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What are we interested in?
AN AT & b—sfT¢T FCNC

In the SM: electroweak penguin decay

Angular measurement available for the transition via the w=
weakly-decaying ground state:

Ay — N°(— pr )"~ LHCb-PAPER-2015-009

dqg?
Effective Hamiltonian described by the Wilson coefficients: 0 ey C ana C)
C7: how much tensor current (photon-like)? interference Long distance
Co: how much vector current vy, v? above open charm
reshol
Ci0: how much axialvector current &vy,ysv?
4m(u)?
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https://arxiv.org/pdf/1503.07138.pdf
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectLHCbOnly/LHCb-PAPER-2015-029.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/p/LHCb-PAPER-2019-040.html
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Not yet enough data at non-resonant g> in A) — pK—£7¢~

a) focus on one resonance: AY — A*(1520)u" ™ angular fit
(see Felicia's talk)

::_ + | LHCIb
+H+++#Jf

Weighted candidates

Suppl. material to LHCb-PAPER-2019-040

. . . . — — 20
b) avoid fitting: moment analysis in A — pK~¢¢ oky 4 Htr +++
of t t +++++++++ +
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Anja Beck Flavour at the Crossroads 26/04 /2022 2/16

WARWICK


https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectLHCbOnly/LHCb-PAPER-2015-029.html
https://lhcbproject.web.cern.ch/lhcbproject/Publications/p/LHCb-PAPER-2019-040.html

Method of moments + orthonormalization arxiv:1503.04100

1) Find angular basis f;(2):

dr
dg2dm,kdQ Z Ki(a®, max ) () # model-independent
observables
— orthonormal bases have nicer properties than arbitrary ones

2) Find weighting functions w;(£2) orthonormal to the basis: 4 robust independently of
the size of the dataset

/ fi(Q)w;(Q) dQ2 = §j
Q

# \ell-defined statistical

i
3) Enjoy your fit-free measurement: properties
#' 10-30% larger uncertainties
Ki(q®, mpk) = / Z Ki(q®, moi) () wi(Q) dQ = Z w;(£2n) compared to a (good) fit

data
points n

dr /dg?dm,dQ
Final aim of ongoing LHCb analysis: measure K; in bins of m,x and g>
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https://arxiv.org/abs/1503.04100

What does the decay rate look like?

Generic decay rate for 4-body A — pK~¢"¢~ phase space

—2
MP 1 phpEpl

dl =
m%, 26(2m)7 /q?
b

d cos fd cos ,d¢,d cos By dmpkdg®

dQ

Matrix element

Wz = Z P Z ZM/)\\’,i\\/;,)\E,)\Z
A

Ap A p [N AN
Indices = helicities

Pr+P_=1 Py — P_ = A} polarization
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Matrix element from helicity formalism
Helicity formalism
Calculate amplitude for /\?, — A"V, A" — pK~, and V — £/ in convenient systems
Connect systems via Wigner D-matrix elements (rotates spin bases)

Matrix element

polarization angle 0 e
global phase Iy AQ—A*V amplitude

.
AYP.N _ iop myp,Joe s InPag 2
MY AP,AE,Ae(q mpk, Q) = e X DA An—ge (0,6,0) x HT (g°, mpk)

% hmu Ju (q2)Di«’: j)\, N (de, 00, — o) X hﬁp,O(mpK)Dﬂxp(Ops Op, —dp)

Ieplomc amp\itude leptonic angles hadronic amplitude hadronic angles
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Jarization angle 0 , litud
et H global phase IR Ad—A* v amplitude
Helicity amplitudes 2 i A9 Mmoo doe InPry 2
y amp M@ mo, Q) = e x D%, (0,8,0) x HI I (g2 mye)
meesdee 2 Jpe * A I ,
X hYT (q7) D3 (D000 =) X b, 0(mpx) DAA‘A‘)((;),J.HP. —p)
leptonic amplitude leptonic angles hadronic amplitude hadronic angles

Lepton side: V — £¢

hY(q%) oc B(Ae)y" v(Az)
W(q") o< @)y 1sv(A7)

Hadron side: \* — pK~—

1
A, (mpk) = £—

PREYE G A
my — mf)K - fmAr(mpK) 8 gQCD(mPK)(pp ) U( p)’%uu( A)
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H H lobal phase polarization angle A9 —A* v amplitude
Helicity amplitudes globai p 50 :

A0 * N
M@ mp, Q)= & x DX L (0,6,0) x HU T (g7 mig)
,J, 2 Jy
x  h5(q%) D

A Ip * "
o (@000 —0) x by, o(mp) DY\ (9. 0p, =)
/\% decay leptonic amplitude leptonic angles hadronic amplitude hadronic angles

2 K| o= v K| = v
HY o ‘;’Z"( Cr (N*|5iounq” Prb|AY)  +Crr (N*|5iouq” PLb|AY) )

tensor (— vector)

