Mixing of charmed mesons:
theoretical overview
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* Introduction: it’s all about CKM and flavor SU(3)!
» Charmed mixing: short and long distance

= exclusive approach: no experiment

= exclusive approach: how to use experimental data
» Conclusions: things to take home




Introduction

% Experimental fact: charm mixing parameters are non-zero
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Introduction

* Main goal of the exercise: understand physics at the most fundamental scale
% It isimportant to understand relevant energy scales for the problem at hand

New Physics

- A

physics of beauty = physics of charm

7
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small dominant dominant small

| T S A S VS E S D
Alexey A Petrov (WSU & MCTP) 24 HIEPA-II Workshop, UCAS, 18-21 March 2018




Quark-hadron duality: lifetimes

* New Physics couples to quark degrees of freedom, we observe hadrons!
= need to know how to compute non-perturbative matrix elements
= need to understand how quark-hadron duality works

% Observables computed in terms of hadronic degrees of freedom...

Fhadron (Hb ) = Z I (Hb —> hi ) Bloom, Gilman;

Poggio, Quinn, Weinber:
all final state ggio, Q g

hadrons

* . must match observables computed in terms of quark degrees of freedom

1 1 | i i
C(#,)= 57— (H,|T|H,) =5 (H,|Im ifd'xT{H Y™ (x)Hy (0)H,)
b b

\ L

I‘(Hb)= Gimg {AO +ﬁ+ﬁ+...}

3 2 3
192x mg,  my,

HQ expansion converges reasonably well...
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Quark-hadron duality: lifetimes

% How to define quark-hadron duality and quantify its violations?
= Compute quark correlator in Eucledian space and analytically continue to
Minkowski space [exact calculation in ES = exact result in MS]
= Expand it in as and "1/Q ~ 1/mq": series truncation
= Any deviation beyond "natural uncertainty” is treated as violation of quark-
hadron duality [resonances, instantons,...]

This definition is due to M. Shifman

Rob Gonzalves
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Quark-hadron duality: lifetimes

% In case of b-flavored hadrons can compare directly to experiment

L@L S

el
&
>

l/m; b o b
Hh _)_i_>_

Lifetime ratio Experimental average

HQE prediction

7(B*)/7(B°) 1.076 £ 0.004 1.04700; £0.02 £0.01
7(B%)/7(B°) 0.990 + 0.004 1.001 & 0.002
7(AY)/7(B) 0.967 £ 0.007 0.935 £ 0.054
(Z))/7(Z;) 0.929 + 0.028 0.95 4 0.06
HFLAVY, 2017

% .. works surprisingly well..

Channel  Expansion parameter x Numerical value exp[—1/x]

b — cés 4~ 4 (1 + 2'—%) 0.054—0.58  9.4-107°—0.18
Jmj—4m? e b

b — cits A %",A(l+%ﬂ%) 0.045 — 0.49 1.9-1071° - 0.13
Jmi—m? b < mp

b — uis 4_ -4 0.042-048  42-107'"—0.12
1/’"[; —4m3 b

Jubb, Kirk, Lenz, Tetlalmatzi-Xolocotzi, 2017

% How does it work for charmed hadrons?

Alexey A Petrov (WSU & MCTP)

For the lifetimes, see Prof. H.Y. Cheng’s talk from yesterday
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Quark-hadron duality: mixing

* How can one tell that a process is dominated by long-distance or short-distance?

% To start thing of f, mass and lifetime differences of mass eigenstates...

_ My — M,y _ I's —I'y
FD y YD 2FD

D

% ...can be calculated as real and imaginary parts of a correlation function

1 -
_ Im (DO i | d T{ IAC|=1 |IAC|=1 }DO
i = g I (D1 [ aa T{HIAC= @) 12O 0)}10°)
bi-local time-ordered product
1 _ _
— Re |2(D0|HIACI=2| DOy 4 (DO i/d4xT{HLUACI=1(x) HIwAC'ﬂ(O)}\D%
2MpIp

local operator bi-local time-ordered product
(b-quark, NP): small?

% .. or can be written in ferms of hadronic degrees of freedom...

