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Qutline

* [Introduction to rare charm decays
*Rare charm decays in LHCb

*Most recent LHCb measurements

. Search for 25 rare and forbidden decays of D™ and D™ [JHEP 06 44 (2021)]

. Angular analysis and search for CP violation in D — h™h~u*u~ (h = K, ) arxiv:2111.03327 [hep-ex]



- Unique probe: FCNC | Ac| = 1 transitions are unigue probes
in up-type quark sector, complementary to studies in K and B decays.

* Promising discovery tool:

. Extremely suppressed rates ~ 0(107'%) (no tree level, GIM suppressed),
e Negligible CP asymmetries (CKM suppressed), SM
e Well known angular distributions (e.g. no lepton axial-vector couplings).

. Short-distance branching fractions potentially enhanced up to G(10~7),
e CP asymmetries potentially up to few %, N¥
 Modified angular distributions. [MPLA 36 (2021) 2130002

- Challenging: large resonant contributions, difficult to obtain precise theoretical predictions.
—xperimentally: need large charm samples and control over fully hadronic backgrounds.




Spectrum cf rare charm decays

3ranch|ng frachcns clcmmated by

Wide scale of rates, frcm fcrb|dden to not-so-rare decays.
long-distance contributions.

D' 5z xtvV( )
D" 5 p V(>IN
D' 5 K'K V(1)

D’ > K*Oy
D’ > (4p.0) ¥

D, — z'I'1”
D; = K'I'I”
D' 5 Kzl

D' > ute”
) RN pe

Difficu

=XP

—XP

D! -zt g(—=> 1)

D’ = K™I*I- D’ > ¢ V(1)
FCNC VMD Radllve
100" 10" 10" 10" 10" 10° 10® 10" 10° 10°> 10*
0 + - +
Dy >hI'I D' 5 uu D5 ntltl D _’5*0” V(= Il) D" 5> z¥g(> 1)
0 4 - D’ > ee D'>p I'I-  D'>K V(=I) D'>Kz'V(-)
D' _’X”" ; 0 D° 5 KW (I
pE— D’ 5> K'KI'IT D -y - (— 1)

t to search for N
oit exact symmetries with search for forbidder
oit approximate symmetries with clean SM nul

2 effects in the branching fractions, more promising strategies are:

decays,
-tests In long-distance dominated decays.



Charm rare decays |n Lb

o Large sample of cC in LHCb N(cc) > 1013
—xcellent vertexing, tracking and identification. LHCb focused mostly on final states with 2 muons.

( ) — h= ¢
D’ — pe~
() N fif’i
Dy = hp*u” D° — ptu~
LFV, - BNV FCNC
0 10" 10™ 10" 10" 10"

Search for NP in branching fractions

search for DV — //l+/4_ [PLB 725 15-24 (2013)]

search for DY — h™¢ft¢~

(s)
search for DY — zta—utu~

observation of D¥ — K~ ztutu~

search for AT — pu™u~

[PLB 724 203-212 (2013)] , [JHEP 06 44 (2021)]
[PLB 728 234-243 (2014)]

[PLB 757 558-567 (2016)]

[PRD 97 091101 (2018)]

observation of DO —> h+h_,u+,u_ [PRL 119 181805 (2017)]

A = putp” D? > K=n* V(u*u~)
D° > h*h™¢*¢~ DO — KK~ V(u*p —)
Dy - h¥ereT DY = 7t~ V(utu
VMD Rad.1ve
10" 10° 10° 107 10° 10° 10

Search for NP based on symmetries

search for DY — ute” [PLB 754 167 (2016)]

search for D(JS“) —> h= 7™

search for CPV and angular
asymmetries in D — hth=u*u~
full angular analysis and

search for CPV in DY — hth=u*pu~

[JHEP 06 44 (2021)]

[PRL 121 091801 (2018)]

arXiv:2111.03327 [hep-ex]



Charm rare decays |n Lb

o Large sample of cC in LHCb N(cc) > 1013
—xcellent vertexing, tracking and identification. LHCb focused mostly on final states with 2 muons.

