cabibbo
suppressed decays (SCS)

® how large can SM direct CPV really be?



A bit more detail on CPV in mixing (more later):
9o

— 1 — 7
(D°|H|DO) = Mo — §F12 , (DOH|D®) = M7, — §F>1k2

® The mixing parameters [I' = (I'; + I'5)/2 = average decay width]

x12 = 2|Mi2|/T";,  yi12 = [T12|/T, ¢12 = arg(Mi2/T'12)

¢12 Is a CP violating weak phase, responsible for CP violation in mixing

® Relations to CP conserving observables |Am|, |AT):

_ |Am]|

|z |=——3712[ + O(sin® ¢12)], |y|=—‘=yl2[1+O(Sin2 $12)]

o

transition amplitudes between the strong interaction meson eigenstates D°, DY
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o
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asy, =

® CP violation in the interference of decays with and without mixing (CPVINT):

relation to CP violation in pure mixing (CPVMIX): semileptonic CP asymmetry

) — F(m(t) — £+X) _ 212 Y12 sin @12
) + D(DO(t) — £+ X) x5 + i

F(DO (t) — £~
/-

X
D(DO(t) — ¢~ X

time-dependent CP asymmetries

Example: SCS decays to CP eigenstates, D° — Kt K—, ntn—
I'(D°(t) — f) ccexp[-T'po_ft], T(DO(t) — f) < exp[-I'55_ ;1

The CP asymmetry: AY; = (f“m_)f —Tpo_s)/2T'p

AYy = —z125in ¢12 [1 4 O(sin ¢12)]

+ possible contributions from new weak phases in decay

to understand how large indirect CPV (CPVMIX & CPVINT) can be in the SM must

improve on  “sin ¢12 enters at O(Vop Viup /Ves Vus)”

[1 + O(Sinqle )]



Outline

A model-independent upper bound on sin ¢12 in the SM - with Yuval Grossman and

Zoltan Ligeti

® the bound is proportional to an SU(3)  breaking parameter

® this parameter can be bounded experimentally in the future

Updated bounds on sin ¢12 from experiment - thanks to Rolf Andreasson, Mlke
Sokoloff for the fits

® makes essential use of mode-independent relations between CPVMIX and
CPVINT - Grossman, Nir, Perez; AK, Sokoloff

® includes the recent CDF DY — nt7— and DY — KT K~ time-integrated CP
asymmetries
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A model-independent bound orsin ¢4, In the SM

Three types of D decay q
c Ve
# Cabibbo Favored (CF)
V>I<
_ uq
¢c— sdu (D — K 7) 7
# Singly Cabibbo Suppressed (SCS) ”
— 8S S K K™
¢ — s5u (D— K~K™) 0o = s.d
c—ddu (D — 7 7h)

o

#® Doubly Cabibbo Suppressed (DCS)

¢c—dsu (D— 71 KT)



['19 = — ()\g ['ss + 2)\3)\d Fsd —+ )\?Z Fdd) : where )\p — ‘/va*

['zy, 1n the OPE picture

I'ss : via SCS operators ¢ — ssu
Iy : via SCS operators ¢ — ddu
[.;: via CF & DCS operators ¢ — sdu, ¢ — dsu

® from a sum over decays to common exclusive final states Falk et al.:

Mg = Fchp(n) cos 5n\/B(DO — n)B(DY — q), ...

§n, = strong phase difference between A(D° — n) and A(D® — n); ncp = *1



Derivation of the SM bound

® using CKM unitarity, can write I'12 = I'Y, + 6T,  (responsible for ¢12)

I = —A2(Tss — 2044 + Caa), §T12 = 2XsXp (Dsg — Daa) — A Taa

O $o=arg(Mi2/T12) & —Im(6'12/TY,) =

r., (T, —T A r
b12 = 2 [ApAs| siny 20 ( sa ~ Lad +‘_b cos 1 dd)
175 L'sq As Iy

® taking |y| = [T'Y,]/T (can ignore CPV here) =

Ap As si r I'yq—T A I
615 :2‘ b As sm”y‘ " ‘ sd ‘ sd —Vaa A0 | o Tdd
Fsd s Fsd
with experimental inputs for y, CKM obtain
I I'yg —T I
|p12] = 0.008 x |—=2 ‘ sd —~dd | 95x10"% 9
FSd Fsd

