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The SM is pretty good

~ Assume Universe is SU(3) X SU(2); X U(1) symmetric, put in a few particles,
and bam!, most precise and comprehensive theory in the history of mankind

Anomalous magnetic dipole moment

D e@ oo 00 G
B |
& = 12 roos 12,672 diagrams of 10th order
8 — 2
= 0.001 159 652 181 606 (230)
2
SM Atoms 7,28 (2019)
8 — 2
= 0.001 159 652 180 73 (238)
- Quarks . Force particles 2

cXp Phys. Rev. Lett. 100, 120801 (2008)
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Testing the SM
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oo detection yet

Muons: 'Strong' evidence found for a Machine finds tantalising hints of

new force of nature new physics
By Pallab Ghosh Stlence correspondent @ K+ —~ C a n a C C e S S m a S S

Su . scales beyond the
reach of current
particle accelerators
through precision

tests

= Flavor physics (study of
quark and lepton species) is
a key tool
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The findings come from the US Muon g-2 experiment
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Testing the SM
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Science

Muons: 'Strong' evidence found for a
new force of nature

By Pallab Ghosh

Science correspondent
[
® 7 April
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Science

Machine finds tantalising hints of
new physics

By Pallab Ghosh
Science correspondent
® 23 March K I

~ Alas, no direct
detection yet

~ Can access mass
scales beyond the
reach of current
particle accelerators
through precision

tests

= Flavor physics (study of
quark and lepton species) is
a key tool
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https://doi.org/10.1038/s41586-021-03418-1
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Lepton Flavor Universality (LFU

~ |t is assumed that electroweak e, U, T e, U ,T
gauge couplings to 3 fermion

Z
generations are identical & 8w
1st Ind 3rd + 4 4 LFU D D D
Y
e ge

gen gen gen

couplings

HIggs

In particle physics units...

. Force particles neV meV eV keV MeV GeV TeV
If a neutrino was as X '
heavy as an ant... v

https://ghostsintheuniverse.org/theory/
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e —

LFU tests with 1st/2nd gen.

To 0.28% 1n
/. decays

To 0.8% 1n
W decays

To 0.31% 1n
meson decays

To 0.14% 1n
T— LU

Manuel Franco Sevilla

I,
22— 1.0009 + 0.0028
/7 —ee LEP, Phys. Rept. 427 (2006) 257
BW
W= er) _ 1.004 + 0.008
'%(W — H V) CDF + LHC, JPG: NPP, 46, 2 (2019)
FJ/w—>ﬂﬂ

= 1.0016 £ 0.0031

rJ/y/—>ee PDG (BESIII), RPP, Chin. Phys. C40 (2016) 100001

FK—>e1/ —5
= (2.488 + 0.009) x 10

I K—uv PDG (NA62), RPP, Chin. Phys. C40 (2016) 100001

Fﬂ?—>€1/ 4
= (1.230 £+ 0.004) x 10~

rn-_)ﬂy PiENu, Phys. Rev. Lett. 115, 071801 (2015)

g,/g., = 1.0018 = 0.0014

PDG, A. Pich, Prog. Part. Nucl. Phys. 75 (2014) 41
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To 0.32% 1n
Z. decays

2.606 tension 1n
W decays

To 1.3% 1n
W decays

To 6.1% 1n
D, decays

To 0.15% 1n
T — Cvv (with 7))

rW—)ﬂ/
= 1.070 % 0.026

LEP, Phys. Rept. 532 (2013) 119,

FW—>TV
= (0.992 + 0.013

I
Wopv ATLAS, arXiv:2007.14040
I
D.—tv
- = 9.95 + (.61
FDS—wV

HFLAYV, Eur. Phys. J. C77 (2017) 895

g./g, = 1.0030 £ 0.0015

PDG, S. Pich, Prog. Part. Nucl. Phys. 75 (2014) 41
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B anomalies

~ Since 2012, hints of LFU in transitions involving 31 gen. b quark

b — ctv transitions

Charged currents (FCCC),
tree diagram in SM —
frequent

b — sf transitions

Neutral currents (FCNC),
loop (penguin, box...)
diagrams in SM — rare

R (B - DV - Fy 4
P (D(*)) _ ( — TVT) with = u, e B = Z; (B — K ),u"‘ﬂ )

RB (B — K(*)e+e—)

% (B - D®¢v,)

% (DYM =0.299 +0.003 % (D*)*™ = 0.258 £ 0.005 RN ~ Rpd  1.00£0.01  (atlow-ish ¢

Very solid SM predictions with 1-2% uncertainty, established
deviations would be clear indications of BSM physics
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Outline

/F

Overview of

experiments

LFU results with b — ctv

- pp reconstruction

- B-factory and LHCb
measurements of X (D(*))

- =Beyond &£ (D(*))
- =Future prospects

- =LFU ratios &£ 7
- =Future PFOSpects

One elegant
Interpretation
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BY* mesons

)

10°

100% e(trigger), PID, low e-brem,
knowledge of collision momentum

1011) Bg/;’ mesons

Triggers primarily for flavor,

PID, VELO,
all b-hadron species

ATLAS

EXPERIMENT

Manuel Franco Sevilla

Low uncertainty on absolute rates, |

O (1012) Bg/;r mesons
All b-hadron species

R (D(*)), R, and their cousins: update on the continued challenges to LFU

29

B-factories
D

</[O

Belle I

| With O (108) B"Y* mesons
| already competitive search
for B — Kvv (backup)!

