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Bg,s — ptp~: promising probes of New Physics

BY BY t v q= {d> S}

Very suppressed in Standard Model:
e driven by electroweak loops (FCNCs)
e helicity suppressed

Two muon final state: theoretically clean
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Effective theory description
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Particularly sensitive to (pseudo)scalar operators!

]
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The MSSM with large tan 3

Hi, Ho 3B p0 HO A% HE
it
V,
tang = — Iz
Vg
b
F.or tanﬂ >> 1 CS ~ _CP o tan3 ﬁ 'U'At Choudhury, Gaur;
extra Higgses can decouple: - Mio ME% ep-ph 9810307

My < Mg = Mpyo =~ My+
Large enhancements possible!

20

Minimal Flavour Violation relation:

15 MSSM-LL

BR(Bs = ptu™) | V| fa, 75, s
BR(Bd N /'L+/*L7) - th fB2d TBd ;_;H) Straub;
~ 32 ] 1012.3893

0.0

(and models with U(2)* symmetry)

10° x BR(B, — ™)
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Experimental progress from the LHC

|

LHCb + CMS combined: 1307.5024, 1307.5025

S b ko ®» 55D E S

BR(Bs = p"p7) =(29+£0.7) x 107° (> 50)
BR(By — p ) = (3.6718) x1071° (< 30)

Candidates / (44 MeV/c?)

L o
5000 5500

M MeV/c?]

SM predictions (pre-LHC):

BR(Bs; — " p")sm = (3.6 £0.4) x 107°
BR(By — " )sm = (1.140.1) x 107%°

Buras; 0910.1032

No smoking gun signal of New Physics

Can we identify smallish New Physics?
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Branching ratio definitions

Experiments integrate the untagged rate over time:

_1 -9t —r9¢
BR(By — f) = - [ dt |[(Bgus — e 1 +1(Bgp, — e 'L

Decay rate

1 [r(sq,n — f) N M(Bg1 — f):|
=5 q q
2 re ri

Whereas theory calculation in flavour basis:

HUCERENCEN)

BR(Bg — f) =

S )

1 [r(ss,H )
2|1 (ra q
213 (rH +rL)

M(Bor = 1)
3(h+ri)

Yo = Pt =0.075:4£0.012 (1304.2600) . need a dictionary:
— 1+y A Bsu — f)—T(Bsp — f
BR(B; — f) = BR(B; — f) {7{ yEM} Apr = résj - f§ — ré _ f;
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K. Bruyn, R. Fleischer, RK, P. Koppenburg, M. Merk, N. Tuning, Phys.Rev.D 86 (2012)
(A = +1: BR(B, > i) - BR(B, -yt ) (18%) |

K. Bruyn, R. Fleischer, RK, P. Koppenburg, M. Merk, A. Pellegrino, N. Tuning, Phys.Rev.Lett 109 (2012)

decays
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Perturbative corrections in SM
Perturbative loop corrections in SM

-1 Qs e s\ 2
CM = | Yo(x) + —Y&(xe) + — YE(xe —|—(—) Y5 (xe)+ ...
B = o Yok 2000+ 20 + (52) Vi)

M2

Xt = M72t NLO QCD: Misiak, Urban; hep-ph/9901278, Buchalla, Buras; hep-ph/9901288

w

NLO EW in large m¢ limit: Buchalla, Buras; hep-ph/9707243

Recent progress:

NLO Electroweak NNLO QCD
q w
J23
SURE
- ©
b w
Bobeth, Gorbahn, Stamou; 1311.1348 Hermann, Misiak, Steinhauser; 1311.1347

(see talk of Mikolaj Misiak)
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Branching ratio error budgets

__ GAML Mg m? m? )
_ FVw 4 L | ASM 2 2 2
BR(Bg — ) =Py T e )P g v
(0 By —Yq

Lattice getting very precise:

fo, = 227.7 + 4.5 MeV
fs, = 190.5 + 4.2 MeV

as(MZ)j| —0.09

1.53
G (110) = 0.4690 [173 1 Gev] [ 0.1184

C.Bobeth,M.Gorbahn, T.Hermann,M.Misiak,E.Stamou,M.Steinhauser;

1311.0903 (FLAG 2013)

non-param. non-paramn.

