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b-quarks at the LHC
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The B-anomalies

. Charged current ~ 30 Neutral current ~ 4 — 5o
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The B-anomalies
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* Neutrino in final state (invisible)



The B-anomalies
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Charged current: Neutral current:
* Tree-level * Loop-suppressed:
« % order % + B order 107/ — 107

* Neutrino in final state (invisible) « Full reconstructed final state
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The B-anomalies
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Could be joint explanation
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The b — s£¢ g* spectrum
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The b — s£¢ g* spectrum
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Branching fractions

0 + 0 *0 4+ —
<10 By = op'p B — K*utpu
1 T T[—— LHCb 9| e
LHCb 3fb "' LHCDb i
| SM (LCSR+Lattice) :
" | SM(LCSR) b
SM (Lattice) :
I w@2s) E :
2 e _—*—,:
0 > q? [GeV?/c4]

g [GeV?/c*]

x10—3 _
— == BSM best fit

& T ~~~ BSM benchmark | BRLCSR Lattice —e-Data
I> SM prediction (\,I_| L DL B B .
> FH  LHCb 2014 % B’ > K O’u+ JTRE
O, 67 FH  Babar 2012 ) ]
) 5 Belle 2019 < LHCDb 3
Q © ]
T X -
) ° ]
3 = =
— % :
ol \ -
N + 3
— —O -
) .
% L PR ISR S TR T .

10 15 20
2

: ¢? [GeV¥c4]

— 1
JHEP 06 (2014) e [GeV2]

Same pattern, decay rate too low!!

EmLCSR Lattice —e-Data

— 20 T = T T ]
> B* > K"ty ]
Q 1sh LHCb -
o :
X F ]
w 10 ~ ]
5y 4 :
& _
S

:Q 4) 1 |

o

14

10 15 20

g [GeVc#]



Angular analysisof B — V(= h™h )u"u~

Vector = spin 1 = P-wave

— 3 polarisation amplitudes

Measure decay rate across 3 angles
(Q)and g
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Angular analysisof B — V(= h™h )u"u~

Vector = spin 1 = P-wave

— 3 polarisation amplitudes

Measure decay rate across 3 angles
(Q)and g

angular coefficients - function of
amplitudes

dT(B° — K*u*tpu™)
dQdq?

= ZL;(CIQ)fz'(Q)

16



Angular analysisof B — V(= h™h )u"u~

Vector = spin 1 = P-wave

— 3 polarisation amplitudes

Measure decay rate across 3 angles
(Q) and g?

angular coefficients - function of
amplitudes

CP-averaged + averaged

over g* =S, or P;

dT(B° — K*u*tpu™)
dQdq?

= > L(@®)fi(2)
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Angular analysisof B — V(= h™h )u"u~

Vector = spin 1 = P-wave

— 3 polarisation amplitudes

Measure decay rate across 3 angles
(Q) and g?

angular coefficients - function of
amplitudes

CP-averaged + averaged
over g* =S, or P;
d4F(BOd?2£;OM+M ) _ ZL;(CIQ)J”?;(Q) /

S, divided by either

x |Ag|*or |Ap|* to

reduce uncert.
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Angular analysisof B — V(= h™h )u"u~

Vector = spin 1 = P-wave

— 3 polarisation amplitudes

Measure decay rate across 3 angles
(Q) and g?

. _ 020] PRL 125, 011802
angular coefficients - function of | / \
amplitudes -

1D projection of 3D decay rate

dT(B° — K*u*tpu™)
dQdq?

Measured
1.1 <¢* <25

cos 0,
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Example: analysis of B > K™ » Ktz Jutu~

LHCb BO PRL 125, 011802 (2020) . LHCb B+ PRL 161802 (2021) ATLAS: JHEP 10 (2018) 047
Belle: PRL 118 (2017), CMS:PLB 781 (2018) 517541
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Example: analysis of B > K™ » Ktz Jutu~

LHCb BO PRL 125, 011802 (2020) . LHCb B+ PRL 161802 (2021) ATLAS: JHEP 10 (2018) 047
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Example: analysis of B > K™ » Ktz Jutu~

LHCb BO PRL 125, 011802 (2020) . LHCb B+ PRL 161802 (2021) ATLAS: JHEP 10 (2018) 047

Belle: PRL 115 (2017), CMSIPLB 781 (2018) 51754 Global agreement with SM?
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Cqy = bs?¢ vector current

C,o = bst’C axial-vector current
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Example: analysis of B > K™ » Ktz Jutu~
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Summary of angular analysis

Bg — ouT " BT - K*Tutu~ BY — K9t

ARe(Co) = —1.3107  ARe(Co) =-1.9 ARe(Cy) = —0.997557
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New!! BY — K™ %u*u~ with 140 fb~! from CMS

Increase in data:
* fit full angular distribution (no angular folding, in contrast to Run 1)

» Full parameterisation of | K7z| spin-0 partial wave (S-wave)

27



New!! BY — K™ %u*u~ with 140 fb~! from CMS

Increase in data:
* fit full angular distribution (no angular folding, in contrast to Run 1)
» Full parameterisation of | K7z| spin-0 partial wave (S-wave)
ldentifying kaons from pions..

- Take the hypothesis which gives m(Kx) closest to pole mass
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New!! BY — K™ %u*u~ with 140 fb~! from CMS

Increase in data:
* fit full angular distribution (no angular folding, in contrast to Run 1)
» Full parameterisation of | K7z| spin-0 partial wave (S-wave)
ldentifying kaons from pions..

- Take the hypothesis which gives m(Kx) closest to pole mass

Assumptions
* Massless leptons and no scalar or tensor amplitudes
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New!! BY — K™ %u*u~ with 140 fb~! from CMS
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—(I:I.VIIS| {DIrellill‘nlinlalr}T o 140 b~ (13 'lrle\ll_) Table 1: Preliminary results, CMS Run 2
" [l tavio prediction : 1.1 < ¢% <2 GeV? 2 < ¢® <43 GeV? 4.3 < ¢* < 6 GeV?
~ [ EOs prediction - 0.7097 5 053 + 0.021 0.81015 030 £ 0.016 0.71470 035 + 0.012
[ i 0.08975-301 & 0.040 —0.28510-187 4 0.051 —0.297+5-153 4 0.038
i ] 037470153 £0.095  —0.24410072 4+ 0.039 0.12170052 + 0.030
N - —0.04570292 +£0.044  —0.18710-27° £+ 0.089 —0.0277 5155 4 0.081
- - —0.43%31;2223 +0.111 —0.431$§; igg +0.075 —0.717E§;(})§§ +0.074
- - 0.363 7515 & 0.028 —0.1397 g7 = 0.039 —0.4357 707 £ 0.027
I E - 0.0007"9097 % 0.021 0.10810:075 £+ 0.018 0.12970071 £ 0.011
[ i —0.15779305 £0.113  —0.7271-123 £ 0.056 0.00779312 £ 0.036
= -+ - 6 < g < 8.68 GeV? 10.09 < ¢° < 12.86 GeV? 14.18 < ¢* < 16 GeV?
I i 0.627ig;g}§ +0.011 0.474795-01% 4+ 0.009 0.39470013 £ 0.009
C - —0.0567 9103 £0.046  —0.43970-037 4+ 0.030 —0.465 0 037 £ 0.025
] 0.18870-0%0 £ 0.014 0.386f§;§i}, +0.018 0.44079-00% £ 0.008
_ 0.092 041 0.037
o U 0.099’:000?821 0.014 0.013f%ogg4¢ 0.007 —0'034t8-8:3§ +0.010
) 6 8 10 12 14 16 —0.94977 701 £0.058  —1.025") oes = 0.059 —1.1597 035 & 0.041
q2 (GeVQ) —0.495700°7 +£0.023  —0.7461)033 £+ 0.014 —0.68810 038 +0.021
0.01079 023 £ 0.016 0.0801 5031 £ 0.011 0.12179 039 & 0.011
—0.06179753 £0.042  —0.093")- 293 £ 0.029 —0.01179-955 + 0.022
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New!! BY — K™ %u*u~ with 140 fb~! from CMS

140 fb™' (13 TeV)

CMS Preliminary

- . flavio prediction
. EOS prediction

-~ 4 Data
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Table 1: Preliminary results, CMS Run 2

1.1 < g2 <2 GeV?