LHC



LHC

pp collisions have background

from bb hadronization,
underlying event, and pileup

B-factories

Clean e*e™ collisions only
produce two B mesons
(for the most part)
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~ B mesons can fly ~cm thanks to large boost
~ Excellent trackers in CMS and ATLAS

~ Superb vertexing by VELO in LHCb
= Only 8.2 mm from IP, reduced to 5.1 in upgrade

~ Multivariate algorithms ensure tracks isolated

= Based on track impact parameter, other variables
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Originally from BaBar




T reconstruction

Leptonic t Hadronic
T =0TV TSV, pPU, T AL,
Same reco particles as normalization Better measurement of t kinematics

B — D¢y, many uncertainties

k _
cancel on & (D) L

&=
-
- §~

P (D(*)j'\é‘b .
R(D ) depends on external

branching fractions

B(B—-D"w,) |N

P (D(*)) _ . sig |€norm
B (B — D(*)fl/f) Nnorm Gsig
€ ratio easy, yields are key Measure this ratio
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B tagging: pp = p,+,- — Pp

sig lag

Hadronic: best 6(pg), €had ~ 0.2-0.4%

Semileptonic: worse o(pp), & ~ 0.3-0.6%  p- pog

FEI: bottom-up approach based on BDTs i, d
with &rg up to 3x the corresponding €haq OF &

