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C

m = 1.3GeV
q =+2/3

C | U
:j;fkesl — orthogonal couplings

Charm-physics: ¢ = u ¢~

® Rates (branching fractions)

typically D= Xu+py- ~O(10-12)
(extremely suppressed)

® CP Asymmetries

IM(V*coVuo/V*caVug) ~10-3
Acp~0

® Angular distributions

no lepton axial vector coupling
Parity conservation
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® Rates (branching fractions)

D—=Xl+l- up to O(10-7)*

® CP Asvmmetries

CPV effects up to few %*

u-type
quarks!

— orthogonal couplings

® Angular distributions
LQ, Z’ prominent explanations for flavour

anomalies Modified*

Charm-physics: ¢ = u ¢~

*very much depending on the model
see eg. MPLA 36 (2021) 2130002
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| ong-distance QCD effects 3
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® m, ~ AQCD — large uncertainties coming from QCD effects

® (ften, non-perturbative long distance (resonance) dynamics dominate!

For long, rare charm has been considered as
less promising! (Disclaimer: It’s not)



We need to find ways to
overcome (even profit from)
LD contributions




The landscape of decays
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The landscape of decays

‘SM-Forbidden’ decays

® |epton-flavour violation
® |epton-number violation

® paryon-number violation
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Very rare decays

® purely leptonic
® |ocal regions In decay

phase space of multi-
body decays

D}, - 1l 1)"0—> 7 V() D’ » K™%
D(s) S KT 1)0 —)p+ VE—)II) D°—)(¢,p,a)) y
D > K_”:JT_ 1)0 > K'KV(=>1) D > 2ol
D" - K™ Il D" —>¢ V(-1I)
FCNC VMD Rad'1ve
10" 10" 10" 10" 10° 10° 107 10° 10° 10*
D"y D' > r I D’ —)Ej:r‘V(—) Il) D* > z*g(—> 1)
D" > ee D'>p I'I-  D'>K VI DK z'V(-l)
D' > K*'K1'I- D' ->w D’ 5> KV(-> 1l
D’ >¢ I'lI”

Rare resonance dominated
& radiative decays

® test of lepton-universality

® CP asymmetries

® angular distributions



Why rare charm at LHCb?

e | arge production cross section at LHC (o(c¢) ~ 20 X o(bb))

Type Exp | Vs | L | o(c€) | N(cT)
prompt ccC

Hadron colliders LHCb | 7,8 TeV | 3/fb | 1.4 mb | 3.6 x 10"
13 TeV 6/fb | 2.6 mb | 13.2 x 10"

CDF 2 TeV 10/fb | 0.1 mb | 2.3 x 10"

cC from continuum

Belle | 106 GeV | 1/ab | 1.3nb | 1.3 x10°

e"e™ collider BaBar | 10.6 GeV | 550/fb | 1.3 nb | 0.7 x 10°
Charm factories at DD threshold

BESII | 3.7 GeV | 3/fb 3 nb 20 x 10°

Cleo-c | 3.7GeV | 0.8/fb | 3nb 5 x 10°

A. Contu, Towards the Ultimate Precision in Flavour Physics, Durham, United Kingdom, 2 -4 Apr 2019


https://cds.cern.ch/record/2669309
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e | arge production cross section at LHC (o(c¢) ~ 20 X o(bb))

Type Exp | Vs | L | o(c€) | N(cT)
prompt ccC
Hadron colliders LHCb | 7,8 TeV | 3/fb | 1.4 mb | 3.6 x 10"
13 TeV 6/fb | 2.6 mb | 13.2 x 10"
CDF 2 TeV 10/fb | 0.1 mb | 2.3 x 10"

cC from continuum

Belle | 106 GeV | 1/ab | 1.3nb | 1.3 x10°

e"e™ collider BaBar | 10.6 GeV | 550/fb | 1.3 nb | 0.7 x 10°
Charm factories at DD threshold

BESIIl | 3.7 GeV 20 x 10°

Cleo-c | 3.7 GeV 5 x 10°

A. Contu, Towards the Ultimate Precision in Flavour Physics, Durham, United Kingdom, 2 -4 Apr 2019

¢ Full charm zoo available at LHCb

|D°) = |city |D*)=|cii)
|IDfYy =1c5) |A}) = |cud)