CKM

Summed in quadrature: 6.4% Summed in quadrature: 8.5%

BR(B: — i Jsu = (3.65%0.23) x 10~° | | BR(By — 1 )sm = (1.06 % 0.00) x 1010
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Alternative error budgets

GI%Mlz/V A 2 * 2
AMg = WBMBqBquBq|V:thq| 5(xt)

T o6m2
3(GEMWmM)2TBq 7% Y?(x) AMg
473 18S(x:) Bg,

BR(Bg = p"pu) =

Buras; hep-ph/0303060

non-param.
non-param.

AM, AM,;

Bg,

B,
o

Summed in quadrature: 5.1% Summed in quadrature: 8.8%
BR(Bs = ptp~)sm = (3.534+0.18) x 1072  BR(By — ptu)sm = (1.00 £ 0.09) x 1010
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Constraining New Physics with BR(Bs — p' ™)

_ . _ —
_BR(B. = pp7) ‘ Rexp =0.79£0.20, Rsu =1 \
BR(Bs — ptp~)sm

]

R=

2
mg, mp,
(€10 — Clp) + —=(Cp — Cp)| + |—=(Cs — C5)
2mH

2my,

BR(Bs = ptuT) o m, [

. . ’ Lo .
NP contributions to Cl(o): Z' models, modified Z couplings, ...
, Girrbach; 1211.1896, Straub; 1302.4651, Guadagnoli, Isidori; 1302.3909)

(See for example Buras, Fazio

! : ] TN Most stringent constraints on
2 R % \ (7) _
3] @ 3 Ciy from By — K*utp
E | \ 4| E | / )
— <> Recent fit of b — sfT ¢~
S ke T T T observables:

Beaujean, Bobeth, van Dyk; 1310.2478

Bs — putp=, By — X0, By — Kutp™,
(see talk of Danny van Dyk)

By — K ', 1,20 fit
Altmannshofer, Straub; 1206.0273, 1305.5704
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Constraining New Physics with BR(Bs — p' ™)

— BR, + - e .
R= DR(Bs=pp) (Rexp =079+020,  Rsu=1|
BR(Bs — ptu=)sm
]

2 mg
+

*(Cs — Cs)
2my,

mpg,
(Cro — Cip) + —=(Cp — Cp)
2my,

BR(Bs — p p7) o« mi [

Best bounds on scalar operators Cs — Cg and Cp — Cp:

OO = —1131 3 Cit = —4.134

0.0f == === === mmm e

Im(Cp — Cp)

0.1

Im(Cs — C%)
N

=02

= BR(B, = p'pt") € [1.5,4.3] x 107" (£20) = BR(B, = pt'pu") € [1.5,4.3) x 107 (j;‘.!n]‘

0.2 0.3 0.4

=0.: .
203 —02  —0.1 0001 02 0.3 202 01 0.0 o
Re(Cs — C%) e(Cp—Ch)

Cs + C¢ and Cp + Cf to be probed by B — Kyt p™

(Becirevic, Kosnik, Mescia, Schneider; 1205.5811)
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BR(Bs — pp~) constraints on 2HDMs

mpg

my,

mp,

(Cs — Cg)
2m#

+

2
BR(Bs = pt ) o m, H(cw —Clp) + (Cp — C}p)

]

MSSM (Higgsino loop):

3

Cs o~ —Cpox BB LA gy
o Mg
A L

Constructive inteference (A < 0) more

o e constrained than destructive (uA; > 0)
Altmannshofer, Carena, Shah, Yu; 1211.1976, (Mq =2TeV, {u, At} ~ 1 TeV)
1306.0022
et Type-1l 2HDM (non-supersymmetric):
ype-
M,-=80GeV 2 IB
M,-#200GeV tan
Cs ~ —Cp x 5 (MFV)
A0
0 . .
0 10 20 30 40 50 and interferes destructively

tang

Additional observables
Li, Lu, Pich; 1404.5865 desirab|e|
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Decays of the B; mass-eigenstates to two muons

