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Charm Physics

o) (o) (&)
@ \Q \@
0]0, ©
@) (@)
Proton DO
D® = (@c) | DT = (de¢) | DF = (5¢) | Ae = (udc)
Mass (GeV) 1.86486 1.86962 1.96850 2.28646
Lifetime (ps) 0.4101 1.040 0.500 0.200




Charm Decays - Hadronic Difficulty

Tree

Loop

Leptonic Semileptonic Non-leptonic
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Charm Decays - BSM

Tree

Loop

Leptonic
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Alexey Petrov and 2 others liked

Marco Gersabeck B @MarcoGersabeck - 7h

N #CHARM2020 continuing today with a session on past, present and
future experiments. Here's Prof. Xiaoyan Shen giving an overview of the

Theoretical Peculiarities of Charm: S axpariment

Charm is charming

* Over-constrain the SM, probe for new physics
v'Precision CKMiphysics in B sector needs input from charm

* CPV and mixing
v'The only up-type quark to form weakly decaying hadrons,

complementary to K and B systems E
* Unique to test QCD in low energy “b

Charm is challenging

1. The strong coupling is strong

* Intermediate mass, compared to Ay, - not heavy, not light ] Sk
eor
* Do methods like Heavy Quark Expansion and Factorization work? ¥

aS (mC) — 0 . 33 :l: O . O 1 * CKM and GIM suppression can be strong — low rates -> Large data sample

) [ Q 7

2. The charm quark is not really heavy
mbee = (1.67 + 0.07) GeV , me(me) = (1.27 £ 0.02) GeV ,
3. There is almost no CPV in charm
Vg = —0.2245 —2.6-107%I, V., =0.97359 —5.9-107°7, Vi, = 0.0416 .

4. There are extremely pronounced GIM cancellations in the charm sector

My, ’ My, ’
mg \ 2 me \ 2
*) ~1.3.107°, ( ) ~ 251074,
(MW> My, See e.g.

M\ 9810 MmN s AL, G. Wilki
( b> 28107 ( ) " 2011.o|44|2§on




STCF - Textbook Knowledge

Physics program

Input for B meson studies at

v' Measurement of the strong _

v" Measurement of absolute

LHCb and Belle 11

ctd.inp.nsk.su

branching fractions

phases of D decay amplitudes
v' Searches for rare and i

Physics of highly-excited

forbidden decays of the charm
quark

v’ CP violation in charm =
= 3
v" Precision measurement of
the T lepton properties <\,:|
Test of the v' Michel parameters, tests of

electroweak / lepton universality
sector of the SM v" Precision measurement of

o hadronic 7 decays
v" Search for CP and T

violation in T decays
v

quarkonium

Molecular states
Baryon interaction at
threshold

v' Search for glueballs in
decays of / /Y and Y (25)

—  QCD, a,, V.. Test of the
electroweak model, searches for

non-standard contributions

Vitaly Vorobyev, BINP



STCF - Textbook Knowledge

0 [
BY =D ™ g+ htning bos/dy b ulv

Only charged particles B0 nixing CKM a, Vub Vep

in the final state and lifetime

B; Ay i (CPVin rlifetime B - DOrv__ Y(65)
D® - e D® - h™h™
X S *
b BO B mixing B - K"l 8= BGHGES Y(5S)
s, 7 B and lifetime B — D*Tv B - K%
0
= Hi B K+ -0
T = puu KT T B - hw, v
D° > uu Charm spectroscopy

SUSY,
Charged Higgs

X(3872) > J/ymm % Do

Clear BSM Charm mixing 7 — hadrons

Clear BSM

Neutral particlesin T ™ lvv

D — invisible :
Dark matter
Model-independent D° —» Kdn*m~ Z:(3900) - ] /ym

Absolute branching fractions

Quantum correlated D°D°

CPV in charm Okn Vea  Polarized beam
W J/¥(ce) » Wts J/Y — hadrons

Vitaly Vorobyev, BINP



Charm Physics at a Super-tau-charm Factory

Try to be complementary to what is already known and what will
be said at this workshop

But

Gudrun Hiller: Rare charm decays to invisible final states
Marcel Golz: CP violating rare charm decays

Alexey Nefediev: On the nature of exotic Zcs states

Sergei Trykov: Prospects for dark matter search

Vitaly Popov: Strong phases in D-> KO(s) h decays
Timofey Uglov: Charmed baryons

Huijin Li: Leptonic decays of charm mesons
Yulan Fan: DO -> K1 e nu
Jiajun Liu: CKM element Vcs and fDs in D_s”™+ -> | nu

So what is left?



