Unterstiitzt von / Supported by ; ;
&7

\.‘/
r
Alexander von Humboldt
Stiftung/Foundation

Refzent h1.nts Qf lep.ton. Martino Borsato
universality violation 1n | uvwiersitit Heidelberg

ra,re B d eC a,ys martino.borsato@cern.ch

July 15th 2021 - BNL particle physics seminar

Standard Model + New Physics?

Flavour anomalies



mailto:martino.borsato@cern.ch

The big picture

@ We have evidence that there is physics beyond the SM
e Neutrino masses, Dark Matter, BAU, Gravity

* Also, the flavour sector is unexplained!

@ New physics energy scale could be higher than the LHC
collision energy

® We might see new physics indirectly first
e Vast program of precision SM measurements
e The LHC can greatly contribute (EW, Higgs, flavour)

e Several particles we know were first seen indirectly!
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Rare beauty-quark decays

@ Rare b — s ¢~ provide an excellent NP probe

o Flavour-changing b — s neutral current

» Forbidden at tree-level, proceeds through loop
» Small CKM matrix elements and GIM mechanism 1

» SM branching ratio below 107° 3

» TeV-scale NP can contribute at the same order!

o (Semi)-leptonic beauty b — s ¢~ transitions b

» Long-distance contributions under control (m), > Aqcp) =

» Sensitive to lepton-flavour, additional Z or lepto-quarks

» Examples of hadron decays involving b — s£ ¢~
» B, > T¢~,B—> K ¢ ,B, - ¢, Ny > AT
» Spectator quark of b — s£ ¢~ changes (similar physics probe)

» Lorentz structure of physics probed depends on hadrons spins

Martino Borsato - Heidelberg U. 3



Rare beauty-quark decays

SM process NP example
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Weak effective theory

@ mp K my, — Integrate out electroweak scale and above
e Includes Higgs, W, Z, top quark or any heavier NP particle
* Basically the good old Fermi theory of weak interaction
o Describe b — s¢ ¢~ process with dimension-6 operators

e NP enters in effective couplings (Wilson coefficients)

Wilson Dimension-6

ol mt'\a‘t—/ Fermi CKM  coefficients 0, operators
constant elements \ /
GF

b S b S
\«/\4 + V + %eﬁ‘ —_ th* Z CZOZ
4 £ ts
2 < ' - \/5 I

— SM NP
. CG=CMyC

What we
measure / 1\;\ "
L ew heavy
SM prediction particle?
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Weak effective theory

vector, axial-vector

bL(r) LR

OS(B/,)lo —
SL(R) eL,R

04" = (57 Prryb) ((y"0)

015 = (57 Prmyb) (£750)

Cg(’) Cl((/)) C (’)

dipole operator
br(1)
O§') = v
SL(R)
07 = %(EUMVPR(L)[))F “”
(/)
C?
leptonic
semileptonic v
radiative v
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v \/
v oV

scalar, pseudo-scalar
bR(L) {rL
) _
Osp =
SL(R) €L R
OS(,> — SPR(L)bgg
OP(”> SPR(L)bE’}%f

in the SM:
o C

2
¢ p OC Mymyp/miy ~ 0

o C; x mg/myp ~ 0.02



g* for semileptonic b — sE¢

e e ) el

leptonic NV
éLsemileptionic \/ 7‘1 [
radiative \/

0
h(25)

Photon pole / C9, ClO

for B — Vupu + long-distance c¢
No photon pole

for B - Puu

L 6 15
g*=m;, [GeV?]
7
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The LHCb experiment



Int.J.Mod.Phys. A 30, 1530022 (2015)

The LHCDb experiment

Zoom on pp collision point

@ LHC pp collisions at 7-13 TeV
e Huge pp — bbX cross-section

e Also large background
o(inelastic) ~ 2000 (bb)

o LHCDb designed for b-hadrons:

o In the forward region of pp collisions

where most of bb pairs are produced

e Running at lower luminosity and T gggléigg
i Magnet

one pp collision per bunch crossing Bm

o Low-p triggers (few GeV)

o Identify displaced b-hadron vertex

leveraging large boost

e Momentum measurement with
spectrometer 6,/p ~ 0.5 %

e PID with calorimeters, muon system
and Cherenkov detectors (RICH)
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The LHCDb experiment

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

gy o) 2018 (6.5 TeV): 2.19 /fb
g = 2017 (654251 TeV: 1.71 b+ 010/ | &
: E 2016 (6.5 TeV): 1.67 /fb
> 8 2015 (6.5 TeV): 0.33 /fb USSP OSSR SRS SR OO
° D - L] 2012 (4.0 TeV): 2.08 /b : : {
@ Excellent Performance 1n é 7 E @ 221;(:5TeV]:1.111‘fb ..................... ..................... ................. .................
E E 201 (:.5 TeV): 0.0:4/'fb | .
LHC Run 1 and 2 g 65— ............... ........................................................................................
3 o e B
o About 10'? bb in the acceptance 5 4 Rinl ~3/tb 181 . —
[} = : . : E : i
T SN SN N SN S S, .. - (I —
* Recorded world-largest sample of g £ o Run2 ~6/fb
b — st¢ decays E 5
‘g 1 e il B e B e e B e B
. s = = |
¢ About 50 tlmes more B — K ﬂ//l events 0_2010 2011I 201é 201|3 20|14 2|015 I2016 I2017' 2018
than the Belle experiment Year
o Statistics of ©(10°) events per channel arXiv:2103.11769
e.o. NBT" - K utu~) =3850+ 70 Q) 600 LHCb
g H H © -
_ n -1
for a BR of about 1.2 x 107’ % s00F- —+Data 9 1b
. > . —— Total fit
 Best performance for fully-charged final ~ 40 @ F 1 e B*— K*utu-
states with muons > C Combinatorial
8 300F
o] C
= -
"g 200
3 :
“ 100E
0 e ], e
5200 5300 5400 5500 5600
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[LHCDb results

