Flavor physics: current status and
future goals

Marina Artuso

An experimentalist perspective
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What about T EMENT/
' ARTICLES Who ordered
flavor physics? AT

Flavor physics 1s the physics that distinguishes the 3 generations: in the
Standard Model described by the Yukawa Lagrangian (fermion masses and
couplings)
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Fermion masses
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Mixing matrices

Lepton sector: Pontercorvo-Maki-Nakagawa-

Quark sector: Cabibbo Kobayashi Maskawa matrix

+0(2)

Vie Vs Vs 1-2°/2 A A)”3(p_i77)
V(z’_l)= Ll 1V | = A 1-A%/2 AM?
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CKM
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t
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Flavor physics as a tool for discovery

dNew physics manifestations in flavor physics = new
couplings or new forces

Tree diagram example Loop diagram example: B — B mixing

, e, U T o
X W K b s b W s
- v 5 t,C,ul : |t,c,uB = I t -
q S !

X
coru =
—‘\Y q W HZ

While all flavors are interesting, the following discussion will focus on b-flavored hadrons, with a very brief

excursion into charm
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Experimental techniques

ete" colliders

K-Long and muon detector:
Resistive Plate Chambers (barrel outer

EM Calorimeter:

layers); Scintillator + WLSF + SiPMs (end-]

Csl(Tl), waveform s
(barrel+ endcap)

electrons (7 GeV

: ing Aerogel RICH (fwd)]

Beryllium beam pipe
10 mm radius 4

Vertex Detector
1—2 layer PXD + 4 layer/5)

positrons (4 GeV)

Central Drift Chamber
He(50%):C;Hq(50%), small cells, [0
lever arm, fast electronics
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Hadron machines

side view ECAL HCAL

vo M3 ma M5

Scifi  RICH2
tracker ===

2l

vertex &4k
locator ~ i =
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Advantages of experiments at LHC:

Advantages of e+e- machines: O High statistics, lots of flavored hadron species.

U Simplicity of initial state O Boost of the beauty and charmed hadrons and excellent
U Good photon-nt? reconstruction vertex detectors allow precision measurement of the
U High flavor tagging efficiency vertex topology information.
On the other hand: Dedicated flavor experiments feature excellent hadron
Q Lower cross-section identification
Q At the Y(4S) only B® and B* On the other hand:
Q@ High luminosity challenging d D.evelopment of clever
trigger strategy needed
(now LHCD is poised to

implement a purely
software trigger!) needed
U Lots of particles, pile-ip

5.2. 2013 5:30:36
Run 136734 Event 3832870 bld 1424
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Interplay between theory and experiment

1 The importance of the hadronic matrix element, example: semlleptomc
decays.

e, U T vertex o« Vb L
b W v In reality
(_1 coru —
—4\ :
theoretical pillars:
UInsight provided by effective theories [HQET]
EIHeavy quark expansion [HQE]: @)= Wl [ +orgl EHEDPD) | 1 (BiomGi

. 1 (BJb(—1DE)b|B) = 32n (B[b7(1—7s)c&7(1—75)b| B)
Inclusive processes e TR +:0:Lg e+

1)

Progress in lattice QCD calculations [and having the resources to exploit the
new computational techniques developed]
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Quark Mixing & CKM Matrix

The charged current couples

- e, U, T :
\ v W _ Tree level diagram —
the "up-type quarks” with a b &v SM dominated (with

qa some possible

linear combination of "down- q

coru
Y —(\Y _ caveats)
type” quarks q

dDescribed by CKM matrix [unitary matrix]
( (

Vi Vi Vo 1-2%/2 Ao AR (p-in)
V(g_;f Vi Vi Vo |7 ) 1-22/2 x> |+O(x)
v v ) | 4 (-pmi) A I

A=0.225, A=0.8, constraints on p & i will be discussed
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The reference unitarity triangle

Triangles depict
unitarity
constraints

(0.0)
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The reference unitarity triangle now

Information from “tree” quantities

= O - .
“F Uit T U
= 1:_ summen21
0.8:—
0.6:—
0.4%/—
|
0.2_— ub
cb b
e B By ey -a—" s R R S T TR R '1.|2_
p=0.162 +0.017 5 p=+0165+0.025 P
n =0.341 £ 0.011 n =+0.373 £ 0.025
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A historic tension to be resolved
- o A historic tension: both [Vub| and |Vcb|

0.4

0.3

0.2

0.1

0.8025 0.003 0.0035 0.004 0.0045 0.005

Vubursic = (3.68  0.10) - 1073

5/10/2022

V!

