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Introduction: identifying New Physics

"Inverse
LHC problem”

The LHC ring is 27km in circumference

How can KEK or other older machines help with New Physics searches?

. RAJ,

)
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Introduction: charm and New Physics

Charm transitions serve as excellent probes of New Physics

Unique access to up-quark sector

1. Processes forbidden in the Standard Model to all orders

Examples: DO — ptr—u

2. Processes forbidden in the Standard Model at tree level
Examples: DY — 50, DY - X~, D — Xvu

3. Processes allowed in the Standard Model
Examples: relations, valid in the SM, but not necessarily in general

CKM triangle relations

| LT S i 5 VNERESE S D BN S S L0 S NV S AL A ST ATNE R B o S R S Bk e L e ]
Alexey A Petrov (WSU & MCTP) 31 KITP UCSB, 2 May 2008




Introduction: charm and New Physics

Charm transitions serve as excellent probes of New Physics

Unique access to up-quark sector

1. Processes forbidden in the Standard Model to all orders

Examples: DO — ptr—u

@ Processes forbidden in the Standard Model at tree level

Examples: DO — Xv, D — Xvv

3. Processes allowed in the Standard Model
Examples: relations, valid in the SM, but not necessarily in general

CKM triangle relations

| LT S i 5 VNERESE S D BN S S L0 S NV S AL A ST ATNE R B o S R S Bk e L e ]
Alexey A Petrov (WSU & MCTP) 31 KITP UCSB, 2 May 2008




Introduction: mixing

= d,s,b x AQ=2: only at one loop in the Standard Model:
possible new physics particles in the loop
w w —
AQ=2 interaction couples dynamics of D° and D°
u C
d,s,b

- D(t) = ( b ) = a(t)|D°) + b(t)| D)

D-D mixing

> Time-dependence: coupled Schrédinger equations

ol PP e

A
>

iD= (M= 5r) iD= 2 Yy | 1pw)

> Diagonalize: mass eigenstates = flavor eigenstates

0 0
Coupled oscillators ‘D1,2> =P ‘ D > =q ‘ D >

Mz — Ml rz — Fl
Mass and lifetime differences of mass eigenstates: X = T Y= “or
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ol PP e

A
>

iD= (M= 5r) iD= 2 Yy | 1pw)

> Diagonalize: mass eigenstates = flavor eigenstates

: 1 0\, |0
Coupled oscillators No CPV: ‘Dl, 2>=>‘DCP i> = 3 ” D > + ‘ D >]
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Introduction: why do we care?

D" - D’ mixing B" - B® mixing

* infermediate down-type quarks |  intermediate up-type quarks

* SM: b-quark contribution is * SM: t-quark contribution is

negligible due to V4V~ dominant

IlEanhdqg
rate < f(m)— f(m,) - rate < m’
Lo (zero in the SU(3) limit) (expected to be large)

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

1. Sensitive to long distance QCD | 1. Computable in QCD (*)

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

d,s,b

D-D mixing

(*) up to matrix elements of 4-quark operators
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Experimental constraints on mixing ® o Kov
10 W Average y

(O BaBar Kx
0

95% CL allowed O BELLE Kx
{D) CLEOK=
O Focus Kn

Idea: look for a wrong-sign final state
V allowed —>

1. Time-dependent or time-integrated

te < x° +y° 9
raemE Yy | = . S
Quadratic in x,y: not so sensitive \_) T-
2. Time-dependent D° — K+tK~ analysis O
(lifetime difference) @ BaBarKx
4
(D — 7t K™) . 1—-R,,
Yop = (D> K K) —1=ycos¢ — xsin ¢ 5
10 8y~ 00: 8y, = 0" assumed
3. Time-dependent D°(t) — K+7~ analysis measured 7% CL. Limits
0 25 S5 75 10 125 15
2
LD(t) - K n | =e " |Apinm ]2 [R +VRR., (y cos ¢ — x’ sin ) T't + %’n (x2 + y2) (Ft)2 X' (%)

z /
2 _ |4 . )
R, == , x'=xcosd + ysind, y'= ycosd — xsind Sensitive to DCS/CF strong phase
i LT R LA MRS R I IR (L S e T O S S T
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Ly (t)= e

Recent results from BaBar

30
Time-dependent D —K=n
analysis 20
R, +y'\R, (rt)+(’“’2 +y )(Ft)z)
4 ?
>, 10
-
No evidence for CP- ~
violation >0
Accounting for
systematic errors, the -10
no-mixing point is at 3.9-
sigma contour -20

Evidence for DD mixing !