@ Analysis of semileptonic b — suu
@ Analysis of leptonic B, — uu

@ Test of lepton universality in b — s£¢

Martino Borsato - Heidelberg U.
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BR of semileptonic b — suu

dB/dg? in exclusive b—suu
seems to undershoot SM

e Theory uncertainties ~20-30%
(hadronic form factors)

e Coherent undershooting, but
predictions uncertainties are
correlated

Inclusive B — X, uu has smaller
(10%) theory uncertainty

e very hard at LHCb but will try
with sum of exclusive channels

(assume isospin symmetry)
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/LHCb-PAPER-2021-014.html
https://arxiv.org/pdf/1606.04731.pdf

b — suu angular analysis

®© B = V(hh)u™u~ gives 4-particle final state

e 2 0 k() 4
e 3D angular analysis in bins of g BY - K //t U~ B — ¢M /4 K\IE\
® Kinematics defined by 3 angles = LHCb2016 ] = oo LHCh 01 <189 GeVi Sy
> 13 é) 30 -+ Dat
. . . . - ~ 2200 events { © ata
e Described by spherical harmonics 7 200f 12 2w ol pDF
o Measure a set of ang. observables S; g 12 % 00 I Background
. . 2 100 1¢ 5
(some have clear physical meaning) Elt 15 210
O ]~ =
PRL 1252020011802 4 3 128 LHCb-PAPER-2021-022
® Current results: oo Bttt Sttt = X
- . K*mu*u-) [MeV/c?] 5300 5400 5500 5600 5700
o B - K% T u~with 6/fb (~4600 events) ) IMevie m(K*K- ) [MeV/e?]
o Bt = K Tu*u~ with 9/fb (~700 events)
+ = s - _
o B, = ¢y u~ with 9/tb (~1900 candidates) 1 g4 (T +T)

d(l +T)/dqg? dg?d cosOxd cos 0, d¢ B

9
on [ (1 — F;)sin? 6k

+Z(1 — F;)sin® Ok cos 26,
+55 sin® Ok sin? 0, cos 2¢
+ 55 sin 20 sin 0 cos ¢

+ 57 sin 20 sin 6 sin ¢

450 sin? O sin2 §; sin 2¢]
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B’ - K Yu*u~ angular analysis

PRL 125(2020)01 1802

— 1_ L L L L B — T ] M —— T[T
=L LHCbRun1+2016 § < OS- LHCb Run I +2016
0.8~ %% 1 SM from ASZB - | A sM from ASZB —— w
T 4 3 — —
0.6 —
@ Measure 8 CP-averaged : N : AR '
. 0.4f - , ez
angular observables in 7 z _ B = 5 |
8 g° bins (64 numbers!) "t S : I S = -
o) I N I R 1....,.. S B K . |
D . . 1 2 . 0 5 10 21[5GeV2/c4] 0 5 10 215 .
@ Deviations at 1-2 sigma q q* [GeV?/c]
level observed in some
observables “ 05r LHCb Run 1 +2016 ~ 7 05 LHCb Run 1 +2016 7]
i 1 SM from ASZB ] [ SM from ASZB
— is it simply look- 288
elsewhere effect? off g o _
O 2 - - - 3 -
j + 2 T —p : - I SR
-0.5 — -0.5 - —
051015 Og 1I0115
g [GeV?/c] g [GeV?/c4]

..4 more observables not shown here
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B’ - K Yu*u~ angular analysis

PRL 125(2020)01 1802

@ Can construct theoretically cleaner
angular observables such as

S
P, = 2

F\/1-F,

where hadronic uncertainties cancel

out at first order

@ If NP contributes to Cy and Cy,
expect large deviations in P

@ Observed local discrepancies:
o 2.50 for g*> = [4.0 — 6.0] GeV?
o 2.9¢ for g = [6.0 — 8.0] GeV?

@ EHasier stat interpretation using
global EFT fits — see later
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LHCb Run 1 + 2016
| SM from DHMV

{
T

g* [GeV?/c4]

SM predictions by [JHEP12(2014)125]
and [JHEP09(2010)089]
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WET fit

Fit from W. Altmannshofer and P. Stangl arXiv:2103.13370

@ Can fit Wilson coeffs to all semileptonic
b — supu (BR and angular observables)

o Most relevant are Cgo and Cl(?)

o Taking into account th. and exp.
uncertainties and correlations

@ Theory uncertainties under scrutiny

o A shift in Cy could be mimicked by
hadronic effects (charm loop)

o LHCb working to get experimental
handles to pin this down

) oA

cC loop diagram
Martino Borsato - Heidelberg U.
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Similar fits from other groups:
Alguero et al., arXiv:1903.09578
Kowalska et al., arXiv:1903.10932
Ciuchini et al., arXiv:2011.01212
Datta et al., arXiv:1903.10086
Arbey et al., arXiv:1904.08399
Geng et al., arXiv:2103.12738

b — suu
Wilson coefficient best fit pull
gl —0.87791 43¢
o +0.49792%t 1.9¢
G +0.397%92 154
Clhom —~0.107%"  0.60
bs __ pbs 10:16
V-A  Coov = ¢ | —0.60701 430
2.0
1.5 1
Fitatland2 o
1.0 1
3
22 0.5 1
©
SM
0.0 <
cc loopf?
—0.5 1
—1.0 T T T T
—-2.0 —-1.5 —1.0 —-0.5 0.0 0.5 1.0
Cy™" 16


https://inspirehep.net/literature/1853232

Leptonic B, — uu



B(S) — //t_l_//t_

® Purely leptonic By — u™u~ decay
o Same diagrams as b — supu

e Much smaller BR because of helicity
suppression (B, pseudoscalar)

» More precise predictions because of
leptonic final state
BB — utu) = (3.66+0.14) x 107
BB - utu™) =(1.03+0.05) x 1071

Beneke et al. JHEP 10 (2019) 232
Kozachuk et al., PRD 97 (2018) 053007

 Sensitive to (pseudo-)scalar Csop and

axial-vector C,, couplings

¢’ ¢ ¢l Cop

‘L leptonic ) Y 7
semileptonic v v
radiative \/
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+ box diagram with neutrinos

Updated with full dataset /?l}\)
g

C/\]\ N T

§ : LHCb Preliminary —*_ " 2 &
é) Y  fo = Bi—u'u -

-~ h BDT >0.5 B -

: - Bi—=uw'uwy -
Cl: 10 5 o U IR B—h"h" —
= —_—— BO_>H—M+VH _
; - B(S)O—>K_M:vﬂ :
220 e A, —
% :, ...... B —>n0(+)u+/r :
S - BZ—>J( vy, -

C% 10 T« N7 Il ¥ 7777 Combinatorial ]
@) - :
ST S 5 SNy N, | 5 o) 1] +
0 F L e =3 ;
] \ . . . . ]
5000 5500 5000
m . - [MeV/c?
LHCB-PAPER-2021-007 wu | ]
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https://link.springer.com/article/10.1007/JHEP10(2019)232
https://journals.aps.org/prd/references/10.1103/PhysRevD.97.053007

B — 1 u~ update

LHCB-PAPER-2021-007 /

BR(BSO - utuT) = (309'1'81?1'85) X 107 16% uncertainty!