3

0

determination encompass a persisting
tension between the values extracted
from inclusive or exclusive final state

IVub| (incl) = (4.19 + 0.20) 1073

=
-

Vub| (excl) = (3.73 + 0.14) 10°3

vertex « Vb
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Inclusive: reconstruct a
physical property such as
lepton momentum
spectrum integrated over
final state

Exclusive:
reconstruct
the hadron in
the final state
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A pillar in our Standard Model challenge:
the angle y

O Accessible from tree level processes (good Standard Model
probe)

 Negligible theoretical uncertainty [Brod-Zupan,arXiV:1308.5663]

Vup = |Vub| e

Key processes in charged B decays W= 7 w-
; - —
b & c S
B~ Veo D° K-
0 @ @ @
_ _ Uu,c,t
. 5 -t S b > > - S
Key processes in B? decays
BO D} B w#* W K-
- Cc S ¢

c,
b > : e u
u 3 e
chbx‘/u*sz)‘:s K~ VJbX‘/;s%)\ D;-

S S
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Most recent LHCb combination

1 Simultaneous determination of y and
charm mixing parameters
J Many measurements of y with this

approach, they differ on the D 0 7. — 85
. D= rpe(o
decay modes considered / \
 LHCDb has a rich array of data, ks -
’ B foK

internal combination of different

measurements reported previously i 55\ _ /
3 LHCb has also precise B DOK™

measurements of D? mixing

parameters — New combination of

v and charm mixing parameters
arXi1V:2110.023350
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https://arxiv.org/abs/2110.02350

Measurements used in the combination
dFirst combination where the LHCb charm

inputs are included
d*“updated” with respect to LHCb-CONF-2018-002
Frequentist approach with 151 observables to

determine 52 parameters

Decay Parameters Source Ref. Status since
Ref. [17]
B* & DK+ g LHCb [24] As before
B - DK* o LHCb [45] As before
B® - DFr* B HFLAV [11] Updated
B% - DFK*(rm) ¢, HFLAV [11] Updated
D — hth=n° [ S 1 CLEO-c [46] As before
D> nta~ate™  Ejf CLEO-c [46] As before
D — K*n—n° pErn® §Km® (Knx®  QLEO-c+LHCb+BESIII  [47-49] Updated
D - K*nFptp— rKdr §Kar Ko CLEO-c+LHCb+BESIIT  [41,47-49] Updated
D — K3K*r®  phske gKsKx  K3K=  GLEO [50] As before
D - K3K*p¥  hakr LHCb [51] As before
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B decay D decay Ref. Dataset Status since
Ref. [17]

B* 5 Dht D — hth~ (20] Run 1&2 Updated
B* = Dh* D= htr—nta [2]] Run 1 As before
B* — Dh* D — hth==° (22) Run 1 As before
B* — Dh* D — KS8h*h~ (19] Run 1&2 Updated
B* = Dh* D — KSK*n¥F [23] Run 142 Updated
B* — D*h* D — hth™ [20] Run 1&2 Updated
B* - DK** D — hth~ (24) Run 1&2(*) As before
B* - DK** D= htn—nta [24] Run 1&2(*) As before
B* 5 Dh*rtn- D — hth™ (25] Run 1 As before
BY - DK*Y D — hth~ (26 Run 1&2(*) Updated
B° - DK*° D o htn—nta— 26 Run 1&2(*) New

B® - DK*" D — Kdx*n~ [27) Run 1 As before
B - DFg# Dt 5 K—xtn* (28] Run 1 As before
B? - DFK* D} - hth—nt [29] Run 1 As before
B? » DFK*n+m— D} - hth-at [30] Run 1&2 New

D decay Observable(s) Ref. Dataset Status since

Ref. [17]

D® - hth~ AAcp [31-33] Run 1&2 New

DY — hth~ yer [34] Run 1 New

D" - hth™ AY [35-38] Run 1&2 New

D® — K+m— (Single Tag) R*, (2'%)?, y'* [39] Run 1 New

D" - Ktn~ (Double Tag) R, (2'%)?, y/* [40] Run 1&2(*) New

D - K*p¥atn— (x? +v%)/4 (41) Run 1 New

D® - Kdntm™ T,y [42] Run 1 New

D° - Kdntn™ xcp, yor, Az, Ay [43)] Run 1 New

D - Kntn Tep, Yop, Az, Ay (44 Run 2 New

M. Artuso PHENO 2022
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http://cds.cern.ch/record/2319289/files/LHCb-CONF-2018-002.pdf?version=1

I

I=C

Results:

