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Setting the Stage

e Neutral leptonic rare decays: BY ; — (14~

— R.F., Ruben Jaarsma and Gilberto Tetlalmatzi-Xolocotzi:
In Pursuit of New Physics with Bg,d — 00
JHEP 1705 (2017) 156 [arXiv:1703.10160 [hep-ph]].

— R.F., Daniela Galarraga Espinosa, R. Jaarsma and G. Tetlalmatzi-Xolocotzi:
CP Violation in Leptonic Rare Bg Decays as a Probe of New Physics
Eur. Phys. J. C 78 (2018) 1 [arXiv:1709.04735 [hep-ph]].

e Charged leptonic decays: B~ — £~ iy

— G. Banelli, R.F., R. Jaarsma and G. Tetlalmatzi-Xolocotzi:

Decoding (Pseudo)-Scalar Operators in Leptonic and Semileptonic B Decays
Eur. Phys. J. C 78 (2018) 911 [arXiv:1809.09051 [hep-ph]]

Probing Lepton Universality with (Semi)-Leptonic B decays
SciPost Phys. Proc. 1 (2019) 013 [arXiv:1812.05200 [hep-ph]].



General Features of Bg,d — £7¢— Decays

e Situation in the Standard Model (SM): — only loop contributions:
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— Moreover: helicity suppression — branching ratio o< m%

= | strongly suppressed decays

e Hadronic sector: — very simple, only the B, decay constant Fp enters:

(010v57,4| By (p)) = iF B,y

= | BY ; — (¢~ belong to the cleanest rare B-meson decays




e High sensitivity to physics from beyond the Standard Model:

— such as in NP models with leptoquarks, Z’ bosons ...

By 'LQ BY, A

d,S / Sad 14

.. also in SUSY + ... 777

— particularly interesting: | new (pseudo)-scalars: lift helicity suppression!?




Status of B ; — £7£~ Decays

e Overview of branching ratio measurements:
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[— Talk by Monica Pepe-Altarelli]

e Comments:

— Only BY — u" ™ has been observed at the LHC — highlight!

— First limits on Bg’d — 777 helicity suppression not very effective due

to large 7 mass but experimentally challenging due to 7 reconstruction.

— B, — eTe” no attention (!17): huge helicity suppression in the SM!



QQuestions:

e Using the experimental BY — ™y~ data obtained @ LHC as a guideline:

— What are the constraints on New Physics, utilising new observables?

— How large could be the BY ; — 777~, BY . — eTe™ branching ratios?

— What is the impact of new sources of CP violation?

— exploring Bg,d — {10~ at the high-precision frontier ...

[Thanks to Ruben Jaarsma for updating the plots and numerics (Moriond 2019)]



Theoretical Framework

o Low-energy effective Hamiltonian for BY — /t/=: | SM @& NP

Gp
V2

[Gr: Fermi's constant, Vi,: CKM matrix elements, a: QED fine structure constant]

Hog = — Vi [C15010+CE Os+CHEOp+CLE O +CE O4+CE O]

e Four-fermion operators, with Pr, r = (1 F 75)/2 and b-quark mass my:

O = (37 Prd)(ly'ysl), Oy = (57uPrb)(Ey"75¢)
— mb(EPRb)(lif), Ofg — mb(§PLb)(li€)
Op = my(5Pgrb)(Lysl), Op = mp(5PLdb)(Lys0)

. - - =0 + . .
[Only operators with non-vanishing B, — p" 1~ matrix elements are included]
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e The Wilson coefficients C¢*. Cﬁel encode the short-distance physics:

— SM case: only Ct #£ 0, and is given by the real coefficient C7M.
10 10

— Qutstanding feature of BY — puTu~: sensitivity to (pseudo)-scalar
lepton densities — O(P)S, OEP)S; WCs are still largely unconstrained.

[..., Altmannshofer, Niehoff and Straub (2017); Beneke, Bobeth and Szafron (2018-2019); ...



