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1. Rare leptonic decays of charm

» These decays only proceed at one loop in the SM; GIM is very effective
- SM rates are expected to be small

% Rare decays D —> M e'e”/p'u/7'1 mediated by c—u |l
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- SM contribution is dominated by LD effects

- could be used to study NP effects

% Example: R-partity-violating SUSY
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- operators with the same parameters

contribute to D-mixing
- feed results into rare decays
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Rare leptonic decays of charm

» These decays only proceed at one loop in the SM; GIM is very effective
- SM rates are expected to be small

% Rare decays D — M e*e”/p'u/7'1 mediated by c—u ll

Burdman, Golowich, Hewett, Pakvasa;

SD G F VeV c Fajfer, Prelovsek, Singer
2=V, 3 co.
ot i=79.10
N
& = - g : ,
Qs supyuc€y*€,  Qu = l supyupcty” ys,

167 67

- SM contribution is dominated by LD effects
- could be used to study NP effects

% Rare decays D — e*e”/y'y/1'1 mediated by c—u ll ¢ ¢ el

2 oo . :
Q= 1672 apygcrty”yst, s ~,

- only Q1o contribute, but SM contribution is dominated by LD effects (Br ~ 1018-1013)
- single non-perturbative parameter (decay constant) UKQCD, HPQCD; Jamin, Lange;

Penin, Steinhauser; Khodjamirian

- could be used to study NP effects in correlation with D-mixing
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Mixing: Standard Model predictions

x = 0.63019 5 ,0%

y =075+ 0.12 % % Predictions of x and y in the SM are complicated

-second order in flavor SU(3) breaking

HFAG 2011 % : i
-mc is not quite large enough for OPE
Standard Model mixing predictions =X,y << 103 (“shor"r-disTance")
1.00E+00 +HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH 'XIYN10_2(“|°n9'di51'ance”)
100E01 & 4 7 10 13 16 19 22 25 28 31 34 37 40
A : :
oo | A 8 Ok % Short dls’rance.-
_ 1.00E03 --ATAA A an B TD - -assume m is large
> 1 00E-04 - A A O -combined mg, 1/m¢, as expansions
A A .
S 1.00E-05 - I A A O -leading order: ms?, 1/m.®!
 1.00E06 | A e A
SEETER H. Georgi; T. Ohl, ...
1.00E-07 [ﬁj ' I. Bigi, N. Uraltsev;
1.00E-08 - * Long dISTGnce: M. Bobrowski et al
1.00E-09 -assume m¢ is NOT large
Reference Index -sum of large numbers with alternating

signs, SU(3) forces zero!
-multiparticle intermediate states
g dominate

“ Not an actual representation of theoretical
uncertainties. Objects might be bigger then < 4
what they appear to be... v

o4 P. Colangelo et. al.

J. Donoghue et. al.

Falk, Grossman, Ligeti, Nir. A.A.P.

) . . o/ - . Phys.Rev. D69, 114021, 2004
Resume: a contribution to x and y of the order of 1% is natural in the SM Falk, Grossman, Ligeti, and A.AP.

but for the correlation studies assume that AM is dominated by NP! Phys.Rev. D65, 054034, 2002
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Global Analysis of New Physics in D-mixing

E.Golowich, J. Hewett, S. Pakvasa and A.A.P.
Phys. Rev. D76:095009, 2007

* Let's write the most general AC=2 Hamiltonian

8
1
AC=2 _
HNp™" = 45— Z Ci(1)Q;
NP Z:]_ . s
. uslTelV
.. with the following set of 8 independent operators... S
Q1 = (Upyucer) (upqyer) Qs = (Upocr) (Ugoter) . l
Q> = (Upyucr) (Upyter) . Qs = (Up7yucr) (Upycr) | \ &
Qs = (Urcgr) (Ugey) , Q; = (upcr) (Urer) . o4
: ‘ o / o
Q4 = (ugeyr) (Ugey) , Qs = (Upo,,crp) (Uoer) .
l u: lGelV

RG-running relate C,(m) at NP scale to the scale of m ~ 1 GeV, where ME are computed

on the lattice
( ) Each model of New Physics

d ("( p) = 4 I (12)( :U" provides unique matching
dlog g condition for C,(Ayp)
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Generic restrictions on NP

% Comparing to experimental value of x, obtain constraints on NP models
- assume x is dominated by the New Physics model
- assume ho accidental strong cancellations b/w SM and NP