( ) — h= ¢
D’ — pe~
() N fif’i
Dy = hp*u” D° — ptu~
LFV, - BNV FCNC
0 10" 10™ 10" 10" 10"

Search for NP in branching fractions

search for DV — U /4_ N [PLB 725 15-24 (2013)]
search for D:) = Aaray \4 [JHEP 06 44 (2021)]
search for D° — Tz~ utu= [PLB 728 234-243 (2014)]

observation of DY — K~ ztutu~

search for AT — pu™u~

[PLB 757 558-567 (2016)]

[PRD 97 091101 (2018)]

observation of DO —> h+h_//t+,u_ [PRL 119 181805 (2017)]

A = putp” D? > K=n* V(u*u~)
DY = Wh™¢¥¢™ DO — KK~ V(ﬂr)
D( , = hte+¢~ DY -zt~ V(utu
VMD Radllve
10" 10° 10° 107 10° 10° 10*

Search for NP based on symmetries

search for DY — pte™ [PLB 754 167 (2016)]

search for DF — h= 71t/ &

W)
search for CPV and angular

asymmetries in D — hth=u*u~
full angular analysis and

[JHEP 06 44 (2021)]

[PRL 121 091801 (2018)]

search for CPV in DY - h+h u_ &\‘ _arXiv:2111.03327 [hep-ex]




Searche rare and en

D¢

e —————— e —— —

LECB-PAPER-2020-007 - [JHEP 06 44 (2021)]

D+—>7r+,u+,u_
Dt - zutut
DT - ntute”

DT - n ute”

DT - gtetu~

Allowed in the standard model

DT > nteve”

D™ - n7eTe™

D+ — K+}l+ﬂ_

D+ — K+,u+e_
DT - K eTu~

DT - K eTe™
DFf - zatu*u~
D — z~p*pu*
D - ntuTe”

D - n u"e"

——————— ——— P —

Df — K'p"e”
Df - K p“e”
- Df — K*e*u~
uruo Df — K'e"e”
prpt Dff —» K ee”

Effectively forbidden in the standard model

From C.Burr presentation at ICHEP 2020 in Prague



Predictions for rare and forbidden decays of D™ and D}

Qﬁ I non-resonant SM

5 resonant SM
1075 P/ . ;

10—11 15
. h—\
1015 S

« Predictions for D(J;)

decays [EPJC, Vol.80, 65 (2020)],

forbidden and rare semileptonic

e \Wide range of rates for SM-forbidden decays

(10‘11 — 10‘8), depending on the NP model. Oxlo— 1
Lot - resonant SN
_ , . el Co0) = 0.5
* For non-forbidden decays, resonant SM highly m—Criry =05
1.0 o —— R

dominates the decay rate. NP enhancements are
possible far away, especially in high m(Z+¢ 7).

O |
Ut

2.0 .

¢ [GeV?] 8



Searches for 25 rare and forbidden decays of DJr and D

" [JHEP 06 44 (2021)]

e Analysis performed using 2016 dataset, correspondmg to 1.7 fb_1
« Di-muon mass regions corresponding to # and p/w are vetoed.
D(J;) (¢p — £7¢7)n" used as normalisation.

o Signal is extracted by fitting the three body invariant mass,
e PID selection to suppress the mis-identified background due to hadronic decays.

= 5000 — . = s
v DY — atutu © DT — ntete” Total
= Lo e LHCb = 500 — G . LHCb
N i Df — 7tutu - . Df —7n"ee M D —nrr
@4000—: ...... Non-peaking /\ND"‘ ~ 42k %400 | evane Non-peaking B Dj%ﬂmr
é 1 —— Total - é -
= 1 B D —rrm = -
= 3000 — N = -
O 1 B3 DI —rmrm O 300 — |
200 —
100 —
[ — — O;ﬁw*l T 1 r T 11
1850 1900 1950 2000 2050 1850 1900 1950 2000 2050

m (7t utp) [MeV] m (rtete™) [MeV] 9



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

[JHEP 06 44 (2021)]