Impact of BY-B° Mizing:
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e Quantum mechanics: = time-dependent BY-BY oscillations:

— Mass eigenstates Bg’)L: AM, = MP(IS) — M£3)1 AT, = FS) _ F(HS)
— CP-violating phase: ¢5 = =20y + ¢2F ~ —2° 4+ ¥

— determined (in particular) from analyses of BY — J /¢

e Interference effects (as in non-leptonic B, decays [— talk E. Malami]):

mixing

BO\
o < AN
R /
|
R B

[De Bruyn, R.F., Knegjens, Koppenburg, Merk, Pellegrino & Tuning (2012)]



— convenient to go to the rest frame of the decaying BY meson:

e Distinguish between the EIJ:EE and Eﬁiéﬁ helicity configurations:

(G50 )op) = (CP)UL b)) = e erti|ef i)

[ewCPW) is a convention-dependent phase factor — cancels in observables|

e General expression for the decay amplitude [n, = +1, ng = —1]:

Gr
V21

x F. Mg my Clsé\4€i¢cp(w)(1—m)/2 [0\ Pre + Seg]

A(BY — (03) = (60 [Hegt| BY) = — Vb

e Combination of Wilson coefficient functions [CP-violating phases gp‘%s ;

o _Clh-Cl MR my \[cE-cF] s
“T T osM 2my \'mp + M CSM ’
m2 Mz mp Ce — ée, SM
Sgg = 1—4 5 SM > 0
Mz 2me \mp + ms C

[Fp,: Bs decay constant, Mp,: Bs mass, my: £ mass, mg: strange-quark mass]



e Key observable to calculate time-dependent decay rates:

0 4o
é'f\g = _€_i¢3 eigbCP(Bs)A(BS — E}\ E)\)
A(B2 — 6545

= A(B? — £107) = (605 |H! | BY) is also needed ...

e Using (CP)T(CP) =1 and (CP)|BY) = e*?cr(Bs)| BY) yields:

_ G .
A(BY — (163 = —f—;r‘@s‘QbOéstMBsmec%w

% elecp(Bs)+ocp(0)(1-ny)/2] [—ma P}, + S

e The convention-dependent phases cancel in &§¢ [, = +1, ng = —1]:

or _igNP |+ P + S«%] 00 (¢0ON* __ 00 (00\F _
= —e '®s = = =1

[Note: analogous formalism for By — £7¢~ decays; AT'y/T'4 is negligible.]
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Untagged B} — pp~ Rate

e Interesting observable (well-known from studies of non-leptonic BY decays):

i _ 2RE) [Pl cos(2pft — 37) — |8, cos(2" — 63)
S T jegp Pu? 1S,

— 1ndependent of the muon helicity \: AAF = AW %

e Challenge to measure the muon helicity: — helicity-averaged rates:

=) =)
D(BYt) = pp)= Y D(BUL) — pfuy)
A=L.R

o BY decay width difference AT'y:  y, = Al'y75,/2 = 0.0645 £ 0.0045

= | access to A\, through the following untagged decay rate:

(D(Bs(t) = p 7)) =D(B(t) = pwrp™) +T(BI(t) — ptu”)

x e t/TBs [cosh(yst/TBS) — A%ﬂs Sinh(yst/TBs)]



B? — ptp~ Branching Ratio(s)

e LHC measurements concern the “experimental” branching ratio:

— time-integrated untagged rate:

_ 1 oC
B(Bs — utp™) = 5/ (T(By(t) — ptu )y dt "2 | (2.9 4 0.4) x 1079
0

e Relation to the “theoretical” branching ratio (referring to t = 0):

_ l-y; | % _
?(BS%M M 2 — T ?(BS%M I 2
calculated by theorists measured @ LHC

o AL |sm = +1 gives a SM reference value for the comparison with the

time-integrated experimental branching ratio B(Bs — ptu™):

B(B; — ptp gm = (3.57+0.16) x 1072 | [arXiv:1703.10160 [hep-ph]]

[De Bruyn, R.F., Knegjens, Koppenburg, Merk, Pellegrino & Tuning (2012)]



° O _|_ - ° .
Effective B] — p"u™ Lifetime
o Collecting more and more data & wnclude decay time information =

e The effective By — pu~ lifetime can be measured:

OB - )
B o)) de

e Pioneering experimental results:

LHCb (2017): 7; , = [2.04 + 0.44(stat) 4 0.05(syst)] ps

CMS (2019): 755, = (1.70%5:54) ps

[— Talk by Monica Pepe-Altarelli]

o AJL can be extracted from the effective lifetime 7

1 11— 427, — (14 12
(L= 45)Tian — jys)TBS LHCD ¢ 94 4 10.72
Ys 27—33 o (1 o ys)TH,UJ

‘AAFS —

= | LHC upgrade era and beyond...