1
- _: 68.3% CL 05.4% CL
. Species Value [°] _ % , %
] Uncertainty  Interval  Uncertainty  Interval
Bt 61.7 fi;g [56.9, 66.1] fg:g [52.2,70.3]
_____________________________ : B° 82.0 t§;§ [73.2,90.1] ﬂg (64, 99]
0af B? 79 g (55, 100] B+ 32, 130]
750 60 70 80 %0 _ Average of all the
Il measurements
_ 1 T T T T [ T 171 T T T 11 T T T T T T o I e L | UL L U
X FLHCb .o~ o 19 FLHCY 5
> 0.8 5 TN - - 7% Current World Average i
- 1 5 [ F#Z1 LHCb Beauty and Charm ]
0.6 - 7 E é ~ :
o4F 1 of :
02F . : :
oF o NoVixing = ST .
C - ‘Current World Average ] [ o
209 :— -LHCb Beauty and Chanln - 10k | | | #
-0 2 0 0 2 0 4 0 6 08 1 -0.1 0.05 0 0.05 0.1
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Rare decays and generic searches for new
physics

4GF =1,2 Tree
- * / / i=3-6, 8 Gluon penguin
Heff - \/_ ‘/tb‘/ts § :[C'l (/‘l’) OZ (H) a5 C ’L(”)O ’l(:u)] i=7 Photon penguin
2 i \ / w i=:, 10 El'ectroweak penguin-
TR —— != Higgs (scalar) pengt.nn
left handed g I=P Pseudoscalar penguin

(suppressed in the SM)
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How can we pin down new physics
contributions?

0, v v

O, v
oI v v
O v
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Candidates / ( 27.5 MeV/c?)

Br,) —

BS — utu

8 & &

[S—
e)

arXiV 2108.09284
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. -
espssunPast

: —e— Data

o 9 b Total

B BDT >05 = Bouw
L
— Bispuy

+

L I
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QBB -» utu™) = (3.09F

SM predictions:
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o
g 103 .....
§ L\ TT
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2 az LHCb
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= + Daa
L 4E — Effective lifetime fit _E
>~ E E
2E 3
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0

O.46+0.15) X 10—9
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25F |, LHCb + D
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sk LHCb k
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6 055<BDT<100 -
4: * Data ]
2
0

Yield/ (0.88 ps) Candidates / (27.2 MeV/c?)
o

+ — Effective lifetime fit

10
Decay time [ps]

7 (B2 - u*tu™) = (2.07 £ 0.29 + 0.03)ps

T(B) »utpT) =

Tpo (1+ 2458 v +2)
(1-y2) (1+A44% y,)

Note: they use |V, | inclusive

= 0-006|pmr =+ 0-012|non-pmr i—gggglLCDA] : 10—9’
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https://arxiv.org/pdf/1908.07011.pdf
https://arxiv.org/pdf/2108.09284.pdf

B — K*f*#f~ observables

Need to select regions in g2 not J/w,@S)
dominated by resonances

dWhen a vector is involved in
the final state many el
Ob Servables interference Long distance

contributions from CC

above open charm
threshold

: (BT = [ (1 — FL)sin? 6 + Fy, cos® O + L a2 26
e — i) |22 s sSin cos ey o 13848 Ccos
\ ® ' dcosfydcosby do 32w L4 . e b il ™ u . g

2 . © 1 AR
— Fp, cos 0 cos 20 + E(l — F )AL sin® O sin” 6 cos 2¢ +

\/Fr(l — FL)H.; sin 20y sin 26y cos @ + 4/ FL(1 — FL)P;; sin 260z sin @y cos ¢ +
/ ’
a- FL)AEC sin? By cos by + V‘FL(I — FL)Pgsin 20y sin 0y sin & +
v/ FL(1 — FL) P} sin 28k sin 26 sin ¢ + (S/A)g sin? B¢ sin® 6, sin 2¢ ]
5/10/2022
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Angular analysis of B = K*'u™ u~

arXiVv 2012.13241 arXiV 2003.04831
B+ — K*+u u BO—> K*Ou"'u

15 —— : — " ——
g LHCb ] ' LHCb Run 1 + 2016 :
1E 1 —+ Data 9fb™ . “ ] SM from DHMV ;
] SM from DHMV 1 05 -
0.5 % SM from ASZB ] - i ]
2 of _ RN — of :
-0.5 — Z’A - @ = E
- ot BT S + 4
LE - S = 4
-1.50: -1 P B s B R B L ]

q2 [GeV2/c4] 0 5 10 15

g* [GeV?/ ¢4
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https://arxiv.org/pdf/2012.13241.pdf
https://arxiv.org/abs/2003.04831

Lepton flavor universality in B>K®¢é ¢

In the Standard Model, couplings of the gauge bosons to
leptons are independent of lepton flavor

dRatios of the form
__BR(BT-K*tutu) _
K ™ BR(B*—K*ete™) — 1 [SM]
are free from QCD uncertainties that affect other

observables
o Hadronic effect cancel [O(10-4), JHEP 07(2007) 040]
o QED corrections can be O(10-?), EPJC 76 (2016) 440]

dTheory consensus: LFU violation an
unambiguous sign of New Physics!

