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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*y and D — e*e”/p'u are mediated by c—u |l

Burdman, Golowich, Hewett, Pakvasa;

SD _ GF VeV C Q Fajfer, Prelovsek, Singer
eff \/1,5 ch ¥ ub g2 4L
- i=7,9,10 .
Mode LD Extra heavy ¢ LD + extra heavy ¢
2 . e 2 o D*—m'e’e” 20X10° 13x107° 20%10°
Q9 = e MLYucLly t,  Qu = qegiLyucity yst, D* —mtu*p” 20X10°¢ 1.6X10° 20% 10°¢
4 -—

Mode MSSME LD + MSSME

- SM contribution is dominated by LD effects o —#'e'e 21%10 7 23x10°
- could be used to study NP effects D' —w'uu 65%10°¢ 88x10

Fajfer, Kosnik, Prelovsek

* Example: R-partity-violating SUSY emmmme e e e B Do
- operators with the same parameters ‘ L e s
contribute to D-mixing e |/ Lo s
- feed results into rare decays | | §

% Easiest: D — e‘e/p'y

| o T S R SO S T D L T RS YNNI EET T IR (LSS S S N YIRS T
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Standard Model contribution to D — p*y-

% Short distance analysis B o GEMj, fome P
Dot~ = 2 v
g 2 . 4 2
Qm — 1672 “L‘Yy('L€7' ‘)/5(., F= z Vu,‘/l,: ? Q, (ln z; + 1 4" ™
o, AT g 3

- only Q1o contribute, SD effects amount to Br ~ 1018 ,
. . UKQCD, HPQCD; Jamin, Lange;
- single non-perturbative parameter (decay constant)  Penin, Steinhauser; Khodjamirian

% Long distance analysis
{5

Fajfer, Prelovsek, Singer

P . P < Do ¢+ Burdman, Golowich, Hewett, Pakvasa;

(mix) (p.c)y O 1 - _
Bpoge- Z (PaHyi *|D7) M3 — M Bpgre- | Im Mpo_gre 51 Z /

d® q d3Q2
Zul 27)3 2uwo(2x)3

- LD effects amount to Br ~ 1013

- could be used to study NP effects in correlation with D-mixing

[ L S A SO S D

L T RS YNNI EET T IR (LSS S S N YIRS T
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Standard Model contribution to D — p*y-

% Short distance analysis B o GEMj, fome P
DOeHe— — w2 ’
O = 4 iy crfy*ysé o | 24 Q,, 4+7l’2
10 l()‘ﬂ': LYl 5% F = Z Vu,‘/“ '— ln T; + .
R Pl P 3

- only Qqo contribute, SD effects amount to Br ~ 1018 ,
. . UKQCD, HPQCD; Jamin, Lange;
- single non-perturbative parameter (decay constant)  Penin, Steinhauser; Khodjamirian

% Long distance analysis

Fajfer, Prelovsek, Singer

e . P < Burdman, Golowich, Hewett, Pakvasa;

(mix) (pc)| 1y 1 _ da _d¢
Bl;]/thﬁt" - Z (Panpc ID) z Bp, ¢+e Im Mpopre = 2! Z /2\‘“ (27)3 2un(27)3

Py Mp — Mp
JM[_)_.W -77._.lvl ( ﬂ ‘6( ](p—QI _qg)

- LD effects amount to Br ~ 1013

- could be used to study NP effects in correlation with D-mixing

[ L S A SO S D

L T RS YNNI EET T IR (LSS S S N YIRS T
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What about 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 A2 Z Ci (1) Qs
NP Z:]_ . s
. uslTelV
.. with the following set of 8 independent operators... S
Q1 = (Upyucer) (upqyer) Qs = (upocr) (Gpotier) | l
Q2 = (upycr) (Upy¥er) . Qs = (Upyucr) (Upycr) .
Qs = (Urcgr) (Ugey) , Q; = (upcr) (Urer) .
. | o
Q4 = (upcyr) (ugey) , Qs = (upo,cr) (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 ' 1) =37 () 3“” provides unique matching
dlog p condition for C;(Ayp)
[ U SIS E T DR L T R EEOE SN ST TN (L N e S e T O D N R
Alexey A Petrov (WSU & MCTP) 15 LHCb Theory Workshop, CERN, 2011

Friday, November 11, 11




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 = Uiy, (,u""‘(’
A
it L Qi = URrClU ;( ,’{.
AC=2 _ ct —a a=P5 |
Hyp A2 Zzz Q3 = upCrupcy, + s i
NP ( cu -a S -P «a R (2—’ o uRCl.ul.cR’
J3 = URCLURCT,
% ... which are
s Ane \°
|1z1| < 5.7x10 (l'l:ll>
20| < 1.6 %1077 ( Axp ) New Physics is either at a very high scales
ef o8 1 TeV
23] < 5.8x10 (l';:‘"l ) : tree level:  Ayp > (4—10) x 10° TeV
4
— loop level: Anp > (1 —3) x 10 TeV
zs| < 5.6x10°%( 22 ) ' '
L9 (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 Py, Row, 761095008, 2007+ AP
L0 L T RS YNNI EET T IR (LSS S S N YIRS T
Alexey A Petrov (WSU & MCTP) 14 LHCb Theory Workshop, CERN, 2011
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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!