Alexey A Petrov (WSU & MCTP)

N B I R s R L S R LR B R R
:1\““‘& BABAR o best fit -
- T preliminary « B
_:_ ' (OIO) ]
- Physical solution 7]
N \@4 (y'=6.4x10?) N
B Y5 \\ -
- —2AL =0.7 ]
 1-CL= ]
- 3.17 x 101 (10) “2AL =239 .
[ 4.55x 102 (20) _
- 2.70x10%2(30) |
- 6.33x10°% (40)

- 5.73x107 (50) |
B 1 I 1 1 1 1 I 1 | 1 | I | 1 | 1 | 1 | 1 1 I 1 B
-1.0 -0.5 0.0 0.5 1.0
x2/10°

R,: (3.03 = 0.16 = 0.10) x 103

x'2: (-0.22 + 0.30 = 0.21) x 103
y: (9.7 = 4.4 + 3.1) x 10°3
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Recent results from Belle

2107

Time-dependent D —KK/mx analysis S
N
_TK=m) | _Ar
yCP _‘C(K_K+) noCPVy ZF 1 _
(D’ —=KK")-T(D" =K K" )
CPV : A. = ( )1 ) |

[(D° =K K)+I(D° =K K') 1w,
-4 -2 0 2 4 6 8 ]0

yop (%) Ar (%) o 017 —
KK ]125+0.39+0.28 | 0.15+0.34+0.16 | S g1} Delerretminary

" DK Kon- / D'Kn'

T 1.44+0.57+0.42 | -0.28+0.52+0.30 N 0.15 decay time ratio
KK + 7w | 1.31+0.32+0.25 | 0.01+0.30+0.15 3 S 014 ¢
0.13 8
0.12 |
Yep = 1.31£0.32+0.25 % 0.1}
0.1+
No evidence for CP-violation 0.09 L

0 2 4 6 8 10

i N miving | VTppe
‘ Evidence for DD mixing ! \ (courtesy of A. Rahimi
L T AWA M ISR I IR LSS O W R T R N T
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Recent experimental results

BaBar, Belle and CDF results
yp = (0.974£0.44+0.31)-10*  (BaBar) .
gy = (1.314£0.32+£0.25)- 1072 (Belle)
Y5 = (0.8540.76) - 102 (CDF)

Belle Dalitz plot result (D°—K 'n)

rp = (0.80 £ 0.29 +0.17) - 1072 ,
yp = (0.33 4+ 0.24 + 0.15) - 1072

Preliminary HFAG numbers

yp = 7.1750 1077 (cosdgr = 1.09 £ 0.66)

[ L e i S MG S D UL
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What about theoretical predictions?
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Theoretical estimates I

A. Short distance gives a ’riny contribution

m, IS large !!!

z = mf
m;
d(s)
... as can be seen from a "“straightforward computation”...
2,2 £2 7 4 S
) _ GepmefpMp ., 3 2 a2 25(09) _
= e (€3 —20,Cy = 3CY) | By — 5B o me A
2. 942 X0 > Yo
: G>m2faMp . . . 5 . LO LO
) = S @2 ez, - 2(ch - 20,0, - 3CHBY o mt A
3ml'p ) 4" - s
1+ N, 4F m;
n 0 p'"p
with <D ‘ur‘cur‘ C‘D> N. 2m, B,, etc.

Notice, however, that at NLO in QCD (Xy_0.Ynio) >> X0 Yio) ¢

14 CCy + 8 Cf]

2,2 £2 7 2
@ _ GemefpMp oo @s ofp | (T 877
YNrLo 37T S An ~ b 6 9 2t
’ 5_(5) 87—‘2 25 ¥2 ¢ e Q¢ 2
E —5bo K o~ 3 ) CaT0CG+3207 ), Xyo ™ Yo

(c)
Example of NLO contribution

| LT S i 5 VNERESE S D
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Similar for x (frust mel)
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Theoretical estimates I

m, IS large !!!

A. Short distance gives a ’riny contribution

o)

2
z = >
m

o d (s)

... as can be seen from a "“straightforward computation”...

2
) _ GEmefpMo 0 —90,Cy — 3C7
‘ JLo 3rl'p fg 12 )

G2 M
(Z ) — F’n fD D 5 .[CV)BD . (12 . 2(1 (v ¢ C )B(S)] o m;l. A—4

5_ )
By — §B

X0 Yo

e
1+ N, 4F m}, 3
N. 2m,

with (D°|uT,culc|D®) = ., ete.

