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Outline

Motivation
Role of B physics in the SM
New physics in mixing

Disentangling SM and BSM in B decays

not much discussion of concrete NP models - sorry
of course there is no shortage of models providing
the potential signals | will discuss



Flavour at the TeV scale

e Much of LHC is motivated by exploring the weak
scale and, from a theoretical perspective, by its
sensitivity to radiative corrections

e This derives in part from

H- - ---H < Y Ay

® hence physics that stabilizes weak scale should
contain new flavoured particles. This is what
happens in SUSY (stop), warped extra dimensions
(KK modes), little Higgs (heavy T), technicolour, etc.



NP flavour puzzle

e Naturalness suggests

1 1
Eeff — A2 VH2 + £gauge Yukawa + —(HTL) + 2 {(gfy,ud)Q + .-
Auv AUv
v~246 GeV => A< TeV
generic ---> MSSM WED generic
EWP bound weak 3TeV 102 TeV
flavour bound 1034 TeV 20 TeV |04 TeV

Agashe,Delgado,May,Sundrum 03

Ellis, Nanopoulos 82 : A
Gabbiani et al 96 Csaki,Falkowski,VVeiler 08 Bona et al (UTfit) 06

e flavour violation in SM “unnaturally” small: weak
coupling, hlghly non-generic structure (CKM, GIM)
AMp,ex ~ —(ViaVis)?  (gives strong NP constraint)
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CKM matrix

all flavour violation 5.

s Vaus ur : f; ] fj
L \s\g/ in charged current \\g/'/
W (tree) neutral current 70

conserves flavor
Vud Vus Vub - %AQ A A>‘3 (/0 - in)
V= (Vcd Ves Vcb) A ( -\ 1— 5\ AN? ) +O(A)
Via Vis Vb AN (1 —p—in) —AN 1
V’U,S . .
A= [Vus = 0.2255 4 0.0029 nucl. beta decay, n lifetime

\/’Vud‘Q + ’VUS‘Q
V| = AN V| = (41.2 £ 1.1) x 1072 excl. & incl. b->c decay

PDGO08, no
unitarity used

- VuaViy - 20 2 ters to be determined
0 n = — — O(\ parameters to be determine
P Ved (;Z pn ( ) one complex - CP violating



Unitarity triangle

VatVud — + VgVea + VipVid
Unitarity of V =
AN (p+in) — AN+ AN —p—in)

Graphically,

(P, M)

Vub — ‘Vub‘e_w

Vig = |Vigle ™




K" — K° mixing

d
1 1 /m? 10~6 { K
VisVi)? L. -~ topquarkloop
% t % ) o< (VisVig) 1672 M%,(M%V )>< MI%V CKM-suppressed

4 1 1 104 .
2 9 o (Vs V53 —— x const ¥ light quark loop
% g kil 1672 My, X M3,  CKM-enhanced
u

] A2 long-distance
k? ~ AZ *V2_ x 2 _-QCD  CKM-enhanced
QCD X (Vus ud) >®< X (Vus w
My, ( ) My, but power-

J suppressed

u C
g u

(VusViia)® 1,2 (Vs Vi) (Ves V) + (VesVi)* = (Vi Vi)

|m§t

% = O(Amg®) i me ~ GeV
C

unitarity / GIM
cancellation

=> ex = O(1079) constraint on Vi
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why B physics?

e CKM hierarchy in mixing is removed (w.r.t. Kaons)
t J u
o (ViaVyi)? ~ A8 g g o (Vs Vi)~ X
b u

power suppression of long-distance effects now
effective, short-distance dominates

e clean prediction of mixing-induced CP violation
arg A(Bg — Bg) = —283 , survives QCD corrections

e theoretical tools available to compute, estimate or
contain non-perturbative corrections (mixing,decays)

