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1. Introduction

The next decade will be hopefully dominated by the new plsydiscoveries at LHC. In this
scenario flavour physics will play an important and completaey role to direct discovery, by
exploring the flavour sector of the theory that lies beyorel 8. Rare B decays are sensitive
probes to new physics signals (for a recent review see Rpf. Alnongst them the semileptonic
exclusive decap — K*I*1~ is particularly important due to its very rich phenomenglo§ome
of the observables constructed out of this decay are: theaforbackward asymmetrjgg, and
its zero [2, 3, 4], the isospin asymmethy,, [5, 6], and the transverse observaux#% (i=2,3,4,5)
based on the four-body angular distribution whenkhedecays into & T pair [7, 8, 9, 10]. Also
the coefficients of the angular distribution [11] or ratietveeen different? regions [12] are used
to define observables. The main focus of this paper is to geoaiguideline for the construction
of transverse observables%. These observables maximize the sensitivity to new pbyesial, at
the same time, exhibit a minimal hadronic uncertainty, irtipalar, to the poorly known soft form
factors.

2. General method

In this section we will describe the basis of the method rdgeompleted in [10] to construct
robust transverseobservables. The method is sufficiently general to be applieangular distri-
butions with similar properties. The steps of the method ayaise the helicity amplitudes of the
K* as the key ingredients to construct a quantity where thef@oft factor dependence cancels at
LO (amplitudes in the large recoil limit are very useful tcech this cancellation) 2) identify all
symmetries of the distribution with respect to transfoliovat of theK* spin amplitudes 3) check
that the constructed quantity fulfils all the symmetriesdientify it as an observable 4) express the
observable in terms of the coefficients of the distributiés. a by-product of the method hidden
correlations between the coefficients of the distributicayrarise. These correlations have proven
to be important for the stability of the fit and also providecaverful extra experimental check.

Our main source of information is the differential decaytritisition of the decaﬁd — K_*O(—>
K= r")171~ with the K*? on the mass shell. This distribution is a function of fouriahles

dr 9
do?dcosh dcosbrdp 32 (@8,6¢.0) (2.1)
whereq? = sis the square of the lepton-pair invariant ma@sis the angle betweepy: in 171~
rest frame and di-lepton’s direction in rest frameBaf 6k is the angle betweepk- in the K*0 rest
frame and direction of th&*° in rest frame 0By, and finallyg is the angle between the di-lepton
plane and th& — rrplane. The functiod(g?, 8, 6k, @) splits into the following coefficients of the
distribution [10, 11]

J(P, 8,6, 9) =
J1sSIn? Bk + J1c COS Bk + (JosSin? Bk + Joc COS Bk ) cOs By + Jzsir? Bk sin’ 6 cos 2p +

lindeed onIyA<Tz) andA<TS) are strictly transverse observableé,s,) andA<T4) being also sensitive to the longitudinal
spin amplitudes should, for consistency, be called trassvi®ngitudinal observables.
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+J45in 26 Sin 26, cos@ + JsSin 26¢ SinG cosp -+ (Jessin2 Ok + Joc COS B¢ ) cOSH +
+J7sin 26« sin@ sing + Jg Sin 26k sin 26, sin@ + Jo Sir? O« Sir? 6 sin 2.

These coefficientd with i = 1s,1c, 2s,2¢c,3— 5, 6s,6¢, 7 — 9 are in turn functions of the amplitudes
A1L7’|?2)7t7s [10, 11] Ay 0 are linear combinations of the well-known helicity ampliésH. .1 —1 o).
The counting of the coefficients of the angular distributaord of the theoretical spin amplitudes
depends on whether scalar interactions are relevant inngsas or not. If we include them we
have 8 complex amplitudes\( | o L ryst) @nd 12 experimental inputs;), while if no scalar ampli-
tudes are considered we would have just 7 complex amplit(&leso . r):) and 11 experimental
coefficients Jgc = 0). If we neglect the mass of the lepton in addition, the nunabeomplex spin

amplitudes gets further reduced to4 € 0).

3. Symmetries of the distribution

Experimental ) and theoretical4;) degrees of freedom have to match. The equation that
defines this matching il — ng = 2na — ng, Wherenc is the number of coefficients of the differential
distribution @;), ng is the number of relations between theny is the number of spin amplitudes,
andng is the number of symmetries of the distribution.

We will focus here on the case of massless leptons with n@ascallThe parameters of the
equation are thenc = 11, ng = 3 (Jis = 3Jos, Jic = —Joc, and a third more complex relation),
na = 6 (spin amplitudes)ps = 4 symmetries. One of the main results in Ref. [10] was to ifient
the fourth and last symmetry (three of them were found in F3f. Moreover, a non-trivial hidden
correlation between the coefficients of the distributiorswd&covered.

One important question arises at this point: how do we knat tiirere are four symmetries
without having found first the new non-trivial hidden coatsbn?