Notice, however, that at NLO in QCD (Xy_0.Ynio) >> X0 Yio) ¢

‘ GZm2fiMp ., o, . 7 8w\ |
@ Grme/pMp o2 0s (BD !— (— S > C2+14 C,Cy + 8 cf]

[} . <z
‘ 5_(5') 87—‘2 25 v2 ¢ \al BY; 2
(©) —3 K o " 3) GTNGGHR2C ] Xao ™ Yo
Example of NLO contribution Similar for x (frust mel) ghgﬂletd]lgzgg (Az(ﬁ)sp) 53
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Theoretical estimates I

A. Short distance gives a ’riny contribution m, IS large !!!
BN
g
d(s)

... as can be seen from a "“straightforward computation”...

2
) _ GEmefpMo 0 —90,Cy — 3C7
‘ JLo 3rl'p fg 12 )

Gm? f3 M
rio) = T fD D g2 .lC"BD — 2(C2 =20,y — 3C7 )B“)] o« m* A

1+ N, 4F m}, 3
N. 2m,

5_ )
By — §B

X0 Yo

with (D°|uT,culc|D®) = ., ete.

Notice, however, that at NLO in QCD (Xy_0.Ynio) >> X0 Yio) ¢

, GEmIfAMp ., an - TS i
W, = SEelplln e eb D! (—.— - > C2 414 C1Ch + 8 cf]

R " e
. 5_(5) 8W‘ 23 V) , ¢ 2

D
((i) 9 3
E. Golowich and A.A.P.
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Theoretical estimates I

A. Short distance + "subleading corrections” (in {m,, 1/m_} expansion):

Sd

x 12

(6) (m md 7 m + md =) 6 A-6
ysd m2 “’h d ms A
e ‘ 4 unknown matrix elements
(m2 - m; 7 2 4 4
(6) =
xsd x : 2 u‘had ms A
mC
..subleading effects?
C u
© o m3 A
ysd A .
= 15 unknown matrix elements
x9 o m? A7 . c
L H. Georgi, ...
=4 I. Bigi, N. Uraltsev
(12) 2 2 A2 i u
VYsa & Boas(u)ms A .
Twenty-something unknown
Xeg & Og (M )msz A~ matrix elements
m G
k Leading contribution!!! I Guestimate:  x ~y~ 1027

a=i1c

Z

Alexey A Petrov (WSU & MCTP)
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Resume: model-independent computation
with model-dependent result

| LT S i S VNS S D BT S S L S E VS A G AT I o A A S F e e T e ]
Alexey A Petrov (WSU & MCTP 20 KITP UCSB, 2 May 2008




Theoretical estimates IT

m_ 1s NOT large !!!

B. Long distance physics dominates the dynamics...

—0
zrzpn[D%HAC ) (n| HEC=[D°) + (D°| HAC="n) (n| HEC="| D)

.. with n being all states to which D° and D° can decay. Consider murt, 71K, KK

intermediate states as an example...
J. Donoghue et. al.

Yo = B’I“(DO — K"'K_) + BT(DO — 7T+7T_) P. Colangelo et. al.
— 2cosdy/Br(D° — K+7=)Br(DY — 7t K~)

If every Bris known up to O(1%) M the result is expected to be O(1%)!

The result here is a series of large humbers with alternating signs, SU(3) forces O

x = ? Extremely hard... Need to “repackage” the analysis: look
at the complete multiplet contribution
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Theoretical estimates IT

m_ 1s NOT large !!!

B. Long distance physics dominates the dynamics...

—0
zrzpn[D%HAC ) (n| HEC=[D°) + (D°| HAC="n) (n| HEC="| D)

.. with n being all states to which D° and D° can decay. Consider murt, 71K, KK

intermediate states as an example...
J. Donoghue et. al.

Yo = B’I“(DO — K_'_K_) + BT(DO N 7T+7T_) P. Colangelo et. al.
O 2cosd\/Br(D° — K+7=)Br(D° — n+K—)

cancellation

If every Bris known up to O(1%) M the result is expected to be O(1%)!

expected!

