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1. Instead of introduction

Applications of Murphy's law to charm physics:

Modern charm physics experiments acquire ample
statistics; many decay rates are quite large.

THUS:

It is very difficult to provide model-independent
theoretical description of charmed quark systems.
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la. Leptonic decays of D* and Ds

* In the Standard Model probes meson decay constant/CKM matrix element

(0[37"5¢|Ds) = ifp, 0, ‘ "

G2 / ; , /4
T(Dy — tv) = —£ 12 m2Mp, [1— L | [Vi,| : v
( q ]/) 3 fqug D, %q ’ CCI‘ v

.. 50 theory can be compared to experiment by comparing |fpq Vel

Table 1 Theoretical predictions for fp+, f D) f D; /o Table 2 Results for decay branching fractions Byr=B(D;—¢7T), B(Ds—ptv,), B(Ds—7Tvr), an
Souree [ 7o M) | fo ™M) [ fy/fp  Nemeofeerimen | Mode Bx10") Bon®) | Fo MMV
Unquenched lattice calculations CLEO-c utv, 5.94 +0.66 +0.31 264+15+7
HPQCD, UKQCD 208 + 4 241 +3 1.162 + 0.009 CLEO-c thu; 80.0+13.0+4.0 310+ 25+8
FNAL, MILC, HPQCD 201 +£3+17 249 £3+16 1.24 +0.01 +0.07 CLEO-c Ty 61.7+7.1%3.6 273+£16=8
Quenched lattice QCD calculations CLEO-c combined 274+1045
Taiwan 235+8+14 | 266+10+18 | L13+003+005  Bele vy 6.4440.76 +0.52 275+16212
UKQCD 210+ 10717 236 £8717 113 +0027007  Avemge 275=10
Y e— TR TTERTE 0003 CLEO utv, 62+08+13=+16 3.6+£09 | 273 £19+27+33
=l =Ll BEATRICE utv, 83+23+0.6+2.1 3.6+£09 | 312+43+£12+39
QCD sum rules and other approximations ALEPH v, 68+11+18 3.6+0.9 282 +£19 £ 40
J. Bordes et al. 177 +£21 205 £22 1.16 + 0.02 + 0.03 ALEPH g S8 LBL18
S. Narison 203 =10 235 +24 1.15 £ 0.04 3 o, 4 L28L16L18 399157 £32237
Fleld COI’I’CIatOI‘S 210 £ 10 260 + 10 1.24 +0.03 OPAL T+Ur 70 +21 +20 283 + 44 + 41
Isospin splitting 262 +29 BaBar wrv, 6.74+0.83+0.26+0.66 | 471+0.46 | 283 +17+7+14

see Artuso, Meadows, AAP

Theory (lattice, HPQCD): f15° =241+ 3 MeV Experiment (CLEO-c/Belle): fo? =274 410 MeV
2008: about 3 sigma discrepancy...
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Leptonic decays of D* and Ds

» What is the reason for this discrepancy?

% New physics contribution to Ds = Iv decay
- possible heavy NP mediators

Akeryod; Hou; Hewett
c ¢t
s v

Dobrescu, Kronfeld
- ultra-light NP particle emission in the final state?

A
No helicity suppression !!!

&

(+1)

—— -

v (+2/3) (=1/3)

see Dorsner, Fajfer, Kamenik and Kosnik

—ceg--

% Problems with experimental determination of decay constani
- why systematic errors for pv are larger than for Tv?
- how well do we know mps?
- hew CLEOc results?

A\
»

% Problems with (lattice) calculations of the decay constant
- systematic uncertainties in HPQCD result? ;J(
- new lattice results? -

L /1
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WEIGHTED AVERAGE
1969.0+1.4 (Error scaled by 1.5)

W
Values above of weighted average, error,

[ and scale factor are based upon the data in

| this ideogram only. They are not neces-

| sarily the same as our ‘best’ values,

| obtained from a least-squares constrained fit

[ utilizing measurements of other (related)

| quantities as additional information.
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% New results in both theory and experiment

Leptonic decays of D* and Ds

- 2008: 3.6 o discrepancy

The discrepancy is in Ds only!

- Jan 2009: new CLEOc result
- July 2009: new FNAL/MILC result

- 2010:

1. better statistics
2. improved charm mass
3. improved scale setting

new HPQCD result

‘ No discrepancy between theory and experiment '

J. Shigemitsu, CKM-2010

% Can we push it a bit further?
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HPQCD :
fD
(2007) i
(2010) il

Fermilab/MILC :
(2005) ——
(2010) [prelim.] —o—

ETMC (2009): i

CLEO-c: 4.3%

100 120 140 160 180 200 220 240 260 280 300
MeV

HPQCD : ¢
(2007) - Ds
(2010) -

Fermilab/MILC :
(2005) —
(2010) [prelim.] ——

ETMC (2009): —

HFAG : 2.3%

160 180 200 220 240 260 280 300
MeV
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Radiative leptonic decays of D* and Ds

% Recall that purely leptonic decays are helicity suppressed in the SM
- add photon to the final state to lift helicity suppression

A(D — pvy) = (ury (k)| Hw (0)| D(p)) ~ / d*we™ e 0T[5 (2) J5(0)] |1 D(p))

