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Bs mass eigenstates

Flavour basis Bg, I§2:

Oscillate before decaying \Mass basis: B B J
. s,H,» Ds,L,
- q - (assuming |g/p| =1
’B1L1> = p|Bo> + q|B0>7 ; - _e—l¢s i.e. no CPV in mixing)

Well defined masses and lifetimes
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Bs decay width difference

CP|Bs,+) = £[Bs,+)

(%) /(%)
KS ~ K+ — analogously Bs’+ = Ds Ds e
_rL_rSN_l L — Ty
- I, +TIg = Ys

— = =7
M, +Tg

YK

In Standard Model expect ¢s ~ —2°:

( Bsr) )Ze_@s/z( cos(:/2) isin(¢:/2) )( Bs.+) ) \,

|Bs, 1) isin(¢s/2)  cos(¢s/2) IBs,_) z
0.067 £ 0.016 |
Yslsm =\ 0,074 + 0.007 o !

Talk of L. Silvestrini

Ts
\

B..
Indeed non—VaniShing: LHCb collaboration, arXiv:1304.2600

LHCb Bs — J/v ¢ analysis : | ¥s|ppcp, = 0.075 4 0.012

See talks of F. Dupertuis and C. Heller
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The untagged decay rate

(F(Bs(t) = 1)) =

Ng dt

s

Flavour basis

Decay rate

time

1 dN.(B: — f)

Mass e-state basis

time

F(BY(t) — f)+[(B(t) — f) F(Boy — f)e ™M 4T (B, — f)e "Lt

(Fe) =(MN(Bs,g — )+ T(Bsr, — 1)) e t/78s {cosh (yst/78,) + Afr sinh (s t/TBs)}

M(Bsuy — f)—T(Bs. — f
Ay = [(Bon > f) —T(Bor = f)

M(Bsu — f) 4+ (Bs,, — f)

(a.k.a Dr)
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Time-integrated untagged rate

Experiment measures:

BM&%HE%/N&M%H&

1[F(Bsu — f) M(Bs — f)
= +
Ma Mo

Decay rate

2

time

Theoretical calculation in flavor basis:

F(BS = £) +T(B] = f) = (T(Bs(t) = 1))l g

BR(BS N f) = <r(Bs(t) — f)>|t:0 _ 1 [F(BS,H — f) r(Bs,L — f)

%(rH+rL) T2 %(rH+rL) %(FH+FL)
f
Dictionary : | BR(Bs — f) = BR(B;s — f) {%;42“}

K. Bruyn, R. Fleischer, RK, P. Koppenburg, M. Merk, N. Tuning, Phys.Rev.D 86 (2012)
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A"\ .. mass eigenstate rate asymmetry

o Final state dependent, sensitive to New Physics
Consider: Bs — f with CP|f) = n¢|f)

B9-B? Mixing Decay Mode

Vs, Gs A¢f, Cr (direct CPV)

e = = /1= G costo + 20)

Probe NP with untagged time-dependent measurements?
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The Effective Lifetime

Approximate untagged rate (I'f) with single exponential _,_%re_t/"'f

Maximum likelihood fit gives:

_JoT t(Ty) dt
(N

7B 1+2 AfAr Ys + )/52
_1—y52< 1+ AL vs )

Tf

Decay rate

time

Recover theoretical BR:

BR(E, 1) = |2~ (1- 1) " | BR(E - 1)

'S

-~
all measurable quantities
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Contours in the ¢.—Al; plane

CPIf) =nflf) = AfAr = —Nf \/1— C? cos(¢s + Agr)

T8 1+2.Afm-ys+ys2) )
= > = function(Arl, Aoy, C
Ty < 1+ Al v, unction(Afs, 0+ Adr, Cr)

Assuming;:

A =0, Cr =0

T
(%]
Af { — Cos ¢>s . f(\\'cn ;]‘.J 00

ar +cosgs 1 fodd o
~02
—03 77, = 1.38 ps
K — |4
o . - T = 1.58 ps
~I80 -1 0 B B0 1% W0

6, [deg]
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Measured Effective Lifetimes
Final state:

. Bs — KT K™ : LHCB, arxiv:1207.5993

Tk k- = [1.455 + 0.046 + 0.006] ps

(see talk of A. Martens)

e |CP Odd | Bs — J/1%(980) : LHCb, arXiv:1207.0878

Tj0h, = [1.700 £ 0.040 = 0.026] ps

T jpntn— UPdate in arXiv:1304.2600 (see talk of F. Dupertuis)

e |[CP Odd | Bs — J/9¥Ks : LHCb, S. Playfer's talk

Ti/pKs = [1.75 +0.12 + 0.07] ps
But. ..

