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Why flavour?

New physics may hide as virtual particles in loops
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Indirect probe accesses higher energy scale than direct searches

- Convenient detection mechanism & 2007
_ ldentifying origin needs models % 100 -
180;
Very selected LHCDb highlights o b
- Intrinsic charm in proton 1605_
- W boson mass -
- Exotic hadrons 1505_
10 ELL

Lepton flavour universality

See also

CKM/CP (Tommaso Pajero);

Rare decays (Zhenzi Wang)

QCD (Davide Zuliani);

ALP searches (Adrian Casais Vidal)
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https://indico.lip.pt/event/592/contributions/2872/
https://indico.lip.pt/event/592/contributions/2873/
https://indico.lip.pt/event/592/contributions/3134/
https://indico.lip.pt/event/592/contributions/3278/
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[JINST 3 (2008) S08005]

General-purpose detector in the forward region: ~0.6° — 16°
Excellent vertex resolution: Si detectors (VELO)

Particle Identification: RICH detectors; calorimeters; muon systems
Stress testing the Standard Model

- Precise measurements
- Direct/indirect searches for physics beyond SM in decays of b, ¢ hadrons and t decays



https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1088/1748-0221/3/08/S08005
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Physics impact of detector

Upgrades—> Eva Gersabeck
Wed. afternoon

[Int. J. Mod. Phys. A 30 (2015) 1530022]

[JINST 3 (2008) S08005]

General-purpose detector in the forward region: ~0.6° — 16°
Excellent vertex resolution: Si detectors (VELO)

Particle Identification: RICH detectors; calorimeters; muon systems
Stress testing the Standard Model

- Precise measurements
- Direct/indirect searches for physics beyond SM in decays of b, ¢ hadrons and t decays


https://indico.lip.pt/event/592/contributions/2874/
https://indico.lip.pt/event/592/contributions/2874/
https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1088/1748-0221/3/08/S08005
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Why: Intrinsic charm of proton?

Q: Does p wavefunction contain charm quarks |uudcc)?
or is charm content from g - cc splitting?

extrinsic ¢

intrinsic ¢

- Impacts
- Non-perturbative dynamics inside nucleon

- Affects c hadron rates, kinematics in cosmic-ray proton interactions

o — semileptonic decays, important background source in astrophysical
neutrinos

- Many predicted cross-sections at accelerators, eg. Higgs production
also affected

- Recent measurements of Intrinsic Charm inconclusive



extrinsic ¢
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Intrinsic charm in protons
[LHCB-PAPER-2021-029]

* FraCt|On Of Z+Jets that have QO.14 | 'Cel'ltrlal lRelgi(l)n l<:':>l F;)rvlvax:d IRelgi(;nl L

charm, measured as ratio of \Ngou ”T{Zé%ggi 52?,";(%??3%5\; E
I T(j) > € 2< < 4. ]
cross-sections = o “« pr() > 20 Gev E
- Sigma(Z+c-jet)/sigma(Z+all-jet) Soos :
SH e

llllllllllllllllll

0.02 —— LFQCD (z)1c =1%
ATLAS,CMS  LHCb y(Z)
——— ——
- Leading Order; in forward - Central region less sensitive
region one parton has large x, to intrinsic charm

so LHCb probes valence region
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Selecting charm jets

8 oy ] [LHCB-PAPER-2021-029]
e =100 [ Jedt=6m"t -
“ Y et (cev] ~ o - 20 < pr(j) < 100GeV 3
- Select c-jets using mass, particle g f 20<UD <45
T . < 60 * Data -
multiplicity of displaced vertex = —Fit :
Fg 40 M Charm -
S Il Beauty .