BR(B® - ut ™) <2.6x1071%at95 % CL
BR(B) = u* i)y, sa9Gevie < 2.0 x 1077 at95% CL

1(BY > ptu™) = (2.07 £0.29 £ 0.03) ps

? C Zoom on LHC

1074

107°

1078

—
<
~

III| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIMIII

* CLEO A Belle

Limit (90% CL) or BF measurement

10 ¥ ARGUS O BaBar
YV UAT HE LHCb
| #¥coF  ¢¢ cms
10 VV L3 0 O ATLAS
A A DO ® ® CMS+LHCDb

OO ATLAS+CMS+LHCb

] I ] ] ] ] | ]
1990 2000

10710
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[LHC combination

@ Combining results By — ppu results from ATLAS, CMS and LHCb

@ Uncertainty on BR(B; — pp) reduced to about 12%

@ Measurement undershoots SM by about 20
— Compatible with C,, shift that could explain b — supu!

6 10—10 Combination by Altmannshofer, PS, arXiv:2103.13370
---------- ATLAS 2018~
----- CMS 2019 .
51 -—- LHCb2021 .
—— full comb. p L’-:,——__::.:.‘:\;\.\, .
T\ G . /// /'/ \\\\.\ ~ \\\
< 44 777 aussian comb. - NN N
—1—1 *  SM prediction /7 ) \\ '\\\ \\
; i 7 T > \
T 34 /
o ! ‘ \
=) o \
Qi 21 i \'\
aa L A
L N
o \ \
1 - L .
“ \ |
0
¥
0 - 1
0 1 5
%1079

Martino Borsato - Heidelberg U.

Official combination not yet updated with
2021 LHCb in LHCb-CONF-2020-002

bspup
Cho

2.0

Fit from arXiv:2103.13370

1.5 A

1.0 A

0.5 1

0.0

b — spp semileptonic 1o, 20

B, — puplo

N

—0.5 1

-1.0

L

-2.0

~1.5 ~1.0 0.5 0.0 0.5 1.0
b
Cgsuu


https://inspirehep.net/literature/1853232

Lepton Flavour
Universality tests



A word on tree-level B decays

VT
@ LFU has been tested intree-level
b — cfv transitions o v
o Comparing 7 decay to Z = u(,e) . 5
— B - D/D.
. B(B-DYr0) q q
B ( D )) — -
B (B — DM¢-,)
o [T T T T T T T T T T ;
@® LHCb, Belle and BaBaI' haVQ % [~  [] HFLAV average sz = 1.0 contours
e 0.4 —
comparable sensitivity " LHCbIS .
e Measurements complicated by 035 . S N
missing neutrino(s) - URETE :
e Combined result deviates 03 = =
about 30 from the SM - -
0.25 — T Belle19 —" Bellel5 -
@ Not the subject of this talk, =L -
. B - HFLAV =&
but something to keep an eye on 02~ T Average of SM predictions
B | IR(D"‘) =0.258 £0.005 I |P(x2) =27% B
0.2 0.3 0.4 0.5
R(D)
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LFU test in b—sZ7: nvs e

@ Can use semileptonic b—s£¢ to search for LFU-violation

due to New Physics

@ Rare b—s£¢ with £=t are not observed yet

B(B = KW putu™)
@ Can compare BR with /=y and e : Ry 1= B(B — KMete)

e LFU QCD uncertainties ~completely cancel in the ratio

o Largest uncertainty remaining is 1% due to QED corrections

(taken into account with PHOTOS, but with approximations)

) ) o __Bordone, Isidori, Pattori EPJC(2016)76:440
@ Previous tests at B-factories limited by statistics

@ LHCb has much higher statistics, but electrons more
challenging than muons

» Trigger, PID, background, bremsstrahlung

Martino Borsato - Heidelberg U.
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ere— at LHCDb: Selection

® Electrons at LHCb: Hardware trigger at LHCb:
e Being light, they are produced in a o pr(u*)>15-1.8 GeV
plethora of decay channels o Ex(e®)>2.5—3.0 GeV
» Trigger on large e*/h*energy deposit on
calorimeters

e Electron ID relies on calorimeter for
suppression of @ mis-ID Electron ID at LHCDb

e Large combinatorial background:
machine-learning based classification
using kinematics info and isolation

® Muons trigger and ID is easier
o Selection more efficient
c (B+ N K+,u+,u_)
¢ (BT - Ktete™) -

Phys. Rev. Lett. 122 (2019) 191801 Int.J.Mod.Phys. A 30, 1530022 (2015) E / p(j

Martino Borsato - Heidelberg U.
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ete— at LHCDb: Bremsstrahlung

® Boosted B from LHC collision

e Most electrons emit hard
bremsstrahlung photon

e If emitted before the magnet it
affects the momentum measurement

@ Brem-recovery algorithm searches
for compatible deposits in the

calorimeter LHCb, JHEP 08 (2017) 055

e Recovery efficiency is limited
(but well reproduced in simulation)

e ECAL resolution is worse than
spectrometer (1-2% vs 0.5%)

Martino Borsato - Heidelberg U.

