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| ntroduction

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([VoyViup/Ves Vus| as/m) ~ 10~% in singly Cabibbo
suppressed decays (SCS)

® how large can SM direct CPV really be?



Threetypesof D decays
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Direct CP Violation

Consider CP conjugate decay amplitudes of mesons M — f and M — f:

Ap(M = f) = ATe T [1 4 74e/Crtor)]

— — - T .
A7(M — ) = ATe "I [1 +rpel®r=91)]

9 A? is a dominant tree-level amplitude with weak (CP violating) phase ¢Z’; ¢ is relative

magnitude of subleading amplitude containing new weak phase ¢ , relative strong
phase 6 ¢;

® In SM SCS D decays the subleading amplitudes are the penguins

® Direct CP asymmetry:

_|Af|2_2 . s
A7 = A ey



in charged D, decays, straightforward to measure - just the rate difference:

- (DY = f)+T(D™ = f)

aw _L(DT = ) -T(D~ — )

e.g.,, ad"(K;K*t)=(0.09=+0.63)%HFAG, (atBelle: 0.16 &+ 0.6% )

DY’s more complicated: must subtract indirect CPV contribution from time integrated
CP asymmetries:

(D% — f) —T(D° — f)
(DY — f)+T(D° — f)

be':

The indirect CP asymmetry a'*d = o™ + o’

® ™ CP violation in mixing CPVMIX
® a°: CP violation in the interference of decays with and without mixing CPVINT

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



® at the B-factories

be — a;iclr + a/ll’ld, alnd — am + CLZ

® at CDF (due to cuts on proper decay times):

a 4. — = aiﬂfﬂ_ 4 2.40 a9, Qpet po— = a,(;{ﬂK_ 4 2.65 ¢4

® at LHCb (due to cuts on proper decay times):

di di ind
Ap+ = — Qptp— = A3y o —a’y _ +(0.1£0.01)a™



D— K"K~and D — 77~ in the SM

Obtain the effective weak AC' = 1 Hamiltonian H.g at scales p ~ m. to NLO:

® W isintegrated out at 1 ~ myy

® p-quark is integrated out at scale ;1 ~ m; with NLO matching, yielding
6
HAC 1 Z up ClQp -+ CQQp) - ;;)Vub Z Cz (“)QZ (:u) —+ CSQQ8Q +HC
p=d,s 1=3
® "Tree" operators («, 3 are color indices)

! =(@c)v_alip)v_a Q5 = (Pacs)v—a(Ugpa)v—a

® Penguin operators (¢ = u, d, s)

Q3 = (uc)v—a > ,(q9)v-a Q4 = (Uacg)v-a2_,(Gs9a)v—-a
Qs = (tc)v—-a 2, (30 v+a Qo = (Tacp)v—-a D ,(@sga)v+a
Qgg = —89% met oy (1+v5)GHY ¢

® Renormalization group running of Wilson coefficients C; (i) from p ~ my to p ~ me



Thetree amplitudes

® the tree amplitudes (in SU(3) r diagrammatic notation) are
AT(KTK™) = ViVus(Tkx + Fxk), Al (nTn7) = Vi Vua(Trr + Exx)

T is the usual tree-level amplitude, E is the "W -exchange " annihilation topology
power correction amplitude

® Tpp atleading power and in naive factorization is the familiar T" < fr Fp_

® The PP dataimplies
Frxk ~Tkk, FErn~Trr

with large relative strong phases, large SU(3) breaking

® Set magnitudes of tree amplitudes equal to the measured ones

10AT(KTK™) ~ 0.8 GeV, 10°AT(xT7n7) =~ 0.5 GeV



The QCD penguin amplitudes at leading power

® the penguin amplitudes are
AP(KTK™) = -V VuwPrr, AP(nTn7)=—V3Vu,Prn
weak phases (relative to trees): —v (rm) and 7 — v (K K), and siny ~ 0.9

® Evaluate leading power penguin amplitudes at NLO in QCD factorization: naive
factorization + O(«ay) corrections (down and strange quark loop penguin contractions,
vertex corrections, hard spectator interactions)

® Study penguin/tree amplitude ratios for Kt K—, ntn—

JLP _ AP (leading power)
AT (exp)

rPP(KTK ™) =~ (0.01 —0.02) %, r*F(nt77) = (0.015 — 0.025)%

(ren. scales u € [1, mp] GeV; mg, ms ~ 0.1 — 0.4 GeV in the penguin contraction
loops,....)