O10 = (57 PLb) (71" y512) y S0 \
Os = (5Prb) (/i) FULINIR I
Op = (5Prb)(fivsp)  (Po ¢ Pg for O') phoL=0 o pm
S-wave (CP-odd)
z
Clo— Cllo mpg, (CP— C;;) SM T S=1
P = + - — 1 R
G 2m, \ Gt O~ o - >0
¥ -
s=. |1 4m? mp, [ Cs—Cs\ sm 0 " iL:l "
= o m285 2 m, CISOM - P-wave (CP-even) /
1 —ips @Y - U ihs/2
CPV phases B,(ny) = 5 (IB)Fe "[B)) vs (u'u[Her|BY ox <

cancel in SM:

[(Bs,r. = ptp™) oc |PPsin’(pp — 91" /2) + |S[? cos?(ps — 457 /2)

~
new CP phases scalar operators
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B; mass-eigenstate rate asymmetry

Probe [(Bs,1, — p* ™) with time-dependent untagged rate:

(Fup) o< e~ t/78s {cosh (ys t/78,) + Agff sinh (ys t/TBS)}

F(Bsu — ptp=)=T(Bsr — ptp”)
M(Bsu — ptp™) +T(Bsn — ptp™)

79T
ARr =

Single exponential fit %e‘t/"'eff gives
“effective lifetime”:

St (Tu) dt

[ B‘ranch.ing ratio Teff = =
(time—integrated untagged rate) fO <r " “> dt
T~ Effective lifetime 777 2
(time—dependent untagged rate) — TBs 1 + 2 Ar Vs + Ys
1—ys 1+ AQF ys
| Full tagged analysis Experimental feasability?
y ((ime-dependent tagged ratc) ~ 350 reconst. events expected @LHCb for 50 fb™*

= ~ 5% uncertainy on effective lifetime
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Bs — i~ untagged observables

5 _ (1+ys ARP)
R= 1+yAr (|P|2+|S|2)

o= [P+ 1SP?

K. Bruyn, R. Fleischer, RK, P. Koppenburg, M. Merk, A. Pellegrino, N.
Tuning, Phys.Rev.Lett 109 (2012)

= R=07973
— Illustration for AYf(pps =0,7)

Solvable scenarios:
e |P|, pp free (S = 0)
e |S|, ps free (P =1)
e S=+4[1-P]

s pp=ps=0 —
A.J. Buras, R. Fleischer, J. Girrbach, RK;

JHEP 1307 (2013) 77

02 04 06 08 ™ 12 11 16 18
1P|
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New scalar and pseudoscalar operators on same footing

S = +£(1 — P) - realised for

c¥ = +c¥

(decoupled 2HDMs)

- E.g. MSSM with large tan 3
0.8 S=—013 7 3
tan® 8 pA;
06 Cs~—Cp x P Mo (MFV)
A Mg
04
‘
i 02 LLE Loose bound on Aar can rule out
T 00 ==t r + .
g, mm Excluded st 95% C.L. “large tan 3" allowed regions:
577 TS AL 50
= o4
—0.6
-8 S 119 :
71'%.2 0.4 ' l).L 0.8 1.0 1.2 14 1.6 1.8 g

R=DBR(B, — p*p")/BReu(Bs — ptp”)

e Full range of AR without CP

violating phases

e Lower bound R > (1 — ys)/2

Theory overview of B 4 — u ™ decays

Excluded by constraint
. BR(B. — i) < SM +20%

BR(B. = pp™) > SM — 20%
o Axr >0

200 400 600 800 1000 1200
My [GeV]

Example of destructive interference scenario

Rob Knegjens (TUM-IAS)
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Generic models in the R- A} parameter space

Xe{ 2z, H A" H '+ A0

My = 1 TeV

® B mixing (AMs, ¢s)
constrains quark couplings

® Lepton couplings left free
(no CPV)

® 7' includes combined

b — sff constraints on Cip
W.Altmannshofer, D.Straub; 1206.0273

I3

1.0 -
0.5
0.0
N
L HY (LHS)
—0.5 7, = A" (LHS)
7 7 = 7' (LHS)
// 7 = H+ A° (MFV)
H R=07953
_10 %
: 05 __ 1.0 — 15 2.0
R=BR(B, — p*u~)/BRsu(Bs — pru~)

