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1. Introduction: energy scales

* Main goal of the exercise: understand physics at the most fundamental scale

% It is important to understand relevant energy scales for the problem at hand

physics of beauty physics of charm
my
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2a. Rare decays: short distance

* Effective Lagrangian can be obtained by integrating out heavy modes
- Contrary to b-physics, two matching scales (Mw and ms)
- GIM mechanism is effective for light quarks

- Only two operators at Mw

4G’
Heﬁ‘(MW > u > mb F Z uq[Cl Oq + C2( )Og]
q=d,s,b

Of = (ary T%r)(qey"TcL),
Og = (ﬂL'YpQL)(qL’YMCL)a

- Ten operators at my
- Those that correspond to rare decays

Oy = L:(ﬂL’YuCL)(E’Y“ l),
O = e:(ﬂLWCL)(ZW“ V5£) .
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Short distance (cont.)

% Effective Lagrangian can be obtained by integrating out heavy modes
- Most recent results: NNLL

De Boer, Muller, Seidel, 2016

Ch Cy | Cs Cy Cs Cs
LL —0.517 | 1.266 | 0.010 | —0.025 | 0.007 | —0.029
NLL | —0.356 | 1.157 | 0.014 | —0.042 | 0.010 | —0.045
NNLL | —0.317 | 1.140 | 0.013 | —0.040 | 0.009 | —0.045

- Short distance contribution for u < my for Co(u) Wilson coefficient

Co(p) = Co(mp) + W™= (1, mp) RU™ =) (my, M) C(Myy)

1 as(/-l‘) K(a ) .
W(nf=4) H,Mp) = — = / da _SU(nf—4) K, My ) ,
( ) 2 as(mpy) ° IB(as) ( )
D g (ur, pa) = A7 (g, 1) UP (i, 1)
dlnl.Ll ’ ) ’
- The results are
C-?ff Cgff Cg ClO CgINLL Ci\g)NLL
LL 0.078 | —0.055 | —0.098 0
NLL 0.051 —0.062 | —0.309 0 —0.488

An order of magnitude difference between leading log and NNLL results for Co!
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Short distance/long distance

* Effective Lagrangian can be obtained by integrating out heavy modes

- Take into account light quarks: “effective Wilson coefficient” Co®f(u)
De Boer, Muller, Seidel, 2016

CE™ (1. 5) = (VirVua + VisVas) (o) + Y@ (1, )
+VoVua YD, 5) + Vo Vus Y (1, 5)

- ... where Y®(u,5), Y9(u,s) and Y@)(u,s) are functions of C and log(mq2/u?)

Burdman et al (02),
Fajfer et al (03), Paul et al (11)

* Long distance effects: hadron resonances and others

- Since-particle resonances modify Co®ff(u) as C§™— s+ — 2 Ki— : ,
a® T mvi—s—zmvirvi

mvirvi—»m—

CR =a,e% ( : 1 :
p q* — mp +im,I’, 3 qg> —m2 + im,I,,

+q2—mfb+im¢l“¢’

- Similar modifications are present for other "effective Wilson coefficients"”
- In principle, should also contain contributions from two-particle states, etc.
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2b. Rare leptonic decays: phenomenology

* Standard Model contribution to D — py .

% Short distance analysis

BEd) Gp waDmé
Dog+p- =

T2

, 4 + 72
F, F= VaVe |2+ g (e
Z 62[2%-4”:1: (nx+ 3

i=d,s,b
- SD effects amount to Br ~ 1018 _
UKQCD, HPQCD; Jamin, Lange;

- single non-perturbative parameter (decay constant)  Penin, Steinhauser; Khodjamirian

% Long distance analysis
ot et

Pakvasa; Fajfer, Prelovsek, Singer

Do . PO < Do o+ Burdman, Golowich, Hewett,

- - Update soon: Healey, AAP

1 d°q d’qy
I _ | T Optp- = }: /
Mlz) — MP% Bpng+g m MD £+¢ 2' 2w1 27r 2w2(27r)3

x MD—"Y’Y M e 2m) 6@ (p — g1 — o)

BYW, =Y (PHES|DO)
Pn

- LD effects amount to Br ~ 1013
- BGHP (2002) paper probably overestimates LD contributions to D — p+p- .
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Rare semileptonic decays: phenomenology

» These decays also proceed at one loop in the SM; GIM is very effective

- SM rates are expected to be small

De Boer, Hiller (2016)

% Rare decays D — M e*e’/p*y just like D — e*e’/p"p are mediated by c—u Il

- SM contribution is dominated by LD effects, e.g.