LSZ reduction + e/m
perturbation theory

% This correlator can be estimated phenomenologically

B~ B *W\< % Internal Brehmsstrahlung (IB)
§ still helicity-suppressed
B- B*- B- 81
; g Structure-dependent (SD)

, (D —/tvy) «a (mp ’
* / 2 :
Define RD = F( KV) = 67 ( , Ky I(A,mD,’yz)
Burdman, Goldman, Wyler
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Radiative leptonic decays of D* and Ds

* Estimate R, ~ (1 — 10) x 10243, GeV?
- results in B(D — pvy) ~ 10° and B(Ds — pvy) ~ 10* with B(D — evy) »> B(D — ev)
- for B-mesons, QCD-based calculations are possible

Lunghi, Pirjol, Wyler
Korchemsky, Prjol, Yan

% Is lattice prediction for D — pvy possible?
- char'monium radiative dGCGYS Dudek, Edwards; Dudek, Edwards, Roberts
- photon structure functions, pion form-factor, etc. X.Ji C.Jung

A(D — pry) = (uy(k)|Hw (0)|D(p)) ~ / d*ze e 0T [ () J5(0)] | D(p))

LSZ reduction + e/m
perturbation theory

Wishes for the lattice:

i) confirm SM numbers for leptonic decays
ii) use them to constrain NP
iii) can one compute D — pvy on the lattice?
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1b. Semileptonic decays of D-mesons

% In the Standard Model probes meson form factor/CKM matrix element

- direct access to Vs and Vg
- lattice QCD: exclusive transitions

% Decay rate depend on form factors
- parameterization of q° dependence defines a model

dT'(D — K(m)ev,) G|V, |
dq? = 54752 pi(,,)lf+(qz)|2

where (K(m)|gT%c|D) = fi(g*)P* + f_(g%)q"

% Dispersive representation of a form factor

)= 20 (1 2 )‘1+1 [ et

1« mi, T t—q° —ie

Becher, Hill
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Semileptonic decays of D-mesons

% Representation of a dispersive integral define a model

() 1 al
f+(q)_(1—<Jt)1—(q2/m¥z)+;1—iﬂi

2
Yk miy;

% Experiments fit to a particular model

PRD 76:052005,2007 (75fb-" _ ,5 PRL 97:061804,2006 (282fb"")
e NS’Zz.ésE-.u'u‘l'I\lL.IL]
[ l < B quenched LQCD 2]
e BABAR 1.75 g simple pole model [16]
+» FOCUS 15 E
- 1.25

L]

— — Lattice-QCD (o, =0.50(4))

Modified pole parametrization:

= 0.75
= 0.5 [+(0)
Ay

= T 225 1 EE i

a,.= 0.38 (2) (3) BaBar

0p0|e= 0.30 (3) (1) CLEO-c

[a pole™ 0.21 (4) (3) CLEO-c 281pb™]
0 lo« 1 15 5 ' DO — sty Ia‘ - ; pole_052 (8) (6) Belle

I D0 — Ke'v |
1 I-: ~74k sig. evts
A A A L A A A A l ' s ' A

025 £ DO Kty %= 052 (8) (6) | | /- (@)=
J :‘ ~2500 sig. evts ————— (1 - ,—,,‘!—> (1 _(.'Po]c,_“‘.’;)

: o ' R
2 en 0 ~230 sig. evts 2 3
qQ7(GeV) q’ (GeVic?) '
J. Serrano, CKM-2010
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Semileptonic decays of D-mesons

% Can success of LQCD calculations of D = K and D = 1 form factors be
replicated for other systems?

- calculations of Ds form factors

- calculations of semileptonic decays of baryons

Wishes for the lattice:

i) compute form factors for D — n(n’)uv
ii) compute form factor for Ac — Apv
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2a. Radiative and rare decays

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

V,:",N“\'\lv
% Radiative decays D — yX, yy: FCNC transitionc = uy

- L4 -
D° + others

e _
0, = ﬁmchuU”V(l + 7¥s)c,

Burdman et al; Fajfer et al; Y
Greub, Hurth, Misiak, Wyler

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

. . 1 _ 1 —
% Consider exclusive decays D = vo, yo: (=9 = —z(ﬁu +dd), pU=D= ﬁ(ﬁu —dd)

(@ v (b) ¥ (©) o
?
Vea 1 %W,
c <:W—>— d c U c —P—-—P— u
_ —4—:-:——4— _ _ -¢ _ _ - _
u Vid d u u u u
Vi Vaud ~ A Vi Vi ~ A°

['(D° = wy) —T(D° — pv)
- . i i i Ruu —
Extract ¢ = uu y: LD contribution cancels in ~ T(D" — wr)

[T S LA S VNS S D

i o
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Radiative decays

% Theoretical predictions and experimental bounds (x 10°)

D—Vy Burdman et al Fajfer etal  Khodjamirian et al
DF = p*y 6-38 20-80 4.4

D’ — Ky 7-12 6-36 0.18

D= p%  0.1-0.5 0.1-1 0.38

DY — Py ~0.2 0.1-0.9 _

D> ¢%  0.1-3.4 0.4-0.9 _

D* > p*y 2.6 0.4-6.3 0.43

D+ > K*y  0.8-3 1.2-5.1 —_

Experimental bound

32.8+3.4
< 240

< 240
2.70+0.35

K. Nakamura et al. (Particle Data
Group), J. Phys. G 37, 075021 (2010)

% All of those transitions are dominated by long-distance contributions

Y
Y Y
_@_i _i_@_ s
D oy M D - M D What about New Physics?
(a) (b) M

pole amplitudes (WA/WS)