The result here is a series of large humbers with alternating signs, SU(3) forces O

x = ? Extremely hard... Need to “repackage” the analysis: look
at the complete multiplet contribution

| LT S i 5 VNERESE S D BN S S L0 S NV S AL A ST ATNE R B o S R S Bk e L e ]
Alexey A Petrov (WSU & MCTP) 19 KITP UCSB, 2 May 2008




SU(3) and phase space

* "Repackage” the analysis: look at the complete multiplet contribution

y:ZyF,R Br(D° — Fg) = ZyFR_ Z (D

* Does it help? If only phase space is taken into account: no (mild) model dependence
—0
Y onerAD [ Hw|n)pn(n|Hy |DP)

YF.R =
—0
_ ZneFR<D |HW|n>pn<n|HW|DO>
2 nerp \D°[Hw |n) pn(n| Hw [ D)

Can consistently compute

A AT L S L S E IV S A G AT S o A R R S B e ]
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Example: PP intfermediate states

* n=PP transforms as (8>< 8)s =27 +8 +1, take 8 as an example:

Numerator: /
Ay g = ‘Ao 2512 [%(I)(T],T] )+%(D€Coano)+%q)€19ﬂo)+(p@+’n_)_(I)@O"TEO:
+o(K*, K- )—%cb(n,KO)—%cb@,Eo )-@(I{*,n‘)-@({(‘,n*)]

Denominator: \ phase space function

/

7~
Z[écb(r],K°)+cI>(K+,n‘)+%<I>(K°»“°)+ o(sf)]

AD,S = ‘Ao

* This gives a calculable effect!

A

1 Repeat for other states
N,8 2 _ -4 . P
- _0‘03851 =—-1.8x10 2. Multiply by Brg, to gety

D.8

YVog =

[ L T S S S VNS S D BT S S L S E VS A G AT I o A A S F e e T e ]
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Results

Final state n'prtﬁ-ul;;_l-io_n_ WE.R / sf YER [‘/i_'

) 4 od 8 —0.0038 —-0.018
27 —0.00071 —0.0034

PV Ng 00531 0.15
XA 0.032 0.15
10 0.020 0.10
10 0.010 0.08
27 0.040 0.19

(V'V} s-wave 8 —.081 -0.39
27 —0.061 -0.30

(VV)p-wave 3 -0.10 ~0.48
27 -0.14 -0.70

(VV)iwave 8 0.51 2.5
27 0457

* Product is naturally O(1%)
* No (symmetry-enforced) cancellaX
- Disp relation: compute x (model-depehdence)

naturally implies that x,y ~ 1% is
expected in the Standard Model

[ T S S e 5 VNS S D
Alexey A Petrov (WSU & MCTP)

16

Final state representation | yer/s2 | wes (%)
(3P)s-wave b —(0.48 -2.3
27 -0.11 -.54
|3P]p-w;|ve b -1,13 -hA
27 ~0.07 ~1).36
(3) form-factor 8 -0.44 —2.1
27 -0.13 —().64
\P X 3.3 16
27 2.2 0.2
/ 27 1.9 I
Final state fraction
I & & 5%
PV 10°%
{(VV}s-wave 5%
(VW) wave D,
3P o AF.,Y.G., Z.L., Y.N. and A.A.P.
P 0% Phys.Rev. D69, 114021, 2004

E.Golowich and A.A.P.
Phys.Lett. B427, 172, 1998

KITP UCSB, 2 May 2008




Resume: a contribution to x and y_of the
order of 1% is natural in the SM

What about New Physics?

[ LT S i S VNS E S D AR S S L0 S F PV S A A S T AT S L A R L S Fede e L ]
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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°|(Hy™ + Hyg™ Yn) = 47 + 4
Suppose ‘A}fP‘/‘A,fM‘: O (exp. uncertainty )< 10%

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

/

phase space

[ T a5 VNS S S T D BT S S L S E VS A G AT I o A A S F e e T e ]
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How New Physics affects x and y

> Local AC=2 piece of the mass ma‘rrlx affects X: ><
~1TeV w~1GeV
o

N
1 <D0 (D!

m-Lr) =mp’d,; +——
2 ), 2m,,

‘DO> 2mD E m; —m; +ie

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

Amplitude 4, = (D°[(Ha" + HAS™ Yn) = A5 + 4 ° dts)
Suppose ‘A,iVP‘/‘A,fM‘: O (exp. uncertainty )< 10%

S T R

phase space

[ L T S S S VNS S D BT S S L S E VS A G AT I o A A S F e e T e ]
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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°|(Hy™ + Hyg™ Yn) = 47 + 4
Suppose ‘A}fP‘/‘A,fM‘: O (exp. uncertainty )< 10%

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

/

phase space
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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°‘(H§A§=1 +H§§=1)n>EA5M war —dts)

/

1 M —NPY .y NP —sM 1 (—SM p NP SM)
Example: y_EZ/p" An + An XA” +A ) —FanAn A +Ean An A" +A4n A,

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

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

Suppose
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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}ij =mg))5ij+%<D,-° o ‘D](.’>+2mD2< W;’I’lé—mlz+i: ‘ J>

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

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

: 0 (exp uncertamty) =10%

A

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!!!

