Theoretical overview on rare charm decays
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Overview

Motivation;

SM rare charm decays: D> Vy; D>nll, D> uu;
Signatures of NP in rare charm decays;

New proposals to test NP in rare charm decays;

Charm physics at LHC and e*e colliders;

Summary. “




Anomalies in flavour physics
Rp(+) puzzle: Charged @ Ry+ puzzle: FCNC transition b—s I* I

(g-2),, discrepancy SM prediction an tests of LFU conservation in
experimental result nt and K physics hold up to 1 percen

Impact of NP on RARE CHARM decays?




B physics anomalies: experimental results # SM predictions!

charged current SM tree level

. BR(B — DWru,) 3.96
() —
b BR(B — D™ puv,) 13 Sept. 2017

BR(BC — J/\IJTVT) LHCb |
= 0.714+0.17+0.18 result
BR(B. = J/Yuv,) ~20

FCNC - SM loop process

P, in B — K*ILL+ILL_ (angular distribution functions) 3o
R B I'(B — K(*),Lﬁp,_) in the dilepton invariant mass bin
K = I'(B - K®ete) 1 GeV? < ¢ < 6 GeV? ~4g

Muon anomalous magnetic moment

1.16592080(63) x 10~
(63) Aa, = (2.8 £0.9) x 107°

a*™ = 1.16591803(70) x 1073 ~3g



Models of NP explaining B anomalies

2HDMII cannot explain Ry

: Color singlet Color tripet
Spin_| 5 } P New gauge bosons, W’, Z’-
0 IHDM Scalar LQ difficult to construct UV
_ complete theory
B/parlty - sbottom
1 W’ , 7 Vector LQ

Dark matter?

Leptoquarks? ' | M b\\/f

Nature of anomaly requires NP in quark and lepton sector! 8//\\M C/\\Dz
It seems that LQs are ideal candidates to explain all

B anomalies at tree level!

» |s charm physics sensitive on NP explaining B puzzles ?

» Can some NP be present in charm and not in beauty mesons?



SM effective Hamiltonian for rare charm decays

4

Hom = ANHE + N\ HE 4G § | C.0,
V2

B i=3,...,10,5.P,...

Tree-level 4-quark operators (Short-distance) penguin operators

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

2) SM contributions to C, ,,at scale m_entirely due to mixing of tree-

level operators into penguin ones under QCD

(recent results :de Boer, Hiller,
1510.00311, 1701.06392,

De Boer et al, 1606.05521)
C7 =0.12, Co = —0.41 1707.00988 )

3) SMvalues at m_

4) All operators’ contributions to D>l can be absorbed into g2
dependent effective Wilsons C; o.(9?)



SMin ¢ —uy and c¢—>ultl”

Gr .
Effective Lagrangian Lgflt) =—=V, Vub Z CiQi

b
\/E ’ i=17,9,10

e
= m.F, aoH*”(1l + C,
& gm? ¢ K ( vs) Q, contributes to ¢ — 7y and

c—ulTl™

e 2

Qg = lﬁﬂlﬁL‘y“cL(?'y“ﬁ

all three operators contribute to
e?

— -y _|_ —_
Qo = WML)/“(:L@)/“)/S& c— ul™l

C. Greub et al., PLB 382 (1996) 415; BR(D — X,v) ~107°



branching ratio DO — pO DY — wy DO — ¢y DO — K*0~

Belle (1.77:|: 0.31) x 107° - (2.76 + 0.21) x 1075 (4.66 + 0.30) x 1074
BaBar - - (2.81 £ 0.41) x 105 (3.31 £ 0.34) x 10~
CLEO - <24 %104 - —
c Q1,2 u c Qg U

Weak annihilation and hard spectator interaction diagrams.

photon emission recent work: Hiller & De Boer 1701.06392
previuos works: G. Burdman et al., PRD 66 (2002) 014009;
S. F. P. Singer and J. Zupan, EPJC 27(2003) 201

Two approaches:

1) Compute leading power corrections (~ Agcp/m,) as in b-physics, QCD factorization
(Bosch & Buchalla hep-ph0408231);