[T S LA S VNS S D o
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http://pdg.lbl.gov/2010/html/authors_2010.html
http://pdg.lbl.gov/2010/html/authors_2010.html

Radiative decays

> Some examples of New Physics contributions

% R-partity-conserving SUSY Nl *E‘A_pﬁ 2
- operators with the same mass insertions . ' g -
. . . 1 L)
ConTrlbUTe 1'0 D-mlx'ng Bigi, Gabbiani, Masiero; Prelovsek, Wyler;

Ciuchini et al; Nir; Golowich et al.

- feed results into rare decays: NP is smaller than LD SM!

» Can one estimate the size of Weak Annihilation on the lattice?

Done in QCD sum rules  Khoddjamirian, Stoll, Wyler
Ali, Braun
Eilam, Halperin, Mendel

A(D — p) ~ / dhze= w0 (p(p,) T [JE™ (2) oy (0)] [ D(pp))

Wishes for the lattice:

i) calculate WA in D — yV (neglect dipole)
ii) calculate B = yD™ as a test
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Alexey A Petrov (WSU & MCTP) 22 Lattice meets Phenomenology, Durham




2b. Rare decays

» 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

G Burdman, Golowich, Hewett, Pakvasa;
F % Fajfer, Prelovsek, Singer
—= VoV Ci0; '

\/Q ¢ i=;9;lO

SD —
‘chf -

e2 ) _ 82 _ -
0s = fgra¥ucLlV"t Q=g aluyueiby yst

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

% Rare decays D — e*e/u'y/7'1 mediated by c—u ll o ) ¢
82 _ Do i D° p
Q= WﬁL'}’MCLe'YM?’Se; : : ! )
- only Qo contribute, but SM contribution is dominated by LD effects

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

R ENIRT Y TOEE TT A "
Alexey A Petrov (WSU & MCTP 21 Lattice meets Phenomenology, Durham




Rare decays

> Some examples of New Physics contributions

Fajfer, Kosnik, Prelovsek

Oow" 0 0.001 ‘ : :
% R-partity-violating SUSY wlf | | .
- operators with the same parameters b '
contfribute to D-mixing 2 I B j\
- feed results into rare decays : s |l
1e-07
1e-08 - - +
0.5 1 1.5 2 25
q? (Gev?)
% Same for other models...
Mode LD Extra heavy g LD + extra heavy g
DY > 7mtete” 20X107% 1.3X107° 2.0X 107
DY —=atu u 20X107% 1.6x107° 2.0 X 1070
Mode MSSME LD + MSSME
Dt = mtete” 21X1077 23X107°
D" —7atutu” 65X107% 88X 107°
Impact of NP is reduced...
SN T YA IR L L K LA MO R T R £ L T T S O VA

Alexey A Petrov (WSU & MCTP)
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Rare decays

Basics of rare decays

* Most general effective Hamiltonian:

Q1= (Cryule) (Wrvter) , Qu= (£rlL) (uger)
(fIHnpli) GZ Ci(p) (f1Qilt)(1) Q2 = (Lrv,l1) (WY cr) , Qs = (Lrowly) (Tro*cr) ,
Qs = ({1lr) (urcr) , plusL < R

% ... thus, the amplitude for D = e*e”/u'u/7'1" decay is

M am?2 | dm
Bpo_.e+¢- P o1-=k ( £)|A| |B|2] :

8 I'p M12) i
Bpoyie = 20 (1 LAY 1A + |B?]
e 87TFD M2 ’
Al = fﬁl);r\:-[p [03 s+ Cu 9] ;

|B| = fD [QWW (Cl 2+ Co_ 7) Mp (54—3 + 5’9—8)]

(&

Important: many NP models give contributions to both D-mixing and D — e*e’/p"p/t*1 decay: correlate!!!

[ L T S A SOV S D U T E PRI R TS R T T RSY L r  r  E
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3. D°-D° mixing

D" - D’ mixing

B" - B® mixing

B-B mixing

,S,b

- intermediate down-type quarks
* SM: b-quark contribution is
negligible due to V4V~

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)

d,s,b

D-D mixing

[ L T S L i S VNS S D
Alexey A Petrov (WSU & MCTP)

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

U T R RN R TR T T ERAY N A s N e e U N
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Experimental constraints on mixing

Idea: look for a wrong-sign final state

y (%)

1. Time-dependent or time-integrated
semileptonic analysis

CPV allowed

2
FPCP 2010

2 2
rate < x- + y L. .
Quadratic in x,y: not so sensitive

2. Time-dependent D" — K™K~ analysis
(lifetime difference)

(D — 7t K™) . 1-R,
ycp:T(D_)KJrK_)—1:ycos¢—xsmgb 5

3. Time-dependent D'(t) — K*n~ analysis

2

T[D°(t) - K*n7 | =e " |Ag+r-|° |R+ VRR, (3 cos ¢ — 2 sin ¢) Tt + % (2% + y?) (Ft)2]
™~