Burdman, Golowich, Hewett, Pakvasa;
Fajfer, Prelovsek, Singer

0.001
& 1075 plw 1
?‘) 1
= 10+ Carve out “resonance window” by
-E' compal‘ing fResonance /fLead Resonance
; 1079 to experimental sensitivity?
i
11t
Qa
S 10-8
De Boer, Hiller (2016)
lo_ls i " i s s
0.0 05 1.0 1.5 20 25 3.0
_ _ _a? [GeV?] _
g* bin B(D* — atutu )M 90% C.L. [27]
Full ¢*: (2m,)* < ¢* < (mp+ —m,)? 3.7 x 10712(£1, 43,118 1,43 +158 +16) 7.3 x 1078
Low g% 0.2502 GeV? < ¢ < 0.5252 GeV? 7.4 x 10713(£1, 44,42 +10 +10 +238 +6 2.0x 1078
High g% ¢* > 1.25% GeV* 7.4 x 10713(+1, 46,113 +6,70 136 +27) 2.6 x 1078
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Rare decays: new physics

% Can New Physics be “hiding" in the up-type quark transitions?
- explicit models can be constructed where it can be done
- long-distance effects complicate interpretation
- must use exp and theo tricks to sort out

€

O; = @mCFMﬂo“”(lnwf,)c,
0y = & yhe,
O = T6r Ta g ULYuCLlY
2
e
Ow = 6 zuryuc[&y Vs,
e
0, = ™ —mcF,a0" (1 —s)c,
O = & apyicniyt
9 167T2 R’Y/J. R ’7 )
o - Pryiysl,
0 = 161 zuR'YuCR Y5

Maybe correlations between different measurements can help sorting out NP in charm?
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Generic NP contribution to D — p*y

* Most general effective Hamiltonian:

Q1 = (Coyule) (uryter) Qs = (Lrly) (ugcyr)
(fIHnpli) = GZ Ci(p) (f|Qs]7) (1) Q2 = (Lryulr) (TryPcr) Qs = (Crowly) (Gpotcr)
i=1
Qs = ({1lr) (urcr) , plusL & R

% ... thus, the amplitude for D — e*e’/y'y decay is

Mp 4m}? 4m
BD"—O@"‘E‘ = 1— l( Mze) |A| |B|2]

87TFD M2
M3~ ~
|A| - szm D [03—8 + 04—9] )

|B| = fD [2mg (Cl 2+ Co_ 7)

Many NP models give contributions to both D-mixing and D — e*e/p*p decay: correlate!!!
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Mixing vs rare decays: ruling out models

% Relating mixing and rare decay
- consider an example: heavy vector-like quark (Q=+2/3) PRDTo. 114030 (009 s and AAE
- appears in little Higgs models, etc.

2 2
.. - g 2 o GrAi,
M|XIng: H2/3 - 8C052 awM%/\uc Ql - \/i Ql

L2/3) _ 2GrXNafpMpBpr(me, Mz)
? 3v/2l'p

Rare decay: Apo_g+g- =0 Bpo_p+e- = AucT

B _3V2 Gemizp [ 4m2]"? M = = (ViaVea + ViVes + ViV
Do=ptp= = 64 BD'r(mc, Mz) MD

~ 43x10%p < 43x 1071

Note: a NP parameter-free relationl!
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Rare semileptonic decays: New Physics

> Rare semileptonic decays can be used to study New Physics

% Example: R-partity-violating SUSY/leptoquarks
- operators with the same parameters contribute to D-mixing
= feed r'eSUH-S inTO rare deCGys Burdman, Golowich, Hewett, Pakvasa;

Fajfer, Prelovsek, Singer

Mode LD Extra heavy ¢ LD + extra heavy ¢
DY > 7mtete” 20X107°% 1.3Xx107° 20X 1076
D= atuTu” 20X107° 1.6 X107° 20X 1076
Mode MSSMRE LD + MSSMAE

DTt = 7fete” 21X1077 23X107°°
D> atutu” 65X107° 88X 1076

Fajfer, Kosnik, Prelovsek

0.001
- LD+MSSM-R
LD
MSSM-R
— 1e-04
% 108
& o 1005 ,
§ g |
s 5 - b
e e © 1006 |/ —
1e-07 \
10710 | \
) X . oa Ll i
o o BV s Rl 05 1 15 2 25
q? (GeV?)
* Direct CP-violating asymmetries in D -> mu+p-? De Boer, Hiller (2016)
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Rare charm decays: experiment

-2
_i 10 T T T T T T T T T T T T T T T T T T T
L: June 16 ¢
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Any other ideas?