2) Model resonant amplitudes as a hybrid of factorization, heavy quark effective theory

and chiral theory, where SU(3) flavor symmetry is broken via measured parameters
(SF, S. Prelovsek and P. Singer, hep-ph/9801279);



branching ratio

D" — p’y

D° — wy

two-loop QCD

(0.14 —2.0) - 1078

(0.14 —2.0) - 1078

HSI+WA (0.11 — 3.8)- 1075 | (0.078 — 5.2) - 1076
hybrid (0.041 — 1.17) - 107°|(0.042 — 1.12) - 10~°
5, 6] (0.1 —1)-107° (0.1 —0.9)-107°
8] (0.1 —0.5)-107° 0.2-107°
[9]@ 3.8-1076 —
datal (1.77 £0.31) - 107° <24-1074
branching ratio DY — ¢y DY — K*0y

WA (0.0074 — 1.2) - 107°|(0.011 — 1.6) - 10~*
hybrid (0.24 —2.8) - 107° | (0.26 — 4.6) - 10~*
5, 6] (0.4 —1.9)-107° (6 —36)-107°
8] (0.1 —3.4)-107° (7—-12)-107°
9] - 1.8-1074
Belle [15]T | (2.76 £ 0.21) - 10~ |(4.66 & 0.30) - 10~*
BaBar [39]T° | (2.8140.41)-1075 [(3.31 £ 0.34) - 104

From Hiller& de Boer 1701. 06392

[5] SF& Singer, hep-ph/9705327,

[6] SF, Prelovsek &hep-ph/9801279

[8] Burdman et al. hep-ph/9502329,

[9] Khodjamirian et al, hep-ph/9506242

Note: all SM TH predictions for
BR(D? = pO ) smaller than exp. rate!



New Physics in rare charm decays

Constraints from K, B physics

Constraints from EW physics,
oblique corrections, / — bb

Constraints from LHC

NP in charm

If there is NP in down- quark sector then effects can be seen in charm
if NP mediator is a doublet or triplet of the weak isospin.

Up quark weak doublet “talks” to down quark via CKM!

Effects of NP in charm suppressed by V., * V. Q, =




Leptoquarks in Ry«) and Ry

Suggested by many authors: naturally accommodate LUV and LFV

color SU(3), weak isospin SU(2) , weak hypercharge U(1)

SU(3) x SU(2) xU(1) | Spin Symbol Type 3B+ L
(3,3.1/3) 0 S5 LL (S¥) —2
(3,2,7/6) 0 Ry RL(S{),), LR(S{},) 0
(3,2,1/6) 0 Ry RL(S{),), LR 0
(3,1,4/3) 0 ST RE (ST =2
(3,1,1/3) 0 S1 LL(S), RR(SE), RR —2

(3,1,-2/3) 0 S1 RR —2
(3,3,2/3) 1 Us LL(V{¥) 0
(3,2,5/6) 1 Va RL(Vi75)s LE(V)5) —2

(3,2,-1/6) 1 Va RL(VE,), LR —2
(3,1,5/3) 1 U, RR(V{) 0
(3,1,2/3) 1 Uy LL(VE), RR(VY), RR 0

(3,1.-1/3) 1 U, RR 0

Dorsner, SF, Greljo, Kamenik Kosnik, (1603.04993)

LQ

Q=I5 +Y

F=3B +L fermion number; F=0 no proton decay at tree level (see Assad et al, 1708.06350)



New Physics in radiative charm decays

Leptogaurks in radiative charm decays couplings/mass constraint observable
. (ut) _ _
Hiller& de Boer 1701. 06392 [As, | ~10.0,0.2] T =Ty

Re[Ag“J?(A(”))*] ~ [0.00, 0.09]
0 Re[\S'Y s, (A5 5)7] | ~ [-0.2,0.2] = K v,
c O U ReAEDAEY ] |~ [20.07,0.04]
] ] MmUY |~ [0.0,0.7)
[ReP\STsr(ASTsr)"ll| ~ 10,0.02] Ampo
RS NS |~ [0,0.007]
Re[AWT (Al <0.3 D+ = 1y,
ReASD (AT | ~[=1,0.09] D, — 7%
(c7)
Masses of mq = 1 TeV. As, | ~[0.0,04]
ST 6 AST 6 <4-107% (Kt > 7tov) /(K+ — V)

