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The “myth” of charm physics

@ Hadronic effects dominate — large uncertainties.
@ Energy scale ~ 1GeV — perturbative expansion in 1/m. breaks down.

© Strong GIM suppression.

1 + 2 + 3 = Not a promising place to search for NP

But is this really true?
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Rare charm decays are special!

© A unique window to probe FCNCs in the up sector!

@ Strong non-perturbative dynamics — “Null tests” O £+ §O

o Use SM symmetries: Ogy = 0,

o Small uncertainties: Oy € Osu,

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

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

w
c u )\
d,s b is,b = Z Aiﬁ:As{(ﬂfd)ﬁL)\l:(fbfd)}
% i=d,s,b
fi~ (M)’"ziiﬂz Im(Ap/As) ~ 103 ‘BRS (Acp) are loop-(CKM-) suppressed! ‘

An excellent place to search for BSM physics!
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Plenty of opportunities!

Rare charm decays

This talk

Observables: Observables: Observables:
Branching ratios Branching ratios Branching ratios
Angular observables ‘n‘ Angular observables
LU ratios & LFV Theory: CP asymmetries
7.05001, 2010.f DZZZE ZD]2 15847,
CP asymmetries 3901 76752 376967331
Experiment: ﬁ
Theor . 2112.14236, 1611.09455. eory.
2ﬂ]l 12856, 2004.01206, 1909.11108, 210403257 2009. 14212 1812.04679,
00311, 1606.05521, 1703.08799, - T 00007, 1802 1702.05059,
1705 02251 17(]5(]588] 1707.00988, . H l?ﬂl UKIEQ 2203 14982
1580.00311, 0 14000081 : Ideally:
1208.0759 zmunzus 180508516, H . H Experlment:
220203331, 207 13016, 1712.05765, i Theory + Experiment | 1603.03257, 08081535, 0503 1835,
Experiment:
3093 00317, 185 06755 1893 83587 o d ob bles! For 2 review:
T s A ptimized observa es: Mud Phys. Lett. A 36 (2021) 04, 2130002

1712.07938, 1806.10793, -

isbert (U. Europea de Valencia) Introduction to ¢

uv v decays




EFT approach to charm physics

© Dynamical fields ¢; at pgw: ¢,$M =qi, Li, Ay, ..

@ Symmetries to build all O; up to the desired dimension (D = 6):
Hefr ~ 4GF ae ZC O;

Of = (U T° qu) (G TP cr), 0F = (Uyuqu)(@ye), q=4d,s,
o\ — Me — Fhv o) ) — (g 7A* Vi
7 e (UL®ouerw) F™ 9 (10) (@ ryvucLr) (" (7)€ 5
Os(m ") = (T (rycr (1)) (E(75) £) , Or (15) = 3(To ) (Lo (v5) L)

@ Compute C;(pew) to avoid large as(piow) log(p2,,/12w)-

mg... = 0 + GIM mechanism —> C{B’!m(uEw) =0
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EFT approach to charm physics

© RGEs to run down to pow = m. (matching at pgw and my).

o Penguins generated at u = my,.

o O7,9 mix with Oy :

|G (e)| £ 0.004, |CsT(ue)| < 0.01

o But note: the other SM WCs vanish:

Rock stars of charm physics!
c’ SM _ CSM — CSM — CSM — CSl\l =0 .
i S T T5 10 Any observable proportional to

these WCs is a null test.

@ (Oi(tow)) non-perturbative techniques (lattice, LCSR, etc).

© Include resonances: Breit—Wigner distributions + exp. data.
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1, 2, 3, null tests!
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1+ 2+ 3 # not a promising place to search for NP

A different way of thinking is required for charm: we
target observables with Ogy = 0 to avoid large hadronic
uncertainties.

A0 = (Oexp — Osit) +  [0Os57)% + (00exy)?
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How large can NP be in charm?

2410.00115

Constraints mainly set by
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Plenty of room for NP!

One WC at a time

fit parameter = best fit 1o
ReCy 0.01 | [-0.26,40.18]
ReCy -0.21 | [-0.85,4-0.55)
ReCuo -0.09 | [-0.50,40.50]
Re(; 0.05 | [-0.18,+0.25)
Re(j 0.15 | [-0.61,+0.82]
ReCy 0.00 | [-0.45,4-0.45]
ImCy 0.09 | [-0.20,+0.24]
ImCy 0.32 | [-0.76,4-0.85)
ImCyp 0.06 | [-0.47,40.47)
ImC} -0.09 | [-0.22,40.21]
ImCj -0.28 | [-0.82,40.80]
ImCy, -0.03 | [-0.46,+0.46]
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Dineutrino modes ¢ — uvv

o Extremely GIM-suppressed in the SM (nep-ph/0112235, 0908.1174)

B(D — TrI/Ij)SM ~ 10_16

e Only experimental information (90% C.L.) (1611.00855, 2112.14236)
B(D® - vi) <9.4x107%,  B(D’ - =n%p) < 2.1 x107*

2010.02225 2010.02225
x10~°
.