5/10/2022 M. Artuso PHENO 2022 22



https://arxiv.org/pdf/2103.11769

LFU violationin BT - K™ ¢* ¢~

The quantity of interest

B> K utu /B~ > J/Y(= putu)K~ The quantity measured: double ratio of corrected
Ry =5=73 K-ete /B~ - J /(> ete )K- yields, only relative efficiency needed
B™ - /(= uu)K™
R,y = — - =0.981+ 0.020 240 _
I = B= S J /(= ete)K L, oo 2k
= 130 — Total it =
g 1608 UN\dd i 88— B'S K'ete T 400F
dB B~ = K- + = 5:140 Bl B Jiy(ete )kt 5
( — A (28.6+15 + 1.3)x10=9/GeV'? £ 1o0f B Comimawca | 8 OF
q zw g wof
& 1 S 100f
o st e
In 1.1<q?<6.0 GeV?, consistent . P K erer) VeV R ke Mevie)
with SM expectations g 2p” LHCD g wof LHCb
> 200 —4— Data 9 ! > 350 —4— Data9 "
= 180 —— Total fit = 3005_ — Total fit
enl60E: 00 b s B'= Jiy(e'e)k* =+ E —— B*'= Jly(utu)Kr
T o | 3t e
2 2/ 4 0.042 +0.013 £'% bmtnt, | Sl
RK(].]. g < 6.0 GeV“/c ) = (0.846 1_0_039 t0_012, § ;:; §100— L
20 S
5200 5400 3500 005300 00005600
my, (K'e*e”) [MeVic?] my, (K'pu-) [MeVie?]
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https://arxiv.org/pdf/2103.11769.pdf

LFU in the isospin partners B - K3¢* ¢~ , BT - K*t¢* £~

& [ I T S E ]
Q & FoT T T T T T T =
= r —1 7] NU 90 = E
40.20 +0.02 o 25F LHEb ?mlg - e > 80F LHCb  § Damofo™  ;
Ryo = 0.66 T57, (stat.) (syst.) = — Lol g 2 F — Total :
K 0.14 —0.04 R W N (e B Koot ; 70 0\ 20 -
© 20 —> fKge'e - = S D, B’ Kjutu- E
= Comb. Back. ] = BOF Comb. Back. 3
15} 1 0 0.+ E Qa F E
- . g 15 J\y B> Kt - g 50 3
Consistent with SM at 1.5 ¢ 5 F | ERB = Jy(ete) KO = b E
8 10F @@ Part. Reco. K T L g
S 10 ~ : : S 30F E
sE = 208 =
c NG 5 10 E
0 Feamemp====® a | , I , ’.T _____ [ 0 AT " o 1] 0 B . ...
5000 5500 6000 5200 5400 5600
0,41~ 2
e +0.18 +0.03 m(Klete~) [MeV/c2] m(Kg u*u-) [MeV/c?]
Rycer = 0.70 T 15 (stat.) g oy (syst.) :
S 70 LHCb 3§ Data9 b E - LHCb i Data9fb™ E
' ' S 60 — Total E = —Toul .
Consistent with SM at 1.4 o BN \ S s ] S & B*> K™ uu
~ 50 = ~ r Comb. Back. i
o Comb. Back. : % _ ]
2 40F W B*>K ‘ntm = 5 Or 2
2 F BB - Jy(ete) K ] 2= S o ]
‘2 30 [ * =] < — w |
E = [ Part. Reco. K = @) - i
) [ ] - <
20 = C ]
10E 3 ; : f
O : .............. i 2 SSvews 1. 1] 0 5200 5400 5600
5000 5500 6000 ’"(KSOHWJ,IU_) [MeV/c?]

m( Ksozr‘fe*e‘) [MeV/c?]
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[LFU ratio current status

Phys. Rev. Lett. 125 (2020) 01180
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e I ]
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. | & |
L | T | ]
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0.0 I I I I | I i I I ] ! I I 1 | I I 1 I
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X141 o
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o8] } }
: <1o
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JHEP 05 (2020) 040 € [GeV?/c]]

arXiv:2103.11769
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Theoretical interpretation