Within LQ models the ¢ = uy branching ratios are SM-like with CP asymmetries

at 0(0.01) for S, , and V-, and SM-like

Vector LQ V-; A, ~ O(10%). The largest effects arise from t-loops.

for S;:

e

S; can explain




CP asymmetry in charm radiative decays

I'(D—Vy)-T(D— V7)

ACP(D V,y) — —
3 (D> Vy)+T(D =V

( 7) + T " om Hiller& de Boer 1701, 06392

48] <2107

DO p%

Belle, 1603.03257 SM

Acp(D® — p%) = 0.056 £ 0.152 4 0.006 .

Acp x 1073

Acp(D° = ¢y) = —0.094 + 0.066 + 0.001

Acp(DY — K*%) = —0.003 £ 0.020 =+ 0.000 i

ol . . . .
0.0 0.1 0.2 0.3 0.4 0.5

Bx10°

NP contributions

model | branching ratio | CP-asymmetry | constraints
LQ SM-like S 0(10%) [SdB et al. 2015]
SUSY | <2.107° <0.2 DY — pOy

SUSY:gluino induced contributions within the mass insertion approximation
F. Gabbiani, et al., hep-ph/9604387, S. Prelovsek &Wyler, hep-ph/0012116



The photon polarization in radiative D decays

Untagged, time-dependent analysis of D°- decays

into CP eigenstates can probe (,)
the photon polarization by means of the
charm mesons’ finite width difference

(D — V~)=T(D = V~) +FD%VVR

N s ()
Arr=AD — VAL Rr) = Z A(ij) 07 ReiPLR

['(t) = Ne ' (cosh[ATt/2] + A® sinh[AT't/2] + ¢C cos[Amt] — ¢S sin[Amit])
¢ = 41V = p°, 0, KK

Al' =Ty —-T7 >0 Am = mpg —mp, g 1y = K*O(ngo)
AL AR
AA22§ cos(dy, — 0r) cos(¢r, — dRr
AP + A 0 Z9R) cos(@r — o)
strong and weak phases
AR De Boer &Hiller 1802.02769, proposal

r =

Ar



D% > ¢y or D° - K%y decays (SM-dominated)

A%%(po) = A r(K*®) x [U-spin corrections]

a +TC7
a+TCy

D% - ply "o

the photon polarization and therefore A,

in

DO = p%- i)y becomes a null test of the SN

N> py

Hiller& de Boer 1701. 06392

If A.-baryons are produced polarized, such as at the Z,

angular asymmetries in A_ - py can probe
chirality-flipped contributions

Py, 1—r?

AV =
2 1+ |r]?

0.2F

0.1

the polarization fraction r

i

B(Ac = py) ~ O(107°)

0.0 0.5 1.0 1.5 2.0 25 3.0



Q7

SMinc — ul™l™

In SM contribute all these operators,
butSM C,,=0

0.06

de Boer, Hiller, 1510.00311:
SM update:
(N)NLO QCD SM Wilson coefficients)

©

Qy = Wﬁw#

Qo = @EM’MC‘L

e
é;;iincizlyﬂcrﬂv(l-+ Ys)c,

(32

c Ly* e,

(32

Cyryst,

C (1) + O (ad(w)

0.00f

0.04} } ¢

0.02f i}

c—ull
0.0010
0.0005 S
0.0000 ferarora = v o ams e arra o]
- 0.0005
—0.0010F . uarnreremmmmmm T
- 0.0015

16 1.7 1.8 1.9 20 2.1 22

——— ot E e e e L
..................

—0.02F [H

-0.04f|

-0.06

— Re[Cy] @NLO --- Im[Cy] @NLO
== Re[Cg] @ N)NLO --- Im[Cq] @ N)NLO

0.0

1.0 1.5 20

q? [GeV?]

