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SM in rare charm decays

NP
P in B anomalies =& NP in charm

Impact of D° - D°on rare charm decays
Signatures of NP in FCNC charm decays
D> Vy
D-> PP,y

D> PI*I
D> Il
D->P,P,I*I
D - invisibles




SM effective Hamiltonian for rare charm decays -FCNC
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Tree-level 4-quark operators  (Short-distance) penguin operators

1) At scale myy all penguin contributions vanish due to GIM;

2) SM contributions to C; 1o at scale m, entirely due to mixing of tree-
level operators into penguin ones under QCD

3) SM values at m,



Effective weak Lagrangian

Eweak_4GF ( > UQZCQ(‘] +ZCQ2+Z CQ1+C’Q)>

qge{d,s} =1

1 = (o Tan) (@™ Ther), Q) = (@ yman) @y er).

Qs = (wrymer) Y, (@), Qu = (apy Tr) Y (@' 7T%),
{amg<pc} {amg<pc}
Qs = (@ scL) Y, (@""20"0), Qs = (@u e TeL) Y (@724 T%),
{gmq<pc} {gmq<pc}
€eMme ,_ €EMec ,_

Q7 = T6m ;(uLU‘““QcR)FMW , Q= 16776 (@Ro" 2 cL) iy
Qs = gs mc urot T eR) Gy, Q% gs mc upott*? T )G?

Hip2 0

TR Y

* matching of SM contributions onto Weak Effective Theory at u= Mw ;
* RG-evolution of Wilson coefficients from Mwto ms,

* integrating out the b quark and second matching at p = ms,

* RG-evolution of Wilson coefficients from ms.to the charm scale ..

(recent results: Gisbert et al. 2011.09478, de Boer, Hiller, 1510.00311, 1701.06392, De Boer et al,
1606.05521, 1707.00988

SF& Singer, hep-ph/9705327, hep-ph/9901252, SF, Prelovsek & Singer hep-ph/9801279)



SM Corrections: hard spectator and weak annihilation

C U

Q1,2

c § u c Q2 c %8
spectating hard spectator interaction

weak annihilation

Leading hard spectator within QCD factorization adopted from B physics

Ap ~ Agep ~ 0(0.1GeV) scale dependence varied #e € [me/V2,v2m]

CHSLP € [0.00051 4 0.00144, 0.00091 + 0.00204] - (i;/ : A € [-0.010, -0.0011] - (i_e;/

CHS < [0.00030 4 0.00104, 0.00098 + 0.00204] - (ie;/ . ™ €10.0097,0.0011] - (ie;/ ,

OISR € 10.00032 + 0.00134, 0.00096 + 0.00227] - G;;/ - OWAYT 210,029, 0.038) G;;/ :
OWAK™ ¢ 120,034, —0.047] - i‘;v

hard spectator interaction- adopted from B

DeBoer & Hiller 1701.06392

SD contributions C. Greub et al., PLB 382 (1996) 415;
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branching ratio

D" — py

D >Vy

D° — wy

DT — pty

Dy — K*Try

two-loop QCD

(0.14 —2.0) - 1078

(0.14 — 2.0)- 1078

(0.75—1.0) - 1078

(0.32 —5.5)-1078

HST+WA (0.11 —3.8)-107% | (0.078 = 5.2) - 1076 | (1.6 —1.9)-107* | (1.0—1.4)-10~*
hybrid (0.041 — 1.17) - 107°{(0.042 — 1.12) - 10=°{(0.017 — 2.33) - 1074{(0.053 — 1.54) - 10~*
* (0.1 —1)-107° (0.1 -0.9)-107% | (0.4-6.3)-107° | (1.2—-5.1)-107°
** (0.1 —0.5)-107° 0.2-107° (2—6)-107° (0.8 —3)-107°
%k k
o 3.8-1076 - 4.6-1076 -
datal (1.77+£0.31) - 107° <24-107* —~ -

Hiller & De Boer 1701.06392

* SF& Singer, hep-ph/9705327, hep-ph/9901252, SF, Prelovsek & Singer hep-ph/9801279
** Burdman et al. hep-ph/9502329,
*** Khodjamirian et al., hep-ph/9506242