2 < ¢? < 4.3 GeV?

43 < ¢*> <6 GeV?

Fr  0.709700%% +£0.021
P, 0.0897023 40,040
P, —0.3747017% 4 0.095
Py —0.045752%9 4+ 0,044
P} —0.4361;glf§§g +0.111
: 0.363283633 +0.028
P, 0.00070%%% +0.021
Y _0.157+0.368
P, —0.157703%8 40,113

0.81010 050 + 0.016
—0.28510- 357 +0.051
—0.24415:077 + 0.039
—0.18715:37% +0.089
—0.43110-1%2 + 0.075
—0.13915: 087 £ 0.039

0.10819-07% +0.018
—0.72715:153 £ 0.056

0.71479 035 + 0.012
—0.29770-12% 4+ 0.038
0.12179 570 + 0.030
—0.027715753 +£0.081
—0.717%0-13% £ 0.074
—0.43570 757 £0.027
0.1297907% + 0.011
0.00779 312 + 0.036

6 < ¢° < 8.68 GeV?

10.09 < ¢ < 12.86 GeV?

14.18 < ¢* < 16 GeV?

Fr, 062770016 £0.011
Pr —0.0567) 103 % 0.046
P,  0.188%00%% +0.014
P;  0.0997] 050 +0.014
P,  —0.9497010% 4+ 0.058
P! —0.49570:957 +0.023
% 0.01070523 + 0.016
P, —0.06170133 +0.042

0.474+9-911 + 0.009
—0.43915-035 £ 0.030
0.38610 075 + 0.018
0.0131 033 £ 0.007
—1.02510 0ee £ 0.059
—0.74610 033 + 0.014
0.0801 9041 % 0.011
—0.09319-301 +0.029

0.39470072 +0.009
—0.4657 5 03m + 0.025
0.44079 995 + 0.008
—0.0347 7 027 +0.010
—1.15970 035 + 0.041
—0.68877 038 +0.021
0.12179 539 + 0.011
—0.01172:936 + 0.022

(PE) (B — K% pi)

1.00 1 SM from ASZB
0.75 Re(C)F) = —1
R . HH LHCb Run 1 + 2016
0.50 - |§| CMS Run 1
‘o ATLAS Run 1
0.25 - —e—
0.00 -
—0.25 - N
—0.50 - £—I =
—0.75 -
~1.00 1 | e B
25 50 75 100 125 150 175
¢° [GeV?]
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New!! BY — K™ %u*u~ with 140 fb~! from CMS

CMS Preliminary

140 fb™' (13 TeV)

. flavio prediction
. EOS prediction
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Table 1: Preliminary results, CMS Run 2

1.1 < g2 <2 GeV?

2 < ¢? < 4.3 GeV?

43 < ¢*> <6 GeV?

Fr  0.709700%% +£0.021 0.81010 035 4 0.016 0.71479 035 + 0.012
Py 0.0897033 4 0.040 —0.28510- 357 +0.051 —0.2971 9153 +0.038
P, —037470723+£0.095  —0.244700°7 +0.039 0.12179 570 + 0.030
Py —0.0457020% £0.044  —0.1871037% +0.089 —0.027715753 +£0.081
P; —0436702534+0.111  —0.43110:152 +0.075 —0.717%0-13% £ 0.074
! 0.36370 15 +0.028 —0.13915: 087 £ 0.039 —0.43570 757 £0.027
P} 0.00070057 +0.021 0.10819-07% +0.018 0.1297907% + 0.011
P, —015770368 +0.113  —0.72770133 £ 0.056 0.00779-21° +0.036
6 < ¢® <868 GeV? 10.09 < ¢* < 12.86 GeV? 14.18 < ¢* < 16 GeV?
Fr,  0.62775:016 4+ 0.011 0.474+3-011 + 0.009 0.39479:912 + 0.009
Py —0.05670705 £0.046  —0.4397005% £ 0.030 —0.4657 5 03m + 0.025
P,  0.188%00%% +0.014 0.38610075 + 0.018 0.44079 995 + 0.008
P;  0.0997] 050 +0.014 0.0131 033 £ 0.007 —0.0347 7 027 +0.010
P; —0.9497010240.058  —1.02570 0ea + 0.059 —1.1597 9 035 + 0.041
P! —0.4957097+0.023  —0.74610533 +0.014 —0.68877 038 +0.021
% 0.01070523 + 0.016 0.08010 031 & 0.011 0.12179 539 + 0.011
P, —0.06170133+0.042  —0.09310:397 +0.029 —0.01177 055 + 0.022

(P5)(B® — K™t )

1.00 A

0.75 -

0.50 1

0.25 1

0.00 -

—0.25 1

—0.50 -

—0.75 -

—1.00 -

SM from ASZB
Re(CHP) = —1

&1 19 1

:ib= +

LHCb Run 1 + 2016
CMS Run 2 preliminary
ATLAS Run 1

‘&N
N

; 5T ¢

2.5

5.0

75 100 12,5

¢* [GeV?]

15.0  17.5
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New!! BY — K™ %u*u~ with 140 fb~! from CMS

. -1
CMS Preliminary 140 fb~' (13 TeV)
H —llllllllllllllll III|II—
- . flavio prediction .
1 |77 EOS prediction _
- % Data ]
_lllllllllllllllll III|I|_
q? (GeV?)
Table 1: Preliminary results, CMS Run 2

1.1 < ¢? <2 GeV? 2 < g* <43 GeV? 43 < ¢* < 6 GeV?

Fr  0.709700%% +£0.021 0.81010 035 4 0.016 0.71479 035 + 0.012
Py 0.0897033 4 0.040 —0.28510- 357 +0.051 —0.2971 9153 +0.038

P, —037470723+£0.095  —0.244700°7 +0.039 0.12179 570 + 0.030
Py —0.0457020% £0.044  —0.1871037% +0.089 —0.027715753 +£0.081
P; —0436702534+0.111  —0.43110:152 +0.075 —0.717%0-13% £ 0.074

! 0.36370 15 +0.028
P} °'°°°f§;,3§§f 0.021
P, —0.157703%% +0.113

—0.13915: 087 £ 0.039
0.10819-07% +0.018
—0.72715:153 £ 0.056

—0.43570 757 £0.027
0.1297907% + 0.011
0.00779 312 + 0.036

6 < ¢° < 8.68 GeV?

10.09 < ¢ < 12.86 GeV?

14.18 < ¢* < 16 GeV?

Fr, 062770016 £0.011
Pr —0.0567) 103 % 0.046
P,  0.188%00%% +0.014
P;  0.0997] 050 +0.014
P,  —0.9497010% 4+ 0.058
P! —0.49570:957 +0.023
% 0.01070523 + 0.016
P, —0.06170133 +0.042

0.474+9-911 + 0.009
—0.43915-035 £ 0.030
0.38610 075 + 0.018
0.0131 033 £ 0.007
—1.02510 0ee £ 0.059
—0.74610 033 + 0.014
0.0801 9041 % 0.011
—0.09319-301 +0.029

0.39470072 +0.009
—0.4657 5 03m + 0.025
0.44079 995 + 0.008
—0.0347 7 027 +0.010
—1.15970 035 + 0.041
—0.68877 038 +0.021
0.12179 539 + 0.011
—0.01172:936 + 0.022

(P5)(B® — K™t )

What about LHCb Run 1 and 27

1.004 - SM from ASZB
Re(CHP) = —1
0.75
——| __ 4 LHCbH Run 1 + 2016
0.50 _% 4 CMS Run 2 preliminary
&/ ATLAS Run 1
0.25 - —e—
0.00 -
—0.25 - -
—0.50 #‘—1 ~ S
e
—0.75 | |
—1.00 -
25 50 75 100 125 150 17.5
¢ [GeV?|
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Published Run 1 + 2016 vs upcoming Run 1 +2

Add 17+18 data — roughly double number of bb pairs based on

pp — bbX cross section and lumi.

