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b — s/¢: a bird’s-eye view

S. Descotes-Genon (LPT-Orsay) Rare b-decays: fits, angular dist. .. Beauty 2019, 1/10/19 2



2019 updates on LFU violation in b — s/
@ LHCb update

S [ LHCb gl-16l _ Br(B — Kpuy)
1sE —_— K Br(B— Kee)
] - 08467453
osf- i @ Belle at low and large K
: . | LHC Run 12015 + 2016 recoils, 1 &= 0.2, but 20%

0 > oo 2 isospin asymmetry

42 [GeV?/c4]

@ From 2.6 to 2.50 wrt SM
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2019 updates on LFU violation in b — s/
@ LHCb update

w 20r
S [ LHCb gl-16l _ Br(B — Kpuy)
s B S— K Br(B — Kee)
: _ 0.060+0.016
LOF T } = 0-846J—ro.054iro.o14
osf- i @ Belle at low and large K
OOE | I-LHCbRuIn1+2015+I2016 I’eCOiIS, 1 + 02, but 200/0
0 5 10 15 - [Gfglw] isospin asymmetry
@ From 2.6 to 2.50 wrt SM
B(B % K* /ULIU‘) Belle preliminary
@ Belle: Ry» = ——————+ 15
ele: ik B(B — K*ee)
in 3 bins (large/low-K* recoil) 10 = }
@ OK with SM, but also LHCb Tt B
[2.3 (2.6) o from SM —
[0.045,1.1] [1.1,6 00l 3 I G 20
for RK* ([ ])] qz (GeV2/04)
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Beyond Ry, Rk-, more deviations in b — s/

- -
0N
@ Many observables for B — Kpuyp,

B — K*pu, Bs — ¢pp
@ 2-3¢ deviations observed w.r.t. SM

Lattice —e-Data
T T

B' - Ky 7
LHCb 4

e

dB/da? [10° x c4/GeV?]

0 15 2
0 [GeVZcd]

e BRfor B — K/LM, B — K*/J,/L, 10 —4— daafrom LHCb
Bs — ¢upu (require knowledge of et

[ Predfrom LFUV

hadronic uncertainties) 05
@ Angular distr of B — K* i with
optimised obs (eg Ps), where part

T

of hadronic uncertainties cancel o8 o —
e Hints of lepton flavour universality -

violation: b — see vs b — suu -10

angular distributions 0 1520

2 2
[LHCb, Belle, ATLAS, CMS] qi(GeVv?)
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Looking for a consistent picture
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Many data, a few deviations on the way, rare decay sensitive to NP
Do these results form a consistent New Physics picture ?
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Computing the observables
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Weak effective theory
b— sy(*)  HIAp—y < > VisVinCiOi + ...

to separate short and long distances (up = my)
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Weak effective theory
b—sv(")  HREy o Y VisVieCiOj + ...

‘-

¢

g‘* to separate short and long distances (i, = mp)
b c,
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Weak effective theory
b—sv(")  HRE g o Y VisViCiOj + ...

+

gi to separate short and long distances (up = my)
w

c,

b @ 07 = g%mb S0"¥(1 +~5)Fu b [real or soft photon]

i

¢ gﬁ)
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Weak effective theory
b— sy(*) : HAp_4 o< Y VisVipCiOj + ...

to separate short and long distances (up = my)

»+

e 07 = 2mb S0"¥(1 +~5)Fu b [real or soft photon]

(}% M) @ Oy = 37#(1 —75)b £y*4 [b — suu via Z/hard ~. . .]

v @ O = 3%(1 —v5)b tyFyst  [b — sup via Z]

020
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Weak effective theory
b— sy(*) : HAp_4 o< Y VisVipCiOj + ...

to separate short and long distances (up = my)

»+

e 07 = 2mb S0"¥(1 +~5)Fu b [real or soft photon]

(}% M) @ Oy = 37#(1 —75)b £y*4 [b — suu via Z/hard ~. . .]

v @ O = 23%(1 — 5)b lytysl  [b — sup via Z]

OJ 10,9/,10 /
Oj M=-029, gV =41, 7} =-43
<>§§ M) i (short dist) x Hadronic gties (long dist)
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Weak effective theory
b— sy(*) : HAp_4 o< Y VisVipCiOj + ...

to separate short and long distances (up = my)

»+

e 07 = 2mb S0"¥(1 +~5)Fu b [real or soft photon]

(}% MI> @ Oy = 37#(1 —75)b £y*4 [b — suu via Z/hard ~. . .]

v @ Oy = 23%(1 —5)b (v sl [b— spu via Z]

OJ 10,9/,10 /
Oj M= _029, cM =41, ) =-43
<>>§ M) i (short dist) x Hadronic gties (long dist)

NP changes short-distance C; or adds new operators O,

@ Chirally flipped (W — Wg) O7 = O7 x 80" (1 —v5)F b
@ (Pseudo)scalar (W — HT) Ogr, O100 — Osy x §(1 4 v5)ble, Op,
@ Tensor operators (Z — T) Ogr — O1p o 80, (1 — 75)b Loyt
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Two sources of hadronic uncertainties

Gra

ABB— K'tt) = 7%
T

Vio Visl(Ay + To)Uey* ve + B gy s vy

o %@;@
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Two sources of hadronic uncertainties

Gra
V2r

s e o+

e e

Form factors (local)

A(B — K*t) = Vio Vis[(A + Tu)Uev* v + BLUgy s Vi)

@ Local contributions (here with SM C;): 7 form factors

2mpyq” - _
A, = - qbzq C7<V,\|SO’HVPF;b|B> +CQ<V/\|S’YHPLb|B>
BN = C10<V>\|§7HPLb|B> A K” heliCity
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Two sources of hadronic uncertainties

Gra
V2r

s e a

e e

Form factors (local) Charm loop (non-local)

A(B — K*t) = Vio Vis[(A + Tu)Uev* v + BLUgy s Vi)

@ Local contributions (here with SM C;): 7 form factors

A, _2mpq

C7( V|30, Prb|B) + Cs( V|57, PLb| B)
BH = C10<V)\|§7HPLb|B> A K” heliCity
@ Non-local contributions (charm loops): hadronic contribs.