Suppose

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

| LT S i S VNS S D BT S S L S E VS A G AT I o A A S F e e T e ]
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Global Analysis of New Physics: AC=1

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

> Let's write the most general AC=1 Hamiltonian

j{ﬁgz_l = Zqu’[él(M)Ql + éQ(M)Qz],
a.q' us<lTeV

Q) = EIFIQ_I,'C?jFZC'i’ 0, = i, 1q}q,Tsc;,

Only light on-shell (propagating) quarks affect AT

Vv v p
'Y uq

cq
MD 1—1D aq !

y= gq (K1616j0 + Ky8,06 1)

5
= i jk€

XD L (x XUD1O DY),

a=1
@lljk{/ - E[krﬂ'}/yFZC'jlx_l({F]')/VF’l'LCi

ijk¢ __ - o - T _
07" =, pocial p I e,
@gjk(/ - L_lkFMFQCjL_I,(»F]ﬁCFMCi
@i{kf’ - L_lkl—‘#ﬁclt‘z(fjl/_l(/f‘lr’uci

e oo
0" = ' Tyl Tre;,

with K1 =I[CCN, +(CC, +CiC)] K, = G0, and

This is the master formula for NP contribution to
lifetime differences in heavy mesons
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Global Analysis of New Physics: AC=1

> Some examples of New Physics contributions

Model b Comment
6 106 Squark Exch.
RPV-SUSY
-4 102 Slepton Exch.
5106 ‘Manifest’.
Left-right
-8.8 1073 ‘Nonmanifest’.
Multi-Higgs 2 1010 Charged Higgs
Extra Quarks- 108 Not Little Higgs

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

A.A.P. and G. Yeghiyan
Phys. Rev. D77, 034018 (2008)

For considered models, the results are smaller than observed mixing rates

R ENIRT Y TOEE TT
Alexey A Petrov (WSU & MCTP)
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Global Analysis of New Physics: AC=2

» Multitude of various models of New Physics can affect x

- u=lTelV

H
(6] l

us<lTelV
H"

H"

7T .

[e) (7) u: lGelV

H*

b e
=
b

[T S LA S VNS S D
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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

(fHnpli) = G;Ci(u) (f1Qilt) (1)

w=1TeV
.. with the following set of 8 independent operators...
Q1 = (Uryucr) (@yer) Qs = (Urowcr) (Uro"er) l
Q2 = (upy,cr) (Wrytcr) | Qs = (Wryucr) (Urycr) \Q}Wg
Qs = (Urcr) (Wper) . Q7 = (Urcr) (Urcr) | Xi %
Q, = (ugcr) (uper) , Qs = (Upo,,cp) (Upocr) .
w: 1GeV

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

ComPUTed (on the IGTTiC@) Each model of New Physics
d = T oA provides unique matching
dlog IUC(N) =5 (WC(n) condition for C(Lyp)

| LT S i 5 VNERESE S D
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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.
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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

[ LT S i S VNS E S D
Alexey A Petrov (WSU & MCTP) 9 KITP UCSB, 2 May 2008




Dealing with New Physics-T

> Consider an example: FCNC Z°-boson C

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

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

2

9 9 _ _
Hays = ‘ Aue)” Upycptupyter
/ 8 cos? 0, M2 (Auc) i ’

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

2

g 2 ; .
Hg/g — S0l 02 ()\,uc) rl('m_m A’\[Z)Ql 0.02} 1-sigma Excluded
AN u:." Z

3. Compute relevant matrix elements and x;

2N/ [ ]
113(2/3) _ M D (/\ )2 '7”1(771 . AIZ) Cc)).01 0.015 0.02 0.025 0.03 0.035
b 3v2 p v “ Mue-1072

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

[T S LA S VNS S D

Alexey A Petrov (WSU & MCTP)
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Dealing with New Physics - IT

» Consider another example: warped extra dimensions 4

FCNC couplings via KK gluons

1. Integrate out KK excitations, drop all but the lightest

qi

2rkre o
IVERS

Hprs = (C1(Mp)Q1 + Co(My,)Q2 + Cs(My,)Qs)

