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The fundamental question:
How to treat QCD in charm?*

(or in other words “Is the Charm heavy?”)

This talk’s way to answer:
experiment

*everywhere in this talk we assume the SM; I'll comment on the possibility of the BSM interpretation of
the result at the end
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approximate SU(3) r of QCD,
the symmetry between u, d and s quarks
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The fundamental challenge

number of observables < number of theory parameters @

approximate SU(3) r of QCD,
the symmetry between u, d and s quarks

number of observables = number of theory parameters

the values of the theory parameters can be extracted from experiment!
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The plan of action

MARGARITA GAVRILOVA: IS THE CHARM HEAVY?

Step 1: Find theory parameters sensitive to non-
perturbative QCD in charm

Step 2: Use flavor symmetries to reduce the number
of independent theory parameters

Step 3: Extract the values of the parameters of
interest from experimental data
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D — 7

» We consider the following system of 6 charm decays:

0,.0 0

+ - 0 + +
T D" —rmn'mw D" —w7n'n 3 decays and their CP-

DY s

D —an'n D — 77 D™ > nax conjugates

* These decays are related by isospin, SU(2) subgroup of SU(3) that relates u and d
* The particles in the initial and final state form isospin multiples:

oE) EEL [

b —

| |

isospin doublets isospin triplet
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Observables

» We consider the following system of 6 charm decays:

0,.0 0

+ - 0 + +
T D" —rmn'mw D" —w7n'n 3 decays and their CP-

DY s

—0
D — 7

-

4 —0 0.0 0 conjugates

T D —n'n D —7a

1. Averaged branching ratios
1 —
B, BY, B B = EPf (|Af\2 + |Af|2), f=+—,00, +0

2. CP-asymmetries s
+— 00 +0 , fo_ |Af|2_|A ’2

Alps Gopy OLp t Qop —F f=-+-—,00, +0
[AT]2 + A7
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Why CP-violation? b B weak phases

CP-violation is an interference effect!

0 VeaVud . _ matrix elements: CP-conjugate matrix elements:
D" ——rn'nw
[l E ViVuaOa)' = VeV 00 =
D ; ;‘- 5 VA Via| % ‘(Od)f‘ x et(®atda) V4 V| % ‘(Od)f‘ x et (=®u+0d)

DV = KYK - S atn
x ¢t i V. Vus (03>f = Ves Vs <03)f =
" ] * i(—
.y !48 K_>< 1- ViiVaus| % [(O6)] x e (6e+80) VoiVus| x [(0)7| x e!(=0s10d)
b7
RESCATTERING - pure QCD effect! NOTE: different CKM-factors — different weak phase —» CPV
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Theoretical parametrization

Theoretical parametrization of the amplitudes of D — mm:

*Vu
Al = (—V}Via) x TT — ( b ”) x P/, f=4— 00,40

2
Pf =200, o8 ‘Mé ") RESCATTERING - pure QCD effectt
TF = (0,) — (0)7 . iﬁi’fiﬂz o ;_wﬁgg j
pf L phase of P/T = strong phase

a,ép = CKM x x sin 67

Tf

MARGARITA GAVRILOVA: IS THE CHARM HEAVY? 06/05/2024 14




Theoretical parametrization

Theoretical parametrization of the amplitudes of D — mm:

v < i V*Vu
Al = (=V. 5 Vi) x? ( cb b) X;\ f=+4+—, 00, +0

2
/’\ =2(0 >f o ;“E i>< - RESCATTERING - pure QCD effect!
ot T S &
2 g » 7 v 7 w* % J|+
?— <Os>f — <Od>f o ;‘*‘J_JJEK_KT o 2 3

Py

%

al,, = CKM x | =

phase of P/T = strong phase
x sin 87
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Penguin vs Tree

* The P/T ratio is a measure of rescatteringin D - nirt

P/ P/ -
o <1 7 <1

no rescatt. rescatt.

