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charm mission

Testing the Standard Model with |Ac| = |Au| = 1 FCNCs of mesons
and baryons:

® c— uy Br~10"%—-10"*
® C — UL, Uee Br~ 1077 —-10"°
o c v uvv,a, /', ... Br <107

Probe different physics (dipole couplings, 4-fermion operators, light
NP, ..)

Complementary to kaon and B-physics — charm is unique probe of
flavor in the up-sector.

0112235, 1510.00965, 1805.08516 , 2011.0947/8, ...
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TH Progress: New BSM strategies for |Ac| = |Au| =1

SM tests in rare charm decays are null tests based on approximate
symmetries of the SM: GIM, CP, cLFC, LFU, LNC, SU(3)

Advantages charm (vs beauty):
) GIM-suppression very efficient: C5M = M =0

O10 = aryucr by s, Oy = apyucr Dy*(1 — v5)v

i) SU(3)r partner modes - related SM-like and NP-sensitive
4-fermion operators exist.

charm: ucqq (FCNC) vs uscd (SM); not in beauty: second light up-type quark missing.

More pheno-tricks from state-of-the-art b-physics studies come in
handy: angular distributions.
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BSM-sensitive Charm decays

resonant and multi-bodies, mesons and baryons,.. Pios=m K

radiative c > uvy: D - V~, V =p,.., D — P, Py,
D%A’Y,A:Kl,..,D%Plpgpg’y,
Ae = py, 22 — A(= pr)y,....

semileptonic ¢ — wll\"): D — mup, D — pp, D — Py PyY,
Ao — pll, 20 — A(— pr)ld,...

dineutrinos/MET/ALPS ¢ — wwov: D — 7wvv, D — vv, D — P Povp,
Ao — pri, 20 — A(— pr)vp,...
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Very little probed so far

radiative c > uvy: D - V~, V =p,.., D — P, Py,

D — Ay, A=K,,..D — PP,Psyy, Ao = pv, 20 = A(— pr)y,....
B(D" — p’) = (1.77+0.31) - 107" Belle’16, Cabibbo-favored modes:
B(A. — Xv) < 2.6 - 1074, B(Z° — =%) < 1.8 - 10~ Belle 2206.12517
B(A, — Sv) < 4.4- 10~ BESIII 2212.07214

semileptonic ¢ — wll\"): D — wup, D — pp, D — Py PylY,
Ao — pll, 20 — A(— pr)l,... B(D — nrpup) ~9.6-1077 LHCb'18
B(A. — pup) < 7.7-107° LHC'17, [D — 7pp, D — pp upper limits]

dineutrinos/MET/ALPs ¢ — wv: D — wvrv, D — v, D — P, Puv,
Ao — pvo, 22 — A(— pr)vo,... B(DY — nothing) < 9.4 -107°
Belle’16, B(D" — «viv) < 2.1-10~* BESIII 2112.14236
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Photons

C — uy
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Photons

NP in Ac = Au = 1 dipole operators o; = a,o,ucrF*, 0! = tgou,cp F*
Tree-level 1W-exchange, RG and j,,-matching 17o7.000s : CST5M < (0.01

Need ways to control SM resonance BGD.
Recent data-driven proposals:

A) use charm as test lab for QCD frameworks

e.g. App in D — PP~ modes 2009.14212, 2104.08287

B) use plethora of modes available to charm and extract Agy; from
SM-like modes; nulltest = correlation

Observables: branching ratios, CPA’s and those sensitive to the
photon polarization \.:
Time-dependent CP asymmetries (TDCPASs), up-down asymmetries
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Rare radiative decays of A, =, ().

theory and observables: 2203.14982 SU(3)-F techniques

Decay U-Spin SU3) g SU((3)r IRA

Ae = =T~ VE ViaAs V* V,aBs VX VyaD

20 - =04 VEVia AL VX ViaB& VX VeaD’

Ae — py —S A, + AAA + A7 SBs, — ABA + By D — Aby + D7

Ef - 2Ty SAs + AAA + An —YBs. — ABA + By D + Aby — D7

20 5 Any —\/ng’Z—%(AA’AJFA;) \/§2B§+\/§ABA+%B7 —\/§2D’+\/§AE4+%D7
=0 5 204 —%ZA’ZJr@(AA’AJFA’?) —%EB’Z+%ABA—|—\/§B7 LD’ + S abi+ LDy
=X — py Vi VusAs V3, VusBs Vi VusD

