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Reminder - what is the Z pole.

What the Z can tell us directly

Flavour at the Z pole

Heavy flavour bias as | am a heavy
flavour person...



Physms at the Z pole summary
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We will have most
statistics at the Z-pole (5

x 102 Z bosons)!!!

Both electroweak +
flavour measurements

Electroweak measurements

o(E) A Z boson
m ~ 91GeV
I' ~2.5GeV

..................................

Flavour
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What is a pole?
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What is a pole?

Jargon term -> when ever your invariant mass hits a
real (on-shell) particle

1012 35 fb™ (13 TeV, 2017)
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Poles can be described by h(t) =thoe €
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— —I't/2 _—iFEpt
Poles can be described by h(t) =thoe €

Breit-Wigners functions

)

E

Fourier-transform %-_

exponential decay (+ phase =

oscillation ) <
w(E) _ /w(t) eiEt dt = /wo €_Ft/2 6—2'E0t eiEt dt —’
Time

_ / Do oi(E—Eo)+il'/2]t gy

Breit-Wigner (BW)

p(E) ~ E—Eol iT/2

10



— —I't/2 _—iFEgt
Poles can be described by p(t) = voe €
Breit-Wigners functions

D)
L
=
o =
Breit-Wigner (BW) =
<C

Y(E) ~ 1~3—onL iT/2

Time

Fourier-Transform

What we observed = BW squared
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M=—7- M M+ Mass (energy) 1



In natural unitsI' = 1/71

Total decay width = one over particle lifetime
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o(E) A Z boson

m ~ 91GeV
' ~2.5GeV

-
M——>— M M+—= Mass

In natural unitsI' = 1/71

Total decay width = one over particle lifetime
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Dimensions

Quantity SI Natural | Conversions
Units Units
mass kg E 1 GeV =1.8x10%" kg
length m 1/E 1 GeV'=0.197x10" m
time s 1/E 1 GeV''=6.58x10™ s
energy kgm?®s® | E 1 GeV =1.6x10"° Joules
momentum kg-m/s E 1 GeV =5.39x10™" kg-m/s
velocity m/s none 1=2.998x10° m/s (c)
angular momentum kg-m?/s none 1=1.06x10""J-s (h)
cross-section m’ 1/E* 1 GeV*=0.389 mb =0.389x10' m*
force kg-m/s” E’ 1 GeV” = 8.19x10° Newton
charge C=A-s none 1 =5.28x10" Coulomb; ¢=0.303=1.6x10" C
Z, boson
m ~ 91GeV Lifetime is of order 102> seconds

'~ 2.5GeV
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1072 seconds is very short - narrow width - very “pole” like
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Why is the width of the Z
here larger than other
particles with same
lifetime??
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So what can measuring the Z
pole tell us?

We know the total decay width I from the mass peak width
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So what can measuring the Z
pole tell us?

We know the total decay width 1" from the mass peak width

We can count the relative
number of processes that are
visible in our detector to get

o(E) A

0]

max

rx

partial

. /T = N(Z - xX)/N,
% |
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So what can measuring the Z
pole tell us?

We know the total decay width 1" from the mass peak width

We can count the relative
number of processes that are
visible in our detector to get

o(E)A

0]

max

%ﬂ T Fpartzal/r N(Z = X)C)/NZ
>1 - F;artlal/ =

X
proportion of Z decays which

go to invisible states .



Another key Electro-weak observable: Ayp

q

_+_

“"Forward Event"

j

cosé

& T
(] 7) (
Jz o "Backward Event"

Forward - backward .
asymmetry (Azp) in Z = ff

decays in non-zero because Z

only couples to left-handed
fermions /right-handed anti-
fermions

Amount of asymmetry tells us
about weak mixing angle 0
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Run plan for FCC-ee g 10° T
> 10 — iy
I — 6 —— Single Z ]
? § .Z‘(¢:§:94 GeV) | | o  FCCeo 2 1Ps) | I - 10 — g’c{g'e N §
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W00 om0 a0 we a0 107 "50 100 150 200 250 300 350 400
s (GeV)
Energy
Working point Z years 1-2 | Z, later WW HZ tt
V8 (GeV) 88, 91, 94 157, 163 240 340-350 | 365
Lumi/IP (10**cm™2s71) 115 230 28 8.5 0.95 1.55
Lumi/year (ab™', 2 IP) 24 48 6 1.7 0.2 0.34
Physics goal (ab™!) 150 10 5 0.2 1.5
Run time (year) 2 2 2 3 1 4
106 HZ + 106 tt
Number of events 5x 1012 Z 108 WW | 25k WW — H | +200k HZ
+50k WW — H

Accuracy ¢=—————mm——DmDm—m—m—m—m—m
[FCC Snowmass 2021, 2203.06520] 2

Ben A. Stefanek | Accuracy complements energy: EW precision at Tera-Z
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Lumi/year (ab™', 2 IP) 24 48 6 1.7 0.2 0.34
Physics goal (ab™!) 150 10 5 0.2 1.5
Run time (year) 2 2 2 3 1 4
106 HZ + 10 tt
Number of events 5x 102 Z 108 WW | 25k WW — H | +200k HZ
+50k WW — H

Accuracy ¢=—————mm——DmDm—m—m—m—m—m

Ben A. Stefanek | Accuracy complements energy: EW precision at Tera-Z

[FCC Snowmass 2021, 2203.06520]
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Studying flavour at the Z pole

Of the 0(10'%) Z-bosons produced at tera-Z:
» 15% decayto bb
* 12% decaytocc

* 3% decaytor 1"
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What is flavour?

family

+ force carriers and Higgs boson
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What is flavour?

3 generations of
particles, with
Increasing mass

family —

+ force carriers and Higgs boson
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What is flavour?

3 generations of
particles, with
Increasing mass

Mass

Different “flavours” of
quarks /leptons

family —

+ force carriers and Higgs boson 26



Flavour physics

Flavour physics: study of particle decays that change flavour

d S b
u O
c N - .
t - B

The probability with which one quark flavour decays to another
encapsulated by the “CKM™ matrix
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How to look for New Physics

Direct searches

=mc?2

NP particle

Mass of new particle limited
by energy (~ 14 TeV)
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How to look for New Physics

Direct searches

=mc?2

NP particle

Mass of new particle limited
by energy (~ 14 TeV)

Indirect searches

Heisenberg's uncertainty

principle .
AEAt > 5

mc2>> E if At small
m ~ 0(100 T@V) JHEP 1411 (2014) 121

v
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How to look for New Physics

Direct searches

=mc?2

roton -

NP particle

Mass of new particle limited
by energy (~ 14 TeV)

¢ ' Studying
i flavour

% allows us
to search

- 4 new
- particles

~ for heavier

W]
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The power of flavour - a history lesson

Lesson from history: new physics tends to show up at

precision frontier before energy frontier

For example to few K; — puu~
were seen in the late 1960s
compared to SM predictions

Led to the prediction of a fourth
quark (the charm quark), found
in the mid 1970s here at MIT

prediction of charm

interference

S
0

d

K

— Phys. Rev. D 2, 1285

sinBC W -
u
u Vll
| +
cosO¢ W’ W
+ _ GIM mechanisn
cosbc W

C

w

+

+ n

-Sil‘lGC

W

31



Why study decays of beauty (b) quarks?

Mass. S

Heaviest
“stable”
quark

New Physics is assumed to be heavy!

Many favoured NP models predicted
enhanced coupling to 3rd generation
quarks (b, t)

Experimental properties of b quarks

also allows them to be precisely
’ measured
“—»
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Why study decays of beauty (b) quarks?

g A J/
Strong o: @ v
Y
M
Electromagnetic s o
ZO
Ki
DQ B /0\ ® ‘ N
Weak e® o o ©OH ®
- () T

I | | | | | | | | | | I

1027 102* 102! 10°'® 10" 1012 10° 10° 103 1 10° 10°

Lifetime/s

Only decay weakly -> long-lived in our detector
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Example: electroweak Penguins

b— sl 0~
Standard Model

Suppressed in the SM as mediated via loop diagrams
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b— slT0~
Standard Model New Physics

Suppressed in the SM as mediated via loop diagrams

Suppression = very sensitive to New Physics diagrams
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Electroweak Penguins
Mass of NP in TeV

b— sl

Standard Model New Physics beyond the TeV

Suppression = very sensitive to New Physics diagrams y



Electroweak Penguins
Mass of NP in TeV

B Collide at bigger energies
b — sl

Standard Model New Physics beyond the TeV

Suppression = very sensitive to New Physics diagrams .



Electroweak Penguins
Mass of NP in TeV

Collect more
data/measure
more decays

JHEP11(2014)121

b— sl

Standard Model New Physics beyond the TeV

Suppression = very sensitive to New Physics diagrams o



dB(B? — ¢u*u)/dg? (GeV2c?)

Summary of branching fractions

B — ¢utp”

|

"| — LHCb 9fb !

LHCb 3fb ™"
' SM (LCSR+Lattice)
| SM (LCSR)

SM (Lattice)

Jhy

V(2S)
S S

——

llIllll

lllllll '

dB(B—Kpup) [GeV‘z]

1

— 1
JHEP 06 (2014) e [GeVz]

)
5
2

-~ BSM benchmark |

BSM best fit

SM prediction
LHCb 2014
Babar 2012
Belle 2019

T

ERLCSR

Lattice —e—Data

15

q? [GeV?% 4]

dB/dq? [10® x ¢*/GeV?]

BO — K0ﬂ+ﬂ_
LHCb

A L 1 I A A 1

llllllllllllllllllllllllll

Same pattern, decay rate too low!!

15 20

q* [GeV/c4]

dB/dg? [10® X c*/GeV?]

EmLCSR Lattice —e-Data
20_ L DL L L L DL L L i
B* > K"ty ]
15 LHCb -
1o - -
4) 1 P '

15 20

g [GeVc#]
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Angular analysis

40



Angular analysis of B - K*°(— K 7n 7 )utpu~

Measure decay rate across
[£2 = cos 0}, cos Oy, @] and g2

S 020] PRI 125, 011802
5|8 / \

S -
° ° _ [ J 'B i

angular coefficients - 8 in total = 1D projection of 30 decay rate

dT(BY — K*%u™pu™)
5 = ZL;(CIQ)fz(Q)
dQdg? p Measured
1.1 <¢* <25
cos 0,

41



—2AlogL

Summary of angular analysis

Bg — ouT " BT - K*Tutu~ BY — K9t

ARe(Co) = —1.3707  ARe(Co) =-1.9 ARe(Cy) = —0.99703;

JHEP 11 (2021) 043 Phys. Rev. Lett. 126, 161802 Phys. Rev. Lett. 125, 011802
18 50> oh n- (FL. Saan) 5.4 25 '
— 2—> optp~ (FL, S3a,7) 84 -t - _ i E — un
16 : i LHCb 9 fb 1 i flavio v2.0.0 351 : 130161
\ l / . Bt — K*utu~ i : —— Run 1 + 2016
4]\ a / 20 | 01 3 : J
| | / 2 15k ! Q v ST
10 - %O : i %o 20 “ -“ E ..,. ’,/
= i ! a ia; H ..://
81 S ! 715 1 I EF
| 10 I~ 1 \ . .,.
\ i : E 10 v ,f;"."
7 . L SV A ——— 8 PRL 125, 011802 & | vk frX
- — : i A" p/ 25 LHCb
\\PRL 125, 011802 LHCb o | g W O
21 : flavio 2.2 r i WX s
IS NS Y A S —— - | un?
0 T T S~ = /l:// T T O i PR TN S T (N T R T [ I N N | I | 0 . . r r T r r T T
—4 -3 -2 -1 0 1 2 —4 -3 -2 —1 0 1 2 -20 -15 —-10 0.5 0.0 0.5 1.0 1.5 2.0
ARe(Co) ARe(Cy) ARe(Cy)

Same pattern, negative definitions in effective coupling
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Studying flavour at the FCC

We will have unique sensitivity to certain decays

In particular b — st7 decays, and b — svU

Polarisation of Z boson also gives new information in
Ag baryon decays (Mero/Asher project )
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Physms at the Z pole summary

o (fb)

— WW =
—— W Fusion (ee—» v H)
Z Fusion (e'e — e el'-’l)

10° — Shdew a
10° ¢ — ]
10* \;;
10° X;-
10° & j
10 |
1k
1015,

50 100 150' 200 250 300 350 400
s (GeV)

We will have most
statistics at the Z-pole!

Many things to be done
with 5 X 10'% Z bosons

Electroweak measurements

o(E) A Z boson
m ~ 91GeV
I' ~2.5GeV

Flavour

A



Global deviation from SM over all b — s£¢7?

1 Highest experimental precision in
) b — sutu~ decays

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

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

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

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

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

Lepton Flavour Universality
and B, > u*u~

Angular analyses

Branching fractions

46



Cause of anomalies?