5 .
e AT = pr
—_— ST

0.0 05 1.0 15
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Can we get information from dineutrino modes?

£ and vg (with £ = e, j1, 7) belong to the same SU(2), doublet in the SM.

Cee  Cep  Cer kee  kep  ker
Cue Cup  Cur — ke  kup  Kur
Cre Cru Crr kre krp ke

Neutrino flavour not tagged!
B(c — uvp) = ZB(C — Uy
0,0

LU, cLFC, or general:

B(c — uvp) ch
o
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Charged leptons tagged!
LU:
B(c = uptp”)

Ry ~
H B(c — uete)

~ 1+ (kypy — kee)
cLFC or general:
B(C — U£,+£_) ~ kppr

Is there a link between cy
and kggf?
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Low-energy |Ac| = |Au| = 1 EFT description

C — Uy

4 Gr «a cue QUM’
Ck k

V2 4n
Only two operators (no RH
neutrinos, as in the SM).

uer'
L(R)

VeUpr
Heﬂ’ -

= (UL (ryYuCL (rR))(PerLy"ver)

?

<~

e 4GF o vee Auee’
Heﬂf ey —a e Z’C O

Additional operators are not
connected.

ovte) = (i ryvmeL(r) "), -

Dineutrino BR is obtained via an incoherent neutrino flavour sum:

B(c — uvp) =
Nz

ZB(C — u I/gljl/)

~ Z’ng + oy 2
0,0

CP and KF are in the mass basis. P = D (P = U) — down-quark sector (up-quark

sector).
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Correlating neutrinos and charged leptons with SU(

Lowest order SU(2); x U(1)y—invariant effective theory (100s.4s80)

C(l) C(3)
l:SMEFT D — Q’YuQ L”/”LJF — Q’YMT QL”/ L

C
UL’y“L+7D'y“DL'y“L4
Q@ Writing in SU(2)L components: (c— dineutrinos and k — dileptons in the gauge basis)
U_ D _ 2T A1) A3) y_2m
¢/ =kP =T () + ). ¥ =K == Cu.

@ Mass basis:

c/=wikPwion), cf=wikdw]|

© BRs are independent of the PMNS matrix! (field redefinition of v,)
Blc— uvp) ~ Y |cf £k [P = Te[(c/ +ch)(cl +c¥)T]
£,
= Te[WHKP£KR)W WI(KP£KR) W]

=YK KB+ o).
00

Predictions for dineutrino rates with different leptonic flavour structures Kfe;? can be
probed with lepton-specific measurements!
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- - /
Possible leptonic flavour structures for IC{,

B(c— uvp) ~ Y [P + kg |
0,0

i) Lepton-universality (LU).

i) IC{Z;? arbitrary.
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Dineutrino branching ratios

’ /2
B=A, x"+A x, x* :Z)Ctjw +cRY

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

o

— Short-distance dynamics x=: Wilson coefficients (BSM)

— Excellent complementarity of B:

@ A_ =0in D — Pvv decays.
@ A_ > A, in D — P1P;vv decays.

@ A_ = A, ininclusive D decays.

(*) heavy hadron chiral perturbation theory; new results data-driven
0t e —
from DY — 77~ et v, (2500.10447): AP ™™ = 011078
0t e
and AT —0.5. 1078,

D—F Ay A_
[107%] [107°]
DY — 70 0.9 0
Dt — 7t 3.6 0
DO — 7070 0 0.2
DO — wta=(*) 0 0.4
D% — X 2.2 2.2
Dt — X 5.6 5.6
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Correlations between different dineutrino modes

@ The excellent complementarity between dineutrino modes
provides a formidable environment for NP searches!

B(hc— F vi) = AlF x, 4+ APF

o Correlations test the completeness of the EFT:

B(hc— F vp) = r'F B(D— Pui) + r"F B(D' = PP, vi)

where r{<F = A%F JADP and rh<F = Ah<F j ADP1P
e x*-independent! Model-independent correlations!

o All dineutrino branching ratios can be inferred from two
experimental measurements.

o Measurements of a priori disconnected modes can hint at
missing information in the EFT, i.e., light fields.
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Upper limits on dineutrino modes can probe LU!

e Limits from high-pt and charged-dilepton D and K decays (1):!