|A¢#0, C#0]

... CP violation in Decay Modes
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Controlling the CP Even Decay Mode
Bs - KTK~

A¢ix- = — (10.5133)°

Ck+k- =0.09£0.05

e Use U-spin flavour symmetry (subgroup SU(3)f):
R. Fleischer, Phys.Lett.B 459 (1999) 306

interchange s <+ d quarks‘ Related to By — 7 7~

Extract CP violating phase:

+ _ o
(68 6|1nput 4}U spm) - (68 + 7)
R. Fleischer and RK, Eur.Phys.J. C71 (2011) 1532

Phenomenology with a non-zero Bs lifetime difference Rob Knegjens (Nikhef) 10



Controlling the CP Odd Decay Mode

fo(980) [@!

T

Bs — J/v £,(980)

16(4FC)=0" (0" *)

See also the minireview on scalar mesons .

Mass m = (980x10) MeV
Full width ' = 40 to 100 MeV

f(980) DECAY MODES

Mode

T
KK
Yy
e e

f0(980) Section References

Fraction
(/1)

dominant
seen
seen

p
(MeVic)

471

-1
490
490
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Controlling the CP Odd Decay Mode
Bs — J /1 £(980)

Quark-antiquark Tetraquark
What is
15(980)7?

e Decay amplitudes may vary:

A

1
.< 25 a7 o

CE - et
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Controlling the CP Odd Decay Mode

e With SM CP violation and unknown decay amplitudes:

Ang/qu € [—30, 30] , CJ/¢TE) ,S 0.05

¢ Proposed control channel: By — J /4 f,(980)

Predict: BR(By — J/¥ fo; fy — mhr7)

t 2 -
~(1-3)x107° x [anstt]” - qq
1 . tetraquark

R. Fleischer, RK, G. Ricciardi, Eur.Phys.J. C71 (2011) 1832

So far:
BR(Byg — J/1 fo; fo = 7777 )Lmen < 1.1 x 107° (90% C.L)

LHCb, Phys. Rev. D87 (2013) 052001
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Lifetime contours in the ¢.—Al; plane

7 = function (Al's, ’ C)

e CP Even: 7, , A¢gix =—(10531)°, Ceix- = 0.09
e CP Odd : Ty o A(Z)J/wfo S [—30,30], Cj/wfb < 0.05

oo = 1700 £ 0,00 £ 0.020] ps
= i = [1455 4 0.046 % 0.006] ps
=z 68% CL of X fit

‘ B %0 D 10

—0.3

—04 g )
—180 —13%5 -0 -15

0
6, [deg]

R. Fleischer and RK, Eur.Phys.J. C71 (2011) 1532
RK, C12-06-11.2, arXiv:1209.3206
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Comparison with tagged measurements

Full tagged Bs — J/¢¢ analysis:

R / Branching ratio \
LTI (time—integrated untagged rate)

Effective lifetime
(time—dependent untagged rate)

e

Al [ps™!]

~}. | DO: 68%, 95% CL (8 fb!)
«,|== CDF: 68%, 95% CL (10fb~!) | > ;
= LHCb: 68%, 95% CL (0.3 fb ') [*«.__-\-="~
1 LHCb: 68%, 95% CL (1 fb~1)
zzi L%fetimes: §8% CL

Full tagged analysis

\ (time—dependent tagged ratey

[ ]

0
os [rad]

Decays where untagged time-dependent measurements upcoming?
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The Rare Decay B; — putpu~

Hot topic: had it's own session at this conference!

E(Bs — /L+N7)LHCb = (321&3) X].O_g / Branching ratio \
rate)

(time—integrated untagged

LHCb, Phys.Rev.Lett. 110 (2013) 021801 Effective lifetime

(time—dependent untagged rate)
® Standard Model: only By iy — ptp™

events

® Including ys effects with AZ‘HSM =1:

= - 9
BR(BS — N+M )SM = (3'56 + 0'18)X10 Full tagged analysis

(time—dependent tagged rate)
A.J. Buras, J. Girrbach, D. Guadagnoli, G. Isidori,

Eur.Phys.J. C72 (2012) 2172
A.J. Buras, R. Fleischer, J. Girrbach, RK, arXiv:1303.3820

For convenience define:

BR(Bs — pp”)
BR(Bs — ptp~)sm’

R= FLHCb = OQOf%ﬁ, FSM =1

K. Bruyn, R. Fleischer, RK, P. Koppenburg, M. Merk, A. Pellegrino, N. Tuning, Phys.Rev.Lett 109 (2012)
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Bs — i~ beyond the Standard Model