1 _ 1= — _ _
y =55 2 pu |(DUIHEE™ 0 (n| HRCD°) + (D’ |H{C = n) (n| H{E | DY)

) L T E A N TR IR £ S e e e T N I S N VS
Alexey A Petrov (WSU & MCTP) 20 HIEPA-II Workshop, UCAS, 18-21 March 2018



Mixing: short vs long distance

* How can one tell that a process is dominated by long-distance or short-distance?

1 _ I — _ _
y =55 D pa | (DUIHZE" In)n| HEE='[D°) + (D’ |HZC" n) (n| HEC = D°)

% Itis important to remember that the expansion parameter is 1/E eleased

1

9D = oM

Im (D] i/d‘*mT{HJwAC':l(x) HIAC=1(0) DY)
c \ : / T c 0
OPE-leading contribution: — ><

u " dfs) u u u

% Inthe heavy-quar'k limit mc — o we have m¢ » ¥ Mintermediate quarks, SO Ereleased ~ Mc

- the situation is similar to B-physics, where it is "short-distance” dominated
- ohe can consistently compute pQCD and 1/m corrections

% But wait, mc is NOT infinitely large! What happens for finite m2??
- how is large momentum routed in the diagrams?
- are there important hadronization (threshold) effects?

X L U T AT E NN R TG R T T ERSY E r  r
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Threshold (and related) effects in OPE

* How can one tell that a process is dominated by long-distance or short-distance?
P1

% Let's look at how the momentum is routed in a ; ¢ u
leading-order diagram \
- injected momentum is pc ~ mc
- thus, p1~pz2~mc/2 ~ O(Aqcp)? ~
u \*/ c
Still OK with OPE, signals large nonperturbative contributions
p2

% For a particular example of the lifetime difference, have hadronic intermediate states

-let's use an example of KKK intermediate state B m
- in this example, Ereleased ~ Mp - 3 Mk ~ O(Aqed) P 7 w ]

% Similar threshold effects exist in B-mixing calculations
- but mb » 3 Mintermediate quarks, SO Ereleased ~ mp (almost) GIWC(YS
- quark-hadron duality takes care of the rest!

Thus, two approaches: 1. insist on 1/m. expansion, hope for quark-hadron duality
2. saturate correlators by hadronic states
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Mixing: Standard Model predictions

% Predictions of x and y in the SM are complicated

%k
Standard Model mixing predictions

1.00E+00 H++H+H+HHHHHHHHHHHHHHHHHHHHHH

10001 {1 4 7 10 13 16,13 22 25 28 31 34 37 40

1.00E-02 1+ = A o H
_ 1.00E03 --ATAA ZFA N " T‘:‘ O
= 1.00E-04 - A A O
5 A A
= 1.00E-05 - AN A A O
~ 100E06 4] A oA A

1.00E-07 A If

1.00E-08 -

1.00E-09

Reference Index

% Long distance:

“ Not an actual representation of theoretical

uncertainties. Objects might be bigger then L& “
'/

what they appear to be... wEN

Alexey A Petrov (WSU & MCTP)

-second order in flavor SU(3) breaking

-mc is not quite large enough for OPE
-X, y << 10-3 ("short-distance")
-X,y ~ 10-2 ("long-distance")

% Short distance:

-assume mc is large
-combined ms, 1/mc, as expansions
-leading order: ms2, 1/mc6!
-threshold effects?

H. Georgi; T. Ohl, ...
I. Bigi, N. Uraltsev;

M. Bobrowski et al

-assume mc is NOT large
-sum of large numbers with alternating
signs, SU(3) forces zero!
-multiparticle infermediate states

domina'fe J. Donoghue et. al.

P. Colangelo et. al.

Falk, Grossman, Ligeti, Nir. A.A.P.
Phys.Rev. D69, 114021, 2004

Falk, Grossman, Ligeti, and A.A.P.
Phys.Rev. D65, 054034, 2002

17
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Aside: classification of charm decays

* Can be classified by SM CKM suppression 5
V.V W (§J< d
% Cabibbo-favored (CF) decay _ ¢ S
- originates from ¢ — s ud D
- examples: DO —K-m* a q
Ves(a)Vas(a) u
Wr5'< d,s
% Singly Cabibbo-suppressed (SCS) decay ¢ d, s
- originates from ¢ — q uq D
- examples: DO —mm and D® — KK 3 q
. u
Vcdvus W(S_)< §
% Doubly Cabibbo-suppressed (DCS) decay ¢ d
- originates from ¢ — d us D
- examples: DO —K*nr- q q

* “Common final states” for D and D generate mixing in exclusive approach

Alexey A Petrov (WSU & MCTP) 16 HIEPA-II Workshop, UCAS, 18-21 March 2018




Exclusive approach to mixing: use data?