[KCEE | ee UL TT e er  uT
sd | KPP [ 5x1072F 16x102T 67 66x10* 6.1 6.6
cu | |KZ 2.9 097 5.6 1.6 47 5.1

xE<2x, x=%,, (|/cD“ 2 |/c““'|2) + O =%, R + 0N

x =3 R!"* < 2.6, (Lepton Universality) LU is fixed by muons.
x = R 4+ R** 4+ R™™ < 156, (charged Lepton Flavor Conservation)
x = R® 4 RM 4 R™™ 4 2 (R + R°" + R*") < 655.

! 2007.05001
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Upper limits on dineutrino branching ratios

2007.05001, 2010.02225

B(he — Fvo) = Af’ﬁFx+ + AF x| xy = Z |C,l_JU :I:C,gij|2 <2x.
ij

N; = nese Bi N(he), N(c€)geiie 1 = 65 - 10°, luminosity 50 ab~*

hc - F ij)x B(TLBFXC Bmax NLBLeJ”e “/neff NELeré “/neff NEzI)I(e “/neff
[107] [10°7] [107]  [109] [10°] [10°]

DO — 70 3.2 18 67 0.3 1.4 5.4

Dt =zt 13 74 270 0.4 2.2 8.1

D% — 7070 1.5 9 32 0.1 0.7 2.6

D® — xtn— 15 9 31 0.1 0.7 2.5

AF — pt 9.7 56 200 0.08 0.4 1.6

R X 19 110 400 0.2 0.9 3.2

B(DY — 70 vi) < 2.1 x 10~* (BESIII) is about one order of
magnitude above our predictions. 2112.14236
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0B vs B: exp. projections and theo. predictions

2010.02225

10 10°
30 3a
. Sa 50
T 107!
B
10725 - —ry - r - - 10724+ arry ry — ar - -
10710 107 10 1077 10 10 10! 107" 10 10 10 10-% 107° 101
B(D" - Fvw) B(D* - Fvw)
10" T
]
i
| fECe =107 By (D = K* K~ vv)
|
3 1 gt =107 Bige(D" = K* K- vw)
50 ] B (D" K* K~ vv)
| — B(D* s wtvw)
a ' max ()0 0
by \ 1 — B (D =) L gD o twp)
107! | s (D _y 20 :
ts \ Bife(D' = ='vo) oo pu(D* 2w
] \ --= B(D" 5 7w i) B (AL - pr)
' gmax ()0
i Bye(D o) B (AF = prv)
i Bige(D" = 7'7'vp) ___ pwx(ar s pup)
\ Bos(D0 - 20200 )
i
L T T (A A U

B(A} = prw)
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Including light right-handed neutrinos

@ Light RH neutrinos admit additional D = 6 dineutrino operators:

Qlr = (Tuyuc) (T vir), QZp) = (@Ler) () (75) ),
Qi = (TR cr) (TR ViR), Y sy = 3(T0,0) (70" (15)14) -
@ (@s(p) are constrained by the branching ratio of D° — v (Belle, 1611.00455):
B(D° — inv.) < 9.4 x 107> (90% C.L.).
@ Bounds on D — Pvi from D° — inv. (scalar/pseudoscalar dominance):
B(D°—n'wi), ,$24%x10°°,  B(D'—mvi), ,$1.22x10°7°,
B(DS —K'vi), , $23x107".
@ Corrections of ~ 20% to the general flavour branching-ratio limits.

@ Qs,p could become irrelevant if the bound on B(D® — inv.) improves: requiring
the LU impact < 10% implies B(D® — inv.) < 2 x 107°. An improvement by two
orders of magnitude would exclude S and P contributions.
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Two important comments

@ SM model backgrounds in charged model like DT — 77 (— 7t v,
can be removed by kinematic cuts: g% > (m2 — m2)(m% — m2)/m2 .

@ Since these channels involve missing energy, the invisible final state is
not necessarily neutrinos - it could be new light BSM states. To
identify the underlying new physics, providing differential branching
ratios is more useful than only integrated rates.

-

x10~

1.95 1 1 —_— D5l
29 1 — Dt sty
— DI = Ktvi

dB(D = Pvp)/[dg* [GeV~?]

¢*[GeV?
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Conclusion

Window to explore FCNCs in the up sector.

*

>*

Unique phenomenology (strong GIM suppression).

*

Clean null-test observables can probe NP.

>*

Plenty of opportunities, not only charm decays with missing energy:
e Angular observables

e CP asymmetries
e LU ratios
o LFV

*x ¢ — uvv well suited to Belle II.

Thank you for your attention!
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