WTH ) 4 = FCNC with

7 MNAN D;’_ ntete”
100 — r

................... s muons and

. D\ n : T electrons in the
1 LHCH o~ g 1 7N AL S Laen final state

""" Non-peaking

Candidates/(4 MeV)
Candidates/(4 MeV)

Ot
-
|
\
)
-
\\
~
-

’ Df — mhptu” 1 _-

O__-'F‘F-l—rl | I\ﬁ | 'I"-I'-'I'—T/l |l|>"|_T| L O;_Fm-'%%ml_l_l_l_l
1850 1900 1950 2000 2050 1850 1900 1950 2000 2050
m (T ) [MeV] m (mTete™) [MeV]
A~ 250_‘ 0 1 . _ 1
A <1 o s
_ J[ J[ J[ i I\ ==- Dfonrrw
3200 J[ ‘ = ]
~—_ = e e y - g _
o [ B B S SN X X U OF O R | 40 —
% 150 B BRRREE Non-peaking j[ Jr + .... J[ Jr J[ _é 7
LFV and LNV 29— 2" T Za
= 100 7 Total =~
decays R [ DT S 20
50_— gy Df = nrpte” \) 7
1 .V LHCH 10
O_—E_,ff \ ’,/ O_:- | 1\_-'-|-T—’
| | | | | | | | | | | | | | | | | | | | | |
1850 1900 1950 2000 2050 1850 1900 1950 2000 2050

Only decays with pions shown m(m uTe”) [MeV] m (m~ ") [MeV] 10



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

[JHEP 06 44 (2021)]

e All results are consistent with the background-only hypothesis,

e [ Imits on

Dt o ottt —
Dt Sttt —
Dt & Ktutu —
Dt — nputet —
Dt & ety —
Dt = wtute —
Dt s Ktety —
Dt - K+pte —
DT — metet —
DT — wtete —

DVt 5 Ktete —

X
%

X  Observed U.L. &
Expected X
+10, +20
BaBar
CLEO ol
LHCb

LHCDb

X

1078

| I T 1T 1hl || | I 1T 1111 ||
107 1079
Upper limit at 90% confidence

1072

BFs improved by more than 1 order of magnitude (up to a factor of 500).

DY = utut 4 ey
DY —» mtutu™ —H X
Df = K utut — X
Df = KTutu — %
D;r — 7T—:u+€+ —1 X Observed U.L. S
D;_ — ety — Expected X
D - nute o +10, +20 X
D;r — K_,u+€+ — BaBar X
Df = Ktety — CLEO X
Df - KTute — LHCD X
Df = m ete — X
DY — nfete 4 X
Df — K etet — LHCH K
Df — K ete™ — X
||||||| | | ||||||| | | ||||||| | | ||||||| |
10~° 10~ 107" 107"

Upper limit at 90% confidence
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Angular analysis of DO — 7z /ﬁ/f and

= ——-———#__ ps

D° - K"K u*u~ decays

and search for CP V|o\at|on

————— e e — ————————

LHCB-PAPER-2021-035 - arXiv:2111.03327 [hep-ex]

Presented for the first time by D.Mitzel at 11th workshop on “Implications of LHClb measurements and future prospects”

———— —— = —————— ———— — = o
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Final state observed by LHCb (rarest charm meson decay observed), compatible with SM

[PRL 119 (2017) 1818057, [JHEP 04 (2013) 135]
B(D® = ntn put ™) ~9.6x 107"
B(D* - KTK utp™ ) ~1.5x 107"

Dominated by resonant contributions in ATh~ and
it~ systems (mainly p/w and ¢).

Analysis performed using 2011-2018 dataset,
corresponding to 9 fo= !

DY selected from D™t — DYz" decay

1 )) ll_-
(“prompt charm®): L+
well identified kaons/pions and muons u
forming a displaced secondary vertex, D’ "
naired with a low-momentum pion o

D - at

k
toforma D T vertex. Srimary vertex

1000

300
600

N
S O
oS O

100

Candidates per 5 MeV/c2

N
-

-e- Data

— Fit

D’ —atrutu”
B D’ —=rtrata
---Comb. backg.

