Sgueezing blood from a stone
shapes of b — s~

Zoltan Ligeti
Fermilab, Nov 30, 2006

Details: K. Lee, ZL, |. Stewart, F. Tackmann, hep-ph/0512191; hep-ph/0612nnn



Perturbative b — sf1¢— calculations

® Complementary to B — X v

® Subtleties in power counting (as in K — wete™):

Col(ms) ~ Colmu) + (.. ) 2 {1_ [ as(mb)]('“>}

as(mw) as(mw)

Scale & scheme dependence cancellation tricky

® NNLO: 2-loop matching, 2- and 3-loop running
2-loop matrix elements

BB X, 0), g

Asatrian, Bieri, Hovhannisyan, Greub, Walker, Ghinculov, Hurth, Isidori, Yao, etc.]

= (1.63£0.20) x10~°

[Many authors: Bobeth, Misiak, Urban, Munz, Gambino, Gorbahn, Haisch, Asatryan,
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Inclusive B — X .£T7£¢~ measurements
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Cut out J /v and ' regions, and impose an additional cut myx < 1.8 GeV or 2 GeV
to suppress huge b — ¢/~ v — s¢~¢*vv background

Current measurements not really inclusive — sum exclusive modes (about ~ 50%)

B(B — X /t07) = (45%£1.0) x 1076
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Exclusive B — K®¢+¢— measurements
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B(B — K{t¢™) = (0.4440.05)x 106, B(B — K*(t¢~) = (1.1740.16)x 10~

expects (5yr, 10fb™") in SM: o(¢3, o) ~ 0.5GeV? = o(Cs! /CsT) ~13%
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Outline

® |ntroduction

® OPE for inclusive decays
“Old” developments motivated by |V,;| and |V

® What does B — X /¢~ have to do with this?
Exp. cuts on ¢? & mx = theoretical issues similar to B — X, ¢i

[K. Lee, ZL, I. Stewart, F. Tackmann, hep-ph/0512191 — started to think about this after Enrico’s talk @ INT ]
® Rate with cuts: results, universality, implications

® Optimal (?) observables to constrain short distance physics

[K. Lee, ZL, I. Stewart, F. Tackmann, hep-ph/0612nnn]

~
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Remarkable progress at

B factories
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® The CKM picture is verified = looking for corrections rather than alternatives
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Questions for flavor physics

® At scale my, flavor changing pro- weak/NP scale ~ 5 GeV
cesses are mediated by O(100)

higher dimension operators
> > ) —>_z_>— _ o
Depend only on a few parameters ""Tg/ S Fex

In the SM = correlations between —u : — -
¢ el - XS @), (T,
s,c, b, t decays
Vid

Amg b—dy b— dbTe™
Amg b — sy b — slti- ts

L

>t >—d ~
Pl . = > (9.0,
s

s

n -

W

E.g., iIn SM

XX

, but test different short dist. physics

® Scales probed >1TeV (hierarchy problem) = NP flavor problem

sd)? bd)>
€K (AQ) = A2 10* TeV Ampg : (AQ)

= A >10° TeV

® Does the SM (i.e., integrating out virtual W, Z, and quarks in tree and loop dia-
grams) explain all flavor changing interactions? Right coefficients and operators?
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Inclusive decays

1) Decay rates calculable in OPE in expansion in Aqcp/me and a(my,)

2) In restricted regions of phase space, OPE can break down



Operator product expansion

4
Consider semileptonic b — ufv decay: O = —% ub (T w“PL b) ( VuPrLv)

Decay rate: ['(B — Xy (0) ~ ) /d[PS] ](XuED\O\B>\2
Factorto B — X, W* and W* — /v, concentrate on hadronic part
W ~ S 64 (pp — g — px) (BT [X.) (Xu| T2 B)
~t [ do e (BT @) 0 HB)

In mp > Aqcp limit, time ordered product dominated by z < AQCD

1
/é 5\ >< ><+2><+...
b my,
p=my,v-q+k b b

D, —mbv+k separation of SD and LD physics into coefficients and matrix elements
e Z.Ligeti— p.7 N