=29 — ny —V Vs AL V7 Vus BS ~VVysD'

Table 1 . Flavor symmetry relations of charmed anti-triplet baryons. Ag) and AX) refer to the U-spin triplet and singlet SM

contributions of the W-exchange diagrams. Agl) = A,EI'FZ + AEQ denote the ¢ — wu~ short distance and long distance contributions with

_ , V* Vus—V>EV, V¥ Vus+V>* V. | % , ,
intermediate vector resonances. 3 = —¢$- 15 —cd ud A - —cs U - ed ud — _ —cb ub Top: GF, SM-like decays, Middle:

SCS, NP-sensitive, Bottom: DCS, SM-like decays Relations for charm sextett-decays (. — A, 29, =9) also in 2203.14982.

Extract By, from SM-decay A. — X"~ and use to predict SM value of
SCS-decay (A. — pv, =5 — X1~); probe NP in B; amplitude
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Rare radiative decays of A, =, ().

=+ +
A= py it 2 4
] == sm - SM
107" 1 mmm SM + U-spin breaking EEE SM + U-spin breaking
I C;#0,C5=0 1034 B C;#0,C;=0
m C;=0,C520 o C;=0,0520
104 —
— >
> + 107
Q N
2, 10°5 T
+
= i 107
Q ~
s
107°
107° -
1077 4
1075 104 103 10-2 1075 1074 10-? 102
B(A\c=»Z"y) B(A\.=Z"y)

F|g ure 1 - NP effects in the branching ratios of the BSM sensitive decay modes as a function of the branching ratios of the SM-like
decay modes, for A%F = —0.5. The black dashed line denotes the SM in the U-spin limit. The gray shaded area shows +30% U-spin
breaking in ASL'\ﬁR. The blue (green) region illustrates the BSM reach in Cy (C%). We set C, = 0 (C7 = 0) and varied the other

coefficient within —0.3 < Cgl) < 0.3. The BSM regions also include the +=30% U-spin breaking of the SM amplitudes. Cabibbo-favored
modes: B(A. — Sv) < 2.6 - 10~ %, Belle 2206.12517, thatis B(A. — pv) < 1074,
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Rare radiative decays of A, =, ().

Ac = py =2 Ny
3]~ SM --- SM
107 == sm+ U-spin breaking 10~3 { =3 SM + U-spin breaking
1 C;#0,C5=0 1 C;#0,C5=0
[0 C;=0,C5#0 [0 CG;=0,C=0
_ 1074 4 .10
> m— >
Q <
T 1
<u 10 E CIDIIU 10—5 J
Q Q
-6
10 10—6
-7 |
10 T T T T 10_7 E T T T T
1073 1074 1073 1072 1073 1074 10°3 1072
B(Ac—>Z7y) B(z0-20y)

Theory 2203.14982 plus Belle exclusion (red areas) 2206.12517:
B(A. — ¥v) < 2.6 -10* predicts B(A. — py) <1074
B(Z? — =Z%) < 1.8 - 10~* predicts B(Z2 — Ay) <7-107°

Gudrun Hiller, Mainz, May 2023 Slide 10



Beyond branching ratios: Rare rad. A, =, (). decays

Probing photon polarization 2203.14982
Pg_: polariation of charm baryon, ag: weak decay parameter of
secondary decays (ag = 0 for strong decays)

The full angular distribution B, — Bi(— Bam)y:

d?B
d cos(¥~)d cos(V¥p)

x [1 4+ Pp_ apcos(¥y)cos(¥p) + apAy cos(¥p) + P, Ay cos(¥~)] . (1)

The polarization asymmetries:

1 1 d 0 d Pp A\
Al = — (/ d cos(¥~) 5 —/ d cos(¥~) B ) = 257 (2)
0 d cos(¥~) 1 d cos(¥~) 2

1 dB 0 dB OéB>\
Afg = — / d cos (¥ —/ d cos (¥ ); i
FB ™ B ( 0 cos( B)dcos(ﬁB) 1 cos( B)dcos(ﬁB) 2

extract A>" from Cabibbo-favored partner mode
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Beyond branching ratios: Rare rad. A, =, ). decays