B. Capdevila et al Flavor Anomaly Workshop '21

2-dimensional fits

1.50 1.50
—— ACDMN —— ACDMN
| ot
251 GFFPSV “*N—— CFFPSV
—— HMMN —— HMMN
1.007 # SM 1.00 1
0.75 4 0.75
3 3
£ 0501 £2 050-
@) O
0.25 0.25 -
0.00 0.00
—0.25 —0.25
_0-50 T T T T T T _0.50 T T T T T T
-1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00 0.25 -1.25 —-1.00 -0.75 —-0.50 -0.25 0.00 0.25 050 0.75
N CNPh
9 9
global fit fit to LFU observables + Bs — pup
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https://indico.cern.ch/event/1055780/contributions/4454282/attachments/2331140/3972619/b2sll_EFT.pdf

eoretical interpretation top-down

An example from A. Greljo’s presentation at the Anomaly workshop 2021

(Admir Greljo | Model building: Where to look?

ML MR

SRS
[

* m,/m, enhancement

Queiroz, Shepherd;403.2309,

Dorsner, Fajfer, AG, Kamenik, Kosnik;
1603.04993,

Coluccio Leskow, Crivellin, D’Ambrosio,
Miiller; 1612.06858

Dorsner, Fajfer, Sumensari; 1910.03877
Gherardi, Marzocca,Venturini; 2008.09548
+ many more

LQO model example

AG, Stangl, Thomsen, 2103.13991

0.200

0.175 4

0.150 4

My =Ms = ppg =3 TeV

flavio

0.125 4

0.100 4

1 | PRy i - 5
N3~ =13

0.075 4

0.050

0.025 4

0.000

N

Ry & Rg. 1o
By — pplo
b— spp lo
(9—2)u 1o
global, 10,2030

0.0

- One-loop matching to SMEFT from 2003.12525
- 399 observables in smelli 1810.07698

- EW and flavor opservables, LFV, LFU, magnetic

moments, neutral meson mixing,
rare B, D, K decays, etc.
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semileptonic and

0.1 0.2 0.3 0.4 0.5 0.6 0.7

-
Th'SL = (‘/147 ‘/tSy 1)U§L

45
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* \LA structure

Hiller, Schmaltz, 1408.1627,
Dorsner, Fajfer; AG, Kamenik,
Kosnik; 1603.04993,
Buttazzo, AG, Isidori,
Marzocca; 1706.07808,
Gherardi, Marzocca, Venturini;
2008.09548

+ many more

b

é”<
=

;
=
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https://indico.cern.ch/event/1055780/contributions/4454307/attachments/2331147/3972633/Greljo-FAW2021.pdf

Search for Dy — h*pu*u~

« Analysed 25 decays D(J;) — htt

* his a charged kaon or pion
+ (s an electron or muon
* Includes LFV and LNV decays

DY = xtutu DY = ztete” D* = K*e'e D} = ntetu~ D} — K*ute™
DY - x utu* DY = n7ete* D} = atutu D} = ntete D} = K ute*
D* = atute” DY - K*u*u DY - rutu* D} - nete* D} - K*etu~
DY - xute* DY - K*ute” D} = atute DY - K*'u*u DY - K*ete
D* - gtetu~ D* - K*e*u~ D} - aute* D} - Ku*ut D} - K e*e?

Allowed in the SM, Forbidden in the SM

Mod. Phys. Lett. A 36 (2021) 2130002
10—3

B non-resonant SM
resonant SM

J

10751
« Analysis performed with 2016 dataset (1.7 fo~")

« Normalisation with D(*;) — ¢t

» Regions dominated by resonances in dilepton mass are
vetoed when fitting for the signal

dB (Dt = ntutp~) / dg?[GeV?

¢* [GeV?]
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» Results consistent with background only hypothesis
« Limits set between 1.4 x 10=8 and 6.4 x 10—°
* Results improve upon the prior world’s best constraints by up to a factor of 500

Branching fraction upper limit [1077]
Decay Dt 1253

SES 90% CL 95% CL SES 90% CL 95% CL
Dz;) S atutp~ 0.6 67 74 2.4 180 210
D;;) o ptyut 0.3 14 16 1.8 86 96
D{;) — Kt 1.2 54 61 3.8 140 160
D:;) — K- ptut . . - o 26 30
Diy— ntety” 0.6 210 230 3.1 1100 1200
D(+S) s atute 0.4 220 220 2:2 940 1100
Dy — mptet 0.4 130 150 2.0 630 710
Dfy— Ktetu~ 0.7 75 83 3.7 790 880
D= Ktpte” 0.5 100 110 2.5 560 640
D(+S) — K ptet . . : 2.4 260 320
Dy atete 1.9 1600 1800 8.1 5500 6400
B lehet 0.9 530 600 4.1 1400 1600
By Kheite- 4.4 850 1000 14.8 4900 5500
D2 Kvgheh . - . 4.1 770 840