2. Perform RG running to u ~ m,_

2

Hrs = 3§22 (C1(me)Q1 + Co(me)Q2 + C3(me)Q3 + Co(me)Qs) ™ :
: :

(RS)

Xp

3. Compute relevant matrix elements and x;

qi

‘(](“)-, Z(n). ,.}(n)

qi

1o Excluded vic|

(rRS) _ 9 [bpBpMp
€T =
b 3MZ  Tp

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

| LT S i 5 VNERESE S D
Alexey A Petrov (WSU & MCTP) 7

KITP UCSB, 2 May 2008




Dealing with New Physics - IT

» Consider another example: warped extra dimensions U __ o - 7
FCNC couplings via KK gluons ) T8
1. Integrate out KK excitations, drop all but the lightest = .
qi qi
2rkre o
Hgrs = sz s (C1(My)Q1 + Co(M,)Q2 + Co(M,,)Qs)
1
2. Perform RG running to u ~ m,
° B8 3
2 E :
Hrs = =8 (C1(me)Q1 + C2(me)Q2 + C3(me)Q3 + C(me)Qs) ' ¢ R e

~ 302

(RS)

Xp

3. Compute relevant matrix elements and x;

1074 L—

(rR$) 92 [pBpMp
€T =
b 3MZ  Tp

6
M, (TeV)

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

Implies: Mikkg > 3.5 TeV!

| LT S i 5 VNERESE S D AR S S L0 S F PV S A A S T AT S L A R L S Fede e L ]
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New Physics in x:

extra fermions

» Fourth generation

G+ M2,
N 67T2FD

(4th)

Tp fDA[DBD)\bIS(Ib’ xb/)rl (mc ]WVV)

100 S I R e K R SRS

F Excluded

Xp

Q. DDD 0.001 0.002 0.003 0.004 0.005

[VonrV el
0.0007
> Vec-l—orl_“ke quar;ks (Q:+2/3) 0.0006 | l-sigma Excluded
0.0005
W 0.0004
(—1/3) 0.0003
)) ‘ 5 fDBD' 1(171( *\[H )\[D \[H (‘c%‘ lt%) f(lb) 0.0002
()T FD
250 300 350 400 450 500
mg, GeV
. . 1-si Excluded
> Vector-like quarks (Q=-1/3) 0 .
2( = 0.015¢
2/3 TE 2 - 2 ; S
223 Vo (Aue)? 71 (me, My) 2 Mp B, 2 0.0
0.005¢
/\ (‘ud‘Cd + l/uks‘f + V ub‘f(b) (0 - ‘ - - ‘
0.01 0.015 0.02 0.025 0.03 0.035

[ o

Alexey A Petrov (WSU & MCTP) 6
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New Physics in x: extra vector bosons

0.025
> Generic Z' models 0 00
1-sigma Excluded
0.015
9 ‘ _ , )
o ABpMp2, 0 . . ., (1 N Ry
.z'g)’: ';)Fn T E((,l(m,.)+(,(iun(.])+(z{nz(,) _3+§ + Cs(m,) 1—.)—3 "0 o1
4 0.005
2 Pl
. ok, . . ‘ . ‘ . .
1.75L-sigma Excluded o ;/ 5 6 7 8 9 10 11 12
Fl ¢l Mg - 103 Tev
> Family symmetry 1
E 1.25
2 f? f? . w
(FS) = AT . . 2 7 =}
T =—7rim. . M)| —=—-— MpBp 2 1
D 3C ) 1{ '(mf m3 IpMpBp o
u;‘“0.75
0.5
0.25
0.2 0.4 0.60.8 1 1.2 1.4 0.025
» Vector leptoquarks VR
0.02
(VLQ) 1 ‘\ ,(2\ A ' \) 10 111;2, ‘\ /0= )\ /(2 \_] ;20.015 1l-sigma Excluded
ap Y = ———— Q1) + Ar(Q6)) + ——— (AL(Q7) + Ar(Qu)
b STrZIII{CQF/);\I[) ALk r((s), 9 Iizf(g (AL {Cr) RAS4/ 0.01
2 \MpB 5n m? o0
= _:)[1)‘)#(,\1‘4_)\”] (1_+_._] ‘)« . 0.005 EeITIE T
12mmi o U'p 3 mig 0
150 200 250 300
Myrg, TeV

[T S LA S VNS S D o
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New Physics in x: extra scalars

