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Motivations

o FCNC are absent at the tree-level in the SM and suppressed by the
hierarchical structure of the CKM matrix elements and the GIM
mechanism.

o Heavy New Physics coupled to the up-type quarks may enter charm
mixing, contributing to the CP-violating parameters describing

processes involving D mesons.

o The precision reached by modern experiments has made charm physics
a true benchmark of the SIM.

How big is this o NEWPHYSICS N _ 50
DO soesemronns {
window today? \ 7 !
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Charm mixing

Short distance Long distance

* .
U > > C U . 9 S
(/
A’LLC

j
A’LLC

DO d,s,by Ad s b DO 7O+ L O
_ W ~
c < V.. V* < u C d, S U
ci uj
Can be calculated using a local AC = 2 Inherently non perturbative
Effective Hamiltonian (very hard to compute )
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Charm mixing
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_ W ~
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Can be calculated using a local AC = 2 Inherently non perturbative
Effective Hamiltonian (very hard to compute )

From GIM + CKM.: Long distance dominate the meson-anti meson transition amplitude.
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Charm mixing

Short distance Long distance

* .
U > > C U | y S |
(/
A’LLC A.’ZLC

DO d,s,by Ad s b DO 7O+ L O
_ W ~
c < V.. V* < u C d, S U
ci uj
Can be calculated using a local AC = 2 Inherently non perturbative
Effective Hamiltonian (very hard to compute )

From GIM + CKM.: Long distance dominate the meson-anti meson transition amplitude.

From the Wolfenstein NO Physical { Large amounts of CP violation |

parametrization of : phases § could signal the presence
the CKM up to O(A%) ¥t ofNe
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Kagan-Silvestrini parametrization

Hamlltoman formahsm for neutral meson mlxmg

D1sper51ve Part H=M-—11/2 Absorptlve Part

Hamiltonian eigenstates | M Ls=> =D | M 0> + qg|M O
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Kagan-Silvestrini parametrization

Hamlltoman formahsm for neutral meson mlxmg

D1sper51ve Part H=M-—i11"/2 Absorptlve Part

Hamiltonian eigenstates | M Ls=> =D | M 0> + q|M O

CP violating parameters A.Kagan, L. Silvestrini 2001.07207

Pure mixing Interference between mixing and decay
M.,I" weak phases
¢ = arg M12 ¢ ) p
. I, 2 — X12 ‘Q[f
f
[ x12| s it
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Kagan-Silvestrini parametrization

Hamlltoman formahsm for neutral meson mlxmg

D1sper51ve Part H=M-—i11"/2 Absorptlve Part

Hamiltonian eigenstates | M Ls=> =D | M 0> + q|M O

CP violating parameters A.Kagan, L. Silvestrini 2001.07207

Pure mixing Interference between mixing and decay
¢ o M12 ¢MF weak pha,ses
. . I, 2 — X12 ‘Q[f
. .2 f EREAN
Mixing parameters x=M,T
_ 2| My, NLY
X2 = T 12 T
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Kagan-Silvestrini parametrization

Hamlltoman formahsm for neutral meson mlxmg

D1sper51ve Part H=M-—i11"/2 Absorptlve Part

Hamiltonian eigenstates | M Ls=> =D | M 0> + q|M O

CP violating parameters A.Kagan, L. Silvestrini 2001.07207

Pure mixing Interference between mixing and decay
¢ e ]\412 i # ) ¢MF weak pha,ses
. I, 2 — X12 ‘Q[f
/ [ x12| s

x=M.,I
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How to extract gbf and gbf WS/RS ratlos

Consider the CF/DCS decays of the D meson (e g. f K )

u U s
CF Vud DCS Vus
H/csVudl ~ 1 >7'('-'_ H/cdvus‘ ~ >\2 >I(V—i_
W+ W+
a s
C > _— > S . C > o > d
CS cd
DY K~ DY Lo
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How to extract qbf and qbf WS/RS ratlos

Consider the CF/DCS decays of the D meson (e g. f K )

S
A
A
S
S|
A
A
S

The so-called WS/RS time-dependent ratios are mea,sured (e g 1611. 06148)

A ooy %' Observables" ]
PProximatioi: :
; — +
WS/RS = SenloNeI - RE4 () REct + (T ¢t Rf o] AD)
o 9 + F
O(x1p) = O(y)p) ® 10~ | () (x12a y129 ¢f ’ ¢f)

Charm 23 4



https://arxiv.org/pdf/1611.06143.pdf

How to extract gb]f«” and gbfr : three-body final states %

A study of ratios of decay rates can be performed also for three-body final
states (e.g. [ = Kgﬂ'_l_ﬂ'_) by partitioning the phase space and the decay time

in bins (7, j) and counting the relative events

(-)
0
o A ( _)f>

Measuring the R.. —
T (=)
driij (DO — f)

m2 [GeV?/c?]