* Two-body decays of B and D
- only one hadron to deal with: decay constant?
- but: probes limited number of operators, helicity suppression
- e.g. hot sensitive to vector-like New Physics (such as vector Z')
- soft photon effects preclude studies of electron decay modes:

B(DY — ~0+0™) N am_%
B(DY — ¢+¢-) m3

* Three-body decays of B and D
- probes several operators, many different observables
- but: two hadrons: four form-factors, hard to calculate non-perturbatively

. . . o BR(B = Kp'p~)
- recent “issues” with lepton universality in B-decays fix = BR(B — Ke'e)

= 0.74570071 (stat) = 0.036 (syst)

LHCb (2014)

Can one remove helicity suppression AND enlarge the
set of probed operators by studying electroweak
decays of excited states of D or B (like D* or B*)?

T S S S VNS S D !
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Can D'(B”) — e*e or y'y” decay be measured?

Can apparent superluminal neutrino speeds be
explained as a quantum weak measurement?

M V Berry !, NBrunner', § Popescu] and P Shukla’

! H H Wills Physics Laboratory, Tyndall Avenue, Bristol BS8 1TL, UK
? Department of Physics, Indian Institute of Technology, Kharagpur, India

Received 12 October 2011, in final form 27 October 2011
Published 11 November 2011
Prfimeatstacks.iop.org/JPhysA/44/492001

Abstract
Probably not.

RACS numters: 03.65.Ta, 03.65.Xp, 14.60.Pq

R

http://arxiv.org/abs/1110.2832
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Studies of D'(B") — e*e”in resonance production

% Instead of searching for a decay of D*/B*, let's produce it!
- resonant enhancement possible if e+e- energy is tuned to mp+(max)
- single heavy flavor + photon in the final state is a nice tag

Khodjamirian, Mannel, AAP
et D JHEP 11 (2015) 142

e " m(y)
- contrary to a usual way of studying FCNC, production cross section is small

% This way, the FCNC branching ratio for D*(2007) — e+e- is probed

197 m2%,.T2
L B B D10

oleTe” — D7) fsam,. = OD+ (s) = m2,. Bp:—ete-Bp+pr (s —m?2.)?2 +m2%.T'%’
L T S S 5 VNS E S D RS L S L SN E IV S AT AR S T AT L O A R S B e L e O]
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Studies of D'(B”) — e*e”in resonance production

The BESIII Detector

Magnet : SC magnet
% BEPCII machine with BESIII detector (China) Yo% g
- optimized for Psi(3770) -
- already made scans Vs = 2.0 — 4.2 GeV.
- luminosity is about 5x10%! cm2s?

TOF

Be beam pipe

CsI calorimeter

VEPP-2000 Collider: 2 x 1000 MeV

% VEPP-2000 machine (Novosibirsk, Russia) Cryogenic
- optimized for Ecm < 2000 MeV Desector

- possible upgrade to Ecm > 2000 MeV
- luminosity is about 1x103%2 cm2s’!

13 T Solenoids

s
o
RF: 172 MHz —¥
Scaintillator

Nt g
Neutral particles

Transfer line from BEP Detector

- *

% HIEPA: new tau-charm factory in Hefei (if approved)
-luminosity is about 5x103% cm-2s!
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Studies of D'(B*) — e*e in the Standard Model

% Standard Model, short distance:
- local Oy and O1o operators O =

2
1672

2

(Ql + Q?) , O = # (é? - @1)

y: . . . 4G c.e €
- additional dipole contribution Hg{’) = W oy . (16 5Me Upo™” cRF,“,)

% Decay amplitude depends on additional non-perturbative parameter

(O[ao*"c|D*(p)) = ifp- (e'p” — p'e”)
Khodjamirian, Mannel, AAP
JHEP 11 (2015) 142

% Short-distance result is well-defined

a?G2, me f5 2
R c,eff c * ~c,eff c |2
BD'—)€+6 967r3P ng*fgn. (C +2mD* fi‘c + |C].0 )
I'(D* — ete™
% .. but the Br is small (the width is not though): B3P, _ = ( - ) 9.0 x 10719
0

% LD contributions are of the same order of magnitude or less!!!