SES = single event sensitivities, i.e. the BF corresponding to a single observed signal event
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Lepton flavor violation in B D™ty

a8

0.25

0.2

pt /T pt )+

2021

Pt
.
I
-5
®)

]

i
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LHCb18 a8

T,

Ax* = 1.0 contours

k%age
& Bellel9

—

Bellel5

lII|Illl|llllJ_lllIIIIlIIIIl

Bellel7 World Average
R(D)=0.339+0.026 £ 0.014
| ¥ Bigi 16, Gambino 19 R(D*)=0.295£0.010 £ 0.010
| =-0.38
4+ Bordone 19 g(xz) =28%
1 I 1 1 1 I 1 1 I 1 1 1 1 1
0.2 0.3 0.4 0.5

=
>

2017

_ B>D*tV
p*) =B ~ DIV

 Measured quantity: ratio R

U Deviation from SM expectation would
imply new physics at tree level

First reported by BaBar [PRL109,
101802 (2012)], 4 more

measurements by BaBar, Belle &
LHCb

JCombined RD and RD* fit about
3.4c from SM predictions
[persistent but diminishing tension]
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arXiV:2201.03497

Observation of the decay A}, - Af17v;

O Key analysis features: :;“1400 350 L BDT>0.66
O Run I data set (3fb!) §1200 3005 N
- Data
D T_ - 37-[(7-[0)1/1- 31000_ 2503— — Total model
O BDT to distinguish A} —» At~ v, 4 800f ook M-,
from A}, - Af DX background = F F A
b ¢ 600 S .
0 +T0 L — g - 150 Il A-AD(x)
modeled by Ay - ATDVK ot S T
. 400 - 100 & b e
O Binned ML fitto ¢,, g?and BDT . =1 Compinstoral
O Normalization mode A} - Af3m 200¢ .
0 5

10 10
Input from PDG: q* [GeV?/cH] ¢* [GeV?/c*]

B(A) - Af3m) = [6.14 + 0.94]x1073 , , pE— > bodv d A0
B(AY - Afuv,) = [6.2 + 1.4]x10"2 Based on an old DELPHI result & PDG fit including some 2 body decays A}

decays, needs to be updated
With these assumptions R(Af) = 0.242 + 0.026 (stat) + 0.040(sys) + 0.059(ext. B)

R(AY) = 0.324 + 0.004 arX1V:1812.07593
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https://cds.cern.ch/record/2799201

LHCb Upgrade |

starting operation
with beams now

tracker

Upstream

Pixel vertex detector

5/10/2022

LHCDb future plans

Lyear = 2%x10%3cm™2s71
Line = 50 fb~ during Run 3+Run 4
Healthy competition with Belle Il at 50 ab™?

Upgradel Upgrade ll
SR M
g ?18 Run5  Run 67 - ';
€ 16 ~
5| cosll Amy
LHCb 2 14 F o
o —
UPGRADEIl = F — o~ ™ § 250 E
. 4 s 4 L
f -
g 8| 1 5
; E we’re here b E
6
e - 100
41— ]
Technical Design Report 2 ;Run 1 2 50
022 — ' g
2010 2015 2020 2025 2030 2035
Year
Upgrade I:
P& Upgrade I

Lypear = 1.5x103*cm™2s71
Line = 300 fb~1 during Run 5 +Run 6

M. Artuso PHENO 2022
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Projection of LHCb sensitivities to key physics