® | eading power would yield the naive expectation a?* = 0(0.01%), assuming O(1)
strong phases 4



QCD penguin power corrections

® Consider "annihilation" topology: two examples

G v e _ _ _
Amp, (PP) = —TZVcb > CST x (PTP™|— 2 (ww) g+ p @ (tic)s— p| D)
G . o _
Amp,(PP) = —— =V, Vi, 2(CST + C§T) x (PTP™| (Gaug)v4a @ (5ca)y—a|DO)

V2

® the effective Wilson coefficients correspond to combinations of the annihilation and
"penguin contraction" annihilation transition operators. They eliminate the leading
log(w) dependence, and scheme dependence in the amplitudes

2 2 2 2
o q Ols 1 1 Me 1 ms ms q
C6H <M,m) = Ce(u) + C1(1) 255) <E+§log< ) — -G [ 5 4 ])







We can obtain the order of magnitudes of these matrix elements by appealing to the
tree-level "TV-exchange annihilation amplitudes

® can write the latter as

Gr ., . o )
Epp = 7201 sinc (PP~ |(Paps)v—a @4 (dgca)v—a|D), p=d,s

® expect that
(PP~ |(au)s+p @4 (ac)s—p|DP)

(PP~ |(Paps)y—a @2 (igca)y—a|D) O(Ne)

<P+P_| (ﬂauﬁ)V:I:A ®A (ﬂﬁca)V—A|DO> _ 0(1)
(PTP~|(Parp)v—a @4 (4gca)v—alD)

® knowthat Fxr ~ Tk and Er, ~ Ty, from experiment

® setting Fx i, Exr equal to the measured amplitudes yields estimates for the
non-perturbative annihilation amplitudes

# the resulting estimates for | P/T'| depend on the momentum transfer (¢ /m?2) in
the "annihilation penguin contractions"






Order of magnitude estimatesof |P/T|

Plots of | P/T| vs. ¢? /m? for annihilation example Amp,, for three renormalization scales:
uw=mp,1lGeV, 0.8 GeV (ms = 0.3, mg = 0.1 in the penguin contractions)

KT K~ (purple), and 7T 7~ (blue)
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Order of magnitude estimatesof |P/T|

Plots of |P/T| vs. ¢? /m? for Amp,, for three renormalization scales: . = mp, 1 GeV, 0.8

GeV (ms = 0.3, mg = 0.1 in the penguin contractions)
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Conclusion

find that its plausible that QCD penguin power corrections can yield |P/T| < 0.1% for
rtr—and KT K—

given that sin v = 0.9, and that large strong phases are expected in power corrections,
particularly at the D mass scale, it is therefore also plausible that a9i* < 0.1% for
KtK—andntn—.

the generic expectation from U-spin symmetry is that a4 (7t 77) = —ad" (KT K )
Grossman, AK, Nir

® [U-spin predicts that the "Tree" amplitudes have opposite sign,while the penguin
ampltiudes have same sign

#® thisis also true for New Physics in the penguins that could enhance the
asymmetries

#® large U-spin violation in power corrections could soften this conclusion, and lead
to different magnitudes for the two asymmetries

An example of New Physics in penguins that could enhance the direct CP
asymmetries by O(10) without violating the D° — DO mixing bound is supersymmetic
gluino - squark loops with large charm-top squark mass insertions Grossman, AK, Nir

Other examples with enhancement exist, e.g., little Higgs models Bigi et al
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