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Introduction

J Tandean

Existing data on various decays of hadrons and mixing of neutral
mesons are consistent with the loop-induced nature of flavor-changing
neutral currents (FCNC's) in the standard model (SM)

They are also consistent with the unitarity of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix with three generations.

Our understanding of the dynamics of flavor is nevertheless not yet
complete.

The continuing study of low-energy flavor-changing processes with
increased precision will play a crucial role in the search for new
physics.
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Anomalous couplings of quarks

*

J Tandean

In many types of new physics, the new particles are heavier than their
SM counterparts.

« Their effects can be described by an effective low-energy theory.
It is possible that the effect of new physics is mainly to modify the
SM couplings between gauge bosons and certain fermions.
Anomalous top-quark couplings have been much studied in the
literature.
= They are most tightly constrained by the b — sy decay.
« This mode does not place severe constraints on the
corresponding charm-quark couplings due to the relative
smallness of the charm mass.

It is thus interesting to explore anomalous charm-quark couplings
subject to existing and future data.
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Effective interactions

x We focus on new physics affecting primarily the charged weak
currents involving the charm quark.

x The effective Lagrangian for a general parametrization of the W
boson interacting with an up-type quark U, and a down-type quark
D, can be written as

g
L = -
UDW )
g is the weak coupling constant, the anomalous couplings KLJZ’R are
normalized relative to the CKM-matrix elements V,,, and

Pr=351F)

Vk‘l Uk’yu[(1+KI]:l)PL + /ﬁ:ll}l PR}DZ W: + H.c.

LR .
* In general, ;" are complex and therefore provide new sources of
CP violation.
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Tree-level processes

x Anomalous charm-W couplings affect various flavor-changing
transitions at tree level.

x (' P-conserving processes

x (' P-violating processes
C
M(’t
b w- s
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D — fv & D; — fv

% In the presence of anomalous charm couplings

2 r2 2
(D — ty) = 7pr,38mgm[,
s

2
m?2 2
(1 - mé) |Vcd(1 + “Igd - “gi)’

the decay constant fj, defined by (0|dy"c|D(p)) = if,p".

« Similarly for T'(D, — (v).

x Recent measurements yield

exp

P _ (205.8 + 8.9) MeV |

x SM calculations give

th

o= (202 £ 8)MeV ,
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P = (261.2 + 6.9) MeV

Dobrescu & Kronfeld, Narison

th

f = (240 £ 7) MeV



D,Ds, — fv

x The data for D — fv agree with theoretical predictions well, but for
D, — fv there is deviation at the 2-sigma level.

x |t has been argued that this deviation may be due to physics beyond
the SM, but it is too early to conclude that new physics is needed.

x Nevertheless, one can turn the argument around to constrain the new
physics parameterized by the anomalous couplings.

x Using the experimental and theoretical numbers above, one can then
extract

Re(kigq — ieq)| < 0.04, 0 < Re(rg, —rel) < 01

cs
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Exclusive & inclusive b — cf~, decays

* b — cl~ U, decays provide avenues to measure V.

*

The presence of anomalous cbW couplings affects V,, extraction.

*

They scale the hadronic vector and axial-vector currents by the
factors 1+ sl £k}, respectively.
x B — D("p, is sensitive only to the vector form-factor.

« Its decay rate gets multiplied by |1+ k%, + kie|?.
= To O(k), what is measured is then

VS =V, (1 +Rerl +Rekly) = (39.4+£4.4) x 1073

* B — D*("p, is sensitive to both the vector and axial-vector currents.

« The axial-vector current dominates the decay rate.
» Using constant form-factors yields to O(k)

Vel =V,

» (1+Rerl, —0.93Rexl) = (38.6+£1.4) x 1077
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b— cl™p,

% The inclusive decay rate in the presence of the k_'s
G mp
19273
+ 2G(r)Re[(1 + n&b)nﬁf]}

T(b— el m) = Vel {EG) (J1+ sl + [w5]7)

where r =m./m, ~03, F(r)=1-8r248"° 7% —247* Inr,
G(r)=—-8r[1+ 9r? —9rt — 0 41272 (1+ r2) Inr].

x To O(k), VST =V, (14+Rexly —1.5Rexl) = (41.6 £0.6) x 1073

It is not possible to extract a bound on k% (as long as quadratic
effects are ignored), but one can extract bounds on n&.
% A two-parameter fit results in a x2 minimum for

V, (1+Rexl) = 0.038, Rexl = —0.057

with a corresponding 1-c range
—0.13 < Res} <0
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Loop-induced processes

+ The anomalous quark-IV couplings also generate flavor-changing
neutral-current interactions via

» v- and Z-penguin diagrams

% ;:%: : — — :
« box diagrams m (z

x They therefore affect loop-induced processes, such as
K — 7wvp, Kj — (T¢~, and neutral-meson mixing.
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Loop contributions

* The effective theory with anomalous couplings is not
renormalizable
« This results in divergent contributions to some of the
processes we consider.