v
T L E 2 Normalization (1 neutrino
B sig ¥ g 4

~~~~~~ = = s« B DO

Signal (3 neutrinos)
B — D(*)T< — ?,”1/17) %

2
2
v Mhpiss = (szig — Pp™ _pf)
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~ Hadronic Buag,
leptonic t

Phys. Rev. Lett. 109, 101802 (2012)

Phys. Rev. D 88,072012 (2013)
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Check result stable as a function of
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Belle 2015 #(DY), o2 distributions =

X
P -
« K 3
3*CL5?»* iy

-

€

~ Similar strategy to BaBar O3 BiPm DAL 108 101602 2002 g o g grzore i)
5 045 =
= adrOﬂiC Btag, |ept0ﬂiC T ~ 0.4 =
: a = -
; . . ~ 035 —
~ Also excess, consistent with cE & >
| BaBar 02sE- o E
g 02 | | T

, ’ ’ 03 04 05
~ @2 distributions rule out 2HDM .

=
s SM _ —1 _ 1
S . | SM tan f/my = 0.45 GeV tan f/my = 0.30 GeV
@z 1 ii DOy Mostly spin 1 mediator Mostly spin 1 mediator Full spin 0 mediator Full spin 1 mediator
o 500¢ D _— —_— —_—
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100f

)
1 1
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Phys. Rev. D 92,072014 (2015) Phys. Rev. D 88,072012 (2013)
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: —~ —
Leptonic-t: Rest Frame T 2RV,

vertex reco

Approximation (RFA)

scale p (B) with angle « 10} =

p(B)| = p(B)V1 + tan’«a o F;r[ i

Bernlochner, MFS, Robinson =1 05 0 05 1
Wormser, arXiv:2101.08326 (qz _ q2 )/qz

reco true true

_ i
P . By .. p Bl -
YL, PVv P Ppv. P
Use t direction between B and t vertices,
2
Assume proper velocity of B and reco particles solve (PT _pmm) — Oé then solve
(u D*) along z is the same to find p,(B) (pB — D, —pD*) =2
mB -~ 1 1 T T T
pZ(B) — - pz(ll/t D*) 30? B atBaBE;(ll%) E
m(p D*) 5 25:;;?:?5;@?;;.2%>J :
S 20F —
Find B vertex assuming muon comes from it, E L | :
S
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¢ Leptonic-t
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) Phys. Rev. Lett. 115, 111803 (2015)
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Belle 2019 #(D)), current status

' ' ' ' | ' ' ' ' | ' ' ' ' | '
—BaBar, PRL 109, 101802 (2012) —LHCb, PRL 115, 111803 (2015)
—Belle, PRD 92, 072014 (2015) —Belle, PRL 118, 211801 (2017)
—LHCb, PRL 120, 171802 (2018) Belle, PRL 124, 161803 (2020)

—HFLAV average Spring 2019 — SM predictions

Phys. Rev. Lett. 124, 161803 (2020) 0.5
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EcL [GeV] 0.4r l ”””” B } ”””””””””” ] closer to SM, but

P G B W bkgsignal

ost 1 |1 o o I understanding has not

~ Leptonic-t and semileptonic Biog 2,1 I meaningfully changed

with super-efficient FET o S

N 00O 9O NYH w6 0 A B9 O
QQ QQ QQ Q'\’ Q\' Q'\’ Q\' Q'\’ Q\' Q\’ Q\' Q\/ Q\' é\’ Bernlochner, MFES, Robinson,
A2 2 2 A A A A A 2 2 2 2 Y Wormser, arXiv:2101.08326

Submission date
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Beyond Z(D"))

(*)
~ Even adoon ‘%(D ) would not be LHCDb has a unique ability to study b — ctv

sufficient to convince ourselves of NP transitions because bb production at the LHC

= Indirect measurement with broad signal distributions hadronizes into all species of b-hadrons

due to multiple v in final state

R (D)
~ |t will be important to have

= Confirmation by independent experiments

= Confirmation in different decays

= Characterization in kinematic distributions

0.200

0.1751 ------  B-factory scenario average

Belle Il and o150,
upgraded LHCb 5,

both sensitive to = .

xR

angular distributions = .o

0.050+

LHCDb already published first non-
(*)
Z(D""’) measurement Phys. Rev. Let. 120,

Hill, John, Ke, Polucktov, LRSIV =071 £ 0.17 £+ 0.18, 121801 (2018)
JHEP 2019, 133 (2019) | oot el o e 1.86 above SM

0.025-
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Future prospects for LFU in b — ctv

~ Currently, world-averaged #(D'") exceeds SM by ~14%

~ With Belle Il and upgraded LHCDb, could get uncertainties below 3% in a few years
= In addition to Z(D") and Z(J/P), LHCb has Z(D**), Z(pp), R(D,), R(D¥*), and X(A,) ongoing!
= Even CMS trying to get out a measurement with ingenious trigger strategy