See W. Altmannshofer’s talk

O10 = (57uPLb) (A7 vs5 1)
{10,5,P} Os = (5Prb)(fip)
Hpx > GO+Cl O] Op = (5Prb)(jirsp)

(and Py <+ Pg for O')

In Standard Model only ©O19 = only Bsg — pp™

5 H 5
—

~ Z ~

b H b

Beyond the SM:

s (0 s 1t
. — 0 O .
5 O Z b H

Non-vanishing Bsr, = ptp™ ?

i
[N

-
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Bs — pp~ time-dependent measurement

~

. . Branching ratio \
Define for convenience: (time—integrated untagged rate)

p— Cio — Cip " mp, my, Cp — Cp Effective lifetime

= ClsOM 2 my \ mp + mq CISOM é (time—dependent untagged rate)

o
2

S = 174’”;21 mp, myp Cs — Cs e

- mQBS 2my, \ mp+ ms caM

. Full tagged analysis

In SM: P — 1, 5$—0 & (time—dependent tagged ratey

M(Bst. — 1 i) oc [P sin®(pp — 6" /2) + S| cos* (s — 67 /2)

-

new CP phases scalar operators

ARB = M(Bsu — prp) — M(Bsp — o)

Probe NP with : =
robe F Wi AT = [(Bey — ptp=) + T(Bop, — )

e.g. with B; — "~ Effectve Lifetime
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Bs — i~ untagged observables

14+ Vs
B |P|* cos (2¢pp—2"") — |S[* cos (25— ")
P> +[S[?
K. Bruyn, R. Fleischer, RK, P. Koppenburg, M. Merk, A. Pellegrino, N.
Tuning, Phys.Rev.Lett 109 (2012)

Decay rate

=z R =008

Solvable scenarios: o8 L ttrtionfor Aarprs = 0.1
e A: |P|, pp free (S = 0) /
e B: [S|, ps free (P =1)
e C: S=4[1-P]
oD pp=ps=0. —

A.J. Buras, R. Fleischer, J. Girrbach, RK,

arXiv:1303.3820
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No scalar operators OR only new scalar operators

[(Be — pu™) oc [P*sin® (pp — 65" /2) + S| cos’ (s — 65" /2)

scenario A scenario B

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

L ]
0.8 .
0.6 o
o o
+ ) <
= 202
T £
& 0. T
~ -0.2 S
J = 02
= —— 4
o P=1+|P|e?r, §=0 < o4
—0.6 = IPI<1, ¢pelf?) o :
' qule - ] S|, s froe; P =1
—08 = 1P <1 ép el Uy ] = 15| v( o
} = R=090")4 —0.8 = =090"05%
- : i Excluded at 95% C.L.
: s I 2 : G § 10
01 06 08 10 1T T4 16 18 1 o . - - = e =

0
R=BR(B, = u'u”) /BRsw(B, = p'p)

E.g: CMFV, Z' Models, E.g: H° dominant (2HDM)
AP dominant (2HDM)
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New scalar and pseudoscalar operators on same footing

Scenario C: P=1+P, S= 4P

10 e —
i PR
0.6 .
o Realised for:

~ o

i 0.2 C(/ ) _ :|:C( )

;A 00 Excluded at 95% C.L.

E’“‘Z E.g: Decoupled
= 2HDM/MSSM
—06
—038 CsIasl (Myo = Myo > Myo)
"Wz 9T 08 o5 10 1z 11 15 18

R =BR(B,; = putp™)/BRem(Bs — ptp”)

e Full range of A/l without CP violating phases
e Strict lower bound R > (1 — ys)/2
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Compatibility with Bs mixing constraints

Consider Specific Models:

Xe{ Z', HY' A0 HO4 A0 3 X
Mx = 1TeV 5
Including AF =2 NLO corrections: A.J. Buras, J. Girrbach, JHEP 1203 (2012) 052

o Apply Bs mixing constraints: (see J. Girrbach’s talk)

AMS c AMcent, val. + 5%7 ¢s c ¢cent. val. + 24

s,exp s,eXp

A.J. Buras, F. De Fazio, J. Girrbach, RK, M. Nagai arXiv:1303.3723

A.J. Buras, F. De Fazio, J. Girrbach, JHEP 1302 (2013) 116
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Models in the R- AL parameter space

n
@ -
() ) ,
o Lepton couplings left free o
b AMS th > A/ws,exp - -
! ’0 0 . HO (LHS)
Z', HY, A® require —05 = A (LHS)
. == 7' (LHS)
deviation from ¢V )
0 0 : f = R=090708
o H” + A" independent of -1 RN T3 50
(

