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Why important & challenging?
Charm samples

Rare charm so far
Recent news

Summary & Outlook éi@[ ch




Charm: unique, complementary but difficult

Comptemem&arj to strange & beauty

Down-type quarks in loops: different New Particles?

Uhiqu@_ access to up-type quarks
(Flavour physics with t-quark hopeless)

Buk...

Loops very suppressed in charm
= rare decays suppressed in SM
QCD corrections are large (~1/m,)
= difficult to calculate

Needed:
Large & clean data samples
Precise estimation of SM contribution

(size of loop amplitude)

Jolanta@Beauty'19

b loop CKM suppressed
~VipVep(my/my)? ~10¢

N(msz_md2)/ mW2

Cancel in U-spin limit

-

s & d loops GIM suppressed

/
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Spectrum of charm decays

10" - Talk by Maxime Schubiger
10! on mixing & CPV
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Charm samples & their properties

LCb Event Disa .

LHCD
= o(pp—cc)~ O(mb) = 12x10"? charm

= efficiencies < 0.1%

" busy environment, nontrivial triggers

= good tracking, identification & vertexing

D'—p'w, D'—>aapp, AT —ppiw

Belle/BaBar

" o(ete—Y(4S)—cc)~ O(nb) = 2x10”
®  efficiencies ~ a few %

|

clean environment, good calorimeter
D%—e*e, D—hhe'e-, D'—>hhy, D'—yy
BESIII/Cleo-c

" g(ete—P(3770)—DD)~ O(nb) = 25x10°
B efficiencies > 10%

" background-free charm
Jolanta@Beauty'19 4



Precision down to 0(107%)

See sighals: Hunting for rare charm signals
D'—dy Radiative Il (2.8+0.2+0.1)x10°  Belle
D'—py » ~107 (1.8+03+0.1)x10™  Belle
DO—yy ” ~1078 <85x 107 Belle
D(s)+_’7t+H+H' FCNC, pu"w non-resonant ~10'9 < 8.3 (48) x 1()'8 LHCb
AJF—pptp “” ~107 <9.6x 1078 LHCb
D" /K etes FCNC, full ee spectrum 10'8 - 10'6 <03/12 x 10'6 BESIII
D'>atapp  FCNC, low-mass pw ~107  (7.8+1.9 £0.5 +0.8)x10™8 LHCb
D'>KKptp  FCNC, low-mass pHy ~10°  (2.6+1.2£0.240.3)x10"8 LHCb
DO— FCNC 10713+ 10712 <7.6 %107 LHCb
DO—ete FCNC 10713+ 10712 <7.9%108 Belle
D%—vv Helicity suppressed ~10'30 < 8.8 X 10'5 Belle
DY—ep- Lepton Flavour Violating 0 <1.6 x 1078 LHCb
Do’ Lepton Number Violating 0 <25 X 1()'8 LHCD
DR A TRV 77 0 <14 %107 LHCb
D'—>n/K ee* ” 0 <1.2/0.6x 10 BESIII



Decays with leptons: hot topic in beauty

Charm tauv\&erparf:s of B—>K(*>uy ol
* No clean m(pu"w) range in D—h(h)u

* Different angular observables

useful in D—hhp

Le.p&ov\ ~lavour Umivarsatwj

Tesks U charm?

0.001

107

n

n'

Short Distance
Long Distance

dB(D*-r*u*u~)/ dg? [GeV

| D —atputp

LHCb UL |

PRD93 074001 (2016)

10-15
0.0

0.5

v D—h(h)e*e and D—h(h)u*u in resonance regions

v/ Leptonic decays, R7*
B
BDJ*””T = 9.98 £ 0.5
DY —ptvy, SM: 9.76

B y
DY—=rtvr _ 391+ (.64
Bp+ o ptu, SM: 2.66

v/ Semileptonic decays, R¥M
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PRD97 091101 (2018) LHCb

Search for A" . —pu'y

* Rare decays overwhelmed with
resonances: p’/m, ¢p—pu

* FCNC rates ~107
Resonances ~10-6

* Look for signals in bins of m(u"p)

* LHCb, 3 fb-! of Runl data
* Reference mode: A" —po(— pp)

* Non-resonant = p/®, ¢ regions excluded

BAF — putp™) < 9.6 x 107° @ 95%CL

* 1000x% better precision than BaBar
for full m(u"n)  PRDS4 072006 (2011)

Jolanta@Beauty'19

Candidates / (7 MeV/c?) Candidates / (7 MeV/c?)