10;

Total uncertainty [%]

R(D*) (had FEI, lep 7)
R(D) (had FEI, lep 7)
R(D*) (SL FEI, lep 7)

- R(D) (SL FEI, lep 7) _
R(D*) (had FEI, had ) :
R(X) (had FEI, lep 7)
R(w) (had FEI)

§~~

' Optimistic B

:- o v ——_=======%
IR S
S e O A A I S VA
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Total uncertainty [%]

3] D)

:- D)

: Dg)

'_ Ac)

i AY)

: J/ ¥
S

6
At \____)\\\‘
25 Optimistic O L _

. LHCD unofficial ~~-----====== o= AR O
ol e || B TR .
TS ITIIFTFSIFTISTY
A A A VP I A VA VN A VY

Data sample up to year

Wherever this ends

up, very exciting
times ahead!

Bernlochner, MES, Robinson,
Wormser, arX1v:2101.08326
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Leptonic B( e “u~ (very rare)

~ FCNC and helicity/Cabibbo suppressed — very rare % ~ 107’

; . g, GrM;;, sin* 0y,
BB, = u*pu gy = [
87

q=d,s

Clipped from
Marco Santimaria

single Wilson coefficient & single hadronic constant (known at ~0.5%!)
[PRD 98 (2019) 074512]

SM Predictions JHEP 10 (2019) 232
KRB (BS — /ﬁ/f) = (3.66 + 0.14) x 10~ — 4% uncertainty
% (BO — ,u+,u_) = (1.03 + 0.05) x 10~ — 5% uncertainty

Normalization from BT — J/w K™
(and B® - K* 7z~ in LHCDb)

Manuel Franco Sevilla R (D(*)), R+, and their cousins: update on the continued challenges to LFU Slide 23


https://indico.cern.ch/event/976688/attachments/2213706/3747159/santimaria_LHC_seminar_2021.pdf
https://arxiv.org/abs/1908.07011
https://arxiv.org/abs/2103.06810

B — p*u~: ATLAS and CMS

| Normalization \ (

Signal
o | e |1 S, e ] Oamia
= (s=13TeV, 15.1 fb Total fitresult 3 16F y * ] ata - S .
@ 80000~ U7 T T £y T ek s = 1 s =13TeV, 26.3 b | . 0
E 700002_ — Etarti;fgl&:con- _2 % 14 0.4163 < BDT <=1 —- ::Ztrili:m:um background —| EXPERIMENT 25 /0 Of BS A Run 1+2 dataset
o 60000;_ ----- SNcr)l:SrZsone::tytfkg. _; F= S L I b — u* u X background -
Lﬁ 50000 - B'— Jy r* — L%) 12- ----------- Peaking background ]
40000~ 3 103 mom Bt 4 B ot 0 + =\ +0.8 -9
30000 =1 8F ! E | A (BS —> U U ) — <2.8_0.7 X 10 — 4.60
20000/ = 65— \ ¢ E
B ERR R 2 | — —
B s ———— 4] N } i BB >ptp) <21x1071 (95% CL)
T 21~ 4 i ¢ . ) ‘ ¢ 4 ¢ 1| 21— .. l +
o4+ +—+J—H 4 $ N ]
FiASEETEE IRE Ot | SRR 5 et 2 S o e
| st ssi—saor izt oo | | 08505000~ 52005400 5600 5800 JHEP 04 (2019) 098
| m,,,, k- [MeV] I( Dimuon invariant mass [MeV]
“ CMS 20 fb'1 (1 3 TeV) | q S:MS 36 fb'(13 TeV) + 20 fb'(8 TeV) + 5 fo''(7 TeV)
e L E 50— ¢ Data Full PDF
B N B - pru” % 5 utu + peakin d
10000 ﬁ + _[l_)atalf :CB)z)mbiL;aL:orialbkg @Eaht+t‘+2err:leit::?cbkg 32% Of BS ln Run 1+2 dataset
B — Total fit N B
E 7B - JiyK* - o0
— 1 [[77] Comb. background S T
3 B — JwK'X % 30
~ i % BB — Jiwnt o L
@ P 0 + - +0.7 -9
§ 50001 % - £ 2 %(BS — U )= 29704 ) X107 —  5.60
I [ = U
§ i L
B (BO — ﬂ+ﬂ_) <3.6%x1071 (95% CL)

JHEP 04 (2020) 188
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https://arxiv.org/abs/1812.03017
https://arxiv.org/abs/1910.12127

| Normalization \

l
x10°
~ L N BN S S S S B S S I .
(@\] — -
% 300F LHCb =
% 250 :_ ¢ Data6fb’! _:
E - ——— Fitted model ]
e\ :_ ..... B*—JyK* _:
\\'/ 200 TN Comb. background N
3 sf o :
= - Preliminary ]
| 5 100F E
0 ~ s 2] ST O P 2 s e -
5200 5250 5300 5350
>
l my, IMeV/c?]
|
H x10°
~ ———— T T L S EL A
(@\] - (J -
X ppE LHCb I
% - § Data6fb™ .
s 1o [ 1 B’ - K*'m
Vo) - I 1 B, = K'n~
i 8 Combinatorial —J
%) = ----- Part. reco. ]
L 6 =
'_g N
S 4F E
S 2F Preliminary E
T TR EL T T S ars P B
5O 100 5200 5300 5400 5500 5600

my._ [MeV/c?]

Signal

(‘\/]\ B I I I I I

O - .
; - LHCDb Preliminary —e— Data
é) 40 e 9 fb! Total

[ 0 o

- BDT =0.5 WD

) e By
5 30 0o
— — By,—u'uty
— /‘\ ------ B—h'h'

75} i
R S Y N
5= - N iy B —a"uru
o) B }\ ------ Combinatorial
= - .\ [

< 10— g <
O - /}1 - I

~ Combination with ATLAS/CMS
= (284 £0.33) x 10~

B (B) = utu”),

= 22% below SM prediction

RB(B) > ptp~) = (

100% of B, in Run 1+2 dataset

PAPER-2021-007 forthcoming

+0.46+0.15
3'09—0.43—0.11

) %10~ = 10.86

BB > ptp~) <2.6x1071 (95% CL)

10° BR(B- )

~ 2.30 tension with SM

L
™ ~
-
™~ .
L
-0.3¢ :
- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

040 SCMS

ATLAS

0.3}
