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Why shall we bother about charm?
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https://arxiv.org/abs/1302.0661

Two concurrent charm factories (not at threshold)

LHCb

- Huge advantage in production
rate, but also large
backgrounds — stringent online
selections

+ Superior decay-time resolution
and access to larger decay
times (boost)

...but tricky efficiency effects
(e.9. decay-time acceptance)

Belle |l

- Cleaner environment allows for

More generous selections —
milder efficiency effects

- Better reconstruction of neutrals

and unigue access to final
states with invisible particles

- Much easier separation

between promptly produced
charm and secondary (from-5)
decays



Selle || status
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through Covid-19 pandemic
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Integrated luminosity
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Belle Il Online luminosity

- Peak instantaneous luminosity
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~2.6x103%2 cm—=s1
integration rate than initially
planned
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- However, slower luminosity
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Prospects of data collection
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--------- weeeeee> Belle Il for 250 ab1?

LHCb-PUB-2018-009
(+ 1yr delay due to Covid-19)

The Belle Il Physics Book
(+ latest luminosity projections)



https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.10567

The rule of thumb

1 4b-1 ~ 1 ab-t

@ LHCDh @ Belle II



The rule of thumb
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The rule of thumb
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reconstruction efficiency for some
final state compensates


https://arxiv.org/abs/1401.3402
https://arxiv.org/abs/1712.03220

Candidates per 0.1 MeV/¢2

The rule of thumb
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Candidates per 0.1 MeV/¢2
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CP violation in charm decays



Charm CP violation is not about the penguins!

o [JHEP 1907 (2019) 020]
-+ CP violation in B decays comes from Wt

iInterference between tree and
penguin loop (dominated by top)

- In charm decays, the penguin is
irrelevant (CKM and GIM suppressed)

. Interference is between tree and U = u
rescattering amplitudes. Assuming y
O(1) rescattering csVus
Acp ~ I Zeslus ™ Vea ud
Vc*s Vus — chvud DO KHK™
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https://arxiv.org/abs/1903.10952

Discovery of CP violation in charm decays

Difference of time-integrated CP asymmetries in 2-
body Cabibbo-suppressed decays:

AAcp = Acp(KTK™) = Acp(ntn™)
(—1.54 T 0.29) X 10_3

5.30 deviation from zero

In the limit of SU(3)/U-spin symmetry, Acp(K+K-) and
Acp(rTtrr) have same magnitude and opposite signs
— |AAcp| = 1.3x10-3

In addition to be robust against experimental biases,
AAcp provides 2x enhanced sensitivity to CP violation
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https://arxiv.org/abs/1903.08726

What is next?

Measured value is in the ballpark of the standard model value

Difficult to say whether new physics is at play. Need better
control of the QCD effects

Experimentally look for CP violation in radiative/semileptonic
decays and test sum rules between SU(3) related modes, e.g.:

[arXiv:2103.11058]

o Acp(D°— ntn™) N Acp(D° — 707Y) Acp(DT — 7r70) — 0
B Tp0 ( Boo | 2B+o Tpo ( Bi— 2 Bio 37p+ ( B By_ o
L (B i) re g (B eine) 1edEs (Bee %)

Huge program of measurements, where complementarity
between LHCb and Belle Il will be crucial
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https://arxiv.org/abs/2103.11058

CP violation in D+—=m+0 decays

In the standard model AAce comes Belle (1/ab)
from AU=0 transitions: CP violation in 6 untagged
AU=1, e.g. in D+—rr+r1Y, would orehy y¥ld.of. = 1.69| | yéld.of. =1.24

unambiguously be new physics

If AAcp is due to new physics, then

expect [PRD 101 (2020) 115006] |
T N Ay
A (n-_|_n-0) 2 AA C P - 3% M, (GeV/c?) M, (GeV/c?)
tagged with D*+— D+r70
Current best measurement from Belle - vldot.=091 |} 7ldod. =082
§0:6_—
Acp(mtm®) =(2.3+1.2+02)% =}
Similar performances expected for Belle S S |