1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 'I
lg Excluded

» 2-Higgs doublet model
oonyy | GRMZ | P
(2HDNMN) FAYW #2 ‘ a
x = MpBpri(m.. My i
D 62T, ToMpBpri(me, My+) .
X Z )\;)\j [tzml n'.f;‘"‘[[[[(.l',; T, Ty ) -+ THIIQ .fx"ln'jl(;l‘;. T, Ty )]
ij
ten g8
> Flavor-changing neutral Higgs 0.0175
0.015 1-sigma Excluded
0.0125
- D : 2 1
v SfMpBp [1—06np _ , o o 12n o ] s 001
ol = o050 L2000 ) 4y (Cafme) + Crlme)) = 22 (Csme) + Colmo))| % oo
..,—Lr[),\[” ) 9] N
0.0025
0
. 0.36 0.37 0.38 0.39 0.
> Higgsless models € My 10 Te
0.014 ! ' '
\ M 1-sigma Excluded
0.012[f - ____ N N __
: \
2 2 e ' 0.01 \ N
w _ JoMpBp , . .2 g [2 RS ( 1 'I) \
) D DD e e d 2 (¢ . C(m. C. AT I . o on _ N
'p T, (cLsT) 72 |3 (Ci(m.) + Cg(m,)) + Cy(m,) 5 + 3 7, 0008 . ~
1 _ 0.006} ________5;_______5:1{_
+F(v':;(‘”1(-,] (I — 6'/)] 0.004 \'\-\_ R
- 0.002 T
500 1000 1500 2000 2500

[T S LA S VNS S D
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New Physics in x: extra dimensions

» Split fermion models

'l'[ .\']‘)/H } _
T =
9 Fn

» Warped geometries

,I‘[I)’S) — /.[)[3[) \[[)
b 5.-‘[1 F/)

+ others...

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

—— 2 R*m? Ay ri(m.

MYV

T UH

1.12

2fEMp B

2 1 . 5 .
(;[ 1(me) + Ce(m,)] — C( b(m.) — l—)_)(.';;(/rz,._)>

Xp

2, ®

100 —

1o Excluded

10°?|||||||||||||||||'3
- =

1071 2 1 Excluded =

10~8

w1 Lo
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Summary: New Physics

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 Besons (Fig. 11)
Flavor Conserving Two-Higgs-Doublet (Fig. 13)
Flavor Changing Neutral Higgs (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 Supersyvmmetric Standard (Fig. 23)

Supersymmetric Alignment
Supersymmetry with RPV (Fig. 27)

Split Supersymmetry

Vi Viye| - vy < 0.5 (GeV)
sg-mg < 0.27 (GeV)
[Aue| < 241072
Tree: See entry for @ = —1/3 Singlet Quark
Box: Region of parameter space can reach observed xp
Mz /C > 22.10° TeV
my/f = 1.2-10° TeV (with my /ma = 0.5)
No constraint
Mg > 1.2 TeV (mp, = 0.5 TeV)
(Am/mp, )/ Mg > 0.4 TeV-1
Myrg = 55(App/0.1) TeV
No constraint
my/C > 2.4 10° TeV
mp /| Aue| > 600 GeV
See entry for RPV SUSY
M =100 TeV
No constraint
M/|Ay| = (6107 GeV)
My > 3.5 TeV
[{8%, LR RL] < 3.5+ 1072 for 1~ 1 TeV
|(8f2)LLRre| < .25 for 1z v 1 TeV
m > 2 TeV
MapMuk/mg,, < 1.8 107% /100 GeV

No constraint

[ LT S LA S VNS S D

Alexey A Petrov (WSU & MCTP)

v' Considered 21 well-
established models

v" Only 4 models yielded no
useful constraints

v" Consult paper for explicit
constraints

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

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

- 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
- mixing: X,y = 0 in the SU(3) limit (as V'V, is very small)
- mixing is a second order effect in SU(3) breaking
- it is conceivable that y ~ x ~ 1% in the Standard Model
- large contributions from New Physics are possible
- out of 21 models studied, 17 yielded competitive constraints
- additional input to LHC inverse problem

» Observation of CP-violation in the current round of experiments
provide “smoking gun” signals for New Physics

7 AR S S L0 S F PV S A A S T AT S L A R L S Fede e L ]
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Meeting of the Division of Particles
and Fields of the American Physical
Society (DPF 2009)

July 26-31, 2009, Detroit, Michigan

The 2009 Meeting of the Division of Particles and Fields of the American Physical Society
will be held on campus of Wayne State University in Detroit, Michigan.

http://www.dpf2009.wayne.edu/

Please consider attending!!!
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Questions:

1. Can any model-independent statements be made for x ory ?

What is the order of SU(3) breaking?
i.e.if x, y o m whatis n?