0.2}

0.1F

0.0}
-0.1F}

~0.2}

~, A
-------

1

Geng, Grinstein, Jager, Li, Camalich,

Shi, arXiv:2103.12738
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https://indico.cern.ch/event/976688/attachments/2213706/3747159/santimaria_LHC_seminar_2021.pdf
https://arxiv.org/abs/2103.12738
https://arxiv.org/abs/2103.12738

Semileptonic B, = HC™C™ (medium rare) = g

Not as suppressed as
leptonic decays, but still
rare with & ~ 10~/

Manuel Franco Sevilla

interference

|
J4(15)

)
$(25)

Cél) and C1(6)

Long distance
contributions from CC
above open charm
threshold
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Precision test strategies

~ Experimental and theoretical uncertainties depend on strategy

:
I/4(18)

¥ v(25)
|
} e o) C§” ans Cff
4 [m(p))? L/\x\_)q
o . . ‘%(Hb — Hs//t/’t)
Branching fractions Angular observables LFU ratios £, = B Heo
. o o ' — H.ee
Simpler for LHC (focus on p), Minimal FF uncertainties, | b s
but large theory uncertainties though sensitive to charm loops Theory uncertainty of ~1%, but

electrons harder at the LHC
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https://cds.cern.ch/record/2720684

Differential BF rates

~ First measurements of B — K¢/ at Tevatron and the B-factories

= Consistent with expectations though large uncertainties

0.6 _—B K f+f T 'BABAF'l = M — BE]T.CSR Lattice -®-Data BET.CSR Lattice -®-Data
- q — , H (\f]_1 L L L L s '_'_: c\f]_1 L L e I'_'_:
R s wconesw g B—K'ptp=i 3 B— K'u*p~-
- J —5— Belle, 657 MBB | Q LHCb 4 9 LHCb -
— — j¥ 1o ]
Q- - ] X - X -
> 0.3 -4 & S
> - = 2 4+t 1 = E
i 1 I 'FIHEPO06. 133 (2014) ) T E
[\b __ —: % 0:. ST R ST TR N T ST S S S SR SR R m ) I PRI T T T TS E ST S S S R
|O - RS 0 5 10 15 20 = % 5 10 15 20
- : % : : : : |—= 2 4 2 47
p—( 1.2_|| ) K*f+f— 7 6 q [GeV /C ] _ - - q [Gey /C J
— H| D —> ] —o15 %, 14F LHCb f - LHCbOR
@\ 1] ' . - . o n o * LHCb3fb !
g 1; i - g [ (0 _]F_HCE ] > 12 PreI|m|nary+ | sMesR+Latice)
S os i Tt BoKWw ] 2B gt
| - . N - X ' 1 = : ]
- 0.6: ) - . N ] —\g i i o 8: g v(2S) E
0.4F — 1 8 : S of .
- B S . 0.05—@ + _ 1 o +
0.2 ] i f_{_.' +:L N
- \ : : : S 2f
PRL 107, 201802 (2011) 0 5 10 15 20 _ N S %20055
) 10 1
PRL 103, 171801 (2009) e [GeV2/c* 0 5 10 q%S[GeVz/c“] 3 2 [GeVe?
PRD 86. 032012 (2012) JHEP 04, 142 (2017) PAPER-2021-014 forthcoming

Manuel Franco Sevilla R (D(*)), R+, and their cousins: update on the continued challenges to LFU Slide 28


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.201802
https://arxiv.org/abs/0904.0770
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.032012
https://doi.org/10.1007/JHEP04(2017)142
https://indico.cern.ch/event/986604/contributions/4249624/attachments/2235125/3788149/SMatLHC20_kretzschmar.pdf
https://doi.org/10.1007/JHEP06(2014)133

Angular observapbles in B - K*£¢

LHCb 2016

150 1.1<q?><60GeVict —

PRL 125, 011802 (2020)

100k

Candidates / 0.1

50:

- LHCb 2016

200 1< ¢ < 6.0 GeV?/c*

Candidates / 10 MeV/c?

3 angles

e{999¢

300 850 900 950
m(K* ) [MeV/c?]

1 a3 +1) 9 [3 . , 1 .
I'dcosf,dcosfx dep 327 _Z(I_FL)Sm Ok + I cos 9K+Z(1—FL)Sm 0k cos 20,

— F cos? Oy cos 26, +

S5 sin® Ok sin? 6, cos 2¢ + S48in 20k sin 20y cos ¢ +

P-wave S5 sin 20k sin B cos ¢ + S§ sin® Ok cos Oy +
S78in 20 sin 6y sin ¢ +

Sg sin 20 i sin 20y sin ¢ + Sg sin? 0 x sin” 6y sin 2¢ ]

S45
9 98
observables make a

JHEP 1301, 048 (2013) \/FL (1 _ FL)
clever use of the symmetries to cancel soft FF at LO

~Also, LFU O, = P/ — P/ observables independent of
long distance charm contributions e 0.0 eow
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https://link.springer.com/article/10.1007/JHEP10(2016)075
https://arxiv.org/abs/1207.2753
https://arxiv.org/abs/2003.04831

Pé aﬂd Q4’5 ih B — K*ff

// — - , —— —— ‘ /,/ g S ﬁs———,—-—;——-‘j
f ' ' ||
JHEP 10, 047 (2018) 5 PRL 125, 011802 (2020) | “ Q4 5 — Pﬂ T P4.es
, ( ) , ( ) : ° 4,5 ]
- S — ! ! l | l l | | l l l | l l l | l — 1 1 1 1 I 1 1 1 1 I 1 1 | 1 I 1 1 1 1.5 . . . . . . . . . . . . . . . :
D_ 2_ _ -1_ 1 — | I | | | |
| - %ATLAS 's=8TeV,20.3 b . % LHCb Run 1 +2016 7 | | " SMfrom DHMV