Inclusive decay rates

® The m; — oo limit is given by free quark decay
® No O(Aqcp/me) corrections (except kinematic m g —m;, term in hadronic spectra)

® O(A¢cp/mi): two hadronic matrix elements

1 1
= B|b(tD B Ao = Blb ,G' b |B
M= 3= (BIb(D)BIB)  de= g (BIb §0,, G b|B)
determine from spectra Ay = (MmBe —m%) /4

® O(A{cp/my): six more hadronic matrix elements — determine from spectra

® Total rates expressed as

dF:<bquark) x{1+n2 +f(>‘1’2>‘2)+...+a5(...)+a§(...)+...}
b

decay m;

Uncertainty of both T'(B — X fv) and I'(B — X, 4v) at few percent level

~
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Example: |V,| from inclusive decays

® Theoretically cleanest application of heavy quark expansion
G2 Vc 2 m 5
I'(B — X p) = 11327:3' ( ZT) (0.534) x [1 B.&g \
Coaa( 218 Y gonn (=28 VP posa(— M) _oon(— 22
0'22(500MeV> 0'011(500Mev> 0'052((500Me\/)2) 0'071((500Me\/)2)
B AA1s A2Ms ) P1 P2 A
0.006((500 Mev)3> +0'011<(500Me\/)3> 0.006((500 Mev)3> +0.008<(50O Mev>3>

+ o.o11<—1> + 0.002(—2> _ 0.017(—?’) - 0.008<—4>
(500 MeV)3 (500 MeV)3 (500 MeV)3 (500 MeV)3

2 A
+ 0.096e — 0.030ep1,M T+ 00156(%) + .. ] [Bauer, ZL, Luke, Manohar, Trott; Buchmuller & Flacher]

Corrections: O(A/m): ~20%, O(A?/m?): ~5%, O(N°/m?): ~1— 2%,
O(ay): ~ 10%, Unknown terms: < 2%

~90 observables: consistent fit to hadronic matrix elements and |V,|; test theory
Clear evidence for power suppressed corrections — measure \; with <15% error

® |V, = (41.74+0.7)x 1072, <2% error; also determine m; and m..

~
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The problem for b — u

dr (b— c)/dE,

dr/dE,

10 dr (b U)/dE, s

1
E, (GeV)

1 . .
| Vub| ~ 0 |V.s| = experimentalists need cuts

restricted regions of phase space (AFE ~ 330 MeV)... and the troubles begin
it's purely nonperturbative effects that shift endpoint from my /2 to mp/2

~
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Restricted phase space

® Measuring many interesting decays requires cuts: B — X fv, Xy, X410

® \When is the OPE expected to converge?

\q Ny Can think of the OPE as an expansion in £ ~ Aqcp
1 B 1
b . - +kx b (mpv+k—q)2  (myv —q)2+2k- (myv — q) + k?
p=myy-q
ijb" " Need to allow: m35 > 2ExAqcop > A%QCD

OPE breaks down: mx ~ few x Aqcp (trivial — resonances)
mx, Ex > Agcp but m% ~ 2ExAqcp (nontrivial)

The constraint E, > (m% — m%)/2mp allows 2Ex < mpg and mx < mp
Final state can have but must have

m3, ~mpg X (500 MeV)

. Z. Ligeti — p. 11 /\| al




Nonlocal OPE

® Jet-like (parametrically) hadronic final states = use light-cone variables
p“:(ﬁ-p)%qu(n-p)%uﬂLp’j:p%ﬂ+p+%u+m, (p+ = E F |p])
m% ~ 2ExAqep > A{cp corresponds to py > Aqep but py, kT ~ Aqep
Can expand in Aqcp/p—, but notin py and k4

® Expansion in “twist”, analogous to DIS; leading order: [Korchemsky & Sterman]

dI' = H(p-, p+) /dw J(p—, p+,w) fO(w)