— deviations
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Angular analysis of B — K**(— K 77 )u*u

LHCb BO PRL 125, 011802 (2020) . LHCb B+ PRL 161802 (2021) ATLAS: JHEP 10 (2018) 047
Belle: PRL 118 (2017), CMS:PLB 781 (2018) 517541

e LHCDb = Belle © CMS
. LHCb (B") o ATLAS

SM from DHMV
—— 7 SM from ASZB

S
(V)]
LI DL
f
! Il _
- y(1S)
ol
+
\
\{.
PR

[2020] PRL 125, 011802
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Angular analysis of B — K**(— K 77 )u*u

1 — |

e LHCDH = Belle ©°CMS ] '1

LHCb (B") o ATLAS 1 1

0.5 SM from DHMV | |

- I_*z__-—u— SM from ASZB | |

0 i T : ’

- 1 |

~ = I
-0.5 :£ L=
B - — - Wt rrivs issee|

i Y . = 1] |

-1 : N N S |

0 5 10 15 1;

g2 [GeV?/c4] “

+ 7 other observables

[2020] PRL 125, 011802

wy

—2AlogL

=== Run 1
== 2016
Run 1 + 2016

\ 3 ° /”
‘ E N O-E 0" /,
. H 7
\ -«
\ . : 7
\ ; 3y
\ . i/ 4
vy R
\ “ ,.‘{0’
A" g
(A /./‘E LHCb
\ “ /.’. H
\ O‘ /" .
\ 0“ // *
\\.L'r‘..’-‘

-20 -15 -10 -05 0.0 0.5 1.0 1.5 2.0
ARB(Cg)

Express “global” agreement

of all 8 observables with SM

In terms of underlying
effective couplings

p-value ~0.001
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(Ps)(BY = K*ptp)

Angular analysis of B — K**(— K 77 )u*u

100 SM from ASZB
0.75 - Re(C{F) = -1
| /¥l LHCb Run 1 + 2016
0.50 -'I'{ T 41 CMS Run 2 preliminary
. am
0254 K

0.00 - H_}H
025
—0.50 - H_E_#« : ﬁ_{ { 3

—0.75 A

—1.00 A

25 50 75 100 125 150 17.5
a? [GeV?]

New CMS Run 2 bang on with LHCb Run 1
+ 2016



Angular analysis of B, — ¢(— K"K )yt~

1 ~ ! ' ! | ! | ! | ] ! ! ! | ' ! '
09 LHCDb —$— LHCb 8.4fb™"
0.8 — E— LHCD 3fb™!
0.7F l ¥ I SM (LCSR+Lattice)
0.6 +
0.5E
0.4 F
03 +
02fh
0.1F ‘o JIy v(2S)

0 =2 I - , DN

0 5 10 15
q? [GeV?/c4]

+ 3 other observables

[2021] JHEP 11 (2021) 043

BS — ¢putp~ (Fu, S3.4,7) 8.4fb~1
1

N 205 SM

____________________________________________________________________

Express “global” agreement
of all 4 observables with SM
In terms of underlying
effective couplings

p-value ~0.05
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Cause of anomalies?
Option 1 - New Physics

— deviations
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Cause of anomalies?
Option 1 - New Physics

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

S ﬂ/ Y. = deviations

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

Option 2 - misunderstood QCD processes

- = deviations
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Cause of anomalies?

Option 2 - misunderstood QCD processes

« b — scclcc = y* = uTu~] (charm-loops) difficult to calculate
and can mimic deviations in Cg

= deviations

Fit theory models

to data to

constrain

amplitudes 55



['(b - s£¢)

Fit q2 spectrum continuously to disentangle long (non-

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

Fit q2 spectrum continuously to disentangle long (non-

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

Fit the angular and q2 spectrum

d4F(BO — K*O/fr,u_) _ Z

deQQ Ii(q2)fi(Q)

!
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Fit q2 spectrum continuously to disentangle long (non-

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

l Fit the angular and q2 spectrum
d*T(BY — K*Out ™) 5
- =Y L(g*)fi(Q
S l
. Combinations of /*(¢°) )
= A1€0,[], L
_ v

58



I'(b — sC7)

Fit q2 spectrum continuously to disentangle long (non-

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

l Fit the angular and q2 spectrum

d*T(B° — K*u* ™)
- ) S L) 0)

!

'Combinations of @*(g*) |
A€0,]], L
> - ’
qZ

\ (7910 and form factors

ﬂ&zﬂ(qz) depends on

99



Fit q2 spectrum continuously to disentangle long (non-

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

l Fit the angular and q2 spectrum

d'T(B° — K*%u*p™) N L) f(9)

dQdq? l

!

S
E Combinations of *(g*) |}
= 1e0,]], L
— > N y
q* =m*(*¢7) |
ng’l(qz) depends on
- (y (vector) is altered - (@,9,10 and form factors

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

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

e 2\
CH(q%) = C, + H,(g?)

61



Parameterising non-local form-factors

A€0,]], L

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

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

Z-expansion

~H)\(Z) =

e X s %
1l | 2

=Ly <~ y2S)

. X Z a/q“nzn
n

Z

= vemapping of g°

ol

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

e

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

(Diagram from A. Mauri)
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Z-expansion

Polynomial-expansion

1l | 2 2 models used:

H @) = X X Zaﬂ.nz”

L & Jhy Ve Zy/(ZS)

« With theory info from <q2
(n =4)

« With no theory info (n = 2)

z = remapping of q*

Experimental measurements

phase difference from B® — y K™

Theory information / Branching ratio, polarization fraction and
| Value of charm-loop at g% < 0 J }

» reliable for g2 < 4m?
PRD 76 031102(R) (2007)

PRD 88 052002 (2013)
PRD 88 074026 (2013)
PRD 90 112009 (2014)

JHEP 09 (2022) 133

ANNNNNR

s
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Amplitude parameterisation

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

j=all possible resonances

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

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

j=all possible resonances

BO BO
2N V M’
H/l(q ) - ] +
. [T
Lsetlie 2-particle Tau loop

contributions contributions contribution
Includes:
o(782), w(29), mcees: Sensitive to CJ
p(770),  w(3T70), DD,
$(1020),  w(4040), D*D,
Jy, w(4160) Dabe

< = Breit — Wigner < = Dispersion — relation
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Candidates/(0.21)

Candidates/(0.07)

[ [
S N
O @)

n
)

Candidates/(0.30 GeV?/c*)

Fit projections

Z-expa WSLOW

|||||||||||||||||||||||||||||||||

fe)

------------------

I LHCb 4.7fb~" ] ; i LHCb 4.7fb""!
= N o 300 |-
[ ,{,. ] O r
: R oty 12
[ + ] S
] 200
- T 5
I ] 5 [ k3
L e 5100
[ ] SO
W AN LS SALL AL N ALY A ] O ..................
3 2 -1 0 1 2 3 0.7 0.8 0.9
) k2 [GeV?/c]
g b ]
S LHCb 4.7f67!

UL L L l L]

LHCb-PAPER-2023-032 [ HCb 4.7fb-!

iy

AmpL'Ltuole meodel
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Candidates/(0.21)

Candidates/(0.07)

[ [
S N
O @)

n
)

Candidates/(0.30 GeV?/c*)

Z-expa WSLOW

Fit projections
Amplitude model
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Size of H ﬂ(qz) ?

b S
> 5% > ]
b S
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Size of H ﬂ(qz) ?
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Measured values of Cy ?
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The building blocks of matter

The matter around us Is
built from electrons and
up and down quarks

electron

o
/ atomic nucleus
)

up quark

down quark\ / protor

up quark
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The building blocks of matter

The matter around us Is
built from electrons and
up and down quarks

electron

o
/ atomic nucleus
)

down quark\ / proten

up quark

up quark
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The building blocks of matter

The matter around us Is
built from electrons and
up and down quarks

electron

o
2 / atomic nucleus
o<

o

Interact via three forces:
* Electromagnetism

proton (photon)
down quark\ | / * strong force (gluon)
k
up quark ~__/ \, S - weak force (ZV/ W=
boson)
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Measured values of Cy ?

LHCb-PAPER-2024-011

LHCb-PAPER-2023-032

Z,-e)qsa WSLOW

' | I 7 1
8 22 0 onl — N
"\ LHCb4.7 fb! 7=>rony 1 K
I q° < O constr. CT]
6l .
1.9 o : I
4 SM —
9 _
O 1 1 1
2 3 4 5
Re(Co)
NP __ +0.53
ACNF = — 0.93+033
q*> > 0 only
best fit  soor o1 05% CI.  SM value Geviation
value from SM
Co 3.34 [ 277, 3.87] [ 2.30, 4.33] 4.27 1.9 ¢
Cio —3.69 [-4.00,—3.40] [-4.33,-3.12] —4.17 150
ch 0.48 [-0.07, 0.97] [-0.62, 1.45] 0 0.9 o
Ciy 038 [ 0.13, 0.66] [-0.14, 0.92] 0 150

AmpLLtu.de model

————————
/LHCb 8.4fb~"

Wilson Coeflicient results

Co
C}O
CQ

3.56 £ 0.28 & 0.18
—4.024+0.18 £ 0.16

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




dB(B° - K*%u*p)/dg?

Affect of non-local contributions on branching fractions?

o

e
00

<
o)

Z-expa WSLOW

-COMPA rison with previous

measurements
x10~’
- e ettt
+ LHCb 4.7 fb! GRvDV
= g->0only
[ T g% < Oconstr. ]|
-+ LHCbRun
LHCb-PAPER-2023-032
1
| I B
e e s

| I SR ST SR NN NN SN SN NN SN ST S NN SN SN S N S S

0 2 4 6 8 10 12

q2 [GeV?/c?

Increased tension with respect
to previous measurements

[S—
Ut

P-wave dI'/dq?

AmpLLtuole model

- affect on SM preolictiows

x10~7

I
2.0‘%

p Total, SM WCs
j

—_
.
-

N

e Total

SM from GRvDV

LHCb 841 | |

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Minimal modification to SM
predictions, tension remains
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Affect of non-local contributions on branching fractions?

Z,—expawsiow AmpLLtuole model
-comparison with previous - affect on SM predictions
WMEASUrEMENES
o -><1'O'_7'I'"I"'I"'I"'I"'I -?10[_7 i
S | . GRVDY : 201 === Total
210 -+ LHEb A7 £ oonly { Total, SM WCs |
O:~ o (] " (]
<,sf | Central value for C, remains consistent with that
5 - [from global fits when allowing for non-local effects,
S0or but uncertainties mcreased
0l | 0.5-: e J | W\
j —-{——}— | LHCb-PAPER-2024-011
IR B l i
0 2 4 0 2 4 6 g 10 12 14 16 18
GeV /c ¢ [GeV?/ct
Increased tension with respect Minimal modification to SM
to previous measurements predictions, tension remains
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Candidates / (0.1 GeV?c™%)

Bonus: worlds first direct measurement of (g,

106 H_ L] ] ] I I I 1 1 1 I I ] 1 L] I I I 1 L} I I I 1 L] I I I L] L] I I L] L] L] I p 1 |
LHCD 8.4fb~!
104 L -
e Data )
250 & Total p - -
—— Signal JE .
Background
20R Local amplitudes E
1 particle nonlocal
150K , amplitudes
_____ 2 particle nonlocal

amplitudes
--------- Interference

)

[a—
N (-}
O (e}
IIIIIIIIIIAI.III L L L L L L)
:. -"‘ﬁ

. +
>
Q S [ & QS
IllIIIIlIIIIllIIIlII.Il I I

0.0 2.5 50 15 100

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

Best direct measurement of Z(BY — K 'rt77) =
3.1 % 10_3 907 CL selie, Phys. Rev. D108 (2023 Lo11102

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

LHCb-PAPER-2024-011

Muon analysis is
sensitive to (g _ via
B’ - Klt*t™ —= y* = putp]

OCC9T

Worlds first direct
measurement of Cg

Co,=(—1.0£2.6+1.0)x 107
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0+

Extension of model (WIP): Constraining CP violation in B — K U n-

Decay rate asymmetry between BY/BY

A - -
~<£) 0.1 _ﬁ::g:gﬂi’ Diff. strong phases

| —— All 6%=n/2
| All °%=n M

-——

4

A

75 10 15
72 (GeV¥/ ¢4

Can use method to measure the weak (CP-violating) phase over the

Im CL

2.0

B - K*utp~ CPV1ls )\ .. :

Rk & Rk- 10, 20 L flavio

b— spp lo, 20 : :
—— rare B decays 1o, 20

\ \ Al \
- ‘ \ .
1.0 | \
R N
\ \ A
\‘ V\ I‘ \

0.5

1.5 1

_2.0 T T |l T T
—-2.5 -2.0 -1.5 —-1.0 -0.5 0.0

b >
Re Cy "

whole g* spectrum for the first time, by measuring Im(C))

Large strong phase from charmonium gives increased sensitivity:
expected order of magnitude improvement on current limits

Expected limits from this work

79



Hadronic cleanliness

Lepton Flavour Universality
and B, > u*u~

Angular analyses

Branching fractions
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Hadronic cleanliness

Lepton Flavour Universality
and B, > u*u~

Angular analyses

Branching fractions
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[\
()

— [
(a) W

Candidates / ( 50 MeV/c?)

W

B, — u™u~: branching fraction

Clean observable, sensitive to C;q but not (

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

5500 6000

m(K 1) MeV
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Lepton Flavour Universality

R(X) =

B(B— Xp u”)

B(B — Xete™)

600

300F
Mbs&?-il_brem. photon?