0.5




0 ¥, -
D™ — u"
Most general dimension 6 effective Lagrangian for ¢ — ¢l 71~

AG
Mo = MM+ NH® + AHPme HP™S = _T; > GO,

Ny = VgVt i=3,...,10
/ ) ]
O7 = % (aUuVPRC) Y Os = (4671_)2 (aPge)(4l),
e? _ e? _
09 - (471_)2 (E’YNPLC> (E’Y,ug) 3 OP - (47_‘_>2 (ﬂ’PRC> (6’}/56) )
2 _ 2 _
O10 = (47)? (" Pre)(byuyst),  Or = e (uopwc)(la™™l)
2 —_
SF, N. Kosnik, 1510.00965 Ors = JT)Q (0 ¢) (fo y50)

LHCb bound, 1305.5059

B(D® — ptp~) < 6.2-107Y at CL=90%

Helicity suppressed decay!

|Cs — C5|? + |Cp — Cp +0.1(C19 — C)|* < 0.007




_
<
wn

SM prediction: Long distance contributions
most important!
peaks at p,w,® and n resonances

D>V = xltl™
de Boer, Hiller, 1510.00311,

_
<
-

10—]1.

dB(D*> )/ dg? [GeV-2]
=)
°

107" SF and Kosnik, 1510.00965
10-15k . . : : :
0.0 0.5 1.0 1.5 2.0 2.5 3.0
o 26107 -
e 1 5"10_7
>
(0]
O

LHCb bound- assumption —
constant amplitude

5.x1078"
LHCb 1304.6365

dBR/dqg?[
-X

(SF and Kosnik, 1510.00965) 9 [GeV?]



Maximally allowed values of the Wilson coefficients in the low and high energy bins
according to LHCb 1304.6365 :

9 3

c

o

= )
S, m Cy'o
g — = Cp
L

3

\ m Cr1s

q°[GeV?]

BR(7 "t ™)1 = BR(DT = " 117) g2 (0.0625,0.276] Gev? < 2.5 X 107°

BR(7* 5 )i = BR(DT = 7 1 107 ) gee1.56,4.00) Geve < 2.9 x 107°

LHCb 1304.6365



Ars(q%)

1 0 AT (D—s7f)
A ( 2) B (fO _f—l) dcos ¢ dg? dcos 0 - bg(qz)
FBA ) = A0(D — 7tf)/dg? a(@) + Leo(q?)
2
b[(q )
S, T necessary!
02 m resonant
: = resonant,
-0.4} Cs, and Ct
16 18 20 22 24 26 28 30

Forward-backward asymmetry for the resonant background itself
(orange) and in the scenario Cs = 0.049/ )\ Cr =02/



Ci | max
BR(mpp)1 BR(mpup)n | BR(D = pp)
C 2.4 1.6
Co 2.1 1.3 -
Cho 1.4 0.92 0.63
Cs 4.5 0.38 0.049
Cp 3.6 0.37 0.049
Cr 4.1 0.76
Crs 4.4 0.74 -
Cy = +Cho 1.3 0.81 0.63

Ci| = IV Vi Cil
region | region |l

¢ € [0.0625,0.276] GeV> ¢ € [1.56,4.00] GeV?

BR(D° — utp™) < 7.6 x 1077



Test of lepton flavour universality violation in charm FCNC decays

In 1510.0311 (de Beor and Hiller) it was pointed out that bounds on
electron-positron mode are weaker:

cl o <03,
BR(DT = ntete ) <11x107¢| 77
0 8 Oéel)() o C1561)(/) 5 47
BR(D° —eTe™) <7.9x 10~ | |
Citr| 5. |or (6 - )| 2

In 1510.0965 (S.F. and N. Kosnik) it was suggested, assuming as in the case
B — K6+€_ that NP does not affect electron-positron mode, that tests of LFU
can be performed either in | or Il bin

Rl — BR(D* — 7T+:u+:u_)q26[0.252,0.5252]GeV2
" BR(DT — 7T+6+€_)q26[0.252,0.5252]GeV2

BR(D+ — 7T+M+M_)q 2¢€[1.252,1.732]GeV?
BR(D* — mtete™)2en.252,1.732)Gev?