Recover brem

M4

in this region vy M2
Magnet Tracker RINJ2  ECAL
SciFi
— \ [ (-] ;’“ | |
= tl‘ ac
SENEN ) w
R Y - N pE—
Int.].Mod.Phys. A 30, 1530022 (2015)
: : : I undthicial plot
1L.OH = B — J/¢(ee) K~ —
— B J/o(up) K"
0.8 , —
Tail due to missed ECAL

6}- upstream brew resolution—

4.6 4.8 5.0 5.2 5.4 5.6
m(Kmel) [GeV/c?] 25
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g* for semileptonic b — sE¢

i
J/(15)
i
2 w(28)
dI'/dg
B — Vuu -
Cy, C
+ long—gdistalr(l)ce cC }I;Iaii?eerr t?)ZtieSS ¢
B — Puu _ because of brem
(work in progress)
j 1 6
2 2
u-e phase space Tosted LFU in q- [GeV~7]
differences

this region so far
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ete at LHCb: Resolution

LHCDb arXiv:2103.11769

~ 240 ~
U 900 LHCb L 000F LHCb
> 500 B —4— Data 9 fb™ > - —+— Data9 fb™!
L ‘ : O 500 .
> 180 —— Total fit > - —— Total fit
S’\] 1608 "Nl sy e B:9 K+e+e+‘ . D 400 :_ ------ Bt— [.{"'M""u.‘
= 140 B B = J/y(ete )K > - Combinatorial
% 120 B Part. Reco. 8 300F
= 100 Combinatorial § n
= 80F S 200F
= 60 N(KTete™) = 1640 =70 S n NK u*u™) =3850=x70
< &) N
O 40F .- 100 -
0T Tt A :
0 - : 0 A T .
5000 5500 6000 5200 5300 5400 5500 5600
m(K* e*e~) [MeV/c?] m(K utu~) [MeV/c?]

@ Background with missing pion (Part. Reco.) due to mass resolution
@ Combinatorial background is much larger

@ Signal mass shape controlled with J/yr — e*e™ channel
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Backgrounds 1n electrons

= 107 . .
g LHCDb simulation
B B*— K'ete™
‘51072 =0 _
*@' |:| B*—=D(—=K'e v,)e" v,
g [ lp=Di=kev)r,,
@ Particle ID and mass vetoes to suppress bkg e.g: 2107 =Dk e,
<
o cascade B » D — K with m(K*e™) > myy g 4
10-
» remove BT — K™z z~ with tight electron ID “
. . . 10"5 - A S
@ Reduce combinatorial background with 1000 2000 3000 1000 5000
. . . . . + - 2
multivariate analysis (Boosted Decision Tree) m(K7e”) [MeV/eT]
Choose m(K*e*e™) window to su th = LHCb
® ppress other .
< . .
backgrounds = simulation
§ B—K ¢e
:'g B*— K *ete
F% B*— K ete
@, B — K* J/y(— e'e)
B—H.(—=J/y X)K*
- or B—J/y Hli}(—>K+ Y)
P

PR TN TR [N - T TR [ TN TN THN N T
4600 4800 5000 5200 5400 5600
m(K "ete’) [MeV/c?]
28

Martino Borsato - Heidelberg U.



Charmonium control channel

240 X10°

220
200
180
160
~ 140
120
100
80
60
40
20

12 MeV/c?)

Candidates /

LHCDb
—4— Data 9 fb!
—— Total fit

------ B*— J/y(e*e”)K™

B Part. Reco.

B ™— J/y(e*e)mt

Combinatorial

0el: o

5200

5400 5600

My,

(K*ete™) [MeV/c?]

Candidates / (4 MeV/c?)

LHCb arXiv:2103.11769
x10°
400 A LHCb
350 —— Data 9 fb’!
—— Total fit
300 Jf ¢ )
------ B'— Jiy(uru)K
250 B'— Jy(utu)mt
200 Combinatorial
150
100
50

5200 5300 5400 5500 5600
my, (K" utu) [MeV/c?]

© BT —» K"J/Iwy(£¢7) decays are known (and expected) to respect LFU at 0.4% level

@ Excellent control channel: samples of 750k electrons and 2.3M muons

@ Can be isolated from background using J/y mass constrain

Martino Borsato - Heidelberg U.
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ete~ at LHCb: Modelling

LHCDb arXiv:2103.11769

@ Use double ratio:
R — B(BT—=KTutu~™) B(BT™—=KtJhp(ete™))
K = B(Bt+=KtJ(pTp—)) B(BT—=KTtete—)

N+t NK+J/w<e+e—>€K+J/w(u+u—>T €Extete—
Ne+amutru—) Nrtete— CKRTptp— l€K+J/¢(e+e_)

— cancel systematics

@ Crosschecks using universality in ¢¢ resonances

—~ 1.1
B <B+ — J/l//( — ,u+,u_) K+> ; LHCb
Ty = =0.981 £0.020 ~_105F
B (B+ — Jly (— ete) K+) =L

® Can also check 7y, differentially to insure efficiency

is modelled correctly as a function of the relevant -
kinematic variables 0951

PR I T T T TR N T TR
0 5000 10000
p.(B*) [MeV/c]

15000

0.9_' —
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ete~ at LHCb: Modelling

@ Can also test that Rx measured at the ¢(2S) is 1

b B(BT = Kty(2S)(u' ) /B(B+ - KT(25)(ee))
VT UB(BY — K[t i) [ B(BT — K¥Jju(eter))

® Validation of g* dependence of efficiency correction

@ Compatible with unity to 1% precision:

~ - ~25000
§> 10000 LHCb §’ - ﬁ LHCb
= ) ﬁ —+— Data 4 fb” < 20000 |- —— Data 4 fb!
~ 8000 [~ Total fit < i '
) C e B*— (2S)(e*e )K" g - Total fit
7 - B B y(2S)(e'e )k’ % 15000 [~ , RSN
7 [ L Y B TR B"— 28 K
% 6000 i e B+e J/?/}(€+€_)K+ 8 : I/J( )(M M )
% i B*— e*e’K” S 10000 &= Combinatorial
= 4000 - B B — y2S)(JpX)K* = I
O - B B — X (JrX)H (KX) O N

2000 - Combinatorial 5000

N e—tolel 1 14
5200 5400 . 5600 5200 5300 5400 5500 5600
mw(zs)( K'etem) [MeV/c?] mw(zs)( K*utu) [MeV/c?]
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Rrresult

® Measured with full Run 1+2 dataset
(9/fb at Vs=7, 8 and 13 TeV)

Ry = 0.84677 035( stat )¥0013 (syst)

—0.012

® Yield of ~1640 BT — Kte e events
(vs ~3850 in BY - K*u*u™) driving
the total uncertainty:

» 5% statistical error vs 1.5% systematic

® Ry is found to be lower than unity by
~15% with a significance of 3.10

Martino Borsato - Heidelberg U.