Outline

1. CKM Unitarity
2. Inclusive Charm Decays

3. CP Violation

A. Determination of ;/CKM

B. D Meson Baryogengesis
C. CPV in Charm Decays
D. CPV in Charm Mixing




Cabibbo Anomaly

1. CKM Unitarity

ACKM =1- |Vvud|2 o |Vus|2 o |Vub|2

The CKM unitarity problem: A trace of new physics at the TeV scale?

Ackm = (1.124+0.28) x 107°

Benedetta Belfatto (GSSI, Aquila and INFN, Aquila and L'Aquila U.), Revaz Beradze (Javakhishvili State U. and L'Aquila U.),

Zurab Berezhiani (L'Aquila U. and INFN, Aquila) (Jun 6, 2019)
Published in: Eur.Phys.J.C 80 (2020) 2, 149 - e-Print: 1906.02714 [hep-ph]

pdf & DOl  [= cite

PDG: what about the second row?

[Viua| = 0.97370 + 0.00014 Vaus| = 0.2245 + 0.0008

Vea| = 0.221 + 0.004 Ves| = 0.987 4 0.011

V| = (41.0 £ 1.4) x 1073

Leptonic D" and D™ decays are
theoretically very clean

Vip| = (3.82 4 0.24) x 1073

Ne=2+4+1+1

Ne¢=2+1

N¢ =2

%) 69 citations

FLAG2019

See e.g. Crivellin et al. (6),
Grossman, Passemar, Schacht
1911.07821, Kirk 20008.03261,...

3.90

b,

our average for Ng=2+1+1
FNAL/MILC 17

FNAL/MILC 14A

ETM 14E

ETM 13F

FNAL/MILC 13

FNAL/MILC 12B

4+ +PACS-CS 11

our average for N¢=2+1

HPQCD 12A
FNAL/MILC 11

HPQCD 10A
HPQCD/UKQCD 07
FNAL/MILC 05

—H

TWQCD 14
ALPHA 13B
ETM 13B
ETM 11A
ETM 09

RBC/UKQCD 17
f
2
CH

2QCD 14
230 250 270 MeV

180 200 220 240



2. Inclusive Charm Decays

Test of theory tools in an “easy” system, without CPV and GIM

Inclusive decays - Sum over all exclusive channel = quark level description

= =3 [@0) 690D — px) X ()l Her| Do)
TP X g

F(D)—ﬁImWITI > T—i [T PMar(@) , Hor (0)}

R f Ve
N ./ NN

VA

B aras




2. Inclusive Charm Decays

- L]
Convergence of HQE in the charm system?

I‘(D)—F3+F5{5>

Koo

| . N
= (Og) | = (Or)
(D) i = +I‘6%+...+167r2 (rﬁ m‘é 4+ T ng +)
|
+ R
[(D") . -
l:‘(D:) ..__g Assume
0 | B=D
T(D")/7(D°) .
%(D:)/T<DO) e ". Take from
DY I V('b fit
le
BL*
BD*
+ 0 ®* Huge uncertainties
ro"rh g
ng /o * HQE covers experiment

2 * < lo deviation for SU(3)F breaking in sl

Charm Phenomenology: King, AL, Piscopo, Rauh, Rusov, Viahos 2109.13219
Darwin Term: AL, Piscopo, Rusov 2004.09527, Mannel, Moreno, Pivovarov 2004.09485, 2009.08756



2. Inclusive Charm Decays

How to improve the precision of the HOE in the charm system?

D}
IIZDO = 1—0.40 [u2(Ds) — p2(D)] — 1.21 [uE(Ds) — p&(D)] + 3.13[p}(Ds) — pip(D)]
sl

—8.84 B + 8.84 By — 3.02& +2.79& +0.00
N—

dim—7,VIA
+0.35 (;’Jl 0.35 (s 3q + 6 60 6qs — 6 60 6(]8 — 0 52 (Ssq + 0 52 58(] .68 (’I — 9.68 (;‘5\ cOuld probably be extracted fr-om
2 - A tum analysis of inclusive
B 12 (Ds) — p2(D) u2(Dy) — p2 (D) phH(Ds) — ,),)(1)) momen _
=1-0.04=0 s \ s 002 = Ge \,..) +0.11 e G2 P> semileptonic D meson decays by
€ cS BESIII, Belle II.... STCF