Increase width of m,_window — further increase in events
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Published Run 1 + 2016 vs upcoming Run 1 +2

Fit full 5D PDF (i.e. €2 in bins of qz), and CP-averages and CP-asymmetries
simultaneously

1 T
d(T' +T)/dq? dQ dq? dmy,

= 5= > _(Si = A) fi(61, 0, ¢)| |BWp (mcr)

icP

+) (Si £ A) fi(B1, 0, 6)| |BWs(mgn)|?
icS

+ ) (Si £ A)fil6h, 0, 6) g(BWs (mir) BWp (mir))
i€S/P
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Published Run 1 + 2016 vs upcoming Run 1 +2

Fit full 5D PDF (i.e. €2 in bins of qz), and CP-averages and CP-asymmetries
simultaneously

1 r
— , = 2 NS+ ANFAB B DN IBWIS(mr )12 ]
¥ qg?=[4.0,6.0] GeV?/c* A and S Massless lept.
0.08 - .
¥ g°=1[4.0,6.0] GeV?/c* 4D+1D Fit Massless lept.
. n
0.07 LHCb unofficial - per-event sensitivity, i.e. same LKL))
(toy) dataset using different PDF ‘
0.06 Previous paper 4D+1D
,E‘ 0.05 - Upcoming, 5D
o 0.04 -1
n X X ¥ ¥ > § X
. X X X X % > 4
0.03 A " . ¥ ) . X
X
X X x
0.02 - -
0.01 -
Plot from L. Carus
0-00 1 I I 1 I 1 1 I 1 1 1 1 1 1 1 1 1 1
N AN
f&gﬁgm&?%gj%’??g”v%%&

36



Published Run 1 + 2016 vs upcoming Run 1 +2

Fit full 5D PDF (i.e. €2 in bins of qz), and CP-averages and CP-asymmetries
simultaneously
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Global deviation from SM over all b — s£¢7?

1 Highest experimental precision in
) b — sutu~ decays

Combine branching fraction and
.| angular information for all
S | experiments and measured

By — pp+ B — X 00 Fit
By — opp Fit b — S _|- — modes
B — K Fit //l //t

B — K*00 Fit
Ry & Qy 5 Fit
——— b — spup Fit

2 — Disagreement with SM at level of
| ABCDMN23 4-50
_3—3 —2 —1 2wy 1 9 3
=Co, =

Long-standing discrepancy- why aren’'t we claiming new physics?
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Hadronic cleanliness

Lepton Flavour Universality
and B, > u*u~

Angular analyses

Branching fractions

39



Cause of anomalies?

— deviations

40



Cause of anomalies?
Option 1 - New Physics

— deviations
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Cause of anomalies?
Option 1 - New Physics

» e.g. enhancements in b — st77~ gives combined explanation
for B-anomalies

S ﬂ/ Y. = deviations

CP violating? Leptoquark? b — stz ?
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Cause of anomalies?

Option 2 - misunderstood QCD processes

- = deviations
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Cause of anomalies?

Option 2 - misunderstood QCD processes

«b — scclcc = y* — uTu~] (charm-loops) can mimic
deviations in Cy

+ 5.« = deviations

q2 dependence, fit

models to data to
further constrain
amplitudes 44



['(b - s£¢)

Fit q2 spectrum continuously to disentangle long (non-

local) and short distance contributions to BY — K*O//t_l_//t_
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['(b - s£¢)

Fit q2 spectrum continuously to disentangle long (non-

local) and short distance contributions to B — K™ Outu~

Fit the angular and q2 spectrum

d4F(BO — K*O/fr,u_) _ Z

deQQ Ii(q2)fi(Q)

!
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Fit q2 spectrum continuously to disentangle long (non-

local) and short distance contributions to B — K™ Outu~

l Fit the angular and q2 spectrum

L;(¢%) i (%)

dQdq?

d4F(BO — K*O,qu,u_) _ Z

- l

S

? 'Combinations of Z/*(g%) |

s A€0,]||, L.t
‘k y
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I'(b — sC7)

Fit q2 spectrum continuously to disentangle long (non-

local) and short distance contributions to B — K™ Outu~

l Fit the angular and q2 spectrum

d*T(B° — K*u* ™)
- ) S L) 0)

!

'Combinations of @*(g*) |
A€0,|],L,¢?
B ‘k J
>

\ (7910 and form factors

ﬂ&zﬂ(qz) depends on
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Fit q2 spectrum continuously to disentangle long (non-

local) and short distance contributions to B — K™ Outu~

l Fit the angular and q2 spectrum

d'T(B° — K*%u*p™) N L) f(9)

dQdq? l

!

A
E Combinations of *(g*) |}
= 1e0,|], L.t
— > N y
g% = mA(£te) |
ng’l(qz) depends on
- (y (vector) is altered - (@,9,10 and form factors

by non-local charm-
. loop * )
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Parameterising non-local form-factors

A€0,]], L
s b _ S
> 3
I +
eff 2\ _ a + ¢
CM(g™) = N Qﬁ; )

e 2\
CH(q%) = C, + H,(g?)
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Parameterising non-local form-factors

A€0,]], L

o b _ s
. 3
off 2y — AN + @ﬁ
C9,/1 (q ) - }\ Y -
CH(q%) = C, + H,(g?)

Two different analyses done, with different models for H/l(qz):
» Z-expansion (LHCb-PAPER-2023-033,032), partial q2
» Amplitude analysis over full q2 (LHCb-PAPER-2024-011)
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Parameterising non-local form-factors

A€0,]], L

- b _ s
] S
eff(g2) — AN + @ﬁ
C9,/1 (q ) - N Y -
Cgeg(qz) — C9 + H/I(qz)

Two different analyses done, with different models for H/I(qz):

Matts talkl” Z-expansion (LHCb-PAPER-2023-033,032), partial q2
LHCb-PAPER-2024-011)

» Amplitude analysis over full g~ (
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Parameterising non-local form-factors

A€0,]], L

- b _ s
. S
eff(42) — BN + @ﬁ
C9,/1 (q ) - }\ Y -
Cgeg(qz) — C9 + Hﬂ(qz)

Two different analyses done, with different models for Hi(qz):

This talk > Z-expansion (LHCb-PAPER-2023-033,032), partial q2
> Amplitude analysis over full g* (LHCb-PAPER-2024-011)
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Parameterising non-local form-factors

A€0,]], L

- b _ ]
. :
eff (12) — AN - @ﬁ
C9,/1 (q ) - }\ Y -
ng(qz) — C9 + H/I(qz)

Two different analyses done, with different models for Hi(qz):

This talk > Z-expansion (LHCb-PAPER-2023-033,032), partial q2
> Amplitude analysis over full g* (LHCb-PAPER-2024-011)

Note, C; fixed, but ¢* = ¢; + Ac?, degenerate with Oth order tensor FF 54



Amplitude parameterisation

H(q?) = > A, LD = 1A, ;| e L (g%

j=all possible resonances

Fit full
K*uu
Spectrum
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Amplitude analysis over all g - new!

Hy(q%) = > A, L@ = A, e L(q?)

j=all possible resonances

K0
B° B’
2N 174 WK
H/I(q ) = - ¥
L L
1-particle 2-particle Tau loop

contributions contributions contribution
Includes:
o(782), w(29), mcees: Sensitive to CJ
p(770),  w(3770), 00}
$(1020),  w(4040), D™D,
Ty, w(4160) D*D*

= Breit — Wigoner = Dispersion — relation

¥ = Breit— W L =D lat

JHEP 02 (2013) 010 JHEP 1009:089,2010  Eur. Phys. J. C78 (2018) 453 Eur.Phys.J.C 80 (2020) 12, 1095 56



Amplitude analysis over all g - new!