Ratios

Charm 23

Absolute bin index b

0.5 1 1.5 2 2. 3
m2 [GeV?*/c4]

Binning example from 2106.05744
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How to extract gb]f«” and gbfr : three-body final states %

A study of ratios of decay rates can be performed also for three-body final

states (e.g. [ = Kgﬂ'_l_ﬂ'_) by partitioning the phase space and the decay time

in bins (7, j) and counting the relative events

(—) L
al (DO — f) ‘“%
Measuring the (;{ O,
Ratios (—) 1S
dr+l]( DV — f)
Observables!!

Q
y 4
:

x]ép = X{y cos(¢f ) y]ép = V1o cos(¢fr)

Ax!/ = — )’12 Sln(be) Ayf = x12 Sln(gb )

Charm 23

Absolute bin index b

Binning example from 2106.05744
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How to extract gbf and gbf exponentlal approxmatlon

Other observables rely on a ﬁrst order a,ppPOlea,tlon of the deeay ra,te -

(=)
Exponential approximation: [ (D — f) «xexp [ — L1 (F 3 f)]

Charm 23



How to extract gbf and qbf exponentlal approxmatlon

Other observables rely on a ﬁrst order apprommatwn of the deeay ra,te o

RKK (t)

0.335

0.33

0.325

(=)

D —f

Exponential approximation: [ (D — f) «x exp [ - Ft(f ) )]

Plot from 2202.09106

0.345F

034}

g Measuring
| the Ratios

R/ (1) =

F(DO = fcp) + F(DO _)fcp)

o~ TG =yLp)

o

['(DY = f) + (DY — f)

yCP(XIZv Y12» Cb ) =

fCP /ooy

yCP _yCP )
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How to extract gbf and qbf exponentlal approxmatlon

Other observables rely on a ﬁrst order a,ppPOlea,tlon of the deeay ra,te o

(—) N
Exponential approximation: [ (D — f) xexp [ — Ft<F = _)f)]
Plot from 2202. 09106

£0.345 o
. | the Ratios (D - )+ (DY - f)
0335} - .
. i Observables!! ycp(xu, )’1za qb ) = y{%’ - y]ép ;
0.3250' L y . / ;3 oo Ao A e Aot A o A ATt e S A ot s
1T o _— T T T
" - R sk D'=KK LHCb
O 0 N . 0 - o . - 6 fb—l
Measuring the A ()= CD° = fep) =TD° > fep) _ a,, +TAY, & st * :
CP Asymmetries [(D° = fep) + T(DO = fep) 2 FFr=
Observables AY = 17 ( x12 sm(gb ) ta y12)
SO — fCP e fCP f fCP Plot from 2105.0988 Ty
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Subset of charm observables

Obs.

D° decays Ref. Obs. D° decays Ref. } A pair of weak phases ¢ f $

zcp yep Az Ay | DO — Kirtn— 3 [73 zy | D®— Kgnta~ | (74

— O —t foreach of the final states
:48: 1 D O—> K3n :101: APPROXIMATE :\,.
- |__UNIVERSALITY

rep Yep Ax Ay

j: 2 | .»‘ o p ple @i e AR o b e
s T SRS N

B(D°—KOK+x~)
B(D°SKOK—nT)

N D® - KOK¥Fn* | [93]

RDIKS K

B(D°—KOK+n— L | ¢
B§D0—>KQK—w+§ D° — KgK¥r* | [94]

Adcp DO X*tX~ | [46]
A (T)

Ry, (@7 )? v, | D°— KTt | [87) | Fpix+x-q0 | D° = X+tX 70 | [102]

Charm 23



Subset of charm observables

Obs.