CUEC S

LHCDb is ideal place!


https://cds.cern.ch/record/2669309

Searches In
decay
rates




Search for rare and forbidden semi-leptonic decays

Searches for 25 rare and forbidden decays of D™ and D" mesons

JHEP 06 (2021) 44
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Searches for 25 rare and forbidden decays of D™ and D" mesons

JHEP 06 (2021) 44
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Search for rare and forbidden semi-leptonic decays

Searches for 25 rare and forbidden decays of D™ and D mesons

LFV, LNV, LNV & LFV

D(J;) ST D(J;) — g ete’

D} — Ktu*e™ Df -z utu*
Dt - K ete™

Dt = Kute” DY - K u*tu*

clean null
tests!
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very rare FCNC
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~ Search for the rare decays D— hl#l0+  °

® [or forbidden modes any signal = NPz

EPJC 80 (2020) 65
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~ Search for the rare decays D— hl#l0+  °

® For forbidden modes any signal = NP

® Non-forbidden modes dominated by

iINntermediate resonances

EPJC 80 (2020) 65
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Search for the rare decays D— hl#=l0+  °

® [or forbidden modes any signal = NP

® Non-forbidden modes dominated by

iINntermediate resonances

® BSM enhancement in regions away

from resonances possible

—

3
—_
=)

AB (D' — nre*pu™) / dg? [GeV™?]
=

EPJC 80 (2020) 65

p \
:
‘ ~-N

10_9@

B K90 =05
B K5l =0.05

B | K7 (15| =05
| K| = |K10| = 0.5

L
DY - gteru*

=
Ut

=
o

resonant SM
m Cy(10) =05
m Crrs) =05
] CS(p) =0.1

NP1

dB (DT — 7rutp™) / dg® [GeV—?]

2.0

25
g2=m2(u+u-) [GeV?2/c4]



~ Search for the rare decays D— hl#l0+  °

EPJC 80 (2020) 65
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Search for the rare decays D— hl#=l0+  °

® [or forbidden modes any signal = NP

® Non-forbidden modes dominated by
iIntermediate resonances

® BSM enhancement in regions away
from resonances possible

® Remove 1, p/w regions, use
D(JS“) — n¢p[puu~] as normalisation

7) /1 dg?[GeV dB (DT — nte*puT) / dg* [GeV ™7
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Search for the rare decays D— hl#=l0+  °

® [or forbidden modes any signal = NP

® Non-forbidden modes dominated by
iIntermediate resonances

® BSM enhancement in regions away
from resonances possible

® Remove 1, p/w regions, use
D(JS“) — n¢p[puu~] as normalisation

® Analysis presented uses 1.6/fb data
collected In 2016 k5 06 (2021 44
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~ Search for the rare decays D— hl|0F
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~ Search for the rare decays D— hl|0F
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Search for the rare decays D— hlx[OF "

® No significant signal found [1.6/fb (20106)]

o | U'OO'az‘@ .
® |mproved limits by several orders of magnitude Sef Ith fU//R
n unp
. +
® See JHEP 06 (2021) 044 for limit on D;” modes Pr Gpara tio O’afa
Db — 1t pt — vl JHEP 06 (2021) 044
DY — ot X
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More with rates: Lepton Universality 12

® Measure ratio of BF muon vs electron decay modes [smoking gun in B-physics!]

2 .
J230% dB/dg* (D— Py Pop ™) * in equal g2range

min

— T2
dmax qB /dq2(D— P Prete~
o2

min

hadronic uncertainties cancel,
clean null test!

hmonads



More with rates: Lepton Universality 12

® Measure ratio of BF muon vs electron decay modes [smoking gun in B-physics!]

2 .
J230% dB/dg* (D— Py Pop ™) * in equal g2range

min

hadronic uncertainties cancel,
clean null test!

— T2
dmax qB /dq2(D— P Prete~
o2

min

® Also in charm significant deviation from unity possible
® mainly in non-resonant regions (far future)

® ~0O(15%) g2integrated (near future!)