Hy(q%) = > A, L@ = A, e L(q?)

j=all possible resonances

BO i B
Hg(qz) = 4 - i
. B
Anlql;(qQ) —
0 ((12 — q2>
Z |A§\|8 % 2 _ 02 BW;(q®)
y m; — qp

JHEP 02 (2013) 010 JHEP 1009:089,2010  Eur. Phys. J. C78 (2018) 453 Eur.Phys.J.C 80 (2020) 12, 1095 57



Amplitude analysis over all g - new!

Hy(q%) = > A, L@ = A, e L(q?)

j=all possible resonances

BO i B
Hg(qz) — . - 7 .
. L
1P / 2
AV (¢?) = P
(62 — @2) par(@®) = [ ’ ql;l’ . }
> A ——"2 BW;(q°) ;
m; — {g
5 j

JHEP 02 (2013) 010 JHEP 1009:089,2010  Eur. Phys. J. C78 (2018) 453 Eur.Phys.J.C 80 (2020) 12, 1095 58



Amplitude analysis over all g - new!

Hy(q%) = > A, L@ = A, e L(q?)

j=all possible resonances

K" kK
BO B
H,l(qz) — 4 . i .
X [+ .
AY 2 (¢°) =.
1P 2 ;
AYZ@,A(Q ) — "
. 2 _ g2 E|A)\*D| D*DhS(mD*Daq2)'
N A e @~ %) gy, (g2) -
, / m> — { A pidn 2
] J 0 + Z |A% e hp(m,, q°),

n=DD,D* D*

JHEP 02 (2013) 010 JHEP 1009:089,2010  Eur. Phys. J. C78 (2018) 453 Eur.Phys.J.C 80 (2020) 12, 1095 59



Candidates / (0.1 GeVZ2c™)
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Amplitude analysis over all q2 . results
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Local form factors

arXiv:2206.03797

1 2
Fi(¢®) = 2 a;klz(q°) — 2(0)]"
1 - q2/mR,i k=0
Local form-factor results
Parameter  Prior [34] Posterior

o —1.12+020 —1.21+0.19+0.02
s 218+ 1.76  3.23+1.69+0.18
ot 0.29+0.02  0.29 + 0.01 + 0.00
ot 0.46+0.13  0.40+0.10 +0.01
! 1.2240.73  1.21+0.69+0.10
aghe 0.284+0.02  0.26 £ 0.02 4 0.00
ot 0.55+0.34  0.47+0.22 +0.04
a1 0.58 £2.08 0.53+1.26+0.17
oy 0.36 +£0.03  0.36 + 0.02 + 0.00
oV —1.09+0.17 —1.09+0.17 +0.01
oy 2.73+1.99 3.93+1.74+0.25
ol —0.9540.14 —0.94+0.1440.01
0! 211 +1.28  2.07+1.16 +0.05

ag? 0.32 4 0.02 -
ol 0.60+0.18  0.61+0.16 +0.01
o 1.70+0.99  1.78+0.98 +0.03

g 0.62 4+ 0.03 -
ol 0.97+0.32  0.95+0.30 +0.01
ol 1.814+245  1.68+2.1540.04
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H,l(qz) =

Size of H A(qz) ?

2

Jj=all possible resonances

A LGP = A, Z(q?)

Nonlocal parameter results

|A”/¢| (305 LOULEGIRID S 07 0.23 +0.01 + 0.01
|AW| (3.85 +0.01 + 0.14) x 10~3 5%} —0.21 4 0.00 = 0.01
149, - 8%,  —1.9240.05+0.02
[ | 1950 1008 0e2) 10 51})(25) 0.84 4 0.02 4 0.19
A 8.38 £ 0.27 £0.62) x 107* 4§ —0.44 4+ 0.02 £+ 0.11
Ay es) $(25)

| A (25)| (134£04 £1.1)x10™* 85,5 —254+£0.13+0.12
|A0(1020)| i A0 . DIN+HNKRIHENTR

Nonlocal parameter results

Nonlocal parameter results (x107°)

T I3

D e N e e S N e N
N
=g oL €

[ I
NN
g oe e —=¢ o€ <

T I3
A s s

3.68 £1.34+0.73

—3.53 £ 1.45 + 0.47

—3.14 +1.39 £ 0.60

—2.39 £ 1.53 £ 0.96
—2.01+£1.474+0.59

—5.62+1.71 £ 1.07

0.04 £1.72 £ 0.56
—2.81+£1.75+0.61
1.03 £ 1.77+£0.39

S(Ayarry)  2-87+1.88£0.49
%(A¢(3770)) —0.86 = 1.56 + 0.53
S8 L6 L1540t 06)
S(Alyor) —0.71£1.80 £ 1.11
(At o)  0.35+£1.49+0.82
(A% g010)  1.32£1.87£0.99
S(Alge)  1.91+1.98+£1.45
(A g60)  0-32+0.15+0.09
S(A% 4160) —1.66+1.67+1.04

R(AL, ) —0.07 +0.93 + 0.69
R(AL, ) —0.12+0.8340.71
R(AV, )  —0.33+0.91 4 0.70
éR(Aﬁ*O 50)  —0.06 4 0.96 + 0.63
R(AL.05.0) —0.16 + 0.91 4 0.66
R(AY.5.0) —0.17 +0.95 4 0.66
R(A).0p0)  0.02+0.42 4+ 0.66
R(AL.0p0) —0.24+0.42 4 0.70
R(AY.050) —0.51+0.4140.68
R(AC)) 0.00 & 0.03 4 0.02
R(ACL)  —0.05+ 0.03 +0.02
R(AC?) 0.33 £ 0.33 & 0.09

I(A}op)  —0.44+0.71£0.73
S(AL,)  0.02+0.80+0.74
(A%, ) —0.27+0.77+0.81
S(A}opwo) —0.2540.79 +0.67
S(AL.pe0) —0.03+0.85 4 0.70
S(AY.op0) —0.28+0.85+0.78
S(Alwpe) —0.46 £+ 0.32 4 0.58
H(ALop) —0.11+0.39 £ 0.61
3(AY,050)  0.12£0.35+0.58
S(ACh —0.10 & 0.03 £ 0.01
F(ACE)  —0.04+0.04+0.01
S(ACY)  —0.19+0.20 4 0.09
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Size of H ﬂ(qz) ?
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Size of H ﬂ(qz) ?
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Size of H,(g*) ?
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Size of H A(qz) ?
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Measured values of Cy ?
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Measured values of Cy ?

LHCb-PAPER-2023-032

LHCb-PAPER-2024-011

AmpLLtu.de meodel

L L B B I
/LHCb8.4fb~' {!
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, / 30 7
2.1 o
__________________________ :20
| SM = 4.27

1o -

i | ]

4 5 6
Co

Wilson Coeflicient results

Co
C}O
CQ

3.56 £ 0.28 & 0.18
—4.024+0.18 £ 0.16
0.28 £ 0.41 & 0.12
—0.09 & 0.21 + 0.06
(—1.0 & 2.6 & 1.0) x 10




Measured values of Cy ?

LHCb-PAPER-2024-011

LHCb-PAPER-2023-032
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O 1 1 1
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NP __ +0.53
ACNF = — 0.93+033
q*> > 0 only
best fit  soor o1 05% CI.  SM value Geviation
value from SM
Co 3.34 [ 277, 3.87] [ 2.30, 4.33] 4.27 1.9 ¢
Cio —3.69 [-4.00,—3.40] [-4.33,-3.12] —4.17 150
ch 0.48 [-0.07, 0.97] [-0.62, 1.45] 0 0.9 o
Ciy 038 [ 0.13, 0.66] [-0.14, 0.92] 0 150

AmpLLtu.de model
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/LHCb 8.4fb~"

Wilson Coeflicient results

Co
C}O
CQ

3.56 £ 0.28 & 0.18
—4.024+0.18 £ 0.16

0.28 £ 0.41 & 0.12
—0.09 & 0.21 + 0.06
(—1.0 £ 2.6 £ 1.0) x 107




Affect of non-local contributions on branching fractions?