In order to count the number of symmetries we define an infimital symmetry transforma-
tion of the distribution:A’ = A+ 3Swhere

A = (Re(A}), Im(AL), Re(A), Im(A}), Re(AG), Im(A),
Re(AT), Im(AT), Re(Af) . Im(AF), Re(AF), Im(AF))

Srepresents a symmetry of the distribution if and onlyiit (Jss...Js) : 0(J) L S

There are as many independent infinitesimal symmetriesaarly independent vectoé,
with j = 1,..n satisfying the above constraint. In the case of masslessrigpvith no scalars four
of those vectoréj were found [10]. This is the first proof that four and no morengyetries are
present.

The explicit form of the four continuous independent synmnétansformation’ of the am-
plitudes that leave the differential distribution invantiare [10]:

(3.1)

. |€%0 cos® —sinf | | cosh® —sinhid .
"~ |0 e®||sin6 cosB||—sinhi®@ coshd| "

2Sometimes it might be a non-trivial task to find a continuogrametry associated to an infinitesimal one.
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1

4 1 5 . .
AL = [5355723571355*35 } 2 dot AR = Ues )
3hs—ds 2205
A;=0 AR =\/3ds— %

1
A5 = Jo(5hs—3) 208397 | © b AR = il
shs ) 525

Table 1: Explicit solution of the spin amplitudes in terms of the daéénts of the distribution for the
massless case without scalars.

where we have defineth = (A, AT), np = (A7, —AT") andng = (A5, AF"). The first two sym-
metries (phase transformations) are a consequence ofdadoim to pick up an arbritrary and

different global phase for the L and R non-interfering amoples. The third and fourth symmetry

corresponds to the experimental impossibility to measusamalltaneous change of helicity and

handedness of the current (a helicity +1 state with a lefdbdrcurrent transforms into a helicity

-1 with a right handed current).

But, what have we learnt from using this symmetry approach® answer to this question is
twofold. On the one side, it basically gives freedom to cartdtan optimal observable out of the
spin amplitudes. The symmetries allow to bypass the streagiction of taking each coefficient
of the distribution as an observable and permits to conisthecbest, i.e. most sensitive to NP,
combination of them. The only requirement to fulfil is thag tonstructed quantity has to respect
these symmetries (in order to be promoted to an observablejhe other side, the symmetries of
the distribution are necessary to find a solution of the sysiEthe spin amplitudes in terms of the
coefficients of the distribution; in particular it allows tesidentify new hidden correlations which
turn out to be important for the stability of the experiméifita

Indeed we found in Ref.[10] that all the physical informatiaf the distribution is encoded in
the three moduli and the complex scalar products of the v@nto

2 2
|n1|2: §Jls—\]37 |nz|2 = §J15+J3, |n3|2 =Jic
nl'nzzk_i‘]% ni-n3g = \/§J4—i‘]—7, n2.n3:£_i\/2]8.
2 V2 V2

The symmetries guarantee the invariance of these modukeaddr products. Using the freedom
given by the symmetries to fix certain parameters to zerosyhem ofA’s can be solved in terms
of J's. In particular, we choose the left global phage)(such that InA\h =0, the right global phase
symmetry (&) such that |m\ﬁ* = 0 (simplicity) and one of the continuous« R rotation 8 to fix
Re;b\‘Flz = 0. The system is then easily solved as shown in Table 1. 8#lllast equation remains

J5 (3015 — ) — Jades — Jrdo — i (231635 — 20335 + 2Jadg — 3 J6sJ7)
172 -
[2(5%— B — 3%~ %) (e (§s— Js) — 205 - 397)]
This equation has two important consequences. First, iesgmts another proof of the existence
of the fourth symmetry manifesting itself in the freedom hocse eithe(pi or %L =0. And second,

the condition of the LHS of this equation being a phase implosdollowing non-trivial constrain
on the RHS:

g -a) —

(2D15+333) (433+32) +(201s—333) (J2+432)
1602, —9(4J3+J2.+432)

ch = _‘JZC =6
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SRR = 1 @2
We emphasize that this equation holds in the case witholarsmaplitudes and under the assump-
tion that the mass of the leptons can be neglected. If scalplitades are relevand{. # —Jx) the
equation—Jy. = f is still fulfilled while J;c # f. Taking into account the mass of the leptons, one
can derive a similar expression only if there are no scalalitides included in the analysis. As a
consequence, ific = f is not fulfilled and large deviations are observed (smaliat@ns may be
due to the massive terms) this would signal the presenceatdrsc On the contrary, if the equa-
tion —J,c = f is not fulfilled and large deviations are observed it mighhpto an experimental
problem.