/ ?//
0

/2 S S S S

-o- Data

— Fit

D"—=K'K utu-
B D' —K'K nta
---Comb. backg.

////;;/ s

///f;g?/////
U

A

S S S S S

7

//

S
?// /|

1850
m(h™h u*u-) [MeV/c?]
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D()

o [ull angular parametrization [PRD 98 03504 (2018)]

dl o onos
I 9 17 ° - '=—Cl100'=0.5
dq2dp2 dﬂ 27’(’ Z ’p h) - (¢ ) 2'=—C10'=0.5i

\, angular

coefficients

Five-dimensional phase-space
¢ =m*(pTp7), p® =m*(h"h7)
d{) = dcos b}, dcosl, do

* All coefficients measured integrating out the
hadronic system, i.e. integrating on p2 and cos 0,
1 [Pmaa +1
(I2.3.6.9)(q°) = f/ dp” / dcosbp, 12369
4mh —1
1 [Pmaa 0 +1 _
(I457.8)(q%) = —/ dp” / d cos 6y, —/ d cos 6y,
F 4mh i —1 0

h"h” 14 ,u “angular observables

\\} angular basis

----------------------------

0.02

NP resonance

enhancead
[PRD 98 03504 (2018)]

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

0.5 1.0 1.5 2.0
q° [GeV?]
| 15,6,7 OLeaVb |
SM null tests |
Optimal integration of cos @, giving the
14,5,7,8 . P g n 9IVINg

p-Wave contributions in ATh™ system
14



O—>hh_,u+,u angular observables

o (Coefficients determined independently as differences of the decay rate, with specific integration
of the angular variables (“angular tag”), e.g. for Iy & Agp:
() = ['(cosf, > 0) —I'(cosf, < 0)
°7 T(cos 0, >0)+TI'(cosf, < O0)

N(cosf, >0) — N(cosf, <0)
N(cosf, >0)+ N(cosf, < 0)

—b>  (s) =

0 O R 2
+ Measured separately for D” and D", thus flavour-averaged (S)) 3 600F [ HCb ( =
and CP asymmetries (A;) can be obtained as O Fofp! ¢
1 3 1 _ = 500F -
(Si) = S[(L) + A ()] (Ai) = SUL) - @) (L)) = 400f D'~ woruue :
for CP-even (CP-odd) coefficients. % wol Pl E
) L
S 200F : -
e Access the q2 dependence by measuring in q2 regions: S 100E f ; -
m(putp™) [MeV/c* | - "## +, -
Decay mode low mass n pu/wu ¢ high mass 0 E”"""“'-"'“"‘r ;,*dh” \’"’“: oy | —
D' 5 KYK utu~ | <525 |[525-565 (NS) > 565 - _ — — ' !
D° — 7T+7T_,uf,ulf < 525 | 525-565 (NS) | 565-780 780-950 | 950-1020 1020-1100 | > 1100 (NS) 500 1000 1500

m(u*u~) [MeV/c?]

NS = No signal 15



o 16 angular observables (per decay mode, per q2 region).

e 12 SM-null tests:
(S567)sm =0 (As_g)sp =0

e Correction of acceptance / reconstruction / selection etfect
across the 5D phase space, by reweighing the D" candidates.

o Signal yields extracted by fitting the D" invariant mass, splitting by the flavor and
angular tag.

 Analysis limited by statistics: systematic uncertainties are typically between 10% and
50% of the statistical one. Main important sources are:

. Choice of the DY invariant mass fitting model,
 Acceptance correction method.