1004 === SM 1.004 === SM
I SM + U-spin breaking B SM + U-spin breaking
0.751 mmm C;=0,C5=0 0754 mm C;=0.C;=0
e C;=0,Cy=0 = C;=0,C,=0
0.50 1 0.50 -
> 0251 . 025
w <
T 0,001 J. 0.00-
s s
~< -0.25 = _0.25-
-0.50 1 ~0.50 1
-0.75 1 ~0.75 -
~1.00 ~1.00 4
-1.00 -0.75 -0.50 -025 000 025 050 075 1.00 -1.00 -0.75 -050 -025 000 025 050 075 100
Ac=I'y 20,30y
Ay Ay

F|gure 2. BSM reach of A~ of BSM modes EF — 27T+ (left) and 22 — A~ (right) versus photon polarization of SM-like
modes, A, — X1~ and 20 — =0+, respectively, for B°F = 5. 107%. The black dashed line denotes the SM in the U-spin limit.
The gray shaded area shows +20% U-spin breaking between rg,\F,l and rgﬁs. The blue (green) region illustrates the BSM reach in C'
(Cé). We set C’§ = 0 (Cr = 0) and varied the other coefficient within —0.3 < ng) < 0.3. For the darker shaded area we used the

SM amplitudes in the exakt U-spin limit. For the lighter shaded area we additionally considered +=30% U-spin breaking in FEI\;IR’ while

keeping the U-spin breaking of the ratio »S° limited to 4-20%.
SM
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Photon polarization in ¢ — u~ from untagged TDA

Time-dependent analysis (TDA) D°, D° — V~, V = p% &, K*°
(decays to CP eigenstate with CP eigenvalue &) 1210.6546 1802.02769
I'(t) = Ne7 Tt (cosh[AT't/2] + A sinh[AT't/2] 4+ (C cos[Amt] — (S sin[Am¢])

1o,
(1+|%|2) 1473
(RH) to LH-photons in SM-like process D° — K*0-.

Up to SU(3)-breaking: r(D° — ®v) =rq, (D" = pvy) = ro;
perturbative r = C’/C, in SUSY, r unconstrained.

AA(DO — [_(*Ofy) ~

Here, rq Is ratio of wrong-chirality

Br’s DO — pO~ DY — wy DO — o~ DY — K*9~ (SM-domin.
Belle 2016  (1.77 +0.31) x 10~° — (2.76 £ 0.21) x 10~° (4.66 £ 0.30) x 10~4
BaBar 2008 — — (2.81 £ 0.41) x 1072 (3.31 £0.34) x 10~ 4
CLEO 1998 — <24x1074 — —
LHCb wip
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Photon polarization in ¢ — u~ from untagged TDA

R=1.6%0.3 R=1.6%0.45

o — —_
foc) (=) [N

2r/(1+r2)
2r/(1+r2)
o
(2]

o
»

o
o

o
o

OjO Oj2 Ot4 0t6 0t8 1j0 1j2 OTO 0t2 0t4 0t6 0j8 1j0 1j2
2rp/(1+192) 2rp/(1+192)

2r/(1 + r?) as a function of 2ro /(1 + r2) , in the cases a) (SM case) C~, C’, ~ 0 (black, dashed

curve), ¢) C7 ~ 0 (green, upper band) and d) C, ~ 0 (red, lower band). The upper (lower) plots

correspond t0 Rave = 1.6 + 0.3 (R = 1.6 £ 0.45 from 50% inflated uncertainty).

R—1/f2 llgczlz Big?_;(%) ) with leading U-spin breaking removed f = my f,/(m gexo0 fgc+0)

Gudrun Hiller, Mainz, May 2023 Slide 14



Photon polarization from up-down asymmetry

Method 2: probe the photon polarization with an up-down
asymmetry in DT — Kfr(% K?T?T)”y (ala B — K17 181204679, and (Gronau, Pirol,

_1-rg(K1)
1+r2 (K1)

The corresponding BSM-sensitive mode is D, — K, (— Knn)y.
Method 2 requires D-tagging but unlike TDA, does not depend on

strong phases between the left- and right-handed amplitude.
[ T

Grossman, Kou) go— dsd;;dcos'& o |[J[2(1 4+ cos? 9) + A\ 2Im[n - (J x J*)]cosd, Ay =

grey: SM, red, green: BSM scenarios @
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Dineutrinos

C — UVl
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Dineutrinos

c — uv transitions: all of them are excellent nulltests of the SM due to GIM
DT,Ds — Mvi has BGD from DT, Dy — 7(— Mv)v; reducible via cuts

x10~°
| |

— —— )0 0,
S | I I D° = vy

¢* [GeV?]