Probing New Physics through B? — putp~

e Useful to introduce the following ratio:

s B(B, Tu-
= (Bs = p™)  sm

— S 1
M B(Bs — ptp )sm

~[1+yscos(2p — o2F) P2 1 — ys cos(2p! — o) 15,12
N 1+ ys s 1+, "

—-—S

e Result following from current LHC data: R, =082+0.13

o Efm does not allow a separation of the P,, and S,,,, contributions:

= | sizeable NP could still be present ...

[See also Buras, R.F., Girrbach & Knegjens (2013)]



e Further information comes from the measurement of A’st:

Syl = Pl [ e~ 00 )~
K K COS 290 ¢1S\IP)_|_ A

e Constraints in the P,,—S,,,, plane following from current data:

— assume real coefficients (e.g. MFV without flavour-blind phases):

=-10
=00

L =+10

S
ppt

[CP-violating phases ¢, /" # 0°,180° are discussed below]



Mapping Out
Further Decays:
By —
Bsg— 7T
Bsg— eTe”

[Detailed discussion: arXiv:1703.10160 [hep-ph]]




New Physics Scenario

e We assume flavour-universal New Physics contributions:

= C'M() C’M() C’M() do not depend on flavour labels:

q 010 — Cio M%q my Cp — C}D
Py = SM T SM
CTo 2me \my, + my C}
S — 1 —4 % M2q ( my ) [CS—CYS*]
‘o M 2me \mp +my CcM
e Data for B — K¢+~ decays: = ()= ClOC_ Cig
10

— Use C19 =1 as the working assumption = NP in (pseudo)-scalars.

e No new sources of CP violation: — real Wilson coefficients.




Linking B, — p*p~ with By — £7£~ Decays

E(Bs,d—H'JrT*)
B(Bs a—7t7)sm

[ BB = ptp) | AR ‘

le

Universal =
Seenario | 07< mesk < |
Theoretical
Range
[E(Bs N ;ﬁu‘)sm] [ —1< A < 4 ] [ 0< B?E?Z’ijf:f;JM < 2% 10° ]
. —-—S . . . .
e Conversion of R, , and AZ“FS into Wilson coefficients:
K /
Po =\ 2y |28 R |CP_CP
ppl S [ [ SM
_ AMH /
Sl = |2 (L) | oo | |CS_CS
ppl S L [ SM




Constraints for the Wilson coefficients from BY — it~
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Predictions for B — ptu~

X
(Bs = ptrpm)  [1PRu2 + 1557 \fB. ) [ Vis

B(Bg — ptu™) |P;iiu 2+ |Sﬁu‘2 @ ; Vid i
B

e Unitarity Triangle analysis: = |V;q/Vis| = 0.220 +0.010

e Flavour Universal New Physics Scenario:
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[P > 0] [P < 0]



Predictions for B) — 77~ and By — 777~

e Standard Model predictions and experimental LHCb upper bounds (2017):

B(B;, — 777 )gm = (7.56 £ 0.35) x 1077 < 6.8 x 1072 (95% C.L.)

B(Bg— 777 )sm = (214 £0.12) x 107% < 2.1 x 1072 (95% C.L.)

7 B(By — 7777) M .
" B(Bs — 777 )sm

~

e Flavour Universal New Physics Scenario:

2
1 —4-2r
M2
P (1-28) e 2epy, st =T |
M mT\ 1 —4-—
Bs

= NP effects strongly suppressed by m,,/m, ~ 0.06:

0.8 <R, <10, 0.995< A% < 1.000




Predictions for B) — ete™ and Bj — ete™

e SM predictions and experimental CDF upper bounds (2009):

B(B, — ete )gm = (8.35£0.39) x 1071 < 2.8 x 1077 (90% C.L.)