100

500 F

400 F

of

. N

Electrons 24Mev]

e VMUONS [7/MeV]

....... Electrons signal

ECAL resolution

5500 6000

m(K'11) MeV
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First test of lepton universality in B — @£ +¢~ decays

_ _ -1 _ _ _ ——

N L L L L B L B LA B
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: . ) [LHCb-PAPER-2024-032] + Data —: significance:
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¢

First test of lepton universality in B — @£ +¢~ decays

arXiv:2410.13748 (Oct. 2024, submitted to PRL)

i | | | )
L 0.1 < ¢? <1.1GeV?/ct 1.1 <@ <6.0GeV?/t 15 < ¢® <19GeV?/ct |
2.0 F +20 } LHCD Ly =91
I SM (flavio) ]
i [
lor tlo | |
1 +20 +20
1.0 - =
®
+lo T
+lo
0.5 F =
| | |
low-q° central-¢° high-¢*

. World’s first measurement of |
lepton-flavour universality the
: BY system =

- World’s first measurement of
. lepton-flavour universality in
any rare penguin decay in this:
. experimentally-difficult
Kinematic region


https://arxiv.org/abs/2410.13748

Looking forward
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The LHCb detectors

Run 1&2 LS2 Run 3 LS3 Run 4 LS4 Run5 LS5/Run 6
L=4x10%/cm?s | LHCb | £=2x10%/cm?s LHCb L=2x10%/cm?s | LHCb L =2x10%/cm2s | JEdt =300
JLdt=9fb? Upgrade | J Ldt =~ 23 fb? Upgrade Ib JLdt=~50fb* | Upgrade
2011-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034 2035-2038 2038->
LHCb original sl A
2009-2018 )
....... \'
\ e = ~— \ \\ """ 4
......... _— \'
_—— ————— / ~ 7 ~
/ v - 7 / v ; R
= ~ /
/D y o~
~1 pp collision per bunch-crossing ~6 pp collisions per bunch-crossing
W )
\ 7 \\ X /\ \\\\ 4
LHCb Upgrade II/ \\\ Vo2 o ; aw . 2 =\ / + ~30 million bunch
2033 onwards = = Z v~ :!7f‘q s ) crossings a second!

~40 pp coII|S|ons per bunch- crossing 89



The LHCb detectors 20*25 3

Run 1&2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5/Run 6
L =4x10%/cm?s LHCb L =2x10%/cm?s LHCb L=2x10%/cm?s LHCb £ =2 x10%/cm?s J £ dt = 300 fo
JLdt=9fb? Upgrade | J Ldt =~ 23 fb? Upgrade Ib JLdt=~50fb* | Upgrade
2011-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034 2035-2038 2038->
LHCb original sl A
2009-2018 )
....... \'
\'\ ~ — \ \\ .... 7
--------- _— \'
_—— ————— /N o= L ~
/ v - 7 / v ; R
= ~ /
/ y o~
~1 pp collision per bunch-crossing ~6 pp collisions per bunch-crossing
\ / ,
\ 7 \\ X /\ \\\\ 4
LHCb Upgrade T, \\\ V2 ST AT SN + ~30 million bunch
2033 onwards = = Z v~ :!7f‘q s ) crossings a second!
/ \\ & t \

~40 pp collls()ns per bun/ch -crossing 90



LHCDb Upgrade |

> Lumi increase means that ~24% (2%) of events have a
reconstructable cc (bb) pair

» Remove hard-ware trigger (trigger-readout 40MhZ),
software trigger operating at 30MhZ (!)

» Online alignment and calibration: real-time analysis R"'A

» Significant efficiency gains, particularly for low-PT hadrons
+ electrons
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Summary of Upgrade | changes

Side View

New Vertex
detector s

- SciFi
| Tracker §

microstrip-> Si-pixel, ‘ =
closer to beam, . _—1 . T
improved IP resolution ) .« i) ) ‘ ‘ I‘I I

Ay ——l
New PID A g ot Rmee s
deteCtOr, new IEEGE
photon detectors,
readout + modified M )
optics/mechanics tracking New read out

SyStem (Si-strip +

straw-tubes

->Scintillating fibres,+ Si-
strip UT > granularity ) + new DAQ/data
centre
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Status of LHCb commissioning

LHC accident =
we can have no

. _ Side View ECAL HCAL V4 M5
M3
Magnet SciFi  JRICH2 M2
Tracker
: 4 S T \
YAV | |
2 02 3 LI I | - // \\>

closed VELO in

ke
ertex/)/<
Locator /

Will need a e

intervention LLLS RS ] — E
during End of / m

upgrade

ka k=: l-;__-l
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Status of LHCb commissioning

LHC accident =
we can have no
closed VELO in
2023...

Will need a
iIntervention
during End of
Year stop

BUT the data we
have looks good

Side View
Magnet ' SciFi ICH2
Tracker
B LaJ -1 1T
T }
ertex /=«
Locator /|| 7/
/R °
/ ,(5
upgrade
M. Atenzi (MIT)
l LHCb internal
i 34 pb-!
,\80 fit ’\25 ~
% r -~ combinatorial >
) \ N\ signal ﬁ 20+
o 60 ‘ -+ data S
S B 10k
g g 10
Q Q
-0 F .
z \ Z S|
i =i|.||7| "\ ‘!! o ¥ *
| TN k
O - \\\\\\\\\\\\\\\\\\\\\\\ ‘} : t ¥ I 0 -
| | | | |
5200 5400 5600 5800 6000

+ data

- combinatorial
N\ signal

M (- [MeV]

4500 4750 5000 5250 5500 5750 6000

MK j/y(—ee) [MCV]



The LHCDb detectors 2035 30 3

Run 1&2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5/Run 6
L =4x10%/cm?s LHCb L =2x10%/cm?s LHCb L=2x10%/cm?s LHCb £ =2 x10%/cm?s J £ dt = 300 fo
JLdt=9fb? Upgrade | J Ldt =~ 23 fb? Upgrade Ib JLdt=~50fb* | Upgrade
2011-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034 2035-2038 2038->
LHCb original sl A
2009-2018 )
....... \'
\'\ ~ — \ \\ .... 7
--------- _— \'
_—— ————— /N o= L ~
/ v - 7 / v ; R
= ~ /
/ y o~
~1 pp collision per bunch-crossing ~6 pp collisions per bunch-crossing
\ / ,
\ 7 \\ X /\ \\\\ 4
LHCb Upgrade T, \\\ V2 ST AT SN + ~30 million bunch
2033 onwards = = Z v~ :!7f‘q s ) crossings a second!
/ \\ & t \

~40 pp collls()ns per bun/ch -crossing 95



How to get more data..

Run 1&2 LS2 Run 3 LS3 Run 4 LS4 Run5 LS5/Run 6
L =4x10%/cm?s LHCb | £=2x1033/cm?s LHCb L =2x10%/cm?s LHCb £=2x10%/cm?s | J£dt=300fb
JLdt=9fb? Upgrade | J Ldt ~ 23 fb Upgrade Ib J Ldt = 50 fb? Upgrade I
2011-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034 2035-2038 2038->

We are here....

LHCb original LHCb Upgrade |
\\ P
——
~1 pp collision per bunch-crossing ~6 pp collisions per bunch-crossing
\ N \ ,
7 o= LN\S \\ v We h ~30 million
A e have 0

LHCb Upgrade ”/ ‘\\7\%% = =/ Z_ ~ bunch crossings a
2033 onwards \/ \\\ &7/%& /\/ \ second!

~40 pp collls()ns per bun/ch -crossing 96



Run 1&2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5/Run 6

L =4x10%/cm?s LHCb L=2x10%/cm?s LHCb L=2x10%/cm?s LHCb L =2x10%/cm?s Jde = 3008
[Ldt=9fb? Upgrade| | [Ldt=23fb? Upgradelb | [Ldt=50fb* | Upgradell

2011-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034 2035-2038 2038->

How do we get here?

HCb U de |
Detector is limit, not LHC OZZ-ZO%gzra e

Requires new timing technologies

High ari \ ==
igher granularity L VT~ 4y = =\
: \\§ s/ )N
_ow material budget =
/

We have ~30 million
bunch crossings a
second!

~40 pp Collisf)ns per bun/ch-crossing 97



LHCDb readout Upgrade |l

LHCb Upgrade Il data throughput: 200 Tb/s

Bandwidth (MB/s)

JCb Run 4 CL“CbR@

7
10 CMS HL-LHC
106 ALICE Run 3 ® ATLAS HL-LHC
ATLAS/CM
10° LHCb Run1/2 @ A
ALICE
l()4 HERA B o

KTev ™ CDFII/DZeroll

0’ o
10° cpFDZeio ® J BaBar

> < o, KLOE

H1/ZEUS

1ot @UAl “NA49

& LEP

10° :
1980 2000 2020 2040

e 40—>200 Tb/s

* Need novel data-
processing
techniques

* Perform algorithms
at read-out stage?
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LHCDb readout Upgrade |l

10?1

e.g. program neural nets on FPGAs
(chips already present at detector
readout) to already find clusters in ECAL

*40—200 Tb/s

* Need novel data-
processing
techniques

 Perform ML-based
algorithms on
FPGAS used on
front and back end
electronics
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LHCDb readout Upgrade |l

10° «40—>200 Tb/s

* Need novel data-
processing
techniques

 Perform ML-based
algorithms on

10?1

s FPGAs used on
front and back end
electronics

e.ﬂ. proglgrarg neural ntetsi ?jntFPtGAS MIT will lead
(chips already present at detector FPGA readout

readout) to already find clusters in ECAL efforts for ECAL
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Context overview and summary

THE DANGER WITH
STUDYING ANYTHING

THIS CLOSELY IS THAT
YOU LOSE SIGHT OF
THE CONTEXT
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Run 1&2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5/Run 6
L=4x10%/cm?s | LHCb | £=2X10%/cm?s LHCb L =2x10%/cm?s LHCb L=2x10%/cm2s | J£dt=300fb
JLdt=9f" | Upgradel | [Ldt=~23fb" | Upgradelb | [Ldt=~50fb* | Upgrade ll
2011-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034 2035-2038 2038->
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Run 1&2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5/Run 6
L=4x10%/cm?s W LHCb | £=2Xx10%/cm?s LHCb L =2x10%/cm?s LHCb L=2x10%/cm2s | J£dt=300fb
JLdt=9fb? Upgrade | J Ldt =~ 23 fb? Upgrade Ib [Ldt=50fb* | Upgrade Il
2011-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034 2035-2038 2038->

LHCb original 2009-2018: 9fb~!

arXiv:2109.01113

* Expected, and
unexpected, successes

* ~50 tension seen in
across range of

b — su"u~ decays

LHCb 1.7 1"

Electroweak Fit

80100 80150 80200 80250 80300 80350 80400 80450 80500
my, [MeV]

Electroweak physics in forward
region

First discovery of a
pentaquark

First CP-violation
in charm

Unexpected tensions in rare

Largest CP violation ever observed, CKM . o
penguin transitions

angle, y, measured to ~ 40

T T T T T T

e 30 tensionin b = cfv
decays

i . 4 TT—— LHCb9fb '
ﬂ LHCb ¥ - data . " 14 LHCb 3fb ™"
I}M’ l 5.0fb! — model n 121
T\ ff —B' > . 10
*{» { Prelimina ---- combinatorial . -

‘ Yo B — 4-body 1

:

SM (LCSR+Lattice)
[ 1SM (LCSR)
SM (Lattice)

v(2S)

N
S

:

15
ey
4 i FH b,

Candidates / (0.01 GeV/c?)

* | ! ) --B* 5 K'n'm~

2

S,
e |

8

4

. e oL Nl
5.2 54 5.6 5.2 54 5.6
m(Tw ) [GeV/c?) m(Trt ) [GeV/c?)

(=]

B anomalles

103



Run 1&2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5/Run 6

L =4x10%/cm?s LHCb W £=2x10%/cm?s LHCb L =2x10%/cm?s LHCb L=2x10%/cm2s | J£dt=300fb
fL dt =9 fb? Upgrade | fL dt ~ 23 fb? Upgrade b f[, dt =~ 50 fb! Upgrade I

2011-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034 2035-2038 2038->

LHCb Upgrade | (2022-2032): 50fb~!

The b — su*tu~ anomalies: what is causing them? « Additional data + new

QcDh New Physics observables —>c|arify
source of B anomalies

Hadronic effects in BF/
angular analysis predictions

: 5 RS * Other areas
= @% (particularly strange/
. TS B S charm) will see key

(ﬁ ST improvements

“Charm W, -

loops” can TP ega ¢ x

mimic NP A ) S8 o~
C/,ar T ,\_\_' m

$°

How to figure out which
situation we are in?
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Run 1&2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5/Run 6

L=4x10%/cm?s | LHCb | £=2x10%/cm?s LHCb L =2x10%/cm?s LHCb £=2x10%/cm?s | J£dt~300f0?
fL dt =9 fb? Upgrade | f,C dt ~ 23 fb? Upgrade Ib f[ dt = 50 fb? Upgrade Il

2011-2018 2019-2021 2022-2025 2026-2028 2029-2032 2033-2034 2035-2038

* Upgrade Il will reach
unprecedented

LHCb readout Upgrade | precision—
unprecedented Ay p

LHCb Upgrade Il (2032-...): 50fb~!