Muonic modes observed, we are working on the

electron modes
PRL 119 (2017) 181805

full g2 SM BSM LQ hi g2 SM LQs lo g2 SM BSM
RP | 1.00+0(%) 085..099 SMlike || 1.00+ O(%) 0.7..4.4
RE . | 1.00 £ O(%) SM-like SM-like NA NA 0.83+ O(%)  0.60..0.87

PRD98 (2018) 035041

EPJC 80 (2020) 65 G. Hiller ,Angular distributions of rare D decays, Implications LHCb, CERN, October 17,2018



https://indico.cern.ch/event/743635/contributions/3151433/attachments/1734695/2805237/implications2018-charm-nulltests-ghiller.pdf

Searches for
CP
asymmetries

13



NP searches in CP asymmetries

e Observation of CPV [AAp = (15.4 = 2.9) x 1074 in charm leaves room for NP
PRL 122 (2019) 211803

® NP interpretations — measurable CP asymmetries in rare charm (e.g Z' models)
PRD 101 (2020) 115006

l+

CASM
remember: ACP ~ (0

14



NP searches in CP asymmetries 18

EPJC 80 (2020) 65

1.0

® A, driven by interference of NP
and LD contributions

® | ocal enhancement in vicinity of
resonances, we profit from them

‘resonance enhanced” | Im(Cy 1) | = 0.1

" 1.00 1.02 1.04 1.06 1.08
qe=m2(u+r) [GeV2/cH]




NP searches in CP asymmetries

® A, driven by interference of NP
and LD contributions

® | ocal enhancement in vicinity of
resonances, we profit from them

“‘resonance enhanced”

® Many opportunities at LHCb

o Dt - gt~

o DI - K¢~

o A, - plTe~

o D' = gtn=¢*¢~
o D) » KTK¢*¢~

EPJC 80 (2020) 65

1.0

0.51
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—0.51

—1.0
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qe=m2(u+ur) [GeV2/cd]

15



NP searches in CP asymmetries 18
1.0 EPJC 80 (2020) 65
® A, driven by interference of NP - :” ;
J.O ‘«. { -'
and LD contributions o b5 = —/2
S 0.0 SM
® Local enhancement in vicinity of <
resonances, we profit from them —U0
‘resonance enhanced” | |[m(C9,10)| = Q-l | |
U100 102 104 106 1.08
® Many opportunities at LHCb aP=me(ui) [Gevelet]
o D+ — gtptr ) AF = ptutu” QP arxiv2107.13010 i
_ 1 Aqp~ O(%) New!
+ + o+ | Acp
o D™ — K+f _f 5 .
® AC —> pf f Zwiﬂ 2
o DV 5 gtn ¢ty (s::/n/z
o DV - KYK¢£+¢~ X\ .
QuX WO e Details tomorrow
°o ... 2\ on in Tom’s talk
100 1.02 104 106  1.08

g2=m2(u+pu-) [GeV2/c4]



NP searches in CP asymmetries 18

EPJC 80 (2020) 65
1.0
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® A, driven by interference of NP
and LD contributions

® | ocal enhancement in vicinity of
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® Many opportunities at LHCb
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Searches for CP asymmetries

“Angular and CP asymmetries in D° — z~ztu*u~ and

D' —» K=K*u*u—decays”

PRL 121 (2018) 091801
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PRD 98 (2018) 035041

® Rarest charm meson decays observed, dominated

: , 107} 0 + - +
by resonant LD contributions Dot
107}
107°}
B(D° - 7 nTpt ™) = (9.64 £0.48 £ 0.51 £0.97) x 107
107"}
B(D® - KKV putpu™) = (1.54+£0.274+0.09 £ 0.16) x 10~ "
uncertainties are statistical, systematic and due to the BF of normalisation mode 107
PRL 119 (2017) 181805 107%F _
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m2(u+u-) [GeV2/c4]
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PRD 98 (2018) 035041