* These divergences are understood in the context of effective field
theories as contributions to the coefficients of higher-dimension
operators.

* For our numerical analysis, we will limit ourselves to the
anomalous couplings ignoring the higher-dimension operators.

* In so doing, we trade the possibility of obtaining precise
predictions in specific models for order-of-magnitude estimates of
the effects of new physics parameterized in a model-independent
way.
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Loop evaluations

ES

J Tandean

Not having the knowledge about the new degrees of freedom, we
adopt the unitary gauge, implying that the loops contain only
fermions and W-bosons.

We follow the common procedure of using dimensional
regularization, dropping the resulting pole in 4 dimensions, and
identifying the renormalization scale i with the scale of the new
physics underlying the effective theory.

Our results thus contain a logarithmic term of the form
In(p/my,) in which we set =A=1TeV for definiteness.

We also keep in our estimates those finite terms that correspond
to contributions from SM quarks in the loops.

In the SM limit (x“® = 0), after CKM unitarity is imposed, our
results are finite and reproduce those obtained in the literature in
R¢ gauges.
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Effective Hamiltonians for dd’ — vz, £€ induced by k’s

* The effective Hamiltonians generated at one loop by the anomalous
charm couplings, at the my;; scale,

aG )\ + K A 3
H;d,ﬂw = f/gﬁ(sfr; ™ cd/) <73 In o +4X, (Ic)>d,'YUPLdZ7’YO.PLI/
w

aGp A K R R A - _

cd Ved’! e ~
— (42, —3) In — + X (= }d Prdoy, P v,
V8w sm29W {( ¢ ) My, ( C) 7RGV L

aGp A (kY + kL A d'~° P, dl~, P L
Hgd’/*}thf _ F L( cd cd’) (3 In 743/0(58 )) v .L2 Yo 'L
] NG My sin® Oy,
16 A - _
+ <—§ 1nm— +8ZO(xC)>dWUPLdz%e}
w
aGp A, KR R A - d'~° Pod v, P, ¢
+ cded {(3_4%) In +Y(JL'C):| 2 .RZ Yol
V8w My, sin” 0y,

1 Ao _
n [(gxc - f) In— 4 Z(mc)] d’w"PRdMUZ}
3 My,
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Effective Hamiltonians induced by 's

* From the box diagrams

K —
dd'—dd’ =
G%‘ m%/V L L 2 3/ 3
e Ae(rby+rmy) | =2z 1nm— - Z X By (g, 2.) | dy*Prddy,Pd
w
G2

#,\ e PR +Z,\ By(zg,2.) | v PLdd v, Prd

GQmW 2 2 U U 3 3
N (mm + By, )){( 2)? d Prdd Prd + (v55)* d PLdd PLd]

d' #d, terms linear in k™ and quadratic in x® are kept, A, =V, V4,
Oy is the Weinberg angle, X,, Yy, Z,, X, Y, Z, and B, 23 are loop

functions.
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Kt - atuvp
* The dominant contribution in the SM comes from the top loop

+z N\ Sl
d|K 1-—
\/5 o sin2 ‘9W <7T |3’7u | >V7 ( ’75)7/

MSM (K+ — 7T+I/17) =

* [ he combined SM and anomalous-charm contribution

M(K+ — ﬂ'+l/17) = (1 +5) MSKI(I(*‘F — 7T+VE) 5

5 — VeaVi (mea+ red) [23 In(A/myw) + 4 (z)]

ViaVis 4X(xt)

+ 0(52)

* The SM branching ratio Bgy (KT — ntvw) = (8.5+0.7) x 1071 to

be compared with its experimental value B._ . = (1.73711%) x 1019,
p p exp 1.05

x We then require —0.2 < Red < 1, which translates into

—25x 107" < —Re(kgy + k) + 0.42Im (k7 — k) < 1.3x 1073
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J Tandean

— ptp
The dominant short-distance SM contribution is also due to the top loop
Gr aVidVis Yo (z¢)

0577 v5d| K°) iy,
/5 2msinZo, (01577 v5d| K firyeys b

MM (K® — ™) = -

The total SD amplitude
Mep (K, — p p™) = (1+ 6/)M§1]\DJ(KL —utuT),

Re[ViaVes (r6s + keq) ] [=3 In(A/myy ) + 4 (2.) ]
4Re(V;3V,.) Y (2,)

The measured B(K; — p"p™) = (6.84 £0.11) x 107 is almost saturated

by the absorptive part of the long-distance contribution,

Bops = (6.64 £ 0.07) x 1077,

This suggests the allowed room for new physics, Byp < 3.8 x 107'°, the

§ = + O(x%)

upper bound about § the SD SM contribution, B3y = (7.9 £1.2) x 107 '°.