quantities

5/10/2022

Observable Current LHCh Upgrade 1 Upgrade I1
(upto9~Y) (23m~Y) (507 (300871
CKM tests
v (B = DK, ete.) 4 [9,10] 1.5° 1° 0.35°
o5 (B? = Jppo) 49mrad (8] 14 mrad 10 mrad 4 mrad
[Vas|/|Ves| (A2 = pu~7,,, ete.) 6% [29,30] 3% — 1%
ad (B° - D—pty,) 36 x 10~4 [34] 8x104 5x104 2 x 104
a? (B - D;putv,) 33x104[35] 10x10~¢ 7x10-¢ 3x10-¢
Charm
AAcp (D° 5 K+K-,xtx~) 29x10-5 [5] 17 x10-5 — 3.0 x 10-5
Ap (D° 5 K*K-,7%7") 13 x 10-5[38] 4.3 x 10-5 — 1.0 x 10-5
Az (D° - K3ntn™) 18x107%[37] 63x10~° 41x10~% 16x1075
Rare Decays
B(B® - utp~)/B(B? = ptp~) 71% [40,41] 34% — 10%
Suu (B2 s ptu~) — — — 0.2
A? (B° 5 K*%te) 0.10 [52] 0.060 0.043 0.016
A" (B 5 K*%te) 0.10 [52) 0.060 0.043 0.016
AT (B2 — ¢n) H4a  [s1) 0.124 0.083 0.033
S, (B2 = ¢) 032 [51] 0.093 0.062 0.025
a, (A = Ay) e - 0.148 0.097 0.038
Lepton Universality Tests
Ri (BT - K*ete) 0.044 [12] 0.025 0.017 0.007
Ry (B = K*%¢t¢) 0.10 [61] 0.031 0.021 0.008
R(D*) (B® — D*~£tv,) 0.026 [62,64]  0.007 - 0.002

M. Artuso PHENO 2022
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P.Urquijo May 2022, Flavor physics school, Tata
institute of Fundamental research

B4 SuperKEKB / Belle 1l Program

« Phase 1(2016): no detector, no collision, test rings 1.Consolidate the machine
Four steps: Intermediate luminosity (1-2 x 1035 /Jcm2/sec, 5ab);
« Phase 2(2018): first collisions complete High Luminosity (6.5 x 1035/cm?2/sec, 50 ab-1) a detector upgrade
accelerator Polarisation Upgrade, Advanced R&D
Ultra high luminosity (4 x 1036/cm2/sec, 250 ab-1), R&D Project
» Incomplete detector: Vertex detector replaced by 2.Consolidate and complete the detector (LS1)
background detector PXD completion in LS1, TOP detector PMT replacements
« Phase 3(2019-): luminosity run with complete 3.Improve the detector (LS2) o
Upgrade programs for LS2 and for Ultra high luminosity

detector

o Pixel Detector (PXD): layer 1+ only 2 ladders in layer 2 Int. Lumi_ (Delivered)

5000
o Full 4-layers strip detector (SVD) ot L [Delvered)
First physics paper appeared in January 2020 a000 || 3 Target
* i ey PP Y b 3 LS2 2026 Possible
.| S10fb! second shutdown for
o . ) 3000 i .,/ 5 high luminosity
» New and difficult accelerator. Additional operational o = . upgrades (SuperKEKB
complexity during the pandemic. 2000 v mnve e @ aw am and Belle 1)
» Record peak luminosity 3.81x1034cm2s-1. 11000 \
« Path to reach 2x1035 cm-2s- identified. PO
_ 0 em-m®
« Still large factors to reach 6.5x1035cm2s-1. Q781 21/4/1 22/4/1 23/3/1 24/4/1 25/4/1 26/4f1

LS1 PXD completion
and CDC electronics

5/10/2022 M. Artuso PHENO 2022 34



arXiV:2203.11349

Belle II projection, long term plans in early phase

of discussion/study

Observable 2022 Belle-1I Belle-1I Belle-11
Belle(I), 5 ab™! 50 ab~! 250 ab—!
BaBar

sin 23/ ¢, 0.03 0.012 0.005 0.002

v/®3 (Belle+Bellell) 11° 4.7° 1.5° 0.8°

a/p2 (WA) 4° o 0.6° 0.3°

[Vus| (Exclusive) 4.5% 2% 1% < 1%

Scp(B — 'KJQ) 0.08 0.03 0.015 0.007

Acp(B - 7°KQ) 0.15 0.07 0.025 0.018

Scp(B — K*%v) 0.32 0.11 0.035 0.015

R(B — K*¢+e)t 0.26 0.09 0.03 0.01

R(B — D*1v) 0.018 0.009 0.0045 <0.003

R(B — D1v) 0.034 0.016 0.008 <0.003

B(B — 1v) 24% 9% 4% 2%

B(B — K*vp) — 25% 9% 4%

B(tr — py) UL 451077 2. I 311D

B(t — ppp) UL 21x107? 36x107? 0.36x10~% 0.073 x

1077

Table 2: Projected precision (total uncertainties, or 90% CL upper limits) of selected
flavour physics measurements at Belle I1.(The T symbol denotes the measurement in the
momentum transfer squared bin 1 < ¢* < 6 GeV/c?%.)
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Conclusions

Precision SM tests in flavor observables still key: deviations may be
subtle!

