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Rare charm decays are special!

© Window to test FCNCs in the up-sector!

@ Strong non-perturbative dynamics — “Null tests” O +§ O
Use SM symmetries: Ogy = 0,

Small uncertainties: Ogy > 6 Ogu,

Use large hadronic effects to enhance NP contributions,
Construct O sensitive to specific NP,

Use SU(3)g-flavor symmetry, ...

© Very efficient GIM mechanism: > ; \; =0 with \; = V;V,;.

c u A
gl = ;dz Aifi = As [(fs — fq) + A—b (fo — fd)]
v i=d,s,b
fi~ (m";izw L Im(Ap/As) ~ 1073 ‘BRS (Acp) are loop-(CKM-) suppressed! ‘

Excellent place to search for BSM physics!
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A sketch of the playground

[ Rare charm decays }
This talk J

Observables: Observables: Observables:
Branching ratios Branching ratios Branching ratios
Angular observable 1 Angular observables
LU ratios& LFV Theory: CP asymmetries

. 2007.05001, 2010.02225, 2012.15847,
CP asymmetries 2101.10712, 2107.07291,
xperiment: ﬂ
Theory. 2112.14236, 1611.09455. Theory

2011.12856, 2004.01206, 1909.11108, 2104.08287, 2009.14212, 1812.04679,
N . 1905.00907, 1802.02769, 1702 05059,
1701.06392, 2203.14982,

Experlment.

1208.0759 . 3
2202.02331, 2107. 13010, 1712 05781 1603.03257, 0808.1838, 0808.1838,

1805.02516, 2101.02421,

Experiment
305.5059 , 1512.00322, 1107.4465 ,
2011 00217, 1802.09752, 1510.08367,
310.2535 , 1707.08377, 2111.03327,
1712, 07935 1806.10793,

For a review:

Mod.Phys.Lett.A 36 (2021) 04, 2130002
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EFT approach to charm physics (1)

@ Dynamical fields ¢; at ugw: ¢™ = qi, i, Ay, ...
@ Symmetries to build all Oj(¢;) up to desired dimension (D = 6):

4GF Qe
eff ~ — — Ci i
Hesr 73 ar E @)

Of = (@ T’ q)(@" T e), OF = (Uyuq)(@c), g=d,s,

me,_ » _ -
o = ~ (@R o R (1) F* Oy = (@ ryvuce (®) @ () €) ,

_ = 1,._ =
O}y = (@rycr(1))(E(75)€), O (75) = 5@a ) (La™ (15)0).

@ Compute C;(pew) to avoid large os(ttiow) log(12,,/ 12w)-

mg,... = 0 + GIM mechanism —> C?,'s\)/:m(liEW) — 0!
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EFT approach to charm physics (2)

© RGEs to go down pyow = mc (2-step matching at ugw and my).

e Penguins generated at © = my

° 07,9 mix with 01,2:

C(1e)| S 0.004 & C5(u)| < 0.01

e BUT NOT all other SM WCs:
CISM CSM - CSM

Rock stars of charm physics!
Any observable proportional to
these WCs is a null test!

CT5 - C10 =0

© (Oi(tow)) from non-perturbative techniques (Lattice, LCSR, ...)

@ Include resonances: Breit—Wigner distributions + exp. data
C%ED(;LC) < 0.01Co(pzc) < 1074 (S. de Boer, PhD thesis, TU Dortmund, 2017)
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Rare semileptonic charm ¢ — u £7£~ decays

2

O =
z ol |° | rresanast SM Dominated by resonances!
-:-f 10 0l ;7 o
=107 0 <
T bor £~
1070 G
2 T T G, _ —p QoD
& 10714) d
D -
+10-18 - Tt
S Do V(= ety ¢
=Rl
- 0 1 2 3
& GV - B(D - wete T )gm = B(D — wnV(— £727))

@ Current data still allows for large NP effects at large g2

B(Dt — ntptpT) < 6.7-107%(90% C.L.)

Allowing to get bounds on WCs (B(D* — p*p~) < 2.9-107°(90% C.L.))

1Cr] £0.3,|¢] 5 0.9,|C(g| < 0.6,|CY%| < 0.06,|Cr,75| < 1.6

NP searches in BRs are difficult, and clearly are not the way to go!