® many observables, look for deviations from SM



B factories

2 dedicated asymmetric e*e” colliders
-SLAC/Babar
-KEK/Belle
operating from end of 1990s, providing O(10°) B
decays so far

running (almost) exclusively at Upsilon(4S)
resonance, which cannot decay to Bs mesons

measure time-dependent CP violation

excellent statistics: many rare B decay modes
measured



B(s) — B(s) MiXing

. . - 1
e flavour violation: A(M" — M%) o« My, — 5l # 0

(Ql = (53-5%19%)(5’};7%%)) only operator present in SM AM = 2|Ms|
Q2 = (5%b7)(5gbY1.),
Qs = (5%b7)(5Rb), + 3 more
Qs = (5%%)(51.0R),
Qs = (5%b7)(51.b%)
b S b S
m Y oremammg S o
_ /1 I\ - i\ -
S Mz MZ, b S b

no NP contribution unless lighter than ms AT



QCD corrections

° apply OPE to hadronic states

W vy M + NP+ QCD ZC M M = ZC’ (M|Q;| M)

(factorization)
AM =23 C;(M|Qi| M),

e hadronic matrix elements (M|Q;|M) require
nonperturbative methods (such as lattice QCD)

e if only one operator (as in SM for B mixing),
phase arg M2 = ¢ theoretically clean

op, ~ arg(V2) =203 op. ~arg(V2) = —28, = (2.24+0.6)°



Time-dependent CP asymmetry

decay into CP eigenstate:

Ar = B 5.
r = (/] > N, — 0B, <f|32> CP-violation
;= <f|Bg> parameter
Mfz = | M 2|e WN Af f|B

AP (1) = ?E?OZ; : g _T_ Egiog : ;; = Sy sin(AMt) — Cr cos(AM)

[Sf _ 2Im)y ] [Cf Y ]
if only one decay amplitude: L+ A L+ ]As

A = Ae? Ap = Ae™" Cr=0 —nce(f)Sy = sin(¢p, + 20)
BY — ¢y K S = sin(¢p,) =sin(23) [ Beyond SM ¢, # 2 but still clean
BY — 7w, mp, pp S:Sin(q53d+2’y):—sm( )
BY — J/vY ¢ +5 =sindp. ~ Beyond SM ¢5. # 0 but still clm

can be generalized to non-CP final states ¢Bd < —|— Y from B(S) — D K



U T 2 O O 8 apologies to UTfit, who obtain

conS|stent results

0.7 TN R A R S I =

a° : Am, p

0.5 :—§ €k -

0.4 :_§ EB — T, PP, TP J_:

I= mg: P -

03 | > o —

B b E

0.1 —E

[BO — DTn™ = ’ .

+ 0/NO +

B* - D°(D")K ) B—>J/¢KS )

- consistency of CKM picture established\by B factories
- sin(dq) = 0.67+0.02 (b — ccs) vs sin(2P) = 0.81575012 (fit)

- y= (67132)° (“tree” decays) vs (55.4723)°\ or (67.4123)° (fit)
It is possible that the TRUE (p, 77) lies here (for example)

b—s transitions (particularly Bs mixing) only weakly sensitive to (p, 1)
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NP in Bq mixing?
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CP violation in Bs mixing?

u,c,t
q <
W
b u,tc,t

new particles?  with CPV couplings ?

. — M7
® in general, three parameters |M3,|, |T5,|, ¢s = arg = 12
12
e CPis violated in mixing if ¢5 # 0 M o
® three observables:
AT
AM, ~ 2 My, AT, ~ 2Ty cos 6., af, = o= tan .

mass difference width difference

° les CP asymmetry in (any) flavour-specific B-decay, e.g.

B, —> BS—> Xty (semileptonic CP asymmetry)



complex % plane end 2006

Lenz, Nierste hep-ph/0612167
L d
combination of AT, , AM, ,ai" " from Tevatron

approx 2o deviation from SM prediction



sin(2 ¢s) measurement

1 1

CDF 135 +DO 281

SM
' D¢

p-value =

e CDF & DO consi

220 ho

CDF, DO measured mixing-induced CPV in B; — J/v¥¢

PRL100 (2008)161802 (CDF), arXiv:0802.2255 (DO)

HFAG

A C DI

0.031
m SM

.........

stent,

—65°

ATlg ps .