T,, contributes like O7 o, but depends on g° and external states
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Hadronic uncertainties: form factors

3 form factors for K, 7 form factors for K* and ¢
@ low recoil: lattice QCD [Horgan, Liu, Meinel, Wingate; HPQCD collab]
@ large recaoil: Light-Cone Sum Rules (B-meson or light-meson DAs)

[Khodjamirian, Mannel, Pivovarov, Wang; Bharucha, Straub, Zwicky; Gubernari, Kokulu, van Dyk]

VI}AI\'
2.0
2.0+
15
;10
0.5
00 -10 0 10 20 0.0, ) )
FLaV?] 0 5 10 15
B-meson LCSR + lattice Light-meson LCSR + lattice

@ correlations among the form factors needed
@ known from direct determination
o recovered from EFT with mp — oo + O(as) + O(1/mp)

[Jager, Camalich; Capdevila, SDG, Hofer, Matias; Straub, Altmannshoffer; Hurth, Mahmoudi]
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Hadronic uncertainties: charm loops

@ important for resonance
regions (charmonia)

@ SM effect contributing to Cg,

@ should depend on g° and
hadrons, but lepton universal

@ high g?: quark-hadron duality

[Beylich, Buchalla, Feldmann]
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Hadronic uncertainties: charm loops

@ important for resonance [
: , ;R st
regions (charmonia) 10 B o s 6 ot Bkt
@ SM effect contributing to Cg,

@ should depend on g° and S
hadrons, but lepton universal

@ high g?: quark-hadron duality

[Beylich, Buchalla, Feldmann]
2
Several approaches at low g= agree £(Gev?)
o LCSR estimates [Khodjamirian, Mannel, Pivovarov, Wang; Gubenari, van Dyk]

@ order of magnitude estimate for the fits (LCSR or A/mj), checked
with bin'by'bin fits [Crivellin, Capdevila, SDG, Hofer, Matias; Straub, Altmannshoffer; Hurth, Mahmoudi]

@ fit of sum of resonances to the data [Blake, Egede, Owen, Pomery, Petridis]
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Hadronic uncertainties: charm loops

@ important for resonance 05\ N e )
regions (charmonia) \ L s

@ SM effect contributing to Cg,

@ should depend on g° and 2 o0}
hadrons, but lepton universal

@ high g?: quark-hadron duality

[Beylich, Buchalla, Feldmann]

Several approaches at low g? agree
@ LCSR estimates [Khodjamirian, Mannel, Pivovarov, Wang; Gubenari, van Dyk]
@ order of magnitude estimate for the fits (LCSR or A/mj), checked

with bin-by-bin fits  (crivelin, capdevila, SDG, Hofer, Matias; Straub, Altmannshoffer; Hurth, Mahmoudi]
@ fit of sum of resonances to the data [Blake, Egede, Owen, Pomery, Petridis]
o fit of g?-parametrisation to the data

[Ciuchini, Fedele, Franco, Mishima, Paul, Silvestrini, Valli; Capdevila, SDG, Hofer, Matias]

@ dispersive representation + J/v,1(2S) data  (govetn, chrzaszez, van Dyk, virto]
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Pending questions

i
0 0

o

@ Narrow-width approx for form factors
@ Not problem for K or ¢, but for K* ? =
e Lattice QCD : other collaborations ? % .,
e K*-meson LCSR: not able to catch &

the effect (need t

@ Estimate of soft-gluon cc contribution
from Light-Cone Sum Rules

@ Several cc contributions, with hard and
soft gluons (hard to estimate)

@ Soft-gluon correction from LCSR
smaller than thOUght ? [Gubernari, Van Dyk]

@ Impact on contribution to be worked out
(not used at face value in fits)

o use Kt DAs)

@ B-meson LCSR: universal 10% I o]
effect, increasing SM discrepancy
[Khodjamirian, SDG, Virto] Pie- (GeV)
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Fitting the olbservables
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Observables

Inclusive Exclusive
b — sy B — Xgy Bs — ¢v, B— K*y
b—sup  B— Xspup  Bs — pp, B— K(*)ppt, Bs — ppups, Ao — Nppu
LFU (e vs p) R+, Rk, Qg5 = Pj, — Pjs

@ Mostly Br, but also angular observables for B — 4 bodies
@ Anomalies in

@ Brfor B — Kujp, B— K*pp, Bs = o (Bs — pup, Ao — Aupe)
@ Angular observables P; for B — K*uu at large K* recoll
e LFUV quantities: Rk, Rk«

@ Combine all these observables in a statistical framework to
overconstrain short-distance physics C; and compare with SM

Many groups contributed over the last few years.
My apologies for this incomplete sampling for lack of time
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A few general comments on the fits

Recent global analyses with LFUV + a subset of other observables:

e fit to hypothesis with some C'F, with x2 involving th. and exp. unc.
@ p-value: Xﬁ,in considering Nor [does hyp. yield overall good fit ?]
@ Pullsy : x2,,(Ci = 0) — X2, [does hyp. solve SM deviations ?]
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A few general comments on the fits

Recent global analyses with LFUV + a subset of other observables:
e fit to hypothesis with some C'F, with x2 involving th. and exp. unc.
@ p-value: Xﬁqin considering Nor [does hyp. yield overall good fit ?]
@ Pullsy : x2,.(C; = 0) — x2,;, [does hyp. solve SM deviations ?]

@ LFUV obs with reduced hadronic
unc. but degeneracy between
shifts in Cjy” and [P

@ other observables lift degeneracy,
favour NP in b — suu, but more
sensitive to hadronic unc.