*40—200 Thb/s
 Need novel data-  Detector R&D ongoing

processing
techniques

» Perform ML-based
algorithms on

FPGAs used on * Will rely on ML

front and back end

electronics implemented on FPGAs
e.g. program neural nets on FPGAs to deal with data

(chips already present at detector

readout) to already find clusters in ECAL throughput
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Thank you for your attention!




LS2 Run 3 LS3 Run 4 LS4 Run5
L =4x1032/cm?s LHCb | £=2x10%/cm L=2x10% B | £=2x10% Jem2s | J£dt~ 3000
JLdt=9fb? Upgrade | J Ldt =~ 23 fb? Upgrad 1| Upgrade Il
2011-2018 2022-2025 2026-2028 2029-2032 20332034 | 20352038l 2038->

....future detectors?

LHCb Upgrade 1l appllcatlon to future colliders o
- . __ fb Future circular collider * Initial pOSt'LHC era for

-+ FCC eelhi HEP most likely e e~
* 100km tunnel at CERN

+e*e” phase, followed « Confirmation of B

by pp :
anomalies could put New

International Linear . . .
Collider (ILC) Physics energy scale within

«e¥e” collisions reach of e.g. FCC-hh

* 30-50km linear tunnel
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LHCb Upgrade |l as a future pathfinder

, <
o o

First generation of post-LHC \
accelerators will focusonee e —
_ L= " P Linear

Collider

Future
circular
collider

Some options accommodate
dedicated flavour experiment

* LHCb Upgrade Il will be first use of HV-CMOS technology on large
scale

* Unprecedented timing resolution

* Unprecedented read-out rate - MENTION ECAL? FOCUS ON FLAV
OR MORE GENERAL?
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LHCb Upgrade |l as a future pathfinder

Future
circular
collider

First generation of post-LHC

accelerators will focus on ee —International

‘ fength 310““5
[ ]
N\
. Linear
.

Some options accommodate Collider

dedicated flavour experiment

LHCDb Upgrade Il shows feasibility of heavy flavour in high-lumi envir:
* First use of HV-CMOS technology on large scale

* Unprecedented timing resolution

* Unprecedented read-out rate - MENTION ECAL? FOCUS ON FLAV
OR MORE GENERAL? 109



Achieved by fittlng both the angular and q2
distributions of B* — K*(— K n )t u~

Measure charm-
loops in data

@300 [ — T
Q LHCb Eur. Phys. ). C (2017) 77: 161 |
E;.250 1
Fit for mterference > —e— data
200 total
In data ------- short-distance

resonances

lllllllIllllrllllllllllllll

;; R Yy y = = ==y ——
.....
e

AT T B R A B
1000 2000 3000 4000
rec [MeV/c?]

q—
<t = interference
BO . K*O Lo ore :/100 background |
KoM %) 1
complex, but more S 50 E
_ . T
information =N odind 4 R Ly .
2
<
O



T'he Flavour anomalies: what is causing them?
Fluke Fallacy New Physics

- LHCb Run 1 + 2016 1
i | SM from DHMV

nnnnnnnnnnn

Measure charm-
LHCb 3fb ™" IOOpS in data

12 i— SM (LCSR+Lattice)
-

—3— LHCbh 9fb '

SM (LCSR)
SM (Lattice)

dB(B? — ou*u)ldg? (GeV ¢

Experimental bias in

Add more data LFUY? A_mgular
analysis of

New LHCDb electrons

detector -

commissioning!
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T'he Flavour anomalies: what is causing them?
Fluke Fallacy New Physics

- LHCb Run 1 + 2016 1
i 1 SM from DHMV

nnnnnnnnnnn

Measure charm-
LHCb 3fb~" IOOpS in data

12 -;f- SM (LCSR+Lattice)
i

—3— LHCbh 9fb '

SM (LCSR)
SM (Lattice)

dB(B? — ou*u)ldg? (GeV ¢

Experimental bias in

Add more data LFUY? A_mgular
analysis of

New LHCDb electrons

detector -

commissioning!
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Search for B — K*°r77~ via non-local effects on B — K*0,

bsTT
09

Favoured NP explanations for Flavour Anomalies b
predict large enhancements in b — s77

T’s are very difficult, no b — s77 process ever
observed

Use interference effects on b — suu instead!
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Search for B — K*°r77~ via non-local effects on B — K*0,

bsTT
09

Favoured NP explanations for Flavour Anomalies b
predict large enhancements in b — s77

T’s are very difficult, no b — s77 process ever
observed

Use interference effects on b — suu instead!

. : E le b — dup transiti
First LFU tests in ) — d// AP 0 - app TansTen
JHEP04(2017)029

| LHCb _|
—e— Data

v

(8)
-

Favoured NP explanations for Flavour — Signaland bkg

Anomalies predict effects in b — d//

S
|

Part reco

I

5500 6000 6500 70:(2)0
M/ (Me_:_V_/c )

Candidates per 63 MeV/c?
S
¥

Perform first LFU tests in this sector

contact author: E.Smith



Project organisation

~06/2022 ~06/2028
2022-2025 2026-2028

E.S. Non-local c¢¢ + 77 |Ang. B’ - K*Ou+u_‘Ang./B BY — optu

PhD (I) Commission B(B RN K(*)/’L—I_,U‘_)é

PhD (ii) Tracking i/—\ng. BT — K* putu~

PhD (iii) Electron 1D | LFUin b+ dff |

[B]
[D]
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~06/2022 ~06/2028
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PhD (ii) Tracking i/—\ng. BT — K* putu~

PhD (iii) Electron 1D | LFUin b+ dff |

[B]
[D]
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Project organisation

~06/2022 ~06/2028
2022-2025 2026-2028

E.S. Non-local c¢¢ + 77 |Ang. B’ - K*O/ﬁu_‘Ang./B BY — optu

PhD (I) Commission B(B RN K(*):UJ—I_,U_)é

PhD (ii) Tracking i/—\ng. BT — K* putu~

PhD (iii) Electron 1D | LFUin b+ dff |

[B]
[D]
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Group ethos
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Group ethos

Weekly group and analysis meetings
Regular one-to-one chats
Visibility within the collaboration

Supplementary training and summer-schools

Conferences and time at CERN
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Why Heidelberg?

* Heidelberg LHCDb group is well
established, and perform work
complementary to proposed project &

* Heidelberg offers an excellent
environment for junior group
leaders, and | will be provided with
additional doctoral student support *

* | will be given the opportunity to teach, which will allow me to attract
the best PhD and Masters students

* The existing expertise at Heidelberg will allow me to increase my

impact within LHCb outside of pure analysis work, important for next
career steps
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Gender and diversity
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Gender and diversity

Within LHCb: The Laura Bassi initiative %

Founded by myself to find bottom- up solutlons to diversity issues in HEP

LHCb PHO- GEN 2020- Odi

Regular meetings to tackle
diversity and other issues

Actionable solutions

Active online forum

y 08/03/2020
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Gender and diversity
Within LHCb: The Laura Bassi initiative %

Founded by myself to find bottom- up solutlons to diversity issues in HEP

LHCb-PHO- GEN 2020 002

e I QRS
Lo Igé | o
1 |
S— /;{? & :
] " l . - i

Regular meetings to tackle
diversity and other issues

Actionable solutions

Active online forum

<€ Qutreach initiatives
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Gender and diversity
Within LHCb: The Laura Bassi initiative %

Founded by myself to flnd bottom up solutlons to diversity issues in HEP

LHCb PHO-GEN- 2020 002
& l@d

Regular meetings to tackle
diversity and other issues

Actionable solutions

Active online forum

EEn 3 ﬁ <€ Outreach initiatives

Within my group and Heldelberg

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

Ensure family-friendly working environment

Continue my involvement in mentorship schemes and outreach with schools
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Summary

2.0

B, — pp lo / /
e /! The Flavour anomalies:
1.0 FlUke,
.‘Zé)a 0.5 1 g
_ , fallacy
054 Data SM _
__ or New Physics?

—2.0 —~1.5 —-1.0 —0.5 0.0 0.5 1.0
bspp
Cg

Understanding the Flavour anomalies vital to field

. _———— = = = — I — R

Programm

e . W Use new measurements and new data to



https://arxiv.org/abs/2103.13370




Angular analyses (B — V(— hh)tte™)

[ e e e — e e e —— — e e e e e ]

b) ¢ definition for the BY decay
(

. S;basis - 8 g2 dependent observables describe 4D (3 angles + q2) distribution

1 d(T' +7T)

9 3 . 2
d(T +T)/dq? dcosf; dcosfx dé |, 32w [Z_IEIE_ 2 o Hli . 9 (29)
cos” Ok + (1 — sin“ O cos 26,
F7, ¢ fraction of longitudinal — E cos” O cos 20, + in2 0k sin® 0; cos 2¢
polarisation of di-muon system —|— sin 20 sin 20, cos ¢ + sin 20 sin 0; cos ¢
App: forward-backward + sin2 Ok cos 0 + in 20k sin 6, sin ¢
asymmetry of di-muon system + @sin 20 sin 20, sin ¢ + E}.lsm2 Ok sin” 6, sin 2915] :

[ e e e e e e e _ e e e e —— R s
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“Clean” Lepton Flavour Universality (LFU) observables

[ e e e E— e e R e _ e e s e e )

Muons vs electron decay rates, hadron uncertainties cancel

Unambiguous sign of NP if deviates from SM expectation

) , R(x) = BB = Xpp)
Clean” observables: R(X) = B(B = Xeo)
-------- I
a* = mA (), BY — K*Oll Bt — KTl
T T T [ T T T T ] UL L L L L | T T T T T T T T T T T
o - 3fb 1 . aIrXiv:2103.11769 l |
é 1.0 __T‘ ........................................... PP : . : BaBar 2
08:_ 2 3 L 2 50_ 3.10_ 0.1<¢?<8.12GeV/c
__‘_P }i : | . Bell
0.6 : ® LIChH : ' ' 1,0e<22<6.0 GeV?/c*
i BIP :
0.4 v CDHMV :
: m Eos ey LHCb 9 fb!
0.2 LHCL JHEP 08 (2017) 055 : Eav_io—: 1.1< <60 GeV¥ct
10 T I I I S A M B A R : | . \ , , | , , , . I .
0 1 2 3 4 5 6 0.5 1 1.5 R
¢’ [GeV?/c'] ‘
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http://arxiv.org/abs/arXiv:2103.11769

Why these anomalies?

e —

e — e e e —— — E—

R R R e

2 Anomalies arXiv:2109.06065 9
2.1 |Flavour Anomalies |. . . . . . . . . . . . .., 9
21.1 |b— slTl | Generally whatis meant by “flavour-anomalies” ~~  11g
2.1.2 Tauonic B-meson decays . . . . . . . . . . . ... .../ 0. ...... 13
2.1.3 Anomalous magnetic moments of charged leptons ./ . . .. ... .. 16/
2.1.4 Cabibbo Angle Anomaly . . . . . .. ... ... . /. ... ...... 20
2.1.5 [Lepton flavour universality in the charged current |. . . . . . . . . .. 23
2.1.6 Non-resonant di-electrons . . . . . . . . . ... .. ... .. ...... 24
2.1.7 Forward-backward asymmetry in semi leptonic B decays . . . . . . . . 26/
2.1.8 Combined explanations . . . . . . .. .. ... ... ... ....... 27
2.2  Multi-lepton anomalies at the LHC . . . . . . .. .. ... ... ... ..... 28 Are we ambulance
2.2.1 Opposite sign di-leptons . . . . . . . . .. ... ... 29 chasing?
2.2.2 SSand 3¢ with b-quarks . . . . . . .. ... ... ..., 29
2.2.3 SS and 3/ without b-quarks . . . . . . .. ... ... ... ... .. .. 30
2.3 Higgs-like excess at 96 GeV . . . . . . ... 30
2.3.1 Interpretation as SM Higgs-like scalar boson . . . . . . ... ... .. 31
2.3.2 Two Higgs doublet model . . . . . . ... ... .. ... ........ 31
2.3.3 Supersymmetric models . . . . . ... ..o 31
2.3.4 Other explanations . . . . . . . . . . . . . ... ... 32
2.4 Neutrino Anomalies . . . . . . . . . . . .. 32
2.4.1 Appearance anomalies . . . . . . . . . .. ... ... 32
2.4.2 Disappearance anomalies . . . . . . . . . . ... ... 33
2.4.3 Explanation via light neutrinos . . . . . . ... ... ... ....... 33
2.4.4 Non oscillatory explanations of the appearance anomaly . . . . . . . . 33

[ e e e e e e e _ e e e e —— R s
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The future is angular...

[ e e e E— e e R e _ e e s e e )

i5)0—————mmmam—mm—» 9 —0 o ""+—7+—"—""—"+7"—""—""— 7
04 O I Belleresults
U 1 ot T _ |
0.2 I:] Cg,NP -1 10].1 05_ ! - ®
—~ 1 " g ;—I _
& 0.0 [l m—— —_— S == . ,
T = o _ ©o e
_0.2 SM 0'55 | Q5 _— P5 P5
MO = s rom oy Xiv:1612.05014 1
-0.4 arXiv:1605.03156 _15 :'1 NP Bxample Iaf ‘V o AV, :
0 5 10 15 20
0 5 10 15 ¢ [GeV?/c?]
q*(GeV?)