No helicity suppression: no issues with testing lepton universality!
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D’(B") — e*e: example of NP contribution

% A plethora of NP models that realize charm (beauty) FCNC interactions can be probed
- consider a model with a Z' coupling to a left-handed FCNC quark currents

Ly = —g,quL'YﬂeLZm - glzfzzR’Y#eRZI#
— gurnerZ" — SuRYucRE™.

% At low energies integrate out Z'

1

ACerx1 = T2 [912/19%1@1 + 9719%2Q2 + 9729%2Q6 + 9%'29?1Q7]
Zl

| . ' , g 1, , gsin? Oy
1] = — _— 0 19 =
% _which leads to a branching ratio (for 9z: cos O ( o TSin W) v 922 T T o ')

, V2Gr oS> M2 (1 .
BE. i = 3T mp. fo. ]\ZJé, M—zz, (Z — sin® @y + 2sin* OW)

% .. and current constraint of  BZ._, i~ < 2.5x 1071

Plenty of room in the parameter space to constrain
NIRRT ANITEAL TR L L Lt R RIS I RORIEER I IR S e N T O N S S Vi
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2c. Studies of lepton flavor violation with charm

» Non-diagonal lepton flavor Lagrangians can be studies with charm
- large amounts of charm data and clean experimental signature
- (almost) no SM background: clear sign of New Physics

Qi = (Loyuty) @ryter) . Qa= (Crth) (Trer)
Q2 = (lryply) (Wrycr) , Qs = (browly) (Wra™er)
Q3 = ({LlR) (urcr) , plusL < R

- These operators drive LFV D-decays, e.qg.

M m2 \ >
Boote = g (1——’;) AP +B/?]

8mI’ Mj,
M2 -
Al = ijm 2 1Css + Cis| |

|B| = G%) !2me (61—2 + 56—7) + ]?\7/[;2) (é'4—3 + 698)] , Ci_p=C; — Cy

C

Note: either still helicity suppressed or depends on the Wilson coefficient of
the scalar/pseudoscalar operator which usually contains lepton mass!

LT S i S VNS S T D L U TG E NN R TG T T RSY L A e r  r
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Studies of lepton flavor violation with charm

- To lift helicity suppression, add more particles to the final state: y, m, p, e.qg.
D° — yuFeT, D = mpteT, DO — puteT, ete.

90% C.L.

1072

1073

104 |

107

10°° |

L BL
June 16
LF
(] ¢ 4
A A ® A $|® ® e .
£ *
é L 4
_’ E B
>
¢ E791 ¢ Mark3
* A CLEONl N Argus
m CLEO @ LHCb
% Belle > BaBar
(@ © E789
W W W H W W H W K K K H O H OH H OH OH OH HH 4
v I I I I ¥ ¥ T X X v v vl X X R vow
HoH H H H H H H H H H H o4 H H H H H H H Q
S LY v 5; ) g ?Q.J v o P 3 ”“-’ = H‘U 3 Hw Hw H:u
= 31 9, + H HoofoH
® ko S M e 8 N XS F e
t ' -2 S i N o e L i
) S < 3 AR T
e

- ... or consider other hadronic systems, e.g. LFV quarkonia decays M — £1£5 or M — 4145
Unfortunately, very scarce experimental data!

LT L i 5 VNS S S D
Alexey A Petrov (WSU & MCTP)

D. Hazard and A.A.P., PRD9%4 (2016), 074023
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Studies of lepton flavor violation with charm

% Multitude of NP operators: single operator dominance hypothesis (SODH)
- but it is not often that only a single operator contributes, e.g. for quarkonia

1 — _
_F {(C‘Q/Rgl’)/'upfggz + C‘q/Lfl’}/MPLfQ)q’yuq

q

L1 =

+<C’§\RZ17“PRE2 + C'iLZw”Psz)G%%q
+ momyGF (CnglpR@ + CnglpL@)ﬁq

+ mgquF (C}IDREPRKQ + C}JDLEPLKQ)G%Q + hc}

- Can (partially) do away with SODH if designer initial states are used

£165

Vector: AV — £16,) = u(py, 51) !Af}b% + By, + n‘zfv (P2 — P1)p

- 162
iDy;

. (P2 — P1)u7Ys ] v(p2, 82) €(p).