* LD calculation: saturate the correlator by hadronic states, e.g.

1 _ _1,—0 —0 _ _
V=5 > pn [(DOIHﬁ‘VC‘llmm\Hﬁ‘vc‘llD )+ (D |Hp" = n) (n|Hip“ =" | D)

.. with n being all states to which D% and DO can decay. Consider nirt, iK, KK intermediate

states as an example... J. Donoghue et. al.

L. Wolfenstein

Yy2 = BT<D0 - K+K—) + BT(DO — 7T+7T_) P. Colangelo et. al.
e 2 CcOS 5\/B7"(D0 — K+7T—)BT(DO N 7T+K_) H.Y. Cheng and C. Chiang

If every Br is known up to O(1%) ‘ the result is expected to be O(1%)!

cancellation
exbected

The result here is a series of large numbers with alternating signs, SU(3) forces O

If experimental data on Br is used, are we only sensitive to exit. uncertainties?

* Need to "repackage” the analysis: look at complete multiplet contribution

1 Falk, Grossman, Ligeti, Nir. A.A.P.

0 0 Phys.Rev. D69, 114021, 2004

Yy = E yF,R B?“(D — FR) = E yF’R f E F(D — n) Falk, Grossman, Ligeti, and A.A.P.
Phys.Rev. D65, 054034, 2002

Fr Fr neFr
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Exclusive approach to mixing: no data

Falk, Grossman, Ligeti, Nir. A.A.P.
Phys.Rev. D69, 114021, 2004
H . . . Falk, Grossman, Ligeti, and A.A.P.
* LD calculation: consider the correlation Phys.Rev, D65, 054034, 2002

%y, (@)=if &'z (D(po )T [, (), )] D(pp ) "

( )q—pp
[, 1

D(pp) " J (- D(pp) "o

q—Pbp

3, (pD)=(Am—éAF)

D

* ZpD(q) is an analytic function of q. To write a disp. relation, go to to HQET:

H, =220y v Sco -4, [ H 4 b

vy e
‘D(p =mv)> =\/%‘H(v)>+...

Now we can interpret 2, (g) for all ¢
D

7
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Dispersion relations for mixing

Rapidly oscillates for large m,

-

2, (q)= if dz <ﬁ (v)‘Tei(q"’D""CV)Z [ﬁwhv(c) (z),H, 7 (0)] H(v))+
if d'z <ﬁ (V)‘Tei(q_p[’mcv)z [PAIW};V(C) (z),H 1 (0)] ‘H(v» +...

% ..this implies for the correlator

% HQ mass dependence drops out for the second term, so foav(q) =2, (9)/mp,
D

3, (¢)=-2Am(E)+iAT (E)

\\ mass and width difference of a

heavy meson with mass E

% Thus, a dispersion relation

Am = —LP dE
2n

Compute AT,
then find Am!

AF(E)_I_O(AQCD)

E-m,

RN FIYORT T IR 1T
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No data: SU(3)r and phase space

% “Repackage” the analysis: look at the complete multiplet contribution

y:ZyF,R Br(D° — Fg) = Z?JFR_ Z (D

FR ’I’LEFR

% Does it help? If only phase space is taken into account: mild model dependence

—0 —0
> nery (D [Hw|n) pn(n|Hw |D?) nerp (D [Hw 1) py (n| Hw | D)

)
YF,R — ZneFR F(DO N n) - ZnEFR <D0|HW\n>pn<n|HW\DO>

Can consistently compute

Alexey A Petrov (WSU & MCTP) 12 HIEPA-II Workshop, UCAS, 18-21 March 2018




Example: PP intermediate states

% Consider PP intermediate state. Note that (8x8)s = 27+8+1. Look at 8 as an example

Numerator: /
A=A s [Loan)e Lo It Jr ol ) ot
colc .k )-Lah.x0 ) Lol R )-ola)- ol )]

Denominator: \ phase space function

/

? [%(I)Q],KO )ro (Kt )+ %@(K",n ° )+ 0(512)]

N,8

AD,S = ‘Ao

% This contribution is calculable....