Candidates / (7 MeV/c?)

22
20
18

mmmary T
[*d 1

) Jnon—resonant LU i HCD

S,

T RA N
O

:

"lerg

1111111

m(pu*u”) [MeV/c?]

m(ppp)

v/



PRD97 091101 (2018) LHCb

AT —pup: issues & prospects

* m(pp) for AT —pprw

¢==> non-resonant region

Candidates / (10 MeV/c?)
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1100
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* Resonance tails in non-resonant regions = BFs not clean observables
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dB/dq? [GeV ™2
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PRL119 181805 (2017) LHCb

DV—atrptu, KTK-ptu: first signal!

* 4-body decays: higher BFs, rich observables 15
* LHCb, 2 fb! Runl data 10
* DOfrom D**—D%* to suppress bkgd
— 35 I —— — S
> - ] S
< 30p LHCb = o 80}
S F D —amutus ] > |
> BE E w00
S wf E 3y 40f
5 “F : g 2l
g 10F —t— 3 S
5E uL@ = "é
F (¢ || 9%CL uLegs%ol ] SEET
oC e A P B Tt ] U
0 1000 1500
{ m(u*pe ) [MeV/e?]
® The rarest charm decay ever observed
[

Agrees with SM. Contains resonance tails

D'>atarptu
- Low m(u')

- 27+6
(5.40)

. 2 7,
> /

- oo L
- i1 _\

OO0

High m(p' )

T — Fit

t [ D —atautur
Hl B Dttt

/.Zw-ll ] Comb. backg.
1850 1900 1850 1900

B(D° =71 107 ) how mutp-)=(7.8£1.9 £0.5£ 0.8) x 107°

m(D") [MeV/c?]
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PRL121 091801 (2018) LHCb

Asymmetries in D'—rrufp, KTKpfp

* Exploit rich dynamics of 4-body
= sensitive SM probes
* Acp Apg A, ~null in SM
In NP ~O(%), also for resonances

JHEPO4 135 (2013) PRD9S 035041 (2018)
* 2fb! Runl+ 3fb’! Run2 data

D'>atrpuu
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PRL 122 081802 (2019) BaBar

Observation of D’ —K-rttete

* BaBar, full sample 468 fb!
* DOfrom D*—D%* to suppress bkgd
* Fits to m(D%) and Am=m(D")-m(D?)

m(DO) Am for p/oo—>e e region

33
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=
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Candidates / (0.25 MeV/cz)

i i B | I - T L L
1.82 1.84 1.86 1.88 1.9 0.143  0.144 0145 0146 0147  0.148

m(K~m*e*e ) [GeV/c?] Am [GeV/c?]
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=)
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Background-subtracted m(e*e")

| BABAR

gl B

—
S
I | I

o el i b

T T T T T T

n pPY w n ¢

i :

m(ete-) [GeV/c?]

B(D* — K ntete),), = (4.0+£0.5+£0.24+0.1) x 107°

®* (Consistent with SM and muon channel

PLB 757 558 (2016) LHCb

* Innon-resonant m(e“e’): S =19+ 7 (2.6 6) (resonance tails subtracted)

B(D’ — K atete )yr < 3.2 x 107° @ 90%CL

* Improves E791 upper limit of 4x10-4
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PRD 99 112002 (2019) BESIII

D—Kmne'e" Lepton Number Violating decays

* Forbidden in SM = Signal
* Rates with SUSY up to ~107

= New Physics

e BESIII, 2.9 fb'! @DD threshold

B(D’ — K 7 etet) < 2.8 x 107° @ 90%CL
B(D" — Kgn ete™) < 3.3 x 107° @ 90%CL
B(D" — K 7nete’) < 8.5 x 107° @ 90%CL

* Search for Majorana neutrino v ,—mne*

oy
v \_ J |

C LLLLLLL[ S
—— l'
»

u
D'—>K-metet ;; \

via Majorana v 4
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arXiv:1905.00608 BaBar

Lepton Number/Flavour Violating D°—hhll

° D%—>hhp*p*, hhete*, hhe*n", hhe™ - where h=K,zn
* Forbidden in SM. Rates with SUSY up to ~10-

* BaBar, full sample 468 fb-!