+0.00 —0.096B; + 0.095B5 + 0.06
\,—/
dim—6,7,VIA

—0. 02 —O 02
Bag parameter determined with

+0.0009 777 + 0.0006 737 + 0.0112 r{* + 0.0079 r3° 3-loop HQET sum rules:1711.02100

New: ms corrections King, AL, Rauh, to appear
—0.0013 777 — 0.0009 r57+0.0223 r{* + 0.0165 r5° -
New- first ever determination of eye-contractions

Measurement of the absolute branching fraction of inclusive semielectronic Dj decays .
Lattice cross-check of HQET sum rules:

RBC-UKQCD, Oliver Witzel, Matthew Black

BESIII Collaboration - Medina Ablikim (Beijing, Inst. High Energy Phys.) et al. (Apr 15, 2021)
Published in: Phys.Rev.D 104 (2021) 1, 012003 - e-Print: 2104.07311 [hep-ex]

pdf @ DOI 5 cite %) 6 citations

Moment analysis from B-factories: Bordone, Capdevilla, Gambino 2107.00604

1 dl’ 1 dT
E) = [ B dBe () [ o T am
UEe>EBew JEo>Eeu dE, ) L'By>Eeue JEy>Een * dm% *



3A. Determination of yCKM

Determination of y = arg(— VudV:fb/ Vch;‘Z) via B¥ — DK?* decays (interference of b — ciis and b — ucs transitions)

Ultra-clean within the SM: 1308.5663

The ultimate theoretical error on v from B — DK decays

Joachim Brodl’ and Jure Zupanl’ﬂ
IDepartment of Physics, University of Cincinnati, Cincinnati, Ohio 45221, USA

Abstract

The angle v of the standard CKM unitarity triangle can be determined from B — DK decays with
a very small irreducible theoretical error, which is only due to second-order electroweak corrections.
We study these contributions and estimate that their impact on the v determination is to introduce

a shift |6y < O(10~7), well below any present or planned future experiment.

Mostly LHCb with BESIII input CKMfitter

Yy = (65.4+3.8)° y = (65.66+O‘9O)o

—4.2 —2.65

For experimental analysis strong phases needed



3A. Determination of yCKM

Can there be new physics effects in non-leptonic tree-level decays?

New physics effects in tree-level decays and the precision in the determination of the quark

constrain BSM effects in tree-level via mixing angle y

Joachim Brod (Mainz U. and U. Mainz, PRISMA), Alexander Lenz (Durham U. and Durham U., IPPP), Gilberto Tetlalmatzi-
Xolocotzi (Durham U. and Durham U., IPPP), Martin Wiebusch (Durham U. and Durham U., IPPP) (Dec 3, 2014)

Published in: Phys.Rev.D 92 (2015) 3, 033002 - e-Print: 1412.1446 [hep-ph]

pdf @ DOl  [3 cite %) 61 citations

Ci(Mw) := CTM (Mw ) + AC1 (M),
Co(Mw) := C3™(Mw) + AC(Mw), Mo (Alt. scenario)

Universal Fit Universal Fit

AC) (My,)
AC, (My,)
d

g L O g —1.0 U N S
L3550 =15 <10 =05 00 05 L5550 C15 10 =05 00 0.5

Re AC, (M, ) Re AC, (M, )

—06 -04 -02 0.0 0.2

Re AC, (My,)

AL, Tetlamatzi-Xolocotzi 1912.07621 Deviations of several degrees
— ——— Possible




3A. Determination of yCKM

Colour-allowed non-leptonic
tree-level decays
QCD factorisation should work best!