LHCDb arXiv:2103.11769

' |
BaBar

i 5 : 0.1 < g2 <8.12 GeV¥/c*
: [PRD86032012]
: Belle ,
. , 1.0<¢?><60GeV/c*
; [JHEP03(2021)105]
Previous result
confirmed by
new data! :
LHCb9 fb'
—e—i : 1.1<¢*<60GeV/c
: [LHCbC{PAPER-2O21-OO4]
l i l
0.5 1 1.5

Ry

[
N

[Em—
[\
IIIIIII

[
-

~ ©))
IIIIIIIIIIIIIIIIII

Profile of —In( L/ L_. )

\®)




Rrresult

® Also measured electrons BR and compared to previous result on muons:
d% (B — K*ete™)

= (28.673(stat) £ 1.4(syst)) X 10~°c*/GeV?

dqz —1.4
(\’]— :' L L L e ': + 4o+ -
> 5E LHCb B SM prediction B(BT — K pu"u~) from 3/fb paper:
Q E —=— electrons 9fb™! E BN ]_CSR Lattice —e-Data
ﬂ'b 4_— —e— muons 3fb'1—_ ‘g5IIIIIIIIIIIIII+IIII+III_I_'
x . L B'=K'pwu
AN - O 4 LHCb 1
= f 7 R :
— B $ i X 3
ol 7 % +
3 2 ] o> B+ T4+t
3 - I — ? +t
o 1__ ® ] N@ |
- ] g JHEP 06 (2014) 133
oL ) ] U00"":%'"'1|0”"1|5””2|0”
0 5 10 15 20 e [G6V2/64]

g* [GeV?/c4]

— Electrons BR closer to SM prediction (but both compatible)
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R+ result

LHCb, JHEP 08 (2017) 055
2.0 T
@ Similar deviation was observed = s i
in R+ using Run 1 data _ ‘ | N
@ Precision of ~17% in both bins, statistically 1.0 :_' ................................................................ _:
dominated i —— +
@ Upcoming Run 1 + Run 2 update expected "o . o b
to reduce uncertainty by factor ~2 - LHCD A Belle ]
T B R
¢ [GeV?/c]

(0.66 * 051 (stat) £ 0.03 (syst) for 0.045 < ¢? < 1.1 GeV?/c?

RK*O — <

10.69 T 033 (stat) £ 0.05 (syst) for 1.1 < ¢? < 6.0 GeV¥/c
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LFU test in baryons

LHCb, JHEP 05 (2020) 040

T | T T T I T T T I T T

@ New test of LFUin A, —» pK 7~
e Using Run 1 + 2016 dataset (4.7/fb)

N
)
T I T 1T

B - KK uwu ]
-0 —*0
I BB —-K wuw

— A) = pK ]
LHCb Combinatorial ]

p— — —
o0 ()} (\®]

) @) ()

llllllllllll
] ]

@ Similar physics as Ry and

)

-)

llll
|

e Different final state and selection

Candidates per 13 MeV/c?

N

(@)

llll
I

 Different backgrounds and systematic

[\
S

uncertainties : . 1
"Ts4 56 58
@ Crosscheck using A, = pK~J/y m(pK ) [GeV/e)
—A2—>pK_e+e‘ =

@ Measured phase space region:
e m(pK™) > 2.6 GeV
o 0.1 < g? < 6.0 GeV?

— +0.14
RPK‘O.1<q2<6GeV2/c4 - O’86—0.11 + 0.05 10

Combinatorial

Ag — pK nlete” g
WA, - pK Iy
BB — KK ete

0 %0
BB —K ete

Candidates per 50 MeV/c?

5 55 6
m(pK “e*e”) [GeV/c?]

Martino Borsato - Heidelberg U. 35



Global fits



Weak effective theory fits

@ Fitall b — s£¢ data with Weak Effective Theory
o Semileptonic b — supu (BR and angular)

e BR(B, — pu) measurement

o LFU tests b — sete” vs b — SM+/4_

} Theoretically cleaner

® bsuu NP contribution give large pull from SM (>50)

» Objection 1: semileptonic b — sup predictions are hard

 Objection 2: you cherry picked the coefficient to fit!

Fit from W. Altmannshofer and P. Stangl arXiv:2103.13370

b — suu LFU, Bs — up all rare B decays

Wilson coefficient best fit pull best fit pull bestfit  pull
Cooms —0.87t91 435 | —0.741%2 410 | —0.801%" 570
oS +0.491%20 195 | +0.601%" 4.70 | +0.557012 4.8
CiDswss +0.397%2 155 | —0.32%%1 2,00 | —0.14798 1.00
CloomH —~0.10131  0.60 | +0.0670° 0.50 | +0.04100 0.40
Co# = Cygi* | —0.34107% 210 | +0.43198 240 | —0.0173 0.10
Co™"' = —Cyg"" | ~0.60157 4.30(] —0.357 —0.411%% 5.90
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4.60 )

Similar fits from other groups:

Algueré et al.,

Kowalska et al.,

Ciuchini et al.,
Datta et al.,
Arbey et al,,
Geng et al,,

arXiv:1903.09578
arXiv:1903.10932
arXiv:2011.01212
arXiv:1903.10086
arXiv:1904.08399
arXiv:2103.12738
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https://inspirehep.net/literature/1853232

bspups
10
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WET fits

Fit from W. Altmannshofer and P. Stangl arXiv:2103.13370

2.0

— By —pup lo
—— Rig & Rk~ 1o, 20
— b—sup lo, 20

—0.5 1

—-1.0

—2.0 —1.5 —-1.0

—-0.5

bspup
Cy

0.0

0.5

1.0

Similar fits from other groups:
Alguer6 et al., arXiv:1903.09578
Kowalska et al., arXiv:1903.10932
Ciuchini et al., arXiv:2011.01212
Datta et al., arXiv:1903.10086
Arbey et al., arXiv:1904.08399
Geng et al., arXiv:2103.12738
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WET fits

Fit from W. Altmannshofer and P. Stangl arXiv:2103.13370

2.0

1.5 7

By — up lo

RK & RK* 10', 20
b— sup lo, 20

rare B decays lo, 20

bspup
Cig

. ¢ S
0.0 ’ 7z~ :70
—0.5 1
_1.0 1 1 1 1
—2.0 —-1.5 —1.0 —0.5 0.0 0.5
bspup
Cy
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1.0

CJHH, CIoM fit gives
5.70 pull w.r.t. SM

Similar fits from other groups:
Alguer6 et al., arXiv:1903.09578
Kowalska et al., arXiv:1903.10932
Ciuchini et al., arXiv:2011.01212
Datta et al., arXiv:1903.10086
Arbey et al., arXiv:1904.08399
Geng et al., arXiv:2103.12738
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Upcoming Run 2 analyses

Prospects for LU tests

Prospects for muons
CERN-LHCC-2018-027

.. —
@ Updates with full Run 2: Rx precision 9fb
® BO —> K*//l_l_//t_ i » O 2NN o o e S
° By = dup”

We got
- 0.042!