D® decays Ref. Obs. DY decays | Ref. A pair of weak ph&SGS ¢ f ’ }

ecp yep Az Ay fD° - Kintn—4 [13 | oy | D" Kfr'n~ | [74

— : —t foreach of the final states
:48: 4 D O—) K3m :101: APPROXIM ATE
7ot ™| UNIVERSALITY

rep yep Azr Ay

Ryr (33K7r)2 yKﬂ RO |

195]

t Decay parameters

',,‘ They appear when parametrizing

the decay amplitudes:
I'pr)- Ratios of the magnitudes

,

r (o Lo PSRN~ gD >
B -

BUD K. KT ) | DOy KOKFrt -4 75

B(D'SKOK )

AAcp DY — XtX-
A(T)

+
RKﬂ' (mK'n')2 yK'/r DO — K:Fﬂ.i

A[ - Strong phases \

+ ~. [92] Kp[ 7 Coherence factors

SO o - g = >
- - -
-

I'pr - CP-even fractions

BEAUTY OBSERVABLES

102]
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Approximate Universality

The dispersive and absorptive parts of the antimeson-meson transition

amplitude can be decomposed as

= ) MM, D AlAlM,

,_]—d,S i,j=d,S,b

U > > C -
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Approximate Universality

The dispersive and absorptive parts of the antimeson-meson transition
amplitude can be decomposed as Vai  w+ Ve

U | C

SM l ] SM _ l ]
F Z ;tuc/luc ij M Z iucﬂuc 0 d s by Ad s b L O
1,j=d,s 1,j=d,s,b

< <

U-spin decomposnnon + CKM hierarchy Vi Vo
| (oo — A )2 ' Qe = M) e /153 o U-spm breakmg

ol
|
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Approximate Universality

The dispersive and absorptive parts of the antimeson-meson transition

amplitude can be decomposed as I U AT A
SM ] SM _ ]
F Z ;tbltc/luc I M Z ﬂlftc/luc 70 d s by Ad s b L DO
1,j=d,s 1,j=d,s,b S
' C < < U’
U-spin decomposnnon + CKM hierarchy Ve Ve
. d\2 dqb b
| (/IS - ﬂ’ ) f (/IS o /1 )/luc /Iug n U'Spln breaklng
{ Y Fl 1—1()9 F — @( ) t |
2 4 __parameter |

Universal weak phases
We can define two CP violating weak phases with respect the dominant U-spin (AU = 2) term

X=M.,I

Good approximation for % SV estimat
every final states P = arg = M?s Lna eos

Charm 23 38



B meson cascade decays

We provided additional information about the decay parameters of the D mesons by

considering also processes involving the beauty quark, as already shown by LHCDb
(LHCb-CONF-2022-002)

B CASCADE DECAYS
h———» }ﬁ B — [f]lph

Charm 23
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B meson cascade decays

We provided additional information about the decay parameters of the D mesons by

considering also processes involving the beauty quark, as already shown by LHCDb
(LHCb-CONF-2022-002)

D CASCADE DECAYS
h——> B — [f]ph
D — fdecays

Parametrizing the amplitudes in terms of
Ratio of the magnitudes: 7 1,

Strong phase: Af
Mixing parameters: x,, Vi,
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B meson cascade decays

We provided additional information about the decay parameters of the D mesons by

considering also processes involving the beauty quark, as already shown by LHCDb
(LHCb-CONF-2022-002)

D CASCADE DECAYS
b ———> B — [flph
B3 ’ g
B4
ST < < u ’ )

B — D decays: sensitivity to y D — fdecays
Parametrizing the amplitudes in terms of Parametrizing the amplitudes in terms of
Ratio of the magnitudes: 7, Ratio of the magnitudes: 7 1,

Strong phase: o, Strong phase: A,
Weak phase: arg[V,,V, V* Vi ]|~ —y Mixing parameters: x,,, Vi,

cb ¢4
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GLW/ADS Observables __

(quasi-) GLW SENSITIVITY TO y (quasi-) ADS
f’ D’h f> D°h

B B

\> D \> D
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GLW/ADS Observables