B(B;— ete )gm = (2.394+0.14) x 1071° < 8.3 x 1078 (90% C.L.)

e Flavour Universal New Physics Scenario:

2

1 —4-"

M2
P — 1_mM Clo—l—m”PS, Sszm,u BsSs
ee M M, e ee me\1_4 2

= NP effects hugely amplified by m, /me ~ 207:

— 2
ReEe E(BS — 6+€_) ~ (Cl() B Plili) + (S/iu)2
BB ) B+ (S




e (Pseudo)-scalar New Physics contributions lift in this scenario the helicity
suppression of the extremely small Standard Model branching ratio:

o

(Bs — ete™)
(Bs — ptp~)

e
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[red: PEJM <0, green: PEJM > 0]

= |0<R,<17x10° 0<B(B,—ete)<14x107°

e Similar situation for By —eTe™: 0<B(Bg—eTe)<3.9x 10719
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= | search for B,y — eTe™: may give an unambiguous NP signal!

o looking forward to the first LHC result for B(Bg) — ete™) ...



Comment on the MSSM with Minimal Flavour Violation:

e Pattern different from flavour-universal NP scenario:

Cs =miCs, Cp=mCp =

M? C
MFV B mp s | _
Pylussm = 1 — q( > =1- A,

2 mp + my _C’lsé\/[_
, - ,
gopry |y, mi M, L Cs | _ |1 -4 4
(OIMSSM — T 2 sM | — o ) q
MBq 2 my + my _Clo | MBq

— A, does not depend on the lepton flavour

[Bobeth, Hiller and Piranishvili (2007); Buras, R.F., Girrbach and Knegjens (2013)]

o Implication: B(B{ ; — £7¢7) up to O(mj/ME ) as in the SM.

e Similar pattern in an MFV scenario with heavy new degrees of freedom
linearly realized in the electroweak symmetry in the Higgs sector.

[Altmannshofer, Niehoff and Straub (2017)]



Impact

of
C'P-violating Phases

— focus on By — utu:

[Detailed discussion: arXiv:1709.04735 [hep-ph]]




General B, — p*u~ Branching Ratio Constraints

e Observable: R, =R=082+0.13 — useful quantity:

pop
P R
= = [ hp b
1+ ART, ¥s
e Constraints on |P| = |P,,|, |S| = |S..| in the presence of unconstrained

CP-violating phases pp = ¢}, p5 = " yielding —1 < AV, < +1:

1.0
0.8

0.6
ISl ot

0.4
0.2
SM|

0-07\\\\\\\\\\\\\\\\\\\\*\f
0.0 0.2 0.4 0.6 0.8 1.0

[P

= | how to narrow down (pseudo)-scalar NP contributions?




CP Asymmetries of B, — puTu~ Decays

e Time-dependent rate asymmetry: — requires tagging of BY and BY:

D(BY(t) = pipy) —T(BYU(t) = pipy) C/iu cos(AM,t) 4+ Sy sin(AM;t)
F(Bg(t) — M;\F:u;) + P(Bg(t) — ,u;\i_,u;\) COSh(yst/TBs) -AM'UJ, Slnh(yst/TBs)

e Observables: — theoretically clean (no dependence on Fp,): Mo

N el S\ o [APSIcos(op — os)
S NG P2 +S?

= —1\Cpup

C

o = 25(&) _ [PPsinep — o) — |57 sin(205 — ¢57)
uu—1+‘§>\|2_ ‘p‘2+|5|2

Spup

,LAL,Lf,A _ 2R(EN) _ |Puu|2 COS(QS@# — ¢1§P) - ‘Suu|2 cos(2g0‘§“ — ¢13\IP)
S Y | Pupl? + |Suul?

o Note: Cpp, Sup = SEH, AVL = ALY are independent of muon helicity .



e Helicity-averaged decay rates, as for the branching ratio discussion:

(=) =)
D(BAt) = ptp™)= Y T(BAL) — plpy)
A=L,R

= | C{" o< n{" terms cancel in the following CP asymmetry:

D(BY(t) = ™) = (B = phu) S sin(AMt)

L(BYt) = ptp~) + D(BYUt) = ptp—)  cosh(yst/7s,) + AN sinh(yst/7B,)

e Observables are not independent from one another:

|

(Cpup)® 4 (Spp)” + (A%“SV =1 D

e Four NP parameters: |P,,|, |Suul. ¥ ¢

... While three independent observables ...