@ New analyses:

e Search for B —» K*t7t~

+ we are exploring high g°

S.Glashow et al Phys.Rev.Lett. 114 (2015) 091801

@ LFU violation implies LFV
— several LFV searches: e u™, u*z~
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https://arxiv.org/abs/1808.08865

BY — K*ete™ angular analysis

® If b = suu angular anomalies and
b — s£¢ anomalies have the same NP

origin, thenb — see angular observables
should be SM!

® BY — K*ee angular analysis was
performed only at very low g to
measure b — sy*

@ Next step is to extend the analysis to
higher g° values and compare to
muons

Martino Borsato - Heidelberg U.

Candidates / 34 MeV

100 :_ LHCb prelimillnary ----- B =K Octe- —E
[ | Data SL/C .

80 = — Model : B—K " mere -
60 B 5=k nerey)

500 5000 5500 6000

m(K*mete™) [MeV]

180 (0T02) ¢T dJdH(

42



BY — K*ete™ angular analysis

1.0
flavio v2.0.0 T
t
=J
o
S
-
By the way, ... 5
-
— oo
the B - K*eTe™ angular -~ .
. 2. QO
analysis at low g“justplaced >~ | [ gisMA |
world best limit on b — sy %
photon polarisation, a golden =
flavour physics parameter ]
—0.5 — B(B — Xsv)
B? — K3n%y
— Bg — @y
—— BY - K*0e¢Te™
=== Global
—1.0 T f T
~1.0 —0.5 0.0 0.5 1.0

Re(C7/Cr)
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~1 visible ~5 visible ~50 visible
interaction interaction interaction

LHCb— LHCb Upgrade l— o——LHCb Upgrade Il —

Runt -Runz —m TN )
LS3
Lin= 10" InjectoIFuSF?gra o L2xt0e——  HEHCS s r~50f" L§4 £=1-2X 10%— LS5 —>Liy= 300 b
Phase 2 upgrades
mnmmw 202 | 2022|2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 MMMMI“M’

T LHCb Upgrade | LHCb Upgrade I: incremental

Installation starts

improvements/prototype detectors See ICHEP talk by Federico

® Preparing upgrade for LHC Run 3 and 4
e Higher luminosity — collect 50/fb by the end of Run 4
e Upgrade to maintain performance and improve trigger
capabilities
@ LHCb detector Upgrade I in a nutshell:
e More precise vertexing and tracking systems

o Completely new readout system: throughput of 32 Tbps
e Full software trigger on 500 modern GPUs

Martino Borsato - Heidelberg U.
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https://indico.cern.ch/event/868940/contributions/3813743/

Few words on Belle I1

o ete” — Y(4S) — BB 1 I 1 "
. —Lpeak Before IR upgrade || ——Int. Luminosity
e Much cleaner than LHC environment — L After IR upgrade 60
8 peak
o Cross-section @O(nb): need huge luminosity 50

RF
[partial]

IR (QCS*)
$

@ Belle II is ramping up 40

o Aim at collecting 50 ab™! around 2031

» Not as much stat as LHCb in charged modes:
Ktup: 1 b ' LHCb ~ 2.5 ab~! Bellell
K*ete™: 1fb™' LHCb ~ 1 ab~' Bellell

Peak luminosity [x10%° cm2s1]
|
8
[;-ge] Ayisouiwnj “u)

I
I
I
I
L ]20
I
I
I
|

0 (Tuning)
2019/1 202171 2023/1 202511 2027/1 2029/1 2031/1

@ But Belle II can measure channels with neutral

hadrons and neutrinos — great complementarity

) ) ) ) Belle: Phys. Rev. Lett. 118, 111801
@ + Essential validation of the anomalies Y

70

from experiment with very different 1002_ B—K*u

environment and challenges

Events / ( 0.003 GeV/c?)
Events / (0.003 GeV/c?)

Response to muons and ~
electrons is very similar!

Pull
Pull
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LHCb Upgrade 11

@ Plan to crank up luminosity by another
factor 10 in Run 5-6 (2030s)

e Aim at collecting 300/fb by 2040

® Need to deal with the collision
pile-up of about 50

e Higher granularity
e Lower material budget
e Better radiation hardness

 Tracking detectors with precise timing
(200ps /hit in VELO, 20-50ps in ECAL)

e Hardware accelerators for online
reconstruction

Martino Borsato - Heidelberg U.

Timing is crucial to find origin vertex of B decay

Ot (ps)

800
600
400

‘ARAL ' 18
200 — S YR &1}

-200
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Rare decays 1n Upgrade 11

® B(;) = up, LFU tests and LFV searches will
directly profit from the higher statistics

© Withh 400k events, the B® — K*puu angular
analysis will enter a new precision era,
where sophisticated amplitude analyses
will allow to disentangle NP and SM
effects

@ If anomalies are confirmed:

e The Upgrade II will allow to precisely pin
down their structure and possibly discover
related effectsin b — df¢, b — seu

® If anomalies are not confirmed:

e The Upgrade II will give a unique chance to
probe NP effects at an energy scale about
twice as large as the current one

Martino Borsato - Heidelberg U.

o 2.5 1T

@) —— SM

Qqé 2 scenario Il

< — — scenario |
1.5

. . .
(6)
IIIIIIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIII

_____
- S

0
-0.5 i
y
_15_ 1 | | 1 i 1
-3 —2 —1 0 1
AReC,
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Summary

@ Flavour anomalies in the b — s£Z¢ sector were
reinforced by recent measurements

» Are we seeing a coherent pattern?