0.2}

0.4

0.6, COF 1.35 '+ DO 28Mm "+ constraints | 2008 I

(D)

04}
0.2}

00} — — - — - - -

D@ + CDI

constrained

DB ettt ettt ettt
3 . ; :

< ¢g < —28° Or —151° < ¢, < —136°
L Sonnenschein(DO0) talk at CKM2008

e ~4x statistics, better tagging, may reach 5o by 2010

D Tonelli (CDF), talk at CKM2008

e |HCb expects ~ 1° sensitivity with 2 fb-" data (1 nom. yr)

see also Bona et al (UTfit), arXiv:0803.0659

M Merk(LHCDb), talk at CERN TH institute



B physics at LHC

LHCb dedicated B-physics experiment
10'2 bb pairs/year (compared to 10° at B-factories)

ATLAS & CMS will also do B-physics, especially
while running at low luminosity

inclusive measurements (B — X7, ...) not feasible
at hadron collider, however high statistics for many
exclusive modes - a challenge for theory

Exploration of Bs system (huge improvement on
mixing parameters over Tevatron)

precise determination of s and of true CKM y

rare decays



Decays



Penguins -
require chirality flip

N [ELbR*y SrbLY l magnetic penguin

sbry”  |SrORY QED penguin

— - chromomagnetic
— *

S

§LbLg* SrbRg QCD penguin
7  s,bpZ SpbrZ Z-penguin
~ 7 SU(2)w-breaking
negligible in SM
S 4 )
S,bpH
H h important in 2HDM at large tan(3)
b \§RbLH)

as with mixing (AF=2), GIM cancellations enhance sensitivity to heavy particles



Weak AF' = 1 hamiltonian

o 2

P+ Y Cz-(u)Qz-(u))

1=3...10,7~v,8g

BSM: modified C;, possibly more Qi
Cy(myp) ~ 1.1 C5.6(myp)| ~ 0.01...0.04
Cg(mb) ~ —0.2 ng(mb) ~ —0.15



Exclusive decays

need (th) # observables
Leptonic decay constant
B—lv,B—U"1T (0#|B) o< f5 O(1)
(Certain) semileptonic form factors ol
B — wlv, plv, . .. (15| B) < f2™(¢?) A O(10)
Nonleptonic full matrix element [iB
B—nmm, K, pp ... (7r7|Q;| B) O(100)

Decay constants and form factors accessible to present first-
principles methods (lattice QCD),
nonleptonic matrix elements are not



Leptonic decay

S 7 ,LL+ > helicity.suppressed.
B, x b theoretically clean in SM
b I My (normalize to AMy ) gurs 03
BR(B, — p p )sm = (3.5 £ 0.5) x 107°
S ,u+
H A m2m? . Yukawa suppressed in SM
By X A = tan® 3 strong enhancement in 2HDM
b e w (or MSSM) possible
Q;x\ : 50 sensitivity g: . . ‘{"‘I f“ﬁ i"”ﬁﬁ’”h’
§ B —— 30 sensitivity EJ: * "‘ it ob
l:Tﬂm ——— BG only, 90%CL = 5 4
& 1o ATLAS/CMS ‘ | LHCb
1 I I | ‘ I | ‘ I I | ‘ |
0 10 20 a0 L R T T T N S

Integrated Luminosity, fb™ _
Integrated Lummosity (fb-l)



SUSY large tan(P) B physics

assume Msusy » Muan ~v=246 GeV ; effective 2HDM description

M,f; — deiff + parametrically large if vu » vqg

rediagonalization of M9 rotates Y out of diagonal form:

Leg D k(cos Bhy* — sin BhY) [ysbrSt, + Ys5rbL]

tan
2

K X (minimal flavour violation; non-MFV: flavour-dependent)
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bR I~
K BR(B, — pp) o tan® g3
tan?3 @--------- tan
& RO HO A0 o [Choudhury&Gaur 99; Hamzaoui, Pospelov,
Toharia 99; Babu, Kolda 99; Isidori, Retico;
d [+

SL,Qr, Buras et al 02; Foster et al 04-06,...]



SUSY large tan () B physics (MFV)
L @

' = sin(a — ) cos?(a—fB) 1
0! ' — =
Bs A hOHOB o</<; M + F; fo] 0
[LO higgs masses & mixing angle d]
Flipping h|raI|ty of one b (hence one s) quark,

. 2 2
0! hoﬁo sin“(a — ()  cos®(a—p3) 1

SL

costs a factor ms/mp (in B; — B, mixing: ma/mp - negligible)

But this is only one of several small parameters!
1/(1672) ~ my/my ~ 1/tan B ~ 10~ 2



o M, = 200 GeV
10 F i
3
3
T, -6
, 10 ¢
Q -
-
AR B
—7
1O « upper limif
- suppression i ls ’
. predicted |U)
_8 R
! | ! ! | ! | | ‘ | ‘ ‘
10 0 0.5 | 1.5
SM
AMS/AMS

Strong correlation between

| &~ AMp_and BR(B, — p*p™)

[Buras et al 02]

(AM,)exp = (17.77 £ 0.12)ps ™!
AMM ~16...27ps™!