Can we extract something positive from BRs? YES, with more data model
parameters (a;, §;) can be constrained and the model can be improved!
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Null tests the way to go! Angular observables

o Lepton forward-backward asymmetry (many more ...)

Are(q?) [/ / 1 dq2d6,p

e Linear dependence with C/, Cs 1,715,110 — ASM(q ) =
Df — K* p*p~ (1900.11108) A — pptu~ (2107.13010)
1.5 mm (Gl =01 0.4 - ? 0.3
. (Crs| =05 cn 0
[Cym| = 0.5, |Cs| = 0.1 Cyy =001
0.2

| =05

H (Col =

T Izl = 05, |Cs] = 0.1
2 2 /
O, < .0 =
o
= —0.2
—04
055 e 50 0.0 0.5 10 15
7 [GeV]

112 [Ge\ﬂ]
Any signal is NP!
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Next stop, CP-asymmetries!

s, drdrf , :
Acp(q°) i dg? Let’s get benefit from resonances! (12s.0759)

o Linear dependence with Im[CNP] x Im[C ] — Af‘:',\,"(qz) ~0

+ + -
Df — K™ p™p™ (1909.11108) A — pptp— (2107.13010)

1.0
. =T 1.0
o =10
5 ——
0.5 —, /2 0.5
)
£ o
0.5
~10
~10
100 102 104 106 108 09 M e L2
qZ [GeVZ] q [ ev ]

— i 2 _ 2 2
Co = 0.1exp(in/4), @ € [(my — 5T5) (my +5T,)2]  © = 05e@(m/4) " €lmg = 5T4)% (mg +5T6)]

Any signal is CP-violating NP!
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e LU can be probed in ¢ — u£*¢~ (same as B decays)

o dB(D — Putp)
dq

2 2

RD — min dq

/"iax dB(D — Pete”)
ST g
@ dqg?

min

@ Same kinematical limits — Cancellation of had. uncertainties!

e Well control of SM prediction: | R |sm ~ 1

~

e eg. DT — T £T4~ 1909.11108, see 1805.08516 (D — Py P, £+£™)
o full g2: insensitive to NP.

o low g?: poor knowledge of resonances — sizable uncertainties.
o high g?: induce significant NP effects.

H SM ‘ ‘Cgl =0.5 ‘ |C10| =0.5 ‘ ‘Cgl :;t|C10| =0.5 ‘ ‘CS(P)l =0.1 ‘ |Cr| =05 ‘ |CT5‘ =0.5

full @> || 1.00£ O(1072) | SM-like SM-like SM-like SM-like SM-like SM-like
low g2 || 0.95+ 0O(1072) | ©O(100) 0(100) 0(100) 09...1.4 0(10) 1.0...5.9
high % || 1.00 £ O(1072) | 0.2...11 3...7 2...17 1...2 1...5 2...4
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Testing LFV with ¢ — u£7¢'~ decays

o Forbidden in SM! Any signal is LFV NP!

e Experimental limits (90% C.L.) (2011.00217, 1107.4265)

B(D* = 7t et =) e, < 2.1(2.2) - 1077

B(Ac = pet) =g < 9.9(19) - 107°

129.11108 2107.13010
\ 1[)77 LQ S
" s — 12
= . [ Ko0) =05 ““' 108 SUSY 1
3 108 . |Ksp)| = 0.05 = SUSY 11
L - |Krrs)| = 0.5 »iloflﬂ 28 X
e<] | Ko| = |£10] = 0.5 N*c« 1 4
= - |
=107
e © 10’12
o ﬂi
K 1[)’1“ =
< T 1074
! 1071 g
+Q Q9 10710
Qo
= 1071 0.0 0.5 1.0 1.5
0 1 2 o
¢ [GeV? ¢ GV
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Dineut

(0]

des c — uvv

o Extremely GIM-suppressed in the SM (hep-ph/0112235, 0908.1172)

B(D — wvir)sm ~ 107161

@ Only experimental information on (90% C.L.) (1611.00455, 2112.14236)

B(D® — vi) < 9.4-107%, B(D® - n%vp) < 2.1-107*

2010.02225
x107°

2010.02225

_— D a0y
—_— Dt s atvw
— Df = K*vi

¢*[GeV?]
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[

1.0

dB(hf — Fvv)/dg*[GeV 7

0.0

Rare charm decays

%1075

e AF = prv

[R— 2

0.0 0.5
¢*[GeV?)
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Can we get complementary information on LFV

from dineutrino modes?