“Shape function” f(O) (w) = <BU|BU(5(W —mn - D)hU|Bv> [Neubert; Bigi, Shifman, Uraltsev, Vainshtein]
Universal at leading order, measure “structure funtion” in B — X~ use elsewhere

Part of the o, correction to b quark decay should go in renormalization of f(% (k)

° Ol Aqcp/muw
Z.Ligeti — p. 12 ”/':'\”| A



B — X v vs. B — X v In pictures

b quark decay

with a model for
the Fermi motion

Z.Ligeti— p. 13
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B — X v vs. B — X v In pictures

b quark decay

_d dr |
dE,dE, |

with a model for

the Fermi motion T~
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B — X v vs. B — X v In pictures

difference:

b quark decay

\__/

dJa
dE,dE,

with a model for
the Fermi motion ~— |

0 05 1pls 2 25 7 A P y—
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B — X v vs. B — X v In pictures

b quark decay

d dI" |

difference:

xxxxxxxxxxxxxxxxx

v
S-

 dE/dE,

with a model for
the Fermi motion

Weights / 100 Me

—(=
T

— Spectator Model

(CLEO 2001) 1|

xxxxxxxxxxxx

152 25 3
14

X I Ll I X I Il
3.5 4.5
(GeV) 4

Up to corrections, B — X v photon spectrum measures Fermi motion of b quark

At order Aqcp/ms, many new shape functions, not clear how to extract from data

Ft.
b
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Subleading corrections

dl'  GZm} |V’ 2\
® = e 3b‘ { 2(3-2y)0(1 —y) — = —5( —Y)—y (6+5y)9(1—y)]
Y 192 7 mb
C2) 5
1[ 5'(1—y) + — 5(1—y)——y 9(1—y)] }
mb 6 3
Largest effect: coefficient correspondingto 11is3in B — Xy [Leibovich, ZL, Wise]

® Full SCET analysis: several more functions, more complicated convolutions
Cannot extract from data; must be modelled [Bauer, Luke, Mannel; Lee & Stewart; Bosch, Neubert, Paz]

By-product: clarify (in Fermi-motion picture) which powers of m; get “smeared”

® The size of weak annihilation-type contributions is debated

~
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Status of B — X ¢4~

® Rate depends (mostly) on ol
O7 =Ty, 50,6 F* Prb, |

Og = €3(57, PLb) (17"0),
O10=*(53uPLb) (E7"75) 2

Theory most precise for 1 GeV? < ¢2 < 6 GeV? —

® NNLL b — s¢t¢~ perturbative calculations

[Bobeth, Misiak, Urban, Gambino, Gorbahn, Haisch, Asatryan, Asatrian, Greub,

[Ghinculov,|Hurth, Isidori, Yao]

5 10

Walker, Ghinculov, Hurth, Isidori, Yao, etc.]

Nonperturbative corrections to ¢? spectrum

[Falk, Luke, Savage; Ali, Hiller, Handoko, Morozumi; Buchalla, Isidori, Rey]

16_—

® mx, S 2 GeV
to suppress b — c¢(— s¢*v)¢~ v background

: [Belle, hep-ex/05(03044] }
B T R 1 '

g2 1(SG e\77c)2 :

5

~
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Aside: long distance effects

® A worry (at least, for me) that will be ignored in this talk

B(B — X,) ~ 4 x 103 -
B(lw — {T07) ~ 6 x 1072 &

9~ \d
Combined BR: B(B — X,(T0~) ~2 x 10~ b, .S

This is ~ 30 times the short distance contribution!