® More data needed to solve the puzzle
e Upcoming analyses of Run 2 data (on tape)

e Upcoming LHCb upgrade (starting data-taking next year)
» Other experiments: Belle I, CMS, ATLAS

® Upgrade II as the ultimate precision flavour factory

“Extraordinary claims require “Discovery commences with
extraordinary evidence” the awareness of anomaly”
Carl Sagan Thomas Kuhn
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B, —> e"e " and B, > 7

@ Not lepton universal in the SM

» Very different levels of helicity suppression
depending on the lepton mass

® Electrons and taus present additional
experimental challenges

@ LHCDb has search for both and has set upper limits
BR(B? — ete™) < 11.2x 1077 at 95% CL

BR(B? — t%77) < 6.8 x 107> at 95 % CL

Fleischer et al., JHEP 05 (2017) 156

0.1 i 2017 + LHCD limit : : |
! ! 2020
| ' 2009 | | LHCD
107+ 2013 | PRI Rty
I CDF lLimit | CDF limit | limit
10—7 SM I! ---!—'——' |
10l 2019 LHC & SM Thitreraal
L New Physics
I Scenario
1073+ SM |
10—16 ] E(Bs — 7_+7__) E(Bs — ,LL+M_) E(BS — 6+6_)
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Candidates / ( 120 MeV/c?)

Candidates

400

200

-

B, - eTe”

LHCb

—3— 20152016 data

full model
] comblnatorlal
B B Det v, decays
B— Xe*e~ decays ]
I X,— h'e” v, decays _|
B— h'h'~ decays

4500 5000 5500 6000 6500
m(e*e”) [MeV/c?]
B, - 171~
10" =
i . LHCb
10° 3
- 4 Data
10>  — Total
= -1 x Signal
10 £ — Background T
_ 55 ........................................
= 0[-— — —
- 5 N RN NN NS NN REEEE RN REENE SRR SR

0 010203040506070809 1

Neural network output

C08TI¢C (020C) ¥l HIT A "SAYd

C0814C (L107) 81T 1T A "SAYd
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https://link.springer.com/article/10.1007/JHEP05(2017)156
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.211802
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2017-003.html

A handle on the cc loop

e NP in C9 would give helicity and 42 o Perform full angular analysis of
independent effect while hadronic B—K*uu including cc resonances
effects could be helicity and 42 and measure interference phases

dependent

W.Altmannshofer et al Eur.Phys.]. C77 (2017) no.6, 377 Bléke etal, arX.1v:1709.03921

B.Capdevilla et al PoS LHCP2016 (2016) 073 a1

1'0;‘_“"I““I““I““I“ij 0

0.5 | | -1 | | :
: 0.5 | m’
N 0 m #5600 = 0 -
<9 - M6 = Mlflavio v0.20 1
—05F —+LHCb —
vy 0.5 ' —

OF

:0.5_—

S

5 10 15
g* (GeV?/c*)
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Bt — K Tu*u™ angular analysis

® Recently analysed also isospin
partner Bt — K "(KeaHutu~

@ Challenging reconstruction of long-

lived K - ntz™

@ Signal yield of 737 & 34 events split

in 8 g* bins for angular fit

@ Angular folding technique used to

reduce dimensionality of the fit

folding O:

folding 3:
¢ = o+ for ¢ <0 cosf; — —cosfy
folding 1: b — w— ¢
¢ — —¢ for ¢ <O b = —m—
— T — for cosOr, <0
¢ ¢ L folding 4:
cosfy; — —cosfy, for cosfr, <O
cosf;, — —cosfy,
folding 2:
o
¢ — —¢ for ¢ < O
cosf; — —cosby, for cosfr, <0 $ > —m—9
cosfg — —cosfg
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for cosfr, <O
for ¢ > %
forp < -5

for cosfr, <0
for ¢ > 5
for ¢ < —%
for cosfr, <O

Candidates / (8.5 MeV/c?)

200 -

100

X 5200 5400 5600 5800 6000

m(K{mtpt ) [MeV/c?)

observable moment 0 1 2 3

F1, cos? 0 (V) (V) (V) ()

S3 sin? 0 sin? 07, cos20  (v) (V) (V) (v)

Sy sin 20 i sin 20, cos ¢ v

Sx sin 20 g sin 0, cos ¢ v

AFB sin2 0 cos6;, v

S sin 20 sin 0, sin ¢ v

Sy sin 20 i sin 207, sin ¢

59 sin2 0 sin2 0, sin2¢ v
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— T T—T— T

7} SM from ASZB

~§*

‘‘‘‘

L LHCb preliminary

15
Ge\/z/c
1r I R -
i LHCb preliminary
i 7} SM from ASZB +
0.5 ]
i o o
2 ) —H
D '
0.5 F .
_1 C n 1 PR n 1 N
5 10 15

— T

LHCDb preliminary
SM from ASZB

‘‘‘‘

—T—————

LHCDb preliminary
SM from ASZB

‘‘‘‘

5

DHMYV SM predictions by [JHEP06(2016)092] and [JHEP01(2018)093]
ASZB SM predictions by [JHEP08(2016)098] and [Eur.Phys.J.C75(2015)382]

@ Results compatible with observations in BY channel 05 %
2

e Similar pattern of deviations in Pg

* Uncertanties are much larger, but global EFT fit

confirms same trend
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angular analysis

— T

1 -
I LHCDb preliminary 1
I SM from ASZB ]
0.5 [ ]
5 0 Pt :
05 [ + % ]
a1k N e i
5 10 15
[ GeV?/
1 - ' ‘ [ B . ' -I
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I SM from ASZB
0.5 -

Ss

|

|
T

— T T—T— T

1 r -
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i SM from ASZB ]
0.5 | ]
10 %‘ ) ) |
@ 0 i I ——T |—i—| :
0.5 F + mmﬁ@:
a1k B ]
5 10 15
[ GeV?¥ct
1 L ' ‘ [ B . ' .I .
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i SM from ASZB
0.5 —K} + ;
CIC; 0: Jl~ T : 1 + { . r |
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-1+ . e e i
0 5 10 15
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0.5 |
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0 5 10 15
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BY — K*ete™ angular analysis

A.Mauri et al Phys. Rev. D 99, 013007 (2019)
1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1
— Only BR (u+e) —

Only angular (u+e)

U e
CIO 10

® Combined angular analysis of
B — K*eeand B - K*uu

e Most sensitive approach is full
amplitude analysis

e Local and non-local hadronic
uncertainties are LFU and
cancel in the combined fit

ALR _ {(CQJFQO)FA(szbW/[QfA(q)167r m—b’H/‘A(q )”

Local form factors Non local (cc)
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[Look-elsewhere effect?