O 20 B Light

Other jets Charm
Displaced Vertex 8 1200 ' -
TS 1000 LHCb
= f,Cdt =6fb!
S 800
O
600
400
Beauty 0
Displaced Vertex 0 ) .
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Selecting charm jets

% 8000

i P [LHCB-PAPER-2021-029]
: oo R > P T T T T T T T T
0 Identlfy /> [939) ;éggg 8120:— ﬂ LHCDh E
81000§— . E ; 100 :— fﬁdt =6fb! —:
K CI ~ b 20 < pr(j) <100GeV ]
- Select c-jets using mass, particle g f 20<UD <45
TN - S 60 * Data -
multiplicity of displaced vertex = —Fit :
"g 40 @ Charm —
S Il Beauty .

O 20 B Light

Other jets Charm
Displaced Vertex 8 1200 ' a
I : : = LHCb
meor(DV) =Min. mass ~ flight distance == 1000 [ Ldt = 6!
5 800
O

/m(DV)? + [p(DV) sin6]? + p(DV) sin0 0
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% 8000 '

O 7000 LHCb
9 E Vs = 13TeV
S 6000 [ Ldt=6f7"

- Identify Z> pp 2

() (GV]
- Select c-jets using mass, particle
multiplicity of displaced vertex

Charm
Displaced Vertex

meor(DV) =Min. mass ~ flight distance

Other jets

/m(DV)? + [p(DV) sin6]? + p(DV) sin0

2D fit: (m.,, , Nyi), high-purity
calibration sample templates

separates c-jets

extrinsic ¢
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[LHCB-PAPER-2021-029]
> F- T T

Selecting charm jets
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- “Tag&probe” to estimate efficiency

[LHCB-PAPER-2021-029]

Source Relative Uncertainty
c tagging 6-7%

DV-fit templates 3-4%

Jet reconstruction 1%

Jet pr scale & resolution 1%

Total 8%

- Efficiency ~24% and independent of py

- Dominant systematic uncertainty
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Direct probe of intrinsic charm
[LHCB-PAPER-2021-029]

~—~ 0.1 1T |
2 - i
Y oos LHCb = {iomst -
5 008 V5= 13TV Salwsyst < “Allowing IC”: large
> - [ £dt = 6~ 1  forward-region
N 0.06F — —  uncertainty -
S . i low sensitivity of
0.041— ** previous expts. to
- NLO SM i large-x charm PDF
- e PDF4LHC15-No IC ¢ .
0-02__ = NNPDF 3.0-IC allowed N
- 4 CT14+LFQCD (z)ic = 1% i
P R S W IR SO TR S TR (N TR S TR S T S S NN S N S
% 25 3 35 4 2.5
y(Z)

- ~20% consistency with no-IC and IC hypotheses, more central y(Z)

- Enchancement in forward region compared to no-IC scenario
- Where largest IC effects expected
- Consistent with contribution from IC

- Global PDF analysis to make firm conclusions (+Run-3 data to come)
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- Well-measured by many experiments

2
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Why: W boson mass?
Fundamental parameter of Standard Model

miy
my

\/_GF

- Hadron colliders — lepton kinematics
- e*e - all W*W- states
- Indirect, EW fits

- Sensitivity to New Physics limited by dlrect my,

1+ A/ Loops NP’?'zI
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[EPJCT78, 675 (2018)]
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W boson mass [arXiv:2109.01113]
Novel, proof-of-principle measurement, ~1/3 Run2 data, W — uv,

Measured p; of u, peaks ~ my, /2
Spectrum depends on actual my,

. . . % + —
Contamination from Z - u™u . tan((r - A¢)/2) pF
- Measure simultaneously to control cosh(An/2) M
- Requires complete understanding of lepton momentum
measurement and modelling 10"
30} LHCb
1.7 fb!
Z —_—
2 Z—upu
2
BT IlJ;I?:' ; :i::lalion
z E Y(18)—up Background
% %r_-i"lrh-—'-"lh'—.‘h_l'"-" % % ]‘IJ'III‘]-'“"l‘IJ"h‘W[h"-TlI‘T"J Dimuon mass [GeV]