A

® Averaged over a large region of ¢2, the cc loop expected to be dual to ¢ + ' + . ..
This is what happens in ete~ — hadrons, in T decay, etc., but NOT here

Z.Ligeti— p. 16



B — X T¢~ kinematics, below the

® Only two kinematic variables are symmetric in p,+ and p,-
2mpEx = m% +m5% — ¢*
¢° not large and m3% < m% = Ex = O(mp) = E% > m%, s0 px near light-cone

px =n-px = O(Aqep)  px =7 -px = O(mp) n,n = (1, £px/|px|)

q> — mx Dalitz plot; shaded: m?X > m%

® p < py: jet-like hadronic final state

7 : mp=4.6 Ge
® Parton level: T' o f(g?) §[(mpv — ¢)?] @V g

m% > A(mp — ¢*/my)

. _ 10 my=4.7 Gev—»
rate vanishes left of the dashed lines | \1\\ \
= nonperturbative physics important | mp=4.8 GeV .
ol ‘
1 2 3
me (GeV?)
i 3 Z. Ligeti — p. 17 /‘\‘ \
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B — X T¢~ kinematics, below the

® Only two kinematic variables are symmetric in p,+ and p,-
2mpEx = m% + m5 — ¢*
¢° notlarge and m% < m% = Ex = O(mpg) = E% > m3%, S0 px near light-cone

px =n-px =O(Aqep) px=0-px =0(mp)  n,n=(1,£px/|Px])

o o Dy M (GeV
® p} < py: Jet-like hadronic final state + SOF X X(()Se )
Py 4ok 1.6
(GeV) , 20
® Parton level: T o f(q?) §[(mpv — q)?] 3
x 20F
m%( > A(mp — q2/mb) 105_ pX+ .
rate vanishes left of the dashed lines 0'05 (l)g

= nonperturbative physics important T T T T PR T

" Z. Ligeti — p. 17 /\| Q‘




Effects of 1 x cut at lowest order ‘

® Define:
6GeV2 ) mg;—lt 5 dPZ]
dgq dm’y 5
_ J1gev? 0 dg? dm?,
Nij = 6 GeV2
/ € 2 dFZ]
dg
1 GeV?2 dq2

ij. CZ and C%,, C.Cy, (2 — different
functionally for each contribution

Dashed: tree level in local OPE [wrong]
Solid: with a fixed shape function model

— 1j=99,00 —~-

A~ T T T N A AT ST N N S B AN

® 7,; determine fraction of rate that is measured in presence of mx cut

l.e., a 30% deviation at m$* = 1.8 GeV may be hadronic physics, not new physics

(Experimental papers have used Fermi-motion model to include effects of mS*

* Z.Ligeti— p. 18
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Effects of 1 x cut at lowest order ‘

. D efi n e : T T T T T T L N N S S S S

6 GeV2 mggt dr . i L i

/ dq2 dm?X Y _

- J1Gev?2 0 dg?dm3, :

772] o 6 GeV?2 dr. . i

/ d 2 1] —

¢ — ]

1 GeV?2 dg -

ij: C§ and C%,, C7Cq, (2 — different ~ f ey im0 —— ]

: : : . v/ —79 4

functionally for each contribution 02| ) — Zn o]

: i t,” 1

Dashed: tree level in local OPE [wrong] o0 . % o o v v o 0 v 0 T

. . . . 1.4 1.6 1.8 2.0 cut 2.2
Solid: with a fixed shape function model mx

® Strong m$* dependence: important to raise it, if possible
Once 1 — n is sizable, so will be its uncertainty

® Approximate universality of n;;: because shape function varies on scale p% /Aqcp,
while IP*"°" varies on scale p} /my = n =~ n;;

~
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Perturbation theory for amplitude or rate?

® Usual power counting: expand (s¢*¢~|H|b) in ay, treating o In(my /my) = O(1)

This is OK in local OPE region (e.g., rate or ¢* spectrum) where nonperturbative
corrections (A; o2, etc.) are small and can be included at the end

® Shape function region: only the rate is calculable, ' ~ Im (B| T{O](x) 0;(0)}|B)

Co(myp) ~ In(mw /myp) ~ 1/a, “enhancement”, but |Cy(my)| ~ Cig
— Need to take it seriously to cancel scheme- and scale-dependence in running

— Do not want power counting to imply that <B|O$Og|B> at O(a?) is of same
order as (B|0],010|B) at tree level