® Rarest charm meson decays observed, dominated
by resonant LD contributions

10-°}

DY =zt utu |
107} \

107}

B(D° - 7 nTpt ™) = (9.64 £0.48 £ 0.51 £0.97) x 107

107"}

B(D® - KKV putpu™) = (1.54+£0.274+0.09 £ 0.16) x 10~ "

uncertainties are statistical, systematic and due to the BF of normalisation mode 107

PRL 119 (2017) 181805 o | _ _ |
m2(u+u-) [GeV2/c4]
® Data: 5/fb from 2011-2016  PRL 121 (2018) 091801 F;zum e
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Measured CP Asymmetries

® Measurement binned in regions of dimuon mass

bin low mass 7 p/w 0 high mass
m(ptpT)[MeV/c?] < 525 525 —H65 565 —950 950 — 1100 > 1100
D — mra=putu~ v v v v v

DY - KtK—utpy~ v v v

PRD 98 (2018) 035041
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® Measurement binned in regions of dimuon mass

bin low mass 1 p/w 0 high mass
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® Measurement binned in regions of dimuon mass

bin low mass 7 p/w o) high mass
m(ptpT)[MeV/c?] < 525 525 — 565 565 —950 950 — 1100 > 1100
D — mra=putu~ v v v v v

DY - KtK—putpy~ v X v X
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Measured CP Asymmetries

® Measurement binned in regions of dimuon mass

bin low mass 7 p/w 0 high mass
m(,u+,u_)[MeV/02] < 925 525 — 565 H65 —950 950 — 1100 > 1100
D — mra=putu~ v v v v v
DY - KtK—utpy~ v v v
PRD 98 (2018) 035041 PRL 121 (2018) 091801
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Measured CP Asymmetries

® Measurement binned in regions of dimuon mass
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10-13_

10—15_
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Measured CP Asymmetries

® Measurement binned in regions of dimuon mass

bin low mass 7 p/w 0 high mass
m(ptpT)[MeV/c?] < 525 525 — 565 565 —950 950 — 1100 > 1100
D — mra=putu~ v v v v v
DY - KtK—utpy~ v v v
PRL 121 (2018) 091801
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® No axial vector couplings (pure vector current) in lepton system — parity conservation
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® No axial vector couplings (pure vector current) in lepton system — parity conservation

® New particles may lead to modifications and allow for SM clean null tests

Lmsnade:

® Again many opportunities, more particles in the final state

—>more observables!

DY - gt
DI - K*¢* ¢~
A, = ppuu”

DV = gtn¢te
DY > KtK=¢+¢-
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® No axial vector couplings (pure vector current) in lepton system — parity conservation

® New particles may lead to modifications and allow for SM clean null tests

Lmsnade:

® Again many opportunities, more particles in the final state

—>more observables!

DY - gt
DI - K*¢* ¢~
A, — ppuTu”

DY = gtn¢t¢-
DY - KtK¢+¢-

PRL 121 (2018) 091801
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Searches in angular distributions

“Angular analysis of D' — n~atu*tu~ and D* - K" K*tu*u™ and

search for CPV LHCb-PAPER-2021-035
@ In preparation

=/

DO— hxh+ V(Hiyi)

= .

S 0™ 0™ 10 10 10™ 10 10° 10 107 10° 10° 10°




Angular analysis D — hth~utu~ 2

dr LHCb-PAPER-2021-035
— Il + in preparation

dcos 0,d cos 0,d¢ L - c0s 20,+
I; - sin* 26, cos 2+
Iy- s 26, cosg +
I5-sin6, cos ¢+
W [¢ - cosO,+
w17 -sing, sing +

Ig - sin 20, sin ¢+

remark; I, - sin” 0, sin2¢
[I = I(q% p* cos 6]

Is, g, I clean
null tests!
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dr LHCb-PAPER-2021-035
— Il + in preparation

dcos 0,d cos 0,d¢ L - c0s 20,+

I; - sin* 26, cos 2+
Iy- s 26, cosg +
I5-sin6, cos ¢+

[¢ - cosO,+
I;-sin@,sing +

Ig - sin 20, sin ¢+

remark: ) :
Iy - sin“ 0, sin 2¢) > o
[I = I(g°, p?, cos 0,)] 7 H p =m“(h™h")