QY = ujy.clu bt
LTuCrLuy, L 3 A3
Yy o O
AC=2 cu -a a=-5 8 L (2 UR([ ul (R'
HNp ~ = A2 Zzz Q3" = URCLuURCy, + Jons n
NP j R Qs" = uRc,u;Ch,
cu - (X ,_-j ——.j X 9 I: l. 1(
Q5" = uRc,upcy,
% ... which are
Sy Ane \°
|1z1| < 5.7x10 (l'l’rl)
20| < 1.6 %1077 ( Axp ) New Physics is either at a very high scales
o 1 TeV
23] < 5.8 %10 (1\1\"1 ) : tree level:  Ayp > (4—10) x 10° TeV
— loop level: Anp > (1 —3) x 10 TeV
2| < 5.6 x10°% [ —% ) ) :
= (1 Tel or have highly suppressed couplings to charm!
: AR e )’
|23 = 1.6x10 ([ Te 1’) ' Gedalia, Grossman, Nir, Perez
arXiv:0906.1879 [hep-ph]
% Constraints on particular NP models available Pise e, 6008009, 2007 AR
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Example of a model of New Physics

* Consider an example: FCNC Z°-boson

appears in models with
extra vector-like quarks
little Higgs models

1. Integrate out Z: for p< M, get . /

. g° ) , Ao & = (VaVia + VaVis + V3 Vaa)
Hoa (Auwe)” Upyucrupyer

Scos? 6, /;)

2. Perform RG running to p ~ m_ (in general: operator mixing)

Ho i2 '-.I - B :'-‘ ry(m,. 1 // }(s)l 1-sigma Excluded
) Ncos<f, \/}

3. Compute relevant matrix elements and x;

" - wn s gl . . - - - -

om  2CrfiMp
.I|) e —

= Bp (A, :l"' rifm.. Mz)
3V2I'p

4. Assume no SM - get an upper bound on NP model parameters/correlate with rare decays!
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Rare decays

% Most general effective Hamiltonian:

Q1 = (Epyfr) (upyrer) |

(fIHnpli) = G Y Cilp) (f1Q:li)(1) Q2 = (E1b1) (ryPer)
=1

Q3 = (£1Lg) (Hrey) ,

% ... thus, the amplitude for D — e*e/p*u/7'1 decay is

Mp ( Am? dm} 2 9
.. -, W L A
Bpo_sese 87T\ M3 [( az, ) A"+ 1B

M m3\*. . 2
Bon-e- = go (1= 552 ) [14P +157]

- ST.’[’;) - ;”f)
JoM3 - ~ )
|A| = ('fl) L (C3-8 + Ca-9| ,

4m,

Qs = (€rly) (ugcy) ,
Qs = (Lrowly) (Upo™cy) |

plusL <R

[31 — ('.fll) l?l!!/ (('l 2 $ (-Z"’, ',') 4 \Ilz) (('; 3 (-?.5) h)]

I,

Many NP models give contributions to both D-mixing and D — e*e/p"p/t* 1t decay: correlate!!!
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Mixing vs rare decays: a particular model

Bpo_. < 1.3x10°8 Broizia-< 192 % 1075

uTu

% Recent experimental constraints | y
BUI,,“-,. 3 S 3110

E.Golowich, J. Hewett, S. Pakvasa and A.A.P.

PRD79, 114030 (2009)

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

2 : Gr)d.
T Q= —EeQ

8 cos? @, M3z ™ V2

Mixing: Hays

| +2/3) _ 2("['/\5‘ f;‘,).\h)!};_)!‘{l”,-. .‘!Z:

Ip

3 \,2[‘ D
Grfpm
‘ /
Rare decay: .41)::_.[‘[ = () 1-31)"—4'[ , /\mr S f
3v2 Gpmlz 4m21Y/2
Bl)l' + s h ll' T,'I“’l) 1 — ,,ll‘
e 64w Bpr(me, Mz) My D

~ 43%107%p < 43 x 107

Note: a NP parameter-free relation!
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Mixing vs rare decays

% Correlation between mixing/rare decays
- possible for tree-level NP amplitudes PRDTo. 114030 (000, e and AAE

Spin-1 intermediate boson:  H y = HENC + HL

HYNC = gy y e V4 + gyaiigycgV* HG = g bryuliV* + ghrlry,trV*
+ gyl 0y, CRVEY + gyaligo, o VY ¥ g'vséLU,weRV“" + gIVAéRap.veLV“v'
w) _ f5MpBp 1

Mixing:  xp

[2utma + Com) =[5+ T]cama) + [+ 3 Jestmo)]

Ci(m.) = r(m,, MV)S%fl'

Cy(m,) = 2r(m., My)' gy, 8v2,

C3(m,) = r(m, My)"'? — r(m., My)~*Igy18v2,
Colme) = rime, My)gih

2M2T)

gV JomMp [, 4mp
D’=t*¢"  FMITp M2

X (gy1 — 8v2)2(8'v1 = 8(/2)2-
[ o L TN S RN SO T DR
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Mixing vs rare decays