® Matching onto SCET, can separate p-dependence in matrix element that cancels
that in running from O(mw ) to O(my), and dependence on scales /myAqcp and
Uhadr ~ 1 GeV — can work to different orders

~

# Z.Ligeti— p. 19 ﬁfm




“Split matching” and running below my,

® Match H,, at o ~ mp oNto operators [Lee and Stewart]
ZmeV

Gy (10) (517"b1) () + Cro(517"b1) (Prvs€) — C7 (ko) = 3

(gLawbR);Fmb (E'Yue)

® Match onto SCET at up, ~ my [y = po In practice; common anom. dim. below my]

® Run down to u; ~ y/mpAqcep, calculate
*r0 = g / dk J(k) fO(k)
H and J perturbative, (9 nonperturbative

® Take f(9(k) from B — X v, or run model from p to p; [Bosch, Lange, Neubert, Paz]
(recall: Aqep/ms suppressed shape functions are non-universal)

VS(IM»“O) ~ n 1 16
FO@, mi) = - ( w) / dt £ [d}(l — ¢/, ,Lbo] n=— In s (o)
L +mn) \wo/ Jo 27 o)

~

# Z.Ligeti— p. 20 m




Matching onto SCET

® SCET operators: J.) =

Z Cgi(s) ()Zn,p Ff HU> (K_’YME) -+ similar 010,7 terms

i=a,b,c
H, = YTh”U y  Xn — WTgna Fg_c = Pg {Vua ’U'ua
a) e b) A
(" \/
q q > 5 3, ,g._)
2, )
b ———> i b a()bbbbb’b’@ﬁ@

Wilson Coefficients: Cy,

¢

="+ O(a)]  Cope =

¢

O(as)

n“}
n - v

® Some parts of the “usual” NLL O(a;) corrections included in C¢ff
now contribute to the jet function, J, some others to the shape function, f(® (k)

[ — - = -

Sn

[Misiak, Buras, Munz]

Ft.
b
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Including NLL corrections

® Universality maintained; estimate shape function uncertainties using B — X

Moo [

0.8 | .

0.6

04 =8

my =463 GeV ]
— =468 ]
— =473

0.2 —

0 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
1.6 1.7 1.8 1.9 2.0 2.1 2.2

cut

my
NNLL reduces u-dependence, effect on ¢ spectrum small = n(NEL) r ¢(NNLL)

® |f increasing m$* above ~ 2.2 GeV hard, keep it < mp, and compare measure-
ment with theory for ratio with same cuts:

R=T"B — X (") /T"(B — X, (D)
Both shape function (m$#*) and m; dependence drastically reduced

Z. Ligeti — p. 22 /\‘ A




‘ Forward-backward asymmetry

® Define 6: angle between the /T and the fo; M (A=-0.330, A,=4.069, A, =4.213) E
— _ . _ 0.6 F AA,, sign flipped case =
BY, B~ momenta in the ¢/~ rest frame 04 N — E

02 F =

! d°T(B — X 107) oo b E

App = d cos 6 sgn(cos0) [ E
—1 dsdcos 6 —0:6 E_ both A_A ,, and AA , signs flipped case _E

0.8 E AA,, signflipped case =
B b by b b b b b by L

App(s) x (1 — s)* Cig [2C§H + s ReCM(s) "o 2 4 6 8 10 12 14 16 18 20
q2 GeV/c

® No sensitivity in dI"/dg” to these terms, odd under cos # — — cos 0:

dr .
o (1= )" [(1G5")° + Co) (1 + 2) +

| eff|2

(2 + s) + 12Re(C$HC§ﬁ*)]
® g2 ~ 2m,[m,C5M) /ReCS™ where Apg(g3) = 0 is sensitive to different C;'s (& signs)

O Arp
g2 ~ 3GeV?