(quasi-) GLW SENSITIVITY TO y (quasi-) ADS
0 SENSITIVITY TO CHARM 0
f' D"h -N DECAY PARAMETERS f' D"h -N

f=Kat(x"), K ntntn~ B
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GLW/ADS Observables

(quasi-) GLW SENSITIVITY TO y (quasi-) ADS
0 SENSITIVITY TO CHARM 0
f' D h DECAY PARAMETERS f' D"h w

h f=Kat(x"), K ntntn~ B

nnatn, K"K n'tn
Decay rates to first order in mixing and CPV parameters

['(B — h) « 1+ rz,.., + Mixing part
( erlph) , BIDA] , Fg P eos(s ' "Observables!! :
+2Kp1pm) o0 D[fcp] )CO8(Opipp) — 7) i Ratios of decay rates

LB — [f1ph) & 1+ rgpurp  + Mixing part | (e.g. CP Asymmetries)

Charm 233 10



GGSZ Observables

It is possible to study also B cascade decays, with a three-body final state of the D

meson (e.g. [ = KSOiZ' o).
. , Dalitz plot
Measuring the decay rate at a phase space point from 2010.08483

(=) (=) 3.0 1
di'\ B — [flp, h )/dp

LHCDb

-
O R T

0.5 9 decays
-‘—| | | | | —
0.5 1.0 15 2.0 25 3.0

m?(KJrt) [GeV?/c?]
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GGSZ Observables

It is possible to study also B cascade decays, with a three-body final state of the D

meson (e.g. f = KSOiZ' T ). from 2010.08483
3.0 -
. : . LHCb
Measuring the decay rate at a phase space point L5
(—) (—) % o0 -
dF( B — [fl,h )/dp Dalitz plot = #0
Ik 15 1 NG
Model dependent approach: The decay rate is %f 1.0 - T RN
fitted using some model for the D decay S s ey el e
amplitudes. 05 1.0 15 20 25 3.0

m?(KJn™) [GeV?/c?]
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GGSZ Observables

It is possible to study also B cascade decays, with a three-body final state of the D
meson (e.g. f = KSO]Z' T ). from 2010.08483

Measuring the decay rate at a phase space point

( )
dF( B — [fl,h )/dp Dalitz plot

Model dependent approach: The decay rate is
fitted using some model for the D decay

amplitudes. 05 10 15 20 25 3.0
o (K ) [GeV2 / c ]
Model independent approach: Integrating Ob bl B
over the bins and solving a system of 4k , serva es
(=) (=) P Xy = rpcos(og ;/)
equations ', (B — [f], h ) for2k+4 Dh |
unknowns. Yz = rgsin(og £ y)

Charm 23 11
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Neutral 5 mesons

Additional information on the CKM angle y comes from neutral B decays to charmed mesons

Interference between mixing and decay: Bf]) — DZX7F, q=d,s, X,=n, K, Knn

q-4q°
¢ — arg B V;II;VIL] . ( B Vubvjd> ( B chV;tkq) ]
/1 Vékb ch Veb V;kd Ved V;kd U -
Vg
g=d: —2p3 -y T X
W _
g=s: 25 ~ 6(%) ’
Vie  w- Vk*q
cb
BO. u,c,ty Auct >Bg< D
_I_
q < é -« b q > > q -
Vig Vi
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Neutral 5 mesons

Additional information on the CKM angle y comes from neutral B decays to charmed mesons

Interference between mixing and decay: Bf]) — DZX7F, q=d,s, X,=n, K, Knn

V;II; th ’ Vub de ch V;tkq Vie  w- Vig
¢, =arg| | — - b > > q.
V?b ch Ve V;kd Vea Vu
J 2'6 B_2< u,c,ty Auct B,
q=a. — —7 T
g < ) W’ < b
q - 5. Zﬁs _y @(14) Viq Vi
(—)
dF(BC(]) — f)
34 x cosh(yl't) — G, sinh(yl'7) & Crcos(xl'r) F S5 sin(xI'7)
Observables!! Gy ox cos(Apo + @) By
f sm(A 5" + @) C; T 7
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Statlstlcal treatment

We combine all the observables in a Bayesmn frameworkto
determine the posterior pdf and the marginalized distributions.