% Correlation between mixing/rare decays
- possible for tree-level NP amplitudes PRDTo. 114030 (000, e and AAE

Spin-0 intermediate boson: H ¢ = HENC + 3L

j{‘ECNC - gSIﬁLcRS + gszaRCLS + 85317[_7#6[‘8#8 3.[_% = g_'S]éLeRS + g.’S?éReLS + gg3éL‘yﬂeLa“S
+ gsallpyYCra*S + 8'54(7137#81*3“3'

) _ _ foMpBp [[ 1

M. . :

= 5—;’ (Ca(mc) Lz C'](mc)) 2z "I(Cs('"c) + Cs(mc))]’

oMo __ i M, — o)
Lz l281rm2M‘FD M

4m?
X [(8'51 + 8.’?2)2(1 Mz‘) + (g5 — 832)2]
D

NO contribution from scalars

Rare decay: B‘S’ »

[ T S U SRS ST DS ]
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Mixing vs rare decays

% Correlation between mixing/rare decays
- possible for tree-level NP amplitudes PRDTo. 114030 (000, e and AAE
- some relations possible for loop-dominated transitions

% Consider several popular models

Model Bpo_.u+p
Standard Model (SD) ~ 10718
Standard Model (LD) ~ several x 10°19 Obtained upper
limits on rare
Q = +2/3 Vectorlike Singlet 4.3 x 10-11 decay br'anching
: A " ratios.
Q 1/3 Vectorlike Singlet|| 1 x 107 (mg/500 GeV)?
Q 1/3 Fourth Family 1 x 107" (mg/500 GeV)? Can we apply the

same idea where
better data
exists?

Z' Standard Model (LD) 2.4 x 1072 /(Mz(TeV))?
Family Symmetry 0.7 10°® (Case A)

RPV-SUSY 1.7 x 1077 (500 GeV/my, )2

Blum, Grossman, Nir, Perez

Same idea can be employed to relate D-mixing to K-mixing ,xiv:0003.2118 [nep-ph|
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2. DY-mixing vs Bs-mixing

ol
B
.

o

w w

(,c.u

o

B-B mixing

— d,s,b
-
w w
u
d,s,b
D-D mixing
ISREPANE T IYEAL TR L

Alexey A Petrov (WSU & MCTP)

b

D" - D’ mixing

B" - B mixing

- intermediate down-type quarks
* SM: b-quark contribution is
negligible due to V 4V~

rate < f(m )— f(m,)
(zero in the SU(3) limit)

Falk, Grossman, Ligeti, and A.A.P.
Phys.Rev. D65, 054034, 2002
2nd order effect!!!

* intermediate up-type quarks
* SM: t-quark contribution is

dominant

2
rate < m,

(expected to be large)

1. Sensitive to long distance QCD

2. Small in the SM: New Physics!
(must know SM x and y)

1. Computable in QCD (*)
2. Large in the SM: CKM!

(*) up to matrix elements of 4-quark operators

L T RS SN T R TR LN N s e e T e N R
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Available experimental data for Bs

» LHCb will probe Bs — p'y-at the SM level within a year

* B, mixing data:  AM™ = (117.0 = 0.8) X 1071 GeV, |

E.Golowich, J. Hewett, S. Pakvasa, A.A.P,

gUG and G. Yeghiyan PRDS3, 114017 (2011)

Gr Mw |V Vin|)? .

aM®0 _ Or ‘;L;’ U ry 3, Bp,ns, So(z) = (125.2713%) x 10713 GeV
Nierste,
o |as(Mz) = 0.1184 £ 0.0007 [6] |Ves| = 0.0403*0-0007 (7]

AMp, = (117.0 £ 0.8) x 10** GeV [7]|Al's, /T's, = 0.09275:3%! (7]

e (he) = (163.4 + 1.2) GeV [8] fa.y/Bs, = 275+ 13 MeV [9]

Bp, = 1.33 + 0.06 [9] fa, = 0.2388 + 0.0095 GeV [9]

Brie).,  <4Tx107°  (CL =9%0%); Brigon., = (18%3') x 107

% Rare decays

Brifo), - <9x107°  (CL =90%); Bri"0, _—<11x10"® (CL =95%)

BrSM)

. B 2
By—rptp- = ﬁ ) FB stVmWYY(l‘e))

(Expt) 2 11/2
BrSM 3 AMp (GFA{W""“"YY)Z, i =(3.3+0.2) x 1077
B,—putp 473 I, 1Bg, So(Z:) M%.
Buras
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New Physics in Bs-mixing

» Relate NP contributions in Bs mixing and rare decays

2= 025~ T v v T
B e — ARt ]
% Bs mixing data:  AM, = AMgS,M) + AM%‘\'"’) cosp. £ ' :
AME™) = aMEY + AMET L AN o=
0.1 "-;}\_/ ' : o
0 ‘ P

AMG®) = (—20.9 — +5.6) x 10713 GeV * s [rad]
SM

IAMS™T)| <20.9 x 1072 GeV

/ NP
This characterizes the size of NP "window" still possible in Bs-mixing.

