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Motivation

[:  Flavor as a second telescope to higher scales

HIGH HIGH
ENERGY PRECISION

generic flavor at TeV scale is totally ruled out! Non-trivial
pattern waiting to be unveiled

opportunities at every front -- a very exciting time!
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Motivation

I1:

e DO sees a ~1% asymmetry in the number of Y- vs. the
number of P*p* Ab = —(9.57 £ 2.51 + 1.46) x 1073
(1005.2757) 3.20 deviation from SM

 like-sign leptons are attributed to B% and B% oscillation
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* dimuon asymmetry can be recast in terms of the Bs, B4
“wrong charge” semileptonic asymmetries

— + A7t — Nt
A%L: NTT - N _ NpsNyws — NpsNws ;
- — ~Y S
NTT+ N NpsNws + NpsNys = w5 agr,
depend on what fraction of produced b go to Bs, B4
where:
0 _ q
q N(Bophysﬁg—l_X)_N(thysﬁg X)N ‘F12‘ q q
“SL T R0 + 0 — vy MY Sln( M I‘)
N(B phys — 4 X) + N(Bphys — £ X) | 12 —|—O(‘Fq |2)
12
some related quantities
I .
asr “]\41122“ sin (¢ — ¢r) ’ AMg = 2| M5 ’ Al = 2|T"13| cos (ppr — ér)

mass difference lifetime difference
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New Physics in a9, asst
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s |F12‘
gy, — ‘M12| S111 (¢M ¢F)
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New Physics in a9, asst

(> we heard from Christian that this is hard...

AMg = 2| M72| measured very well..
SM theory error is only around |0 - 20%

Tm (M) phase is extremely small in the SM ~ ().2°

new contributions can easily change a’s. by
Re(My) orders of magnitude
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Motivation

I11: assuming one decay amplitude,
' 0t order in I’
e different observable: Syo orderin - 12

SL|)¢
N(ﬁphys — J/¢¢) o N(thys — J/¢¢) . . f—H
NB e — JJ00) + N(BY,, . — Jg) . SnlAmb)sin(oar +207)

CKM phase of tree-level
strictly speaking, not the same phase as in a’s_ b — cC5 process

(relative phase of M|z and ['|,)

in the SM: sin(¢y — ér),sin(pps + 2¢¢) ~ 0

if NP only changes phase in mixing, effect will show up in both
sin(¢np + ¢y — or) = sin(¢np) ~ sin(¢np + ¢ + 2¢;)

not the case if there is new physics in the phase of 1'12
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What about Sy ?

both CDF/D0 measure Syo :extract AI' and ¢ + 297

Preliminary

— - = 0495013 CDF Run Il Preliminary L=52 fbo '
04 i— D@, 6.1 fb 1 z e ' 0.6}~ —— 95% CL :

0p)] - BO J 52 = 3.014+0.14 E &

Q-c — s — /Iqub _ -1 ‘ 68% CL
= AM, = 17.77 +0.12 ps it A s E
el — 68% CL P

< = @ ot

— w021 5 5
0.0 = T _rT 8 sl @)
2 ; “7 """"""""""""""""""""" /.f—"::

-0.4}

S 0.6}
—204[rad]

-1
—20s = Opm + 205 = Op — Or
* both experiments favor phases >> SM

Bs (rad)

o AI'=2|I'12|cos(¢ar — ¢r) so if new physics only changes
the phase, |ATI'| can only be smaller than AT°M = 2|I‘152M
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In the Standard Model

* For now let’s assume Q%L — (O since the Bq system is tightly

constrained by B-factories. Whole asymmetry comes from Bs

from expt. .
S ~ 1 —
(a31)comp ~ —(12.7£5.0) x 1072 (s
results)
’Ml M‘ ~ ( 0+ 1.4)pS_1 ~
w 9, 6.1 1"

T2M| = 0.045 4+ 0.012 ps~? 0.01 .