Probing P,,, and S,,,,: General Case

e Determination of |P| = |P,,l|, |S| = |S,,l as functions of pg = ¢/

ANE R |

(_erles) it

e lllustration: R =0.84, A\ =037, S,,=0.71, C,, =0.60

180

1.0

120 .
0.8
sol Cpu = +0.60 ] [

]

0 0.6+

pp [deg] E
-60 e L

04t

-120F Cu = —0.60 ] X

—180} F 0-2p

-240 ‘ : ool ‘ ‘ ‘ ‘
-180 -120 ~60 0 60 120 180 180 -120 -60 0 60 120 180

¢s [deg] ©s [deg]

= | would establish non-vanishing (pseudo)-scalar NP contribution!




Using More Information/Assumptions

e Relations in “SM Effective Field Theory” (SMEFT): [arXiv:1407.7044 [hep-ph]]

Cp=-Cs, Cp=Cg

e New parametrisation:

. CLl . = - : 1+ |z|etd .
r=|z)ett = | =2 e (Ps—¢s) P = |Ple'*FP = Cqp— 2] — | [S]e"s
Cs 1 — |x|e
e Determination of NP parameters:
[ A C = ) Sign of Cuu |
™ Pl(es) Slation: o
ps relations z(ps
(_erles) S(s) Alps)
/
General analysis




e Various patterns of observables for different SMEFT assumptions:

z, A AR, (#s)

Further
experimental 1S], ws
data

SI¢

Sign information

e Studies of different scenarios: — interesting playground ...

|C1o] = 0.84

o — °
w10=0

0.6
15|
04+
0.2 |Cl()‘ =0.84
.................... 10 = 0°
.0 1.0 L L L L
-180 -18 -120 -60 0 60 120 180
s [deg]
10 1.0 T
|C10] = 0.84 b [Crol = 0.84
10| = 0. L
. Fop=0°
05 ©10=0 051
Sy 0.0 Cup 00

-1.0 X5 L ) L 1.0 L I I 1 1
-180 -120 -60 0 60 120 180 -180 -120 -60 0 60 120 180
s [deg] s [deg]



Experimental Aspects

e Future timeline: |B®B, = u'u)—— s —— S ——| Gl
Time infé)rmation Tag;;ing Muon i1elicity
t 5 i ! - »
2014 2017 ? ?

e NP scenario: x = 0 with the following “measured” observables:

AR =058 £0.20, S, = —0.80 £0.20, C,y = 0.16 £ 0.20.

= degeneracy with |x| = co: — could be resolved through sign of C,,,:

10f 10}

0.8 0.8

06l 06

1s] 1 18l

',“. et 4 [
04} 0 D 6 Pl . 04f 0
02} . 02}
00 1 1 1 1 ] 00 [ 1 1 1 1
~180 -120 -60 0 60 120 180 ~180 -120 -60 0 60 120 180
¢s [deg] s [deg]

= [8] =043T05, @5 = (5477)°

— | Perform detailed feasibility studies for LHCb upgrade and beyond!




Charged
Leptonic
Decays:

B~ — ("

[Detailed discussions: arXiv:1809.09051, arXiv:1812.05200]



Theoretical Framework
¢

OW@ = (qy" Ppb) 0y, Prvy)

Beyond the Standard Model:

Standard Model:

— Consider (pseudo)-scalar NP operators:

AGy
V2

Og = (qb)(€Prve),  Op = (qysb) ((Prve)

Hest = —= Vg [Cv, Oy, + C5O5 + CpOp] + hec.