Ay s 2 4 1 Re
_ 8 _ - : peat for other states
Yoy = A, = —0.038s7 = —1.8x10 2. Multiply by Bry, to get 'y

... but completely negligiblel

000 b Ak ad i e e VIS0 D L U T AT E NN R TG R T T ERSY E r  r
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Old results

% Repeat for other intermediate states:

I Final state representation uER! I vrn (F] ] rl;‘ilrliiiﬂisrlixic npnwnl«mon i .'le. f .-“‘f ')FZH ("‘:l':*.)
PP 3 —0,0038 —0,018 :
27 —0.00071 | —0.0034 (3F)s-wave > —048 —2.
PV S 0.031 0.15 27 -1 l —0.54
Ra 0.032 0.15 (3P ) p-wave X -1,13 i ]
10 0020 010 27 ~0.07 ~(.36
10 et s (3P)form-factor 8 -0.44 —2.1
ot 9040 L 27 ~0.13 ~0.64
(VV)s-wave ; ~0.081 —0.39 . - — ,
| 97 ~0.061 ~0.30 P 0 3.3 16
(VV }peave o _0.10 048 27 2.2 9.2
27 —0.14 —0.70 / 27 1.9 1
(v td-wave 3 0.51 2.5 /
27 0.57 2.8

Final state fraction
* Product is naturally O(1%) PP 5%
. PV 105
* No (symmetry-enforced) cancellatgns —
. . (V) s-wave LD AF,Y.G., Z.L., Y.N. and A.A.P.
° DlSp relation: compute x (model—depe ence) (VV)i wnve % Phys.Rev. D69, 114021, 2004
r o& E.Golowich and A.A.P.
. . . 1P % Phys.Lett. B427, 172, 1998
naturally implies that x,y ~ 1% is 1 - e

expected in the Standard Model

Note dominance of near-threshold states!

| T S i S VS S DS .
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Exclusive approach to mixing: use datal

* What if we insist on using experimental data anyway?

% Ex., one can employ Factorizaton-Assisted Topological Amplitudes

in units of 10-3

Modes B(exp) B(FAT) | Modes  B(exp) B(FAT) Modes B(exp) B(FAT)
OK’ 240+08 242408 | K" 375429 359422 K" 128td 13514
atK~ 393404 392404 |7tK* 543+44  625+27 K=p* 111.0+£9.0 105.0+5.2
nK. 970+£06 96+06 | gk 9.6+3.0 6.1+ 1.0 K'w 222412 223+1.1
WK’ 190410 195+1.0 | YK <1.10 0.19 + 0.01 K'¢ 847108 82406
T 142140025 1444002 | #tp~ 5.09+034  4.5+0.2 7 pt  100£0.6  9.2+0.3
KTK~ 4.0140.07 4.05+0.07 |[KTK*™ 1.62+0.15 1.840.1 K-K** 4504030 4.3+0.2
KK’ 0.36+0.08 0294007 KK 018+0.04 0194003 |K K 021+0.04 0.19+0.03
™ 0.69+0.07 0.74+0.03| np° 1.4+0.2 7w 0.11740.035 0.10 +0.03
Oy 0914014 1.0840.05 | 7/p° 0.25 + 0.01 ¢ 1354010 1.4+0.1
n 1.70+£0.20 1.86+£0.06 | nw 2214023  2.0+0.1 né  0.14+0.05 0.18+0.04
n 1.07+£0.26  1.05£0.08 | 7w 0.044 + 0.004
7% 0.826 +£0.035 0.78 £0.03 | 7%°" 3.824+0.29 4.1+0.2
7O KO 0.069+0.002| 7°K*° 0.103+0.006 | K" 0.039 = 0.004
7~ KT 0.133£0.009 0.133+£0.001| 7~ K** 0.34570150  0.40 & 0.02 K*p~ 0.144 + 0.009
nk"° 0.02740.002| nK*° 0.017 + 0.003 K% 0.064 £ 0.003
KO 0.056-0.003| 7' K*0 0.00055 + 0.00004| K% 0.024 + 0.002

