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@@ The LHCb (Run1/2) Detector

RYLPSé v /
Focus on forward direction to exploit highly-boosted b quark H AL HeAL iy M3
M3 -

production at LHC: cover 27% (25%) of (pair) production while RICH2 ) M2
instrumenting < 3% of the solid angle (value!) o

Single arm spectrometer optimized for beauty and charm physics at
high n:

o Trigger: = 90% efficient for dimuon channels, ~¥30% for all-hadronic
° Tracking: 0,/p = 0.4%-0.6% (p from 5 to 100 GeV), 6)p < 20 um

o Vertexing: o, = 45 fsfor B - J /Y@

o PID:97% . ID for 1-3% m—p misID

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2024

2024 (6.8 TaV): 2.94 /b

14

> Dipole magnet polarity periodically flipped to change the sign of many g | o mennan ,
. . : L [ ] 2018 (6.5 TeV): 2.18/fb
reconstruction asymmetries > 12 o mresesTanimimiommn , =
‘v — 2015 (6.5 TeV): 0.33 /b
2 1wf §§ 7 s See Giulia
§ - o / Tuci’s slides
8
ic di : e C from r
Large boost of b-hadrons means macroscopic displacements with gt o } b om yesterday
Q 6 :
respect to PV g I /
. T ¥
> Most backgrounds come from other B decays rather than underlyingevent £ [ /
o> 2
QD —
£ LA

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Year
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https://indico.cern.ch/event/1291157/contributions/5876969/
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S Lepton universality

ARyLN

e

In Standard Model (SM), charged lepton flavors are identical copies of one another

o Electroweak couplings are trivially equal for all three flavors by construction, only Higgs Yukawa
couplings differentiate them

o Amplitudes for processes involving e, i, T must all be identical up to explicit mass dependence
(phase space, fermion helicity)

o Tests of SM LFU have been performed in a number of different systems over the years
o Z > L, W - fv,T - fvv,mT - fv,K — nlv, etc...

Universality of the EW interactions does not necessarily imply universality of physics
beyond the SM

New physics preferentially coupling to the 3" generation is usually less well-
constrained, and can modify SM charged and neutral currents

o Examples: A%, H, new vectors coupled to SM Higgs doublet, leptoquarks

Many LFU violating NP models are strongly constrained by direct searches, but can
be tuned to evade these bounds while preserving their effect on heavy flavor
observables
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@@} LFU in Semileptonic B ¢

ARyLN

“Beta decay” of B hadrons — signature is
lepton (u or e (or 1)), recoiling hadronic
system, and missing momentum

Theoretically well-understood in the SM

oTree level virtual W emission — strong V-A
structure

oNo QCD interaction between the lepton-
neutrino system and the recoiling

hadron(s)

oB = W*tD®™) half of the decay still
needs non-perturbative input

Charged lepton universality implies
branching fractions for semileptonic decays
to e, u, T differ only phase space and helicity-
suppressed contributions

19 July 2024 P.M. HAMILTON



QBRSITJ,

& R(Dx) LFU ratios

B(B - DMt~ 1,)
B(B = DMu~vp)

R(DW) =

o Theoretically clean due to cancellation of most of the form
factor uncertainty

* Helicity-suppressed amplitudes as well as the FFs in the low g2
normalization region don’t cancel

* SM: R(D*) = 0.254(5) HFLAV, Phys. Rev. D 107, 052008
R(D) =0.298(4) + web updates

“normalization”
OT = U VpVg
* Direct normalization from identical (visible) final state

 Must disentangle from B® — D*+,u_17u in fit

ot” > ntn (%),
* Clear signature at LHCb: higher signal purity
* Reliant on external measurements to get back R(D*)

o Common Challenges: missing neutrinos with poorly-constrained B° - D**1t7v,
momentum

* Don’t know full momentum -> unknown rest frame
* Large partially-reconstructed B backgrounds
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& Since ICHEP 2022

TRyLN
From LHCb: Submitted to PRL
° TV!O nEV\L measurements in Measurement of the branching
T U vv mode fraction ratios R(D1) and R(D*1)
o PRL 131, 111802(2023) using muonic 7 decays

o supersedes PRL 115, 111802(2015)
o arXiv:2406.03387 [hep-ex] (2024)
> new! 2016 (Run2) data

i jversality using B : b
° Two new measurements in s ot epon B LY o
T~ > n n (m7°)v mode " e
> PRD 108, 012018 (2023); PRD 109, 119902(E)
(2024)

o Analysis on 2016 (Run2) data
o arXiv:2311.05224 [hep-ex] (2023)
o D* polarization measurement
o see Anna Lupato’s slides from this morning

| _ i
o Today: will focus onthe new = = u~vv e
measurement(s)
o With apologies — | wish | had time to cover
more!