@ Scalar and tensor often ignored :
of SM + chirality flipped enough
&5 0 2 i @ CP conservation generally
Fic [Gengetal] assumed (hence real CNP)
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(Alguerd et al., 1903.09578)

@ Obs:excl b — stt (BR,P;),B — K*v,B — Xst,B — Xsv, Rk(+), Qi
@ Approach: Frequentist, private code

@ Form factors: B-meson LCSR with EFT correlations + lattice

@ LD charm: order of magnitude from KMPW, but sign left arbitrary
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(Alguerd et al., 1903.09578)

@ Obs:excl b — stt (BR,P;),B — K*v,B — Xst,B — Xsv, Rk(+), Qi
@ Approach: Frequentist, private code

@ Form factors: B-meson LCSR with EFT correlations + lattice

@ LD charm: order of magnitude from KMPW, but sign left arbitrary

@ Subset: 22 obs (LFUV,b — s7v,Bs — pu,B — Xspp) (SM p-val 8%)

2019 || Bestfit | 10CL | Puligy | p-value

~ Coy Ly Ve || -0.89 [[-1.23,-059] [ 330 | 52%
Co, =—Cio, Lg®L, || -046 | [-0.53,-0.29] | 4.00 74%
Cop =—Cop  Ag®@ Ve || -161 | [-2.13,-0.96] | 3.00 42%
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(Alguerd et al., 1903.09578)

@ Obs:excl b — stt (BR,P;),B — K*v,B — Xst,B — Xsv, Rk(+), Qi
@ Approach: Frequentist, private code

@ Form factors: B-meson LCSR with EFT correlations + lattice

@ LD charm: order of magnitude from KMPW, but sign left arbitrary

@ Subset: 22 obs (LFUV,b — $7,Bs — 111,B — Xspup) (SM p-val 8%)

2019 || Bestfit | 10CL | Puligy | p-value
Copn Ly Ve || -0.89 [[-1.23,-059] [ 330 | 52%

Co, =—Cio, Lg®L, || -046 | [-0.53,-0.29] | 4.00 74%

Cop = —Cop  Aq® Ve || -1.61 | [-2.13,-0.96] | 3.00 42%

@ All: fit to 180 obs (SM p-value 11%)

2019 || Bestfit | 10CL | Puligy | p-value
Con Lyg@V, || -098 [[-1.15,-0.81] | 560 | 65%

Cop =—Cio, Lg®L, || -046 | [-0.56,-0.37] | 5.2¢ 56 %

Coy = —Cop Ag®@ Ve || -0.99 | [-1.15,-0.82] | 550 63 %

@ Right-handed currents are back in favour due to Rk closer to 1
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(Alguero et al., 1903.09578)

3F = 3 N
2 ;7 - \ , 2+ .
s D) W a“,iﬁ"f
¥ 0 @ s =
R et | T
-2 —2l
-3k -3
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Coyr Copr
(Cgﬂ ,Cmﬂ) 5.60 (2017) (left-handed, SM-like)
(Cgu,Cg/ ): 5.70 (2017) (right-handed currents)
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(Alguerd et al., 1903.09578)

3 3
2 ATLAS| 27 ATLAS
-1 —1F
-2 -2
-3 -3
-3 -2 -1 0 1 2 3 -3 -2 -1 1 2 3
oy Co
 (Cor,CI): 5.60 (2017) — 5.40 (2019) (left-handed, SM-like)
® (Cyy,Cyp): 5.70 (2017) — 5.70 (2019)  (right-handed currents)
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(Alguerd et al., 1903.09578)

w/o B, = pp 20

—09 —— CGlobal Fit 10 & 20

~18 —15 —-12 —09 —-06 —03 00 03 06 09 R -2 -1

0 1 2
NP NP
o Cau

) (CSLP,C%Z): 5.60 (2017) — 5.40 (2019) (left-handed, SM-like)
° (CQN#P,CQ/H): 5.70 (2017) — 5.70 (2019) (right-handed currents)

@ Separating 3 o regions for b — supu and purely LFUV
e LFUV favours Cjy, > 0 and Cg/), >0

o b — sup essentially in favour of Cg7 < 0
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(Aebischer et al., 1903.10434)

@ Obs: same + Ap — App [BR,AFg]

@ Stat approach: Frequentist, flavio code

@ Form factors: global fit to K*-meson LCSR + lattice
@ LD charm: g?-polynomial with 10% from amplitude

—— NCLFU observables 20 B —— Rg- lo / _
b= spp & corr. obs. 10 R flavio £/ 3.0 R A% =1 / flavio
R . =y
159 — global 10, 20 - [/ —— NCLFU observables 1o~ [
. 4 b= spp & corr. obs. 1o |
. 4 251 — global 10, 20
S —~ |
1.0 - / \
204
2= 05 2.1
o &) o
104 -
0.0
05
05
0.0
L5 10 0.5 0.0 0.5 30 -25 20 15 0 05 00
“bspp Sbspip
cl cl

@ Higher p-values: 6.30 and 6.00

@ 1D hyps: preference for Cy; = —Cyy, with tensions among obs.
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(Arbey et al., 1904.08399)

@ Obs: similar to Alguero et al

@ Stat approach: Frequentist, Superlso code

@ Form factors: global fit to K*-meson LCSR + lattice
@ LD charm: g?-polynomial with 10% size of QCD fact

06 0.4
o, - 68% CL
0.4 e W osucCL
0.2
= 02 Ze
= S
< 00 300 @S
S )
© =02 © 0.2
0.4
-0.4
-0.6
-04 -02 00 02 04 -04 -02 00 02 04
6Co W/ CS™ 6Co 4/ ™

@ decreased tension between Ry -) and others concerning C%IL
e 1D hyps: preference for Cg;’
@ No need for NP in electrons (in agreement with other groups)
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Other works and favoured NP scenarios

Other works from [Alok et al. 1903.09617] [Kowalska et al. 1903.10932] [D’amico et al. 1704.05438 updated]
[ciuchini et al. 1903.00632] With different settings, similar favoured NP scenarios