Is, g, I clean
null tests!

q* =m*(u*u")
e Measure g2, p?, cos 0, integrated observables (I for DY, DY
® Full 9/fb from 2011-2018

N(D" - zwauu) ~3000
N(DY - KKuu) ~ 300
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dr LHCb-PAPER-2021-035
— Il+ in preparation
dcosOdcosOydp [ . cos 20,+
)
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® Full 9/fb from 2011-2018 _ SM

N(D" - zwauu) ~3000
N(DY - KKuu) ~ 300

(L) + (=)L) (Ss67) =0

SM
<Ai> =0

for CP even (CP odd) coefficients i=2,..,9
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dr LHCb-PAPER-2021-035
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Angular analysis DY — hth=u*pu~ 23

0.02F - - T GoeCu05 ]
¢ Co=-C1p=0.5i
—~ 0.01 — Co'=-Cy40=0.5 |
2 — Co'=—Cy0'=0.5i
=
£
T 00 SM
Q
A
<o
" o0} <I6> ~ AFB
plw
PRD 98 (2018) 035041
0?0 05 1.0 1.5 20 25

¢ [GeV?

p ; m2
resonance enhanced (k)



Angular analysis DY — hth=u*pu~ 23

LHCb-PAPER-2021-035
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Angular analysis DY — hth=u*pu~ 23

LHCb-PAPER-2021-035
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Angular analysis D — hth=utu~
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0.0
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-0.01f

® First full angular analysis of rare charm

S

plw

— Cy=-C1p=05
Co=-C10=0.5i

— Cy'=-C1¢'=0.5 |

— Cg'=—C10'=0.5i

<I6> ~ AFB

PRD 98 (2018) 035041

0.0

0.5 1.0

decay ever!

® (Can we make a systematic interpretation of
the results”?
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What will come in the near future? 24
‘ ti[ne

soon
. . . DO— K-tV (I+1) 106
® Many analyses with full Run2 data in preparation/planned DO rErEV(h) g
DO— K+K-V(I141") 108
® Searches for rare and forbidden decays
o D = utu= D° = pe soon
o D' > hthTute~ D =helt
/\c+_’p|+|' 109
° D — hThtete™ (Lepton universality!)
O
° AC — pttV P
[ ) DO—)IJiui 10-12
® Angular and CP asymmetries
® DO — V}/ 10-15
(+) > htPTr
° DO — h*h~u*yu~ Implications
°o Workshop!
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less time
soon

® | HCb upgrade ahead with at least 5x statistics (50/fb) until 2030

>23/fb >50/fb
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LHCB-PUB-2018-009




N the (not so) near future” 25

less time
soon

® | HCb upgrade ahead with at least 5x statistics (50/fb) until 2030

>23/fb >50/fb
2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

e[ won 3 [ SN n + SRR <uns IS

% Upgradela Upgrade Ib [ Upgrade I :l

LHCB-PUB-2018-009

® Upgrade trigger design is NOW, so if there are ideas/priorities speak up!
o D' 5 ee, DV > er?
o D' — hthtu~u~ with displaced (hu™) vertices?
o D - hohtu—pu= 72
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dmitzel@cern.ch

* Low SM rates and unigue phenomenology make the a field perfect place to look for NP

 Complementary sensitivity wrt K and B physics, often (re)use of B physics
methodology

* Don't be afraid of LD effects! Clear SM null test allow for stringent NP searches

>

more in MPLA 36 (2021) 2130002
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Summary 26

dmitzel@cern.ch

* Low SM rates and unigue phenomenology make the a field perfect place to look for NP

 Complementary sensitivity wrt K and B physics, often (re)use of B physics
methodology

* Don't be afraid of LD effects! Clear SM null test allow for stringent NP searches

more in MPLA 36 (2021) 2130002

* Great theoretical and experimental improvements over the last years

o Still rather unexplored and promising
* We are looking forward to pioneering the field together with Dortrpund theory group

« “Charm is the new beauty... but beauty never goes out of style”

[G. Hiller@ LHCb implication workshop 2020]
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Search for forbidden and rare leptonic decays

“Search for the lepton-flavour violating decay D° — eu”

PLB 754 (2016) 167

JJ

“Search for the rare decay D° — Ut ™7 P25 eote) 1524

DO—>H$ = DO—leiui
TRV, FCNC ‘
0 105 10" 10° 1092 16" 10™ 10° 10°




Forbidden and rare leptonic decays
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any signal clear indication of NP

SM extensions: BF in [10-14-106 ]
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* strictly forbidden in the SM test!