Hybrid model: LD effects included in form-factors for D ->Vy

“poor convergence of the 1/mcand as-expansion prohibits a sharp conclusion
without further study

Note: all SM th. predictions for

BR(D® = p% ) smaller than exp. rates!
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”sizable effects of the dipole operators can be seen for differential branching ratios and
forward backward asymmetries — it is difficult to claim sensitivity to NP due to the
uncertainties of the leading order calculation and the intrinsic uncertainty of the Breit-
Wigner contributions. ” — Adolph & Hiller 2104.08287, Adolph et al., 2009.14212,

SF et al., hep-ph/0204306, [hep-ph/0210423.



CP asymmetry in charm radiative decays

CP asymmetries in ¢ = uy transitions constitute SM null tests

large uncertainties!

I'(D—Vy)—T(D — V~)
Acp(D — V) = _ _
cp(D —V7) (D — V~y)+T(D — Vy)
|A2M] < 21073
Experiment

Belle, 1603.03257

Acp(DY — py) = 0.056 + 0.152 & 0.006 .
Acp(DY = ¢y) = —0.094 £ 0.066 + 0.001
Acp(DY — K*) = —0.003 £ 0.020 = 0.000

Hiller& de Boer 1701. 06392
LQs might give as large

contributions as SM




A%\/IR(pO) = Ap p(K*°) x [U-spin corrections]

DO > pOy the photon polarization and therefore A, in
D% - p% = m*rt")y becomes a null test of the SM.

il Authors varied the form
factor, the two-loop QCD
and hard spectator
interaction plus weak
et annihilation within
uncertainties, where Ao €
[0.1, 0.6] GeV, A;-
contributions and relative

0.0 0.1 02 0.3 0.4 05 strong phases.
Bx10°

Acp x 107
(=]

-20

L
Chromo-magnetic operator important ACP‘(QS,QQ;} ~ —lm {208 * 508]
for the CP asymmetry



D — wlTl™

e

CH (g% ~ 0) ~ —0.0011 — 0.0041 i

CQeH(qQ) ~ —(.021 ‘/cthUdL<q27md7,uC) + ‘/;;Vus L(qzamShuC) )
SD dynamics __-
SM ciM =0 Only for D, different for Band Kin SM

/ISM _ pSM _ A»SM _ pSM _ »SM __
C;7 =Cs  =Cp =Cps5 =Cqp =
~—

Gisbert et al. 2011.09478,

LD dynamics: Resonance contributions
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D — wltl™
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SM prediction: Long distance contributions

most important!

peaks at p,w,p and n resonances

Lattice for form factors
Gisbert etal.,2011.09478 HFLAV, 1909.12524

de Boer, Hiller, 1510.00311,
SF and Kosnik, 1510.00965
Bause et al, 1909.11108



SMin D — fT¢~

Belle &LHCb Experiment:
B(D’ = ete™) <7.9x107%
B(D° — ptp™) <6.2x107°
B(D° = pFeT) < 1.3 x 1078

Helicity suppression

2
BDO s gy = CrO2mb 3 [ am [(l _Amg,

37,2 2 2
647 msl'p m7, m7,

+

D

1 2m,me /
) — e+ 2 (el _ el

) ’cg” _Cém"z

1

m m?
B(D° — ptp ) = 8a?- (—;) -log? (—5) -B(D° = y9) ~ 1071

Gisbert et al. 2011.09478,
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NP in rare charm decays — from B to D

at low energies (charm factories)

Search for NPin up sector 1 ot energies LHC

B anomalies explained by NP Can this NP be seen in charm rare decays, D - DO
oscillations ...

Unfortunately GIM mechanism is in the action for FCNC in charm physics !