I _
R- =



I _ BR(D+ — 7T+,U/+ILL_)q2€[0_252,0.5252](}6\/2 RII _ BR(D+ — 7T+M+M—)q2€[1.252,1.732]GeV2
" BR(DT = mhete )g2ci0.252,0.5252]Gev? " BR(D+ — 7T+€+€_)q2e[1.252,1.732](;ev2

RLSM — .87 £ 0.09

|éi|max RE
SM - 0.999 =+ 0.001
C 1.6 ~ 6-100
Co 1.3 ~ 6-120
Cho 0.63 ~ 3-30
Cs 0.05 ~ 1-2
Cp 0.05 ~ 1-2
Cr 0.76 ~ 6-70
Crs 0.74 ~ 6-60
Co = +Cho 0.63 ~ 3-60
Cs = ~Clol L o3.0.1/6) 0.34 ~ 1-20

Assumptions:

- e*e"modes are SM-like;

- NP enters in p*u"mode only;

- listed Wilson coefficients are maximally allowed by current LHCb data.



Scalar Leptoquaks (3,2,7/6) contributes to FCNC decay

LOFB) = ((rYrur) AB3* — (apYrtr) AB/?) +he.

R, (3,2,7/6) can explain

generates S, P, T,T,, Vand A = .
Rp(vyand Ry« within certain setups !

In the case of AC=2 in DO — DO 7’[ = CG (ﬂR’y“CR) (fL_LR”yMCR) |
oscillation there is also a LQ contribution
R+v R 2 2
(Ycu Yuu) (Gra)

C _ _ TR 2 é/ 2

Cs(ma)| < 2.5 x 107 GeV 2 — CY, Co| < 0.34

Bound from AC =2 slightly stronger, - ~
but comparable to the bound coming from — CiO — Cé = 0.63 ,

DY ,u+,u_ i i i i
ACT = 4Crs = Cp = Cqg = —0.049



Scalar Leptoquaks (3,3,-1/3) in charm FCNC processes

q I
A
Gl vr - T
Lewie = — \/g Ceu €Ly ur)(rule) | +hec,
LL v’ x
Ccu 2m (ngsu T ‘/;bbbu)(vusgsu -+ Vubbb,u)
Ss

CCLUL 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 — uv, B— 1v, 7 — 1y D, —7v,D—= putpu”



Confronting charm charged current and FCNC processes:

Triplet LQ S; in charm leptonic decays decay
L. .= __4G_F (Vi;iUgi + L )(— udj)(g k)
aidily, — igUlk T Yi5.0)\ULY Q7 J\AELY VT,
V2 \ 1
i C\,Ymodiﬁes CKM
. I(Ds—71v)
Test of lepton flavour universality (LFU) DE T(Dg — uv)

c p)

2
T, ,S M 2m33

T,u,L v s " ” .
c L = 1 - (Vyz)sr(y3)sr — Vy3)su(yg)su)_

Dorsner, SF, Greljo, Kamenik Kosnik,
1603.04993

Mg [TeV] 1 —R7, 1o/RS . sm
1.0 3.2%
1.2 2.4%
1.5 1.5%




Vector Leptoquark (3,1,5/3)

not present in B physics!

L =Y (v, Pru;) V" L he..

C/ . C/ L ™ YMCY,ju
P VG raa M
FApQ 1%
— (Y UY*C)2 G « 2 ~
DO — DO Colmy) = lpel _(GPO) 2

327T2m%/ 1674

ICL,Chol < 0.24

D — 7TILL+Iu_ In the high g? region branching ratio is 1.4 x 10_8
- two times smaller then the experimental bound



Two Higgs doublet model type Il

Two neutral scalars, h and H, one pseudoscalar A, two charged H*;

Flavor changing neutral couplings at tree level generated. v
tan 8 = —
MOLE ML b=
1) 0 1] _
L= Hylp ilRr; + Hpurury +he  H = (H h A)

V2 V2
from BR(D" — ptpu™)

CCw— O — T m,, €1 tan 8 N K
P T WG ran, v my |Cs — C%| <0.05
4 tan B8 ~ N/
Ch=Cl=—on Trol Cp— < 0.05
P o 4\/§GFOA)\5 v m%{ | P P‘ o
Z' model
Anomalies in B decays often explained by Z'.
0 A0 cv)?
DY — D" transitions constrain Ce(my) = 52
_ m',
c— uptp “

mz ~ 1 TeV |09’ 5 8 |OlO| < 100. negligible effects!