. Measurement of the D* longitudinal
Submitted to PRD polarization in BY D* 7T,

decays
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QBR“Y’P

@o A tale of two analvses

RYLB

R(D)vs R(D*)

2011+2012 datasets (3/fb)
o Extends and supersedes result from 2015

“Piggybacked” on loose D — K trigger

Joint fitto D**u~ and D~ datasets
o DOu~ data includes large D* feed-down
B — D%¢v,
B - D*°[- D0 ¢y,
B —» D*[- D] #v with missed ™"

Custom muon selector flat in pr (1)

R(D*)vs R(D*")

2016 dataset (2/fb)

First measurement utilizing dedicated
B — H_.t[— uvv]v trigger lines for Run2

Fit to single D*u~ sample

> New MVA to reject events with ECAL
deposits consistent with slow rt°

o Reduced feed-down from D” since only
isospin-disfavored D** — D* % contributes

o New fast “tracker-only” simulation allows for
much higher statistics templates

More traditional muon DLL selection



Distinguishing b = ct(— uvv)v fromb — cuv

In the B rest frame, three key kinematic variables: 5

-
-
-
’ '
-
'''''
7 -
-
-

ol

-

q* = (py + py)*
= m2,.

Alternately E;
q* = (Ps—pp*)°
= (mg — Ep-)?

B - D™

2 2 _
Miniss = 0 Mipiss =
E[ spectrum is soft E[ spectrum is hard

m? < g2 < 10.6 GeV? mj; < q* < 10.6 GeV?
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= N\ Ne)
Q =
8 6 ° . LHCb-PAPER-2015-025 supplemental
W Leptonic tau techniques 115111503 0015
RyLM ’ ’
No information on initial B momentum to g 20O ThiCh g | £ odf
reconstruct the discriminating variables g MCTruth | goof /7, Fo _
. . , Elu oy
o Key: Resolution on rest frame variables doesn’t o5 - \ I
matter much because distributions are broad to T oo \ " 7
. . r Lo
begln Wlth - 0 Om—h:mm_ 10 0 500 1000 1500 200\0 2500 G0 5 10
well-behaved approximation still preserves S mis(Gev/e?)? - BiMev/e) q*(Gev/c?)*
. . 2 2 ‘g £ Our . : LHCH Sifqulation ‘g T
differences for fully 3D fit to [my,;ss, Eyi, q°] 2 1 Approximation . 2 A ¢ 7
using sim. templates Eoif || BMuis=Brds ¢ N gor
- tem - | o AN | I
o Approximation + knowledge of direction from SN oo/ 2 § S\
PV to SV => solve for full B momentum 7 N NN
0

5 500 1000 1500 2000 2500 5 1:0
m?Z,;55(GeV/c?)? E;; (MeV/c) q2(GeV/c?)?

Use superb tracking system to fight huge partially-
reconstructed background

o Scan over every track and compare against
D**u~ vertex with machine-learning alg.

o Allows for cleaner signal sample *and* data

. . Underlying
control samples enriched in key backgrounds

I-‘ Y ¥aN
LVC
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LHCb-PAPER-2024-007 supplementary

Isolated signal

=}
IS

Q%\ A O«¢
18 56 . . arXiv:2406.03387 [hep-ex]
@/ FIit Regions

RyLM e

D(*)#

=)
%

e
[}

e

Candidates / (1.18 GeVZ/(”)
Candidates / (0.67 GV ¢4

10 10
P1GeVi et m2. [GeV¥c

miss

Track IP No extra

— 035

- i B—Dr
- Underlying tracks -_ B Doy o
Event §—>D+X(.X (')2

B B ->D*u /v
Comb + misID
B B—Dwv
=> 1 extra 7Dy
2000

traCk(S) E,[MeV/e?]

