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Why CP Violation in Charm?

e CPV in charm provides a unique probe of New Physics (NP)
e sensitive to NP in the up sector

e SM charm physics is CP conserving to first approximation
(2 generation dominance, no hard GIM breaking)

* Common lore "any signal for CPV would be NP™:
e In the SM, CPV in mixing enters at O(VeoVub/VesVus) ~ 1073

* In the SM, direct CPV enters at O([VcoVun/VesVus] 0s/mt) ~ 1074
(in singly Cabibbo suppressed decays)



=Xperimental olbservables

e CPV in Mixing |D; ) = p|D°) + ¢|D°)
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e Experimentally accessible mixing quantities:

Cannot be eskinmaked accurately within SM

* x,y (GP conserving) NP contributions are predictable

e flavor specific time-dependent CPV decay asymmetries [sensitive to g/p]

L(DO(t) — f) ~T(D°(t) = f)
D(D(t) — f) + T(D°(t) = f)’

af(t)
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=Xperimental olbservables

e CPV in Mixing

Isidori, Nir & Perez 1002.0900

Bounds on A (TeV) Bounds on ¢;j (A = 1TeV)

Operator Re Im Re Im Observables

sLytdr)’ 9.8 x 10° 1.6 x 10% 9.0 x 10~ 34 x 1077 | Amig; e

Ly

(rdp)Grdg) 1.8 x 10* 3.2 x 10° 6.9 x 1077 2.6 x 1071 | Amg; ex

Cry*ur)’ P 2.9 x 5.6 x / Amp; lg/pl, ¢p
q/p

(cRup)(CLuR) 2 X 1.5 x 5.7 x X Amp; lg/pl, ¢p |
q/p

(brytdr) 5.1 x 102 9.3 x 102 3.3 x 1076 1.0 x 107° | Amp,; Sp,—uk

d d—=y

(brdr)brdp) 1.9 x 10° 3.6 x 10° 5.6 x 107 1.7 x 1077 | Amp,; Sp;—yk

b1 vHs ) d x 10° 1 x 10° 7.6 x 107 7.6 x 10~ MR

(bry*sr) 1.1 x 10° 1.1 x 10 6 x 1072 6 x 107 | Amsp,

hps1)(brsp 3.7 x 107 3.7 x 102 3 x 10~ 3 x 10~ 7R

(brsp)brsg) 102 10 1 105 1 105 | Amp

o] < 20°

Imply significant constraints on CPV NP
conbributions, second c::rv\i.:j to kaown sector

z,y ~ 1%



=Xperimental olbservables

e CPV in decays (direct CPV)

e Time-integrated CPV decay asymmetries to CP eigenstates

_ (D= f)-T(D" = f)
YT S HFTD = f)

e Focus on K*K- and n'n final states: Aacp = ax+x- — Gt
Al = —(0.67+£0.16)%  (~3.80 from 0)

e including new CDF and LHCD results (see previous talks by Maurice and Di Canto)

presently most precise (direct) CPV observable in charm




Reexamining theoretical predictions

e DYDY decay amplitudes to CP eigenstate f

A = A? o0} [1 + 7y 67;(5f‘|‘¢f)} 7
T
f

] | | nop = +1
Ay =nep Afjl,: o1 [1 7y 6’4(5f_¢f)} 7

e contribution to direct CPV asymmetries
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Reexamining theoretical predictions

e DYDY decay amplitudes to CP eigenstate f

Ay = A e’ [1 147y ei(5f+¢f)} :

o7 | ncep = xl1
Af:"l]CpAfe f[l—I—Tfez(af_qbf)},
e contribution to direct CPV asymmetries
dir 2r¢sindy sin gy f=K.n

T 1+ 2rpcosdfcosdy+ 17

e relevant Hamiltonian in the SM, A\, =V Vy,
_ Gr

“tree” operator contributions (O(1) Wilson coefficients) Hﬁm =7 21:2 CIQ3 + H.c.
l l Q] = (uq)v_a (Gc)v_a,
H|AC| 1 — )\dH|AC| 1 —+ )\ H|AC| 1 -+ )\bH]ﬁAeag:l Qg — (ﬂOéQ5)V—A (gﬁca)V—Aa