B(B — DY ry)

Bpe = B(B — D®)/p Ry = B(B — K pu)
=
(B — V) le(e,m) LS B(B — K®)ee) oo o
q € [qmin’qmax]
T T T T T T T L A B L
[ ([ HFLAV average Ax*=1.0 contours ] T T T T T T T T T T T
E LHCb15 E . BaBar
C BaBarl2 ] : 0.1 < ¢?<8.12GeV¥c*
C 30 - [PRD 86 (2012) 02]
C LHCb18 ]
:_ e — " Belle
C ] 1.0 < g% < 6.0 GeV?/c*
C * Belle19 Bellel5 ] [JHEP 03 (2021) 105]
E Beilel7 - LHCb 9 fb’!
—— + Average of SM predictions HFLA'V 1 - 1.1< g2 <60 GeV¥c 3 ° 1 0
L il + |__Spring 2019 |- :
- gggl)l)ggzgquggs P : i [LHCb- PAPE$—2O217004]
[ P P RS E . 1 1 T
0.2 0.3 0.4 0.5 0.5 1 1.5
R(D) Ry
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NP explaining both B anomalies

exp SM exp SM

N |

Lnp = (AD)QQEL’Y;J?L%’Y“VL Lnp = (AK)QgL’YubLﬁL’Y“ML

AP ~3TeV AE ~ 30TeV
AP ~ AB = A
NPin FCNCB — Kt~ 1 Ck -
has to be suppressed s (AK)2 — F CK ~ (.01

suppression factor 14



Charged current charm meson decays and New Physics

4G 2
Lsy = \/gvcsSLW cL Uiyl Lnp = A2 — Sty e iyl
PDG 2020 1 % errorin

N
foi = 212.6(7) MeV F(Dg = 1w)

Fp. = 249.9(5) MeV

; A, ~ 2.5 TeV
Ds —1.175(2)
fp+
Message:
[Ves| = 0.983(13)(14)(2) Even if there is NP at 3 TeV scale

the effect on charm leptonic decay
Electro-magnetic correction 1-3% can be ~ 1%!




New Physics in charm processes

Constraints from K, B physics

Constraints from EW physics,_
oblique corrections, 7/ — pb

Constraints from LHC

NP in charm

Up-quark in weak doublet “talks” to down quarks via CKM! Q=
|

Effects of NP in charm suppressed by V" V!

16



New Physics in FCNC charm decays

Leptoquarks in ¢ = uy

Hiller& de Boer 1701. 06392
SF and Kosnik, 1510.00965

C O(l) u

Constraints from

T — T Vs
T > K v,

AmD
DT =ty
Df —17u,

Kt > ntup

Even for t in the loop too small contribution
(m./myq)? suppression!

Within LQ models the ¢ - uy branching ratios are SM-like with CP asymmetries
at (0.01) for S; , and V-, and SM-like for Ss.

Vector LQ V; Acp ~ O(10%). The largest effects ariseW

S; can explain



Angular distributions in D —P,P, I*I

LHCb, 1707.08377
B(D® — nn~ 't 117)|0.565—0.950) cev = (40.6 £5.7) x 107°
0 . 4 _— + - _ _8
BID™ = mrm i i) ogso-1100 Gev = (454 £59) X 1075 5 por and Hiller, 1805.08516
B(D” — KYK ™ p*u7)|is0565 cev = (120 £2.7) x 107°

e study of angular distributions — SM — null tests

* simpler then in B decays due to dominance of long distance physics
(resonances)

* NP induced integrated CP asymmetries can reach few percent

* sensitive on Cypl)

Apg(D° —» ntnptp™) = ( 3.3+£3.7+0.6)%,

Any(DO s whrpt ) = (—0.6 £ 3.7 £ 0.6)%, Tests of LFU

Acp(D° = nrn~putp™) = ( 4.9+3.84+0.7)%, ,
App(D° = KYK-ptp) = (0+ 11 + 2)%, D fq‘%ﬁ" dB/dq*(D — PPyt )
Ass(DY = KTK-ptpm) = (9 + 11 £ 1)%, B [ B /dg2(D — PiPyeter)
Acp(D° — KK~ pt ) = (0 £ 11 £ 2)%, o

RPSM — 100 + O(%)