1D hyp Alguer6 Aebischer Alok Arbey D’amico Kowalska

CQNJ) 5.60 5.90 6.20 5.30 6.50 4.70
CSI,\LP = —C%P 5.20 6.60 6.40 4.50 5.9¢0 4.80
N = —c)f 550 - 640 - : :
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Other works and favoured NP scenarios

Other works from [Alok et al. 1903.09617] [Kowalska et al. 1903.10932] [D’amico et al. 1704.05438 updated]
[ciuchini et al. 1903.00632] With different settings, similar favoured NP scenarios

1D hyp Alguerd
CQNJ) 5.60
Cgﬂ’ = —C%I;L 5.20
i =) 550

Aebischer Alok Arbey D’amico Kowalska
5.90 6.20 5.30 6.50 4.70
6.60 6.40 4.50 5.90 4.80

- 6.40 - - -

@ NP hyps with significant pulls

@ Right-handed currents interesting
(due to Rk closer to 1)

NP _
ocgu =

_C%I; favoured by [Aebischer et al.] S

bspp

10

as a combined effect of

® BR(Bs — uu)
o Ap — App inputs

0.0

@ Amy s assuming no NP in AB =2
(not done in other fits)

S. Descotes-Genon (LPT-Orsay)

Rare b-decays: fits, angular dist. ..

b spp & Byg = pp & AF =2 & Ay — Ay 1o

0. 0.0 0.5
“bspupt
cl

Beauty 2019, 1/10/19



Lepton Flavour Universal NP ?
Rk and Ry~ support LFUV NP, but there could also be a LFU piece

Cie = C/U Ciu - C,U + C’\l/i C,’T = CIU + CIY’ [Alguerd et al, Aebischer et al.]

@ Favoured hyps (5.6-6.5¢) with similar LFU and LFUV contribs

@ Natural in models explaining b — crv with V — A operators. ..

@ ...imply large b — st7 through SU(2),, small universal b — s¢/¢
radiative corrs. in Cg (SMEFT, leptoquarks...) (crivelinetal, Capdeviaetal]

3 10
2
(D s i p
ATLA! 1 b / ©
1 [0 Belle I ! -
CMS 1 d
Lich | i
Se o A %5 05 (/;—\\\ : - P
RS y . . | ]
J \\gg\ """ ) ‘ '
-1 § -1o ~ 1 . &
L N/ I R e R R SR ok P 13-=
_7| Eng T S S E O S O S H”: B #
S W
-20 N
3 : 1 7
S i 2 3 -10 ~05 00 v \g/
Vo _ oV v v
C!)[l = 76“][1 Co = —Ciop
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How to go forward ?
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How to disentangle/confirmm NP scenarios

Hadronic uncertainties
@ Different hadronic environments
@ Optimised observables designed to cancel hadronic uncertainties

Sensitivity to different NP scenarios
@ Separate and probe different polarisation/helicity states
@ Translated into different geometries of decays

Exploit angular distributions, if possible with new hadronic states
using a few lessons learned from B — K*upu

S. Descotes-Genon (LPT-Orsay) Rare b-decays: fits, angular dist. .. Beauty 2019, 1/10/19
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B — K*¢¢: angular analysis

.
3 \‘ﬁ @ Oy angle of emission between K*0

\ : \ and K~ in di-meson rest frame

@ 0;: angle of emission between K*0
and p~ in di-lepton rest frame

@ ¢: angle between the two planes
@ g2 dilepton invariant mass
a*r

dqg2 d cos 0, d cos Ok~ do Z (O3 6,61) > I

with 12 angular coeffs [;, interferences between 8 transversity ampl.
@ 1 ||,0 (+ virtual t) polaris. of (real) K* — K, (virtual) V* — uu
@ L, R chirality of pu pair

AJ_’L/R, AH,L/R! AO,L/F?: A; + scalar As depend on
@ g2 (lepton pair invariant mass)
@ Wilson coefficients C7, Cy, Cy9, Cs, Cp (and flipped chiralities)
@ B — K* form factors Ao 12, V, Ty 23 from (K*|0;|B)
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Kinematic regions for B — K*uu

iR
o

=

dB(B->K*up)/ds x 107(GeV')

©
o

Large recoil

Charmonia

Low recol|l
o L ey

o 5 10 15 20
s (GeV?)

@ Very large K*-recoil (4m? < g2 < 1 GeV?) ~ almost real
@ Large K*-recoil (g% < 9 GeV?) energetic K* (Ex- > Agcp)
@ Charmonium region (q* = m’, ,, between 9 and 14 GeV?)

@ Low K*-recoil (¢° > 14 GeV?) soft K* (Ex~ ~ Aacp)
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Form factors and optimised observables

7 independent form factors Ag 12, V (Og 10) and Ty 23 (O7), where
scales A and mg can be separated in limits of low and large K* recaoll
@ Large-recoil limit (v/q% ~ Aqcp < mg) [LEET/SCET, QCDF]
e two soft form factors ¢, (¢%) and &;(¢?)
@ O(as) corr. from hard gluons [computable], O(A/mg) [nonpert]

[Charles et al., Beneke, Feldmann]

@ Low-recoil limit (Ex+ ~ Aqcp < Mg) [HQET]
e three soft form factors £, (g?), f(G?), fo(g?)
@ O(as) corr. from hard gluons [computable] and O(A/mg) [nonpert]
[Grinstein, Pirjol; Hiller, Bobeth, Van Dyk...]
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Form factors and optimised observables

7 independent form factors Ag 12, V (Og 10) and Ty 23 (O7), where
scales A and mg can be separated in limits of low and large K* recaoll
@ Large-recoil limit (v/q% ~ Aqcp < mg) [LEET/SCET, QCDF]
e two soft form factors ¢, (¢%) and &;(¢?)
@ O(as) corr. from hard gluons [computable], O(A/mg) [nonpert]

[Charles et al., Beneke, Feldmann]

@ Low-recoil limit (Ex+ ~ Aqcp < Mg) [HQET]
e three soft form factors £, (g?), f(G?), fo(g?)
@ O(as) corr. from hard gluons [computable] and O(A/mg) [nonpert]
[Grinstein, Pirjol; Hiller, Bobeth, Van Dyk...]