A full angular analysis of B — V' (— hh)e™ e modes:
Confirm LFU results in experimentally orthogonal way
Gives far more in-depth info on the structure of NP

Can construct observables between electrons and muons
with less dependence on charm loop

[ e e e e e e e s
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And also data-driven...

[ e e — e — — e e e —— — e e e e e ]

- Fit directly for Wilson Coefficients and extract charm-loop
interference from data

A Nm{ (5 -+ i) = (c58 + c)

| LV@) i 2m
mp + Mk qc TR

relative phase s

T T T T T T T |,|I T r Tt Ir ' 71 T T T T T T T T T T
T

LENLELE B
E LHCb 1]
- Eur. Phys. J. C(2017) 77: 161
ata (! E

— T
TR S (NN SN TR ST TR T SR RN SR T ST TN SO 7R SR (N SR SR T A S ST SN NN T ST T S NN ST ST S S - ST T ST S N S
1000 2000 3000 4000 1000 2000 3000 4000 _
misy, [MeV/c?] misy, [MeV/c?]

- Measured for BT — K% 1~ (minimal interference
found), ongoing for B® — K*%u* 1~

[ e e e e e e e e e e _ e e e e e s
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what » — s¢¢—observables we have

—; R - - __ - - - _______ - __ e e _ ‘
x 1077 ~015X1.0_.6. — : ——— BE]LCSR  Lattice --Data
o ET oo T LHCb O ! o & M L A LI .
14 LHCb > LHCb 4
T s LHCb 3fb "' o > 5 . o= B h
o 12 :‘ SM (LCSR+Lattice) E,\D 8 B> K 'p'u ranC Ing
<) 1ol | SM (LCSR) = 01 ] X 4 LHCb 4 .
) i SM (Lattice) < $) .
S =— 3 X ; fractions
"; oF 0 Iy v(2S) E 3 1 % 3
R li]:‘j PR = 0.05 4 o = 2 ++ 3
o o E 1 = 1 E O'
= C I 1 I ] . ] M M B q . e N
S % 10 15 % 5 10 15 <0 5 10 is 20
¢* [GeV¥c] ¢* [GeV¥/c4 q* [GeV?/c4]
18 T
——— BY = ¢utp” (Fi, S3,47) 8471 25 [ !
164 i LHCb 9 fb™ flavio v2.0.0 35 4 -- 1;(:.],:)1 T h t' |
14 20:_ — B' = K*'u'tp wl — Run].+zll](i An g u Ia r eo re ICa
124 r
o | 25 I - b t
to - analysis robustness
N g
I 6 g|15-
4 3
0 T T T 0
—4 -3 -2 -1 0 1 2 ; — — — —
ARB(CQ) -20 -15 -1.0 70.0A720é(<)cj> 0.5 1.0 1.5 2.0
T | T I T T I I T T I
< T T T
k 10 AT e | g L t FI
Fiof : o . epton Flavour
08 [ 0.1< ¢2<8.12 GeV¥c* . .
1. ] | Universality
0.6 F ® LHCh L Belle ]
: BIP E 1.0< q2<6.0 GeV /C4 L F U
0.4 Y CDHMV ]
i B EOS 1
0.2 ® flav.io —o—i LHCb 9 b ,
T LHCb e IC ] 1.1< ¢2< 6.0 GeV¥c* > 30.
OO B TR R | P | TR | 1 i 1
0 1 2 3 4 5 6 0.5 1 15
¢* [GeV?/c] Ry
- - _____ - - e e ___ ‘
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Experimental summary: LFU + electrons

: : : B(B— X
Lepton Flavour Universality tests defined as R(X) = ( i)
B(B — Xee)
In practice measure double-ratio:
B(B — Xee)' B(B— XJ/y|— ee]) e.g. for RK
_ NB+—>K+M+M— .NB+—>K+J/¢(—>e+e—) |EBT=KtJp(optu) EB+—K+tete
NB+—>K+J/¢(—>N+N—) NB+oKtete- EB+—K+utpu— EB+—K+Jhp(—ete)

https://indico.cern.ch/event/1106753/, . . .
Efficiencies from simulation

* Double ratio very robust against systematic effects, single ratio:
T(J/w): 0.981 £+ 0.020

—  Although electrons more challenging, deviation from SM is largely

o due to the muon modes, not electrons
Ri(1.1 < ¢* < 6.0GeV?/c*) = 0.846 © 032 +0-013

dB(BtT— K*ete™)

i (1.1 < ¢* < 6.0 GeV¥/cH)

(28.6 712 £1.3) x 1077 ¢*/GeV?
(arXiv:2103.11769)

[ e e e e e e e s
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https://indico.cern.ch/event/1106753/

Sub-Project [E]

Isospin asymmetry and BF of B — Ku "~

B(B — K™Outyu™) - ZB(BT = KWFputpm)
B(B — K®0u+pu—) + 7T—S:B(BWL — KG)+pt+p—)

KW pp
A; —

Develop selection to be used in angular analyses

= I
N 0.4 JHEP 03 (2021) 105 N
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Heidelberg initiatives

» Field of focus 2 (150k, 3 years PhD + travel)

» Student training: GRK-1940

Current Research Training Groups Project details GRK 1940

Research Training Group 1940
Particle Physics beyond the Standard Model

General Information

City: Heidelberg
Link: Homepage
Funded: 2014 -2023

» Student training: IMPRS-PTFS (MPIl/University)

iiEauaio AN or| 07 PREGSON TESTS
A PLANGK
RESEARGY FS

I OF FUNDANENTAL

SVIMERIES

|
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Pl

Run 3

1.00 1 === Re(C])=-15
‘ — “NPY — _
0.75 \\.\ Re(Cy") 1
\ SM from ASZB
—~ 050+ '\?\ SM from DHMV
2 Y Run 142016 results (4.7 fb-1)
= 0.251 \\“ 4 Run 3 projections (23 fb-1)
R . \
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S 050 | '\|. Sso _/;’.?
R -+ ==
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~1.00 1
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e LHCb = Belle ©CMS
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} T ]
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i 077 S > 111
_1 1 L 1 L I| 1 1L 1 1 I L 1 1 L I 1 L 1 ]
0 5 10 15

Other measurements

Belle: PRL 118 (2017), CMS:PLB 781 (2018) 517541

1.3
1241 === Re(Cy'")=-15
- —-= Re(CyP)= -1
1 SM (arXiv:1503.05534)
. 1.0 ‘ Run 2 results (9 fb-1)
= 0.9 |‘ <4  Run 3 results (23 fb-1)
S 08 _+‘_
T 074}
Q 06 \\ ~. |
Zr05{ & e : 9
-~ \\\ ..... ";o’— —.—-‘.*\' Py
0.4 Semsm=sT N B esmeed "@'7
034 —F + t )
. + ‘
0.2 \
().l L] L] L] L) Ll L L \
2.5 5.0 7.5 10.0 12.5 15.0 17.5

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

20 A . Ry-Belle
& N . . 1.1<q?<6.0 Gev?/c*
Ao L5 C . N : Ry Belle
2L - : 0.045 < g° < 1.1 GeV?/c*
: <+ = X ‘ ng Belle
1o B . . s SN B ? 1.0 <q”<6.0 Gev?/c*
4 A . R+ LHCb 9 fb™*
EE—O—E—’ : 0.045 < ¢ < 6.0 GeV?/c*
0.5 i 4
o ® LHCH A Belle —— A
" LHCh ¥ BaBar Y Belle 2019 ] SaeoneE
0.0 C ooyl [ N T T 0 1 2
0 5 10 15 20 Ry
2 o '2
¢’ [GeV©/c?
(c)
l Ll Ll L] L) l Ll Ll Ll Ll l Ll L]
- BaBar
0.1 < ¢?<8.12GeV¥c*
. Belle
1.0 < $#<6.0GeV/c*
-1
et LHCb 9 fb

1.1 < ¢>< 6.0 GeV¥/c*

0.5

Ri(1.1 < ¢* < 6.0GeV?/c?) = 0.846 70042 +0.013.

Belle Il - 11% in RK with 5ab-1. summer 2022 expect 1ab-1

1 1.5

Ry
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Run 3 trigger

LHCb 2015 Trigger Diagram LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz -Software High Level Trigger
readout, high Et/Pr sighatures [
e

xclusive kinematic/geometric selection

L

: Software High Level Trigger . Buffer events to disk, perform online

Full event reconstruction, inclusive and ]
s

450 kHz 400 kHz 150 kHz

detector calibration and alignment

S

Partial event reconstruction, select
displaced tracks/vertices and dimuons

cr 1.

Buffer events to disk, perform online Add offline precision particle identification
detector calibration and alignment and track quality information to selections
. . Output full event information for inclusive
. . N X Y triggers, trigger candidates and related

Fulk offlme-_llke event sele_ctlon! mixture primary vertices for exclusive triggers
of inclusive and exclusive triggers L )

I+ I Il

> I B

2-5 GB/s to storage
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What about the tau’s?

[ e e e — e e e — e e e e e ]

Br(B— K7777) yp <225 X 107° 4o

B(B® - K*°t"77) <20 x 107® &

O Ry &Ry 20

% O RD(*)&RJNJ 10
— n E Br[Bs->171]
b— sTtT decays are “most- ° .l B Br{B>K* 1]
wanted” on wish-list: common | B Br[B->Kr1]
O Br[Bs—>¢r1]

explanations for charged-current 2»
and b — s¢T ¢~ anomalies |
oredict enhanced b — s7 7

T 00—

O —

e e e e e e e e R R R —— ]
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Tree-level b — clv decays

[ e e e —— e e e - e P e e I )
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- ® \\\ —
- ° \\\;I' ; = LHCb15 Phys. Rev. Lett. 115, 111803 (2015)
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Weak force allows
flavours to change

The likelihood of this
happening = CKM matrix
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There are two other
generations, which
much heavier masses

each type of quark (u,
d, s,..) or lepton (e,
nu,..) = different flavour

How often one quark
flavour decays into
another summarised by
the CKM matrix
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down quark\

up quark

electron

o
/ atomic nucleus

/— proton

up quark

These are the first, and
lightest, of 3 generation
of particles

Each generation is
identical, save for
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The matter around is
made up of the
fundamental particles:
electrons, up quarks
and down quarks

Leptons

These are the first, and
lightest, generation of
particles
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The Standard Model and New Physics

The Standard Model (SM) We know SM is not complete

Describes all known forces and
particles (minus gravity)

mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c? 74Qb Dafk Energy F O r exa m p I e L) n O
°°°°°°°°°° M | Nl ; candidate in SM for
spin > 1/2 lj/ 12 C/ 12 t/ 1 3 0 H
up charm top gluon bHéggg Dark Matter

4.8 MeV/c? =95 MeVi/c? ~4.18 GeV/c? 0
3 d 113 S 113 b 0
- 4 112 4 112 / 1

down strange bottom photon
11 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
e -1 -1 T 0 ‘
y 1/2 l'l' 112 " 1 |
electron muon tau Z boson

2.2 eVic? <0.17 MeVi/c? <15.5 MeV/c? 80.4 GeV/c?
. & |. & . & ||
112 e 112 ]'1 112 T 1

electron muon tau
neutrino neutrino neutrino W boson

GAUGE BOSONS

LEPTONS

Deficits in the SM point to the existence of new forces: New Physics

146




Angular analysis of B — K**(— K 77 )u*u

Parameterise angular efficiency in 4D using Legendre polynomials:

e(cos @, cos b, @, q2) = Z Crimn Pi (cos 0;) P,(cos HK)Pm(gb)Pn(qQ)

kimn

Rl

I

I I 1 )
A
A

0.1 < q° < 0.98 CeVz/c4
18.0 < ¢ < 19.0 GeV?/c?

Relative efficiency
L

o
N
I

- LHCDb

. simulation The efficienc%/ across the

angles and ¢~ is not flat

0—....1....
-1 -0.5

cos O,
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Angular analysis of B — K**(— K 77 )u*u

» Background contribution from spin 0 resonances (S-wave)
» Fit for these contributions + interference

» Simultaneously fit the "k« distribution to better separate P-wave
and

P-wave (K*Y- 8 terms

1 d(T + I B d(I' + 1)
d(I +T')/dg? dcos, dcostx do |, p d(T +T')/dg? decost, dcosOg do |,
~ 3 3 3
gf 1E P-wave +16_7r [FS SIn '91 + Sgl S1n 91 cos O
ij j: S_wave + Sgo 8in 260, sin 0 cos ¢
E ns interference + Ss3 8in 6 sin Ok cos ¢
S arXiv: 1708 04474v2 + Sg4 810 0; sin O sin ¢
2 ) + Sgs sin 26, sin O sin ¢] .
A it 1 1 Ll L0 0

| 10.6] | 0.8 1 1.2 1.4
mX(K*7) [GeV?/c*]
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Matter Atom Electron Proton
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LFU tests + electrons

B(B — Xup)
B(B — Xee)

Lepton Flavour Universality tests defined as R(X) =

In practice measure double-ratio:

B(B — Xpp) B(B = XJ/Y[— pp))

M) = BB Xee) BB = XJJ0[ ed))

* Double ratio very robust against systematic effects, single ratio:

r(J/¥) = 0.981 £ 0.020

- Although electrons more challenging, deviation from SM is largely

- due to the muon modes, not electrons
Ri(1.1 < ¢* < 6.0GeV?/c*) = 0.846 © 032 +0-013

'///

dB(BtT— K*ete™)
dq?