R =

2
' : ' 5
, X'=xc08d +ysind, y'= ycosd —xsind

9
4. Dalitz analyses D°(t) — Krm, KKK p
5.  Quantum correlations analyses Sensitive to DCS/CF strong phase d

Z

Alexey A Petrov (WSU & MCTF5) 17 Lattice meets Phenomenology, Durham




Recent experimental results

e ey _m1+m2 F_F1+F2
*  Some definitions: m=——" =5
“experimental” parameters
_m—m _Ih -1
xX=———7, ="——.
T YT or
Y12 = |F12|/F, X1 = 2|M12|/F, ¢12 = arg(Mlz/I‘lz). “theoretical” parameters
g
e v |

1.5

* Recent experimental data and future experimental prospects - Q

0.5

05 Bio

A WN =

N [ P T
-1 -0.5 0 0.5 1 1.5 2

* Recent HFAG numbers -

AM AT
2 =00100%40%  and  yp = o= = 0.00767 5

Ip = _ —
FD QFD 0.0018

A. Schwartz, CHARM-2009

|x| > |y| is NO LONGER a signal for New Physics

[T S LA S VNS S D

Alexey A Petrov (WSU & MCTP)
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Standard Model predictions

% Predictions of x and y in the SM are complicated

-second order in flavor SU(3) breaking

* -mc is not quite large enough for OPE
Standard Model mixing predictions -X y << 10-3 (“shor"r-disTance")
L] B o I B R R N AR 'XIYN10_2(“|°n9'di51'ance")
100E01 {1 4 7 10 13 16 19 22 25 28 31 34 37 40 % -
| 00E.02 1 A b0 - Short dls’rance.-
_ 1.00E03 --ATAA A A B . TD - -assume mc is large
> 1 00E-04 - A A O -combined ms, 1/m¢, as expansions
A A .
S 1.00E-05 1 I A A O -leading order: ms?, 1/mc®!
1.00E-06 - H. Georgi; T. Ohl, ...
1.00E-07 A [ﬁj 1. Bigi, N. Uraltsev;
1.00E-08 - * Long dlSTClnC@: . M. Bobrowski et al
1.00E-09 -assume m¢ is NOT large
Reference Index -sum of large numbers with alternating

* Not an actual representation of theoretical
uncertainties. Objects might be bigger then L
what they appear to be...

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

dominate J. Donoghue et. al.

P. Colangelo et. al.

Falk, Grossman, Ligeti, Nir. A.A.P.
Phys.Rev. D69, 114021, 2004
Falk, Grossman, Ligeti, and A.A.P.

Resume: a contribution to x and Y of Th@ Or'd_er' of 1% is natural in the SM Phys.Rev. D65, 054034, 2002

[ LT S LA SOV E S D U T R RN RIS R I T RN LN O e e e e U S DA
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How New Physics affects x and y

* Local AC=2 piece of the mass matrix affects x:

P s L ol oL L o (2 [H T 1)1 15| DY)
(M 2r7fj MD6U+2mD<Di v ‘Dj>+2mD2 mp, —m; +ig

* Double insertion of AC=1 affects x and y: ’ — ><

Amplitude 4, =(D'| (35 + HE™ Yy = 427 + 41"
/

1 —SM — NP X SM NP 1 —su gy 1 ( SM- Np o, NP su )

AM| /147 | O(exp. uncertainty )< 10%

Suppose

phase space

P YA R LT 2.
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How New Physics affects x and y

* Local AC=2 piece of the mass matrix affects x:

P s L o aca oL L o (2 [T 12| Hy | DY)
(M 2r7z‘j mD6U+2mD<Di v ‘Dj>+2mD2 mp, —m; +ig

* Double insertion of AC=1 affects x and y:

Amplitude 4, =(D'| (35 + HE™ Yy = 427 + 41"
/

1 —SM — NP X SM NP 1 —su gy 1 ( SM- Np o, NP su )

AM| /147 | O(exp. uncertainty )< 10%

Suppose

phase space

IR FIRT T IR LT I
Alexey A Petrov (WSU & MCTP) 14 Lattice meets Phenomenology, Durham




How New Physics affects x and y

* Local AC=2 piece of the mass matrix affects x:

' 1 _ 1 D! V1| H) | DO
(M—%F)Tij =mg))5ij+%<D,-° o ‘D](.’>+2mD2< Tng—mfnz ‘ J>

* Double insertion of AC=1 affects x and y: M ><

ampie. 4= (0 (155 11 Yoy = gy

: 0 (exp uncertamty) =10%

phase space Zero in the SU(3) limit
Falk, Grossman, Ligeti, and A.A.P.
Phys.Rev. D65, 054034, 2002
2nd order effect!!!

Suppose

—SM —
Exqmple: y= _E pn An + An XASM + ANP)

1 (SM NP NP SM)

P YA R LT 2.
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How New Physics affects x and y

* Local AC=2 piece of the mass matrix affects x:

P s L ol oL L o (2 [H T 1)1 15| DY)
(M 2r7fj mD6U+2mD<Di v ‘Dj>+2mD2 mp, —m; +ig

* Double insertion of AC=1 affects x and y: ’ — ><

Amplitude 4, =(D'| (35 + HE™ Yy = 427 + 41"
/
1

- R T A AWAN —SM g
Example: y_ZFZp" An + A XA” +4, ) FanAn A

NP
An

Suppose A ‘ : O(exp. uncertainty )< 10%

1 SM np NP gy )

phase space Zero in the SU(3) limit Can be S|gn|f|can1'!!!
Falk, Grossman, Ligeti, and A.A.P.
Phys.Rev. D65, 054034, 2002
2nd order effect!!!