+ Co (N*| 5y, PLb|AS) +Co (N*| 57, Prb|AY) vector

H” o Cio (N*| 57, PLb |AD) + Cyor (N*| 5y, PrbB|AS) axialvector

Quark model form factor predictions available for some A*, given in the form: arxiv:1506.04106

(N'[T,bIAS) o G(N) [FL(@) v+ FS (%) vi + FE(@°)v,] u(A)

Fl: form factors, v,(j) - velocity of A) (A*)

WARWICK Anja Beck
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https://arxiv.org/abs/1506.04106

global phase J polarization angle A9 —n* v amplitude

The unpredictable global phase > hg* JeesInPrg 2
P SIODATPIASE Ma( maw, @) = €™ x DR, (0.0.0) x I (G )
meesdee 2 Jop * ) A N ,
« hA/{,A[“(q ) DU (@000 —=de) x B, o(mpk) DA’R‘X‘)((;),,.HP. —bp)
leptonic amplitude leptonic angles hadronic amplitude hadronic angles
Single states Mp = e'“Hy = MaMR{ = HaHY
Several states M My, = Hy H, €12
generally #1
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The unpredictable global phase
J,

MG, mp, Q) = e

polarization angle

global phase Jo A

A* v amplitude

A JooInsPry 2
iap b myp,Jog,INPA [ 2
x Dy, ,\7)\“(0’9’0) X Hy (q°, mpk)

3, ¢ A Ip * ;
« h;’;fk/“ (4%) Dy o (D000, —d0) X X, 0(mpk) DA/\\AA,,("P- Op, —bp)

leptonic amplitude eptonic angles hadronic amplitude hadronic angles
Single states Mp = e Hy = MpMj = HaHj
Several states Mp MR, = Ha Hy, gl(a1—a2)
generally #1
Example 210
=1
Black: individual A(1520) £ 087
Dark blue: individual A(1405), A(1600 '
( ) N ) 0.6 /
Other colours: A(1520) + A(1405) + A(1600)
3/2- 1/2- 1/2+ 041 —
0) no relative phases (all a; = 0)
1-5) randomly chosen phases 0.2
Different quantum numbers 00 ' ' '
—-1.0 —-0.5 0.0 0.5
= interference effects visible in cos 0, cos ),

1.0
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Effect of the global phases on

Example: moments K3 5 g, coming with cos 6,

1

—N—
w;(2) = Po(cos 6,) cos b,

Independent of interferences and phases

£ 005
= I——
£ 0.00
~0.051
_0.109 —
~0.154 — —
=
~0.204
—0.259 J/H(1S) ¥(25)
25 50 75 100 125 150

Black: individual A(1520)

q* [GeV?/cY)

angular observables

cos 0

——
ws(€2) = P1(cos b,) cos
Only arise with interferences

3 cos? 0p—1)/2
—_———
wg(Q) = Pa(cosbp,) cosby
Affected by phases

Strong dependence on phases
£ 0.059
2 0.10 Z 0
< >
= K
= 005 0.00
.07 ]
—— == —_—
~0.05 1 — =
0.00 —_— ==
—0.05 ~0.101 —
~0.10 I/918) #(25) _0.154 J/(18) ¥(29)
2.5 5 7.5 2.5 5
25 50 75 100 125 150 55075100 125 “;‘_,’ ,
@ [Gev/e] ¢ [GeV?/cf]

Dark blue: individual A(1405), A(1600)
Other colours: A(1520) + A(1405) 4+ A(1600)

3/2—

1/2—

1/2+

0) no relative phases (all oj = 0)
1-5) randomly chosen phases
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arb. units

New Physics in a realistic pK spectrum

Take all resonances from A) — pK ™ J/p with FF predictions: %i, %i, %+

Use PDG values for B(A* — pK™)

Generate samples with different 1) Co = —C3" 3) Co, = —C2" A polarization: 0 or 1
Wilson coefficients and A polarizations 4) Cior = —C3 (plots show 0)

arb. units
arb. units

06 06 f\/ 0.6
04 04 0.4

0.2 0.2 0.2

0.0 - = 0.0 0.0
15 16 17 1.8 1.9 2.0 25 50 75 100 125 150 17 1.0 0.5 0.0 0.5 1.0 -10 —0.5 0.0 0.5 L0

m(pK) [GeV/c?) ¢ [GeV? /e cost, costy
The distributions here are normalized and NOT to scale wrt. each other. The phases are all set to 0.