- EXPERIMENT -$- Data ] | - 1 NP Example
1.5 %0 CFEMPSYV fit — || SM from DHMV 1 | 10} ’
- B> K ﬂ"'ﬂ_ theory DHMV ] 0.5F 50 4+ — :
11— theory JC — _ B e K I,l ﬂ 1| 05 ¢ { -
O'Si _; " O: : | & 00 g—‘— ! i
i3 E 0 5:— _ | | o5t -
~0.5 — I {, [ 1| R ! -
; - 5 ] Lor : Possible
— I ] —1F : — - . .
B ! ! ] : ' ' : w _ e S HE
l‘ 0 2| éll é £|3 1|O 0 15 W 1'50 5 10 15 20 dlscrepanCIes
o [GeV?) ¢* [GeV?/c’] at low g2,
a:o 1.5 1.5 T T T — T ] | ‘ 1.5 R driven by
- 2 _ CMS o D [ SM from DHMV/LQCD | | i — ) _
i 0ﬂ+ﬂ + Lol Lo ¢+ All Modes ; | ol g : muons
| ~-LHCb A 9+ Electron Modes 11 Or 7
P ~k- Belle j HH  Muon Modes i F . I ’ ? "
| ’ SH-DHIY ” * ' -- . P |
A° 0.0 — : —  — || o . | | |
X _ . . —te— ' o | | < 0.0 % o :
‘ . 05} . 4 - 05| ]
\ = N'@fjﬁ | I | -
L0+ | ! - J Lo F m SM from DHMV B K*f-l-f_{
B — K*f-l-f_ - ‘ 1 NP Example -
-1 5L Lo b b 1y R coec b by 1 -1.5 _ Y ‘ -1.5 —_—
0 2 4 6 8 10 12 14 16 18 20 0 5 L 15 20 0 5 10 15 20
u PLB 781. 517 (2018) g2 (GeV?) PRL 118, 111801 (2017) ¢~ [GeV*/c”] | PRL 118, 111801 (2017) ¢ [GeV?/c?]
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https://arxiv.org/abs/1710.02846
https://arxiv.org/abs/1612.05014
https://arxiv.org/abs/1805.04000
https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/1612.05014

L FU X+ at Belle

BB — KV
~ Measured all isospin variants for X g = ( HH)

BB — KMee) g0
o F|t Mbc — Eéeam —pé’ 31035

Entries /
<

= Ry also tits NN and AE = Ep — E} ;1 R+ cuts on them

—
o
TTT

~ Similar mass resolution for p and e

1 L1 [ L1 | =l | e
5.2 5.22 524 526 5.28 9.3

. 2 M,__ (GeV/c?)
~ Powerful check with B — J/y(— ¢£) K" L P

(

% [B — K J/l//(—)lu'u)]
B [B — K J/y(= ee)]

% [B — K* J/l//(—>,ulu)]
B [B — K*JIy(— ee)]

K

rk = =0.994+0.015 &

ke = = 1.015 £ 0.045

arXiv:1904.02440

Erﬂries /
<

JHEP 03, 105 (2021)

—
— o
T TN

Aside: most precise (Bt — J/yK*) = (1.032 £0.025) X 107 A £
:%(B — ]/WK in the 52 522 524 526 528 5.3
world, just added to PDG 95’( — J/l//KO) (0.902 +0.028) x 107> o (GeVIC)

-, Y e — e e e e e = == e e e —— e V=
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https://link.springer.com/article/10.1007/JHEP03(2021)105
https://arxiv.org/abs/1904.02440

|

o)
o

TN
o

Entries / (3.0303 MeV/c?)
w
(@)

—_k
o

Events / ( 0.0025 GeV/c?)

N
o
i

iy
T Ty

5.26

s
S g

5.28

'y

5.3

M,. (GeV/c?)

tot _
NW = 140 %+ 16

]
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1 | 1
5.28

M., (GeV/c?)

o)}
o

o)
o

N
(@)

W
o

Entries / (3.0303 MeV/c?)

5.26

5.28
M, _ (GeV/c?)

Events / ( 0.0025 GeV/c? )

NN NN
RN

Nt =103 + 13

N\ ;
— KKK KKK
BB ////;// 5

R -» with 100% of Belle's dataset: 711 fb-1

2__1 T LI B [ — |:
1.8 E
1.6F 3
1.4F :
1.2 =
o o o i ] I — -
0.8 -
0.6" -
0.4 =
0.0k JHEP 03, 105 (2021) E
) R AU BRI R
0 3 10 15 202
q? (GeV-/c?)
20— O
arXiv:1904.02440
15| ]
<10l _—f { ]
05| r¢4- ) i
- 4+ Data for B and B modes |
_ B SM prediction
O 1 15 20

q° (GeV?/c*)
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https://arxiv.org/abs/1904.02440
https://link.springer.com/article/10.1007/JHEP03(2021)105

~ Measurements of R g+ (3 fb1) and R (9 fo-1) ™ Unoficial from M. Borsac

| | | | |

. 1.0H — B — J/iY(ee)K* _
~ At LHCDb, electrons are major challenge B Ik

0.8 _

Magnet ECAL Missed upstream ECAL
Algorithm to recover 06} bremsstrahlung -

resolution
) upstream bremsstrahlung
Y - when Ey > 75 MeV 0.4} / —
P - 0.2 _
’ J STE 48 50 52 54 56
e e . . . . . .
E, Downstream m(Knll) [GeV/c?*]

bremsstrahlung follows
the track: easy to find

Electrons have worse mass resolution

and are more difficult to trigger on

~ Use double ratio with B — KO J/w(— £¢)

o B(BT = KTutp) B(BT — Ktetew) NI - rare
T BB = K/ i))/ B(BY = KFJj(ete ) NI
T
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https://arxiv.org/abs/1705.05802
https://arxiv.org/abs/2103.11769

LFU &y at LHCb: bkgs & signal shape g

iy

, BO K*Oe+e— —E .
K e Elay Backgrounds reduced with
miky 3 =Tight PID

11<4<6.0 [GeV/c'] = \/etoes on invariant masses, eg m(K+*e) > m(D")

Nall L} ¢ = Multivariate classifiers

=0 ——aw — ~Combinatorial and partially-reco bkgs free in fit