. Sensitivity with 50/ab ~0.17%
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https://arxiv.org/abs/1712.00619
https://arxiv.org/abs/2004.01206

Acp(D+—rrtr10) at LHCb
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https://arxiv.org/abs/2103.11058

CP violation in DO—=KOKY decays at LHCb

-+ CP violation enhanced by interference ¢

in W-exchange tree-level diagrams

[PRD 92 (2015) 054036] W
ACP(KSOKSO) < 1.7 %
u
- New result from LHCb with 6/fb

competitive with Belle (1/ab) )
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https://arxiv.org/abs/1508.00074

DO—KOKO decays at Belle |l
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Similar yield/luminosity to Belle with larger purity
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LHCb-PUB-2018-009

DrOSpeCtS for dlreCt CP V|O|at|0ﬂ The Belle Il Physics Book

Decay mode Current best sensitivity Belle Il 50/ab  LHCb 50-300/fb

(stat + syst) [10-9] (stat+syst) [10-9] (stat only) [10-9]
AAce 0.29 LHCb (9/fb) 0.6 0.07-0.03
T TN
p | 18 emam o5 areo
poosmome | 65 Belle (1/ab) e P
e T
B ot I T
DioKstt | 1 LHCb®8M) e 005
o | am woosam | 0s  aman
Doogy | 66 Belle (1/ab) o o
T e
N T e e T

(numbers in parentheses are my own, unofficial projections) 16


https://arxiv.org/abs/1808.08865
https://arxiv.org/abs/1808.10567

Time-dependent CP violation

- The eigenstates of the neutral D meson are
a mixture of the flavor states

| D12) = p|D") £ ¢|D")

2(m1 — mg) - Fl — PQ

i , _
'y +1 / 'y + 1%

- This results in D°-DO (AC = 2) transitions
before decay that provide an additional
interfering pattern for CP-violation effects

Arg(a/p) [degrees]

Expected to be suppressed by a further
order in U-spin breaking w.r.t. AC = 1

processes = ¢~0(0.1) degrees

No experimental evidence to date

40 b T T e

04 -03 -02 01 0 01 02 03 0.4



Improved decay-time resolution at Belle

~2% better than Belle/BaBar,

similar to charm from semileptonic B decays at LHCDb,
and only ~2x worse than prompt charm at LHCb

Belle

Belle

PDO— K7+
1 decays

DO decay time [ps]
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Time-dependent CP asymmetry in DO—h+h-

- Small DO-DO mixing rate (x,y < 1) m
implies that time-dependent CP
asymmetries can be approximated as

BaBar 2012

. t
Acp(hTh™) ~ al%L(hTh™) — —Ar

Mixing-induced CP violation results in ]

a nonzero value of the linear term LHCb 2020 u + D" tag

:

Naive expectation is O(10-5-10-4)

World average

Experimental sensitivity is (and will H (3.122.0x10+
remain) dominated by LHCbD bl

-02 01 -0 01 02 03
AF(%) 19




Updated measurement from LHCb Run 2

t
Acp(hTh™) = a®h(hTh™) — —Ar
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> E : ( ) i +125 £ 7.3
o 0 W{}?ﬁiﬂ—f— t - _ |
é - - ] LHCb 2017 D** tag (3 fb~1)
%_0,5— S ndf = 15/19 | +13+£28 £ 1.0
< o 2 4 6 3 5
i LHCb 2020 p~ tag (5.4 fh™1)

1T 0 §|_°_| +294£32+05
S 05E D’—mtm- LHCb " LHCb 2021 D** tag (5.7 fb~1)
— VIt 2015-2018 (6 fb'l) § 97413403
2B g : '
o OF | . i

i | LHCb average

é 05k { E H 104 1.1 £0.3
%‘o e ){z/ndf= 21/19 - b | | I
<« ; : 0 20 40 60

R .
1T —Ar [1 0_4]

LHCb-PAPER-2020-045, in preparation



X Is the key

Sensitivity to CP-violation phase
INn Mixing limited also by the
knowledge of x12 = x (which is
only 3o away from zero)