This is what should be related to rare decays (same formulas...)

E.Golowich, J. Hewett, S. Pakvasa, A.A.P,
and G. Yeghiyan PRDS83, 114017 (2011)
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Mixing vs rare decays: some models

> Consider RPV SUSY: "Wy = JAjuL;L;E§ + Al L;Q;D§ + 3A, Us DSDX.

MiXing: £ R 123V‘LbRSL A:3ZD‘L ERbL -+ H.C-,
o _ 5 o AiaAi
AMy) = 5, 15, Mp F(Cs 83)2 —M,—
2 2 My (Apy AN \2 Mg \2 2m?
 olid S5 M5, (Mg \2( 2m], am, g0 —;Ja B.( 22 .32)( B:) (1 & #)
Rare decay: B‘B o 64er ( ) (1 Mz' I MB B—u'p 6475 \ M2 m, M3
ZA..zz’\faz AmAns ) x 1 - 4y,
- M2 \ M%,"

...assume that a single sneutrino dominates, neglect possible CP-violation...

2.)( 10 L) :— v v v v Py — ’.',. v v v —
15x10-* | 100 Gev / ]
' /150 GeV : N 2

g / =% 4 ® _3 M (M,,,)z(] B 2’"»)
. t 200 GeV - B—u"pn 2
?. 1.x10°* | ‘_ 2071’ F(C3, 83) MB,
< | !
2

5.x10°° :

OOI;.T — -0.&5‘ 1 ‘0 '610_ o ‘0 .61 5- o 40 02(; E.Golowich, J. Hewett, S. Pakvasa, A.A.P,

and G. Yeghiyan PRD83, 114017 (2011)
A2

[ T S R SO C T DS D
Alexey A Petrov (WSU & MCTP) 4 Colour meets Flavour, Siegen 2011

A00 O£\ L

Thursday, October 13, 11




Mixing vs rare decays: some models

» FCNC pseudoscalars:

4 _(a) 2 E
B, = MBED () _miy
B(,]-‘f'(_ 2 = 2 4
107 mbfa(C,-. mb) MB, Md
A%, =1,05, 0.1 A% = 0.1, 0.05, 0.01
X [ v \ ]
2.x10°% F 2.x10"i: :
[ :
_15x10*F ] . 15x10%} 1
3 A b ]
3 7 F 1
= 1.x10°%} - 1.x10°%F 4
™ | :
B 2 t 3
\\H ; 1
S.x10°%F 5.)(10"[
[
0 PP S PR S AN PSP GG SRS WSS OL. -~ - - S AL A SRS bt amstanadnst et
2 4 6 ] 10 12 14 16 0s 10 15
M, TeV M., TeV

NPT FITESD TR L
Alexey A Petrov (WSU & MCTP)

E.Golowich, J. Hewett, S. Pakvasa, A.A.P,
and G. Yeghiyan PRDS83, 114017 (2011)
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Mixing vs rare decays: some models

E.Golowich, J. Hewett, S. Pakvasa, A.A.P,
and G. Yeghiyan PRDS83, 114017 (2011)

» Sequential 4th generation of quarks:

2,2 2 tor)|2
—HE R 8wBp MY, |A’]

A= N:So(x,) + ﬂfRff,So(xr) + 2n¢ Ry So(x,, xp)

Soni et al

| |

24F 600 GeV 1

| 10} 1

L 2 ol g = 0' ""/2v ~ - . 1
e .} = ]
3 . x 08f 500 GeV
2 = , !
= o . 4 2 4
f 22 A, = Ve, Vil >~ 10 T 06} 9
) S 400 GeV 1
= S e 1
21} 04 {

1 . 5 ]

204 1 PR N & p: 02k oo e VD S D S SIS TSR

400 450 500 550 &0 0002 0.004 0,006 0.008 0010
m,, GeV l(‘
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Things to take home

> Indirect effects of New Physics at flavor factories help to
distinguish among models possibly observed at the LHC in the future

- a combination of bottom/charm sector studies
- don't forget measurements unique to tau-charm factories
» Charm provides great opportunities for New Physics studies
- unique access to up-type quark sector
- large available statistics/in many cases small SM background
- D-mixing is a second order effect in SU(3) breaking (x,y ~ 1% in the SM)
- contributions from New Physics are still possible
» Can correlate mixing and rare decays with New Physics models
- signals in D-mixing vs rare decays help differentiate among models

- similar correlations in Bs studies restrict parameter space of several
popular models

> Happy Birthday, Alexander!l!
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