Jiang, Yu, Qin, Li, and Lu, 2017

% ... but it appears to yield a smaller result, ypp+pv = (0.21£0.07)%,

[T w5 VNS S S D
Alexey A Petrov (WSU & MCTP)
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Exclusive approach to mixing: use datal

* What if we insist on using experimental data anyway? ey

% Possible additional contributions?
- each intermediate state has a finite width, i.e. is not a proper asymptotic state
- within each multiplet widths experience (incomplete) SU(3) cancelations
- this effect already happens for the simplest intermediate states!

% Consider, for illustration, a set of single-particle intermediate states:

DLIHw|R><RI’H* |Dr)
] Re D D
ZPD (pD) tot 2mD Z mR + ZFRmD ( L= S)
res m2 m2
Am X D R
lr (m} — mp)? + Timi,
D' ——— Hy t---------1 H, D’
R res FRmD
AT’ —

% Each resonance contributes to AI only because of its finite width!

i L U T T R RO R TSI T T ORAY IR A s e e e e e S N N
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Finite width effects and exclusive approach

* Multiplet effects for (single-particle) intermediate states
- in this simple example: heavy pion, kaon and eta/etd
- each single-particle intfermediate state has a rather large width

1. (x 3 cos? 6 1sin® 4 /
ADp|ihe, = ADGH — ZArGH — == ATE) — —— AT
HRYR

- where for each state AI''® = —(C f2
i (1 - pr) 4+

- .. and a model calculation gives C = 2mD(GFa2fD§d/\/§)2,
- SU(3) forces cancellations between members: a new SU(3) breaking effect!

Table: Magnitudes of Pseudoscalar Resonance Contributions.

Resonance |Amp| x 10716 (GeV) |ATp| x 10716 (GeV)

K (1460) ~ 1.24 (fx (1460)/0.025)* ~ 0.88 (fk(1460)/0.025)
n(1760) (0.77 £ 0.27) (f,(1760)/0.01)* (0.43 £ 0.53) (fy(1760)/0-01)2
7(1800) (0.13 £ 0.06) (fr(1800)/0.01)? (0.41 £ 0.11) (fr(1800)/0-01)?
K (1830) ~ 0.29 (fxk(1830)/0.01) ~ 1.86 (fx(1830)/0.01)

% Similar effect for PP', PV, PA, ... intermediate states! AP ang R Briere

VRIS NP S S SN E IV S A LA S T VA R o S AL S Fed e e e ]
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Finite width effects: (near) future

To counteract the effects of finite widths and avoid double counting,
work directly with Dalitz plot decays of D-mesons

A.A.P. and R. Briere
arXiv:1804.xxxx
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New Physics in charm mixing

* Multitude of various models of New Physics can affect x

) H Frieit /:
J A
H
lea) )
HY
H
H
e | ef)
iy l.".‘!
' ’ - T T
U |
{ [}
o o Y2 : :"x'l
Wi LQ
[e] (f) (g) u: lGelV

| T S A S VS E S D
Alexey A Petrov (WSU & MCTP)
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How would New Physics affect charm mixing?

= -

\\ u~1TelV

» Local AC=2 piece of the mass matrix affects x:

| :

i 1 _ 1 < (D) |H 1) (1| Hp | DY)
M—-——T —m s L D.O HAC—2 D(.) J
( 2 )U "o 5U+2mD< P ‘ J>+2mDZ,: my, —m; +ig

> Double insertion of AC=1 affects x and y: >.< ><
O R S

Suppose ‘A}f’P A ‘ ~ O(exp. uncertainty ) <10%

Example: v=—3"p (A + A7) (42 + 4V 2 5 p B 4+ L5 5 (A A A 45
e = n T )R et S T op L ) .

\\ J \ - -
~"

Zero in the SU(3) limit Can be significantl!!

Falk, Grossman, Ligeti, and A.A.P.