4. Construction of transver se observables: AQ)

Following the previous steps we constructed four differetiust observables. Two of them
A(Tz) and A(T5> are only sensitive to the transverse amplitudes, m%fé and A(T4> also have sen-
sitivity to the longitudinal spin amplitude. In this sectiove will focus on the properties of the
former. The computation of spin amplitudé&ﬁé is done at the NLO level within the frame-
work of QCD-factorization [3] . They are functions of the ¢pdistanceB — K* form factors
(Ao12(0?),V(9?), T123(0?)) (see Ref.A [13] for a recent analysis) and of the shortagist Wilson
coefficients €S, Ce™ C&f C10,CE™,C)) (for precise definitions see Refs. [9, 10]). In the heavy
quark and largeéeg- limit all form factors can be expressed in terms of just twft $orm fac-
tors &, (Ex) and §(Eg) [14]. However these relations receive two types of coroesti order
as [3, 6](coming from NLO-QCDf) and power suppress&dm, corrections estimated to be of
0(10%). Both were included in our computation of the spin ampligidethe NLO level in Refs.
[9, 10].
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Figure 1: Left: A2 in SM (green band) with four NP benchmarks ([10]). Cents; for the same cases.
Right: A% in the SM and for different values d@” andCj, (for more details see Ref.[10]).

The observablé\(Tz) was first proposed in Ref. [7]:

22 ALIZ— A2

= 4.1
T AL AP (4-1)



Symmetries in the angular distribution of exclusive sephileic B decays Tobias Hurth

It is built to signal deviations from the left-handed sturet of the SM:A'2|"SM ~ 0. We restricted
our analysis to the & ¢? < 6Ge\? region (its extension tg? > 14 Ge\? was described in [15]).
Some of the most important properties are:

e The soft form factor dependence cancels exactly at LO andyawitdd dependence at NLO
is observed.

¢ In the large recoil limit for the spin amplitud@érz) simplifies to

MM A 44

AZ ~ A4CS
T s XA (B

(4.2)

whereA. = 6§ 4 2™Ms (ceff 1 Ce'). The strong sensitivity to the coefficieg™ of the
electromagnetic chirally flipped operator and an importmtancement factorn®Mg/s
around 1 GeY are evident.

e The comparison betweelkfr2> andAgg is particularly interesting: i) While?!\(T2> is extremely
sensitive to right-handed currents @a(and its CP violating phasel:-g shows only a very
mild (for the modulus) or null (for the phase) sensitivityeésalso Fig. 1, right and center
plot). ii) Both observables exhibit a zero, or a lack of it,tla¢ same value cx[1(2) at LO
(but also at NLO) ifC?ff’ = 0. iii) While Agg is only protected from large soft form factor
uncertainties at its zer(A\(Tz) is protected in the whole & ¢? < 6 GeV region.

° A(Tz) also serves as an excellent probe for a nontri@igl The latter implies a completely
differentg? dependence than a non-zero coefficieht

° A(Tz) can be measured using the one-angle projected angulabudtigtn in the first run of
data taking with the LHCb experiment and using the full aaguistribution afterwards.
See[9, 10] for a discussion of its experimental sensitivity

The transverse observaméS), complementary taé\(z), was proposed in Ref. [10]:

ARAL +ATAT|
AZ+ AL

A _ | (4.3)

e Contrary toA(z), A(TS) exhibits a combination of left-right and-|| amplitudes that cannot be
found in any single coefficient of the distribution. Its egpsion in terms of the coefficients
of the distribution can be found using the explicit solutatescribed in Sec.2:

/16352 — 992 — 36(33 + 33)

I . 4.4
T m—=0 8J]S_ ( )
e In the large recoil limit and assuming a nontriv,, A(T5> simplifies to
2
6 |~Chot[Ciol2+ (2moMaCS" /P + C5")?|
A ‘ (4.5)

10 2[C3+[CLol? + (2mMeCS /2 +C5")7]
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It implies thatA(TS) has a maximum value in the SN}, = 0) of 1/2 near to the position of
the zero ofArg. If Cjy# 0 andCj, < Cyo the size of the local maximum decreases and its
distance to the SM maximum is given K372/ (CZ, + |CNP|?). This distance can be used
as a measurement 6, if C|, represents the only contribution beyond the SM (see Fig.1,
left plot).

e Finally, the positiorg3 of the maximum moves i€ or C§" receives NP contributions like
Arg (see again Fig.1, left plot).

5. Conclusions

We have presented in detail a method to construct obsesjalding the<* spin amplitudes as
building blocks, with high new physics sensitivity and redd hadronic pollution. It is sufficiently
general to be applied to other angular decays with similapgties. The symmetries of the four-
body decay, that play a central role in this method, are ifledtand interpreted. Finally, two
observables are constructed fulfilling all the steps of tle¢hmd and their properties are analyzed.
A2 emerges as an improved versionfgh, containing almost all the physical information of it but
in a less QCD polluted way, and it also exhibits a much largessivity to right-handed currents
thanArg.
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