[ T S i SO T D NI O S L0 D LR S S AN G T AR L L A D R B e e ]
Alexey A Petrov (WSU & MCTP) 13 LHCb Theory Workshop, CERN, 2011
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Generic NP contribution to D — p*y

* Most general effective Hamiltonian:

Q: = (€r.lL) (Upy¥er) . Q.x = (€rly) (Ugcr) ,
(fIHwnpli) = G Y Cilu) (fIQili)(p) Q2 = (Eyyuly) (GryPer) ., Qs = (Erogly) (ro*cy)
=1
Qs = (£1lg) (Urce) , plusL < R

% ... thus, the amplitude for D — e*e”/p"u decay is

Mp ( Am? ( 4m? ) 2 -,]
Bpo_psp- = ———4|1 — — 1 - —= ) |AI° + |B|*
DO—agt g 7] n\ M2, [ M, |Al” + | B

9\ 2
M my, 2 2
BI)';"';I'( = 2 (] ot : ) ["4|- M |R|-

8alp \' M3
. ‘[2 P ~ 1
{‘_‘g — ('fl) I) (v:‘ 8 3 (4‘ 9 :
4m,. - ]
| - fl) p ~ - -~ ‘ .‘\ 1}2) - ~ ~ —~ —~
Bl =G 4 2my (('l 24+ Cg ’.‘) t ey ((--.: 34+ Cy s) ’ Ci—k = C,L — Ck

Many NP models give contributions to both D-mixing and D — e*e/p*p- decay: correlate!!!

NPT FITESD TR L SN B N A S L0 DL RS NS AR LN G T AE G M e A R L B B e Ly o ]
Alexey A Petrov (WSU & MCTP) 12 LHCb Theory Workshop, CERN, 2011
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Mixing vs rare decays: a particular model

Bz <185 107 Brpicie<i1. 2% 107%

% Recent experimental constraints 1
L;D'l,,“-,.: S8l X IUTT

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.

; g 2 GrA2,
Mixing: Hays Ase @ ’,.) ()

. 8 cos? @, M3z ™ V2

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

*D 3\,"{'2[‘[)
Grfpom,
Rare decay:  Apoprs- =0 Bpoere- = M= '
‘ ¢ ' ' Agr v prly. 1/2
B 3v2 G FM,Tp 1 am,
0t - - P— B
DP=s™0" ™ 64r  Bpr(me, My) Mp o~
~ 43%107%p < 43 x 107
Note: a NP parameter-free relation!
[ T S i SO E T D L T L NS NN TR (L O s N e e e N
Alexey A Petrov (WSU & MCTP) 11 LHCb Theory Workshop, CERN, 2011
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Mixing vs rare decays

% Correlation between mixing/rare decays
. . E.Golowich, J. H , S. Pak d A.A.P.
- possible for tree-level NP amplitudes PRD70. 114030 (2000 A

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

HYNC = gyriagy,c V* + gyaiigycrV* H Y = g LyubV* + ghabryutrV*
+ gyl 0y, CRVEY + gyaligo, o VY ¥ 8"/351.0#»33"“" + gIVASERUp.veLV“v'
mixing: =) = BAPP 12 (6 m) + Cutmo) = [ 3+ Teatma) + [ 55 + 3 Jostmo ]
Ci(m.) = r(m., My)gy,,
Cy(m,) = 2r(m., My)' gy, 8v2,
C3(m,) = r(m, My)"'? — r(m., My)~*Igy18v2,
Celm,.) = r(m , My)gy,.
Rare decay: B(D‘V’)—ot‘f = 3‘22{”% ‘;llz% NO contribution from vectors
viD D (vector current conservation)
X (gy1 — gv2)*(8Y1 — 81)%
mj | 10 LHCb Theory Workshop, CERN, 2011
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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’ »

NPT FITESD TR L SN B N A S L0 DL RS NS AR LN G T AE G M e A R L B B e Ly o ]
Alexey A Petrov (WSU & MCTP) 9 LHCb Theory Workshop, CERN, 2011
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Mixing vs rare decays

% Correlation between mixing/rare decays
- possible for tree-level NP amplitudes
- some relations possible for loop-dominated transitions

% Consider several popular models

Model By

ot
Standard Model (SD) ~ 10718
Standard Model (LD) ~ several x 10713
Q = +2/3 Vectorlike Singlet 4.3 x 10~11

Q 1/3 Vectorlike Singlet| 1 x 10° 11 ( mg /500 GeV)?
Q 1/3 Fourth Family 1 x 107 (mg/500 GeV)?
Z' Standard Model (LD) 2.4 x 1072 /(Mz(TeV))?

Family Symmetry 0.7 107® (Case A)

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

E.Golowich, J. Hewett, S. Pakvasa and A.A.P.
PRD79, 114030 (2009)

Obtained upper
limits on rare
decay branching
ratios.