Apr=—X12 Sin¢‘|2

Most sensitive mixing
measurements are based on
decays to two-body final states
(which are primarily sensitive to y)

Need mixing measurements with
decays to multi-body final states
that are not CP-eigenstates
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[PRD 89 (2014) 091103]

X from DO—= Ksrr+ri-

K*(892)-

Multiple interfering amplitudes enhance
the sensitivity to mixing locally on the
Dalitz plot

Ppo o< e | Apo|? — Re[ A5 Apo (y + ix)| Tt}

LHCb Run 1 and Belle give the best _ |
determinations of x with ~1M T T T e
DOo— Ksri+r1- decays each 1

Belle (1/ab) M (GeV7/c?)

In Run 2 LHCDb has collected ~40x more 10.0440.06 0
signal = expect o(x) ~ 0.5x10-3 X = (0-56 -+ O°19—O.08—O.08) /o

Belle Il is expected to collect ~50M Sl 155 (5010) 531805
decays with 50/ab. Difficult to compete LHCD (2/10) | 019 |

if LHCb keeps reasonable efficiency in x=(0.27 £0.16 + 0.04)%
Run 3 and 4
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http://arxiv.org/abs/1404.2412
https://arxiv.org/abs/1903.03074
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[CERN-THESIS-2017-257]


https://cds.cern.ch/record/2297069
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.091101

—Xxotic charm production in b decays
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Charmonium-like above threshold

Mass [MeV]
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[Rev. Mod. Phys. 90 (2018) 15003]

Observed states:
Conventional charmonium

Unconventional neutral states
Unconventional charged states

Pentaquark candidates

Kinematic thresholds

Mesons/baryons are
predominantly

(g/qqq) bound states below
the open flavor threshold

There is a zoo of more
complex states above
threshold, which have not
yet been understood
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https://arxiv.org/abs/1708.04012

Possible types of exotic states

Compact diquark-
antidiquark or
dibaryons

Compact states

tightly bound by
color forces @

Compact hybrid
states in which a
gluon acts a valence

constituent

Weakly bound,
spatially extended
molecular states 26
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[Ann. Rev. Nucl. Part. Sci. 68 (2018) 17]

X(3872) = J/yntn™ B - X(3872)K
' ~ R 3 30f
o L B*o LHCb {7 t CDF | 1271 1
All started with X (3872) 2 | | SN0 R N Sl T
< + 2 ARYY 20¢
g ] H _:;) ‘ Mw;((3g§2;+ %1_0 '1“ H 111
. 2 B ! SEN 2 [
Discovered by Belle ~18 years ago ofrate. FAY , — ob—s —
. B? - 11 > | 2 LHCb 4
[PRL 91 (2003) 262001] 00T ey 1 B | 2 oMs {730} xcaary :
é) gl4k Ozo__)lp(ZS)y ++
. . . . 2 a  fxasrz - E
The only exotic charmonium-like candidate % Z ; 5 10} |
. . . . O o /M
which shows up consistently in different 5 o SR AV [ TS
. , \ 3.82 3.86 3.90 3.8 3.9 4.0 3.8 39 4.0
production mechanisms and in many M) [GeV] M) [GeV] M(y(nS)y) [GeV]
different decays modes .2z | BaBar {> [& BaBar |% 3
S& = = 4008 S
i e T * &~
Mixture of a compact (cqcq) state and a T8 Z {2 20011 T T3
BRI B L
molecule? S A =t !
Karliner,Rosner,Skwarni?ki 2017 1\2(%(10])0)3[ 84\] 0 - 3.9 40 4 1
- . . eV] MJhyo) [GeV]
Near DD* threshold and narrow width in
decays to cC states favors molecular G | eten +
. . O 1o} Preliminary A data
Interpretation 3 | [La-sen x|
uN) | B"— X(3872) K* — total
X(3872) production rates in prompt § s\ \
processes more likely for a compact £ m J 1| |
state I i s g @1 LUAR B REAN
2

3.84 3.8.23 A3..88 3.9 3.92
My [GeV/c?]