~

# Z.Ligeti— p. 23 :’”:/”?l\ﬂ




Other observables




Angular decomposition

® With limited data, what partial rates give most information on short dist. physics?

f: angle between py+ and pzo - [Py- and pgo g+] in £7¢~ center of mass frame

® Previous analyses considered dI'/ds and dApg/ds (s = ¢°/mj, z = cos0)
d°T 2 > 2 N\2%2 | 2 _
deZNSFO(l—s) {(1—|—z )[(C9+EC7) —i—ClO] Hr [I'= Hr+ Hp]
2
— 428C10<C9+ §C7) Hy [= (4/3)Ars]

+ (1 — 2% [(Cg +2C,)° + Cfo} } Hj; [noC7/s pole]

Same structure for both inclusive B — X ¢1¢~ and exclusive B — K*¢*¢~ decay
B — K*¢*¢~: Two further angles (ignore possibility of measuring ¢* polarization)

The O(as) and O(1/m.) corrections are different

~
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A “toy analysis”

Inclusive, with “guessed” errors for ~1ab™*

2

- q2
Define: Hi(q}, q¢3) 2/2 dg’Hi(q”)

91

H;, « ¢*-independent combination of C;’s 5.
= integrate over as large region as possible

Hand H 4: different ¢ regions sensitive to
different combinations of C;’s

Separating H4(1,3.5) vs HA(3.5,6) and/or
Hr(1,4) vs Hp(4,6) appears promising 7.

-2.

Cio |

Separating - and Hy, is very powerful

Can extract all information from a few integrated rates

Z.Ligeti— p.25
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‘ Exclusive B — K*¢t¢—

® Seven B — K*¢+¢~ form factors = fewer functions in the E > Aqcp limit

Helicity decomposition: ((s) and ¢/(s) ~ non-factorizable and factorizable parts
2C- 2}

Hr s { G + €0 6ue) + 20 P2 e () + (1 - 8¢ (9)

2C7 my

Hy~—25C10¢L(5) {Cg Ci(s) + e —[CL(S) + (1 — S)CL(S)] }

Hy ~ % (CfO + 2) [CH(S) — | (S)]

my
Cog + 2C7 —
mp

Without nonperturbative input [or SU(3)], cannot use HéB_’KWE_) &B — K{T¢~

(J>( 0)
(1—s)?
o I'(B — K*v), Hr(0,8), Ha(0,4), Ha(4,8)
= C10/C7, C9/C7, and hadronic parameter ¢, (0)/[¢1(0) + ¢ (0)]

® Heavy quark limit: ¢\ (s) = [1+O( S,A/Q)]
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Summary and conclusions

To achieve maximal sensitivity to NP in B — X ¢7¢—, small ¢° region is important

Experimentally used m x cut makes observed rate sensitive to the shape function

SF region: expansion for rate, not the amplitude, reorganize perturbation theory

For 1GeV? < ¢ < 6GeV?, obtain: T 75 = {

(1.20 £ 0.15) x 107,
(1.48 £ 0.14) x 107,

mggt = 1.8GeV
mggt = 2.0GeV

Must take hadronic effects into account using B — X,v and/or B — X, /v data

Sensitivity to NP not reduced: don’t need complicated fits to 2-dim distributions,
nor where Agg vanishes, just a few integrated rates

Ft.
b
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SCET In a nutshell

® Effective field theory for processes involving energetic hadrons, £ > A

[Bauer, Fleming, Luke, Pirjol, Stewart, + ...]

® Expand in A> < AE < E?, separate scales  p-,

[light-cone variables: (p_, p1, p1)]

Introduce distinct fields for relevant degrees ory
of freedom; power counting in A

SCET;: A = /A/E — jets (m ~ AE) j}’;'
SCET: A=A/E — hadrons (m ~ A)

New symmetries: collinear / soft gauge inv.

® Simplified / new (B — D, wfr) proofs of factorization theorems [Bauer, Pirjol, Stewart]

® factorization in B — DOT('O [Mantry, Pirjol, Stewart],
CPV in B — K*~, weak annihilation, etc.