Can we apply the
same idea where
better data
exists?

Blum, Grossman, Nir, Perez

Same idea can be employed to relate D-mixing to K-mixing ,xiv:0003.2118 [nep-ph|

[ L S A SO S D

NI O S L0 D LR S S AN G T AR L L A D R B e e ]
Alexey A Petrov (WSU & MCTP) 8 LHCb Theory Workshop, CERN, 2011
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2. DY-mixing vs Bs-mixing

o
B
.

S

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

LHCb Theory Workshop, CERN, 2011
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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)

GrMw|ViiVib))? a
aM®0 _ Or ‘;L;’ U ry 3, Bp,ns, So(z) = (125.2713%) x 10713 GeV
Nierste,
F— a,(Mz) = 0.1184 + 0.0007 [6] |Ves| = 0.040372:%011 (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]
(PDG) - : (CDF) S -
Brg oni,- <47x107°  (CL =90%); Brg_ .. = (18%5") x107°

* Rare decays Brifo, - <9x10°  (CL =90%); Brgtc), _<11x10™®  (CL =95%)

(SM) 1  Mp, 2 x 2
Brp,sutu- = g8 " Ty~ \CFMwmyufp,

9 11/2
VaVislny Y (2)) [1 42 ]

(Expt)

1/2
(SM) . 3 AMB. (Gprm“‘I)yY)2 mf‘ ok -9
BI‘B_’+ - = 3" . —= R — —(33:1:02))(10
S s, 1Bp, So(Zt) Mp,

Buras, Carlucci,

Gori, Isidori
[ S i s SO C T D LT U T KA S T R T RN E A e T O O e S R P
Alexey A Petrov (WSU & MCTP) 6 LHCb Theory Workshop, CERN, 2011
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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)

SN B N A S L0 DL RS NS AR LN G T AE G M e A R L B B e Ly o ]
Alexey A Petrov (WSU & MCTP) 5 LHCb Theory Workshop, CERN, 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 / KA . :
2 . 190ee | fgo . oS MK (Ms.)z(, 5 2m“)
. t 200 GeV - B—u"pn 2
?. 1.x10¢ | ‘_ 20 F(C3, 83) MB,
- | .
2
5.x107° :
OOE’;' ' _0 (XIS 1 ‘0'610_ o ‘0.615- o 0021; E.Golowich, J. Hewett, S. Pakvasa, A.A.P,
' and G. Yeghiyan PRD83, 114017 (2011)
A
[ T S R SO C T DS D L L T L RS NN T ORSY (L O s N e e e N N
Alexey A Petrov (WSU & MCTP) 4 LHCb Theory Workshop, CERN, 2011
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Mixing vs rare decays: some models

» FCNC pseudoscalars:

(a)
go 3 . Mpxs (1 4m§)1/z (A§2)2
BO—ete- T3 F (O Y7 vl K
! 107 mbfa(ci' mb) MB, M,
A%, =1,05, 0.1 A% = 0.1, 0.05, 0.01

. [ A T\ .

2.x10°* | 2.x10°%} :

t I

. 1Sx10°*H 1 ~ 15x107%F ]
2 a ! ]
3 7 F 1
= 1.x10°%} - 1.x10°%F 4
4 3

g’ 2 t 3
\\H ; s

$.x10°°F S.XIO’E
[ e PP ad-d.. LI I VI GUSPUS WG SO m——— OL - AR S i T PP PP S S —.
2 4 6 8 10 12 14 16 0s 10 15
M, TeV M., TeV
E.Golowich, J. Hewett, S. Pakvasa, A.A.P,
and G. Yeghiyan PRD83, 114017 (2011)
FESREENGNET YA TR T

Alexey A Petrov (WSU & MCTP) 3 LHCb Theory Workshop, CERN, 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
~ 3a*myxy 4mi, |C\%)?
T T Sy S e O, ’
“F 8wBy M, |A’]

A" = n,Sy(x,) + nfR,ZI,SO(xx’) + 21 Ry, So(xp, xp)

Soni et al
r v 12 -
| é
24+ 600 GeV 1
| 10} 1
. b Og 'y - 0, ""/2, w - i ‘
= e ]
349 X 08f 500 GeV 1
= = g . !
£ 22 M = Ve Vil >~ 107 T 06 |
) = 400 GeV ]
= & , {
21} 04 |
1 . 5 :
204 4 g % . B " 02— e e e o]
400 450 500 50 600 0002 0.004 0,006 0.008 0010
m,, GeV l(.
NPT FITESD TR L
Alexey A Petrov (WSU & MCTP) 2 LHCb Theory Workshop, CERN, 2011
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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
» Charm provides great opportunities for New Physics studies
- unique access to up-type quark sector
- large available statistics/in many cases small SM background
- 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

[ L T S R SO S T D BN S O L DB S S AN G T AT R e A R B B e T ]
Alexey A Petrov (WSU & MCTP) 1 LHCb Theory Workshop, CERN, 2011
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