(recent claims of CP violation,
~ zero in SM)

A (naively) subleading effect:
arises at first order in ms/my,

Can more loops or 1/tan(B) corrections remove ms/ms suppression?
claims of large effects from Higgs self-energies
bothin AM; and AM, in recent literature [Parry 06; Freitas,Gasser,Haisch 07]

A more systematic investigation shows that this does not happen

[Gorbahn, §), Nierste, Trine, in prep.]




b—s penguin transitions

sin(2p™) = si

(2¢"“ AS

PRELIMINARY

b—cecs World Avﬁrage ' _4i-

. BaBar T

x  Belle 5 -

hd Average : 5

o BaBar .o Ir—h
= Belle 5 -
= Average ; 5 -
TN T BaBar YRS

2 Belle il

& Average:

Belle :
& Average :

Average! i =

.  BaBar
< Belle
3

~ BaBar
% Belle

Average:

' BaBar | :
?Q___.Average.;___.___.___.___.___._;__.__

0.50+£0.21 £0.08
0.39+£047

© 0.58+0.10+£0.03

0.64+£0.10£0.04
0.81 £ 0.07

©0.71+0.24£0.04

B P B P )

0.30 £0.32 £ 0.08
0.58 £ 0.20

0.33+£0.35£0.08
0.38+0.19

. 061 §§5+009+008"

0.61 72
+i2s

062 E—~D+002"

0141 £0.46 +0.07
0.48 £ 0.24

 0.25£0.26+0.10

0.18+£0.23£0.11
0.21 £0.19

B OP8+003__
0.21+0.26+0.11

040+0.23£0.03

In the SM, expect
sin(26°1) ~ sin(203)

several modes seem to have

sin(26°M) # sin(23)

SM QCD corrections or
new physics?

a generic issue in flavour
(as in collider) physics

Y BeBar D 721071 +008"
O Belle : 5 -0.43+0.49 £ 0.0
e Average:pe——ey M 0q2+0‘“_.
% BaBar ' ]ﬁj‘ 0.76+0.117 nm
v Belle i 0.68+0.15+0.03
L Average: H— 0.73 0. 10
-2 1 0 1 2




Ay = (f|B)

B > f CP eigenstate
mixinNA d% )
p—2i8 B Ay =(f|B)
BR(B°(t) — f) = BR(B°(t) — ) _ |
BR(BO(t) — f)+ BR(B%(t) — f) —Sysin(Ampt) + Cy cos(Ampt)
sin(23°M) time-dependent CP asymmetry
Ty + P}

NP

—ncp(f) S¢ ~ sin(2/3) 4+ 2 cos(20) siny Re

B )( ‘?

what is the size of the subleading amplitudes?




Charmless hadronic amplitudes

Any decay amplitude can be written in the form
weak phases (CP odd)
_ & ~
.A(B — MlMQ) — ‘VuquD|6_wTM1M2 + VcchDPM1M2 -+ 67'5NP Pj\l\}i\@

Sensitive to Vb, ¥ and new flavour parameters beyond the SM

Theorist’s job: Eliminate or compute amplitudes |P|, |T|, which
include strong (rescattering) phases arg(P/T), arg(PNP/T)

G _ _
Tvnt, =~ ( D COMIMLIQYBY+ Y. GMIM|QiIB))  “tree’
2;/5 1=1,2 1=3...8,7v,8g
F c|l D, .
Pat,a, = —( N CUMIM|Q¢B) + Y C’,L-<M1M2]Qi\B>) “penguin’
\/i 1=1,2 1=3...8,7v,8g

e PP ar, = ) Ci(My Ma| Qx| B)



Topological amplitudes

q3 M,

B * Q — u a1,2 [T7 C][El,z]
a ' 1,2 color-allowed/
-suppressed tree

M,

ay [PullPr— PP™]

| — Hul©
", Qi = Qi) ’Q3> up-penguin

(charming penguin)