~
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One-page introduction to SCET

® Effective theory for processes involving energetic hadrons, £ > A

[Bauer, Fleming, Luke, Pirjol, Stewart, + ...]

Introduce distinct fields for relevant degrees of freedom, power counting in A

modes  fields p=(+ 1) »°  SCET: \=./A/E—jets (m~AE)
collinear &, ,, A" E(M\%,1,)) E?)\?
SCET: A = A/E — hadrons (m~A)

n,q
soft qq, A” EX\ N E?)\?
usoft qus, A, EZ, 22,02 E2\* Match QCD — SCET; — SCET

® Can decouple ultrasoft gluons from collinear Lagrangian at leading order in A
Enp = Yn 57(31)9 Apngs =Y, Aq(q% YT Y, = Pexp [ig ffoo dsn - Aus(ns)]
Nonperturbative usoft effects made explicit through factors of Y,, in operators

New symmetries: collinear / soft gauge invariance

® (B — DT(', ﬂ'gﬂ) [Bauer, Pirjol, Stewart]

~
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B — X,vyand B — X 010~

® in SUSY B — X v mainly

i : : . br ©2mm !
constrains LR mass insertions, while B — mb“ja”?xfﬁ'“*‘*fifﬂ (%)en, %I
. .- bLA Y s. b ,’/’X sg SR
X /¢~ is sensitive to both RR & LL oL A bRi_bWsR
® B3(B — X4v) = (3.4+0.3) x 10~* — triumph for SM P T BB
O(100) person-yr effort to calculate NNLL: error ~5% & +
(4-loop running, 3-loop matching and matrix elements) ‘f —T ]
Crucial to measure with as low ES"* as possible R
® B(B — Xt0~) = (4.5+1.0) x 10~% also agrees w/ SM 2"}
>
O |
NNLL practically complete, uncertainty ~ 10% Né
@ F
Theory most precise in 1 GeV? < ¢% < 6 GeV~ region o el |
" g2 1(ESGe\7)/c)2 ”
= Z. Ligeti — p. iii rr/r_:r\rrl A



Why is flavor physics and CPV interesting?

— SM flavor problem: hierarchy of masses and mixing angles

— NP flavor problem: TeV scale (hierarchy problem) < flavor & CPV scale

(sd)”
A2

. (bd)?
= A 210" TeV, By mixing: (A2) = A 210° TeV

€K -

— Almost all extensions of the SM have new sources of CPV & flavor conversion
(e.g., 43 new CPV phases in SUSY)

— A major constraint for model building
(flavor structure: universality, heavy squarks, squark-quark alignment, ...)

— The observed baryon asymmetry of the Universe requires CPV beyond the SM
(not necessarily in flavor changing processes, nor in the quark sector)

~
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® Old story: 1672

Aside: Weak annihilation

QCD ¢ in total rate, smeared around §(q? — m%) §(E, — 28)

b

Guesstimate: <3% of B — X, /v rate

At large E,: enhanced by —

Aq

[Bigi & Uraltsev; Voloshin; Leibovich, ZL, Wise]

== sizable uncertainty

® More recent: 4ma; QCD e in total rate, smeared in usual shape fn. region

b

Role / presence of 4ra, and ¢ factors argued

2

In shape fn. regions: enhanced by —--— T

Can be absorbed into other subleading shape fn.’s

|Vub|

B:I:

BO

QCD

(1) (1)
(0) qu L?g‘q

Fes

[Lee & Stewart; Bosch, Neubert, Paz]

DO Dy

Ft.
b

Z.Ligeti—p.v

~

frreeeer |||‘
@




Phase space variables

0 1 2 3 4 5
P_[GeV]
251 [ b-callowed 25 [ 1 b-callowed
20 E=H Ee>(mgms)2mg 20 = me<mp
@ 15 [ 67> (me-mp)? @ 150 B o*>(me-mp)®
(GeV?) (GeV?)
10 | 10 f
5 heory 5
reaks
aown
05 1 15 5 10 15 20 25
Ee (GeV) ¥ (GeV?)
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