F|gure 3: Differential branching ratios for D° — #x%v, DT — #T v and D;" — K1uviin red, brown and green,
respectively for the LU (cLFC) limit in solid (dotted) lines. this plot shows BSM distributions The uncertainty bands are due to the form
factors, 7 background removable by g¢2-cut (vertical dashed lines) from 2010.02225
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Dineutrinos

Upper limits B™®*(h. — Fvw) depend on lepton flavor structure (LFV,cLFC,LFU) 2010.02225

he = F BIY Bie BT NT/nen  NJE/men  N™/nes
[10=7] [107°] [107°]
DO — 70 61 35 13  47k(395k) 270k (2.3M) 980k (8.3 M)
Dt =t 25 14 52 7Tk (650k) 440k (3.7M) 1.6M (14 M)
DY — K+ 46 26 96  6k(50k)  34k(290k) 120k (1.1M)
D° — 7070 1.5 08 31 11k(95k) 64k (540k) 230k (2.0M)
D s atr= 28 16 59 22k(180k) 120k(1.0M) 450k (3.8M)
D’ — KTK~ 003 002 006 02k(1.9k) 13k(11k) 4.8k (40k)
AF = pt 18 11 39 14k (120k) 82k (700k) 300k (2.6 M)
=F o ot 36 21 76 28k (240k) 160k (1.4M) 590k (5.0 M)

to date only a single limit exists: B(D° — 7Yvi) < 2.1 -10~* BESIII 2112.14236

ULs via SMEFT from charged lepton data 2010.02225
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Cross checking: D — nothing

B(D" —inv.) < 9.4-107°, at 90 % CL. (Belle ’16). Consistency
check; constrains operators with light right-handed neutrinos

QY r = (@rvucr) (TjrY"vir), QYR = (@rvucr) (TjrY"ViR)

y . 1
Qg(P) - (ﬂLCR) (DJ ('75) Vi) ; Qz,IZ(T5) = 5(@ Opv C) (Dg oMt (")/5) I/,L') 5

4 ) Would have effect less than ~ 10% of LU upper limits iff
improved limit exists 2010.02225

B(D° — inv.)lwpothetical < 9. 1(=6 (4)

would reinforce EFT framework "NP is heavy”.

D —s nothing constrains LNV AL = 2 interactions 0\") = L Lf QY US HP eg, , de Gouvea

Existing Belle limit on D —nothing probes LNV effects A, = 1.5 TeV . 2010.02225
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charged leptons

c — ull
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Rare electroweak decays of A, =.. (2.

theory and observables: 2107.13010, 2202.02331 highlights for
BSM searches: GIM (0180'\" = 0), angular distributions, CP, cLFV, LFU

The differential angular distribution for unpolarized A., (polarized A,
worked out in 2202.02331) reads:

d“T 3 .2 2
3Pdeos T = (K15 sin“ ¥y + Kiee cos® 9, + Kq. cosvy)

— 3 observables: branching ratio (—) , longitudinal pol. fraction F7,
(+) , Forward-Backward asymmetry A%y o< K. o< Cyg. (++)

A. — p form factors from lattice 1712.05783 — SU (3) g -relations to others 2203.14982

=0 =0 _, 520 =t st
=-—A = =T >
—V6h ¢ =V2h° =h° = hﬁc_)p . Endpoint relations (at g2 =max): 2107.12993
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Branching ratio: (—)

resonant SM
non-resonant SM

AB(Ae = putu™)/q* [GeV3

00 05 1.0 15
2 2
2107.13010 7 GeV7]
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Longitudinal polarization: (+)

1.0
| C;=0.3
: Cl=0.5
0.8+ Ch=0.3
: SM
0.6
SHE +
" -—
0.2-
oL-
0.0 0.5 1.0 1.5
2 2
2107.13010 7 [GeV]

Sensitivity to dipole coefficients!
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GIM null tests: AFB (++)

3 Cio= 0.3I
Ch=0Cl=05 |
CL=-Cly=03

m Cr=Cp=03

/
I—
—0.4 ! —0.4
00 05 10 15 16 17 18
2 [GeV) 7 [GeV?