(1.1 < ¢* < 6.0GeV¥c) = (28.6 712 +1.3) x 1072 ¢!/ GeV?

(arXiv:2103.11769)
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Summary: Lepton Flavour Universality

arXiv:2103.11769

- : BaBar
: 0.1 < ¢><8.12 GeV*/¢*

L ., Belle
; 1.0 < 2 < 6.0 GeV*/c*

LHCb 9 fb!
1.1 < ¢?< 6.0 GeV?/c*
| A
0.5 1.5
Ry
2.0 B
: f JHEP 08 (2017) 055
= 1 -
- | | oy ¥ {{
............................................................ USROS NTRTRTRRUTRRTN ST
‘ ® LHCbH Belle
W BaBar V Belle 2019
0.0 I N N A N T N NN N N B B
0 5 10 15 20

¢ [GeV? /]

. Ry Belle
1.1 < g% < 6.0 GeV?/c?

Ry Belle
0.045 < g° < 1.1 GeV?/c*

Ry Belle
S
1.0 <\g? < 6.0 GeV2/c"

Ry**LHCb 9 fb™
0.045 < g° < 6.0 GeV?/c*

Ry LHCb 9 fb~t
1.1<q°<6.0 GeV?/c*
|

2 3
Ry arXiv:2110.09501

--------------------------------------------------------

+ Rpk =0.867017 £0.05

--------------------------------------------------------

Same pattern, ratios
below the SM prediction

o1



The Flavour Anomalies

] 7 I C U i Cgsfg
b C\ e ™ -\--q ------------------------ = 7
l \ \U —////' —__b ———————
. 70 ____________
AN S/ St
" e
0~ * g
2.0
B, — pp lo
—— Ry & Rk~ 1o, 20
. b— sup lo, 20 4GF sk / /
L5 rare B decays 1o, 20 Heff p— \/i ‘/tb tS E (CZ OZ + CZ OZ )
1.0 - Z

Combine all b — s¢T ¢~ measurements
and fit for b — s ¢~ effective couplings

Dat'a" M
0 | ~ 7o tension with SM when combined
i,  P-value <0.0000
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https://arxiv.org/abs/2103.13370

Example: angular analysis of B° - K*°(— KTn ))utu~

4 particles in final-state: decay described by 3 angles and q2=m?*({¢™)

SM from DHMV

Lm F
E LHCb Run 1 +2016 3
|

1 ~ 3o anomaly

1 | .
0 10 15

Invariant mass of the dilepton systemM ey ¢*[GeV/c*

R [2020] PRL 125, 011802 Flagship analysis for LHCDb

\: Internal contact author: E. Smith, top ten cited LHC papers of 2020,
o 3.30 tension from the SM

4
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Example: BY — ¢(— K"K )t~

Narrow width of meson and CP symmetric state

give additional information

Branching fraction:

x 107
4Bk LHCb ' | —=3—LHCbO9fb'
LHCb 3fb ™"
12 “ ' SM (LCSR+Lattice)
' SM (LCSR)
10 :
~ 30 SM (Lattice)
8 anomal =
o Ty wes) :
| = S
4 1 S —
T GIPEINES T 5
() 5 N N N | M M 2 ) | ) N 2 2 | o o N ]
0 5 10 15

dB(BY — ¢u*u)/dg? (GeV 2c%)

q* [GeV?/c*
[2021] PRL 127,151801

Internal contact author: E. Smith + student

Angular analysis:

a1

= 0.9

0.8
0.7
0.6
0.5
0.4
0.3

0.2F
0.1F
O

LHCb
|

=

~ 201
anomaly

—
—$— LHCb 8.4fb™"
—+— LHCb 3fb™"!
" SM (LCSR+Lattice)

+ A
)—A—(

—_—A—

l

v(28)

0 5

IOI | Ill5 II.
g2 [GeV?#/c*]

[2021] JHEP 11 (2021) 043

Internal contact author: E. Smith + student
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Example: Lepton Flavour Universality

< —_ ~ 240
U 600 . LLHCDH % 200 LHCb
% 500 —+ Data 9 fb" > 200 — Data 9 b’
> - —— Total fit = 180 —— Total fit
=400 {00000 B'— K"ty < 10BNl Y B'— K*ete”
> - Combinatorial ~ 140 Bl B = J/y(ete)K?
L 300F 2 120 B Part. Reco.
:-g - ch; 100 g Combinatorial
S 200 | = 80F
S F 60
~ 100F S 40F -
et 0BT T |
0 AT BT Y ob—L .+ = TS aibiae
5200 5300 5400 5500 5600 5000 5500 6000
m(K*u*u ) [MeV/c?] m(K*e*e~) [MeV/c?]
IT I T T T T ! T T T T I
+ + 4+, — _ . . BB
R(K) _ B(B — K KN ) ' P o.1a<(jylzr<z;.1z(}ev2/c4
B(Bt — KTete™)
, P, . Belle
_ . _ ~ 30_ anosmal 1.0 < ¢ < 6.0 GeV?/c*
Precisely predicted to be ~1 in SM maty
< . ) LHCb 9 fb’!
: 1.1< ¢?<6.0 GeV%/c*
[2021] accepted by Nature Physics U U

0.5 1 1.5
RK

arXiv:2103.11769 | coordinated as working group convenor

| currently measure LFU in, R(X), for X = K*Y ¢
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https://arxiv.org/abs/2103.11769

Challenges with electrons

Me << My,
» Bremsstrahlung

Understanding electron
detector-response
description in simulation

vital

Magnet SCAL
v
Upstream - Downstream
brem - brem
P
3
Ey
Air
< 09F
o
_5)/08 B =-
9 =
&0.71
- . Unofficial
0.6 E. Smith, S. Schmitt
i LHCb simulation
05E . Bt — K*J/ylete™) LOL!
"~ =0 O1d Approach
i . "= New Approach
o4l 1 L A
0.0 0.1 0.2 0.3 0.4 0.5

@£+g— (lab) [rad]



Electroweak Penguins

ty =—

SM is agnostic to lepton type (Lepton Flavour Universality) but experimental
challenges differ
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Electroweak Penguins

= u T
b — qg"l_f_ diffiCulty  —

Most analyses to date onb — s¢T ¢~ as b — dfT ¢ very suppressed
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Electroweak Penguins

b— slT0™ ~25xb— dlT 0

= u T
b — qg"l_f_ diffiCulty  m—

Different spectator quarks gives different final-state particles
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What do we want to measure?

5 degrees of freedom in a 4-body decay:
» 3 angles
» Invariant mass of hadron system

» Invariant mass of dilepton system
(g% = m*(£¢))

160



What do we want to measure?

5 degrees of freedom in a 4-body decay: I["(g?) = branching
> 3 ang|es fraction (%)
measurement

» Invariant mass of hadron system

» |nvariant mass of dilepton system C(m(hh), g%, Q) =
(q° = m*(£7)) angular analysis
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Example: B(B, = ¢(K"K ™" )u"u™)

------------------------------------------------------

g2 = [invariant mass of dilepton system]?

-----------------------------------------------------

BB proportional to decay rate, I

-----------------------------------------------

: ~ +,,—
Measure dB/dq” to capture X b— sce[— pp]
underlying g2 distribution . decays dominate

------------------------------------------------



()]
-
S

Candidates / ( 10 MeV/c?)

400 F
300 |
200 F

100 F

Example: B(B, = ¢(K"K ™)y u™)

-, "LHCb -
: PRL127,151801  gp =1

—1 data —
— total .
— By > duru -

------ combinatorial

5500 5600 57

'
5400

5300

=
S
dB(B, — ¢utu)/dg? (GeV~c*)

m(K'K u*u) [MeV/c2

[2021] PRL 127, 151801

—
\O I N

10

x 107
Eorges —3%— LHCb 9fb”"
- LHCb 3fb™'
T SM (LCSR+Lattice)
- SM (LCSR)
: ~ 30 SM (Lattice)
E+_¢ P(2S) .
B P e R o
_]' hi_ﬂ ] &_{1%

S L]
[, 7
IF ] 1 .l- i ’| | !
0 5 15

g? [GeV?/c

Local discrepancy with SM hypothesis at level of 3.6 in region
1.1<02<6.0 GeV (p-value ~ 0.0003)

[in same paper we also made first observation of a spin-2 b — sht i~
transition with the decay mode B® — f,ut ]
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Challenges with electrons

Magnet
p
|
— O € Upstream Pt | Downstream
brem - brem
Me << My,
Bremsstrahlung Air E,
Programm | : -
DFG O 2 +f]
: 2 ] = E
Understanding electron z [ = :
- &0.7¢ "
detector-response & Unoffcia |
description in simulation : . . :
_ 0.6 E. Smith, S. Schmitt ~
VItaI i LHCb simulation ’
- Bt — K*J/y(ete™) LOL!
0.5 =0 Old Approach -
+ =41 New Approach
0.4\ I PRI NN R S N N T I I

[ Build on my current research } ~ I
N 00 01 02 03 04 05
| | | @wg—(lab.) [rad]



b
2.0 R
B, — pp lo //
—— Ry & Rk~ 1o, 20 flavio
b— sup lo, 20
1.5 1 rare B decays 1o, 20
1.0

0.0 - <
- SM
1 Data
arXiv:2103.13370
—-1.0 T T
—2.0 —-1.5 —1.0 0.5

1.0

The Flavour Anomalies

bstt
679,10

Combine all b — s¢™ ¢~ measurements
and fit for b — s¢* ¢~ effective couplings

~ 7o tension with SM when combined
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https://arxiv.org/abs/2103.13370

The Flavour Anomalies

Lepton Flavour Universality

2.0 T - - : :
B, — pp lo / '/ : :
—— Rx &;K,. 1o, 20 ',fla\’//i'o ' B(B — Xlulu) :
| b— sup lo, 20 ‘ : R(X) — .
1.5 rare B decays 1o, 20 : B(B — Xee) :
. . Very precisely known in SM :
5 Gives a 40 tension :
3 : :
g 054 S/ L Al | /| Meeeee eSS sss s sssssssssssssssssssssssess -
3
0.0 1
—0.5 A
arXiv:2103.13370
—1.0 1 1 I | 1
—2.0 —1.5 —1.0 —-0.5 0.0 0.5 1.0

bspp
09
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https://arxiv.org/abs/2103.13370

The Flavour Anomalies

2.0 ¢ ‘
B, — pp lo / '/
— Ry & Rk- 10, 20 flavio
— b—sup lo, 20
1.5 7 rare B decays 1o, 20
3 S S
232 0.5 1 Ly /
QO - 1\
0.0 -
—0.5
arXiv:2103.13370
—1.0 T T T T T -
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
b
Chsuk

Lepton Flavour Universality

B(B — Xpu) !
B(B — Xee)

R(X) =

Very precisely known in SM
Gives a 40 tension

B(b— sup),b— sup angular

|
; S

v
b — scc >> b — sbl

Non-local charm-loop

Cannot be derived from first princiPIes
67


https://arxiv.org/abs/2103.13370

The b->smumu anomalies: what is causing them?

Fluke

Statistical fluk

3
ATy \!.0773 !l!g“‘mrfrn '1‘ nz
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T'he Flavour anomalies: what is causing them?

Fluke Fallacy New Physics
B . B LEHCb Run 1 +2016
O.SQ | SM from DHMV _

nnnnnnnnnnn

—3— LHCb 9fb '

E LHCb 3fb"'

12 1— 1 SM (LCSR+Lattice)
SM (LCSR)

SM (Lattice)

dB(B? — ou*u)ldg? (GeV ¢

Add new data

New LHCDb
detector running
from this year
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Measuring the charm-loop using data

Fit foriinterference |
In data

B® — K*u* ™ more
complex, but more
Information

C

Understanding effects of charm-loops on b->sll decays

central to understanding the flavour-anomalies

Fit for effective couplings directly, allowing interference

effects from charm-loops to be measured

Achieved by fitting both the angular and g2
distributions of B* — K*°(— Ktn )utpu~

50}

-
LI

THC
- —e— data

total
- e short-distance

" resonances
L 2 - - - - interference
background

1 1 I 1 1

Eur. Phys. J. C(2017) 77: 161

PRI T
1000

I PR BT AP B
2000 3000 4000

my;, [MeV/c?] o



Proposal

171



T'he Flavour anomalies: what is causing them?
Fluke Fallacy New Physics
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T'he Flavour anomalies: what is causing them?
Fluke Fallacy New Physics

- LHCb Run 1 + 2016 1
i | SM from DHMV

nnnnnnnnnnn

—3— LHCbh 9fb '

E LHCb 3fb"'

12 i— ‘ SM (LCSR+Lattice)
- SM (LCSR)

SM (Lattice)

dB(B? — ou*u)ldg? (GeV ¢

Add more data

New LHCDb
detector -
commissioning
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Run 3 data-taking

~ 3 times more data

NI | ong shutdown 2 Long shutdown 3
2010 | > |2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027
# 6 year project

5 times higher instantaneous luminosity

Only save necessary event information

Online | have developed the online selections for Rare
selection Decays: [LHCb-PUB-2019-013, A.Albero,.. , E.Smith,..]