Optimised observables = Obs. where soft form factors cancel at LO
@ Large recoil: 6 optimised obs. (Py, P», P3, Py, Pg, P)
+ 2 form-factor dependent obs. (', Agg, F;...)
exhausting information in (partially redundant) angular coeffs /;
@ Low-recoil: similar game with 5 optimised observables

[Matias, Kriger, Mescia, SDG, Virto, Hiller, Bobeth, Dyck, Buras, Altmanshoffer, Straub. . .]
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Sensitivity to form factors

10 03
02
03
0l
< 00 4 00
, o) e———
-10 ] —03L
1 2 3 4 5 § 1 ) 3 4 5 §
¢ (GeV?) q? (GeV?)

@ PF; optimised to have limited sensitivity to form factors
@ S; CP-averaged version of /;

Py =283/(1 - Fp) Ss=(k+h)/(T+T)

different sensivity to form factors for given NP scenario
(form factors from LCSR: green igai, zwicky] VS gray [khodjamirian et al.)

@ PF; exploited with great success in B — K*uu [First part of this talk]
...and it can also be used as LFUV probe Q; = P;, — P;
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Extending the discussion fo other modes
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Generdlised helicity amplitude analysis

K(\g =0) G(A)
\ K;(\) Y, (A)
Aoy, 9K, K {} L
/ Hy(B 5 Kry)
w(Ar = 0) lar(Na)
General decay BJB — KJK(_> KTF)’}/J,Y(—> Z1 62) [Gratrex, Hopfer, Zwicky; Dey]

@ Linking helicities and angular dependence (D-Wigner fns)
J J
A(A - B1 BZ) = <97 ¢a A1 >‘2’JA7 MA> X DM‘\A,)\1_)\2(¢7 9’ 7¢)XAI\;A7)\17,\2
@ Decomposition over all helicities (real and virtual) using
gv= > N (N)Gw G =diag(1,—1,-1,-1)
ANE{t,+1,~1,0}

@ Helicity conservation in the decay chain, parity arguments. ..
@ General expressions recovering eg angular dep for B — K(*)uu
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B — Kj(— Km)tt at high Km mass

T+ o Several resonances at higher K7 mass

11< g2<6.0Gev¥c

@
8
s

and sometimes higher spin
@ K*(1410), K;(1430), K5 (1430)
@ K*(1680), K;(1780), K;(2045)
LHCb measurements around 1430 MeV

Decays/ (50 MeV/c?)
N
8
amma

H
8
R

o

m(K* 1) [MeV/c?]
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B — Kj(— Km)tt at high Km mass

el T ZLHE:b » Several resonances at higher K7 mass

N . and sometimes higher spin

&% . @ K*(1410), K;(1430), K5 (1430)
T + @ K*(1680), K;(1780), K; (2045)

. 1600 LHCb measurements around 1430 MeV
m(K* ) [MeV/c?]

Form factors: general, in HQET, in SCET, but few inputs

cc loops: quark-had dual (low recoil), LCSR (large recoil, not yet)
B — KJ/LILL (BR, FL, AFB) analysed in [L{i, Wang;Dey]

B — KZ*,LLM considered in more detail in [Das, Kindra, Kumar, Mahajan]

@ quite similar

oW o B to B — K*pup
— — == if no tensor op

<o i — — ——| @ identification
-02| 1 » E Of Optim. Obs-
o at large recaoill

0 1 2 3 4 5 o

T P 3 0 B
F(GeV?) 7(GeV?)
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Ao — N(*)¢¢ decays

w11 e I
1.2} W Il() " GeV ) + J g\ecoz o e (
ol amm g o
1._1,‘.‘ AV, 800~ ,’q,
“';'0 ‘_I,_‘ 1‘(1 1‘.'. '_)‘n 20: i
A(1115) A*(1520)
JP=1/2+ JP=3/2-
decays weakly into pr decays strongly into pK
BR and low-recoil angular obs not measured by LHCb
measured by LHCb peak well seen at g% = m3/¢,

@ Form factors: lattice (low recoil) or LCSR (large recoil, not yet)
@ cc loops: quark-hadron dual (low rec) or LCSR (large rec, not yet)
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[Bber, Feldmann, van Dyk; Das]

Np — /\(—> ,07T)€+€7
@ 10 form factors from lattice

QCD [Detmold et al]
@ 8 helicity amplitudes

W
] ;’I N ,"'
; / ,
/ @ 10 angular coefficients
@ Weak decay of A — pr,
] parametrised by asymmetry
a~0.7
(* ] POIanzed Ab case in [Blake, Kreps]

3
K(q270279/\7¢)
1
Kie = 5 [1AT1 2 + 14,2 + (R 1)]

d*r(Ap = N(—= pm)etes) 3
dg2dcosf,dcosOpdp 8w
K = (Kiss8in? 0 + Kige cos® 0y + Kig cos 0p)

+ (Kaoss SIN? 0 + Koge c08% 0y + Kag COS 0 ) COS O

+ (Kasc Sin 0 cos 0y + K sin 0;) sin 6 sin ¢
+ (Kase Sin 0, cos 0, + Kyssin6;) sin 65 cos ¢ .