T A LA . ~B — K Jlwy(— ¢f) contamination from

S ¥ LHCb E .

o S | #-ky 3 resonant fit

= 2838 + I Combinatorial 3

5 A=K DIy . . .

Z oo w1 ~Signal shapes taken from simulation

é _ = Small corrections obtained from clean B — K J/w(— £¢)
@,

E

m(K*mete™) [MeV/c?]

Manuel Franco Sevilla R (D(*)), R+, and their cousins: update on the continued challenges to LFU Slide 34


https://arxiv.org/abs/1705.05802

LFU R+ at LHCb: efticiencies

~ Rare and J/¥ events have identical final states, difference only g2

o B [B — KO J/ l//(_%uﬂ)]
= Check if we understand € with r;, = = - =1 Also in bins of lab angle, pr
R [B — KO J/y(- ee)]

: ———— T 2 120
Vo Ty L8000 A LHCH = s Tt LHCb simulation
= VP LHCb E 1= & T Bk S > 1F e~ B*— K*ete-
B £ S B>KIy 5 2 g, Vo2 JHEP 08, 055 (2017) I
S : I Combinatorial 3 & @ Combinatorial - = s 08F: /AN B*— K*u*u
— 40F A SK B - 5 2000 -AO%K*_]/W E 5 i
2. - + -Ao%K [ =44000 -BO%K 07/ — 1 043 0.045 ~ 0.6 B*— Jip(ete)K*
2 305— B B,—K J/l// E I3 2000 4 E J/[I/ § s Y(e'e
3 wf e = S 04f B — Jhp(utu)K*
= F #() 3 52000 f K0 : = 04f
KOJlwom 3 50F . Ty ee): /rK* = 0.980 + 0.040 %}
S ] N | \ L (ZS) J/l[/ S 02F
S E I O Ee g il oo 3 B e
S0 e g e e e e e e =B e SRR v SRR I meoleret 0 R S e . .
--------------------------------------------- g _ . o
BT 5400 5600 5800 2500 5000 5500 6000 0 0.1 0.2 0.3 a(19'4z-> ra (?-5
m(K - u*u~) [MeV/c?] m(K*ne*te) [MeV/c?] ) |
—~ 1.1
x10° L F
o x10 < _
L 40 : LHCb T LHCb arXiv 2103.11769 =  LHCb
> 350 —+—?atal9f.fb > 500 ﬂ — Data 9 b’ 10
= 300 e S 150 | — Total fi = 0.981 + 0.020 =
< Al ~ 160E L e B*— Jhp(e'e )K" J/y/ - 4 +
= 250 W0 BT Iy (i)t < 140 ! B Part. Reco, 1__H_ ......... + .........................................................................................
% 200 Combinatorial > 120 W B Jip(ete )t _+
= 150 = 100 T Combinatorial / — 0.997 i 0.0ll i
'c% N g 0 (ZS) J/l[f 0.95_—
@) 100 K J/ll/(_>ﬂ”) g 60 } K+J/ (_) ) -
50 S 40 yi—ee . I
Apply J/¥ mass constraint,
» 09 0.2 0.3 0.4 0.5
! L 1 - do bo-o-t-bo0-e t 1 . . . .
5200 5300 54OOK+ . 5_500M V/ 52600 5200 5400 5600 but check without as well 0 0 a(l*. I) [rad
mJ/q)( utu~) [MeV/e] mJ/lp(K+e+e-) [MeV/c2] ) |
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https://arxiv.org/abs/2103.11769
https://arxiv.org/abs/1705.05802

L FU %K(*) at LHCb:

results

l
G O80F T ' ] 3
> 20K R LHCI?, 0 E
= o J* B=k w2
= gg B Combinatorial 3
— — =
O — -
o A0F NOt=638£28 =
Q - -
5 VF 1.1<g?<6.0 [GeVZ/c*] 3
F 20F =
| & : E
o Vs E
B SE e T T T T/ =
-5 ) : : N
| 5200 5400 5600 5800
| m(K - u+tu) [MeV/c?]
RO LHCb
S K 4 Data 9 fb’
L 500 F .
2 —— Total fit
S 400F o} T
; Combinatorial
2 300F
@)
2 200 3850 =70
<
O

5400 5500 5600
m(K*utu~) [MeV/c?]
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4

Candidates / (24 MeV/c2)

\\I

Pulls Candidates per 34 MeV/c?

e —_—— = s—

B - KWete™
P K0 LHCb
30 ? S B'—K Veter
25§ " Combinatorial
20 B—Xe e
s B B°—K Iy

1.1<¢2<6.0 [GeV?/ 4]
Nt = 200 + 18

5500
m(K*mete) [MeV/c?]

LHCb

—— Data 9 fb™!

—— Total fit

B B*— J/iy(ete )K*

B Part. Reco.
Combinatorial

Nt = 1640 + 70

0..
Sa

~

R i+ with 25% of Run 1+2

P 5?4345’ 111 _ 0.66+0-11

K0

Ty £ 0.03

PR R eIV AN JHEP 08, 055 (2017)

R0 = 0.69

+0.11

UL+ .05

2 .40 below SM

@[1.1,6] — () 846+O.042+0.01
K+ ’

—0.039-0.012

3.10 below SM

arXiv 2103.11769
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https://arxiv.org/abs/1705.05802
https://arxiv.org/abs/2103.11769

Future prospects for LFU inb — s€€ - 3

Goal: 50 fb'! ————>  ——Goal: 250 b1 ——»
Upgrade 1 Upgrade 11

Run 3 LS3 Run4 |LS4] Run5 |LS5| Run6
2019 2020 2021 §2022 2023 2024 | 2025 2026 2027|2028 2029 2030 2031 2032 2033 2034 | 2035|2036 2037

— 9 D

Run 1 L.S1 Run 2
2011 2012 (2013 2014|2015 2016 2017 2018

~e= (y0al: 50 ab-1~

|
- Belle — 11 RK
_l Belle — II RK*

0.250F
~ Currently, Z ¢+ ~ 15-30% below SM T e

LHCb R,
LHCb R,

=

N

S
|

~ Uncertainties on LFU ratios expected
to reach about 2-3% with 2025 LHCb
dataset

= Belle Il expected to take longer than in plot

Projected uncertainty
o o
— —
o S
| |

0.05 |-