AmpLLtude model

- affect on SM predictions

1.5 <10 .
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Small modification to SM predictions, but tension remains
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Worlds first direct measurement of C,,
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o o amplitudes
2 100 _E -+ [nterference
< :
2 50 MG 5 oo g Mo Maadel
S OF
O Muon analysis is
2S 1 B A S S S .
““.;,l T:I - || I :I . | : il.'_;li lf_;l .:;Zl | ’.I J : L B .
00 75 50 15 100 1°5 150 115 sensitive to C9,T via

B? - K[t*t™ — y* — putpu]

O(Cg,[

Worlds first direct
measurement of Cg
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Worlds first direct measurement of C,,

LHCb-PAPER-2024-011

S
LHCH 8.4fb~"
I 30 - B°

__________ 20 -

__________ _ lo - Muon analysis is
R I] O e . ‘g .

-1000 -500 0 500 1000 1500 sensitive to Cg ; via
Cor B - K*O[T+T_ — y* > 'u""u_]

OCC9T

Worlds first direct
measurement of Cg

Co,=(—1.0£2.6+1.0)x 107
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Worlds first direct measurement of C,,

—1000 =500 0 500 1000 1500
CQT

Convert to 90% CL on
BB - KVrrr7) ~[1.7-22] % 1073

Best direct measurement of Z(B" — K %tt717) =
3.1 % 10_3 907 CL selie, Phys. Rev. D108 (2023 Lo11102

SM prediction ©(10~7), NP models O(10~%)

LHCb-PAPER-2024-011

Muon analysis is

sensitive to (g ; via

B’ - Klt*t™ —= y* = putp]
x Cy ,

Worlds first direct
measurement of Cg

Co,=(—1.0£2.6+1.0)x 107
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Cross-checks

oo

(¢* — %) P (s
Vi (@) = Yaga() + L= a0l g,

4m?2 (5 — qg)(s =4 = ie)

JHEP 1009:089,2010
JHEP 02 (2013) 010

Perturbatively calculable via OPE at g% < 0

- Pick subtraction point qg

- Extrapolate to rest of q2 qg — 10, — 4.6 (nom), — 1 GeV

Pick different subtraction points in g%, max change in Co
~ 35 % stat. uncertainty
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Cross-checks

Local form-factors:
Nominal GKDvD18 used (LCSR + Lattice) JHEP 09 (2022)

133, arXiv:2206.03797.

Alternative BSZ (LCSR + Lattice) JHEP 08 (2016) 098, arXiv:1503.05534.

A" = - BN T2 (([csf“’(q?) ~ G F O~ Clo) Aual@) + ——=— csff"’Tza(q?)) ,
(39)
A™(¢") = = NV2(mi — mi.) (([Csff"'<q2> ~ gl F[Cro — Cyo)) mfl_(q;fm + %Csff’“n(qz)) ,
(40)
AL () =NV (G + OO 7 Cuo + Clol) L) 2oty ) )
(41)
) ==V (2[Ci0 - il Aol (42)

Ve
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Cross-checks

Local form-factors:

- Nominal GKDvD18 used (LCSR + Lattice) JHEP 09 (2022)

133, arXiv:2206.03797.

- Alternative BSZ (LCSR + Lattice) JHEP 08 (2016) 098, arXiv:1503.05534.

Coeflicient Coeflicient

oo 0.3440.03 0.37£0.03 ol 0.324+0.02  0.3140.03
o0 ~1.124+0.20 —1.37+0.26 o’ —0.95+0.14 —1.01+0.19
00 2.18+1.76  0.13+1.63 ol 2114128 1.53+1.64
ot 0.29+0.02  0.30£0.03 ol 0.62+0.03  0.67 % 0.06
it 0.46 £0.13  0.39+0.19 ol 0.97+0.32  1.3240.22
o 1224073 1.194+1.03 ol 1.814+245  3.8242.20
o 0.554+0.34  0.5340.13 ol 0.60+0.18  0.5040.17
0 0.58 £2.08  0.48 & 0.66 0? 1.704+0.99  1.6140.80
o 0.36 +£0.03  0.38 4 0.03

af —1.09+0.17 —1.174+0.26 Adapted from arXiv:2206.03797
oy 2.734+1.99 2424 1.53

Table 10:

Posteriors of the B — K* local FFs fit. We used the exact relations

(A.24)-(A.25) to reduce the number of parameters to 19. The posterior distribu-
tion is accurately described with a single multivariate Gaussian distribution, whose

parameters are given in the ancillary file BToKstar-local.yaml. We compare our

results to those of Ref. [29].
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Cross-checks

Local form-factors:
- Nominal GKDvD18 used (LCSR + Lattice) JHEP 09 (2022)

133, arXiv:2206.03797.

- Alternative BSZ (LCSR + Lattice) JHEP 08 (2016) 098, arXiv:1503.05534.

Coeflicient Coeflicient

aé‘o 0.34 +0.03 0.37 £0.03 ozg;l 0.32 +0.02 0.31 +0.03

A.AO 1 19 1 N 9N 1 927 1 N O A,Tl N oK 1. N 14 1N1T 1 N 10

a; 0.00 =0.34 0.03 =0.13 aq” 0.60 = 0.18 0.00 = 0.17

a‘2412 0.58 +2.08 0.48 +0.66 aQTQ 1.70 £ 0.99 1.61 +£0.80

a(‘)/ 0.36 =0.03 0.38 =0.03

af —1.09+0.17 —1.174+0.26 . Adapted from arXiv:2206.03797
ag 2.73 +1.99 2.42 +1.53

Table 10: Posteriors of the B — K™ local FF's fit. We used the exact relations
(A.24)-(A.25) to reduce the number of parameters to 19. The posterior distribu-
tion is accurately described with a single multivariate Gaussian distribution, whose

parameters are given in the ancillary file BToKstar-local.yaml. We compare our

results to those of Ref. [29]. -



Cross-checks

Wilsons should be constant in q2 If good goodness of fit

Fit around q2 mid-point

2
q
CQ
2
q
Cio

a = 0.029 -

— Cg + a(q2 — 895)
= Cho+ B(¢* — 8.95).

- 0.082, 8 = —0.058 -

- 0.026
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Conclusions

* Non-local analyses suggest small non-
local FFs affect

- Plus worlds best measurement of Cy_

* Inputs useful for future non-local ana:

- Better theory knowledge of DD states

- Belle Il measurements of B — K Jw

e S-wave....
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Back-ups
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(a) W

Candidates / ( 50 MeV/c?)