S. Descotes-Genon (LPT-Orsay) Rare b-decays: fits, angular dist. ..
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Np — N(— pm)¢+¢— angular observables

Lal’ge reCO” (SC ET) [Bber, Feldmann, van Dyk; Das]
@ all form factors are equal or vanish
@ any ratio of K is optimised

Low recoil (HQET)

@ form factors linear combination of 2 form factors £; and &

@ one optimised observable X; = Ki¢/Kace

@ angular moments available from LHCb
o largest discrepancy for K¢, 2.6 o from SM (too large, not physical)
o for the moment, limited sensitivity to favoured NP scenarios

2.0

Value
o
B

— | LHCb

n

dB/dg?[107"GeV 2
=
“ T
o
S e

T ]
—— SM prediction _:

. 0.1 L L
0o 1 2 3 4 5 6 7 v 15 16 17 18 19 20 10

¢ (GeV?) P (GeV?) K;
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Np — /\*(—> KP)EJFK*

[SDG, Novoa Brunet]

@ 14 form factors (prelim

21-RE lattice results veinei et an)

I PKRE o 12 helicity amplitudes
28 < ° ci

8) A @ 12 angular coefficients
/ /\b/ @ SCET: single form
I* K factor, any ratio of L
optimised
d*T(Ap — A*(— Kp)ete—) 3 @ HQET: two form factors,

== 1(q?, 60,6
dg2d cos ,d cos Oxd¢ 8w (@, 0¢, 01, )

no non-trivial optim. obs.

@ relationships among L’s

L =c0s? 0, (L1ccoS0; + Lige COS? 0y + Lygs SIN° 0, . .
(e e 1 ) in both limits
+ sin® 6, <L2C €0S 0y + Loge OS2 0 + Logs SiN® 05)

L Ly
+ sin? 6, (L3SS sin? 0, cos? ¢ + Lygs SIN? B, Sin ¢ cOS qb) bie o (Re(AM A — (L R)> '

L aLx L alx
+ sin 6, cos O cos ¢(Lsgs sin By + Lssec Sin 6,y cos Oy) Lags o (Re(B”1A|\1 ) — Re(BT1ATY)
+ sin 6, cos O sin ¢(Les Sin Oy + Lggc Sin 6y cOS O;) +(L < R)),
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Ny — N (— Kp)¢* ¢~ angular observables

0.

SM

7.x10° SM o =-Cig = -062

Gy =-111 —=== CF
=11 = -Cf =101 01} "

5.x10°

dr/dg? /Ty,
Ay

2.x10"

-04
0

sM H H 0.04

0.03]

dT/dg? [Ty,

5.x10°"

0 5 10 15

¢ [GeV?] ¢* [GeV?]

Uncertainties (over)guesstimated, sensitivity to right-handed currents
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Outlook
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Outlook

Global fits to b — stt
@ updates on LFUV Ry and Rk-
@ many groups, with significant pulls wrt SM for a few scenarios like
CQNP, Cé\IP — _Cg/IP, Cé\IP — _C%P
@ differences in hierarchies of preferences, related to inputs used
@ fit outcome recast in LFUV and LFU NP contributions

Angular analysis
@ additional way to tame hadronic uncertainties and probe NP
@ general helicity amplitude analysis + HQET/SCET
@ B — K, (— Km)¢t at higher mass with many resonances involved
@ N\p — N(— pm)tl and Ay — N*(— pK)¢L with different ang distrib

More theoretical and experimental work needed to use these modes
and thus sharpen our understanding of the current b — s¢¢ anomalies
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Focus on Pg

I
LHCb ]
1 SM from DHMV
- ]
—t— ]
—— 4+ 1
afF 4
2F —:
0 5 10 5
2 [GeVc

[SDG, Matias, Ramon, Virto]

P. — /2 Re(AjAT —AFAT)

5 ‘f\/|Ao|2<\AL\2+\Am2)
LHCb measurements (crosses)
significantly away from SM
(boxes) in the large-recoil region

In large recoil limit with no right-handed current, with £, || form factors

m
Ai,u x =+ [Ce —Cio+ 2?17(37} £1(s)

m,
AR ok [cg + Cro+ 2?"07] €.(s)

m, m,
A x — {cg—c1o+2—”cy} gi(s)  Af ox — {CQ+C10+2m71;C7} £(s)

@ In SM, Cg ~ —Cyg leading to |A7 i< |AL 1l
e If )P <o, \Aonﬂ increases, |A0|u| decreases, |Pg| gets lower
@ For P, sum with Ao,j|» 80 not sensitive to Cg in the same way
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Rk and Ry in EFT
1.4 /

@ Ry: Br(B — K{¢) involves one
amplitude depending on
e 3 B — K form factors (one
suppr by m?/qg?, one by C7)
@ charmonium contributions
(process-dependent but LFU)

)' k @ Cy + Cor and Cyg + C1o-
/" Cro . .
o6 ==hadronic contrib cancel for
R ] Ry, very accurate for all g2 and C;

Rk [Gengetal]
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Rk and Rk~ in EFT
/

@ Ry: Br(B — K{¢) involves one
amplitude depending on
e 3 B — K form factors (one
suppr by m?/qg?, one by C7)
@ charmonium contributions
(process-dependent but LFU)
@ Cg + Co and C1g + C1o

S Ch . .
o8 =hadronic contrib cancel for
Ry, very accurate for all g and C;

1
0.6 0.8 1.0 1.2 1.4
Rk [Gengetal]

@ Ry-: Br(B — K*{¢) involve several helicity ampl depending on
e 7 B — K* form factors (one suppressed by m?/g?)
@ charmonium contributions (process-dependent but LFU)
@ depending on helicity amplitude: Cy + Co: and C1g + Cior
—hadronic contrib cancel for Rk~ in SM because right-handed
helicities suppressed but less efficient with NP (slightly larger unc)
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Bs — pu (1)

?_,127,.,.‘ ....... R B e B
o 2 Run 1 data -
= F ATLAS —— 2015-2016 data 3
3 1= Run 1 +2015-2016 data -
’1 C ——— LHCb Run 1 + partial Run 2 data ]
0.8~ ]
T “r T Likelihood contours for 4
059 3 > _Zann=23,62,118
1]