@ How about the other Wilson coefficients?
o The dipole b — sy C; and C; are very constrained

o (Pseudo-)scalar operators only affect B, — uu

@ Recent attempt at taking Look-elsewhere effect into
account by fitting all WC together (both e and )

e Running pseudo-experiments to evaluate trial factor

o Marginalising over Cy""" to be conservative

e Global significance of 3.90

arXiv:2104.05631
1071 §
1072, m 5
1072
O 104 LLL
@) In¥
5: LU data fit R
10764 \
ol x* 5.6 dof RN
s SM iment Y
0 10 20 30 40 50
2AlogL
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The first Rx+ bin

@ Favoured region of g2 is [1.1-6]
 Far from photon pole and from J/i tail

e Sensitive to New Physics in Cy and Cig

@ Thanks to photon pole the [4m,2- 1.1] bin has
enough statistics for a measurement

e Dominated by dipole operator O7
» C7 already very constrained by b—sy

» Deviation pointing to underestimated systematic?
e SM LU is broken close to threshold

e LUV breaks cancellation of form factors

Martino Borsato - Heidelberg U.

Ry

[0.045, 1.1]

B.Capdevilla et al arXiv:1704.05340

Ry

1.1, 6.0]
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B, — u"u~ LHC combination

LHCb-CONF-2020-002

@ Latest BR predictions have precision at 4-5% level:
% (B? > ptu~) = (3.66 £0.14) x 107°
% (B —> ptu~) = (1.03£0.05) x 1071
Beneke et al JHEP 10 (2019) 232
® ATLAS+CMS+LHCb combination:
P (B? — /ﬁ,u_) (2 69+8 g;) x 1077 2.10 deviation
P (BO — ,u+,u_) <1.9x 1071 at95% CL compatible with
other anomalies

ATLAS CMS LHCb - Summer 2020 6 AT LAS CMS LHCb - Summer 2()20

N [ /a L.\:l\ | T ] N ]
o?o - //' /I Prehmmary ATL AS ] E - | Prehmmary | | .
T 0sp /S 2011-2016data  __ CMS = 3 14 2011 - 2016 data =
N A "":><;5~""“":?-:.;.\\ ---LHCb . I 12F -
= 04/ T ~J — Combined oF E
3« }/’ \E - .
1 03F = 8 =
2 - ] 4 3
% 02F ¢ N oF .
Il N 4F =
01 B '-K\ /l‘\‘\ ] 2 - SM .
0; :\.‘\ i. . E | ]

1 95 01 4

0 - - -

B(B; — u*u~) (107) BB — utu-) (107)
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B, = pu litetime

JHEP 1307 (2013) 77

PI=118,=0,pp=0 @s=n/2
1.0 T T °
'SM !
. 0.8 ': o5 - ,:' |
e Amplitude asymmetry can reveal new os] /A si=1pl
(pseudo)scalars contributions even if = ™| | '
. ° :i . F | ]
BB - utu)is SM-like N .
( S M //t ) CQ% ) - :: ”l \
- 02 i Non-scalar
< -oap [ NPY(C, CP)
r - = F - —0.6 1 :' ,"
AR — B y—utu Bs —utu SM 1 _os| == |S|, s free; [P =1; p=0 |
N T T - ol fer=pp = op free; 5] = 0;| P = 1+ 10% |
BS,H_>M+/’£_ + BS’L—>//[+/,t_ . |P| = 1-, S| =0 Excluded at 95% C.L.
0.6 018 110 1j2 1i4 116 118 210 2j2 2i4
R = BRexp(Bs — N+M_)/BR81\/I(BS — M+M_)
_ -
. B, 1 +2A%y, + y; o
up —— B, pplo, 2 flavio
1 —y?2 ] + ARTY, ] oo
g 0.00 -
y, = 75 AI'/2 = 0.062 = 0.006 9 0014
"9()&
I —0.02
%” ~0.03

_0.05 T T T T T T
-0.056 -0.04 -0.03 -0.02 -0.01 0.00 0.01

CUH = U [GeV ]

0.02
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https://arxiv.org/pdf/1303.3820.pdf

B, — pu projections

Large Hadron Collider (LHC) HL-LHC

L__Run1 [ N R3] Ls3 [ Rund4.5. |

7 TeV 8 TeV 13 TeV 13/14 TeV

(o | aoa e ] zors [ ave [ v | ors Lo | o [ | s | v | s [ s [ e 2
current \ ofb-1 23fb-1 300fb-1
BB > ptp7) £0.6103x 107 PRt x 107 +£0.30x 107 +0.16 X 107°
a BB ) 5
A 90% i 70% 34 % 10 %
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0 L ity 0850 10- | +£0.83 x 10~ +(0.46 — 0.55) x 10~
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BY - K*ete™: Angular analysis

JHEP 12 (2020) 081

1 d*(r +T)

d(r 4T)/dg? dg? dcos 6, dcos Ok do ~ 167 [

B’ — K*y photon polarisation:
Ay = [Agqyleo, tany = |Ag/A, |
2 .
Aé = sin(2y)cos(¢y, — Pr);
AT =~ sin(2y)sin(¢y — Pr),
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@ Folding ¢ angle to simplify
the 3D angular expression:

(¢ if ¢ >0
P+ Titd <O

b = <

(1 — FL) sin® O + Fi, cos? 0k

Bl

—l—%(l — F1,) sin® @ cos 20, — F1, cos® Ok cos 26,
+(1 — FL)AR® sin® O cos 6,
—|—%(1 — FL)A(TQ) sin’ O sin 0, cos 2q§

+%(1 — FL)Alf77 sin® O sin’ 6, sin 2&] .
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BY — K*ete™ angular analysis
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Measurement of b — see angular Most precise measurement (red area)
observables at very low g~ (red point) of b — sy photon polarisation
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