W

B, — u™u~: branching fraction

Clean observable, sensitive to C,

CMS _ _ +0.44
BPH-21-006 . B 1+ 3.837
LHCb N - i 3 09 +0.48
PRL 128 (2022) 041801 ’ s V¥ _0.44
ATLAS+CMS+LHCb . s 2.69 037
BPH-20-003 - -0.35
CMS i +0.72
JHEP 04 (2020) 188 : - 2947,
ATLAS N - e 2 8 +0.8
JHEP 04 (2019) 098 : 3 0.7
SM Prediction
Beneke et al, JHEP 10 (2019) 232 ' T | 3.66 = 0.14
| 1 | I | | | | I | 1 1 | I 1 1 1 1 I 1 1 | | I 1 |
1 2 3 4 5
BB — uru’) [107]
gl '
Phys. Rev. Letr. 2022, 128,041801 : CMS Proiminary 140 16713 TeV)
140 ¢ Data —— Full PDF > N PR (o S E Fo e BTy
el g ; ' ; ' ' : e - OO Bf - 2 B Q a
B LHCb —&— Data - [ e Combinatorial bkg -+ Semileptonic bkg = e  2015-2016 data E
:__ ) Total __ 120~ = Peaking bkg 8 Total fit -
- 6 fb == Bg-»wu: 2 - Phys. Lett. B 2022, 842, 137955 " — = Continuum background —]
: 070 = BDT = 1.00 [E—— Bo_"ufl_ : % 100__ E """ b— u* l,l‘ X baCkground_:
— B,—utuy i G g . .
______ B—h*h"~ B o T w Peaking background .
meme By, - S 80 A = By =t W+ Bt
B'—K-utv - S ]
o - » 8 —
B R - 2 601~ ‘
_____ Bo(n__ﬂom“m_ ] "E s 6 E
Bi=Jlyu'v, | L
------ Combinatorial = 40 4
e : 20:..........“.2..‘._._ 2 l s
4=_ : ."‘..' + O_l PSR TOURT VO OPTPRIION Y 1 P [ e, 27 W Y
e ; i , , I , . . o L . __‘&g\\,\ s\ 4800 5000 5200 5400 5600 5800
5000 5500 6000 49 5 51 52 53 54 55 56 57 58 59 Dimuon invariant mass [MeV]
m,.,- [MeV/c?] m,.,- [GeV]
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B, — u™*u~: effective lifetime

In the SM, just the heavy mass eigenstate BH decays to ,u+,u

CP-averaged lifetime more sensitive to (NP) contributions from
light mass eigenstate than branching fraction

. was
Jo (T(BS — wtu~))dt

Ts9 [1+2Aarys +ys REF L RIE
1 — yg 14 Aarys

y, ~ 0.1

82



B, — u™u~: effective lifetime

7o) = 1.624 +0.009 ps

- Ty = 1837023 (stat) T 03 (syst) ps,
T, = 0.991_8:3%(5'%’(.) + O.17(syst.) P Y IR (R L)

pp

® Data ]
Full PDF i
"W T T T T I T T T T I T T T T | ~ T . o .
a ik RN Bg = u'u 4
g P A TLAS i BEE255 BY — w*u + peaking bkg
w7 - Vs=13 TeV, 26.3 fb'1 -------- Combinatorial bkg —
- B — hu*u” + semileptonic bkg ]
B[ eeee T00® =0.99 ps _ ]
- Neyman belt at 68 % coverage 7
51— Neyman belt at 95 % coverage - - -- )
- e 68 % CL limits ) P, _
A A 95 % CL limits 3
- m -
- === Mean of 7,* .
3 i
[ g&«;
2 ~ R Q ‘% —
— e RN 3
= R :
- ?‘%%%ﬁ‘ \X"&s\%‘&?&%}@{@‘ 7
1 SRR :
R R

54 5B 0
0.5 1 15 2 25 Decay time [ps]

3 30 T T T T T — .

P - JHEP 2023,09,199 ATLAS - Tty = 2.07£0.29 = 0.03 ps,

t 251 | \s=13TeV, 26.3fb" — e T

— 7] S. XéV. -

AT ool E 8 LH_(;b o 2022,

E l e Background-subtracted data E 9 fb (2, 001 ]

15[ MG (009 ) - 6 055<BDT <100

B — T =0.99 ps n -

10 B 4 * Data -

5 3_+ E — Effective lifetime fit ]

o . g, &=

- + ¢ ¢° £ i

(0] ‘H . E i

u 1 | Ll N IR N O S L i 2

0 2 4 6 8 10 12 L i

Proper decay time [ps] 0 5 10
Decay time [ps]




Rk i+

Lepton flavour universality tests

B(B — Xpu'p~)
B(B — Xete™)
Precisely predicted to be ~1 in SM

R(X) =

1.4 _ LHCb Rk low-¢> = 0.994120%
9 fb_l Ry central-g> = 0.949100%
_ Ry« low-¢* = 0.9271)%0
L2 _ +0.077

Ry central-¢* = 1.027005%

1.0 - ] I Il 1

0.8 i LHCbJPAPER-2022-045
_ t Data x> =1.6,p=0812,0=02

0.6 - SM

Ry low-¢° Ry central-g> Ry« low-¢° Ry- central-¢°

Precisely predicted to be ~1 in SM



Rk i+

1.2

1.0

0.8

0.6

Lepton flavour universality tests

B(B — Xpu'p~)

R(X)

B(B — Xete™)

Precisely predicted to be ~1 in SM

141

LHCb
9fh!

Rk low-¢> = 0.994120%
Ry central-g> = 0.949100%
Ry low-¢ = 0.927100%

Ry central-g = 1.0271297

L

{ Data

2
v2=1.6,p=0812 0 =02
SM

1
LHCbJPAPER-2022-045

Ry low-¢° Ry central-g> Ry« low-¢° Ry- central-q

2

Precisely predicted to be ~1 in SM

Candidates / 50 MeV

Pull

40

30

20

10

New CMS result

R(K) = 0.78+04

CMS 41.6 o™ (13 TeV)
—PF-PF Category o g?fleite\Le_
- g2 €[1.1, 6.0] GeV? -...= Combinatorial
—Signal: 18 + 7 B*'—=JipK*
- ¢ Data

arXiv:2401.07090

s

Vi
L I S
nnnnn

]

4.8

5.4 5.6
m(K*e*e") [GeV]

5 5.2
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Amplitude analysis over all q2 . results

Nonlocal parameter results
1A /w| B8 L0 EGI 10 o0 0.23 4 0.01 + 0.01
A%, (3.85£0.01%0.14) x 1072 50 0914000001

I/
| AY /w| - 8%,  —1.92£0.05+0.02

Al 009 L0280 10, 0l 081 000 010
A0 ] (B3 090 F069) <0 o —0.44 4 0.02 £ 0.11
|A3(25)| (134404 +£1.1 )x107* &Y —2.5440.1340.12

(25)|

P (25)
¥ (25)

|AS o) = Orry  1.38£0.53 £ 0.65

4D 7o) - 0rszy  —0.49£0.92 £ 0.53

A9, 1020)| - 00102y  0.10£0.8240.78

Nonlocal parameter results
Nonlocal parameter results (x10-5) R(AL, )  —0.07+£0.93+£0.69 S(A,-) —0.44+0.7140.73
3.68 + 1.34 £ 0.73 %(Al'p(m)) TESE TGS el el s GEe ) e
35341454047 w(m)) 086+ 1564+ 053 ER(Aﬁ)ODO) —0.33 4 0.91 + 0.70 ;s(AﬁjoDo) —0.27 4+ 0.77 + 0.81
~3.14+139+£0.60 S(ASy) 167+ 1.54+0.62 ggﬁgomoi —8-‘1)2 i g-gf i 8-22 éﬁﬁi’”f’”g —g-gg i 8-;? i 8-%
%0 =0 — VY. . . %0 )*0 —VU. . .