+
m

Scalar:  A(S = £14y) = u(py, 81) [ES? +iFg%5] v(pa, s2)

- Scalar states can be accessed via radiative decays ¥(25) = vx«0 (O(10%) fractions)
- No data (other than J/psi) existlll D. Hazard and A.A.P., PRD94 (2016), 074023
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» To follow Prof. Browder's lead (see Monday's plenary talk), we need more data

Apologies to Q. Tarantino
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3. Rare D(B)-decays with missing energy

> D-decays with missing energy can probe both heavy and light (DM) NP

% SM process: D — vvand D — vvy:
- for B-decays JE =G yrby Decay Branching ratio
- for D-decays Jh =gy

5| 3.07x 107
% For B(D) — vv decays SM branching ratios are tiny Bs ~vw

- SM decay is helicity suppressed, e.g. By — v | 124x107%
B(B, — v) = Gra’ My IV, VE2X (x,)2 52 DY —wvp| 1.1x107%
16msin* 0y Ty = 20 70
- NP: other ways of flipping helicity? Decay Branching ratio
- add a third particle to the final state?
What would happen if a photon is added to the final state? Bs — vy 3.68 x 107°

* For B(D) — vvy decays SM branching ratios are still tiny | Bs — vy | 1.96 x 107°
- need form-factors to describe the transition
- helicity suppression is lifted

D° — vy | 3.96x 107

% BUT: missing energy does hot always mean neutrinos
- nice constraints on light Dark Matter properties!!! Badin, AAP (2010)

L L U TG E NN R TG T T RSY L A e r  r
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Rare D(B)-decays: scalar DM

» Let us discuss B and D-decays simultaneously: physics is similar Badin, AAP (2010)

- . . 201"
% Generic interaction Lagrangian: Hess = Z A’g O; O1=mq (JQq) g1, (X0X0)
v 02 = meq (JQq)LR (XSXO)
- respectiv tral ¢ ts B-and D-decays <
respective neutral currents for B-and D-decay 05 — <JM‘1>LL (XO (%XO)
o
O4 = (ng)RR (XO 9 ”XO)

% Scalar DM does not exhibit helicity suppression
- B(D) — Enis is more powerful than B(D) — Emisy

B(B ) B (C(ls) _ C(ZS))Z( quM%qmb )2 C(s) C(s)
@7 XX = My T, \A2(m, + m,) ( = ) < 2.07 X 10-16 GeV—
X!h“b& for m, = 0.1 X My,
. 13,aCYCOM; (Fyy:
B(B, — xpxoY) = 6A°T, (E)
| — cs’ c55><155x10 12 GeV—* for m = 0
X (6 1—4x3(1—16x3 —12x3) || A2 A? ’
2x . C(S) C(S) 3
—iadlog ) (5508 < 744X 107 GeV for m = 0.4 X M,

1+"1—4x/2\,

These general bounds translate into constraints onto constraints for particular models
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Example of a particular model of scalar DM

2
% Several different models of light scalar DM — L5 = ﬁ + ™02+ AS?HTH

- simplest: singlet scalar DM 4 2

o . A 1
- more sophisticated - less restrictive = ZSS4 + 5(m% + Avdy)S? + Avgy S2h

A
—S%h?,
2

% B(D) decays rate in this model

4 12877 1677MBI‘B 6x10°°

2 -6
o (quMBq )2 5x10
my, + my 4x10°
6
. . . 3x10
- fix A from relic density
2107}
_ BugyA® Lypex 1x10°6
O annVrel = M2 lim ;
H my«—2mg my,

These results are complimentary to constraints from quarkonium decays with missing energy
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Rare D(B)-decays: fermionic DM

40;
~ A2

- respective neutral currents for B-and D-decays

* Generic interaction Lagrangian:  H.;; = O, O = (ng) L (X1/20YuX1/21)

O = (ng) i (X1/2R7uX1/2R)
O3 = O1(Lsr)s 01 = 02
Os = (Joq) i ()Zl/2L X1/2R)
Os = (Joq)rr (X1/2r X1/21)
O7 = Os5(Rr)s Os = Os(LeR)