A.J. Buras, R. Fleischer, J. Girrbach, RK, JHEP 1307 (2013) 77

A.J. Buras, F. De Fazio, J. Girrbach, RK, M. Nagai, JHEP 1306 (2013) 111

Theory overview of B 4 — u ™ decays

Rob Knegjens (TUM-IAS)
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Summary

e LHC branching ratio measurements reveal no @

smoking gun signal of NP

o Sensitivity to smallish NP demands precision in
theory predictions

e Good progress: NLO EW, NNLO QCD, precise
decay constants from lattice

e Effective lifetime of Bs — p+ ™~ complements
branching ratio for identifying NP

e By — ptpu~ could still surprise us!
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Backup slides
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Bs — pu~ tagged analysis

Eventually also tagged measurement:

F(B2(e) — i) — T(B2(®) > i)
F(BX(t) = pru™) + T(BI(t) = prp~)
_ Supsin(AMst)

" cosh(yst/78,) + AR¥sinh(yst/78,)

~

Branching ratio \
(time—integrated untagged rate)

Effective lifetime
(time—dependent untagged rate)

¢ S, indepedent if scalar operators:

events

AR + [ Syl

L 2|P|5605(<PP—905)]2
[P+ ISP

Full tagged analysis

\ (time—dependent tagged rat‘y

_ |PPsin(2pp — ¢5) — |S[? sin(2ps — ¢5'")
a P> +|SI?

e S, sensitive to small CP phases:

Sun
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No scalar operators || only new scalar operators

F(BsL — ' p7) o |PPsin?(op — 6T /2) +|S)? cos? (s — o1F /2)

scenario A scenario B

Scenario A: § =0 Scenario B: § #0 (P =1)

10
0.8 08
0.6 0.6 )
— 04 /18] = 0.7 .
N ; 04 ;181 Asi=1
w02 A = 02 ey |
;, o T T o
- —02 E 2 a 0.2
4 Al z —02
< _ Pl i
0.4 —§’f'" < o4
~06, e P it —06 3], o
e Ve P11 pre 0.5V : 151 'K.h,':.mP:l
~08f - | I S —08 : = R=0795%
! ] Excluded at 95% C.L.
H 0.4 0.6 08 L0 1.2 14 L6 18 —LOE= S 0 2 1 To T3 = 20
s ; = ; s 10 12 4L 8 2
R=BR(B, — p*p)/BRsm(Bs — ptp”) R=BR(B, = uty)/BRsu(B, — )

E.g: CMFV, Z’ Models, E.g: H° dominant (2HDM)

A® dominant (2HDM
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Fitting an effective lifetime

A (1)
N R OIIGIES

Minimise : —log L(7) =

o tA()e Y de [t A(E)(T(t))dt

A(t) et/
o (6, 7) = =
ﬁt( T) fo A(t) e_t/T dt

—n/ooo dt f‘-crue(t) |Og [fﬁt(t; T)]

1.009

0 - 3
A(t)e—t/7dt A(t)(I(t))dt
fo ( ) fo )> 1.005
Limit that A(t) = S T
& ol jﬁr:*”s’ TN
we Aap= =05 [
fO t <F(t ggol| — Aar =00
T == Teﬁ” Aar = +0.5
e Aar =409
fo <r(t)>dt 0997 ) L 10 OL
LHCb 30 CL '
0-99 —0.20 —0.15 —0.10 —0.05 0.00 0.05 0.10 0.15 0.
ys
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Compatibility with Bs mixing constraints
Consider generic models:

Xe{ Z', H A" HO4+A° } X

Mx = 1TeV .
Lrene(Z') = [A§2(Z') 57, PLb + AP (Z') 5y, Prb] Z'*
Leenc(H) = [AP(H)5PLb + AP (H)5PRb] H

A.J. Buras, F. De Fazio, J. Girrbach, JHEP 1302 (2013) 116

A.J. Buras, F. De Fazio, J. Girrbach, RK, M. Nagai, JHEP 1306 (2013) 111
Including AF = 2 NLO corrections: A.J. Buras, J. Girrbach, JHEP 1203 (2012) 052
e Apply Bs mixing constraints:

AM;s € AMCent: val. 4 5%7 bs € d)cent. val. 24

s,exp s,exp
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