— Further operators (not considered in the following)...:

Oy, = (7" Prb)(by, PLve), O = (qo" Prb) ({0, Prvy)

Example of NP scenario: type Il Two-Higgs-Doublet-Models (2HDM):

mbme)
2
M I+

Ch = C& = — tan? B(



Branching Ratios ¢ NP Constraints

e Branching ratio: — involves fp as in By — (1~

— Helicity suppression in the SM:

Gt 2 2 mj i 2
BB~ 7)o = eVl M- (1 52) T
— Pseudoscalar operator can lift the helicity suppression: ,
2
BB~ = (") =B(B~ =D 1+ B-___Cf
( ¢) = B( o)lsm o ——

e NP constraints from branching ratios: — |Vyp| cancels and clean:

2

2
_mi, (Mp_ —mi,\ BB~ = iw,) _ |1+Cuyp
B(B~ — {5 vy,) 1+ Coyp




e Currently available data:

B(B_ — 6_176)‘]3611607 < 98x1077 (90% CL)
B(B™ =t 7,)|Belle1s = (6.46+£2.74) x 1077
B(B~ =7 7;)|ppg = (1.0940.24) x 104

= R} =0.76+0.36, R;<648x10" =

.................
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0.2+ I

.
8
.
.
.
S 2 - Ly
S M /.
- A e
0.0+ . . 1 e
: S 0.05
. . J
. .

Cp o0.00+
T - €
Ry, R,
~0.05F" .7
- -0.10
-0.06  -0.04  -0.02 0.00 0.02
w W
Cp Cp

[Leptonic B, decays and lifetime: Alonso, Grinstein & J. Martin Camalich (2017), .. ]



e CP asymmetries: — only direct CP wviolation (charged decays)

CP Violation wn Leptonic Decays

vanish in leptonic decays at leading order in weak interactions while

B(B — f) — B(B — f)
B(B — f)+ B(B — f)

acp =

higher-order-effects can only generate negligible effects:

e New Physics regions in the ¢’5—|C’5| plane, assuming flavour universality

= CP-violating NP phases would not be signalled!

for the pseudoscalar Wilson coefficients of i, 7 and pu, e:
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Further Constraints: Semi-Leptonic Decays

e Ratios of branching ratios: — independent of |V,

e B(B~ — ev,) L B(B~™ — u~1,) B(B~ — 17 0,)

“T T B(B—mwe ) " BB-—=wuwp,) 7 B(B— T i)

T —

ce =t

010 ——

0.058_
e
0.2 R,
u C% 000 R,
o4 <eu>;p [q2<12] GeV? —
m

I E R, 7 <eu>ip [q2<12] Gev?
-0.61 V -0.05
‘—0‘.(‘)6‘ | ‘—0‘.:04‘ | ‘—0‘.02‘ - 0.60 B 0.02 a -0.10 ‘—0‘.06‘ | —0‘.I04‘ | ‘—0‘.02‘ | ‘0.‘00 - ‘0.62 |
Cch cr

. Interesting subtleties, etc., ...

= various studies: — see our papers [arXiv:1809.09051, arXiv:1809.09051] ...



e New strategies for the determination of |V,;| and predictions of unmeasured
observables in the presence of New Physics:

assumption
on C%

(BB = w5 ) [ (BB~ ol 7))y, ] (BB = r7)
] ] ~_
[ (BB pr ) | [ BB~ —ewn) |

e May lift the helicity suppression for B~ — e~ v,.: — illustrations:

¢ Experimental limit
107 ]

A‘D
T B | = | search for it ...

SM

-12 | _
10 Co=Ch Co=L1Ck C5=10Ct 2HDM C%=Ch=0




Conclusions
and

Outlook




Towards New Frontiers with Leptonic B Decays

e Neutral leptonic rare B, g4 — ¢/~ decays:

— AT, provides access to another (theoretically clean) observable A% :

— pioneering LHCbH measurement = fully exploit in the future.

— B(B; — ete™) could be as large as O(B(B, — u™p™)):
— search for By — ete™ at the LHC — would give clear NP signal!

— Interesting strategies for revealing new sources of CP violation.

e Charged leptonic B~ — ¢~ vy decays:

— Offer interesting probes of lepton flavour universality in a clean setting.
— Powerful interplay with semileptonic B — plv,, B — wliy, ... decays.

— B(B~ — e U,) could be hugely enhanced:

— search for this channel at Belle II — would give clear NP signal!

= | Exciting topics for the era of Belle Il, LHC upgrade and beyond!