10



e CP asymmetry is measured with a similar strategy, splitting by flavour categories:

I'(D° = hth utp ) —T(D — hth utu™)
[(DY — hth—ptp~) +T(D — hth—ptp-)

N(D° - hth utu )= ND — hth utp")
N(D® — hth=ptp=) + N(D — hth=—ptp-)

Acp =

e Need correction for nuisance

raw -
asymmetries CP — Acp +Ap + Ap
%y 0 +— 4+ CPasymmetry  Detection asymmetry Production
Asample of D ™ = D7( — K"K™) x to measure of tagging particle (z) asymmetry of D™ ¥

decay and an independent
measurement of Ap are used to

subtract the nuisance asymmetries.

* The mass model used In the fit is the main systematic uncertainty.

17



/\06_ — r 1 ' 1 1 Tt 1 T T T T ] _/\0.6_ —r 1 T T 1 T T T ] /\06_ —r 1. . T T 1T T T T T T ]
S LHCb 1w~ I LHCb 1w | LHCb
~ 04_ 9 fb—l __ ~ 04_ 9 fb—l __ ~ 04_ 9 fb—l ]
0.2} 4 02} 4 02} -
l + ] l g ] —

Ot . + % = OF = 8 OF S _+_++ ]
02— 4 -02 4 02 -
-04 D—s Ttrutu -04 D—s Ttrutu -04 D%—s Ttrutus
_0. rl N 00 06 , 1H, , . ., | N 06— 1 ]

0.6 500 1000 1500 500 1000 1500 500 1000 1500
m(utu~) [MeV/c?] m(utu~) [MeV/c?] m(utu~) [MeV/c?]
A~ 06_ — [ T T T ] T T T 1 71 06_ — [ T T Tt [ T T T T A~ 06_ | — 1 1 Tt T 1
A" LHCb 1w~ | LHCb 1w | LHCb
~ 04_ 9 fb—l -1 > 04_ 9 fb—l -1 >~ 04_ 9 fb—l ]
0.2} 4 02} 4 02} -
of R I S B o S
0.2 | 1 02 1 _o2 —
L
-0.4 D'— Kk*Kutu- 1 04 D'— k*Kutu- 1 04 D°— K*K-utu~
0. W TR S I R 06 AT BT ' R R —0.6 M B ' R TR R
0-6 400 600 300 400 600 300 400 600 300

m(utu”) [MeV/c?]

m(utu”) [MeV/c?]

m(u*u~) [MeV/c?]

SM null tests
observables
(S5.67)

IN the di-muon
mass regions.

All In agreement
with SM
poredictions

[JHEP 04 135 (2013)]
[PRD 98 03504 (2018)]
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A~ 06_ —r 1. T T T T 1] -~ 06_ —r 1. T T 1] 06_ —r 1 r 1 T T ]
o LHCb 1 < I LHCb 1 < | LHCb
~— 04:_ 9 fb—l _: ~ 04:_ 9 fb—l _: ~— 04:_ 9 fb—l m

0.2f 1 o2f 1 02f 1 CP asymmetries
» Py : - ey Z 5 -

I I A A | Opitndaty ; (A6.8.9)

02 1 02t ] -02r | - In the di-muon
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0 T 000 1500 Y% 00 1000 1500 T Ts00 1000 1500
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02— with SM
o ! Lo T + : predictions

~02f 1 -02f 1 -02F - |
| T L [JHEP 04 135 (2013)]
—04r D'~ KK uw ] 040 D'~ KK TOAL D~ K'Kww™ ]  [PRD 98 03504 (2018)]
060 w0 w0 0T T a0 60 so0 . 0T a0 60 800
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19



o C

P asymmetry Ap in the di-muon mass regions. Consistent with SM.

e (Overall agreement with respect to SM predictions

COmpUted for ACP’ <A2_9>9 <S5,6,7>

i
o D' >

D’— T uTuT

T I
500

T TR T TR B
1000 1500
m(u*u~) [MeV/c?]

0.30)
2.7

4
]
) “‘

m(u )
[ MeV/c?]