2. Can one claim that y ~ 1% is natural?

[ L T i 5 VNSE S D AT L S L S E IV S A G AT S o A R R S B e ]
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Theoretical expectations

At which order in SU(3); breaking does the effect occur? Group theory?
c ' _
(D°| H,, H, |D°Y=(0|DH,, H, D|0)

is a singlet with D ® D, that belongs to 3 of SU(3) . (one light quark)
u u

The AC=1 part of Hy; 1s gicquk)i.e.3x§x3=1 +6+3+3=H’

O = (sd)(ud) + (uc)(sd) + s, (dc)(ud) + s, (uc)(dd)
— 5, (s (us) — 5, (uc)(ss) — 57 (dc)(us) — s7 (uc)(ds)

O, = (sd)(ud) — (uc)(sd) + s, (de)(ud) — s, (uc)(dd)
— 5, (sc)(us) + s, (uc)(ss) — s2 (de)(us) + s2 (ue)(ds)

Introduce SU(3) breaking via the quark mass operator M ; =diag(m,,m,,m.)

All nonzero matrix elements built of D,, H ,’g M ; must be SU(3) singlets

[ L T S S S VNS S D BT S S L S E VS A G AT I o A A S F e e T e ]
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Theoretical expectations

note that D.D. is symmetric ~=> belongs to 6 of SU(3).

(D°| H,, H, |D°Y=(0|D H,, H,, D|0)

o DD = D,
Explicitly,

H,H, =05 +0,, +0j

1.No 6 in the decomposition of H o, = no SU(3) singlet can be formed

=) | D mixing is prohibited by SU(3) symmetry

2. Consider a single insertion of A/ ; = D, M transforms as 6x8 =24 + 15+6+3=
still no SU(3) singlet can be formed

=) | NO D mixing at first order in SU(3) breaking

3. Consider double insertion of Af = DMM : 6x(8x8) ¢ ={(60 + 42

+(24+15
=) | D mixing occurs only at the second order in SU(3) breaking

I o
Alexey A Petrov (WSU & MCTP) -3

+24+E+E+6)
+6+§)+6

A.F., Y.G., Z.L., and A.A.P.
Phys.Rev. D65, 054034, 2002

KITP UCSB, 2 May 2008




Quantum coherence: supporting measurements

Time-dependent D°(#) ® K*n~ analysis

2
A, . ‘2 R+~RR, (y'cos¢ — x'sin¢ )I't +R7:"(vz +x° Xl“t)2

'\'\

2

F[IDO (H)® K'n~ ]= e

. - x'=xcosd + ysind
where p —|_K'a~

AK"n"

Strong phase 9 is zero in the SU(3) limit and
strongly model-dependent

and

y'= ycosd —xsind

sin O

A. Falk, Y. Nir and A.A.P.,
JHEP 12 (1999) 019

Strong phase can be measured at CLEO-c!

1 1.5 2 2.5 3 3.5

V24D, ® K" )= 4D ® K e 40" ® K7°

Br(Dyp, ® Kn* )-Br(D,p. ® K*)

> \/E P (D "® K- With 3 fb-! of data cos 8 can be

determined to |A cos 8| << 0.05!

cosd =

Silva, Soffer;

Gronau, Grossman, Rosner
NSEENENE T ANIYEAL | IR L LT R A M TR R T R £ S e T T S S
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Theoretical expectations

 [f SU(3) breaking enters perturbatively, it is a second order effect...

A = A4 + 6 . A. Falk, Y. Grossman,
L SU(3) ! Z. Ligeti, and A.A.P.

Phys.Rev. D65, 054034, 2002
* Known counter-example:

1. Very narrow light quark resonance with my~m,

2 2
Epr EDr
2 2 2 2
mp —m;, mp,—my —2m,0,

X,V ~

Most probably don’t exists...

see E.Golowich and A.A.P.
Phys.Lett. B427, 172, 1998

» What happens if part of the multiplet is kinematically forbidden?

Example: both D° ® 4w and D° ® 4K are from the same multiplet, but the
latter is kinematically forbidden

see AF., Y.G., Z.L., and A.A.P.
Phys.Rev. D65, 054034, 2002
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