WIntriguing tensions in EW penguin decays have surfaced:

O lepton flavor universality violation is the anomaly with more direct connection to new physics
interpretation

O Angular variables selected to be less vulnerable to hadronic uncertainties show consistent
tensions

Precise calculations of the hadronic matrix element are necessary to
broaden the scope of unambiguous statements about physics beyond the

Standard Model
Flavor physics has a long journey ahead!

5/10/2022 M. Artuso PHENO 2022
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The end

Some back-up slide will follow

5/10/2022

M. Artuso PHENO 2022
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The LHCb detector 2010-2018

Key performance parameters:

U Vertex resolution: PV with 25 tracks has 13um
resolution in xy and 71um in z & asymptotic IP
13pum

Decay time resolution 50fs
Mass resolution J?’"=0.5%, (m < ~20 GeV)

U Excellent hadron ID
U Fast software trigger LHCb Trigger Run 2

[ Bunch crossing rate ]

} 40MH
L0 Hardware trigger
high pr/Er signatures

5/10/2022

¥ 1vHz

High Level Trigger 1
partial event reconstruction

110kHz

Alignment &
Calibration

Software trigger

[ High Level Trigger 2 ]

full event reconstruction

12.5kHz
Storage

M. Artuso PHENO 2022 38




LHCb Methodology: study b and c in the forward direction at the

LHC _
In the forward region at LHC the bb

production o 1s large

The hadrons containing the b & b |
quarks are both likely to be in the Production
acceptance. Essential for “flavor UofBvsB
tagging”

JLHCDb uses the forward direction
where the B’s are moving with
considerable momentum ~100 GeV,
thus minimizing multiple scattering

At £=2x10%%/cm?/s, we get 1012 B
hadrons in 107 sec

5/10/2022 M. Artuso PHENO 2022
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Flavor as a High Mass Probe

Leff = LSM + A—i20.

C

l

QAlready excluded ranges

A, [TeV]

10°
10*
10°
10

10"}

(s — d)
AmK) €K

b=d) (o)  (c—w)
Amg, sin28 Amg, AL D-D

M. Artuso 86IENO 2022

Interpretations:

1. New particles have
large masses >>1 TeV

2. Mixing angles in new
sector are small, same
as in SM (MFV)

3. The above already
implies strong
constrains on NP

See: Isidori, Nir
& Perez arXiv:1002.0900; Neubert
EPS 2011 talk




Measurement of y with BT - DhEr®

QFinal states D » 7t w7 and D -
K~ K*m9 are mixture of CP odd and

CP even eigenstates [= dilution

factor of the overall CP asymmetry]
11 CP observables measured

RKK‘JI’O

R
Kmrr®
Ag

KKx"
AK

0
A

KKx°
A‘JI‘

ARRS”
Ry
Ry
Ry
Ry

5/10/2022

1.021
0.902

—0.024

0.067
0.109

—0.001

0.001

0.0179
0.0085

o
o
=
%
H

0.00227 =+

HHH HHHHHH

0.079
0.041
0.013
0.073
0.043
0.019
0.010

0.0024
0.0020
0.00027
0.00028

H H H H H B HH B HH

0.005
0.004
0.002
0.003
0.003
0.002
0.002

0.0003
0.0004
0.00005
0.00004,
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arXiV 2112.10617

— 180 o 180
o — 68%CL. LHCbH o LHCb

@ ~— 9% CL. @
“> 1601 99.7% C.L. 9! “> 1601 e 9B

/ ﬂ e LHCb comb.
’

50 100 150 95 50 75 100
7 [°] 7 [°]

Global maximum y = (145%3,)°

140 1401

120 | 120{ /

100 | 100{ | ey
’ — 95% CL.
sol i M0 99.7% C.L.

80 %

7y = (5613%)°,
63 = (1221‘53)&
rg = (935 20) 51072,
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https://arxiv.org/pdf/2112.10617.pdf

Other branching fractions

2105.14007
B) — putpu”
x 1078
® | o 1 ' LHCb 9fb™"
IELESR B e S D L i Tl [ _I_LHCb 3fp!
% ) B —K'un'u = % 12 U | SM (LCSR+Lattice)
4 LHCb - @ 10 [ | SM(LCSR)
© 3 & [ SM (Lattice)
A o - D 8 .
S B+ et (R +¢ Iy y(2S) :
= % +* : S F el —
%‘ :_ —: : P 4
< FJHEP 06 (2014) 133] ] S g4 | ? '—“::ié_
= A ST, 1 F = — 13
w0 5 10 15 20 cw 2 TTET =
¢ [GeV¥c4] % . . . . ]
O 1 L 1 L 1 L L 1 L L L 1
= 0 5 10 15
g* [GeV?/c*]
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