PV 0.15

0.1
0.05

Candidates / (130 MeV/c?)

0.03 - T = 107 T
4 LHCh 21 ; LHCh 2o Loonzk LHCh 2!
35 0.025F 5
’ 002f g
25 S

0015F

e -
o= b
Ll bbbl bl

B R R B e e B
Candidates / (0.67 GeV¥/¢%)

Candidates / (1.18 GeV¥/c4)

Candidates / (1.18 GeV ¢*)

Candidates / (0.67

10 10 0 5

10 10 10 0 5 1C
¢GeV7cl] i [GeVict] ¢GeVet) 2, [GeVct] ¢IGeVHe] m2, [GeV¥et]
N 6
= . r ~0022E0 . : -
B 2 B - o ) S
I B—=Dtv LHCb 2! B B-D'tv LHCb 21 B B—=D1v < 0op LHCb 217
d - — - 5 0018
B 3 —>D* v Bl 5—D*'tv B 3—-D* 7TV = 0016

B—D'X.X
B 5D/t

B—D'X.X o014

B—-D'X X 2
W B> D /ey 3 oo

B G- urfry

L R Wl L A Rt il ) M
Candidates / (130 MeV/¢2)

Comb + misID Comb + misID Comb + misID éoms
B 5D B B—D'uv B B—Duwy Zooos
R B D" v B 53— D* v B 3—-D*uv S o002
2090 2090 0 1000 2090
E,[MeV/c?| E, [MeV/c?] E,[MeV/c|
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5 30Fx10° g% [9.35, 12.6] GeV?/c* LHCb
!@} Results P10 B35 24T GeVer LT
RyLh . C
First measurements of R(D®) and R(D*) at a §20:— 1fb-l@7 TeV
hadron collider. = 1oF 2 fb-1@8 TeV
o Runl analysis still dominated by MC stats due to o F - Data G 857
dilution from multiple rounds of corrections - - RN
— - 2 4 —DTV
o Run2 fast simulation approach finally breaks = 3:_><10';? €[9.35,12.6] GeVie ]E)Iia_) -lﬁmm
through that limitation % - H W 50"y
o Other systematics to keep an eye on: double- S 2t -;f;;,mm
charm background shape and misID modelling S I =B—>D‘°uv
- B—D" uv
o Seeing continual improvement in unfolding 0 . - - g
procedures 2 (GeV/e)
_ x10° .
R(DO) = 0441+ 0.060(Stat) + 0066(5_’)/5) fi 0.03F 944 < ¢ < 11.8 GeV?/c? LHCb 2fb" D+,Ll_
R(D*) = 0.281 + 0.018(Stat) + 0023(Sy5) 8{)_{)25 13 TeV
correlation coefficient = —0.43 S
g 002 =i
R(D*) = 0.249 + 0.043(stat) + 0.047(sys) 5 0015 o B
R(D**) = 0.402 + 0.081(stat) + 0.085(sys) £ ool =0
correlation coefficient = —0.39 S 0,005 -
. O
RECALLSM: R(D*) = 0.254(5) 0 5 10

2

R(D) =0.298(4) arXiv:2406.03387 [hep-ex] m2, [GeV?/c*]

P.M. HAMILTON

19 July 2024



\qBRSITJ,

& Current status

ARyLN

~ 0.4

R(D*

A

Moriond 2024

0.35

LHCb®

0.3

0.25

68% CL tontours ¥ =

Yo ore |

0.2

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

- R(D) = 0.298 + 0.004 R(D*)=0.287 +£0.012,,, -

- R(D*) = 0.254 +0.005 p=-0.39 -

n P(y2) =35% -
[ I | [ [ [ I [ ] [ | [ ] I [ [ [ ] [ [ ]

c.f. as of ICHEP 2022
R(D) = 0.339 + 0.029
R(D*) = 0.295 + 0.014
p =—0.38

0.2

0.5
R(D)

LHCb R(J/y)
PRL 120 (2018) 121801
0.71£0.17 £ 0.18

SM prediction

PRL 125 (2020) 222003
0.2582 £ 0.0038

I 1 1 1 1 I 1

-0.5 0

R(J/ y)