“penguin” operator contributions (tiny Wilson coefficients at me < p < Mo)
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Ay = A e’ [1 147y ei(5f+¢f)} :

o7 | ncep = xl1
Af:"l]CpAfe f[l—I—Tfez(af_qbf)},
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* relevant Hamiltonian in the SM, A, =V Vi,
"tree” operator contributions (O(1) Wilson coefficients)  Hir =y = Z C/Q; +H.c.

1=1,2
l l Qf = (UQ)V—A (qc)v—-a,
H|Ac| 1 — )‘dH|AC| 1T A H|Ac| 1 [Ac] Q5 = (Uaqs)v—a (@sca)v—a,



Reexamining theoretical predictions

e DYDY decay amplitudes to CP eigenstate f

A = A'—Jf o0} [1 + 7y e'i(5f‘|‘¢f)} 7

) o o nep = *1
Af :’r}CPAf €_Z¢f |:1—|—frf 67’( f_¢f)i| :
e contribution to direct CPV asymmetries
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e decay amplitudes in the SM, A\, =V Vi,

“tree” operator contributions
\/ \/

A = MNgAL + N\ A%
Ar = MgAL + N A8



Reexamining theoretical predictions

e DYDY decay amplitudes to CP eigenstate f

Ap = AT 5 [1 4 rp st
T
f

) | | nep = +1
fif::ﬁCPzife_“ﬁ Pm+7ye¥®f_¢”},

e contribution to direct CPV asymmetries
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e decay amplitudes inthe SM, A, =V Vg, Aa+As+ A =0

A = X(A% — A%+ (. — A%)
Ar =Xa(AL — AZ)+ X (0 — A2)



Reexamining theoretical predictions

e DO(DY) decay amplitudes to CP eigenstate f

Ap =A% 95 [1 1+ 7 el F90]

o7 | ncep = xl1
Af:"l]CpAfe f[l—I—Tfez(af_qbf)},
e contribution to direct CPV asymmetries
dir 2r¢sindy sin gy f=K.n

“e 1+ 2rpcosdfcosdy+ 17

e decay amplitudes inthe SM, A, =V Vg, Aa+As+ A =0

different weak phase (CKM) - ¢ reoc € = |Ap/As| 2 | A/ Aa| = 0.0007
) ; d
h 663 ( o or" = arg(Mp/Xs)
A JMNA— A )+ — A7) ~ —arg(Ap/Ag) = —Q57STM

different strong phase (isospin) - or




Reexamining theoretical predictions

e SM expectations

—Ad _ AS
e define ratios of weak amplitudes R3M = K poM = T
" S TR T N [T
ay "~ 26 Im(REY),  ag M & 26 Im(REY)
0.000 - . . o - :
Aa(jp ~ (O.lS%)Im(ARSM) 7 . 002; Isidori, J.FK, L|g1e;[|18;z%r§é
SM _ pSM SM i SM
AR = Ry + R X —0.004 |
g :
(in SUB) limit R2M = RSM) ~0.006 1
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0(2-8) values of |Rx«| needed



Reexamining theoretical predictions

e SM expectations

d

SM _ _AK
K — 45 d
AK_AK

¢ define ratios of weak amplitudes R
e In the mc >> Aaqcp limit, computable perturbatively

o [Ak/Ak|~ as(me)/m~0.1

* would expect [Reqr | << 1

_ AS
SM _ T
RV

Grossman, Kagan & Nir
hep-ph/0609178

see also
Cheng & Chiang
1201.0785

e However: € suppressed amplitudes unconstrained by rate
measurements - “"Al=1/2 rule” &jpe enhancement possibi.e

Golden & Grinstein Phys. Lett. B 222 (1989)