F|gure 4: The forward-backward asymmetry Apg of A, — puT ™ decays for different values of C1g in the full g2-region
(left panel) and for various BSM contributions in the high g2 region (right panel)

Arp x C1g clean null test of SM (GIM); Three more GIM-based null tests in 4-body decays

=F 5 St (o pr9)ete—, 20 = A0 (= pr et e, Q0 — 20 (— AO70) et~ 2202.02331
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A Puzzle in hadronic charm CPX

Can AAcp come mainly from Agp(D — wta™)?
CP and U-Spin puzzle 2207.0ss39, 2210.16330 - W0 approx symmetries

— — U-spin limit
[0 U-spin|4s0%
1 seeseenees U-SPIN| modir.
. — ) AALCb2019
a LHCb 2022
s BM T
= BM II !
— BM III, IV

955
.
.
- .
e
.
.
-
.

“d.
.
95,
.,
.
.
LI
.
e
.
.
e

Fig from 2210.16330, LHCb result (orange ellipse) from 2209.03179

Gudrun Hiller, Mainz, May 2023 Slide 25



A Puzzle in hadronic charm CPX

Is this even explainable?
Single solution known 2210.16330

BSM effects in semileptonic 4-fermion operators ~ tigy,crdry"dg.
Very light Z’, sub 20 GeV (CMS ISR constraints), leptophob (LHCb
A — pp search)

2|
A
2|

Signatures in low mass dijets, J/¥ /U’ decays,
Acp(D — 77%), Acp(D — 7t7Y) ~ Agp(D — 7).
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Summary

Very little experimentally explored in rare charm decays — lots of blanks in PDG and opportunities
Theory control by null tests

Charm is advantageous because SU (3)-related partners exist: measure the SM-like CF-decay
and use symmetry to obtain the SM prediction of the SCS, BSM-sensitive mode. Then measure
the SCS decay and test the SM. Many tests in radiative charm baryons and mesons.

NP sensitivity from null tests in branching ratios ¢ — uvv (GIM).
Upper limits on B(A. — pvv) depends lepton flavor.

Angular distributions CfOM = 0 kills couplings to axial-vector lepton currents £v,,5¢, hence
154 =0, as well as A%5M (Ac — pup) = 0. More observables in full distributions.

BSM effects in |Ac| = |Au| = 1 can be huge.

Complementary search to K- and b-decays.
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Back up
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An anomaly-free Z’-model for the charm puzzle

Model FQi Fui Fdi FL,—
BMII|O O O] G -F 0| F -G 00 0
BMIV|{0O O O0|-F, F, O|F, 0 -F;|/0 0 O]F,

G F| 0 G -F
0 -F,|F, -F, 0

Table 2: Benchmarks for several anomaly-free U(1)'—extensions of
the SM+3vg. Note, |G/F| < 1 in BM Illl. BM IV may or may not
contain right-nanded neutrinos, in which case F, = 0. It also can
feature integer charges with hierarchy |F,.| < |F,|, |Fy| in which case
It becomes leptophob.

From 2210.16330
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Probing the SM and QCD with D — PP~

2009.14212, 2104.08287
CF: D, a %, D, K'K~, D" =7k ~, (DY — 7K ~, D
SCS: D" —wn1tnx’y, Dy, - 7" K%, D, - Ktn',
DT = KKy, (D° = ata~y, D° — KtK )
DCS: D" - n"K% , D" = K™n%y, D, - KT K%
Test QCD methods (QCDF/weak annihilation, HHyPT) with CEDCS
and then SM with SCS

leading order QCDF: A:M = 0 (only s-channel resonances) ideal:
forward-backward and CP-asymmetries in Dalitz region
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Probing the SM and QCD with D — PP~

SM

BSM
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