0.324 + ().(*)4
L1 ]

LHCb R(A))
LHCb-PAPER-2021-044
0.242 £ 0.026 £+ 0.040 £ 0.059

SM prediction
PRD 99 (2019) 055008
with input from
PRD 92 (2015) 034503

0.2 0.3 0.4 0.5
R(AD
LHCb (g% > 7 Gev?2)q | — . ——= SM (Full g?)
e Stat
l®f Syst
LHCb (g% < 7 GeV?) e
LHCb (Full g2) 1 ——e——
I
|
Belle (Full g2) ! F—t——t—
03 0.4 05 06 0
D*
PZ

Piizi = 28%
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& Flavor frontiers beyond LS4

el
RyLh ) , _ LHCb Current —> Upgrade | ——» Upgrade I—»
LHCb ‘Upgrade II’ currently under Jg:o- :mg
study to record 300/fb L 3 z
. . .. i i e
o Physics reach still limited by detector, £ 4= et LHCb
not collider £ 145 Eme-8 UPGRADEI
=3 - - b1
> Maximizing reach will require coping % '3 o & 3 i 5
with pileup in the forward region i E bt
8 il
o Granularity, timing E —100
. : . =
Plans maturing rapidly, some & i
commitments already in place RELTTITY . —ad DS SEE WA
2010 2015 2020 2025 2030 2035
. . . . Technical Design Report
42 interaction 20ps time window
o LIy 2 Aligned time [ns] < Aligned time [ns]
Vil 7 -0.070
T SN NS S e a 0.5 T ~0.075
£ 0 - ) '
s 2 S ~0.080
7 7t NN I -0.5 I -0.085
L RN 1.0 el -0.090
-150 150 -150 0 150
Z [mm] z [mm]
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& Flavor frontiers beyond LS4

TRYLY LHCb C
urrent — Upgrade | ——» Upgrade II—

LHCb ‘Upgrade II’ currently under =
study to record 300/fb

o Physics reach still limited by detector, : - LHCb

1A ANE "

See Renato Quagliani's _

“ —

slides from yesterday

Pla
co

Zz [mm]

“4D” vertex finding
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https://indico.cern.ch/event/1291157/contributions/5876959/

Summary

oB physics experiments are pushing lepton universality tests beyond Run 2 Run 3 Run4 Run5 Run 6
validating the electroweak interaction, with LHCb playing a key role I REIENR BER - EEE B — N k(b)' |
that will continue through the next decades 16} | ——= R(D")

: I R R o I R(D**)
oTwo new results measuring R(D) vs R(D*) with T — uvv 144 '- — R(DY) |
* First measurements of R(D*) and R(D°) at a hadron collider L2 T RiAl)

- R(AD)
* R(D®) vs R(D*): Supersedes and extends 2015 R(D**)

Total uncertainty [%]
[y
o

measurement ﬁ; BANE A N e N
* Improvements in modeling of all backgrounds — many lessons Al Jee N\ B T~ . 1
learned for the future o Optimis;i_c—'__.\ A\ e — N _
oR(D*) vs R(D**): New, uses 2016 data O'W.Lkgb.z.mffi?li. .;.",(;.".C;.".;T'.:\".';. s
* First use of dedicated trigger paths for B —» X.t[— uvv]v and INIINIENINIINAISAINIINEINIFS IS NN

fast simulation techniques essential for full exploitation of large
(and growing) LHCb dataset

Rev. Mod. Phys. 94,

oFurther progress alsoin t~ = n~ ™ (m%)v channels 015003 (2022)
¢ Measurement of D** longitudinal polarization

oMuch more to come from LHCb in these areas: higher statistics,
more final states, angular observables
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& Syst. Tables

ARyLN

PRL 131, 111802(2023)

Internal fit uncertainties or(p (x107%) oR(poy (x1072) Correlation
Statistical uncertainty 1.8 6.0 —-0.49
Simulated sample size 1.5 4.5

B — D™ DX template shape 0.8 3.2

B - D¢~ 5, form factors 0.7 2.1

B — D**up, form factors 0.8 1.2

BB - D*D;(— v i,.)X] 0.3 1.2

MislID template 0.1 0.8

B (B — D*r ) 0.5 0.5

Combinatorial < 0.1 0.1

Resolution < 0.1 0.1

Additional model uncertainty or(p (x107%) oRpoy (x1072)