Phys.Rev. D65, 054034, 2002 Golowich, Pakvasa, A.A.P.
31 grder effect!! Phys. Rev. Lett.98:181801, 2007

phase space

RIS TOEEE TT
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Generic restrictions on NP from DD-mixing

% Comparing to experimental value of x, obtain constraints on NP models
- assume x is dominated by the New Physics model
- assume no accidental strong cancellations b/w SM and NP

cu __ 5 a—ﬂ
QT = UL’YuCLUL’YMCia

cu _ ~a,a=0
AC=2 1 > / cu —« a—ﬁcﬁ L 4 U’RCL/U’LC%’
HNp ™ = 33 > z(w)Q; o' = UpCLURCr, +4¢ 1 ¢+ cu _ o fB
3 — URCLURCL,
% ... which are
o Ase )
< 5. 7 :
21| < 5.7 x 10 (1 TeV) .
2 P— .
2] < 1.6 %1077 (1ATNPV) ’ New Physics is either at a very high scales
€
2
|z3] < 5.8 x 1077 (1/};"1/) : tree level: Anp > (4 —10) x 10® TeV
(&
Acs \2 loop level: Anp > (1—3) x 10% TeV
2a] < 56x1078 (2 | : .
1TeV or have highly suppressed couplings to charm!
Anp )’
-7 NI
’z5’ = 1.6 x 10 (1 T(’V) ’ Gedalia, Grossman, Nir, Perez

Phys.Rev.D80, 055024, 2009

. . . E.Golowich, J. H , S. Pak d A.A.P.
% Constraints on particular NP models available Phss, Rev. D76:095009,2007

X L U T AT E NN R TG R T T ERSY E r  r
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New Physics in mixing: particular models

w
5 Model Approximate Clonstraint
g Fourth Generation (Fig. 2) Vi Ve - my < 0.5 (GeV)
L.Q_) Q= —1/3 Simglet Quark (Fig. 4) sg-mg < 0.27 (GeV)
8 @ = +2/3 Singlet Quark (Fig. 6) [hac| < 2.4 107
+—
X Little Higgs Tree: See entry for @@ = —1/3 Singlet Quark
w
& Box: Region of parameter space can reach observed xp
= \2} Generic Z' (Fig. 7) Mz /C > 2.2.10° TeV
S ,
(o))
o 8 Family Symmetries (Fig. 8) my/f = 1.2-10° TeV (with my /mq = 0.5)
c ©O
-l)z el Left-Right Symmetric (Fig. 9) No constraimt
w Alternate Left-Right Svmmetric (Fig. 10) Mg > 1.2 TeV (mp, = 0.5 TeV)
w
é (Am/mp, )/Mp > 0.4 TeV-!
8 Vector Leptoquark Bosons (Fig. 11) Mypg = 55(App/0.1) TeV
w
g Flavor Conserving Two-Higgs-Doublet (Fig. 13) No constraimt
| .
g Flavor Changing Neutral Higgs (Fig. 15) my/C > 24. 10° TeV
X
. (1N FC' Neutral Higgs (Cheng-Sher ansatz) (Fig. 16) my /| Ay > 600 GeV
g Scalar Leptoquark Bosons See entry for RPV SUSY
‘g Higasless (Fig. 17) M > 100 ToV
g Universal Extra Dimensions No constraint
O Split Fermion (Fig. 19) M/|Ay| = (6107 GeV)
=] . - .
[ Warped Geometries (Fig. 21) My = 3.5 TeV E.Golowich, J. Hewett, S. Pakvasa and A.A.P.
; o o ) i . Phys. Rev. D76:095009, 2007
W Minimal Supersymmetric Standard (Fig. 23) [{(8, LR RL| < 3.5~ 1072 for sz~ 1 TeV

Gedalia, Grossman, Nir, Perez

(85 ) < 25 for o~ 1 TeV .
I{8iz)ere] < 25 for i ~ 1 Ted arXiv:0906.1879 [hep-ph]

SUsY

Supersymmetric Alignment m o= 2 TeV
Bigi, Blanke, Buras, Recksiegel,
Supersymmetry with RPV (Fig. 27) Mar M/, < 1.8+ 1073 /100 GeV JHEP 0907:097, 2009
Split Supersymmetry No constraint
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Measuring charm mixing with HIEPA