£ and vy (with £ = e, ui, 7) belong to same SU(2), doublet in the SM.

v v
! c
c_ p— ° i+
Iy > 2
Ceer o} Kee! e
Cee Cepn Cer kee kep, Ker
Cue Cup  Cur kpe kup  Kur

Neutrino flavor not tagged! Charged leptons tagged!

B(C — UI/D) = Zél/B(C — UV[DZ/) LU: Ry ~ % ~ 1A Ky — Kee

LU, cLFC or general: cLFC or general: B(c — ut'"t=) ~ kp

. .
Blc—uvp)~ =S an Is there a link between
3 o Cyypr and kgg/?
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= |Au| = 1 EFT description

?

Wby 4G uee Huee et 4G uee' ADet
Heff - F Ar zk C Q Heff - F A Zk IC O
Only two operators (no RH neutrinos like sM)  Further operators non-connected

uee

k) = (@LRyYucL(r)) (Ve 17" ve L) Orx

= (T ryvuer (r)) (F7"40)
Dineutrino BR is obtained via an incoherent neutrino flavor sum:

/ / 2
B(C—)UV&):ZB(C—)Ul/gﬂg/)wz‘ctjﬂicg“
L0 N

CP and KF in the mass basis. P = D (P = U) — down-quark sector (up-quark sector).
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Correlate neutrinos and charged leptons with SU(2),

Lowest order SU(2), X U(1)y—invariant effective theory 100s.4ss4
ch c®

_ - o - Cog
Lerr O %Q’m@ Lyl + %Q’Wﬂ' QLy'r°L Ly“L+ —D’V‘LD Iy“L

o Writing in SU(Z)L-componentS: (C — dineutrinos and K — dileptons in the gauge basis)

2 2
CLU:KLD:;7r (C§;)+C§§’) , cg:K}{:gcgU.

@ Mass basis: |C/ = WIKP W +0O()) , Cl=WwWiKsw

© BR is independent of PMNS matrix!

B(c— uvp) Z |CUM cye ? = Tr[(c! £ cR)(cf £ CR)T]
0

= Tr [WH(KP = KW WD £ K8)Tw] =Y [kP £ 8% [ + o(\)
0,0

Prediction of dineutrino rates for different leptonic flavor structures
IC% can be probed with lepton-specific measurements!
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- - /
Possible leptonic flavor structures for K4,
9

B(c— uvi)~ Y K2 £ K
0,0

k 0 0
0 K 0
0 0 k

ii) Charged lepton flavor conservation (cLFC).

kee 0 0
0 ki, O
0 0 k-

i) Lepton-universality (LU).

iii) KZ{‘:;? arbitrary.
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Dineutrino branching ratios

’ ’ 2
B=A, xt 4+ A_x, xt = Z ‘C,‘_Ja + Cga
00

— Long-distance dyn. & kinematics A, : LCSR (low g?) + Lattice (high ¢?)

— Short-distance dynamics x*: WCs (BSM)

D F A A_
E I I ity B: [107%] [107%

— Excellent complementarity 5: DV S 0 09 0

Dt — 7t 3.6 0

@ A_ =0in D — Pvi decays.

D% — 7070 0 0.2

@ A_ > A, in D — P1P,vi decays. D° — mtm 0 0.4
@ A_ = A, in inclusive D decays. Do s X 2.2 22
Dt — X 5.6 5.6
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Upper limits on dineutrino modes can probe LU!

e Limits from high-pr & charged dilepton D and K-decays (1):*

IR | ee s TT eu er ut
sd | |KP?)[5.1072F 16-102F 67 6.6-107*1 6.1 6.6
cu | K5 2.9 0.9 5.6 1.6 47 5.1

o xt <2x,x= Eee, (UCENI

x =3 R < 2.6,

2 12 ’
IR )+ 00) = 52,0 R + O

(Lepton Universality) LU is fixed by muons.

x=R® 4+ R** 4+ R™™ < 156, (charged Lepton Flavor Conservation)
x=R* + R4+ RT"4+ 2(R*" + R*" + R*™) < 655.