RN FNIRT Y O 1T T
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How New Physics affects x and y

* Local AC=2 piece of the mass matrix affects x:

P s L ol oL L o (2 [H T 1)1 15| DY)
(M 2r7fj mD6U+2mD<Di v ‘Dj>+2mD2 mp, —m; +ig

* Double insertion of AC=1 affects x and y: ’ — ><

Amplitude 4, =(D'| (35 + HE™ Yy = 427 + 41"
/

_ 1 —SM — NP SM NP
Example: y—Ean An + A XAn +4)")

Suppose  |4,"

A ‘ : O(exp. uncertainty )< 10%

1 SM np NP gy )

phase space Zero in the SU(3) limit Can be S|gn|f|can1'!!!
Falk, Grossman, Ligeti, and A.A.P.
Phys.Rev. D65, 054034, 2002
2nd order effect!!!

E.Golowich, S. Pakvasa and A.A.P.
Phys. Rev. Lett. 98, 181801, 2007

RN FNIRT Y O 1T T
Alexey A Petrov (WSU & MCTP) 14 Lattice meets Phenomenology, Durham




How New Physics affects x and y

* Local AC=2 piece of the mass matrix affects x:

P s L ol oL L o (2 [H T 1)1 15| DY)
(M 2r7z‘j mD6U+2mD<Di v ‘Dj>+2mD2 mp, —m; +ig

R ENIRT Y TOEE TT R Nt S S A IV S A S T VR T o A R L S Fde L e ]
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How New Physics affects x and y

* Local AC=2 piece of the mass matrix affects x:

(M——r\ =mp’d
2 )y

1
+
2m,,

<D0‘HA02‘D0 1 E

H

Alexey A Petrov (WSU & MCTP)

%

13

(2

HAC 1‘1><I‘HAC 1‘D0>

2
m,, —m; +ig

: ,urvlTeV
X w~1GeV
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How New Physics affects x and y

* Local AC=2 piece of the mass matrix affects x:

(M—LF\T =mg))6l
2 )y

'j+

1

2m,,

) 1 DiO HAC=1‘I><I‘HAC=1 DO
(ot =]y oy L)

H*

H*

HY

H*

Wy |_|jJ

HY

it La

R ENIRT Y TOEE TT
Alexey A Petrov (WSU & MCTP

p~1TeV
!

w~1GeV

13
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Global Analysis of New Physics: AC=2

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
5= S ame
NP ;1
us<lTelV
.. with the following set of 8 independent operators...
Qv = (uryucr) (Weyter) Qs = (Wpowcr) (Uro"cr) l
Qo = (uryucr) (Wpyter) | Qs = (Upyucr) (Wpy'cr) |
()3 = (Urcr) (Wgper) , Q7 = (drcr) (Urcr) .
Q, = (Ugcr) (Ugcr) . Qs = (Upoucr) (Upocr) .
: 1GeV

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

COmpUTed (On the IGTTiCQ) Each model of New Physics
d
dlog it

- T = provides unique matching
Clp) =" ()C(p) condition for C,(Ay;)

R ENIRT Y TOEE TT A "
Alexey A Petrov (WSU & MCTP) 12 Lattice meets Phenomenology, Durham




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

cu __ S a—ﬁ
QT = UL’Y;LCLUL’Y“C%

8 -3 L i = URCLULCh,
AC 2 cu _ —0a -
HY A2 Z zi(p 2 = UpCpUgcr, +4q 1 o+
NP R 5 — Cﬂ LULCRs
cu ___ ﬂacﬂaﬂca
3 = URCLURCL,
% ... which are
_ Axp )’
< 57 x1077
|Zl| N57X 0 (1T€V> ’
2 . . . .
2l < 16 %10~ (1/;1:11"/) , New Physics is either at a very high scales
e
2
23] < 5.8 %1077 (1/;\1‘:‘/) , tree level: Anp > (4 —10) x 10° TeV
A \2 loop level: Anp > (1 —3) x 10% TeV
24| < 5.6x1078 , - .
zal (1 TeV) or have highly suppressed couplings to charm!
gnly supp pling
A
—7 NP
|Z5| S, 1.6 x 10 (1 TeV) Ged.alia, Grossman, Nir, Perez
arXiv:0906.1879 [hep-ph]
% Constraints on particular NP models available Eh(y;g.l‘l’zvac.hﬁg{sgggﬁg’,Sz'0153kvasa B

7 v
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New Physics in x: lots of extras

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

New Physics contributions do not suffer from QCD uncertainties as
much as SM contributions since they are short-distance dominated.

* Extra gauge bosons

Left-right models, horizontal symmetries, etc.

* Extra scalars
Two-Higgs doublet models, leptoquarks, Higgsless, etc.

* Extra fermions

4'h generation, vector-like quarks, little Higgs, etc.

* Extra dimensions

Universal extra dimensions, split fermions, warped ED, etc.

* Extra symmetries
SUSY: MSSM, alignment models, split SUSY, efc.