+ tensor operators

% Scalar DM does exhibit helicity suppression

- B(D) — Enis maybe less powerful than B(D) — Emisy Badin, AAP
- .. but it really depends on the DM mass!
_ 3,
B(Bq—'X1/2X1/2)=W 1—4xy
4M123qxi
X I:C57C68m — (G5, + C)
M%q(in -1 x Mp,
(mp +m,)* 8, + m,
+2(Ci3 + C24)2x,2\/]:

Lots of operators — less so in particular models
NIRRT ATITEAL T TR L T K RIS M TR T IR £ e T S S VT
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Rare D(B)-decays: fermionic DM

% Constraints from B decays are the best at the moment

TABLE 1. Constraints (upper limits) on the Wilson coefficients of operators of Eq. (43) from the B, — x/, X1/, transition. Note that
operators Qy—(Q;, give no contribution to this decay.

Xy CI/AZ, (}CV_2 Cz/Az, (}e\’_2 C3/A2, (}CV_2 C4/A2, GCV_2 C5/A2, (}CV_2 C6/A2, (}CV_2 C7/A2, (}CV—2 CB/AZ, (}CV_2

0 e e e e 23X 1078 23X 1078 23X 1078 23% 1078
0.1 1.9x1077 1.9 X 1077 1.9 X 1077 1.9 X 1077 23X 1078 23X%x 1078 23X 1078 23X 1078
02 9.7x10°% 9.7 X 10°% 9.7 X 1078 9.7 X 1078 2.5%10°8 2.5%X 1078 2.5% 1078 2.5%x 1078
03 69x10°% 6.9 X 1078 6.9 X 10°% 6.9 X 1078 2.8 %1078 2.8 X 1078 2.8 X 1078 2.8 %1078
04 6.0x10°% 6.0 X 1078 6.0 X 1078 6.0 X 1078 3.6 X 1078 3.6 X 1078 3.6 X 1078 3.6 X 1078

% ... the same is true for the radiative decays with missing energy

TABLE II. Constraints (upper limits) on the Wilson coefficients of operators of Eq. (43) from
the B, — x1,2X1/27 transition. Note that operators Qs—Qg give no contribution to this decay.

X, C,/A?, GeV~2 C,/A?, GeV~2 Cs/A?, GeV~? Cy/A?, GeV~2
0 6.3 X 1077 6.3 X 1077 6.3 X 1077 6.3 X 1077
0.1 7.0 X 1077 7.0 X 1077 7.0 X 1077 7.0 X 1077
0.2 9.2 X 1077 9.2 X 1077 9.2 X 1077 9.2 X 1077
0.3 1.5 X 1076 1.5 X 1076 1.5 X 1076 1.5 X 1076
0.4 3.4 %X 1076 3.4 X 1076 3.4 X 1076 3.4 X 1076

These general bounds translate into constraints onto constraints for particular models

Alexey A Petrov (WSU & MCTP)

1 CKM 2016, 28 Nov-03 Dec, Mumbai, India



4. Things to take home

[T S LA S VST S DS

Indirect probes for new physics compete well with direct searches
- for some observables sensitive to scales way above LHC

Calculational techniques for heavy flavors are well-established

- but don't always work well: *heavy-quark-expansion” techniques for charm
often miss threshold effects

- "“hadronic"” techniques that sum over large number of intermediate states
can be used, BUT one cannot use current experimental data on D-decays

Calculations of New Physics contributions to mixing are in better shape
Can correlate mixing and rare decays with New Physics models
- signals in B/D-mixing vs B/D rare decays help differentiate among models

New reach: D"(B”) — e*e” can be studied with resonance production
- plenty of parameter space for New Physics reach

- probes models that D(B) — e*e’/y'y are not sensitive to

Rare decays with missing energy provide excellent opportunities to
constrain parameters of models with light Dark Matter

- both scalar and sermonic DM models can be constrained
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Rare radiative decays of charm I

* Standard Model contribution to D — vy

k5 kY
A(D — vy) = e1p€2 [Apcewaﬁkmkm +iApy (g’“’ — 21 )]

k1l - ko
m3
(D — yy) = [Apcl® + — |Apy|”
641 D
* _ _Giy yreeff € w1
Short distance analysis £ = VusV (777 12 F,me (u ( 5(1+7s)c )
T