3.043.053.063.073.083.09 3.1 3.113.123.133.14 3.15 3.16

Dimuon mass [GeV] 9.1592925939.3594 945 95955 9.6 9.65 9.7 9.75 9.8

Dimuon mass [GeV]


https://arxiv.org/abs/2109.01113
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W boson mass

x10°  [arXiv:2109.01113]
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https://arxiv.org/abs/2109.01113
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W boson mass
~[arXiv:2109.01113]

—— Total uncertainty LHCb
Stat. uncertainty -1
1.7 b

ALEPH ®

DELPHI ®

L3 ®

OPAL ' ®
CDF ———i
DO ———
ATLAS ——

LHCb ——

Electroweak Fit -

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

. First LHCb mw = 80394 & 23tat £ 10exp + 17theory = 9pDF MeV
- Consistent with previous measurements
- Total uncertainty ~ 20 MeV plausible with existing data
- Potential combination other LHC experiments, exploit complementary n coverage


https://arxiv.org/abs/2109.01113
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Why: “Exotic” hadrons?

Volume 8, number 3 PHYSICS LETTERS 1 February 1964

- Combinations other than qg, qqq
considered since 1960’s

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL-MANN
California Institute of Technology, Pasadena, California

5 Rev|ta||sed interest, many recent(ish) | Received 4 Jaauary 1964
ObSGNatIOHS, Be”e, CDF, DO, BESIII, L a.nti-tI:iplet as a‘.nti-qua.rks‘c';. Baryons can now be
LHCb — tetraquarks, pentaquarks constructed from quarks by using the combinations

d), etc., while mesons are made out
- Scales a challenge for QCD (qqq), (@aa99), > W \
. of (qd), (qqqq), etc. It is assuming that the lowest
- Measurements driving progress baryon configuration (qqq) gives just the represen-
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Date of arXiv submission

[c/o P. Koppenburg]
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Why: “Exotic” hadrons?
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Why: “Exotic” hadrons?
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Tetraquark T/, search

- Heavy quark symmetry
- Predicts existence of ccqg and bbgq tetraquark, long-lived w.r.t. strong interaction

- Predicted
o existence T, two ¢ quarks

e ground state J* = 1%
e Mass ~ D*D° threshold

Search strategy (a) DYDYt
- Narrow exotic state, same-sign double-charmed mass spectrum -

. Mass is ~ D**D° and D*°D* thresholds :

- Select D°Dn* (D° - K~n™) ' - X
T T[+ <107

=
- TS
I i ERRT)

pee—— T e

p p

" . 0 " " 0 0 + " B
Unbinned fit to 2-D D® mass combinations of DD r*candidates (arXiv:2109.01038]
Subtract combinatorial K~ contribution [arXiv:2109.01056]



https://arxiv.org/abs/2109.01038
http://arxiv.org/abs/2109.01056
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Tetraquark T/, search

o O I S T larXiv:2109.01038]
= f ~ LHCb 235 - | [arXiv:2109.01056]
L 60 9t g 300 S
- | S 25¢ ] .
s ] S o + 1 « Very narrow state in D’D%r*
= S0F | = 15 - . . =
= F ; S 10 - Consistent with ccud tetraquark
40— | —; .
= . e les ] . Nature of T, candidate
30F- | I L D mpopors [GeV/c] 3 _ P-wave RBW fit (§m relative to
205_ | T R eeshold E D**D? threshold)

E | i ————— D*D* threshold ‘\» + + E 6mBW — _273 :t 61 :t 5 —i— %L]i kGV/Cz ’
10F ] Wt 4 EAMNI i Tew = 410416543 *}keV,
ob-tdt D 4 Hf +! *I f&

3;7 e - Signal significance >10¢

_ Just below D**D° threshold

mpop0,+ [GGV/ 62]

- Most precisely measured ‘exotic’
mass w.r.t. corresponding threshold

_ Adds support for a bbuid tetraquark,
stable to strong and EM decays



https://arxiv.org/abs/2109.01038
http://arxiv.org/abs/2109.01056
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Why: Lepton Flavour Universality?