Reexamining theoretical predictions

e SM expectations

—Ad — A8
e define ratios of weak amplitudes R7" = — K M = T

e In the mc >> Aaqcp limit, computable perturbatively

e Estimate of (large) 1/m¢ non-perturbative corrections Brod, Kagan & Zupan

1111.5000
T N ,
/\<\ / < "Tree Eapoiagies" - ho A%, A conbributions

% >@<< “Penguin conbractions” - generate A%, AS

Obtain Aa2: < 0.4% with O(1) error




Implications for New Physics

e Assume SM does not saturate the experimental value

e Parametrize NP contributions in EFT normalized to the effective SM scale

G
eff —-NP _F NP
H|Ac|=1 - NG ZL:C?Z Qi

e most general dim 6 Hamiltonian at p<mw;

Q1 = (uq)v—a (qc)v-a

Q3 = (Uaqs)v—a (Gsca)v—a

Q3 = (uc)v-a (@@)v+a,

Q¢ = (Uacs)v—a (484a)v+Aa

Q7 — _é me ﬂo-/,u/(l + /75)F'UJV C,
QS — 82(' uo-,uy(l + "}/5)TOJG'MV

+ Ops. with VA

x 5 qq flavor structures



Implications for New Physics

e Assume SM does not saturate the experimental value

e Parametrize NP contributions in EFT normalized to the effective SM scale

Gr(Q;
; K 'K

: 10 TeV)?  (0.61 £ 0.17) — 0.12 Im(ARSM)
o for Im(CNP) = 2= . =
Hl( ) ) A2 A2 Im(ARNP)

Are such conbributions allowed bfj other flavor cownstrainks?



Implications for New Physics

Isidori, J.F.K, Ligeti & Perez

* In EFT can be estimated via “weak mixing” of operators 11771:5000

{Hfgcny( ), HSM(CI?)} - :%
q q W

e Important constraints expected from D-D mixing
and direct CPV in K’—z 7 (g’/€)

e Quadratic NP contributions c c

e either chirally suppressed...

e _..or highly UV sensitive






On Universality of CPV in |AF|=1 processes

e two sources of breaking: A, = (Y, Y., Ag = (YdeT)t/ﬁf



On Universality of C

PV in |AF|=1 processes

e two sources of breaking: A, = (Y, Y., Ag = (YdYJ)tﬁ

e in the 2-gen limit single source of CPV:  J = ¢|A4,,, Ag| el Mamneli & Perez

1002.0778, 1003.3869

e invariant under SO(2) rotations between up-down mass bases

A




On Universality of C

PV in |AF|=1 processes

e two sources of breaking: A, = (Y, Y., Ag = (YdYJ)tﬁ

e in the 2-gen limit single source of CPV:  J = ¢|A4,,, Ag| el Mamneli & Perez

1002.0778, 1003.3869

e invariant under SO(2) rotations between up-down mass bases

e SU(2)q breaking NP Of, = [(XL)” @i”}/’qu}L,u

Im(Xg)lg = Im(Xg)lg ox Ir (XL ¥ J) .

A




On Universality of C

PV in |AF|=1 processes

e two sources of breaking: A, = (Y, Y., Ag = (YdYJ)tﬁ

e SM 3-gen case characterized by SU(3)/SU(2) breaking pattern by Yp

Kagan et al., 0903.1794

e 3-gen XL can be decomposed under SU(2), constrained separately

(oarring cancelations)

e SM breaking of residual SU(2)q suppressed by me¢/mt, ms/mp, 613, 623

(charm and kaon sectors dominated by 2-gen physics)



On Universality of CPV in |AF|=1 processes

e two sources of breaking: A, = (Y, Y., Ag = (YdeT)t/%

e Implication: direct correspondence between Aacp and €’/¢
(no weak loop suppression)

e constraint on SU(3)q breaking NP: Aalp <4 x 107*  Gedala, JFK Higeti & Perez

e Similarly for rare semileptonic decays:

Br(K; — mlete™) < 2.8 x 1071 (mostly CPV process)

U

n_ Br(DT = xtete ) —Br(D™ — 7w ete)
©  Br(Dt - 7nftete™)+Br(D~ — n-ete™)

a < 0.02 for SU@3)q breaking NP






Implications for New Physics

Isidori, J.F.K, Ligeti & Perez

* In EFT can be estimated via “weak mixing” of operators 15000

C u
T {Hfiaifm), HSM(??)} = x\
q q W

e Important constraints expected from D-D mixing
and direct CPV in K’—z 7 (g’/€)

e LL 4q operators: excluded
* LR 4q operators: ajar - potentially visible effects in D-D and/or €’/

* RR 49 operators: unconstrained in EFT - UV sensitive contributions?