0
3.8

More experimental results needed/expected
to clarify the nature of this state
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https://arxiv.org/abs/hep-ex/0309032
https://arxiv.org/abs/1711.10626

[Science Bulletin 65 (2020) 1983]

Xc0xcO,1

DI-charmonium states o

Very significant structure in J/(pJ/(p mass spectrum

Interpretation of data is not clear:

LHCb

I L] L]
—I— Data

Total fit
Resonance
m== = Threshold BW1
mm= = Threshold BW2
B223 pps

NRSPS

= = DPS+NRSPS

b
i {J[ |

One, or more (interfering”?) resonances

Possible near-threshold effects?

7000

8000 9000

M.y, (MeV/c?)

m = 6905 + 11 = 7 MeV/c?

However, no known mechamsm for binding =80 + 19 + 33 MeV
forces between two charmonium states, and
the X(6900) peak seems too wide to be a g o e o
molecule 2 180 e
g 160 = = Interference
= 140 .l. _l_ % gl;esrference BW
" : § 120 ——— NRSPS
Likely theoretica s Jr ™
interpretation: compact = sofff, J[ oy
o < 60 Jf HOTH
cccc tetraquark/ : ol x LT
diguark-antidiquark state(s) S W 2 ..
8200 7000 8000 9000
' - : M i gy (MeV/c?)
More experimental questions remain unanswered:
Quantum numbers? Other decay modes? m = 6868 + 11 + 11 MeV/c?

[ =168 + 383 + 69 MeV 28


https://arxiv.org/abs/2006.16957

Charming and strange exotic states

B+ —>D+D—K+ [PRD 102 (2020) 11 2003]
— | & [ 1
S B A n r on n © == o y(3770) - D* D | [
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The O+ Is a good candidate

mo = 2866 + 7 = 2 MeV/c?
[o=07+12 +4 MeV

=2904 + 5+ 1 MeV/c?
[1=110+ 11 = 4 MeV

for a compact csud state

However, proximity to the thresholds
motivates other explanations: e.g., molecular
state or rescattering/triangular amplitudes 20


http://arxiv.org/abs/2009.00026

Charming and strange exotic states

03.01803]

Multiple J/ip¢ structures

observed in B+—=J/ppK+ since

CDF reported the X(4140)
[PRL 102 (2009) 242002]

All are broad: unclear If
due to exotic hadrons or
rescattering effects

Latest analysis from LHCb shows one 1+ (or two?)

[arXiv:21
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Zest = J/PYK+ candidate(s) with phase variation

consistent with a resonance

m = 4003 £ 6 % MeV/c?

Not consistent with the narrow threshold structure

[ =131 + 15 + 26 MeV

previously reported by BESIIl in Ds=D*0 + D*-[0
mass distribution [PRL 126 (2021) 102001]
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https://arxiv.org/abs/0903.2229
https://arxiv.org/abs/2011.07855
https://arxiv.org/pdf/2103.01803

More pentaguark states?
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- States in J/Yp are likely baryon-meson
molecular states, more isospin partners
are expected

[PRL 122 (2019) 222001]
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- Evidence for one (or two?) charming and

strange narrow states in J/Y A close to
threshold
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http://arxiv.org/abs/2012.10380
https://arxiv.org/abs/1904.03947

Conclusions

- Precision charm physics has just started. Huge experimental progress expected in the
next decade(s) at LHCb, Belle I, BESIII... if we fully exploit the excellent
complementarity between the experiments

- First observation of direct CP violation, and in reach of standard-model expectation
for CP violation in mixing

- Not shown today: virgin field of new-physics searches, including LF(U)V, in c—=u£e”
and c—uvv transitions

- Citing Y. Grossman: a win-win situation
- Hopefully, we will see physics beyond the standard model
- If not, we are learning about QCD

- More and more exotic hadrons are popping up above open flavor threshold (also with
b-quark content, not covered here). Nature of all the states is still unclear

- Alot of work to do for both experimentalists and theorists
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Charm is more valuable than beauty.
You can resist beauty, but you can't
resist charm.

— Audrey [aulow —