* DOfrom D**—D%* to suppress bkgd

* Fits to Am=m(D"*)-m(D°) for m(D?) signal region
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arXiv:1905.00608 BaBar

Lepton Number/Flavour Violating D°—hhll

* Normalisation channels: D'— 4n, K-n'ntn, KIK-n'n

Decay mode Niig B B 90 :
DY — (candidates) (x1077) m
T oeter 0.22+3.154+0.54 0.27 £ 3.90 + 0.67 9.1
T ptut 6.69+4.884+0.80 7.40+5.40+0.91 15.2
T retut 124245304+ 145 154+6.59+1.85 30.6
r rtetuT  1.37+6.15+1.28 1.55+6.97 +1.45 17.1
K rm etet —0.234+097+1.28 —0.384+1.60+2.11 5.0
K7 utput —0.034+£2104+£0.40 —0.054+3.344+0.64 5.3
K nm etut™ 3.87+£396+236 5.84+5.974+3.56 21.0
K ntefpy™ 2524+460+1.35 3.62+6.61+1.95 19.0
K K etet 0.304+1.08+0.41 0.43+1.54+0.58 3.4
K K ptpt —1.094+1.294+0.42 —0.81 4 0.96 £ 0.32 1.0
K K etpyt 19341924083 1.934+1.93+0.84 5.8
K -Ktefu™ 4.09+3.00+£1.59 3.93+2.89+ 1.45 10.0

* No signal found. Upper limits of (1 + 30) x 10’
* 10+10° x more stringent limits than ones from E791  PRL86 3969 (2001)
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PRL118 051801 (2017) Belle ,
PRD 93 051102 2016) Bell:  [Decays with photons

® Theory problem: Long-distance rates ~ 103 x Short Distance

* C(Cleaner probes: CP asymmetry, y polarisation S. de Boer, G. Hiller
JHEPOS, 101007 (2017)

* Experimental problem: n° background

Y| Acp(D° = (—94+6.6+0.1
Loimey)  Dopy | Aerimon)=( % No CPV
@ Acp(D° — p%y) = (+5.6 £ 15.1 £ 0.6)%
S DV—prt .
s ’ D'—p'r 60f m(yY)
Booo- e N G 50 DO—nn’
DO : 2 4of DY—yy
5
(> % 30k ...
G_P,,,§.--,==:;::i"'t'r_J__.,-»""“J":“‘Z:;.L N m ) E --------------
R '8 1'r?1ass D° ((geV/cz) w 205 N +
B(D° — p%v) = (1.840.3£0.1) x107° N3 AN
07975 T8 185 79*“1?; 2
* LHCDb competitive in D’—py, @y Mrv) [GeV/c]

B(D° — vy) < 8.5 x 1077@ 90%CL

* Belle2 dominated: D—yy, D*—p™y, A, —py

* LHCb Upgrade: improved calorimeter
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Summary & Outlook

Rare charm decays start entering the SM regime

Probing rates down to 107

First signals!

BFE(D 't W) oy mut = (7.8 £ 1.9 £ 0.5 £ 0.8)x10°
First measurements for baryons:
BF(A"—PH )| onsesonant g < 9-6 X105 @ 95% CL
LFV/LNV decays D°—hhll: UL~10"7

More than rates: Acp Apg A, for D'—h*hu'w

With more statistics charm will take “B-brother” path:
angular analysis of D°—h*h-u*u-, photon polarisation

Ongoing with Run2 LHCb data:
DO—py, @y, D' —=K/n I'l', Af —ppp, DO—I'T
D —K/me'w

Jolanta@Beauty'19
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PRD 95 071102 (2017) BESIII