M,
b
5 Qi
,,,,, N
Qi = 1,2 b1,2 [EaAHAZl]
M, ihilati
[from Buras&sSilvestrini hep-ph/9812392] tree annihilation

ex.: —A(BO — 79740 ) =V Vi [Anr (a2(mm) — o (mm)) + Brnby (77)]

+V_5 Ve terms + EWP terms



Theory approaches

¢ 1/N expansion (only counting rules)

® Aacp/mgs expansion (QCDF/SCET, pQCD):
computation of important pieces possible

ailTIE| | 2/CIEs | Quf | bi/EIA2 | ba/AIA
1IN | IIN | N | 1IN | 1]
N/mg | I | Nmg | Nmg

e QCD light-cone sum rules: partly complementary set
of calculable amplitudes; constrain “inputs” to A/mg

e SU(3) [U-spin] relates AD=1 and AS=1
P(pp) = P(pK"), etc.
(ms/Aacp corrections; annihilation amplitudes)

T(TK)= T(T7717);




Q C D fa Cto r| 7 atl on Beneke, Buchalla, Neubert, Sachrajda

“nonfactorizable” gluons
are perturbative

To leading power in A/my, long-distance interactions look like

% k2 ~ A2
% or /hard) spectator
soft overlap (form factor) Y

D scattering

model dependence enters (only) at subleading power
(factorization breaks at O(A/m) for some amplitudes)



[“SCET” = soft-collinear

SCET representation " eectve theony

e Hierarchy m; > Aqcp suggests EFT description
e Spectator interactions induce 3 scale v Aqcpms

~N

........... ‘ manifest .
1 ; far off shell > » &~ decoupling » >

:/

— :: g :>

hard scale = coefficients H' (several topologies)

iIntermediate scale = “jet function”™ J (universal)

o TI'=HI*]J (starts at O(as), S0 NLO is as?)
e Jknown to NLO
e recent NLO computations of H'



(M1 M3|Q;|B) =

perturbative, includes strong phases

P \ non-perturbative QCD
ffMl (O)fMQ du T%I(U)QSMQ (’LL) +foM1 fMQ/du dv dw TiH (u7 v, CU) ¢B+(w)¢M1(v)¢M2(u)
soft overlap (form factor) hard spectator scattering

T'~1 + t;as + O(a?)

S

“naive BBNS 99-01  Bell 07 (partial)
factorization”

~ (1 + h; g + (9(04?)) (j(o)ozs + j(l)ag + (’)(ozi))
BBNS 99-01 | BBNS 99-01 T

Hill, Becher, Lee, Neubert 2004; Beneke, Yang 2005; Kirilin 2005

Beneke, SJ 2005, 2006; Kivel 2006; Pilipp 2007; Jain, Rothstein, Stewart 2007



Implementations of factorization

BBNS BPRS (“SCET”)
Beneke, Buchalla.Neubert, Sachrajda Bauer, Pirjol. Rothstein, Stewart
hard scale (mp) | perturbative; identical kernels [up to basis]
hardcollinear : fit to data (possible for
scale (YmbA) perturbative LO hard kernels)
no special treatment Introduce extra
charm penguin (generally) small complex parameter
perturbative phase (fit to data)
most important QCD form factor, 2 soft form factors,
theory inputs | B & light meson LCDA | light meson LCDA
power calculate or model . .
: . typically omitted
corrections potentially large ones

Jain et al 2007 pursue a hybrid approach



0.15

0.1 ¢

LN O)

0.05 |
NLO

-0.05 |

-0.1 ¢

o5 .. ...

e bulk of uncertainties due to universal hadronic
parameters (B decay constant, wave function) and
to poorly known form factors

e colour-allowed tree close to naive factorization, so is
colour-allowed electroweak penguin (not shown)