* Measuring P/T

f Pf
Fo P : f .
agp = CKM x|z X sin 6/ agp = CKM x |5 x sin 67
withoutisospin, we can only measure withisospinand the BR measurements,

the product of P/T and the strong phase we can separate the two contributions!
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Penguin vs Tree

* The P/T ratio is a measure of rescatteringin D - nirt

P/l pf -
— <1 — 1
Tf T f ~
no rescatt. rescatt.
* Measuring P/T
P/ pf
al,, = CKM x —7| x sind’ al,, = CKM x —7 | x sind’
withoutisospin, we can only measure withisospinand the BR measurements,

the product of P/T and the strong phase we can separate the two contributions!
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Summary of the result

* Assuming isospin, we can extract the magnitude of P/T and its phase from the measurements of
branching fractions and CP-asymmetries (don’t need any assumptions about the strong phase!)

41— 500 40 _4+— 00
‘ F(BT™,B", B , Oips acp)

siné/ = f(BT, BY, B, alp, adp

* |sospin is expected to hold at order 1%, thus the relations have theoretical precision of orderfew
percent
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What does the data say?

Parameter Currentdata Future data
(LHCDb, Belle, CLEO) (LHCb Upgrade I, Belle-Il)

|P/T|°° 5.21133 5.2%1$

|P/T|*~ 5.5114.2 5.5+18
 |P/T|is large, driven by sizable a.p(D° - wtn ™)
e future data will significantly reduce the errors! pf .
* |P/T| = 0 hypothesis is at ~ 3.8¢ (no rescattering) TF| o
« |P/T|/ = 0.1 hypothesis is at ~ 3.7¢ (small rescattering) pi
* in the future data scenario, all the listed hypothesis are TF Z1

rejected at > 50 reseatt:
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|P/T|*~ 5.5114.2 5.5+18
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* |P/T| = 0 hypothesis is at ~ 3.8¢ (no rescattering) TF| o
« |P/T|/ = 0.1 hypothesis is at ~ 3.7¢ (small rescattering) pi
* in the future data scenario, all the listed hypothesis are TF Z1

rejected at > 50 reseatt:

S00... Is the Charm Heavy?
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What does the data say?

Parameter Currentdata Future data
(LHCb, Belle, CLEO) (LHCb Upgrade I, Belle-ll)
|P/T|°° 5.27133 5.2%1$
|P/T|*~ 5.53_‘%2 5.5i%;§

 |P/T|is large, driven by sizable a.p(D° - wtn ™)

e future data will significantly reduce the errors!

 |P/T| = 0 hypothesis is at ~ 3.80 (no rescattering)

« |P/T|/ = 0.1 hypothesis is at ~ 3.7¢ (small rescattering)

* in the future data scenario, all the listed hypothesis are
rejected at > 5o

S00... [s the Charm Heavy? — the data hints that its not! <
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Backup




Some caveats

* Numerical results: we performed a “theorist’s” numerical estimates for the current and future
data, a dedicated experimental analysis is called for!

» The SM predictionfor |P/T|”
* Light Cone Sum Rules (LCSR): |P/T|*~ ~ 0 (0.1)

|P/T|*~ = 0.089%5037
» Using dispersion relations and /KK rescattering data: under debate

» Lattice: first conceptual ideas
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Flavor symmetry

* QCD has an approximate SU(3) flavor symmetry of . (0 1 “) " o (S _(f ::) N — ([1) _01 8) Ay = (3 8 (11)
(

_ 1 0 0 : :
light quarks u, d, s 00 0 0 0 0 ) 0 0 100
: 0 0 =i 0 0 0 00 0 . (L 00
« SU(3) flavor contains an SU(2) subgroup A — (0 0 0) Ag = (“ 0 1) Ar = (0 0 1) ,\8:% (8 (1) 02)
Isospin (u,d): A1 Ao A3 i 0 0 01 0 0 i 0 ) —
* SU(3) flavor is broken by quark masses m,, # m, # U-spin \ / V-spin
mg (d5)
+1 K @pe-maaaaa- K*(us)

)

* The breaking of the isospin can be parametrized by
E ~ Am/AQCD ~ 1%

* This means that predictions based on isospin have
theoretical uncertainty of the order few %
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Eftective Hamiltonian

Heer = ﬁ (Z Ag (ClQ(f + CgQg)) = Z 207,

QT = (yu(1 —v5)q) (vu(1 —7¥5)c), .
Q3 = (77u(1 — 75)q) (uyu(l —vs)c), o
(09! = (f107|D%, °
then the decay amplitudes can be written as
MD® = )= MlO) + MO = ~Xa(0°) - (O] - 2 (2(0°))
Ap

hierarchy of the CKM is such that ~ 1073 and thus the observables can be written as series in A, /A4

Ad
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G
Hess = E (qd,s)\q (C1QT + CgQg)) = q;s A,07,
Q1 = (@yu(1 —¥s5)q) (Fyu(1 —7vs5)c),

Q5 = (qvu(1 = vs)q) (wy,(1 —7s)c),

Penguin over tree ratio o- o

What is the physical significance of r/?