-



Proof that |I',;/I'| <1 uptosmall SU(3)r breaking

the two physical decay widthsareI'y 2 =T" &+ |I'12 |
I'no>0 = IT'12]/T < 1

consider hypothetical D° — D system with no SCS decays, and with arbitrary “CKM”
suppression )\2 (not \2), of the SM DCS decay amplitudes or operators:

Ti2] = A% 2057, T =Tg% + M TPEs/AY)

Data supports small SU(3)  breaking in DCS vs. CF:
I'pocs/A* =Tcr(1 + er) ,and small er

X22|Fsd|
<1 = — <1
Coerp(l + M1 +er)])

12

tightest upper bound on T, realized at A2 = 1,

|Fsﬂ
I

<l+er (SM)



® Introduce additional SU(3) r breaking parameters:

_ Tga —Tsq  Tss —Tyy
Ed e 68 o

Fsd 7 Fsd

® The bounds for CKM, y central values:

Ap As Sin
pr2] < 2 |22 p 11 % Jeal (1+er/2) = 0.008 |eq| (1 + er)
Ap As Si A
12 < 2 |22 T80T o el (14 ep/2) + Q‘A—bsin y‘ — 0.008 |es| (1 + e /2) + 0.0
y )

® Expectation for er , or how closeis I'pcs/IT'cr to tan* 6. = 2.9 x 1073 ?
® time-dependentD — Kn = I'(K+n~)/I'(K—7nT) = (3.3£0.1) x 1073

® time-integrated measurements yield ratio up to O(10 — 20)% corrections from
interference of CF/DC'S amplitudes:

$ INKtr 7% /T(K-ntx%) ~ (2.20 £0.10) x 1073

$ NKtrtr n)/T(K n ntnT) ~ (3.24J_r8:§g) x 1073

#® data = canonical SU(3) g breaking, er =~ (10 — 30)%

makes sense - no large phase space effects .



The bound, continued:

O Take |es|, |eq| < 1

= |¢12] < 0.01
# Violation of this bound would require both |es|, |eq| > 1. How could this happen?
$ Would require
sign(I'ss) = —sign(I'yq), and

SS

I
dd > 2 and
Fsd Fsd

< 0 or vice versa

In this case still expect |es|, |eq| = O(1), and |p12] < 0.01

#® ultimately, will be able to constrain |es|, |eq| by considering sums over exclusive
state in ',y

® An OPE analysis yields ¢15 << 0.01 for dim-6,7 operators Borowski et al, however the
authors have suggested that higher dimensional operators may yield ¢12 ~ 10~2

o -

—p. 1



Updated bounds onsin ¢ from
eXpe rl m e nt thanks to Rolf Andreasson and Mike Sokoloff for fits



Updated bounds on CPV in SC? — K™K~ , nt7 decays

The time-integrated CP asymmetry

(D% — f) —T(D° — )
I(D% — f) + T(D® — f)

af:

® Expanding to leading order in subleading amplitudes, mass difference, width difference

® atthe B-factories: Grossman, A.K., Nir
le — a(ji:ir 4+ aind’ aind — a™ 4+ ai
® at CDF (due to cut on proper decay time):

ay =a$" +240a™ (7T77); ay=af* +2.65a7 (KTK™)

a4 is direct CP violation
a™: CP violation in mixing CPVMIX

a’: CP violation in the interference of decays with and without mixing CPVINT

oo 0 b0

the total indirect CP asymmetry a4 is universal - independent of final state. Note
a'*d = AY (the time-dependent CP asymmetry)

—p.1



Separating indirect and direct CP violation

Combine the Belle, BaBar, and CDF K K, wr time-integrated measurements a ¢, with the
Belle/BaBar time-dependent measurement AY = qi?d

- T | MR
505 0 5 10 15

3
a, 4 X 10

left: AY (aqua), a BaBar/Belle (red); a ; CDF (green).
right: |a}1§1}< | < 0.2% for models with negligible new weak phases in decay, e.g., SM