Total: 21 models considered

R ENIRT Y TOEE TT
Alexey A Petrov (WSU & MCTP) 10 Lattice meets Phenomenology, Durham




Example of a model of New Physics

* Consider an example: FCNC Z°-boson C

appears in models with 70
extra vector-like quarks
little Higgs models

A
1. Integrate out Z: for u < M, get . [/

92 Aue = — ( u*dvcd + Ws‘/cs + V;b‘/cb)
Ho /3 =

' 2 - ~ =AM
o2 a2 (Aue)” Uryucrtpyter
e -u_;“' Z

2. Perform RG running fo w ~ m, (in general: operator mixing)

2

g 2 , .
H2 3 = - ‘J — ()\u(‘) ™ (Tncr J[Z)Ql 0.02¢ l-sigma Excluded

3. Compute relevant matrix elements and x;

27/ i ]
223 m b (A )2 ri(me, Mz) 01 o oI5 603 T0a5 0 03 o.oss
P 3'\/§FD e “ Auc-107

4. Assume no SM - get an upper bound on NP model parameters (coupling)

[T S LA S VNS S D

R Nt S S A IV S A S T VR T o A R L S Fde L e ]
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Example of a model of New Physics - IT

» Consider another example: warped extra dimensions

q;

S

HRS - 3M12

3. Compute relevant matrix elements and x;

(rRS) _ 9 [bpBpMp
€T =
b 3MZ  Tp

(3C1m) + Caime)] - §Calme) — 5 Caome))

R ENIRT Y TOEE TT
Alexey A Petrov (WSU & MCTP

-
FCNC couplings via KK gluons o, 2,
1. Integrate out KK excitations, drop all but the lightest 6 ™

2mkr M(TeV) |r1(me, M)|ra(me, M) r3(me, M) |ra(me, M)|rs(me, M)
Hprs = ;g? (C1(Mp)Q1 + Co(My,)Q2 + Cs(My,)Qs)

3M1 1 0.72 0.85 3.7 0.41 2.2

2 0.71 0.84 4.0 0.39 2.3

2. Perform RG running to u ~ m,

2

(C1(me)Q1 + Ca(me)Q2 + C3(me)Q3 + Cs(me)Qs)

TABLE I: Dependence of the RG factors on the heavy mass scale M
100 R SR

10~1

1o Excluded

xD(RS)

\
1072

1073 |

10_4"]""I

10
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Example of a model of New Physics - IT

q;

» Consider another example: warped extra dimensions

FCNC couplings via KK gluons
1. Integrate out KK excitations, drop all but the lightest

2
qi qi
2mkr 2 M(TeV)||ry (me, M) |ro(me, M) |r3(me, M) r4(me, M)|r5(me, M)
Hps = 595 (C1 (M) Q1 + Co(My)Q2 + Co(M,)Qs) 1 2 3 - 5
3M1 1 0.72 0.85 3.7 0.41 2.2
2 0.71 0.84 4.0 0.39 2.3
2. Perform RG running to u ~ m,
TABLE I: Dependence of the RG factors on the heavy mass scale M
2
HRS gS

=0 (C1(me)Q1 + Ca(me)Qs + Cs(me) Qs + Co(me)Qs) ;
1

S e

1071

1o Excluded

3. Compute relevant matrix elements and x;

xD(RS)

\
1072

2 2
(rS) _ 95 JpBpMp (2 1
DT EME Tp 5[C1(me) + Co(me)] = £ Ca(me)

1073 |

5 i
—503(777@)) T e PR R

10
M, (TeV)
R ENIRT Y TOEE TT

Implies: Mikkg > 2.5 TeV!
Alexey A Petrov (WSU & MCTP 8
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Extra dimensions

Extra gauge
bosons

Extra fermions

Extra scalars

SUsY

Summary: New Physics in mixing

Maodel

Approximate Constraint

Fourth Generation (Fig. 2)
Q= —1/3 Singlet Quark (Fig. 4)
Q = +2/3 Singlet Quark (Fig. 6)

Little Higgs

Generic Z' (Fig. 7)
Family Symmetries (Fig. 8)
Left-Right Symmetric (Fig. 9)

Alternate Left-Right Svmmetric (Fig. 10)

Vector Leptoquark Bosons (Fig. 11)
Flavor Conserving Two-Higgs-Doublet (Fig. 13)
Flavor Changing Neutral Higes (Fig. 15)
FC Neutral Higgs (Cheng-Sher ansatz) (Fig. 16)
Scalar Leptoquark Bosons
Higgsless (Fig. 17)

Universal Extra Dimensions
Split Fermion (Fig. 19)

Warped Geometries (Fig. 21)

Minimal Supersvmmetric Standard (Fig. 23)

Supersymmetric Alignment

Supersymmetry with RPV (Fig. 27)

Split Supersymmetry

[ L e e MRS S S L D
Alexey A Petrov (WSU & MCTP)

[V V| -y < 0.5 (GeV)
sa-mg < 0.27 (GeV)
[Ae| < 241072

Tree: See entry for @ = —1/3 Singlet Quark

Box: Region of parameter space can reach observed zp

Mz:/C > 22.10° TeV
my /= 1.2-10° TeV (with my /mq = 0.5)
No constraint
Mg > 1.2 TeV (mp, = 0.5 TeV)
(Am/m o) )/ Mg > 04 Tev-1
Mypg = 55(App/0.1) TeV
No constraint
mp/C > 2.4 10° TeV
g f|Au| > 600 GeV
See entry for RPV SUSY
M =100 TeV
No constraint
M/|Ay| = (6107 GeV)
My > 3.5 TeV
[(8 )LRRL| < 8.5- 1072 for 12 ~v 1 TeV
[(8f2 )L re| < .25 for v~ 1 TeV
m > 2 TeV
MaeMue/mg,, < 18- 107°/100 GeV

No constraint

v' Considered 21 well-established
models

v" Only 4 models yielded no
useful constraints

v' Consult paper for explicit
constraints on your favorite
model!