Model Effect Size of the effect
Scalar leptoquark PNy
(3,2,7/6) Co G CS,'CP ’,CT’CT5’ V.V . |Cy Cin|<0.34
Co,Ci0,Cs',Chp cbVubl™9, ~10
Vector leptoquark Cy=Cy

(3,1,5/3)

VoV |Gy’ Cio'1<0.24

Two Higgs doublet
Model type Il

Cs,Cp, G5, G

Z’ model

’ ’
C9 ’Clo

V,Vy | Co’ |<0.001
V.V, |Cy'| <0.014




Lepton flavor violation

1510.0311 (de Beor and Hiller)
1705.02251 (Sahoo and Mohanta)

4 e e e
Eweak(,u ~ mc) — 5;3 § (Kz( )Of ) + K@(M)Ogﬂ))
T =

O = (wy, Pre) (@y'p) . O = (v, Pre) (Tv"e)

c— upTeT

BR(D = etpy™ +e put) <26 x 1077 Kg)p _ Kg)]; <04,
BR(D+ — 7T+€+,u_) <29x107° él)lo él)llo ‘KTZ)T ‘ 7
BR(DT — nte put) < 3.6 x 107° °

[ =e,p

BR(D° = eF7F) <7 x 107"



Dark Matter in charm decays

Badin & Petrov 1005.1277 suggested to search for processes with missing energy/£ in

DO — ’yE could be SM neutrinos or DM!

Belle collaboration 1611.09455
upper bound SM:BR(D? > vv) = 1.1 x 10730

BR(D® - invisible) <9.4 x 10~

Model of DM: gauge boson +scalar

1 :
SSB U(1), L=—7 w3V +|D,¢|* + fipiD - yur
Da :8a+igRVa+i6QEMAOz —gvaﬁFaB—LILLRHSM%—I—h.C.

Vis the gauge boson, neutral under the SM gauge group and charged under U(1),
K is @ mixing angle between dark boson and photon

New “dark” Higgs with the c8ndensate F. C. Correia, SF, 1609.0860,
(P) = il Batell et al.1103.0721

V2



(A, my) = (2¢, 150 MeV)
A

color areas are excluded
(for proton charge radius an (g-2),,
yellow and red are favored)!

. P | . P B
10 50 100 500 1000

My[MeV]

Is it possible to search for decay
D> uX

X is DM gauge boson + DM scalar +
SMv,,

Exp: D>tV =>pv vv, -

P B
5000

(Ak,mg) = (0.8¢,1073,150 MeV)

0.01

10_4 £

rD—*[.lX/ IﬂD—wv




LHC constraints on S3: high-mass tt production

Processes in t-channel pp — T

T

>
>

Y

Sa/®

S§/3, R2/3 S§/3, R2/3

- —-——-—=—-—=—-——-9
- —-——-——-—=—-—-9
- —-——-—-=——-9

T

o
A

A

Vcs *yST + Vbs *ybr

0s5(Ysr) = 12.042 yst +5.126 yst,
Flavour anomalies generate s T, bt and ct 05(Ysr, Yor) = 12.568 ySTbe :
relatively large couplings. _ 3199 1,385 1,2
s quark pdf function for protons are ~ 3 times (be) be T 1989 Ypr
lagrer contribution then for b quark. Oceumuc(Ysr) = 3.987 y;lT —5.189 ygT .

m = 1TeV



Direct probes of flavor-changing neutral currents in e*e collisions

Khodjamirian, Mannel, A Petrov, 1509.07123

Due to helicity suppression difficult to measure branching ratio DO — 6+6_

Single charm production can test

( N B
P H = W(cyuu) (evte).

e ()
BYP - = 2.0x 107"

Small in SM, NP might increase it! 7/ 11
BD*_>€—|—€— < 2.5 >< 10



Summary

» SM progress - treatment of radiative and semileptonic D decays (NNLO calculation)
hard spectator and weak annihilation amplitudes ;

» new proposal to measure gamma polarization in D° - p® and A_—>py;

» NP proposals developed; Leptoquarks in radiative and semileptonic decays;

» New physics particles explaining B anomalies, give rather small effects;

» Few proposals to test DM in charm physics suggested to observe effects of DM;

NP searches at LHC: charm quark important.