LHCb, 1806.10793
consistent with SM RRM =1.00 = O(%)

18




NP bounds from ) — /1Tl and D — ¢T ¢~

Maximally allowed values of the
Z s Wilson coefficients in the low and
g, ey high energy bins, according to
s = Coo LHCb 1304.6365 :
£ (\~.\ e
O.‘O 0‘.5 110 115 210 2.‘5 3.‘0 2 2
?IGeV?] q- < [00625, 0276] GeV
‘él‘ - ‘VUbV;I;C% |éi|max 0.043
BR (7)1 BR(mppu)u | BR(D? — pp) '
617 2.4region| 1.6 - region 1
C 2.1 1.3 -
0 ¢ € [1.56,4.00] GeV?
C1o 1.4 0.92 0.56
Cp 3.6 0.37 0.043 Best bounds from
Cr 4.1 0.76 -
Crs 4.4 0.74

) _ DY syt
Co = +C10 13 0.81 0.56 o

19




Model of NP

Effect on W.c.

Size of the effect

Scalar leptoquark
(3,2,7/6)

CSICPI CS,rCPII CT/ CTSI
C9i C 10, C9’I ClO’

VepVup | Co, C1o]< 0.34

Vector leptoquark
(3,1,5/3)

Co'=Cyo’

Vcqub | C9’, C10’ | <0.24

Two Higgs doublet
Model type Il

CSICPI CS’1CPI

Vcqub | CS - CS’ | < 0.005

VeoVib | Co—Cp | < 0.005

Z' model

V4 /4
Cy,Cio

VeV | Cs’ < 0.001
VeV |Cio'| < 0.014

20



Lepton flavor violation

+ T 1510.00311 (de Beor and Hiller)
C—up—e 1705.02251 (Sahoo and Mohanta)
Lweak( ~ T ) _ 4GF% Z (K-(G)O(e) + K(M)O(M))
c \/i AT i 1 1 1 1
(e) OW — (5~ P ot
Oy’ = (uy,Prc) (e ) o = (uyuPrec) (u''e)

LHCb bound, 1512.00322

BR(D? ety 4+e put) <2.6x107"7 Kg)P _ Kgl)/

BR(DY = ntetp™) <29 x107°
BR(D" = e pt) < 3.6 x107° !

BR(D® = e*7F) < 7x 10715



A= py

Hiller& de Boer 1701. 06392
B(Ae — py) ~ O(107?)

If A.-baryons are produced polarized, such as at Z,
angular asymmetries in A. = py can probe
chirality-flipped contributions

Py, 1—|r|? )
2 1+ |r]? B

AT =

Py, = —0.44.




Charm meson decays to invisible fermions

Bause et al. 2010.02225 predicted rather large branching ratios
for D decays to m and invisibles, based on Belle result

BR(D" — invisibles) < 9.4 x 107°

sm B(DY — vi) = 1.1 x 103!

0 — J—
D¥ — vovv. dominates over two —body decay

Bhattacharaya et al., 1809.04606

Improvements are expected at BESIII and FCC-ee

But models in 2010.02225 do not consider a “realistic” models in
which flavour onbservables define the parameter space.



Dinuetrino charm meson decays

Bause et al., 2007.05001
Bause et al., 2010.02225

4Gy ae i ij i
Lon s fF4 (cl7QF +CRiQf) + He.
QZLJ(R) — (aL(R)’VuCL(R)) (DjLVMViL) B(c —»uvv) = ZB(C — UV,T;)
2,7
wg =Y |eyV e ry <34, (LU) diag(kkk)
C/‘ ¥ ry <196, (cLFC) diaglkyka ky)
From charged leptons D - P I*I- ry S 716,  (general) matrix 3x3
x10~5
ST I I —_— D0 5 70
71257

— D =rtuw Bounds from LHC Drell-Yan study pp =2 |; |,

—_— DI 5 Ktvw

(charged leptons)
Fuentes-Martin et al., 2003.12421,
Angelescu et al, 2002.05684;

In down sector rare decays are more constraining.
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S m0x0yp

— D0 sty
DY > KtK vi

p? [GeV?]