R S
B(BS — ' u)[10°]
@ Recent results increasing a bit the discrepancy between SM and
(a tad too low) exp average
o ATLAS 2018 Br(Bs — ) = (2.879%) x 10~
o LHCb 2017 Br(Bs — 1) = (3.0 £0.675:3) x 10-°
e CMS 2013 Br(Bs — uu) = (3.0119) x 10~°
@ Depending on the fit group
o Different methods of averaging
e Different inputs for fg, and higher-order (EW, QCD) corrections
@ Discrepancy wrt SM from 1.500t2 ¢
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—— NCLFU observables 20 /
18 b spp & corr. obs. 1o Ao
8 159 — global 1o, 20 y/;
15 /
. 4
S
12 1.04 .
09
ax 06 22 0.
5 =
0.3
0. 0.0+
—0.3
0.5
—06
0o lobal Fit 1o & 20 . . . | .
“I8 —15 12 —09 —06 _—03 00 03 06 09 L 1o o8 00 05
- Cbsn
o 9
[Alguerd et al.] [Aebischer et al.]

@ neyeta] Bs — pp N0 major role in incoherence of the observables
@ nguersetal) Using 1D or 2D exp average for Bs — uu does not
change significantly the hierarchy of NP scenarios
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Ofther interesting NP scenarios

2017 || chP | co | %Y | Cqr | Cor,, | Ciorp
Bip +0.03 12 +0.31 +0.03 +0.38 +0.02
To || [-0.01, +0.05] | [—1.34, —0.88] | [+0.10, +0.57] | [+0.00, +0.06] | [—0.17, +1.04] | [~0.28, +0.36]
20 || [-0.03,40.07] | [~1.54,-0.63] | [~0.08,+0.84] | [-0.02,+0.08] | [~0.59,+1.58] | [~0.54,+0.68]

@ 6D scenario (SM + chirally flipped in b — suu) in 2017

S. Descotes-Genon (LPT-Orsay)

Rare b-decays: fits, angular dist. ..

Beauty 2019, 1/10/19 42



Ofther interesting NP scenarios

2019 || N | con | Cio | Cyr Cor, Cio/y
Bfp +0.01 110 +0.15 +0.02 +0.36 0.16

To [=0.01, +0.05] | [—1.28, —0.90] | [—0.00, +0.36] | [—0.00, +0.05] | [—0.14, +0.87] | [—0.39, +0.13]
20 [-0.03,+0.06] | [—1.44,—0.68] | [—0.12,+0.56] | [—0.02,+0.06] | [—0.49,+1.23] | [—0.58,+0.33]

o C)NP < 0 needed, C)F > 0,CNF > 0,C\P
9 9 10u 100

m

o SMpull 5.1 o (5.0 o'in 2017)

S. Descotes-Genon (LPT-Orsay)

NP

Rare b-decays: fits, angular dist. ..

@ 6D scenario (SM + chirally flipped in b — supu) in 2017 and 2019
< 0 favoured
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Ofther interesting NP scenarios

2019 || chP | co | %Y | Cqr | Cor,, | Ciorp
Bip +0.01 7.10 +0.15 +0.02 +0.36 0.6
To [=0.01, +0.05] | [—1.28, —0.90] | [—0.00, +0.36] | [—0.00, 10.05] | [—0.14, +0.87] | [—0.39, 10.13]
20 [-0.03,+0.06] | [—1.44,—0.68] | [—0.12,40.56] | [—0.02,+0.06] | [—0.49,+1.23] | [—0.58,+0.33]

@ 6D scenario (SM + chiraIIy flipped in b — suu)in 2017 and 2019
® Cy, < 0needed, Cy, >0, CYy, >0, Cjy, <0 favoured

o SMpull 5.1 o (5.0 o'in 2017) "

K N ; =
4 \\ \)
[/ | <™ -
2H y /\ ] Yo
& | s @ NP in (Co,, Cge) in 2017
1p l,’ " cust
.. 2%
Zo
& 0
-1} ‘e
-2
_ale

NP
Cop
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Ofther interesting NP scenarios

2019 || chP | co | %Y | Cqr | Cor,, | Ciorp
Bip +0.01 7.10 +0.15 +0.02 +0.36 0.6
To [=0.01, +0.05] | [—1.28, —0.90] | [—0.00, +0.36] | [—0.00, 10.05] | [—0.14, +0.87] | [—0.39, 10.13]
20 [-0.03,+0.06] | [—1.44,—0.68] | [—0.12,40.56] | [—0.02,+0.06] | [—0.49,+1.23] | [—0.58,+0.33]

@ 6D scenario (SM + chiraIIy flipped in b — sup) in 2017 and 2019
° C < 0 needed, 5T >0, Cwﬂ >0, Cmm < 0 favoured
° SM pull 5.1 0(500“’12017)

3
((\)

2 \/\/'l'l./\'

i D @ NP in (Cg,Coe) in 2019
Ly o[ @ Less need for NP in b — see
© e Though some room

- available (not many obs)

. @ SM pull=5.3 ¢, p-value=62%

(slight decrease wrt 2017)
_3—3 -2 -1 0 1 2 3
ey
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Ofther interesting NP scenarios

NP NP NP
2019 || < | Cou | Clou | Cr Colp Ciory
B +0.01 310 7015 7002 +0.36 0.16
To || [=0.01, +0.05] | [=1.28, —0.90] | [—0.00, +0.36] | [=0.00, 10.05] | [=0.14, 10.87] | [=0.39, +0.13]
20 || [~0.03,40.06] | [~1.44, —0.68] | [-0.12, +0.56] | [—0.02,+0.06] | [—0.49,+1.23] | [—0.58, +0.33]

@ 6D scenario (SM + chirally flipped in b — supu) in 2017 and 2019

® Cy, < 0needed, Cy, >0, CYy, >0, Cjy/, < 0 favoured

o SMpull 5.1 o (5.0 o'in 2017)