= changes in the Wilson coefficients mainly affect cos 6,
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Three classic observables,

mpk € [1.40,1.50]

mpk € [1.50, 1.55]

dr
dg?’

mpk € [1.55,1.65]

AfQB, Fi, in bins of mpyk,

mpk € [1.65,1.75]

mpk € [1.75,1.85]

mpk € [1.85,2.00]

1 1 1 04 1 04
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0 — - o 02 = 02
o1 o — = 01 0 o1
—_— p—
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S0 75 100 135 150 v 0o 125 130 S0 75 00 1 00 125 150 50 75 100 135 130 00 125 160
¢ 7 GV 7 GV 7 GVl (Gev
0 5 :
—  — 02 — 02 — T
01— [2F pan i o1 [2F (3%
-1 — 01 _ - a1 01 —01 _ 01 _
-2 02 2 2 -
s s | ves —] 19018) — vas) : . 2/v08) — vos) o 2108)
7550 75 100 125 10 0 0o 125 10 50 75 100 125 130 S0 75 100
GV 2 iGev?/el]
< == = == —_ 3
005 — -005 — 0o = = =
- — = = 005 = 0 =
010 — o0 -0 — — —
o s 010 —om 1 —
ES — = —_ -
015 o1 J— o1 -0t 04 01
o — = 20— o — o — o0 =
8| s a8 s ) ) s v 18015) ) s | e
S0 75 100 135 100 125 v 10 o 1 50 75 100 1 S0 75 100 125 150
@ G o [GeVH/eh

wi1(Q) x 1 = dr/dg?
w2(Q) o Pi(cos ;) = Afg
w3(2) o< P2(cos b;) = lepton-polarizations F;

Ki comes with angular function
K> comes with angular function
K3 comes with angular function
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Which other moments are sensitive to NP?

It’s complicated

50 moments x 6 mpk bins x 5 g° bins = 1500 potential observables only for unpolarized AJ!
(198 moments for polarized A}, even more for Jp > 5/2)

Analytical expressions become huge and very difficult to penetrate.

Investigation strategy ideas are very welcome!

Trends we identified
> moments with w(f2) o cos 8, show sensitivity to Co or Cio (think Afg)

> moments with w() oc P2(cosb,) show sensitivity to Co, especially at low ¢?
— possibly Cg — C7 interference (think Pg)

> moments with w(£2) o cos 8P (cos 6¢) show sensitivity to Co, and Cios

» moments with w(Q) o sin 8, sin 8, may be particularly useful experimentally: NP models change
magnitude AND shape across g2 in all mpk bins
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A particularly nice set of moments

Moments 31, 32: change shape across q2

Angular functions:

1) Co = —C3V 3) Co =

4) Cio = —C3!

_SM
w31 (£2) o cos Oy sin O, cos O, sin O, sin(we + ©p) N

w32(Q2) o sin O cos b, sin O, sin(pe + p)

mpk € [1.40,1.50]  myk € [1.50,1.55]  mpk € [1.55,1.65]  mpk € [1.65,1.75]  mpk € [1.75,1.85]

mpk € [1.85,2.00]

om L £ o £ o Zon
. n -
et | == — e
st oot . )
Jje018) w(28) Jfe18) w{28) " Jfo(18) 1(25) J/¥(15) w(25) 00 Jfw18) w(2s) B J/v18) (25)
6oV 6oV s (a2 7 (Gev G # GV
2 0 Z o0 Z 00 = oo
<o < — = =on
0.02 — — — [ - —
L] o - — ]
- N = ] . =
par— — 0.05 — 0 002 ——
—— — ] IS I g [ ]
2 " | om0 B |
s | van s van sus| | sem aw0s vam s | v swan| v
PRI P TR T we B b I T We W e TR T we B s praaes et rrtra

Wilson coefficients change the shape of the distributions along ¢
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What about the interferences?

Global phases in the interferences affect the moments (see previous slides and Felicia’s talk)

Could they also be useful New Physics observables?
= check by generating individual resonances with the exact same settings
and then mix them with correct ratios (ie. no interferences at all)

Different NP scenarios
(same plots as before)
= large effect on cos 8,

Mix with interferences
vs. sum of individual states
= strong effect on cos ),

50 75 100 125 150 17 0 05 o0 05 10 ) 05 00 05 L0
&[GVt costl, cost
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Interference or New Physics?

Example: Kg comes with angular function wg(€2) o< P> (cos 6,) cos 6,
Ksg is non-zero in the SM for J > % (black lines in plots)

Sensitive to NP due to cos; dependence (see top row plots: different colours = different NP scenarios)
Sensitive to the interference terms
(see bottom plots: mix with/without interferences, see prev. slides and Felicia’s talk)

mp € [1.40,1.50]  myk € [1.50,1.55]  mpx € [1.55,1.65]  mp € [1.65,1.75]  myk € [1.75,1.85]  mpx € [1.85,2.00]

How can we distinguish boring phases from interesting New Physics?
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Summary

Derived the decay rate for A — pK~¢"¢~ for a realistic pK~ spectrum
Created a 7D (myk, G°, 0,0,,0¢, ¢p, d¢) MC generator for AS — pK =474~

Studied sensitivity to New Physics
identified moments that are sensitive to different (combinations of) Wilson coefficients
interference effects dilute NP sensitivity

Plans and WIP
Create complete documentation (and make it public)
Add option to include efficiencies in the generator
Make generator publicly available
Measure the moments in LHCb data

Input and ideas are very welcome!
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Appendix: the orthonormal basis

= 0.6
5 1nt1}111t1ve |
3 — orthogonal
< 0.4 1 T T T T f
024 —RRAB AR EAAEEERE AR AR NN N AR E R

10 20 30 40 50
index ¢
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