With massless vg

dB(D — Xv D) /dq? [GeV ™7

I
l...
&
L]

— D0 5 XD
Dt - Xvw
—_— Df > Xvp

B(D” — inv.) <2-107°

These limits are data-driven and will go down if improved bounds
from charged leptons become available!

25



Invisible fermions and scalar leptoquarks

SF &A. Novosel, 2101.10712

coloured si

Constraints from charm mixing

BR(D" — invisibles) < 9.4 x 107°

nglet [’(Sl) DT ij’L_LR . X{Q 5’1 + h.c.

/

Lot = V2Grc™ (iryucr) (XRY"XR)

my (GeV)

B(D° — xX)p_b

Cloured Scalar |Invisible fermion

S =(3,1,1/3) d% “x? S

S =(3,1,-2/3) 1% x7 S,

Ry = (3,2,1/6) at I R2/®

Rs = (3,2,1/6) JiLXjRQ—us
BRR_ Y gRE REx

2M§,1 lex J1luy
‘yfg‘( Tl | <1.2x107°Mg, /GeV/

(Belle, 1611.09455)

0.18
0.50
0.80

<1.1x107°
<7.4x%x107°
<1.1x10®

C X
1 3 Massive y = vy
UL model allows to use
e o charm mixing
A\ A
——l - -

Main message: charm mixing leads to stron constraints

26



}_/RR1 cxX }_/RR*‘I ux

100
1,
010l Belle
D—n1i)<intgjj‘"“’L
0.01%
6 ‘560 1500 1560 ZObO 25b0
M ,[GeV]
my, (GeV)|B(D° = xx7)p_p |B(D° = xX7) Belie
0.18 <21x10"1" <13x107"
0.50 <6.9x 1071 <6.3x107°
0.80 <84 x 1071 <2.92x%x 10710
__ 2.5x1078}
£ 8
= 2.x107°¢
3 1.5%x1078 ¢}
S
S 1.x10°
€ 5.x10
07\ Il Il Il Il Il
03 04 05 06 07 08

m,[GeV]

14000+
12000+
_10000¢
>
(3 80001 BR(D- xx)<10~1°
s BR(D- xx)<10~°
6000+
BR(D- xx)<1078
4000+
2000+ RR RR
J— J— * _
0.2 0.4 0.6 0.8 ‘yl ex Ylux | = 1
my[GeV]
my (GeV) B(DO — WOX)Z)D—D B(D+ — 7T+X)Z)D—D
0.18 <59x%x107? <30x1078
0.50 <32x%x107° <16x1078
0.80 <15x1071 <7.6x10"1t
_ | Mass of scalar leptoquark is
— BR(D*->7" xX) iy .
~" | within LHC reach!
— BR(D°->r° xx)




LHC constraints on charm coupling to LQs: high-mass
Tt production

_|_ _
Processes in t-channel PP — T ' T

Y
Y

sy Ry

- —-——-—=—-—=—-——-9
- —-——-——-—=—-—-9

A

- —-——-——-=—-—-9

Vcs *yST + Vbs *ybr

m o= 1TeV

Flavour anomalies generate s t, bt and ct
relatively large couplings.

s quark pdf function for protons are ~ 3 times
lagrer contribution then for b quark.

1706.07779, Dorsner, SF, Faroughy, Kosnik
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Summary & Outlook

* SM effective weak Lagrangian very precisely known — SD dynamics,
(LD dynamics difficult to explain, without huge involvement of Lattice QCD).

* New physics explaining B anomalies, leads to rather small effects in charge
current transitions;

e FCNC transition in charm rare decays suffer from strong GIM suppression,
makes search for NP demanding;

* LHC offers tests of FCNC at high energies;
* Few proposals to test DM in charm physics scalar LQ mass in TeV region;

* Charm physics complement any search for NP at low and high energies!