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

Gedalia, Grossman, Nir, Perez
arXiv:0906.1879 [hep-ph]

Bigi, Blanke, Buras, Recksiegel,
JHEP 0907:097, 2009

Lattice meets Phenomenology, Durham




Mixing vs rare decays

Bpo_ytpy- < 1.3x107°%  Bpoere- <1.2x107°,
% Recent experimental constraints
Bpo_ter < 81x 1077 |

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.

.. . H _ 92 )\2 Q _ GF)‘%CQ
Mixing: 23 = Goos? Gy M2 e W1 T T g ¢

L2/3) _ 2GrA fEMpBpr(me, My)
(+2/3) _

3v2I'p
Grfpm
Rare decay: Apo_ptp- =0 Bpo_ptp- = )\uc%
3 2 G mzx 4m2
BD0—>p,+p,— _ f F © D 1— L
647 BDT(mca MZ) MD

~ 43x10%p < 43 x 1071

Note: a NP parameter-free relation!
RN FNIRT Y O 1T VRS R S S L0 SN E IV S AL S T AR R o S AL S ke e L e ]
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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

% Considered several popular models

Model Bpo_, it -
Standard Model (SD) ~ 10718
Standard Model (LD) ~ several x 10713
Q = +2/3 Vectorlike Singlet 4.3 x 10711

Q = —1/3 Vectorlike Singlet|| 1 x 107! (mg/500 GeV)?
Q = —1/3 Fourth Family | 1 x 10~ (mg/500 GeV)?
Z' Standard Model (LD) || 2.4 x 10712/(M_z:/(TeV))?

Family Symmetry 0.7 1078 (Case A)

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

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

Upper
limits on
rare
decay
branching
ratios

Blum, Grossman, Nir, Perez

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

[ L T S A SOV S D R Nt S S A IV S A S T VR T o A R L S Fde L e ]
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A word on CP-violation in charmed mesons

> Possible sources of CP violation in charm transitions:

* CPVin Ac = 1 decay amplitudes ("direct” CPV)

AD— f)=4, =|4, e*e®™, Ad =0,Ad =0

e +|4,

* CPVin D'-D° mixing matrix (Ac = 2)

2

2Mi — s\ 4y #1

Am — (i/2)AT

B2 — |g/pl® = '

* CPV in the interference of decays with and without mixing

» One can separate various sources of CPV by customizing observables

R ENIRT Y TOEE TT R Nt S S A IV S A S T VR T o A R L S Fde L e ]
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CP-violation: indirect

* Assume that direct CP-violation is absent (Im (I';,A;/Af) =0, |A;/Af| =1)
- can relate x,y, &, |q/p| to x12, y12 and 12

Xy = X12Y12 C0S¢1», x? — )’2 = x%z - )’%2’
(2 +y2)lq/pl*> = x3, + y3, + 2x15y15 singy,

x*cos? ¢ — y?sin’¢p = x2,cos?¢ 5.

% Four “experimental” parameters related to three “theoretical” ones
- a "constraint” equation is possible

v 1-lg/pl 1 Am

y tan ¢ 2 tan ¢ Note: a “theory-free" relation

% Measurements of mixing parameters say something about CP-violation
-y/x 0.8 +0.3 =™ Ap ~ tan ¢
- CPV in mixing is comparable to CPV in the interference of decays with and w/out mixing

Grossman, Nir, Perez
PRL 103, 071602 (2009)
Kagan, Sokoloff

arXiv: 0907.3917 [hep-ph]

R ENIRT Y TOEE TT R Nt S S A IV S A S T VR T o A R L S Fde L e ]
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CP-violation: indirect

* Assume that direct CP-violation is absent (Im(I'[,A;/Af) =0, |Af/Af| = 1)
- experimental constraints on x,y, ¢, |q/p| exist
- can obtain generic constraints on Im parts of Wilson coefficients

_ 1
Hyp 2 = Yz,

* Inparticular, from 215 singly < 0.0022

~Y

Im(z) < 1.1x1077 ( Axp
New Physics is either at a very high scales

Im(z) < 2.9x1078
2 treelevel:  Ayp > (4—10) x 10° TeV

Im(z) < 1.1x 107" ) loop level: Anp > (1 —3) x 10% TeV

or have highly suppressed couplings to charm!

(
(
Im(z) < 1.1x1078 (
(

2
ANP )
' Gedalia, Grossman, Nir, Perez
1 TeV arXiv:0906.1879 [hep-ph]

Im(zs) < 3.0x1078

% Constraints on particular NP models possible JHED 00075007 2000 SIeEeh
N

7 R Nt S S A IV S A S T VR T o A R L S Fde L e ]
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Mixing

| LT S i 5 VNERESE S D
Alexey A Petrov (WSU & MCTP)

Wishes for the lattice:

i) calculation of all D-mixing matrix elements!