L

i Paul, Bigi, Recksiegel (2011
- only one operator contributes aul, Bigi, Recksiegel (2011)

- including QCD corrections, SD effects amount to Br = (3.6-8.1)x1012

% Long distance analysis

. ; Burdman, Golowich, Hewett, Pak 02);
- long distance effects amount to Br = (1-3)x108 Faten Simgen Zuman (o) 0 s (02

1 L U T R NEICE N TSI T TR I A s e e e e S T
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Rare radiative decays of charm II

> Hope to isolate penguin-like contribution: BUT SM GIM is very effective
- SM penguin contributions are expected to be small

Y
V,?"N\I\N
% Radiative decays D — yX, yy: FCNC transitionc — uy D -7
e : Y
= _ TTe Bk Burdman et al; Fajfer et al;
Q7 872 meF a0t (1 + ys)e, Greub, Hurth, Misiak, Wyler

- SM contribution is dominated by LD effects
- dominated by SM anyway: useless for NP studies?

% Examples of long-distance contributions

Y Y
4@—-i ;r"f N ®.
D M D W) M
P, “: /) D
(a) (b)

pole amplitudes (WA/WS) VMD amplitudes

+ others
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Rare radiative decays of charm IT

% Theoretical predictions and experimental bounds (x 10°)

D—Vy Burdman et al Fajfer etal  Khodjamirian et al
D - pTy 6-38 20-80 4.4

D° - K*¥y 7-12 6-36 0.18

D° — p 0.1-0.5 0.1-1 0.38

D° —» o’y ~0.2 0.1-0.9 —

D° — ¢% 0.1-3.4 0.4-0.9 —

DT — pTy 2-6 0.4-6.3 0.43

D - K*y  0.8-3 1.2-5.1 —
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Rare radiative decays of charm IT

* Try to find combinations of decays where LD contributions cancel

1 _ 1 _
% Consider exclusive decays D — yo, yo: =% = ﬁ(‘_‘u +dd), pU" V= ﬁ(ﬁu — dd)

(@ 7 (b) 7 (©) N
§
Ve A»i_» V0w, + QCD penguins and
J v c———— . )

‘ W ‘ ‘ *  diagrams with photon
i 7 in - U u - U M M

Vaa d emission from spectators

ctivﬂd ~ )\ CZVUb ~ )\5

['(D° = wy) —T(D° — pv)
(D% — wy)

- Extract ¢ — uu v: LD contribution cancels in R, =

2T'(D° — p’y) —T(D* = p*y)
2I(DY — pYy) + T(D* — pty)

- Consider isospin asymme‘rr‘ies Rr = (same with omega)
- isospin asymmeftries are sensitive to 4-fermion operators with photon emissions

from “spectators”

T S S S VNS S D VRIS NP S S SN E IV S A LA S T VA R o S AL S Fed e e e ]
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Studies of D'(B*) — e*e in the Standard Model

% Standard Model, long distance:
- local O1 and O operators
- additional penguin-like contribution

% Decay amplitude: €

Zu(p2))

(€ e Mo D" (3) =~ 5 Wu(pes ) (228

p*=mi,.

with  5,0%) = i / d2e?? (O[T {5 (2)Hw(0)} |D* (0))

G CC(Q) _
5@ = LY Q, <CC(Q) \ ) [ dize™*(OIT {Gvua(e) ava(0)} [0)
f;d)s N {%/ ze 77.9(z) 919 }
x (0uy“c|D*(p)), T —
19 (p) = (—guwp® + pup,) 19 (p?)

2 00 (a) o(ete” — hadrons)

@ p R (s) : _ (@)
100 = g50oge | g with  R0)="TE N X RO
T S S VNS E S T D ¥
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Studies of D'(B") — e*e”in the Standard Model

% Standard Model, long distance:
- local O1 and Oz operators
- additional penguin-like contribution

* As a result:
4.7 % 1072 (NLO)
LDA (LD.b) ~19
.. and recall that the short distance ~ B3P, .. 2.0 x 107"

% Overall, the Standard Model contribution to D* — e+e- is rather small, but
- it is four orders of magnitude higher than the Br(D — e+e-)!
- the long-distance contribution is moderate
- there is a large window fo probe New Physics, as e.g. with BES-ITI

Bpe_yote- >4 X 10713 Khodjamirian, Mannel, AAP (2015)

Any interesting New Physics scenarios?
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