_33? i 123 i ggg Egi%(mm); —ggé i 11818 i éé; R Ag omo) —017+£005+066 (A0, ) —0.28+0.85+0.78
e i ;(Ag)(cmo)) R Twopo)  0.02+042+0.66 S(Ap.op) —0.4640.3240.58
(4040 R(AL.0p0) —0.244+04240.70 S(AL,5) —0.11+0.39+0.61
0.04+£1.72£0.56 S(Ayqe0) 1ITELI8E145 AV ) —051+£041£068 S(A%..5)  0.12+£0.35+0.58
—2.81 £ 1.75+£0.61 S(Ajye) 032£015£009  g(ach 0.00 £0.034+0.02 S(AC)) —0.10 4 0.03 + 0.01
1.03+1.77£0.39 S(A)ye0) —166+1.67+£1.04  R(AC)H) —0.05+0.034+0.02 S(ACH) —0.04 4 0.04 4 0.01
R(AC?) 0.33+0.334+0.09 S(AC?) —0.19 4 0.20 + 0.09

86



Amplitude analysis over all q2 . results

Nonlocal parameter results
B8 L0 EGI 10 o0 0.23 4 0.01 + 0.01

| A=+ ¢| (3.85+£0.01 £0.14) x 1073 5§/¢ —0.21 £ 0.00 = 0.01

|49, - 8%,  —1.92£0.05+0.02

Ao (959 098 L0910« 00 5 0 081 000 019

[ALog|  (8:38£0.27£0.62) x 1074 §l,,  —0.44£0.02+0.11

IO ] (14 001 0t 00 981 0130 019

A4S | . Oy 1.38£0.53+0.65

A 7a3| - 53(782) —0.49 £ 0.92 + 0.53

i - om0y 0.10+0.82+0.78

Nonlocal parameter results
Nonlocal parameter results (x 105) R(AL, )  —0.07+£0.93+£0.69 S(A,-) —0.44+0.7140.73
R(A! yrre) 368 % 1.34£0.73 %(Al'p(?,m)) TESE TGS el el s GEe ) e
R(ALgrg) —3.53+ 145047 ¢(3770)) —0.86 & 1.56 £ 0.53 R(Aﬁvorao) —0.33+0.91+£0.70 ;S(Aﬁ)()DO) —0.27+0.77 £ 0.81
R(AS 3rry) —3.14+£1.39£0.60 S(ASyy) 167+ 1.54+0.62 g(ﬁg«om) —8-(1)2 i g-gf i 8-23 ;j(ﬁzf*op*o) —g-gg i 8-;? i 8-%
%(A%MMO)) —2.39 £ 1.53 £ 0.96 %(A%@om)) —0.71+£1.80 £ 1.11 QREACL’) Z§§§ 017+ 0.95 + 0.66 §EA§2§§§ 028+ 0.85 + 0.78
Cx

Rbow) SOLLTL0W o) 0521008 Wl hmlontow o) usomsns
1(4040) (4040) R(AL,z0) —024+0424070 S(AL,-) —0.11+0.39+0.61
R(Ayaien) 004£ 1724056 S(Ayge)) 191198145 a0 ) —0.514+041+£0.68 S(AV,.)  0.124+0.35+0.58
R(Ajuie0) —281ELT5E£0.61 F(Ayye) 032+£015£009  g(ach 0.00+0.03+0.02 S(AC))  —0.10+0.03+0.01
R(Ayuer) 1.03EL77£0.39 (A —1.66E167£1.04 RACEH)  —0.05+0.03+0.02 S(ACL)  —0.04+0.04 +0.01
R(AC?) 0.33+£0.334+0.09 S(ACY) —0.19 4 0.20 % 0.09

A lot of numbers describing non-local effects...easier to see graphically

87



Amplitude analysis over all q2

o~ ' |
E= B 1 HCb 8 41! |
% 4 LHCb 4.7fb™ z- exp w. theo.
g{ LHCb 4.7fb! z- exp, no theo.
2 J
—2f :
—4f
5 10 15
¢ [GeV* 4
~  6r ] TSRS | SRS SR
57 [ LHCb 8 4fb | '
% 4 LHCb 4.7fb’ zexpwtheo
= C LHCb 4.7fb™! z-exp ino theo.
b

15
¢ [GeV*/ 4

~ 67— 7T I
Ea [ M LHCD 8 4fb" _ :
O 4E LHCb 4.7fb* z- exp; w. theo.
g C LHCb 4.7fb! z-expino theo.

2k :

|
o))

15
¢ [GeV*/ 4

results

]-LHCb84fb1I

I[Ill]l[lll]l[lll]l[ll

LHCb 4.7fb" z-exp.i w. theo.
LHCb 4.7fb! z-exp.no theo.

l[IlI]l[III

15
¢ [GeV* 4

-LHCb84fb1

LHCb 4.7fb" z-exp.iw. theo.
LHCb 4.7fb! z-exp. no theo.

Non-local form factors
(amplitude analysis +
Z-expansion)

II]I[IIlIIl

-LHCb84fb1 .
LHCb 4 7fb 2 exp

w. theo.

. 15 .
q- [GeV~/c7] 88



Amplitude analysis over all q2 . results

106 fF 5 I 8 O O [T ] —
LHCD 8.4fb~!
104 [ A =
e Data
250 -T Total -;' —
— Signal JE -
— Background ; -
200F. Local amplitudes E
1 particle nonlocal
150 - amplitudes
2 particle nonlocal
----- amplitudes

[—y

-

-
|

Candidates / (0.1 GeV2c™)

========= Interference
50
ob/—m—m
N . . | .;| iR
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5

g° [GeV?/c?]
Central value for Cy remains consistent with anomalies, but
larger uncertainty reduces tension to 2.10

ACNP — _0.71 4 0.33

Wilson Coeflicient results

Co 356+0.28+0.18
Cio —4.02+0.184+0.16
C. 0.28 +0.41 £ 0.12
C,, —0.0940.21+0.06
Cor (—1.0£2.6+1.0) x 102
5 e
e . .
O : Lo E L I | '
3 4 5 6
Co
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Affect of non-local contributions on angular observables?

Z-expa WSLOW

-COMPA rison with prevlous

measurements
7o TN S e B B B L B B B B B
LHCb 4.7 tb~!
= ) LHCb-PAPER-2023-032 _
-1 | T | ]
0.5F | T | -
%m OO R A A IS I G II I AT IS sy RRRERER o pal
A, [
< C
_0.5llll|||||||1||||||||||||
0.0 2.5 5.0 7.5 10.0 12.5
q* [GeV?/c*]
GRvDV
| DHMV :
2 > 0 only Agreement with
g* < 0 constr. previous
-+ LHCbPRL125  measurements
(2020) 011802
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Affect of non-local contributions on angular observables?

Z-expa WSLOW

-COMPA rLson with previous
measurements

-~ N I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

§ LHCb 4.7 fb™!

LHCb-PAPER-2023-032 |

T i
AT
< C
_0.5 | | | T T R T B
0.0 2.5 5.0 75 100 125
q* [GeV?/c*]
GRvDV
] DHMV .
2 > 0 only Agreement with
[ g% < 0 constr. previous
—+  LHCb PRL 125 measurements

(2020) 011802

AmpLLtuale model

- affect on SM Preolictiows

ny LHCH 8 4 fh~1 = lotal
Total, SM WCs

SM from GRvDV

LHCb-PAPER-2024-011 |

0 2 4 6 & 10 12 14 16 18
q° [GeV?/c!

Small modification to SM
predictions, but still a shift wrt

data
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Measurement of R(D") and R(D*) at LHCb

R(D*) =
/K s _
T
D+<_+ D+‘-——Kﬂ+
B0 _ T BO rt
BRi-ter—w "
g gt O
H ~—
7 Vﬂ
R(D*") =
7y 7y 7
¢¢ B “ B
*_I_' D+47t+ " +/ +
_OD - \ﬂ'l' _OD*+ D \ _:[
Yo Ta*.\”_ \\,u_ ”
N s~ ~a. Yo _
U, svﬂ U, ’I/”

Reconstruct only DY( — K ztzt) and u~

Simulation DOt 2 D+ Fits to data

€ 1
()+y = H__F
KO = Np B = o)
c Ny Iz
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Measurement of R(D") and R(D*) at LHCb

R(D*) =
/K s _
T
prE—" .
BO & BO Tt
~~ —_ —_ \ _
D/ 5 4 :: ~ o " M ~5 /’l
~.17 ~17ﬂ UV, ~~~
. _
Vi
R(D*") =
7’y ~ 7’y .
il o DrE——t S =
sss T Wﬂ_ \~\/'t_ T
~— .~ S ~ _
- s17'u Vv, “y'u