12002.05684, 2003.12421 & 2007.05001 ()

H. Gisbert (U. Padova & INFN)

Rare charm decays 17 /20



Dineutrino branching ratios upper limits

he — F Lo dFc BT
[10-7] [107°] [1079]
DY — 70 0.5 2.8 12
Dt — gt 1.9 11 47
DO — 7070 0.1 0.7 2.8
D° — xtx— 0.2 1.3 5.4
AF = pt 1.4 8.4 35
=t ¥t 2.7 17 70

B(D® — 70vip) < 2.1.10* from BES Ill is about one order of

magnitude away from our predictions 2112.14236
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Well-suited for Belle 1l and FCC-ee

® N(cT)gelle 11 (FCC-ee) = 65 - 10° (5.5 1011)! (Abada:2019lih)

@ How many charm hadrons h.?

*x N(hc) =2f(c — hc) N(ct) he  f(c = he)  N(hc)gelie n (Fcc-ee)
D° 0.59 8-10™(6 - 10™)
i : Dt 0.24 3-10%0(3.10)
* Fragmentation fractions (1509.01061) D} 010 11011 101)
+ . 9 . 10
N(h) ~ 1010 (1011)! AL 006 8107 (7 10")

@ And translated to branching ratios?

Relative statistical uncertainty: 68(hc) = 1/vV No® with NP

et B(he) ~ 107° (10710) for 6B(h.) =
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Conclusions & QOutlook

* Window to explore FCNCs in the up-sector.
* Unique phenomenology (strong GIM suppression).
* Clean null test observables can probe NP.

* Experimentally plenty of room for NP:

e Angular observables
o CP-asymmetries
e LU ratios
e LFV BRs
e Dineutrino BRs

Thank you for your attention!
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2010.02225

10" 106
3a 3q
. 5a. . 50
T T 10!
1072 - 10-245 - —
107" 10 0 107 107° 107 10! 107" 1077 107% 107 10-° 107 10~
B(D"— Fvw) B(D* = Fvp)
10 _
i
i
} P =103 (D" = K* K~ vp)
30 ] el = 1073 (D" = K* K- vp)
50 ! “(D" = K* K~ vw)
N \ i B (Dt )
N N — x .
T 107t ! (D* 7 vi)
= \! -== B"X(D* 5 wtwi)
B A\ --= — BE(Af - pri)
i
] (A = prp)
! (AF = prw)
) |
L T | N U A U U
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Estimated future LHCb prospects

2011.09478

Table 9. Estimated upper limits (UL) of selected rare and forbidden decay
modes at LHCb for future data sets, taken from Ref. 112. Limits for the
decay channels D* — mFete™ and DT — wTetu— have been obtained
by scaling the observed limits taken from Ref. 48 to 23fb—! and 300fb~*
of integrated luminosity, assuming the upper limit to scale with the square
root of the integrated luminosity.

Decay channel UL LHCb extrapolation UL LHCb extrapolation

[23fb71] [300fb~1]
DY = ptu— ~5.9x10-10 ~18x10-10
Dt - wtptp~ ~1.3x10"% ~ 3.7 x 1079
AF — putp— - ~4.4x107°
Dt = ntete~ ~4.2x1077 ~1.2x 1077
Dt — rtetp— ~5.5x 1078 ~15x 1078

For 23 (300) fb~1:

0] £ 0403, |efts| S 0805) el

<0.03(0.02)

ety

s20), || 520,
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Corrections to the trace

cf =wivky viiw, (A1)
ey =wiKliw.

The €Y , depend on the PMNS matrix, which drops out
in the flavor-summed branching ratios (4) due to unitar-
ity. C} depends on the CKM-matrix that allows for an
expansion in the Wolfenstein parameter A, relevant for
¢ — u transitions as

e = WIKP=WH AW (P — KW +0(0\?).
The superscripts 12, 11 and 22 given explicitly indicate
the generations in the quark currents of the operators,
d and 5s. In the remainder of this work,
s on ¢ — u transitions, we use Cy'3 = CY
to avoid clutter. For z;,, one obtains

wo=Y (09 +1eq”[") =me[er el + k']
sl
=Tk Kk + sy + 00
=30 (K97 + K= ) + b+ O0F), (A2)
&
with the O()\)-correction

- un[ne{)cfu ()cfﬂi/cgn')H (A3)
-y ef (1P o)}
CY = KP and CY = K§ are broken by RGE corrections from gauge,
Yukawa, and QED coupling dependences, the effect is less than 5% for
/\Np = 10TeV.
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