* any signal clear indication of NP P LO

* SM extensions: BF in [10-14-10-6 ]

B(D° — eTpuT) < 1.3 x 107% at 90% CL
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(LHCb 3/fb Run1)
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« SM BF extremely low, dominated by two-photon

intermediate state ~O(10-13) PRD 66 (2002) 014009 PRD 82 (2010) 094006

PRD 79 (2009) 114030 PRD 93 (2016) 074001

* in NP scenarios BFnp = BFexp

PLB 725 (2013) 15-24
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* SM extensions: BF in [10-14-10-6 ]
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D0— uiu$
« SM BF extremely low, dominated by two-photon

intermediate state ~O(10-13) PRD 66 (2002) 014009 PRD 82 (2010) 094006

PRD 79 (2009) 114030 PRD 93 (2016) 074001

e in NP scenarios BFnp = BFexp U,OQ’
PLB 725 (2013) 15-24 IO/,b . az‘e in f/)
B(D° — utp~) <6.2x 1077 at 90% CL [ Sling it S
(LHCb 1/fo Run1) HC[) O/at h fU//



Search for the rare decays D— hilx|0)F

® analysis uses 1.6/fb data collected 2016

e normalisation modes D(Jg) — x|

JHEP 06 (2021) 044 JHEP 06 (2021) 044
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~ Search for the rare decays D— hl|0F

LHCb Limits LHCb Limits
C'?_| 10_3 I C'T]_I 10—7 | |
% / ¢ [ non—resc;ng;zt SM % B Koo — 0.5
31077 £l B ‘e | - K5 = 0.05
N ™~ l-— |K7 (5] = 0.5
: /— K| = [K 0] = 0.5

D+ — n.+ei'u$

2

m2(u+u-) [GeV2a/c4] m2(u+u-) [GeV2a/c4]

® \We are coming close to possible NP contributions...

® ... but also close to the resonance talls



Implications of the measurements

® Use measurement to set limits on effective NP
couplings

SM T
Heff ~ Z Cl ) @l CIO,S,P,T,TS — O % /Jt_
C U
V)

7,9,10,8,P,T,T5



Implications of the measurements

® Use measurement to set limits on effective NP

couplings
SM /’t+
Hefy ~ Z Ci- 0 Ciosprrs =0 .// Mo
® right handed quark currents C u
¢—G negligible in SM C7(99 10.S.P.T.T5

® | [V possible

C;—> K'“ absentin SM

example:

® \We need many decays to constrain all , ,
couplings! |C’)”{(§ <1, |Cf)‘1§))| <3,

~J

BD — £¢) ~ Cp, Cg comparable to B physics at
BD — htt) ~ C;+ C; We " least 10 years ago

B(D — hhep') ~ K* — K%  lhig)

l



Future sensitivities

Mode Upgrade (50 fb_l) Upgrade Il (300 fb_l)
D° — ptp~ 4.2 x 1071 1.3 x 107"
DY = atutu 108 3 x 1077
DY — K utu~ 10-° 3x 1077
N — pupu 1.1 x 10°% 4.4 x 1077
D° — ey 10~° 4.1 x 1077
Mode Upgrade (50fb™") | Upgrade Il (300fb~")
Dt — wtutu~ 0.2% 0.08%
D° — mtr—ptp~ 1% 0.4%
D’ - K—mtputp~ 0.3% 0.13%
D — Ktr—ptp~ 12% 5%
D’ - KTK—putu~ 4% 1.7%

A. Contu, Towards the Ultimate Precision in Flavour Physics, Durham, United Kingdom, 2 - 4 Apr 2019
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