Acp |70]

LHCb

9fb!
- + =

D’— K*K utu~ ]

D Y 57

< D25
525—H65
560780
780-950
950-1020
1020-1100
> 1100
Full range

ot

28 =

—2.7 =
—1.9-
0.5 =

- 13 S
- 4.1 4
- 0.8 2
- 3.7 -

4.2 -

- 0.4
- 0.4
- 0.4

- 3.4 -

2.9 -

- 2.1 -

- 0.4

- (0.4

T N
400

| I6()OI | ISOOI
m(utu~) [MeV/c?]

D Y KTK utpu

< D525
525—965
> 500
Full range

4 -

—2.5=
—2.3 -

- 10 =

- 0.8 -

- 0.3 -

- 0.6

- 0.6

ArXivialll 08327
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e Steady
the SM

progress over the years. When probing rates of ~ 10~% we are getting closer
regime. Thus rare charm decays is proving itself to be a unique and

complementary probe in the field.

® | HCb has collected the largest charm sample and counts many important results:
® Many world's best measurements,

® Rarest charm meson decay observed to date,

® [rst

full angular analysis in a rare charm decay ever performed.

e New updates are coming very soon (DO 4-body decays with electrons in the final
state, update on DY 3-body decays presented today, update of DY - //t+//t_).

® (Given't
with L

ne current limits on the statistics, signiticative improvements can be expected

Cb upgrades.

21
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Limit on BF
(far from resonances
for multibody)

Statistical precision on Ap

Mode Upgrade (50 fb_l) Upgrade |l (300 fb_l)
DY — ptp 4.2 x 10719 1.3 x 1010
DY = ntutp 108 3x 10~°
Df — K utp~ 1078 3 x 107°
N — puu 1.1 x 1078 4.4 x 1077
DY — ey 109 4.1 x 1079
Mode Upgrade (50 fb_l) Upgrade Il (300 fb_l)
D" — ntutu~ 0.2% 0.08%
DY - ntrputu~ 1% 0.4%
DY —» K ntutu~ 0.3% 0.13%
DY —» Ktn—putu~ 12% 5%
DY KTK—utu~ 4% 1.7%

from A.Contu talk “Rare charm Decays and Asymmetries”
Towards Ultimate Precision in Flavour Physics, Durham, UK 2-4 April 2019
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i-hadron spectra - DO > hth~ptu~

C\] 1 I I I I I I I I I I I I I I I —

1 QU
S 1607 | LHCb  ° > 1200 | LHCb -
L 140 [ -1 — O e _ -
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o 120¢ . : o :
~ 100F . .D% T N 80r D’— KKt =
5 ek i : S b -
£ o | £

S f . | : S 400 -
S 400 b = =

S ok o ++++H+ #ﬂﬂ Mgy 5 20 + :
zé X it ! f #H#t*f**-% zé ot e,
B SIS I AT TR R T R B e b e
'D 400 600 800 1000 1200 O 1000 1050 1100 1150 1200
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1000
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1500
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D" — ntrnu*u~ observables (S;)

R IR
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1000 1500
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A IR
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1000 1500
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Angular coefficl
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Angular coefficients

I = — [|HLP + (L > R)

1
I, = 2 Re(HGH[*) + (L — R)|sin6p,,

16
i 1 .
. 1 Is =~ Re(H5HE") = (L — R)]sin6p,
+2sin26p, {|HLP + [HEP + (L > R)} |,
LT ] [Re(HLHL*) (L — R)]sin’0p ,
I, = T [HG|* + (L > R)
- I; = [Im(HLH *) = (L - R)]sinép ,
| i
——sin29 {HL 2+|HL2+(L—>R) , 1
2 pAIHI] ” } Iy = 2 Im(H{H"*) + (L — R)]sinép ,
L|2 L|2 2
[|H = = [Hj|*+ (L - R)|sin“@p,, [Im(HL*HL) + (L — R)|sin*p. .
c; =1, ¢, = cos 20, c3 = sin’6, cos 2¢,
¢4 = sin 26, cos ¢, cs = sin @, cos ¢,
Ce — COS 91, C7 = sin 91 sin ¢,

cg = sin 26, sin ¢, co = sin’6, sin 2¢.