But: Huber, Krankl, Li 1606.02888, Bordone, Gubernari, Huber, Jung, van Dyk 2008°7.10338, Cai, Deng, Li, Yang 2103.0438

Source PDG Our fits (w/o QCDF) Our fit (w/ QCDEF, no fs/fa) QCDF prediction
Scenario - No fs/fa (fs/ fd)z;lrg,sl Ratios only SUH3Y -
x%/dof - 2.5/4 3.1/5 4.6/6 3.7/4 -
B(B? — D} ™) 3.00 + 0.23 3.6+0.7 3.11+0.25 Sl S 4422021 1 6
B(B" —» DYK™) 70.186+0.020 02220012  0224£0012  0227£0.012  0.226+0.012 0326 £0.015 5 &
B(B® - D*n~) A4%2.52+0.13 2.7140.12 2.7340.12 2.74£0.12 273 1 -
B(B? —» D**n™) "‘ 2005 2407 21405 2 A6 2a3le 43l
B(B® - D**K)|| 021240015 0216+0014  0216+0014 02131001 021Bu3 0327000
B(B® - D**z7) || 2.74+0.13 2.78 £0.15 2.79£0.15 2761013 2764003 -
a
B D [Lean@®m@) o 20\, o4BAR | Relle, W, (2.26-203) | vaive |
=DM LZ.‘&% OIEH N J G.oa%:c152 " 36 &

Either QCD factorisation fails significantly or BSM effects of the order of 15%

If BSM is CP violating => clean experimental proof possible
Gershon, AL, Rusov, Skidmore 2111.04478



3B. D Meson Baryogengesis

Baryogenesis plus Dark matter via B and D mesons: Elor, Escudero, Nelson 1810.00880

( Baryogenesis and Dark Matter from B Mesons: B-Mesogenesis J

(- ™
Out of equilibrium N o B-mesons decay into Alonso-Alvarez, Elor, Escudero
late time decay CP violating oscillations Dark Matter and hadrons 2101.02706
. 600
(anti-Baryon)
: l ] -
» OO 5
& Tg ~ 15 MeV Ad AL Br(B — 9 + B+ M) J

N Elor, McGehee
q T 2011.06115
-
) Charged D meson into an odd
1 . number of charged pions

LT ~ 4 —20MeV CP Violation




3B. CPV in Charm Decays

. . Exp. L —4
Spring 2019: AAgp = (—15.4+2.9) x 10
_0
_ . 4 _ T = £ -TO(t) > )
AACP ACP(K K ) ACP(T(' s ), C’P(fat) F(Do(t) —)f)+F(EO(t) _) f)
Experiment AAcp x 10% Tag arXiv
BaBar +24 + 62 £ 26 pion | 0709.2715
For the first LHCb —82 21 +£11 pion | 1112.0938
time CPV in the CDF —62 421+ 10 pion | 1207.2158
Bell —87+41+6 ' 1212.1975
up-quark sector —/™ Pz
n LHCb +49+ 30+ 14 | muon | 1303.2614
with more than
- LHCb +14 4+ 16 £ 8 muon | 1405.2797
5 sigma
LHCb —10£8+3 pion | 1602.03160
LHCb —18.2+£3.24+0.9 | pion | 1903.08726
LHCb —9+8+5 muon | 1903.08726




3B. CPV in Charm Decays

What decays are we talking about?

.C’O\\o‘\ \O\C)O {Q\JO\AVP_CX gg —_—DO — \('—“’* CcC — S ud

s Tiual
QCD POAAIA G WO shatre |
- o . ".:'.\Auo.c\\m

* Doy Calbilbbo =L ppwssed e. P T ¢ i

Charm 2013, Manchester A. Lenz, September 3rd 2013 - p. 6




3B. CPV in Charm Decays

)\(1 = —512C€12C23C13
)\.\- — +812€12€23C13
)\b —

Using unitarity of the CKM matrix - \; =

A — (\;g/\d Z C (1 T+P+E Z Cv

1=1.2 1=1.2

We can write

G A\, P Br
A =: L /\(1T [1 —]—] =
\/z )\(l T acp —

SCS D-decay with #.// lli

.) .- .
—Cio -*-_):;-5'1;;('1361013
9 'S
—5712523513C13€"%13

+  523513C13€"13

—A\g — A\, - We get

E | \g|2|T|?

Ap
Aa

sin 0 ‘ P’ sino = 0.0

Problem: | P/T'| and the strong phase ¢ are unknown!

Welcome to the SAGAland!

Charm 2013, Manchester

012 ’%sino

NAIVE EXPECTATION
P/T = 0.1

T —— —

A. Lenz, September 3rd 2013 - p. 11



3B. CPV in Charm Decays

P/T can currently not be calculated from first principles

Additional assumptions (ideologies) needed - they might be wrong!