Dipole operators only weakly constrained (edm’s) see also

Altmannshofer et al.
1202.2866



Implications for

Before LHCD resulk,

DCPV in charm not on top of NP theorists expectations



Implications for

Before LHCD resulk,

DCPV in charm not on top of NP theorists expectations

In last 2.5 months, situation has improved considerably



Implications for SUSY Models

* Left-right up-type squark mixing contributions > G, tor & Paraci, 1207 6204
‘AaSUSY| ~ 0.6% }Im( 11L2)LR‘ TeV
103 ™m
g
e contributions to AF=2 helicity suppressed \oow
oo X (015) R

e requires large trilinear (A) terms, non-trivial flavor in UV

i (8%) = i) 12 e (M> (912> (Tev> 0.5 x 1073

m 3 0.3



Implications for Warped Extra-Dim. Models

e Anarchic flavor with bulk Higgs Delaunay, J.FK., Perez & Randal
1203.XXXX
Y5\° /3TeV)~
A chromo ~ 06(7 w [ 22
AOCE™ s O <6> <mKK>

® requires very large 5D Yukawas

* helps to avoid D-D mixing constraints
Gedalia et al., 0906.1879

o implies low UV cut-off 5 Y 5 Agashe, Azatov & Zhu, 0810.1016

1
2 NKK Csaki et al., 0907.0474

e Can be mapped to 4D partial compositness models



Implications for 4th Generation

e 3-gen CKM non-unitarity and b’ penguins Feldmann, Nandi & Son
1202.3795

AaCP x 4Im [ )\b’ ] ~ 2 sin 914 sin 924 Sin(514 — 524)

Ad — Ag sin 619

e No parametric enhancement allowed due to existing AF=2 CPV bounds

Nandi & Soni, 1011.6091
Buras et al., 1002.2126

e Effects comparable to SM still allowed

e Similar conclusions for generic mixing with vector-like quarks  Grossman, kagan & Ni
hep-ph/0609178



Implications for Experiment

e NP explanations of Aacp via chromo-magnetic dipole operators

e generically predict EM dipoles - rare radiative charm decays

D 0] — X"Y D 0 — X e‘l‘ e Delaunay, J.F.K., Perez & Randall
1203.XXXX

unfortunately bypically orders below SM LD contributions

e correlations with EDM'’s, rare top & down-type quark processes

Giudice, Isidori & Paradisi, 1201.6204

VQT”j model dﬁFQMdQV\& Hochberg & Nir, 1112.5268

Altmannshofer et al., 1202.2866



Implications for Experiment

e Possibility to disentangle SD (NP) vs. LD (SM) contributions to Aacp ?
e Individual asymmetries in U-spin limit: a5p ~ —a%p
e Chromo-magnetic dipole operators preserve U-spin

e However: D— KK, nrirt, Kt rates imply sizable U-spin breaking - signhature

Feldmann, Nandi & Soni

of LD strong interaction effects 1202.3795

Pirtskhalava & Uttayarat
1112.5451

o alp =~ —alp not necessarily expected, neither in SM nor if due to NP

e rates and DCPV in related modes, with same SD transitions shattacharya, Gronau & Rosner

1201.2351
DT = ¢rt, Dy —» ¢KT, DT — K727, D° — K** KT DY — ptnT

First interesting hints? Belle, PRL 108, 071801 (2012) DO — 7TO7TO, DS — 7T+KO, Ds — 7TOK+, c..