Consequently, we demand [6’] < 0.2, implying

’RC(I{(I;S +I<L£d) +6x107* Im(hﬁ{js. KL ‘ < 1.5x107*

PPP8, 20 May 2009



K-K mixing

%k

J Tandean

The matrix element for K°-K° mixing M{§ = (K°|H,._ ;. |K°)/(2mk)
consists of SM and new-physics terms.
The anomalous charm contribution

K.k GEmiy .o ds |3 Lok L ds Il ds
ME* = oY Fremg A& |7 B (kg + k) | =AFw, In = =Y " AP B, (2, 2,)
7I9 mW P
3/2B m2
Tl (N L F2A B =)
d w
)‘ZS = qfivqs

The K -Ks mass difference AMy = 2Re ME + AMEP  contains
a sizable long-distance term, AMEKP.

Since the LD part has significant uncertainties, we constrain the 's
by requiring that their contribution to AM,, be less than the largest
SM contribution, arising from the charm loop,

Grmy s
M = ZETX fmic Bic e (M%) So ()

PPP8, 20 May 2009 18



K-K mixing
x As a result
|0.043Re (k%445 ) +0.015Im (k5 — k5 ) —Re (k57 k%) +0.28Im (k5 %) | < 8.5x107*
x A complementary constraint on the couplings can be obtained from

the C'P-violation parameter e.
% lts magnitude is related to M{S by

m M5

le| ~ VIAME AMZP = (3.483 £0.006) x 1071 GeV

% Since  |eloxp = (2220 £0.012) x 107% and |e[sm = (2.0615:27) x 1073,
we demand |e],, < 0.7 x 1073, leading to

[0.015Re (K5, +rLy) +0.043Im (k5 — kL) —0.28Re (kg kg ) —Im (kb k)| < 2.5x107°
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Bg4-B4 mixing

*

J Tandean

The SM mixing matrix element Mfl2 is dominated by the top loop

G miy
1272

M{E?M ~ féded nsBp, (‘/Lb‘/[,z)Q So ()
In contrast, the anomalous couplings of charm and top may produce
similar effects on Mg,

The anomalous top contributions having been studied before, we
switch them off and get to O(k)

GZm? A2

d, FMW o db( L, L« db db

My3® = oam2 1Ba™B,1BBE A (“cb+”vcd)<>\t Ty IHE*E A By (24, 2c)
q

db *

g’ = VaaVa

The heavy-light mass difference  AM,; = My — M, = 2|M{,],

My = Mi5™ + Mis"

The measured value AMS™® = (0.507 £0.005)ps~" agrees with the
SM prediction AMIM = (0.56370 0% ) ps™*
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Bg4-B4 mixing
% In the presence of the anomalous couplings
My
M
* We can then impose —0.2 < Red, < +0.02, leading to
—0.031 < Re(kl, + k) +0.4Im(k5 — ki) < 0.003

AMG® = AMGM 1464 , 0q =

* An additional constraint can be extracted from the S measurement in
B — J/UK.

* The anomalous couplings enter 3% via both the mixing and decay
amplitudes.

rd,SM * *

I8y . | M3 T(1+0y) o ViV e—ilmdy,
- rd,S - ’

Ppy, Ml;]\[(l +4,) ViaVio

x From the decay amplitude

M(B° — ¢Kg) _ CVaVe (L REE +RG) VEVy 1+ 2i Im(xk, — £%)]
M(B® — ¢Kg) VaaVa(L+ st +rg) VgV, e
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Bg4-B4 mixing
* |t follows that

. 50
—2ip5 _ 4By M(B _”/’KS) —2i3SM QLIIH(N

~ e b S)*ilméd
Pp, M(B® — ¢vKy)

e

* The experimental value 28° =285 =0.717+0.033 agrees with the
SM prediction 246%™ = 0.75373:932,
x We then require —0.01 < 2Im(x5 — s%) —Imd, < 0.08, implying

—1.5x107° < 0.4Re(ke, + kea) — 0.69Im kg, + Im kg — 0.31 Im kg, < 0.012 .