® Ideology I: NP = Non-perturbative physics
* “Non-perturbative effects are known to be huge”
Analogy to the A7 = 1/2 rule
¢ Good starting point for arguing:
sing ~ 1 = P/T = 1.3 sufficient for Aacp = —0.00329

B Ideology Il: NP = New physics
¢® “Heavy quark expansion and factorisation are known to work well”
Analogy to the b-system
¢ Good starting point for arguing:
sing ~ 1/10 = P/T = 13 needed for Aacp = —0.00329

O Direct CPV plus control measurement
O Baryonic analogue of D — 777, K"K~

Control hadronic contributions in charm system



3B. CPV in Charm Mixing

B?: ARGUS
Observation of B? oscillations

Phys.Lett.B 192 (1987) 245

D?: Belle & BaBar

Evidence of D? oscillations
Phys.Rev.Lett. 98 (2007) 211802
Phys.Rev.Lett. 98 (2007) 211803

DY: LHCb

Observation of DY mass difference

LHCb-PAPER-2021-009

R

v

v v

1955 > 1987

2006 2007 2013 2021

T

t 1

Ko BY_: CDF

Behavior of neutral particles
e.g. Phys.Rev. 97 (1955) 1387

Observation of B.° oscillations
Phys.Rev.Lett. 97 (2006) 242003

P
DY: LHCb

Observation of D° oscillations
Phys.Rev.Lett. 110 (2013) 101802

Experimental situation

AM
r=—"2 =4.097948 . 107
FD R 3>
AT p
= _—_—~ —6.1579% .1073,
y QPD —0.55
HFLAV July 2021

« Small values
* Finally non-vanishing x confirmed

* X and y are similar in size, no hierarchy

CPV allowed

0.2 | w30
] ‘ 40
.

0. [ . L 22 | | e ) B 1 L 2 | 3 20 O L L ] foeedrenceeod: el A M LI i 2 |
6.1 02 03 04 05 06 07 08 0.9
X (%)




3B. CPV in Charm Mixing

CPV

/
GIM cancellation vs CKM hierarchy: |\,| < [A\|, but complex!!

d,s,b
C > > > u
survives in
SU(3)F limit!
— dominant f
_ S, b — B mixing
u < < < C St
I = A5 205 F D) + 200 (Dsy — Tay) —A§Taa »

MB= N2 (M5 —2M3 + M)+ 22\ [My2 — M5 — MD + MZ]+Qg{ ME — 2M5 + M7 .



3B. CPV in Charm Mixing

1. Duality violations - break down of HQE s %
I'fs = I'{5(1+0%),  20% of duality violation #2008
. _ . 0.1 0 6% =0.08
is sufficient to explain j
sd _y 7sd(] 4 §od experiment L 00— _ c
12 — [75(1+6%) , % \ /

Jubb, Kirk, AL, |
[dd — 794(1 4 §9) | Tetlalmatzi-Xolocotzi 2016 02 % | Al /
sl \',18 0/.2

- - - 635
2. ngher dimensions Georgi 9209291; Ohl, Ricciardi,Simmons 9301212; Bigi, Uraltsev 0005089

.............................................................................

Idea: GIM cancellation is lifted by higher orders in the HQE
- overcompensating the 1/mc suppression.

Partial calculation of D=9 yields an enhancement - but not 2 :
to the experimental value Bobrowski, AL, Rauh 2012

3. Renormalisation scale setting: AL, Piscopo, Viahos 2020 TR XXX X XK
pss = pst = pdd Implicitly assumes a precision of 10/-5! X XK XX AL XX RX

4. New Physics is present and we cannot prove it yet:-) KR XK XK X



Conclusion: very rich Charm Physics Programme

Some highlights - additional motivation

- Precise Measurements of VCS and Vcd

- Inclusive semi-leptonic decays - moment analysis - Precision of HQE in charm sector

- Input for precise determination of yCKM - BSM in tree-level B decays”

- Search for CPV in charm decays: Baryogengesis, CPV in charged D decays
- Search for CPV in charm decays: AAp is SM or BSM?
- CPV in charm mixing

- Rare Charm decays
- Exotics



First ever Charm Physics event at MIAPP

7.3.-2.4.2022
MIAPP
Munich

anfERa
) ] Coordinators:
R — il | Eva Gersabeck
B - 8 I [T Marco Gersabeck
vt G Fom “! N sl g Alexander Lenz

Stephan Paul

Charming Clues for Existence  DennyvanDyk

Guy Wilkinson
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