PRD 99 072202 (2019) BESIII S e arch fOI' D(S)Jr_)y C+U

Candidates / (10 MeV)

Y et

>«§/<
Ve

'Short distance rate ~107

C
Unlike D —e™, no helicity suppression

BESIII, 2.9fb-'@DD and 3.2fb-'@D_D,* threshold

c

Double Tag technique
.
Photons with E >10 MeV 5 v
Signal 1dent1ﬁed with U_. .= E . - [P ¢ v VMD
miss - Tmiss - Hmiss Long-distance ~104+10-3
oF D;—vev MC +dta 50 D—ye'v MC BF=10- 3+
B D —ne'v,
- BF=7.5x10* D, ~+— data - D—mlev
C — D,—>ye*v, MC > i total fit :
15__ other bkg é’ 100 ——- n0e+ve bkg |
N o i other bkg.
10D, —1v i I @
: | 5 sof
B | > 20
S i }[ | H L I
B =L I L
- THE 3 ;
TIIH'_Il . ,,,,--,=-,,.,,”J—1I~r 0k LA T e
A2 -0 0 0.1 0.2 0.3 0.2 0.1 0 0.1 0.2
Umiss(GeV) Umiss (GeV)

B(D} — vetv) < 1.3 x 107*@ 90%CL

B(DT — ~vetv) < 3.0 x 107°@ 90%CL
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PRL 119 181805 (2017)

DV—atrptu, KTKptu

— 3Sp———7 71— T 7 — S ' T ' T 3
> - 3 > S E
< 30f LHCb + £ = 4.5E LHCb { E
= D — gtmutu - . < 4F D S KK utu - =
T asp S 3 SossE o l 3
5 20F 1 & 3 3
= F . = 25F uLe =
E 15 —] E 2 E_ 95% CL _E
'ﬁ C ] = E E
& 10F —t— 4 & I5F E
< o 3 < E | 3
5E o = 3 l 3
. _{._.1:95% CL UL@95%CL 7 05F E
C I I /2 S S S S R Tt ] E_1 P B R S B 3
0 500 1000 1500 0 200 400 600 800
m(u*p ~) [MeVic?] m(u*u ~) [MeV/c?]
DY — wra
m(ut ) region [ MeV/c?] Yield S
Low mass < 525 276 5.40
7 525-565 5=+3 2.50
p° /w 565-950 208 =17 180
@ 950-1100 312 =% 20 230
High mass > 1100 94+ 6 1.60
D° - KTK 't~
m(utpu~) region [ MeV/c?] Yield S
Low mass < 525 5=L3 3.10
n 525 565 . -
p°/w > 565 29+ 5 8. 1o
Total BFs: B(DO 2 7T+7T_,LL+/L_) = (9.64 +£0.48 £ 0.51 £ 0.97) x 10_7,
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B(D? - KYK pp™) = (1.544+0.27 £ 0.09 £ 0.16) x 107",



PRL121 091801 (2018) LHCb

Asymmetries in D'—rrufp, KTKpfp

I'(cos @, > 0) —I'(cosé, <0)

) A —
f = = 27 T(cos 0, > 0)+I(cosb, <0)
8./¢, L Enn _’*’ A — ['(sin2¢ > 0) — I'(sin 2¢ < 0)
€u-/ Cun D l" ? 7 D(sin2¢p > 0) + I'(sin 2¢ < 0)
j,+ A — [(D° — hth=ptp~) —T(D° — hth=ptp)
- T ID(DO = hth—ptp) + D(DY — hth—ptp-)
])m.‘OR)K-FK-Iu-*_u- T T m 06— 71— « 06— r——— 77—
O L ] o L 1 < L ]
< gatAcp [7o] LHCD 1 T . Aps (%] LHCb 40 Agd%] LHCb
02 | + EE s 1 ozt , ; ]
o X b ot
-02F T . ~02F . ~02F ]
—0.4;* D'— K*K u*u- *; —0.4;* D’— KK utu- *; —0.4;* D°— KK utu- *;
OO 0 e0 s0 . ST a0 e0 om0 5T a0 e0 800
m(u*u) [MeV/c?] m(u*u) [MeV/c?] m(u*u) [MeV/c?]
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PRL121 091801 (2018) LHCb