Lattice meets Phenomenology, Durham




i) confirm SM numbers for
leptonic decays

ii) use them to constrain NP

iif) can one compute D — pvy on
the lattice?

iv) compute form factors for

D — n(n’)uv

v) compute form factor for

Ac — Apv

vi) can one calculate WA in

D — vV (without dipole)?

vii) calculate B = yD” as a test
viii) calculate all D-mixing matrix
elements!

Alexey A Petrov (WSU & MCTP)

Lattice meets Phenomenology, Durham
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Extra slides
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A comment on the size of CPV

> Generic expectation is that CP-violating observables in the SM are small

Ac = 1 amplitudes

Q|

Penguin amplitude

» The Unitarity Triangle for charm:

VidVea +ViVes #VipVep = 0

us cs

~N =N ~N

| LT S i 5 VNERESE S D
Alexey A Petrov (WSU & MCTP)

Ac = 2 amplitudes

— Bieh —

u c
d,s,b

D-D mixing

R Nt S S A IV S A S T VR T o A R L S Fde L e ]
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A comment on the size of CPV

> Generic expectation is that CP-violating observables in the SM are small

Ac = 1 amplitudes

d.s.b

Q|

Penguin amplitude

» The Unitarity Triangle for charm:

VidVea *ViVes + ViV =

us cs

~N =N ~N

Ac = 2 amplitudes

— Bieh —

u c
d,s,b

D-D mixing

With b-quark contribution neglected:
0 only 2 generations contribute
— real 2x2 Cabibbo matrix

Any CP-violating signal in the SM will be small, at most O(V, V. /V V. ) ~ 1073
Thus, O(1%) CP-violating signal can provide a "smoking gun” signature of New Physics

| LT S i 5 VNERESE S D
Alexey A Petrov (WSU & MCTP)
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CP-violating decay rates

t-charm factory
* Recall that CP of the states in D°D9 — (Fy)(F,) are anti-correlated at y(3770):

* asimple signal of CP violation: (3770) — D°D° — (C'P.)(CPy)

I. Bigi, A. Sanda; H. Yamamoto;
Z.7. Xing; D. Atwood, AAP

CP|F,| = CP|Fy 1,

CP eigenstate F,

/>

<
CP eigenstate F, f.
1

‘D°50>L - % H D°(k, )50(k2)> (=D

)

F/:l/:QZR—2 [(2—|—x2_|_y2)‘)\/:1—)\/_-2|2_|_(332_|_y2)|1—)\/-'1)\/_-2|2}
m

\

*  CP-violation in the rate — of the second order in )\f q
CP-violating parameters. p
*  Cleanest measurement of CP-violation!

N

ARSI T ATIYOAL . O L

! . §
Alexey A Petrov (WSU & MCTP)
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CP-violation IT: direct

* What about direct CP-violation? Consider asymmetries

0enr@er) | r(oer) ()
! r(D—>f)+r(—>f) r(D—>f)+r(ef)

* Each of those asymmetries can be expanded as

d _ . .
ay =2r,sing,sino,

_ 54 m i '
a, _/af Tf + “< a’ =R, %f(Rm - R; Jeosd

!
. . . : X
direct mixing interference a} _ Rf / (Rm +Rn—11 )Sln(j) Y. Grossman
2 A. Kagan, Y. Nir,
Phys Rev D 75,

o ' _ 036008, 2007
1. similar formulas available for f

2. for CP-eigenstates: f:f_and Yi =Y

Those observables are of the first order in CPV parameters

[T S LA S VNS S D L T T R RN R TSI I TR £ O e e e T e S T
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What to expect for direct CPV?

* Standard Model asymmetries (in 10-3):

Final state | @' TN’ K*K? nPp+ K*+KO | KK*O

ag,cosd>0 | -15+04 | 0.04:0.01 | 1.0+0.3 .3+0. 29+:0.8 | -09+0.3 | 2.8+0.8

ag, cosd<0 | -0.7:0.4 | 0.02£0.01 | 0.5+0.3 .20. 1.5:0.8 | -0.5+0.3 | 1.4:0.7

F. Buccella et al, Phys. Lett. B302, 319, 1993

* New Physics (in new tree-level interaction and new loop effects):

Model

Extra quarks in ] 0.01
vector-like rep . 0.005

RPV SUSY

0.001

Y. Grossman,
TWO-HiggS 0.0005 A. Kagan, Y. Nir,

Phys Rev D 75,
300 400 500 600 700 800 900 1000
doublet o e 036008, 2007
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Experimental constraints (HFAG)

» HFAG provides the following averages from BaBar, Belle, CDF, E687, E791,
FOCUS, CLEO collaborations

Decay mode CP-asymmetry
DY it~ 0.0022 +0.0037
DY — ;9.0 0.001+0.048
D’ — KK -0.23+0.19
DY - KTK~ -0.0016 =0.0023

Dt — KgK+ -0.0009+0.0063

Most measurements are at the (sub)percent sensitivity

HFAG-charm
http://www.slac.stanford.edu/xorg/hfag/charm/index.html
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