® colour-suppressed tree: large departure from naive
factorization



sin(2p") = sin(20; )E

PRELIMINARY
b—ccs  World Average ! j : 0.68 +0.03
T L e S e [Beneke 2005] (NLO QCDF)
< Bele | I : . 0.50+0.21+0.08
= Average ! ' 0.39+0.17
o TBaBar ¢ AT T 05810104 0.03
= Belle 0.64 +0.10 + 0.04
= Average ! ' : 0.61 + 0.07 i ]
TN TBaBar T e 071 H024 100047 Subleading SM amplitudes
' Belle . ~[| : o030+032:008
...... L Averagel el 0582020 tend to worsen the agreement
o BaBar ! ' 0.40+0.23+£0.03
X Belle - ——~—4  © 0.33+035:008
e Average i o 0.38 +0.19
" BaBar E' E N [361 *3§E+DD9+DG&"
BaBar 5 Lol ' GEE*ESDiDGE . . .
X Belle | el i ot1t04e:007 similar conclusion in BPRS
S Averagel i p——H@ i 048024
BaBar ! e | 0251026 0.10 approaCh [Williamson, Zupan 2006]
&D Belle T t 0.18+0.23%0.11
- Auerage = : 0.21 +0.19
<& BeBar— 177" T T 072+071+008
% Bele - i | ! 0.43+049:0.09
% Average : [ 052+ 0.41
& BaBar T T R T e o T
« Belle | Wil 0.68+0.15+0.03 *02]
L Average! e 0.73+0.10

-2 -1 0 1 2



Steks and 1sospin

e pattern of CP asymmetries (and BRs) in B—T1TK has
been much studied

Gronau et al; Buras, Fleischer, Recksiegel, Schwab; Baek et al;Yoshikawa; Gronau,
Rosner; Agashe et al; Grossman et al; Feldmann et al;...

® can use isospin relations to find the shift of Sk from
the remaining B°—>1K data (BR & CP asymmetries)
requires knowledge of the (unique) isospin-3/2
amplitUde. Then Fleischer, S}, Pirjol, Zupan 08

Gronau, Rosner 08

Mode BR [1079] Acp

B - 7#tK~ 194406 —0.098 +0.012
B - 7°K° 98406 —0.01+0.10

S
—(/'i‘+é\3)eiY
2| Ago A 3A
Srorcs = Ao oo $in(28 — 2650 . ) V2R, 3/2

|Aoo|? + | Aool?




e Asp from BR(B*—1*11°) and two SU(3) relations
use QCD factorization only to estimate SU(3)

breaking Fleischer, S), Pirjol, Zupan 08 x \

S —0 99+0.01‘ +0.000‘ +0.00’ +0.00
m0Ks — Y77 -0.08]exp.—0.001| Ry, —0.11 R,—0.07 ]~

1O f?
0.8+ ] error dominated by form-factor ratio

S FPER0)/ PO

I |
0.6 , | , 1 A1 y0
| ‘ | R, = (1.022555)e =)

SKSﬂo

04"
* assuming 30% error on future lattice

02! * calculation of SU(3) breaking in
i . FB=K(0)/FB~7(0) would reduce error:

R, = (0908753)c 0"

[arbitrary central value]

00"

-04 -03 -02 -0.1 00 0.1 0.2
AKSﬂ"




® can be attributed to a modified electroweak penguin

2
= . P
B g qeZgzs — -
: 0.66 7
of
-1.0 -0.5 0.0 05 1.0 1.5 2.0
q cos(¢)
e Direct CP asymmetries o
A ox+ and- A gt differ 02
by 5 o, but interpretation CEIN
less clear (could be large | ]
C/T in SM, or modified 0 Ny
electroweak penguin, 04 A
or other new physics) o4 o2 00 02 04

e.g. Belle collaboration, Nature, 2008 Ags o



Conclusions

SM CKM picture consistent with present data

There is, however, room for new physics, particularly
In b—s transitions

Several interesting signals (CP violation in B,
mixing, CP asymmetries in B—11K).

could potentially turn into high-significance
falsification of the SM at LHC

there are many other promising modes | did not
discuss (B—K'y - test magnetic penguin,

B—K'I*I- - test Z penguin, ...) which may just as well
show signs of BSM physics at LHC



BACKUP



Loop corrected Higgs potential

y Ha y Ha
JANRVANEVAN . .
4 VLY J Sparticle loops generate most general quartics
> >
§> Q §>Q break tree-level relation giving zero O(1) amplitude
D A A A D previous calculations [Haber, Hempfling unpublished; Carena et al.; ...?]
\VARVARV in the context of Higgs masses & mixings
t u t here: complete computation including arbitrary MSSM flavour structure
H, H,