Bifani, Descotes-Genon, Romero Vidal, Schune
: : : : | | | |
Journal of Physics G: Nuclear and Particle Physics, 46, 2 (2018) 0.00——= SN SToE ST 20'35

Year
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https://arxiv.org/abs/1809.06229

Originally from BaBar Originally from BaBar

T —— B —— T ——— B ——


https://pixels.com/featured/penguin-lover-magician-magic-druide-funny-gift-ideas.html

Anomalies recap

;T
{ o
LFU results with b — ctv
- 1.80 excess in L (J/P)
- 14% excess in X (D)
- 14% excess in X (D*)
|
0-5;—| _ BaBar, PRL 100, 101802 (2|o12)| _LHCb, PRL 115, 111803 (2|o15)l —
| =~ _Belle, PRD 92, 072014 (2015) Belle, PRL 118, 211801 (2017) =
| 0455 | Heb, PRL 120, 171802 (2018) - Belle, PRL 124, 161803 (2020) -
= 0.4f_ —HFLAV average Spring 2019 — SM predictions _f
o F 3.1 -
‘ a2 0'35:_ ® - e =
o3 I } Q@ E
0.25F- B A =
02 03 04 05
R(D)
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&

[

22% deficit in B( )M "
15% deficit in R,

~30% deficit in Xy
Disagreement in B — K*¢¢ angular P

Pro

10—1_
10—2_
10—3_
O 1074
10—5_
10—6_
10—7_
10—8_

LFU results with b — st¥

Deficit in differential BF rates with p

.

| SM experiments

Very conservative,
nuisance cc + LEE
arXiv:2104.05631

s

0 10

20
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EFT tor b — s¢

. . : . o o Qo oy
~ Dimension-6 operators identified as 071" = (aiut3)(pr"a1) fdort at 4
: . - Xiv:2103.16558
relevant set for combined explanation OB — (gi~, 00)(E2A1dd)
of both anomalies o
O = (diuek) (@ df)
L = AOF ey, ST et o
b—sfTl= = V2 tb Z g’ Separate NP contributions between
’ Lepton Flavor Universal
P
FCNC operators: Four-quark operators: ACgU 10 = Cge 10 CgS%
(910 — (styubL)(Zv“’yg)é) Oz = (Srvubr)(CLyucr)
O§ = (57,.bL) (£y"0) 5 and LFU-breaking
_ _ SM U
AcglO Cgm — Gy 0= Cglo — (G T Ay )
Difficult and Induce AC;J but no LFU breaking terms

AP M "
dirty™ ___, (R ) or axial-current contributions

(BY — utp)

Easy and "clean"
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EFT tits for b — s¢¢

1 . i . _ . 1 Baij .
Fit to clean observables (@ K and  gijos _ (gi0 oy (Bangd) = S |el +ay| " Fitsto and other
) consistent with single observables also
NP parameter ACj = — AC}, consistent, away from SM
discrepancy very significant ~2x105 G,
—0.07 —0.05 -002 000 003 0.5
0 et e et super-weak 0.5 —~——————— T —0.02
' interaction! ' |
Ry
% 3 | SM
1.5 7\ — 23up . , B _ .
Z \Vo : CLL = AC9“—— ACIO“ 00_ © _0 00
10| 0 4.60 i | - =
At | ' ACY ~051 -0.03 Exj
0.5-— Bp, syt _ > 56 O
i - other b — su™ ™
] | —1.0F observables —0.05
L : 2311 Uni i 1
0.0 - CLL - AC9 v o
SM Bobeth & Haisch '11 P
' j Crivellin ef al. '18 - AR '
sl e b 1y HO0S
I T T R Y ~15 —10 -05 0.0 0.5 1.0
20 —15 —10 -05 00 0.5 1.0 1.5 ACE — _ACH
Ac C?37 x~ 10% x C*H points to ’ !
Llf . LL . Isidori at APS April 2021,
scaling with fermion generation arXiv:2103.16558
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b — s and b — ctv

~ and b — ctv give
remarkably consistent results
0.006 , , |
other b — su™ ™ observables
0.004 |
=
O
gtj 001077] = e
D! I {
—~ T
3 S
| x
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U1 leptoquark fits all low-energy data -

“Renaissance” of LQ models (zo explain the anomalies, but not only...):
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U1 leptoquark within reach

[ I T I I I .
: Direct LQ searches at
A el L HC have limited mass
% b reach, but high pr
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Conclusions

~ Excesses in decays involving b — c¢tv transitions

= 3.10 significance

Fo
~ Deficits in decays involving b — supu transitions = ¢
= At least 3.90 significant : ;L opumet LBl
~ U1 leptoquark could explain both TEFTTITSSTIFSES
= Within reach at HL-LHC o ]I)ata Samplle v toyelar .
~ Exciting times ahead ol — men |
= LHC still analyzing Runs 1+2 data Zoa0p — Eggg % :
= Run 3 to start next year with 5x inst. lumi at LHCb ;%015— -
= Belle Il will increase B-factories dataset by 50x Fonf -
= HL-LHC will increase current dataset by 100x 0-05—_\ -

Year
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