P(/I |())

POSTERIOR PDF

| po
We overloaded the classes present in the BAT 11brary, BAT
! sampling configurations of the parameters from |
the posterior through a Metropolis algorithm. i

]
\
\
¢ N
/"-""-'7' ) Edmt -y v - =T 4 = “w - / = 7
D = = N . - . - \ - o 5 o~ . _ - 5 : oy 5 i i - .

n Analysis Toolkit

N — —
al| =
o| ©
| 3
o
®

https://bat.mpp.mpg.de/
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Statlstlcal treatment

We combine all the observables in a Bayes:tan frameworkto
determme the postemor pdf and the marginalized distributions.

GAUSSIAI\T LIKELII-IOOD

' — " —> : g : " —> !
,‘: PO] 2) x HﬁXP [ _ (01’(])( 1) — Oi(])> (V(]))i_kl (OIEJ)( 1) — 0}5]))] ‘v.

P(/I |())0<P(()| /1)

POSTERIOR PDF

-
We overloaded the classes present in the BAT 11brary, BAT
{ sampling confisurations of the parameters from |
the posterior through a Metropolis algorithm. :

)
\
\
¢ N
/"-""-'7. ’ [Amit = / - - - 4 - *“w - / =
_ : - 5 . . SN \ - _ |~ - . _ (S § : L~ - , X . s .

n Analysis Toolkit

N — —
al| =
o| ©
| 3
o
®

https://bat.mpp.mpg.de/

Roberto Di Palma



https://bat.mpp.mpg.de/

Statlstlcal treatment

We combine all the observables in a Bayes:tan frameworkto
determme the postemor pdf and the margmahzed distributions.

 GAUSSIAN LIKELIHOOD  |{  FLAT PRIOR

' — N — : g : N —> : ‘.M ' 1 1 ‘
PO T) o Hexp[_ <0i(J)( 7 Oim) (V(]))i—kl(OIEJ)( T 015,))] | | We choose uniform priors, |
— { | according to the physical {

" | ranges of the parameters |

PO T 10)  P(O ) Py A ) Py(T) = const

POSTERIOR PDF

-
We overloaded the classes present in the BAT 11brary, BAT
{ sampling confisurations of the parameters from |
the posterior through a Metropolis algorithm. :

)
\
\
¢ N
/"-""-'7. ’ [Amit = / - - - 4 - *“w - / =
_ : - 5 . . SN \ - _ |~ - . _ (S § : L~ - , X . s .

n Analysis Toolkit

N — —
al| =
o| ©
| 3
o
®

https://bat.mpp.mpg.de/
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FIT RESULT
y = (65.4 £ 3.3)°

Charm 23

Probability density

CKM angle y using all the inputs

—
—h
|

0.05—

UTfit |

80

Y[l




Probability density

Charged B inputs only Neutral 5 inputs only Ne

I
—h

0.05

Y[l

y = (63.5 £ 3.5)°

Charm 23

Probability density

0.02

0.015

0.01

0.005

UTfft

] ] ] |
50 100 150

V[l

y = (78 £ 18)°

Probability density

CKM angle y with subsets of beauty observables

utral 5, inputs only

O
o
&)

0.01

0.02

] ] ] ] ] ] ] | ]
0 50 100 150

v[']
y = (81 £ 11)°
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Charm mixing parameters

5.5

5

X.,=Xx[107]

FIT RESULTS _
X1y = (4.28 = 0.32)%o :
Vi, = (6.24 £ 0.23)%o0 3'5;_

3

4

52 54 56 58 6 62 64 66 68 72

Y, ,= y[10 ’
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CPV parameters

% N 6_ U] | FIT RESULTS (familiar formalism)
: ¢, = (=2.15£0.90)°, |g/p| = 0.990 £ 0.015
_ E‘\' 21 UTfit
0[]
FIT RESULTS (Kagan - Silvestrini) T R R TR
Py =(1.3£13)°, ¢, =(2.6%1.2) a/p

Charm 23 17



Conclusmns

The results of the combmatmn of eharm a,nd bea,uty observables have shown that

o The parameters are compatible with the latest LHCDb frequentist combination.

© The uncertainties on ¢M ! are still an order of magnitude grater than the estimates
from the SM U-spin deeomposﬂnon ng L~ 0.13°.