Reconstruct only DY( — K ztzt) and u~

Simulation

R(DY) =

(%), + (%), 4 Fits to data
D Nzl-) 1

€D(*)+ND(*)+ %(’L’ — U 1/)

€

Perform simultaneous fit to 3
kinematic variables across 4 samples
to constrain background

Samples defined by candidate isolation

«only Dtu™? Signal

e D7 B —» D**¢ v,
e DT 7 B — D**¢"y,

. DY K7 B — D*HX

Form-factors dictate shape of signal
and yields

« Use BGL parameterisation
Phys.Rev.D 56 (1997) 6895-6911

* Float in fit, with constrains from
lattice predictions
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Measurement of R(D") and R(D*) at LHCb

Fits for signal-sample

LHCb-PAPER-2024-007

x10° l | x10°
§ 045F S ' N s
L LHCb 2 fb" S F
o S~ 0.03F
2 P
O 0.025F
e -
9-/ 0.02 E_
5 0.015F
@ i
...g 0.01 =
"g »
= 0.005F
U L
10
Foldr-momenta transferred
f ¢[GeV% ¢t

to Leptow [ 5s’cem

Signal B E D

B B—0>D**z"v
B —>D+X X

N B —>D** TV
Comb + misID

B 5->Duv

Norm. BER G— D uv

x10°

T
©o
g
=

A

¢ <118 GeVZ/C" LHCb 2fb!

5 10
[GeV?/ )

mlSS

o °©
o
w

S
o
o

0.015

Candidates / (130 MeV/ ¢?)
o o
= S

S
)
o
o

0

944 < g?<11.8GeV¥c*  LHCb 2fb!

1000 2000
Energy of j in B rest frame E,[MeV/c]
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Measurement of R(D") and R(D*) at LHCb

R(D*) = 0.249 + 0.043(stat) + 0.047(syst)
R(D*) = 0.402 + 0.081(stat) + 0.085(syst)

LHCb-PAPER-2024-007

p = —0.39

Systematics-led analysis

Source R(D*) R(D'")
Form factors 0.023 0.035
B — D**|D* X|u/Tv fractions  0.024 0.025
B — Dt X_X fractions 0.020 0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.086

Main systematics:

« Background modelling/
branching fractions

* Form factor parameterisation

95



Measurement of R(D") and R(D*) at LHCb

R(D*) = 0.249 + 0.043(stat) + 0.047(syst)
R(D*) = 0.402 + 0.081(stat) + 0.085(syst)

LHCb-PAPER-2024-007

p = —0.39

Systematics-dominated analysis

Source R(DT) R(D'T)
Form factors 0.023 0.035
B — D**|D* X|u/Tv fractions  0.024 0.025
B — Dt X_X fractions 0.020 0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.086

Main systematics:

« Background modelling/
branching fractions

* Form factor parameterisation

New: systematic due to simulation
Size no longer leading systematic,
due to new approaches to speed up
MC, see details in G. Pietrzyk’s talk

96



New!! BY — K™ %u*u~ with 140 fb~! from CMS

Previous Run 1 only result
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Events /( 0.015 GeV )

Events / (0.05)

New!! BY — K™% 1~ with 140 fb~! from CMS

New Run 2 results

140 b (13 TeV)

CMS Preliminary
40012 < ¢? < 4.3 GeV?
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5 51 5.2
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CMS Preliminary 140 fb™' (13 TeV)
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Result is still statistically

do

min

Effect

ated

on Ps °
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b-quarks at the LHC

proton - (anti)proton cross sections

L | ! L | -‘ L L | - ! ',"'g
Oy —— e
Tevatron LHC S_'IEC E
b—qua rR L
o,
0 (E,* > s/20) .
o,
o, 7 .
o (E/">100GeV) ¥¢ :
e
/ g0
o/ / . 3
6, (=125 GeV) / . 9
o(M,=125 GeV) ~ H'Lg s .
WJS2012 : 3
Lassl 1 L1 1l i 1 i | I T T |
0.1 1 10

10°

J 10°

events / sec for £ = 10°° cm®s™

heaviest stable quark

3rd generation - sensitivity to
BSM



Semi-leptonic b quark decays

b — cluv b — st

b . b el .
W . : ' ; .
( ZO/V* <><€
vy -
Charged current: Neutral current:
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Semi-leptonic b quark decays

b — cluv b — st

el
W .
o 0 *
Z"|v <<
7, e
Charged current: Neutral current:
* Tree-level

o« A order %

101



Semi-leptonic b quark decays

b — clu b — st
el
b C b 4’% S
|4 .
/-
ZO//Y* <
Vg /i
Charged current: Neutral current:
* Tree-level

o« A order %

* Neutrino in final state (invisible)
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Semi-leptonic b quark decays

b — clv b — st
el

W .
‘¢ "

(IS
Vg i
Charged current: Neutral current:
* Tree-level * Loop-suppressed:

o A order % « B order 1077 — 107

* Neutrino in final state (invisible) « Full reconstructed final state
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Semi-leptonic b quark decays

b — cluv b — st
b ' e s b > \ > /
LG \\ LQ\

~<>< C \\ S
7 i
Could be joint explanation...motivates b — s77 measurements
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The B-anomalies

\ Charged current ~ 3¢ | Neutral current ~ 4 — 5¢

SR SR e S S IR S S =Y DR S B At S s s s
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The B-anomalies
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Charged current anomalies

(+) (*,4) Isospin Hadronic
R(D(*’_l_)) _ %(B —> D TUT) R(DO) _ R(D+) r — I/,L_]Z'X
BB - DCEHLy,)

£ € u,e, (LHCb only ) R(D™) = R(D™)
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Charged current anomalies

3k r i
) gg(B(+) N 1 ’+)TI/T) Isospin Hadronic
R(DTP) = R(DY - T — v X
sk (D )= R(D ) ) g )
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Charged current anomalies

BB = DGy Isospin Hadronic
R(DEH) = ( * ) RO — R T - vX
QS’(B(‘F) — DS ’+)Lﬂ1/f) 0 . Semi-leptonic (SL)
£ € u,e, (LHCb only u) R(D ) = R(D +) T — Vrf’/f
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2
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P(x?) = 35%
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Charged current anomalies

BB = Dty Isospin Hadronic
R( D(*,+)) — ( ) R(D% = R(DY T = v X
QS’(B(‘F) — D(*"")Lﬂl/f) 0 - Semi-leptonic (SL)
£ € u,e, (LHCb only u) R(D *) =R(D ™) T — Vrf’/f

LHCb 2024, SL,
RED RS 2

0.2 4 HFLAV SM Prediction R(D) = 0.342 +£0.026,,,,

R(D) = 0.298 +0.004 R(D*) = 0.287 +0.012,
R(D*) = 0.254 +0.005 p=-0.39
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R(D™) 0.25 = | s R(D®), R(D"™)

P(x?) = 35%
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Polynomial-expansion

Z-expansion

~H)\(Z) =

e X s %
1l | 2

=Ly <~ y2S)

. X Z a/q“nzn
n

Z

= vemapping of g°

ol

Experimental measurements
Branching ratio, polarization fraction and
phase difference from B® — y K™

e

PRD 76 031102(R) (2007)
PRD 88 052002 (2013)
PRD 88 074026 (2013)
PRD 90 112009 (2014)

(Diagram from A. Mauri)
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Z-expansion

Polynomial-expansion

1l | 2 2 models used:

H @) = X X Zaﬂ.nz”

L & Jhy Ve Zy/(ZS)

« With theory info from <q2
(n =4)

« With no theory info (n = 2)

z = remapping of q*

Experimental measurements

Theory information / Branching ratio, polarization fraction and

| Value of charm-loop at g < 0 phase difference from B - y K™

» reliable for g2 < 4m?

PRD 76 031102(R) (2007)
PRD 88 052002 (2013)
PRD 88 074026 (2013)
PRD 90 112009 (2014)

JHEP 09 (2022) 133

ANNNNNR

s
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Charged current anomalies
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