B — D™)DX model uncertainty 0.6 0.7

BY — D** u~ v, model uncertainty 0.6 24

Baryonic backgrounds 0.7 1.2

Coulomb correction to R(D*")/R(D*") 0.2 0.3

Data-simulation corrections 0.4 0.8

MislID template unfolding 0.7 1.2

Normalization uncertainties OR(D) (x1072) OR(D") (x1072)

Data-simulation corrections 0.4 x R(D*) 0.6 x R(I}']}

7~ — p~ v branching fraction 0.2 x R(D*) 0.2 x R(D°)

Total systematic uncertainty 24 6.6 -0.39
Total uncertainty 3.0 8.9 -0.43

19 July 2024

P.M. HAMILTON

Source R(D*) R(D*")
Form factors 0.023 0.035
B — D*[D*X]|u/Tv fractions  0.024 0.025
B — D' X X fraction 0.020  0.034
Misidentification 0.019 0.012
Simulation size 0.009 0.030
Combinatorial background 0.005 0.020
Data/simulation agreement 0.016 0.011
Muon identification 0.008 0.027
Multiple candidates 0.007 0.017
Total systematic uncertainty 0.047 0.085
Statistical uncertainty 0.043 0.081

arXiv:2406.03387 [hep-ex]
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Q% N\ OK\
& Backeround classes
N =~

Semileptonic feed-down backgrounds:
> B » D**[-» DWr|ev
> B - D**[-> DWrn|tv
Semileptonic cross-feed:

> B » Dy**[-> DWK|ev
“Double-charm”

> B> DWDI [ X¢7)

o B - DODY[- 7]
o B -» DWDW[- XPv]K

Other “junk” backgrounds:
o Combinatorial background
o Fake muon background

o Data-driven unfolding with smearing to account
for decay-in-flight kinks

28 |
2.6 |
*
C ™ Dy Dy
= 24| g
3 [ 1P
S 00
2.0 |-
B /  S-wave
- P-wave
18 | D-wave
V - -
SR 7/ (S e N
--..________--
et H
Velo i
TT
Magnet T1L T2 T3




QBRSITJ,
S A O

Vs

4RYL

— Data (3 fb'})

B 2D v

P B—=D1v
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B 3-0 v
Comb. + misID
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Additional Complications R(D™)

Background from random K ~r*m™ combinations is a factor of

a few worse than in 2-body DY - K~n™ X 128 + Data
o Explicitly remove them with sWeights from fit to my E of oo
o Trade-off: likelihood fit to weighted data % 120F - Non-D bkg.
o Care must be taken with error bars! 3 100
Z 80
Large dataset requires large MC sample % 60
o First such analysis to use “tracker-only” fast simulation g 40
o Trigger emulation a challenge — for these LFU analyses the hardware S 2
trigger is unbiased on the muon -- HCAL trigger on signal hadrons or 0
any trigger on rest of event MK ) [MeV/c?]

Sub-detector response turned off

- goospE T T T T T % 0.05F . I B
AL el e W %; : LHCb Preliminary ] ‘%; - LHCb Preliminary 3
20 Z ook -
- sk ]

S 0.02F 5 - ]

g E < 003 -

ROO15E g : ]

E“ 0015 Té 002 &

S o<k S vo1f —:

Z0.005F z DOLE ]

ok oL 3

2 4 6 8 PVIO 7 8 9 10 11

u log(IP" ') D" lo g(pT [MeV/c])

Xl




Challenge: take muon background modelling

§ 3500

I 1
ks LHCb 2fb'
g 3000 17<n<25;
% 2500 Number of tracks < 225; (
S 14 GeV/c < p <22 GeVic L
2000 - 1tk -
mw/K ——=3 " "I - 1
1500 T TR
1000 - b 1111
500 Magnet
T1 T2 T3
) . HCAL
MUON

n K P € ghost
Reconstructed PID category

Likelihood based unfolding to build fake u template

from non-muon control sample in Run2

Also used in Run1 analysis and cross-validated
with “hybrid Bayesian unfolding” pioneered in R(J /Y)
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