0
sin (o — ér) gy R Ty
. Standard Model

~ (4.2 4 1.4) x 1072 092" B Factory WoA.
"DV B oD X e ~
-0.03 - Preliminary
Combination

0% (SM) = (2240.6) x 1075 Lol

-0.04-0.03-0.02-0.01 0 001
arXiv:1005.2757 a

'y
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a first approach

What happens when we try to put new physics only into the
phase of M,

Do =T My = MNP + MM = Cp e | MM

(set phase in MM TP to zero)
s _ 10Ty sing,
SL —
MM [Cs,

plug in MFQM, FfZM fitto ag; and AM, = 2|My,| = 2|M3M|Cp.
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a first approach

What happens when we try to put new physics only into the
phase of M,

P =T70%"  Mp=MY + MY =Cp e | MM

(set phase in MM TP to zero)
SM '
s \ | sin ¢

plug in MM TH9M fitto agy and AM, = 2|M;y| = 2|M3M|Cp,

Cp. =0.98+0.15 , sings=—2.5+1.3
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a first approach

What happens when we try to put new physics only into the
phase of M,

Do =T My = MNP + MM = Cp e | MM

(set phase in MM TP to zero)
s _ 10Ty sing,
SL —
MM O,

plug in MFQM, F*ngM fitto ag; and AM, = 2|My,| = 2|M3M|Cp.

Cp, = 0.98 £ 0.15 ,
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22222222212

with the set of assumptions we've made and the current
experimental central value, we find an unphysical scenario

So..

e central value will decrease once errors are reduced

Or.. we need to modify our theory assumptions
* put some asymmetry into a%;:ad% = (-0.47+0.46)%

has large errors, seems like a easy place to put some
(often done in results!)

BUT, not free - central value would imply new physics in B4 mixing!
improved measurement of a%; would be great

Thursday, September 2, 2010
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Or.. we need to modify our theory assumptions

* new physics in I'(5 (Christian’s talk) «——
* not a simple 2 state mixing (see Bai, Nelson 1007.0596)
* muons come from some other
new physics (rate ~10~ Oy ?)
* others?

Thursday, September 2, 2010
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Or.. we need to modify our theory assumptions

* new physics in I'(5 (Christian’s talk) «——
* not a simple 2 state mixing (see Bai, Nelson 1007.0596)
* muons come from some other

new physics (rate ~10~ Oy ?)

e others!?

let’s keep going with our current strategy
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thinking outside the box

Consider the situation where Sin ¢ settles to a large, but physical value

sin g ~ —1

In this case new physics of this form needs to be
large and have a large phase

Im(M12) M]%M -

12

What new physics can generate this!?

Thursday, September 2, 2010 13



thinking outside the box

what about tree level scalar exchange:

...occurs in general two Higgs doublet models (THDM)
(up-, down-type quarks couple to both Higgses)

Yy U H,Qr +y,UH;Qr + yaDHyQp + y, D H, Q1
can’t be simultaneously diagonalized
b b most models have a symmetry

(discrete, continuous) imposed
restrict the couplings

S

val
x

~ complex

Thursday, September 2, 2010

14



thinking outside the box

what about tree level scalar exchange:

...occurs in general two Higgs doublet models (THDM)
(up-, down-type quarks couple to both Higgses)

yuU Hy Q1 + ML +yaD"HaQr, + QML

can’t be simultaneously diagonalized

b b most models have a symmetry
(discrete, continuous) imposed
restrict the couplings

S

val
x

~ complex
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thinking outside the box

______ < (brsr)(brsR) , (brsr)(brsr)
ybsysb

complex

Advantages of tree-level FCNC.:

* Yukawa coupling strength -> Yb ¥s = ¥Yb Yd =~ Y¥s Yd

effects in Bs > Bq >> K

e AB =2 at tree level, while AB =1 | LHl .

only occurs at loop level -> parametrically smaller

Thursday, September 2, 2010
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thinking outside the box

______ < (brsL)(bLsR) (b}ML)

| vanishes in degenerate
compiex A/HO [imit

Advantages of tree-level FCNC.:

* Yukawa coupling strength -> Yb ¥s = ¥Yb Yd =~ Y¥s Yd

effects in Bs > Bq >> K

e AB = 2 at tree level, while AB =1 | LHl .

only occurs at loop level -> parametrically smaller
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thinking outside the box’

Get the right size effect for

';‘ 1.2
()
~Z 10
My ~ 500 GeV —
Ybs ~ 0.0, |ysp| ~ 0.001 7= o
‘CKM sized’ e
>> than expected from " : . |

Higgs-related FCNC

but how do you get large enough ybsy:b/MEl without screwing up
other flavor observables!?
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From where? SUSY

the MSSM is a two-Higgs doublet model

Holomorphy constrains the superpotential
—— when SUSY is preserved, type-2' THDM

LD -y, uH,Qr —yqd°HyQr

BUT, once SUSY is broken, integrate out superpartners
—— generate a completely general THDM

LD —yuH,Qp — yad°HyQr — y/ uH Qr — yhd°HIQr

/
so, therefore Mg = Yqvgq + Y4V,

Thursday, September 2, 2010
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From where? SUSY