2(0%)7
(0%)) = (09)/ ‘

For concreteness, let us consider DO - ¥g~

rfz‘

< i 5} ; 3
v () "*7<"+ ;\
<D$>af";n‘ ‘Do S a K__ m-
W Py A

rescattering

26
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Closed-form expressions

—sign (a )
a1 - ;- <N S
1 ats 1 B+ P +— 9 p+— R0’ — f
\/1 + sin’ &4 (ai"i V2 P+ B0 (0 6d) " s B T
—sign (aa_,)

sinarg(P/T)"™ =

]

2
(JU
1 5C P- W

00 _ 1 0w @r +-p00 4 a%ﬂ, V2B00P+= cos 5,)2
|P/T)| (agp)” + 0 ,
IIm (=A5/A4) | 2B00P+= gin= ¢,

1 J(a*)z . (aCP 280P+ + alp VBP0 cos 54) |
Im (=A4/24) BP0 gin? §,

P/TI"™ =
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Numerical results

Direct CP Asymmetries

aty +0.004 £ 0.008 [79-82]
aglp —0.0002 + 0.0064  |*[79, 83, 84
abp 0.00232 + 0.00061 2
Branching Ratios
B(D° — 7% | (1.247 £0.033) - 1073 [85)
B(D" = wta™) | (1.454 £0.024) - 107 [85]
B(D° — 7%z | (826 +£0.25) 107" 85]

Further Numerical Inputs

Im(Ap/(~Aa)) | (=6.1403)-107% | [85]

TABLE I. Experimental input data. We use the decay times
and masses from Ref. [ﬁl] “Qur extraction from Acp(D® —
707%) = —0.0003 + 0.0064 [79] and AY = (—1.0 +1.1+0.3) -
10~ [52].

abp | (232£0.07)-107°
a¥ | (-2£9)-107*

TABLE II. Future data scenario employing the current central
values and using prospects for the errors from Table 6.5 of
Ref. Iﬂ] (300 fb~1) and Table 122 of Ref. ﬁ] (50 ab™"') for
D’ = 7%~ and D° — #°%°, respectively. All other input
data is left as specified in Table[I]

MARGARITA GAVRILOVA: IS THE CHARM HEAVY?

Parameter | Current data | Future data scenario
Tt 3.43 £0.06 3.43 £ 0.06
cos 0.06 +0.02 0.06 £ 0.02
cos &g —0.68 = 0.01 —0.68 £ 0.01
| sin 6°°| 0% 0.060:56
| sind™ | 0.7H0-2 0.69703%
% 5.211%3 52716
rt 551342 55718

TABLE III. Numerical results for current and hypothetical
future data. In the future data scenario, the results for y,
cosd; and cos §; are identical to the ones with current data,
as these depend only on the branching ratio data which is not
modified in the future data scenario compared to current data.
Furthermore, in the future data scenario sinéd*~ < 0. The
overall additional relative systematic uncertainty of O(10%)
due to the universality assumption of AY for the extraction of
the direct CP asymmetries comes on top of the errors shown
here, see text for details.

Hypothesis | Current data
rTT =1.0 2.70
rT=0.1 3.70
= 1.0 2.60
0 =0.1 3.70
pi2=0 3.80

TABLE IV. Test of benchmark hypotheses and significance
of their rejection for current data. In the considered future
data scenario all hypotheses listed here are rejected at > 5a.
In order to account for the overall @(10%) relative system-
atic uncertainty due to the assumption of a universal AY for
the extraction of the direct CP asymmetries, we multiply the
hypotheses for /' by a factor 1.10, resulting in a more conser-
vative (lower) significance of rejection, see text for details.
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