Higher occupancy will also be challenging for
electrons

Save to disk
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Detector commissioning in early measurements

3 3
~ 1OOxlO — 22OxlO
= 90 | LHCb 2 200 LHCb
> ] —— Data > 180 ” —— Data
§ 80 — Total fit é’ —— Total it
70 1 B*— J/y(ete")K* (0] o £ S— Bt*—= J/ y(utu-)K*
a €0 @B Part. Reco. T 140 B*'— J/ y(utu)mt
= B*— J/y(ete)mt ~~ Combinatorial
g . . » 120
x50 Combinatorial Q
2 10 T 3 100
. 5 80
g 30 S 60
8 20 arXiv:2103.11769 O 40 arXiv:2103.11769
10 20
L L . - A a 0
5200 5400 5600 5200 5300 5400 5500 5600
m,, (K*ere) [MeV/c?] my,, (K* ) [MeV/c?]

BB = K J/y(—= puT))
YT B(BY S KT J/i(— ete))

= 1 if correctly calibrated

Requires a thorough understanding of the detector-response description
In simulation for the new detector

Will validate the online selections for the first time on data

Data-driven corrections to simulation developed here will be used for all

electron measurements in Run 3 -


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

Electron identification and track reconstruction

Electron identification more
challenging in Run 3 e | || £ 2 CK

Exploit additional information to e C 1raCk

Improve identification

Long-lived particles like the K are

important for Rare Decay measurements magnet | stations
TT /7 T track
VELO
—
upstream track —
i long track

VELOtack | | T
Take over effort on the maintenance and \J
optimisation of tracking algorithm for downstream track

long-lived particles (downstream tracks)
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T'he Flavour anomalies: what is causing them?
Fluke Fallacy New Physics

- LHCb Run 1 + 2016 1
i | SM from DHMV

nnnnnnnnnnn

—3— LHCbh 9fb '

E LHCb 3fb"'

12 i— ‘ SM (LCSR+Lattice)
- SM (LCSR)

SM (Lattice)

dB(B? — ou*u)ldg? (GeV ¢

Add more data

New LHCDb
detector -
commissioning!
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Upgrade |[|: tracking

Downstream tracking station needs to instrument large area (~5m”2)
Upgrade |: use scitiallting fibres (Sci Fi)

_— / . . .
/ Side View Ecap, HCAL

Smip—/ / =~ M3

JSciFi  RICH2 M2
_a Tracker

= Ty 1 i
Vertex
Locator .

nnnnnn

-5m
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LHCDb readout system: Upgrade | (Run 3)

Whole detector read out

LHCb Run 3
5.00E+07 A
. Multi-MB events,
= o0Er0s Multi-MHz Tbit bandwidth
N trigger rate o
=) 85 ATLAS HL
9 LHCb CMS HL
5 5.00E+05
CMS
o Ktev HERA-B / ALICE run 3
EJB 5.00E+04
= Kloe CDF I1/ Dzero I
B~ 5.00E+03 BaBar
E CDF / Dzero
ALICE
5.00E+02 Hi / ZEUS E
Petabyte storage
UAL. NAso yt g
5.00E+01
1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Event Size (kB)

» As of Upgrade |, LHCDb reads out the *whole* detector on GPUs
» Calibrate detector in real-time: save less of each event

» Only LHC experiment to have trigger less readout

» Access more hadron/electron final states with lowerp T 170



All known fundamental particles (the SM)

There are two other
“generations” of
particles, with much
heavier masses

Referred to as “flavours”
of quarks /leptons

+ force carriers and Higgs boson 180



All known fundamental particles (the SM)
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All known fundamental particles (the SM)

There are two other
“generations” of
particles, with much
heavier masses

Referred to as “flavours”
of quarks /leptons

+ force carriers and Higgs boson 182



All known fundamental particles (the SM)

There are two other
generations, with much
heavier masses

Referred to as “flavours”
of quarks /leptons

+ force carriers and Higgs boson 183



Weak force allows

t/10 flavours to change

VOON TN TN
u d b t

S C

le decays that change flavour

d s b
u.l

Flavour physics is the study of

The likelihood of this
happening = CKM matrix
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Time-dependent angular analysis

BY . ¢ _
Bs W-— W+t B, N S B < l\ t7§7u ’ ) 3 K
. i \ + L
Vis t Vie b \W,/ -
. . 7~
Mixing + decay
+
Interference H

= new observables from b — sy~ decays with flavour-symmetric final-states
y y

~

Ji(t) — J;(t) = e Tt (Jz — J;) cos(zTt) — s; sin(:cI‘t)] :

r=Am/T",y = ATl'/(2I")

First time-dependent CP violation
analysis in a rare mode - variables give
unique separation between NP scenarios
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Rare B decays at LHCDb:
probing New Physics
beyond the TeV scale

11.26.2024
Eluned Smith

W
A
)
Wt



Flavour and missing anti-matter

e We exist because matter dominates, but we don’'t know why

e The couplings in the CKM matrix diff. between matter and anti-
matter (CP violation), but not enough to explain our universe (!)

MATTER ANTIMATTER

-

d
Antiproton u .
L]

B t - « B

Electron Positron

HYDROGEN ANTIHYDROGEN

e There must exist unknown forces and particles beyond the

Standard Model, we call these hypothetical particles New Physics
187



Probing the TeV scale with rare decays?

Decays described with SM Hamiltonian (%) AF =1 AF =12
. b R ' oS, . b> ’ .S
Additional contribution from NP (AF = 1): NP i NP
~ P -
R Rare decays i Mixing
HNP X AfVP More precise our constraints,

heavier mass scale we can probe

Larger NP coupling,
heavier mass scale

\k

A(experiment)

Apyp

[é)irect searches @( 1 )TeV

Mass scale probed currently with rare
decays depends on NP model:

. < 1 — 0O(10)-6(100)TeV

JHEP11(2014)121

\,R

CKM-like , . generic

. . N\ r . .
flavour violation flavour violation
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Probing the TeV scale with rare decays

O(100TeV)

Anp CPV & mixing (AF = 2)

Hnp o L

Rare decays (AF = 1)

Hnp o 15—
NP

Direct searches
4G i
Hefr

S / /
% Vi Vi Z(Ci()z- +ClO!

2

lllustration following D. Straub K

CKM-like N generic
flavour violation “flavour violation 189




Probing the TeV scale with rare decays?

Decays described with SM Hamiltonian ()

Additional contribution from NP

Anp CPV & mixing (AF = 2)

Direct searches

lllustration following D. Straub K
>

CKM-like , . generic

. . N\ V . .
flavour violation flavour violation

190



All known fundamental particles (the SM)

+ force carriers and Higgs boson 191



All known fundamental particles (the SM)

Weak force allows
flavours to change

The probability with which one quark flavour decays to another
encapsulated by the “CKM"” matrix

Flavour physics: study of particle decays that change flavour

Allows us to also probe CKM matrix
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The building blocks of matter

The matter around us Is
built from electrons and
up and down quarks

electron

o
/ atomic nucleus
)

up quark

down quark\ / protor

up quark

193



The building blocks of matter

The matter around us Is
built from electrons and
up and down quarks

electron

o
/ atomic nucleus
)

down quark\ / proten

up quark

up quark
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The building blocks of matter

The matter around us Is
built from electrons and
up and down quarks

electron

o
2 / atomic nucleus
o<

o

Interact via three forces:
* Electromagnetism

proton (photon)
down quark\ | / * strong force (gluon)
k
up quark ~__/ \, S - weak force (ZV/ W=
boson)
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Branching
fractions

Angular
analysis

Lepton
Flavour
Universality
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Branching
fractions

Angular
analysis

Lepton
Flavour
Universality
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Electroweak Penguins

{ Current
research
f focus

| difficully e————

All decays covered by LHCb Rare Decays working group (~100 active members)

which | have convened since 2021 108
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Angular analysis of B — K**(— K 77 )u*u

» “Background” contribution from spin 0 resonances (S-wave)
» Fit for these contributions + interference

» Simultaneously fit the "k« distribution to better separate P-wave
and

P-wave (K*Y- 8 terms

1 d(T + I B d(I' + 1)
d(I +T')/dg? dcos, dcostx do |, p d(T +T')/dg? decost, dcosOg do |,
~ 3 3 3
gf 1E P-wave +16_7r [FS SIn '91 + Sgl S1n 91 cos O
ij j: S_wave + Sgo 8in 260, sin 0 cos ¢
E ns interference + Ss3 8in 6 sin Ok cos ¢
S arXiv: 1708 04474v2 + Sg4 810 0; sin O sin ¢
2 ) + Sgs sin 26, sin O sin ¢] .
A it 1 1 Ll L0 0

| 10.6] | 0.8 1 1.2 1.4
mX(K*7) [GeV?/c*]
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Example: Lepton Flavour Universality

i | ! ! ! ! | ! ! ! | i [ T T T T T T T T T T T T T l T ]
600 ] SI)JIfTIbqb +K ngltral ¢ 1 100 ]glftlbgb + D};}; central-g* -

i ——= Total - ——=Total

- T %lgnfg | 7 /t === Signal

- ombinatorial - \ Combinatorial
400 B . +*“‘ Misidentification -

I ] ] 50 " * B Partially Reconstructed |

I ! \‘ ] \ M B’ - K*J/¢(— ete) |
200 | ,f . . :

i } arXiv:2212.09153v1 1

L /4 - - >

0 M!’ L 0 :::: ' -

5200 5400 5600 5800 5000 5500 6000
m(K*nptp) [MeV/c?] m(K+r—ete™) [MeV/c?]
1.4 - LHCDb Ry low-¢> = 0.994100%

B (B X _I_ ) - 9 fb_l Ry central-¢> = 0. 949+(()) %i%
AR B ! Rg»  low-¢* = 0.9274(0%
R(X) — 1.2 i Ry central-¢*> = 1.0271997
B(B — Xete) | I

*M |

< 1.0F T
SN ] t i +
0.8F

Precisely predicted to be ~1 in SM .} Data
o6f — "M

Y2 =16, p=0.812, 0 = 0.2

Ry low-¢> Ry central-¢° Ry~ low-¢° Ry« central-¢?



Challenges with electrons

Me << My,
» Bremsstrahlung

Understanding electron
detector-response
description in simulation
vital

Magnet ESAk
T
Upstream - Downstream
brem - brem
P
)
Ey
Air
X 09}
N
0.8
5 -
a s Unofficial
&0.7 : 7
- HE E. Smith et al
I LHCb-INT-2021-008
0.6 —
i LHCb simulation
05E . Bt — K*J/ylete™) LOL! b
~ =0 O1d Approach
I . "= New Approach
0.4'.1....1....|....|....|... A
0.0 0.1 0.2 0.3 0.4 0.5

@£+g— (lab) [rad]



Challenges with electrons

Understanding
backgrounds a
challenge

| currently lead
measurements of R(¢)

and R(Kx), where the

K systems comes from
above ~1 GeV

Both these modes have
less background
components than in
existing measurements

@)
-

N
-

DO
-

Counts / (32.00 MeV/c?)

-

. LHCb
. RUN 2 (6fb™)

h — e mis-id bkg.

S B L e E S S S B S S B
K*ete™ low-¢?

<+ Data (Weighted)

———- Total
Smooth combinatorial like

BN Peaking (broad)
B Peaking (sharp)

- . |

4750

5000

5250 5500 5750 6000
m(Ktete™) [MeV/c?

T Ty T T T T ]
Rk low-¢°
,\* -4 Data

——~ Total

=== Signal
Combinatorial
Misidentification

B B+

5500

5000
m(KTete™) [MeV/c?]

6000

BN Partially Reconstructed |
— K™n/(— eTe ) A




Interim recap: summary of summaries

X 107 3 [ NI CSR  Lattice --Data
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:b 14 LHCb —4— LHCb ‘thi > - LHCb : ~ 5 ] u
- won' | ] % s-xww 1 Branchin
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Interlm recap: summary of summaries

dB(B? — ¢u*u)ldg? (GeV2ch)

b Sut ~anomalies
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The b — su*u~ anomalies: what is causing them?

New Physics

Measure charm-
loops in data
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Measuring the charm-loop using data

Fit for effective couplings directly, allowing
iInterference effects between charm-loops and
signal to be measured

------- Interference
1

" f Toy MC
o] j 1 A
N M ' e Data ' ' '
~” Total 3 i
. . . g 200 —— Signal
* First work of its kind: < Background
. . S 150 - -1 particle resonances
reSOIUtlon +angLI|ar fltS — § —-=- 2 particle rescattering
_g —=- Short distance
5 100
g
@)

highly complex

50

» Help determine whether W E

*Q 4+ — . s 8 ' ﬁgg S 8
- : = ™ c\':a/ * ;:-/ :
B — K "u"pu~ anomaly is k2 , 5 | SRE S a3 S
0.00 2.50 5.00 7.50 10.00 12.50 15.00 17.50
¢° [GeV?/c']
— S
'_3' 0 N T . — i - | [ . n_| - —
- P 1____4___23'___':'_'!!_[_'_' _____ 1rrrrre,e s Ay v o m worr ]
5

Possible with existing data
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The b — su*u~ anomalies: what is causing them?