* If CP violation is neglected: mass eigenstates = CP eigenstates
* CP eigenstates do NOT evolve with time, so can be used for "tagging”

f1
f\ DC’P(—|—) s f1f2

( KS f2
CP — | —0 —o0
Eigenstate () D) =D )+ (1) | D) D' k) )]
70
\.
(=)
* 1-charm factories have good CP-tagging capabilities - - ~
CP anti-correlated {(3770): CP(tag) (-1)L = [CP(K{) CP(t0)] (-1) = +1
CP correlated 1(4140)
, _T(Dops — Xlv) oogg— L (Be B
Can measure (y cos ¢): Bi = T, Y 4\ B Bl

D. Atwood, A.A.P., hep-ph/0207165

D-Asner, W- Sun, hep-ph/0507235 No need for time dependencel!
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4. Things to take home

Computation of charm mixing amplitudes is a difficult task
- no dominant heavy dof, as in beauty decays
- light dofs give no contribution in the flavor SU(3) limit

Charm quark is neither heavy nor light enough for a clean application of
well-established techniques

- "“heavy-quark-expansion” techniques miss threshold effects

- "“heavy-quark” techniques give numerically leading contribution that is
parametrically suppressed by 1/mé

- "hadronic” techniques need to sum over large number of intermediate states,
AND cannot use current experimental data on D-decays

- “hadronic” techniques currently neglect some sources of SU(3) breaking

Finite width effects complicate use of experimental data in exclusive
analyses to obtain mass and lifetime differences

- instead, direct use of Dalitz decays of D-mesons is desirable

Quantum-coherent initial states allow for unique measurements
- lifetime differences, hadronic and CP-violating observables

Alexey A Petrov (WSU & MCTP) 0 HIEPA-II Workshop, UCAS, 18-21 March 2018
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Mixing: short-distance estimates

* SD calculation: expand the operator product in 1/mc, e.g.

SC X = X

- dfs) u

c

E. Golowich and A.A.P.
% Note that 1/mc is not small, while factors of ms make the result small Phys. Lett. B625 (2005) 53
- keep Vu, 2 0, so the leading SU(3)-breaking contribution is suppressed by Ap2 ~ A10
- ... but it is tiny, so look for SU(3)-breaking effects that come from mass insertions

and quark condensates
H. Georgi, ...
I. Bigi, N. Uraltsev

F12 = —)\g ( ‘i; — 21—\;% + Fcllg) + 2)\3)\[) (Fig - Fclig) - Ag chlig M. Bobrowski et al

JHEP 1003 (2010) 009
LO: O(ms*) O(ms?) O(1)
NLO: O(ms3) O(ms?) Oo(1)

- ... main contribution comes from dim-12 operatorsl!!

( u
C u
- . e
'\.\ o . -

- u - - =
«

( ( u

(c)

Guestimate: x~y~103?
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Correlate rare decays with D-mixing?

* Let's write the most gener-al AC=2 Ham”fonian E.Golowich, J. Hewett, S. Pakvasa and A.A.P. (07)
Gedalia, Grossman, Nir, Perez (09)
8 N
Ac=2 _ 1 /
HNp ™ = o > Cilw) Qi Ny
NP =1

.. with the following set of 8 independent operators...

Q= (urvuer) (apyter) . Qs = (Urouucr) (Tro'er) .

Q2 = (upvucr) (upy'cr) , Qs = (urYucr) (upY'cr) ,

Qs = (iper) (Wper) . Q7 = (upcr) (Tper) .

Qy = (ugcr) (Wgey) . Qs = (upo,,cr) (uro"cp)

RG-running relate C,(m) at NP scale to the scale of m ~ l w: 1GeV

1 GeV, where ME are computed (on the lattice) Each model of New Physics
e (1) =" () C (1) fﬁﬁﬁiﬂifn"f?rqéf(ln;tfhmg

dlog p

% Comparing to experimental value of x, obtain constraints on NP models
- assume x is dominated by the New Physics model

- assume no accidental strong cancellations b/w SM and NP
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Alexey A Petrov (WSU & MCTP) -2 HIEPA-II Workshop, UCAS, 18-21 March 2018