HVALA



Popular scenario: Leptoquarks as a resolution of B anomalies:

LQ=(SU(3)c, SU(2)u)v

or LQ=(SU(3),, SU(2). Y)

no proton decay
at tree level

LQ
Q=l5+Y / ________
q
Model Rpe) | Ry || BRpe) & Ry(x)

S1=(3,1)1/3 ve X X Spin 0
Ry = (3,2)7/6 v X* X
S3=(3,3)1/3 X v X
U= (3,1)z3 v v v

Va=(3,1)2/3 X X X Spin 1
Va=(3,2)_1/6 | X X X
Us = (3,3)23 X v X

No single scalar LQ to solve simultaneously both anomalies! Dorgner, SF, Greljo,
Kamenik , Kosnik, 1603.04993

Scalar LQ

> simpler UV completion;

Only R; and S; might explain (g-2),, (both chiralities are required with the enhancement factor
m./m,) Muller 1801.0338, Dor3ner, SF & Sumensari, 1910.03877.
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Charm Physics Confronts High-p; Lepton Tails

Fuentas-Martin et al., 2003.12421 ¢ — d'e®vP

L D 1 Z Co O Ol(:;)) = (l_L’YuTIlL)(CYL’W‘TIqL), Oledq = (l_LeR)(JRqL),
SMEFT - kUL
'Uz k Ol(eltgu = (Z_ZI)/eR)EPT(CjEuR) ) Ol(jtsu = (ZZ[)/GMVeR)Epr(QEUMVUR)
Op = @1 iDL D)@ an), Oua = (61 iD,u6) (" dr)

AGp
V2

Tree level matching

Loo= =2V [(1+67) OF + 7 O3 + 2 097 + €2 030 + 7 05| + b,

aBi Vii .3 Vi (3 i 1

EVf - _Vijci [Cl(q)]a,82j + 60&5 Vijm[céq)b] ) EV}i = Tva (5(16 [C¢ud]2i ,
api _ _ Vi (5(1) 1« agi 1 )
s = _2‘21' Crequl g2 “sp T oy, [Credgl3aiz »
aBi Vii 4(3) 1

ETB = _2‘21, [Cl(eq)u]ﬁajZ )
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Definitions

1
P
s —/ dg p(¢) Light cone distribution =function
0

Ap

§

AT 5 0.172 GeV at 90% C.L.

2m2Qufpf my

WA,p% _ * 1/ éc(o) 10(0)
¢ TmpomeAp 4 (9 N
(d)

WAw _ 2m°QufDfs M,y 4 0 1 0

“ = Voa (20 4 Z0l0) |
Cr Tmpemorg  edVud | g&i T3

2

WA+ _ 27 Qafp fpmy Vv o)
C7 TmD+mc)\D cdud =2

. 212Qaf D, fr+mic (0)
CWVARTT : Vi Vs CI
7 TngchD csus 2
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Scalar LQ in charm FCNC processes

q |
(3,3,-1/3) A

4G _
Lowie = — \/QF chE ey ur) (v lr) | +hee.,

’U2

CcLuL - 2m2 (‘/:sgsu + nzbbu)<vusgsu + Vubbbu)
S3

CfuL 100 times smaller than current LHCb bound!

(3,1,-1/3)

(3,1,-1/3) introduced by Bauer and Neubert in 1511.01900
to explain both B anomalies. In 1608.07583, Becirevic et al., showed that model
cannot survive flavor constraints:

K%ILLV,B%TV,T%ILL’}/ D3—>TV,D—>/L+/L_



Scalar LQ (3,2,7/6)

Inthecaseof AC=2 in )V _ O H = Cs(ary"cr)(GrYucR)
oscillation there is also a LQ contribution

RZ (3;2;7/6) can explain RD(*)

Bound from AC =2 slightly stronger, (Becirevic, Dorsner, SF,Faroughy,
but comparable to the bound coming from Kosnik, Sumensari, 1806.05689
DO N Iu+lu— and can generate c quark EDM)

Vector LQ(3,1,5/3)

[ = Y;;j (Zi’YMPRuj) V(5/3)” T he. . (for loop effects in B

Camargo-Molina, Celis, Faroughy

1805.04917 )
not present in B physics at tree level!

DY - DY