Standard particles SUSY particles
Higgs
HUI Hd
- Quarks ‘ Leptons . Force particles Squarks Q Sleptons o SUSY force

particles

"Minimal Supersymmetric Standard Model (MSSM)”

Thursday, September 2, 2010 17
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more SUSY

Example: gluino (or bino) loop

g
Q Q) ; d° d*
H,
oo 2l | (Mg M\  aei®=0) (My o M;\
('y;)p _ _ﬂez(eg—ey) W a.F "g’ ',d n Qe - P .’B’ :d
31 M, Mg’ M 2143, \Mg' M,
| 211y y’Iny  2?lna
] ] / Fr,y) = — . __ ..
effective coupling vy, | 72 — 2 \1—9y2 1 — 22

* proportional to Yd
* knows about superpartner spectrum
* knows about complex SUSY parameters

+ additional diagrams
from Higgsino loops or
involving A-terms
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more SUSY

Example: gluino (or bino) loop

SUSY breaking

F;T;d = yad°Q + y, é°L — pH,

-2l | M, M:\ ae®@~%) (0o M\
(yé)p — _262(99—9“) “l’ Q'SF (l g d) n Xe F( B d)

37 M; Mas' Mg 24c8, Mg Mg
| 21 y’Iny z*lnz
] ] / Fr,y) = — _ __ ..
effective coupling vy, | 72 —2 \1—9y2 1 — 22

* proportional to Yd
* knows about superpartner spectrum
* knows about complex SUSY parameters

+ additional diagrams
from Higgsino loops or
involving A-terms
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more SUSY

if the sfermion spectrum is degenerate...

M; Mg,
all F(M~g , M~, ) are equal: y; = I'yq
Q,j Q,J \ c-number

/ . o o
SO Yd,Yq are simultaneously diagonalizable

Thursday, September 2, 2010
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more SUSY

if the sfermion spectrum is degenerate...

M; M,
all F(Mf] , M~, ) are equal: y; = I'yq
Q,J Q,J \o c-number

/ . o o
SO Yd,Yq are simultaneously diagonalizable

if sfermion spectrum is NOT degenerate, ex.) My 3 7 Mg ,

/
F( M; MJ,l) y F( M; MJ,1) each .?Jd entry

- IVERETE weighted
L@ differently Yd, 13 Yd,11

/ /
Ya.13 y Ya.11
Q.3

/
mass term: YdVd + YqUu >, are not simultaneously
Yukawa: UYd diagonalizable: FCNC!

Thursday, September 2, 2010
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/.
great, but Y, is loop suppressed, so one expects
these effect to be negligible...

Thursday, September 2, 2010

20






Uplift!

what if: 2% ~ 900 !
Ud

mp = (Yp Vg + Yp, V)

(%
*large ~* overcomes the loop factor
Uq

o ygvu becomes dominant contribution to mass

* big Yo (also Yr) needed to get right ™y, M

md,s
Yy Yp O(l) Yd,s = Yb i , etcC.
my

* misalignment between ¥4 and yél important

This is the uplifted region’ (Dobrescu, Fox 1001.3147)

Thursday, September 2, 2010

22



Uplift! : How did we get here?

look at the Higgs potential:

(I + mig ) Hul* + (Iu* +miy, ) | Hal” + By HuHq
1

+o(6 + g (1Haf? — | Hal)?

(see 1001.3147)

Thursday, September 2, 2010 23



Uplift! : How did we get here?

look at the Higgs potential: forbid at tree level
(a2 +m3p, ) HJ? + (il + m,)| Hal® + B8k
1
+3(8% + g Haf* — |Haf2)

(see 1001.3147)
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Uplift! : How did we get here?

look at the Higgs potential: forbid at tree level

(1l +m% ) [Hul? + (uf? + m3y,) | Hal® + B8,

1
(6% + g) (| Haf? — |Hql?)

for EWSB:  (|u|” +m3 )(Jul* + m3,) <O
<0 > ()

only Hy gets a vev: Uu/’Ud = OO at tree level

(see 1001.3147)
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Uplift! : How did we get here?

look at the Higgs potential: forbid at tree level

(1l +m¥, ) Hul? + (uf? +m%,) | Hal* + B3

1
4507+ 9 Ho [ = [ Hof)?

for EWSB:  (|u|” +m3 )(Jul* + m3,) <O
<0 > ()

only Hy gets a vev: Uu/’Ud = OO at tree level

don’t worry:

___________

down-type quarks, leptons get mass Q g | i
through loop diagrams: Yo, Yo | H,

(see 1001.3147)
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Uplift! : How did we get here?

once S)JSY, loop effects generate B,,, vy — tan > 1

e U», Yr ~ O(1) but certainly perturbative
tan 5 = 200

20

ﬁ_: ( if )

RN
\

" [, )
{C
H,

16F N

YUr s
14+

l (-) RS -1

0.0

-~ -
-~
-
™
-
——
—_
—-‘_-_--
——

My = Mg
Mpz/Mj; =0.3 ]
Mg/M; =0.6]

+

[ Y|

AAAAAAAAAAAAAAAAAAA

A =100 TeV

3m _[ T T !.‘ T l T T T T ] T T T T [ T T T T l T T T T T T T l_
- M 40 = 700 GeV
250 M 40 = 500 GeV 1
= "\ M 40 = 300 GeV
200 \ ‘ .
- \\
B N
- \\

150 -
100 | -
N —
SoF Tt~ 2
0 __l 1 1 1 1 1 1 L —I"

50 100 150 200 250 300 350 400

tan 5 = 200 A -

20 ~\

Mpz/Mg = 0.1 ]

(0.5 |

10 1.5 20 25 30
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more Uplifted SUSY

L9l B)
— .
4,_/_,__#_\,&_.; 3¢ S
Q Q 4 d Q W (B) ; H, H; d°
" . down-type
F . _‘ ﬁ quarks
- Hy —>—~ Ha
—>——:—)Lr—r—<—>\;>——<— 4>—/—-<—-T-L
Q H, H, IY B d Q i ; O d
\ H A
> - I‘ . -
- f\ - N/ - A . ’ - N/ » 5‘ ;
I W(B) | H. Hi e L Hi H.y B f Ieptons
) . H.,

' .
B
-
4’_/.’. -———_ - .‘X_‘;
L L YI €° e“

 H,

different diagrams! gluino diagrams don’t contribute to
slepton masses... compensate by yr > ys
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tan([3)

Be careful, v, /vy = tan [ is a confusing parameter!

in the ‘usual MSSM’

* yp,yr grow with linearly with tan(B) ... reach non-
perturbative values for O(50) or so

* ratio yo/yr is fixed by the ratio of masses, = mp/m-

neither of these is strictly true!

my  Yp +y, tan g3

mor Yr T yé— tan 6

Thursday, September 2, 2010
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Uplifted SUSY + flavor

for “ s 1 heavy neutral Higgs (HY/A?) lie in the Hq doublet
Ud
—yq d° HY dy

Diagonalizing the mass term, you get off-diagonal
entries in Yd.ij
ey

Ybs = Yb Vis & Ysb = Ybs

e ~\ e

order 1 order 1, complex, sensitive to splitting of
sfermions

off-diagonal entries are big (O(Voxkar)) and carry
new, potentially large phases

right in the range needed to have an effect on Bs for ma ~ TeV
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Uplifted SUSY + flavor

o effects in B4 system suppressed by md/ms

* flavor changing couplings vanish when sfermions are
degenerate, so if Mg = Mg, # Mg,
Mg, = Mg, #7 Mg,

no flavor-violation in
the Kaon system

Starting from degenerate sfermion masses at a high scale,
Yukawa couplings in RGEs will automatically generate the
desired splitting

(1 d
belayS,d:yb ; <<1/\AM~,3<M~,12
Ty ’

(Dobrescu, Fox, Martin work in progress)

Thursday, September 2, 2010



What else can Uplifted -
SUSY do for you? /

*interesting effects in other B-system observables
g Y

e distinct collider signals

»

x
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more Uplifted SUSY + flavor

other interesting effects: B+ _— +=+y,

2 2 2
GHmpm= (1 - m7

ST

2
BR(B* — 7tv) = )" FR Vi

2
B

~ [
W(~0) decay mode is helicity suppressed and
" CKM suppressed. Susceptible to effects

from new physics

BR(BT — 7T1) sy = (0.808 & 0.071) x 10~* (UTfit: 0908.3470)
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more Uplifted SUSY + flavor

other interesting effects: B+ _— +=+y,

2 2 2
GHmpm= (1 - m7

ST

2
BR(B* — 7tv) = )" FR Vi

2
B

~ [
W(~0) decay mode is helicity suppressed and
" CKM suppressed. Susceptible to effects

from new physics

... such as charged Higgs exchange:

<

BR(BT — 7T1) sy = (0.808 & 0.071) x 10~* (UTfit: 0908.3470)
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more Uplifted SUSY + flavor

BR(BT — 77v) g = (0.808 4 0.071) x 10~ * (UTfit: 0908.3470)

while, comparing with most recent experimental results:

BaBar Semileptonic tag (0912.2453)  Belle Semileptonic tag (1006.4201)
BaBar Hadronic tag (0708.2260) Belle Hadronic tag (hep-ex/0604018)

Belle + BaBar: BR(BT — 77v) = (1.72 £0.28) x 10~*

=~ so SM is ~3.2 O discrepant
> ‘ua
= 3 -
T 0.5 0.30 (!1’0 : — ‘ . . ‘1 CL 1.0
a1} - 0.9
oz 04 025 — 1 M.
o - Measurements (10) ] i '
© : - Hoz
0.3 —~ 020 :_
= » 0.6
0.2 QTJ 015 - — Hos
c | ]
s B
0.1 . r 1 0.3
- - Ho.2
- 0.05 I =
4 0 1 2 3 »_ Ejﬂﬁ! Fitw/omeas. - Jo.1
y L. P : 1 UL
B R( Bty ) 0% 0.6 0.7 0.8 0.9 o 00
(UTfit, CKMfitter talks at ICHEP 2010) sin 23
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Uplifted SUSY + flavor

situation looks even worse in the ‘conventional’ MSSM
(or other type-2’ THDM):

B(B™ — Tv) [1 _tan? 3 M% r hard to manage an
B(B= — mvV)sm - al MIQJi enhancement without

throwing off other observables
(ex. BR(B — D71v) )

BR(B* — 1"v) [1 B ( Yo )( yr ) M3 r
YpUq =+ y[gvu YrUq =+ y;-vu MIQJi

———
mg

. . /
we can have a relative relative phase (even -1) between Yy and ¥, :

enhancing B* — v (Altmanshofer *10)
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Uplifted SUSY + flavor

situation looks even worse in the ‘conventional’ MSSM
(or other type-2’ THDM):

B(B~ — Tv) 1 _ tan? g M% 72 hard to manage an
B(B- — 1mV)sm [ -l Méi} enhancement without

throwing off other observables
(ex. BR(B — D71v) )

BUT in "uplifted SUSY’: even without new FCNC

BR(B* = 1tv) [1 - ( s )( yr ) M r
BR(BT™ - 74+ V)sum YbVd + YpUu/ \YrVq + Yrvy, MIQJi

—
my

. . /
we can have a relative relative phase (even -1) between Yy and ¥, :

enhancing B* — v (Altmanshofer *10)
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Uplifted flavor effects: some bigger, some smaller

e b — sy :with the usual range of 2HDM parameters, strong,
tanP - independent bound my, 2 300 GeV

Y

dominant diagram: — MQt b s COS Bsin 3

- 2
bR i LLLL 5L MSSM:_m Tr;b uplifted: "4t Yo
Y v: My, M3, tan
30 Yp

tan O

contribution in uplifted region smaller by ~

e B — putp”

S

1
b
A°, H" large y,s enhances these rare decays --
should be right around the corner!
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Uplifted SUSY at Tevatron/ LHC

* altered collider signatures:

large Yr ™\,

large BR (~30 - 80%) for

heavy Higgses (H/A) to Ak o

(vs. 10% in usual MSSM)

Great prospects
for early discovery/
limits
(Dobrescu, Fox, AM in preparation)

Yo

/" .
g’ﬁﬂfrvrv/ H? A° o

g’OEZﬁEC?ﬁb“\

N

Yb dlscovery VS. MA
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Conclusions

e DO like-sign dimuon asymmetry, interpreted as B oscillations
means there must be BSM physics

* it’s tricky to work in new physics to explain excess without
messing up existing flavor constraints

* One possibility: new physics in phase of M®|2 -- NP must be large
with large phase. In this case, should see an effect in Sy

‘Uplifted SUSY’ region is one scenario with the right properties

* FCNC through H/A exchange to explain excess
e couplings sensitive to complex SUSY parameters
°assuming My # My =~ Mg,

effects in BO > Bd > KV
e other B- system/colllder signatures soon: B — Tv, By — utu”

input from (super)B-factories essential!
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THANKS FOR THE
GREAT WORKSHOP!




EXTRAS
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Latest CDF Sy

— 580
— 230

=" SM prediction
" 4 \

\ // \\
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