QCD New Physics

Jil e
@i
e

Measure charm-
loops in data

Probe CP-violation in
b — sutu~ (“clean”) 209



The b — su*u~ anomalies: what is causing them?

QCD New Physics

Jil e
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Time-dependent angular analysis

Neutral B meson ]
b V;b t Vts

S

CP-symmetric final-state

S 7 S K-'—

S
Val

Need more datal!

_ = Interference
B, — ¢u"u~

* Would be first time-dependent analysis in
ab — sutu"mode

* Unique separation between NP scenarios

« Both CP-violating+conserving obs.
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The b — su*u~ anomalies: what is causing them?

QCD

Jil e
@

Measure charm-
loops in data

Probe CP-violation in
b — sutu~ (“clean”)

New Physics

“tf it were NP, what other
variables might it effect?”

Enhancements in b — st 77 ?
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A brief hia-taus....

Third generation lepton

Vi3

“-}

This talk and my research focuses on suppressed neutral current
b — sC¢ transitions: only muons & electrons measurable
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A brief hia-taus....

04 3 . 2 O‘ Ax* = 1.0 contours _:

: . b — Cf V vV,

: BaBarl2 i
0.35 — —

n LHCblg  0.--7F————==% ) . "
025 |- [ | 'f‘Bth.lQ _____ - A . 4 5
: - b > C

R(D*)

X Bellel7 v i b World Average ] »
02 =  HHFLAV SM Prediction sz 1712 (017 060 R(D) =0.550 £0.025£0.012 | B D /D
“ L R(D) = 0.298 + 0.004 i; | _ ”'1 R(7D )‘:‘)OA_J\S +0.010 = 0.008 i
= R(D*) = 0254 £0.005  porc 10 cata0rs 11 p=-02 - q q
- PRD 105 1:7 P(X"Z 32% -
1 ] 1 1 1 1 | I Sttt T S 1 ] 1 1 1 1 ] 1 1 1
0.2 0.3 04 0.5

This talk and my research focuses on neutral current
b — s£¢ transitions: only measurable

However, there are also anomalies in the charged
current b — clv with T (muons and electrons)

Combined explanation of neutral and charged current anomalies
(collectively: “B anomalies”) predict large effects in b — st77~
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The b — su*u~ anomalies: what is causing them?

QCD

Jil e
@

Measure charm-
loops in data

Probe CP-violation in
b — sutu~ (“clean”)

New Physics

“tf it were NP, what other
variables might it effect?”

Enhancements in b — st 77 ?
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The b — su*u~ anomalies: what is causing them?

QCD New Physics

“tf it were NP, what other
variables might it effect?”

Enhancements in b — st 77 ?
Measure charm- g/ / l
loops in data b |

Effects inb - dfte=?

. b

d
v |
O

C

-
- .
Probe CP-violation in - . K .
b — suTu~ (“clean”)




What about b — d¢™¢~ decays?

Decay rates around |Vis/Vig|? = 25 smaller than b — s¢1 4~

Many explanations for b — s¢*/~anomalies predict effects
in b — dlt e

If NP flavour structure is non-SM like, could see huge effects

Need more datal!
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What about b — d¢™¢~ decays?

Uncertainties will be statistically dominated, even by
Upgrade |l, direct link between new data + higher NP scales

[v

CKM-like . generic

. . N\ V4 . .
flavour violation flavour violation

Need more datal!
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What about b — d¢™¢~ decays?

Uncertainties will be statistically dominated, even by
Upgrade |l, direct link between new data + higher NP scales

To date, very limited measurements, with Upgrade |l, even

angular analysis will be possible

| LHCDb

o8}
)

o
)

Candidates per 63 MeV/c?
=

-
e
.
.
~ .y

(My Php thesis.. )

—— Data

— Signal and bkg

- Part reco

|

CKM-like . generic R

. . \ V4 . .
flavour violation flavour violation

Need more datal!

6000 6500 7000

M, / (MeV/c?)
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The b — su*u~ anomalies: what is causing them?

QCD New Physics

“f L L’C were NP, what other
Lght Lt effect?”

:New data = more preC|S|on,

higher NP scales
- in b > sttr™?

Measure cft
loops in da

I‘%)irect searches - df_l_f_ ?
d s b
k<1 U . -~
NN K
CKM-like N generic ]
: flavour violation “flavour violation t et oG
Probe CP-vic [ A

b — sutu~ (“clean”) 20



Upgrade lI: tracking

Downstream tracking station: instrument large area (~12x30m2 )
Upgrade I: use scintillating fibres (Sci Fi)

Upstream track

® B
Py I O E = N
2 UT
iy VELO — " Long track
= q Side View
q A | . o™ ™
4
VELO track W ."SF:;I:li(er RICH2
0 —
02F S o
~ B |Bdl = 4Tm
= -04F :
[
B 0.6 -
|
-0.8 -
|
-1.0 Er |
|
-1.2 - N S T R TR
2 4 6
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Upgrade Il: tracking

Upgrade ll: SciFi alone = ghost rate
too high + radiation hardness issues
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Upgrade ll: tracking

Upgrade |I: SciFi alone = ghost rate
too high + radiation hardness issues

Add in silicon detector to central region
53cm s,ooﬂ—*

|siPm

223



Upgrade ll: tracking

Silicon pixels:

- high granularity in x-y

- radiation hard

Install in LS4 (2032),
potentially LS3

Tb

I

| |
i 1

|
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Upgrade |I: tracking

—1

Silicon pixels: Tdrift
- high granularity in x-y - 19__100108_ Read-out+senso
o = resilient against INn one = lower
- radiation hard radiation damage material budget
Install in LS4 (2032), | N
potentially LS3 Likely use High Voltage

Monolithic Active Pixels
(HV-MAPSs)
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Upgrade ll: tracking

—1

Silicon pixels: Tdrift
- high granularity in x-y N 19__100108_ Read-out+senso
o = resilient against in one = lower
- radiation hard radiation damage material budget
Install in LS4 (2032), | N
potentially LS3 Likely use ng_h Vol_tage
Monolithic Active Pixels
(HV-MAPSs)

| | | | Pixels made using
W industrial HV-CMOS
= = process, relatively cheap

Based on existing MuPix
and ATLASPIix designs:
arXiv:2002.07253
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Upgrade ll: tracking

—1

Silicon pixels: Tdrift
- high granularity in x-y - 19__100108_ Read-out+senso
o = resilient against in one = lower
- radiation hard radiation damage material budget
Install in LS4 (2032), | N
potentially LS3 Likely use High Voltage

Monolithic Active Pixels
(HV-MAPSs)

Pixels made using
industrial HV-CMOS
process, relatively cheap

Based on existing MuPix
and ATLASPIix designs:
arXiv:2002.07253
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LHCb Upgrade II appllcatlon to future colliders

Future circular collider
i [ e T * FCC ee/hh
- g"uc:ar -5 a 2 B - 100km tunnel at CERN
e BRE - eTe™ phase, followed
by pp

International Linear
Collider (ILC)

e eTe™ collisions
 30-50km linear tunnel
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LHCb Upgrade II appllcatlon to future colliders

Future circular collider
ol ST * FCC ee/hh

EuJe B &8 - 100km tunnel at CERN

' S « ¢te” phase, followed
by pp

International Linear
Collider (ILC)

e eTe™ collisions
e 30-50km linear tunnel

 LHCb Upgrade ll: first use of HV-CMOS technology on large scale
* This new technology will likely be prevalent in future detectors

* Expertise developed in-group here will be invaluable going forwarc2129



LHCb readout system

» |f LHC experiments recorded everything:~ 40Tb/s - 10% of
internet traffic !!

» Throwaway non-“interesting” events on the fly

» LHCDb is unique at the LHC in that “interesting” events occur for
us at every bunch crossing
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Hadronic cleanliness (not to scale)

Lepton Flavour Universality

b — su™u~"anomalies

Angular analyses

Branching fractions



Flavour and missing anti-matter

e We exist because matter dominates, but we don’'t know why

e The couplings in the CKM matrix diff. between matter and anti-
matter (CP violation), but not enough to explain our universe (!)

Anti-matter:
invert charge of
matter (C-

conjugation)

P-conjugation:
flip spatial
coordinates

e There must exist unknown forces and particles beyond the

Standard Model, we call these hypothetical particles New Physics
232



Probing beyond the TeV scale with rare decays”

Decays described with SM Hamiltonian (7{) AF =1 AF =2
. b > ‘ > * . . b> ’ .—

Additional contribution from NP (AF = 1): NP \\TM NP
U ° : < ‘ < bo

K Rare decays Mixing

HNP X A2
NP
Anp Mixing
Hnp X :Tz

[é)irect searches @( 1 )TeV

/<;<1§

CKM-like , . generic

. . N\ r . .
flavour violation flavour violation
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Probing beyond the TeV scale with rare decays”

Decays described with SM Hamiltonian () AF =1 AF =2
., . L -
Additional contribution from NP (AF = 1): NP s y NP
~ o o— -
HNP X ‘/{ Rare decays Mixing
Az
NP
Mass scale probed currently with rare
\ Mix decays depends on NP model:
ANP HIX|ng o — @(10)'@(100)1-9\/ JHEP11(2014)121
NP X

Direct LHC searches ~ O(1)TeV

[é)irect searches @( 1 )TeV

/<;<1§

CKM-like , . generic

. . N\ r . .
flavour violation flavour violation
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Probing beyond the TeV scale with rare decays”

Decays described with SM Hamiltonian (7{) AF =1 AF =2
. b > ‘ > * . . b > ’ .—
Additional contribution from NP (AF = 1): NP \\TM NP
U ° : < ‘ < b °
K Rare decays Mixing
HNP X A2
NP

Mass scale probed currently with rare
decays depends on NP model:

_) @( 1 O)_ @( 1 OO)TeV JHEP11(2014)121

Direct LHC searches ~ O(1)TeV

More precise our constraints,
heavier mass scale we can probe

! O(1)Tev Vi
Direct searches
k

Apyp

k<1 A(experiment)

CKM-like , . generic

. . N\ r . .
flavour violation flavour violation
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Probing beyond the TeV scale with rare decays”

Decays described with SM Hamiltonian (H)

Additional contribution from NP (AF = 1):

K
HNP 0.¢ A2
NP
Anp Mixing 2
Hnp X

[é)irect searches @( 1 )TeV

/<;<1§

\II

CKM-like , . generic

. . N\ r . .
flavour violation flavour violation

AF =1 AF =72

b Ry b S .

o > '\ > o . > ’ >
\TM NP
,l/l [ < ‘ <

S b
Rare decays Mixing

Mass scale probed currently with rare
decays depends on NP model:

— @( 1 O)_ @( 1 OO)TeV JHEP11(2014)121

Direct LHC searches ~ O(1)TeV

More precise our constraints,
heavier mass scale we can probe

NG

A(experiment)

Apyp

Different rare decay observables
probe different models
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LHCDb readout system: Upgrade | (Run 3)

Event-size [kB] Rate [kHz] Bandwidth [Gb/s] Year [CE]
ALICE 20000 50 8000 2019
ATLAS 4000 200 6400 2027
CMS 2000 200 3200 2022
LHCb 100 40000 3200 2019

~30 Th/s!!

urtesy N. Neufeld

» As of Upgrade I, LHCDb reads out the whole detector on GPUs
» (Calibrate detector in real-time: save less of each event

» Access more hadron/electron final states with lower p

» Development of selections for rare decays: Smith et al [LHCDb-
PUB-2019-013]
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First analyses with Run 3 LHCb data

» LHCDb Upgrade | *first data” plots for LHCC courtesy of
Michele Atenzi (MIT, Smith)

LHCDb internal LHCD internal

34 pb~! B 34 pb~!

— fit " — fit

—-==- combinatorial -=- combinatorial
N\ signal N\ signal

-+ data

)
|

o~
>
S
(@)
—
—
~~
5
=
e
v
o
s
<
Q
Z,

N. candidates / (20 MeV)

W
|

-}
|

] | ] ] ] I I ] ] ] | ]
5200 5400 5600 5800 6000 4500 4750 5000 5250 5500 5750 6000
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First measurement of QCD “charm-loop” effects

» Flavour anomalies: ~ 50 global tensions between
b — s~ measured effective couplings (Cy/C;) and SM

» Heavy New Physics or misunderstood long-distance QCD
effects (charm-loops) ?

>X<O_|__

> First time parameterising charm loop in B = K u*u

LHCb 4.7 fo~"
preliminary

g>>0only -
g* < 0 prior ]

Allowing for charm-loop
with model, still find same
negative shift in
couplings (but larger
uncertainty due to more
params. In fit)

(Smith is analysis proponent, Atenzi

performing LFU version of analysis) .