@ NP in (C,, Coe) in 2019

@ Less need for NP in b — see

e Though some room
available (not many obs)

@ SM pull=5.3 o, p-value=62%
(slight decrease wrt 2017)

@

2 1

0 1
NP
Cop
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An EFT connection

Connect b — crv and b — s¢¢ within SMEFT (Axp > my yy 7)
Lsyerr = Lsy + Lg=4 With higher-dim ops involving only SM fields

[Grzadkowski, Iskrzynski, Misiak, Rosiek ; Alonso, Grinstein, Camalich]
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An EFT connection

Connect b — crv and b — s¢¢ within SMEFT (Axp > my yy 7)
Lsyerr = Lsy + Lg=4 With higher-dim ops involving only SM fields

[Grzadkowski, Iskrzynski, Misiak, Rosiek ; Alonso, Grinstein, Camalich]

@ Two operators with left-handed doublets  (jjk/ generation indices)

//kl [Q/’YuQ ][Lk’Y“LI] O,jk/ [Qﬁuao ][LKWMULI]
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An EFT connection

Connect b — crv and b — s¢¢ within SMEFT (Axp > my yy 7)
Lsyerr = Lsy + Lg=4 With higher-dim ops involving only SM fields

[Grzadkowski, Iskrzynski, Misiak, Rosiek ; Alonso, Grinstein, Camalich]

@ Two operators with left-handed doublets  (jjk/ generation indices)
Uk/ [Q/’YuQ ][Lk’Y“ L] O,jk/ [Qﬁuao ][LKWMULI]

@ FCCC part of (’)g)33 can describe Rp-) (rescaling of Gr)
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An EFT connection

Connect b — crv and b — s¢¢ within SMEFT (Axp > my yy 7)
Lsyerr = Lsy + Lg=4 With higher-dim ops involving only SM fields

[Grzadkowski, Iskrzynski, Misiak, Rosiek ; Alonso, Grinstein, Camalich]

@ Two operators with left-handed doublets  (jjk/ generation indices)
Uk/ [Q/'Y;LQ ][Lk’Y“ L] O,jk/ [Q,q/uaO ][LKWMULI]

@ FCCC part of 053)33 can describe Rp-) (rescaling of Gr)

@ FCNC part of O%’g with CSB?;B = Cg;gag [Capdevila, Crivellin, SDG, Hofer, Matias]

e Large NP contribution b — s77 through Cy. = —C}q,
@ Avoids bounds from B — K(*)vv, Z decays, direct production in 77
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An EFT connection

Connect b — crv and b — s¢¢ within SMEFT (Axp > my yy 7)
Lsyerr = Lsy + Lg=4 With higher-dim ops involving only SM fields

[Grzadkowski, Iskrzynski, Misiak, Rosiek ; Alonso, Grinstein, Camalich]

@ Two operators with left-handed doublets  (jjk/ generation indices)
Uk/ [Q/'Y;LQ ][Lk’Y“ L] O,jk/ [Q,q/uaO ][LKWMULI]

@ FCCC part of 053)33 can describe Rp-) (rescaling of Gr)

@ FCNC part of O%’g with CSB?;B = Cg;gag [Capdevila, Crivellin, SDG, Hofer, Matias]
e Large NP contribution b — s77 through Cy. = —C}q,
@ Avoids bounds from B — K(*)vv, Z decays, direct production in 77
e Through radiative effects, (small) NP contribution to Cg
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An EFT connection: anomaly constraints

Scenario LFU + LFUV NP
@ Cy, = —Cyp, from small

Oa322 [b — spup] 1of ! :
e ¢ from radiative corr os] oo,
from large Ozz33 R S N L
b—crvandb—s ) |
g R
Generic flavour structure and rof )
NP at the scale A yields N
-15} ' A
Céj ~ 75 (1 _ RD(”) —20} . . \
RD(*);SM -10 -05 0.0
2 2 C;; = _Cl‘(vm
(14 log(A“/(1TeV?))
10.5

—>Agreement with (Rp, Rp-) for A=1—10 TeV
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An EFT connection: enhancement of b — srr

~{Capdevila, Crivellin, SDG, Hofer, Matias]
10+
8 L
- O RD(x)&RJNJ 20
= 6 B R &R 10
X
@ H Br[Bs—11]
4l B Br[B->K*r1]
B Br[B-Kr1]
/ O Br[Bs~»¢r11]
2 L 4
0 E, n n - g
1.1 1.2 1.3 1.4 1.5
Rx/R$M

+. - -3 +. - -3
Br(Bs = 7777 ) ey, < 6:8x107°%, Br(B— Krfr7),, <2.25x10
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Disentangling scenarios: Qg

o (= Pg” — Pg’ interesting observable to disentangle

o CyF = —C{\f’, from others NP scenarios in b — sy
o classes of scenarios allowing for LFU contributions

[Alguero, Capdevila, SDG, Masjuan, Matias]
Global Fits (Rp)j16 = 0.842 (+10) LFUV Fits (R )16 = 0.842 (+10)

Pll]lg\] (0')
Pullgy (o)

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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Endpoint behaviours

When g° — 0
@ Never reached in b — st¢ as g > 4m2, but in b — sy decay

. dr(By, — Ky, )
2 B K
BR(B,, — Ky, ) qIZITO (q X 972

@ Only +1 photon polarisations contribute + helicity conservation

@ Constraints on behaviour of helicity amplitudes at g> — 0
(pole for transverse amplitudes in B — K*¢¢, no pole for B — K/X)

When q2 — (mBJB — mKJK )2 [Hiller, Zwicky]
@ 3-momenta are zero or opposite leading to isotropy in obs.
@ manifest by additional syms. among helicity amplitudes

@ B — K*¢: H=0 forscalar ops, H. = H- = —Hy and H; = 0 for
vector ops. .. leading to relations among /;, F; = 1/3, Arg = 0....

@ possible generalisations for K and for higher-spin K-resonances
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