)\ A
 SHHH)? + Z2(HUH) + Ns(HUH) (HHa) + Na(HLHq) (HYH,)

+ >\6(H:;Hd) (H, - Hy) — )\7(H;£Hu) (H, - Hy) + h.C.}

e — ~

allowed in a model Il not present in tree-level MSSM
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Symmetries at large tan (f)

Investigate systematically corrections to the B — B cancellations:
expand in loops, in 1/tanf, in ys@)/yp [and in v/IMsusy, via EFT construct]

- loop-corrected effective 2HDM Yukawa Lagrangian
Log D K(cos ﬂho* — sin ﬁhd) UbRST +@stL

has approximate U(1) symmetry hqy — €' “hg,br — €"“bg,
exact for cos 3 =0 (tan3 = 00), ys =0 in down sector

- leading-order Higgs potential respects same symmetry at tan 8 = oo
even if electroweak symmetry broken : also constrains Higgs trees&loops

Vlg) _ —v HTHCH—)\ Q\h ‘2 Qngbi preserves U(1)

breaks U(1) but
O O
@(h ; uhg +h. C loop suppressed

All U(1) breaking in EFT proportional to one of the small parameters.



U(I) classification of mixing amplitudes
A(B — B) = Zci<B|Oi\B>

suppression of leading
operator(s) U(1) charge Higgs contribution
O(BRSLBRSL) AQ) = 2 As [/ sparticle loop new )
- - formall
O(bRSLbLSR) AQ =1 Ys known \ of samg
size
O(b b _ 2HDM loop new
( LSL LSL) (SM) AQ =0 (no scalar tree) )
O(BRSRBR5R> AQ = 2 (ys)? and 2HDM loop |
| tiny,
O(br,srbrSR) AQ =0 (ys)? and As/sparticle loop gnore
/
AQ' = —2]

[modified assignment]



Effective loops

Large tan(beta) effective Lagrangian allows to compute in terms of
complex fields and symmetry-breaking insertions

hqg = Hy — 1Ag + O(loop; 1/ tan )

h.

J
b b SRR /b\ s . small subset
S hil of diagrams
h : h . that cancel
J ‘ & due to the
- . b s g b s b symmetry
() (e)
br, br S,

only one loop
hy' hy’ diagram remains
(3-loop in MSSM)

sy, gR b,
(f) . _ (h)
U(1) breaking couplings U(1) preserving
(sfermion-loop suppressed) Higgs loop

— O(bgsibrsy) —O(brsrbrsy)



Some technicalities

- consistent tanf matching 2HDM / MSSM possible (e.g. “ tan ﬁﬁ” )
freedom of 2HDM Higgs field basis: renormalize such
that no tanf3-enhanced matching corrections

vit\  (14+0Zu,/2 6Z,4/2 Vy
Vsﬁ - 0 14 0Z44/2 V4

- v/M corrections U(1)-breaking
(6) L f be 1 2v2, 7 20y 0, o7 0
QY = ——(H H,)(brH)Q2r,) = 5 brSL + —— (brsph, +2bgrsph;”)
Mgysy Mgysy Mgysy

would contribute, but loop-suppressed due to R-parity, not tanf3 enh’'d

- “Leading-order” cancellation exact for finite tan[3
broken by leading log(v/Msusy)s at O(1/tanB?):

A ()Xo (p) — A3(p)* # 0 (a subleading effect)



Phenomenology

nonperturbative
QCD effects

\

. —1 PLR
(AM—AMSM)S/CI:{ 14ps_1 }X[ e }[ mb } [ 2 ] known effect
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M2, (—s + 32 1672 ‘L
4.4ps_1 5 W <_ 5+ )\—2) o [ my, }2 PSLL .
i 13ps 1 Mf\ 30V m new effect
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All new effects numerically somewhat (accidentally) suppressed

(AM,)exp = (17.77 £ 0.12)ps ™! (AMg)exp = (0.507 4 0.005)ps ™"
AMM =~ 16...27ps™!
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[Gorbahn, §J, Nierste,
Trine, in progress]

— — — - excluding
Including
new corrections
tan 8 = 40

as, = 2000 GeV,
M; = i = 1500 GeV
Mz = M, = 1000 GeV
M, = 500GeV

main features - and correlations - of AMp_ and BR(B, — wt o)

are preserved