BR(B; ﬁﬁ*u‘)/ﬁ{w By, — ptu)

s

Very possible that NP hidden within BR(Bs — ) bounds.
Expose with time-dependent measurement!
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Bs — pu~ tagged analysis

Eventually also tagged measurement:

M(BO(t) = u' ) — F(BR(&) > i)
I’(BQ( ) — ptp ) + F( 9( ) — ,u*',u—) Branching ratio . \

(time—integrated untagged rate)
- Sppsin(AMst)

 cosh(yst/7s,) + AaFsinh(yst/78,) Effective lifetime
(time—dependent untagged rate)

~

events

e S, indepedent if scalar operators:
|ARE I + |Spul®

. 2|P|5605(¢P—<ps)]2
PP+ ISP

Full tagged analysis

(time—dependent tagged muy

-~

e S, sensitive to small CP phases
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Summary

implies:

o Access to mass-eigenstate rate asymmetries
(Afm-) from time-dependent untagged
measurements

e.g. effective lifetimes

e Branching ratio dictionary:

Apr/T =

BR(Bs — f) BR(Bs — f)

e BY-B? mixing constraints from effective
lifetimes (7¢,, 7¢ )

e New topic for LHC upgrade: Afm- for Rare
decays e.g Bs — ptpu~

Overview of references at Paperscape.org : http://pscp.me/Qg7DrEln
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Backup Slides
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Helicity dependent time-dependent rates

r(BS(t) — By ) o {Cﬁ# cos(AMs t) + S, cos(AMs t)

t t
+ cosh (ys > + AL sinh <ys ) } x e t/7es
TB, TB,

o [21PS|cos(op — gs)
e A P2+ SP2 )

s _ |PPsin(2pp — ¢5) — S| sin(2ps — ¢5)
o P2+ [S|2 ’

L |PPcos(2p — 07 — |5 cos(2ps — 6)F)
ar PE+ISP |
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Parameter space with Bs — ™~ tagged analysis

\

Sy

| H°(LHS)
= A’ (LHS)
== 7' (LHS)
= R=090203

Phenomenology with a non-zero Bs lifetime difference Rob Knegjens (Nikhef) 27



Mass dependence of Al in H® + A° model

MFV with H+A and A"'=-0.05

1.0

0.5

—0.5

1500 2000 2500
My [GeV]
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Fitting an effective lifetime

_ A (I(1)) L Alp)etT
el = A royar DT A e a
Minimise : —log L(7) = —n/Oo dt firue(t) log [fas(t; 7)]

0

1.009

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

LOOT

L005[~, s,

=
.. .
Limit that A(t) =1: Lo L
& ool Asr =09 |
e App=—05 [FenS
- AT o
0 ! <r(t)>dt 0000 — Aar =00
T (e de Aar =405
oo<r(t)>dt off> pgo7f] o Asr =409
° =3 LHCh 10 CL
LHCb 30 CL |
T i TR TR S T8 TR TR Y
: - ° -05 . 15
Ys
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Tetraquarks

e diquark—antidiquark (colour) bound states

o= [ud][D_c_l] i
k = [su][ad]; [sd][ad] (+c.d)
_ [su][32] + [sd][5d]
V2
_tenresn. [sul[5E] — [sd][5d]
ap = [su][sd]; 7 :

fo

[sd][5T]

diquark = [q1 2], colour 3, flavour 3, S =0

e Issues: fy — wm coupling too small, ag — nm too large.
e Solved by adding instanton-induced effects

A Theory of Scalar Mesons, G. 't Hooft, G. Isidori, A.D Polosa, V. Riquer,

(arXiv:0801.2288)
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Tagged analysis

The CP asymmetry:

F(Bs(t) — f) —T(Bs(t) = f)  Ccos(AMst) — S sin(AM; t)
F(Bs(t) — f) +T(Bs(t) = f)  cosh(ATst) + Aar sinh(Als t)

Observables for CP|f) =n|f) :

40
Af = g M =-n e*’.d)s g e*iAd)
p A(BY — f) 1+C
. 2 Ar ,
—iS=——-=|- 1 — C2 o~ i(0s+A%)
Aar — i 15 AP n e
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; o i
7 [deg]

v=(68+7)°, d=050"012, 0= (154"1})°

R. Fleischer, Phys.Lett.B 459 (1999) 306, R. Fleischer and RK, Eur.Phys.J. C71 (2011) 1532

Phenomenology with a non-zero Bs lifetime difference Rob Knegjens (Nikhef) 32