© The estimate of y from neutral B meson observables is 4/5 less precise than the one
obtained from charged mesons. (DIFFICULT TO CHECK CONSISTENCY)

Interesting prospects for the future

o Waiting for the next generation of experiments (LHCb upgrades, Belle-II).

O Finding an efficient way to compute gbé” ! from first principles in the SM.

© New processes for neutral 5 mesons to improve the precision on y (e.g. Bg — D).

Charm 23 18



Thank you
for your at.tent.mn'

If you have any remark, you can find
me around or you can reach me at
roberto.dipalma@uniromasd.it
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Long and short distance contributions

Neglecting external . b r P s e i o 2y
momenta R N | Generating alocal j

p” ~ O(m) R AC = 2 operator |

m2
U > > C . Q

70 d s, by Ad s b D0 (Alm,)* =~ (A°my)?

Vei V>,

uj

—
o

} Generating long § A}
| > | 0 x 107 x

. = - N . = - - o - - a- —
. —-on o - - NPT SN o eZr v o g s —7 Sa s S z - NPT I o\ ol . o @7 o oo 2 LS i

!

2\ m, 0.1GeV .
X ;
0.22 4GeV m

;
\)

! distance x (AS.m)* =~ (Am,)*
i contributions |

,

B 7 - A 4 B
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U-spin decompositon
I, = (55 — dd)* = O(e?) [, = (35 + dd)* = O6(1)
[, = (55 — dd)(3s + dd) = O(e)

A5 — 2% ~ 044 —i1.2%x107* A2~ (5.7 +i12) x 107>

Ape .t . D, . 2 5 = a e S O T = a S 0 MG

- FP G- Sy 8 S P R e W . SO NI N e A et e S\

. ® &

\ ‘ 1
(A )
0‘ b
N e
N :

’ .

d \2
FSM — (/IZC - /IMC) T t "
12 = — | contribution |

A

‘
R
\ 8
. St S - s - oo o \
T TR e = - aa- cT- 0
v N
S
1) -
g
P R Ay — . e e e o
P
; 7
]
’// 2
|
%
4

2
0.3 0.3
1 +(0.86 +i1.8) x 107 (—) + (—6.4 +i7.8) X 10_7(—) ]

€ €
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CPV phases

/¥ = arg [ 12 ] | APPROXIMATE | 5y = b —

X0 = 48241 | | UNIVERSALITY |

CP eigenstates CF/DCS decays

AP\ *
/126) ~55%107°

s, = 0( S | 0=

SM rough estimates

— at = ar = |—|sm(y)e ~ =~ (<.
2 g ﬂigtc - ﬂgc Fz g 1 V;tksvcs }/
SM VY
ud’ cd

0.3]
€
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Connecting the formalisms

HPpHEHE~SPH

172
x| = 1/1/2 [xfz — Vi, + \/ (X35 + Vip)* — 4x,y7, sin’ gbu] = X15 + O(¢7,)

1/2
Y = 1/\/5 [}7122 — x122 T \/(xlzz T y122)2 — 4x122y122 sin® ¢12] = Yo T @(¢122)

tan(2¢ Af) = —
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CPV in pure mixing

FIT RESULT
P, = (—1.3x1.8)°
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GLW/ADS Observables
(quasi-) GLW (quasi-) ADS

['(B = [feplph) — T(B = [fcplph) (B = [f()H]ph) —T(B = [AH]ph)

2[]}} _ _ _ Asup,fav(f) _ _ _ P
(B = [fcplph) + 1'(B = |fcplph) . I'(B = [f(H]ph) + 1B — [f(f)Iph)
o — I'(B = [feplph) + I"(IE — []jcp]_DE) RADS(f) = ['(B — [flph) + F(F_—> [f_]DE_)]
Jcp F(B — [f]Dh) + I"(B —> [f]Dh) /i F(B — [f]Dh) T F(B — [f]Dh)
h . B -
R/ h2( 1) = chp(f) RSuP-fav( f) = I'(B = [f(D]ph) + 1B = [f(Hlph)
fer Q2 (f) it B S )l + T B — LD
B(D° = f) LB - [flph) ., (B = [flph)
h _ h RN ) = — —— RI(f) =
ERfcp(f ) gg(m N fCP) chp(f ) +/) I'(B - [f]ph) () I'(B — [f]ph)
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