DV—atrptu, KTKptu

e 2/fb Runl+ 3/fb Run2 :

p{ Ve po{°

u

S R 2 2
——
>
+

=~
A
] QO Q)
S
/ﬁ

N

LS
7;+t

m(p ) Efficiency-weighted yields Signal asymmetries
[ MeV/c?] Signal Misid. back. Comb. back. Acp (%) Arp (%) Ay (%]
D — atn—putp
< 525 90 £ 17 233 +25 108 £ 22 17+ 20 £2 2420 +£2 —28+ 20 +2
525-565 — — — — — —
565780 326 £23 253 +24 145+ 21 —129+£7.140.7 8.1£7.140.7 74+7.1+£0.7
780-950 1414+ 14 159+ 15 89+ 14 17+ 10 +1 7T+ 10+£1 —144+£ 10 +1
950-1020 244416 63 +13 4349 7.5+6.5+£0.7 3.1£6.5+0.6 1.24+6.440.5
1020-1100 258+ 14 3349 4449 09455407 09456407 14+55+06
> 1100 - - - _ = -
Full range 1083 +41 827+ 42 5979 4+ 39 49+3.84+0.7 3.3+£3.7+£06 —-0.6+£3.7£0.6
DY - KtK-utu~
< 525 32+E8 5+13 124 +20 —334 26 +£4 13+ 26 +4 9426 £+£3
525-565 - - - - - .
> 565 74+9 39+7 48 £ 8 13+ 1241 1+124+1 22+ 12 +1
Full range 110£13 49+12 181 £19 0+ 11 £2 0+ 11 £2 9+ 11 +1
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PLB 754 (2016) 167 LHCb

Search for LFV decays DY—e™p-

* Forbidden in SM = Signal = New Physics
*  With SUSY ~ 10%. With multiple Higgs doublets: < 7x10-1°

* 3 fb!of Runl data
* DY%from D**—D%* to suppress bkgd

10

Candidates / [1.7 MeV/c?]
S 5] e N o0

Candidates / [0.27 MeV/c?]

1820 1830 1840 1850 1860 1870 1880 1890 1900 1910
m(ep) [MeV/c’]
m(ep)

D'—ep signal
D'—atr background

140 142 144 146 148 150 152 154
m(D*)_m(DO) m(eum) - m(ep) [MeV/c?]

B(D° — e*uT) < 1.3(1.6) x 1078 @90 (95)% C.L.

* 10X better precision than Belle ~ PRD 81091102 (2010)

JolantaBrodzicka@BEACH2018
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PRD 93, 051102 (2016) Belle

=) DY—yy

* Long Distance: vector meson dominance
«  With SUSY: increased up to 6x10° e

4

VW ¢ —— !

‘V* ) d18|b u

» Use tagged events: D**—D0*
« Reference mode: D'—K '
* Background from D°—n%® (BF~10-%)

n < Y o ¥

-+ -

BR ;3°P(D° — yy) = (3.6-8.1) X 10~ 12

BREG(D® — yy) ~ (1-3) X 1073

D
o
T

- -4
<> 50F 107E
(&)
S O FET NGl S TR AT+ | ETTTTTTTTTTTTTTTTTTTTTTTooTToooToooooood
2 40f _
) : E oy ]
3 S0F 106 L Upper limit on B(D"—yy)
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Plenty of charm produced

Prompt charm D®)
\ 4
prompt charm
7,8 TeV 3/ftb 1.4mb | 4x10"?
13 TeV 6/tb 2.6mb | 16x10"

hadron LHCb

CDF 2 TeV 10/fb 0.1 mb| 2.3x104
B-ractories conbtinuum charm
9
Belle 10.6 GeV 1000/tb 1.3 nb 1.3x10
ere- BaBar 550/fb 0.7x10°
Charm Factories @DD threshold
BESIII 3/tb 20x10°
3.7 GeV 2l
Cleo-c ' 0.8/fb 5x10°
D
et e
v(3770)

s @ B &

' BESII

f) 24