—p. 1



® without imposing any theoretical constraints on a9i* obtain

o™ = —0.026 + 0.14%; compared to AY = 0.123 + 0.248%

adT () = 0.24 + 0.36%, a¥T(KK) =0.19+0.31%

® from an analysis of ¢'" (K K, ) in the SM
# at leading power: naive factorization + O(a) corrections ai* = O(10~4)
® power corrections, e.g., annihilation, FSI, can enhance a%i* by O(10)

® therefore, expect |a?i*| < 0.2% in the SM and in models with no new weak
phases in decay

& theoretical uncertainty = the window for NP in a4'* is rapidly closing
® adding this constraint to the time-integrated and time-dependent measurements
= a4 = (—0.023 £+ 0.09)%)!

in models with no new weak phases in decay. The small error in this case is due to the
CDF measurements

—p. 1



Updated experimental bounds orsin ¢4

® The mixing observables

o

mo — m1 I'n —I'y

Y

o, lg/pl, = —a—_— T

¢ iIs the phase difference between mixing, decay amps. For example,

asL = 2(lq/p| — 1)

a"(KK,nm) = Y cos ¢ (‘ﬂ‘ - ‘BD . oY (KK,rm) = ESinqb (‘g‘ + ‘}—DD
2 p q 2 p q
in absence of new weak phases in decay, ¢12 # 0 is the only source of CPV.
Therefore, CPVMIX (a™) and CPVINT (a?) are related (Grossman, Nir, Perez; A.K.

and M. Sokoloff)

obtain relations between theory parameters ¢12, x12, y12 and the mixing observables
b, |q/p|, z,y. For example,

sin 2(b12

cos2¢12 + Y2, /a3,

® given current bounds on direct CP asymmetries, this relation also holds to good
approximation when allowing for new weak phases in decay —p.:

tan2¢ = —




|7..

Strategy

HFAG has fit the observables ¢, |¢/p|, x, y to the D — D mixing and CPV data
they have not included the time-integrated data for K+ K—, =~ 7~ (pre-FPCP)

have obtained their fit with error matrix, for AY subtracted thanks to Alan Schwartz for
providing this info

have added the new average for '™ = AY’, without and with the a9'* constraint, as
an additional independent observable

using the relations between ¢12, x12, y12 and the mixing observables ¢, |¢/p|, =,y and
a'd, we have fit for ¢12, x12, y12, Using this error matrix

—p.1



® Without imposing a?'* (K K, w) constraint, obtain

exp

Results for ¢ 5

¢12 = 0.03 & 0.11 [rad]

for no new weak phases in CF/DCS decays,

¢12 = 0.07+0.14 [rad]

allowing for new weak phases in CF/DCS decays.

Imposing a9 (K K, ) < 0.002, corresponding to models with no new weak phases
iIn SCS decays, and for no new weak phases in CF/DCS decays, obtain

$12 = 0.03 + 0.09 [rad]

This applies to a wide class of models which do not have new weak phases in SCS,
CF, and DCS decays

used parabolic errors. robust treatment with non-parabolic errors to be carried out by
HFAG, taking into account the model-independent relations and time-integrated CPV

data
—-p.:



Conclusion

in the SM ¢12 ~ 0.01

® indirect CP asymmetries are O(x12 sin ¢12) < 10~% in the SM
updated fit to HFAG outputs + a4 (K K, 77r) yields
12 ~ £0.10 at lo

so plenty of room for NP
writing M12 = MM + MEF the bounds imply (taking M5M real, I'15 = T'$2)

Im (M75")

= | sin ¢12] <0.10
Moo | |

—p. 1
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® allindirect CP asymmetries (time-dependent, time-integrated, SCS, CF/DCS) are
X x12 8in @12

® allowing z¥F ~ z{5P and taking into account the current situation

12 sin @12 S 103

can represent the allowed region of 2} vs. sin ¢ as above Gedalia et al., thanks to
G. Perez for updating the plot,

® the dark region corresponds to the SM bound z12 sin ¢12 < 104, and is the region in
which sensitivity to NP would be lost
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