J Tandean PPP8, 20 May 2009
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B,-B, mixing
x Constraint from AM,

—0.014 < Re(ky, + ki) + 0.018Im(ky, — k) < 0.015

x Additional constraint from 3, in B, — Ji¢ decay

—0.09 < 0.026 Re(rl, + ki) + Im(kpy, — kL) < 7x 107*

cb

J Tandean PPP8, 20 May 2009
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Constraints from dipole penguin operators

x Electromagnetic and chromomagnetic dipole operators describing
d — d'~v and d — d'g are generated at one loop with W and
up-type quark in the loop.

« New-physics effects are known to give rise to potentially large
corrections to SM contribution.

* Constraints on the x's can be obtained from
= b— sy

= s —dy

« s — dg contribution to C'P-violation parameters € and € in the kaon
sector and A, = in hyperon nonleptonic decays

x The corresponding flavor-conserving contributions to the electric
dipole moment of the neutron also provide constraints on some of
the x's.

J Tandean PPP8, 20 May 2009
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Summary of constraints

Process Constraint
D — v |Re(rl; — kB))| < 0.04
D — tv 0 < Re(rl, —kR) <o0.1
b — cli —-0.13 < Rexl} <0
B — ¢yK,n K -5 x 1074 < Im(sB + kB <o0.04
Kt - xtup —2.5 x 1074 < —Re(sl; + kL) + 0.42Im(rl; — kL)) < 1.3 x 1073
Ky — ptu~ [Re(rly + wly) +6 x 1074 Im(xl, — xEy)| < 1.5 x 1074
AMp [0.043Re(rL, + wL) 4+ 0.015Im (L, — kL)) — Re(sBrwl) + 0.28Im(kByrE)| < 8.5 x 1074
€ (mixing) ‘0.0lSRe(ng‘s + ni‘d) + 0.0431m(nlc"s — K%d) — 0.28Re( 51* E{S) - Im(n?d*nz{s)‘ <25x 1076
AMy —0.031 < Re(rYy +w5y) +0.4Im(xly — w5y) < 0.003
sin(28) —1.5 x 1073 < 0.4Re(rY +x5y) —0.69Im sl +Imkl, — 0.31Im kL, <o0.012
AM, —0.014 < Re(rk, + xly) +0.018 Im(xL, — xly) < 0.015
sin(265) —0.09 < 0.026 Re(xly + wxLy) + Im(xly — kL) <7 x 1072
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Constraint on each anomalous charm coupling

x Constraints extracted by taking only one anomalous coupling at
a time to be non-zero.

—15x 1074 < Rexl; <1.5x 1074 —6x107° <Imkl; <6x107°
—1.5x107* < Rexl, <1.5x 1074 —6x 107° < Tmkk <6 x107°
—4x1073 <Rexl <3x1073 —0.02 <Imkl <7x1074
—0.04 < RexR, <0.04 —2x 1073 <ImkR <2x 1073

—0.1 <Rerk <0 —5x 1074 < Imkl <2 x 1073
—0.13 < Rexl <0 —5x 107 <ImsE <0.04

* The left-handed couplings are much more constrained than the
right-handed one.

x The imaginary part of the couplings is more tightly constrained than
the corresponding real part.

x The largest deviations allowed by current data appear in the real part
of the right-handed couplings, which can be as large as 10% of the
corresponding SM couplings.
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Guide for future measurements

J Tandean

This study can serve as a guide as to which future measurements
provide the most sensitive tests for new physics that can be
parameterized with anomalous charm-W couplings.

For the C'P-violating, imaginary parts of the couplings, the electric
dipole moment of the neutron and the hyperon asymmetry A, are
the most promising channels to probe for right-handed couplings.

To probe C P-violating left-handed couplings, more precise
measurements of sin(2/3) and sin(2(s) are desirable.

Constraints on the real parts of the right-handed couplings can be
improved with better measurements of semileptonic B and D decays.
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Conclusions

x We have explored the phenomenological consequences of anomalous
W-boson couplings to the charm quark in a comprehensive way.

x The resulting constraints on the anomalous charm couplings are,
perhaps surprisingly, comparable or tighter than existing constraints
on anomalous W-boson couplings to the top quark.

x Qur study also points out which future measurements can provide
the most sensitive tests for new physics that can be parameterized
with anomalous charm-W couplings.
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