- One aspect of wide range of rare decay studies, B~ 107°% — 10710
- More details in Rare decays (Zhenzi Wang)

- LHCDb ideal — high rate, excellent particle ID, low pile-up exclusive candidates

- Standard Model behavior of e, u, t leptons is universal
- Differences due to mass alone

- Fundamental principle, conceptually simple tests
- Branching fractions
- Angular distributions

- Set of related measurements, possible hints of ...?

- Rare decays - results (still) limited by sample size


https://indico.lip.pt/event/592/contributions/2873/
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Rare b — sf*f~decay processes

S

b

/-

LQ\

g-i—

S

- SM needs loop / box diagrams, electroweak ‘penguins’
- No Flavour-Changing Neutral Current at tree level
- New physics particles, also possible in loops, affect

- Branching fractions

- Angular observables (x many, 4-particle final states)

- Asymmetries
- Candidate signatures
- Clean

- Low backgrounds (resolution, particle ID)
- Predictions well-established

- Varying degrees of theoretical uncertainty
- Hadronic form factors (non-pert. QCD)

Z/
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Rare b — sf*f~decay processes

J 15 / tree b—ccs
b photon /l/)( ) H /
e "wﬂ
7
ﬂ Long distance
atn o S
daZ | [| G
. Multiple, very different scales J ¢, ¢l
- AQCD
- b quark mass |
- W,t masses qz

- ANew Physics ? 7
- Interplay of operators, couplings in EFT vary with g% = m?(£*¢7)
- Analyses made as f(g?)

- Exclude large resonances, use a control/normalisation
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Rare b — sf*f~decay processes

tree b— ccs
JAS | —,
b photon /

bols Y(25)

C?

“ Long distance
dr ' Eontributig)ns
qu C?ﬁ(/)% CQ( g open charm

- Multiple, very different scales S c W)
p ’ ry 9 » ¥10
- AQCD
- b quark mass
- W, t masses qz

- ANew Physics ? 7
- Interplay of operators, couplings in EFT vary with g% = m?*(£*£7)
- Analyses made as f(g*)

- Exclude large resonances, use a control/normalisation
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- Multiple, very different scales

- AQCD
- b quark mass
- W, t masses

- Apyew Physics ?7?

PANIC - 07 Sep 2021 b s
P r Q
a8 I

Rare b — sf*f~decay processes

C7(/), Cg(/)

interference

Long distance
contributions
from cc above
open charm

tree b— ccs
A —,
b photon H /
fgj?) ”w(m

CQ(’)7 Cl((;)

2
q

- Interplay of operators, couplings in EFT vary with g% = m*(£147)

- Analyses made as f(q?)

- Exclude large resonances, use a control/normalisation
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BO - ¢(—> K+K )ut u~branching fraction

[arXiv:2 21 05.14007]

f 18 T e T 10 J/(18) tree b—ccs
c% 16 "' photon ﬂ /
S 1) : P (25)
C\l@ 12 l..,
10 = Long distance
- s - contributions
81 i — from cc above
6 - - __.': - open charm
- - — interference
¢y, Cly)
4 e 3 ‘
2 IS LHCb
O -u iy - L - - P -r,-- -, -.'--, 9fb_ 1 —
5200 5400 5600 5800

m(K"K u*u~) [MeV/c?]

- ¢ > KYK~, +12 MeV window

- Multivariate selection: kinematic, topological and particle ID variables
- Signal proxy: BY — J /W (- utu~)¢ ; background proxy: signal upper mass sideband
- Extended maximum liklihood fit
o Signal: double Gaussian function +power-law tails, parameters from proxy decays
o Background: exponential

- Specific kinematic/PID criteria to suppress exclusive backgrounds


https://arxiv.org/abs/2109.01038
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BO - ¢(—> K+K )ut u~branching fraction

— — [arX|v 2105 14007]
<, 18 N . . Normalisation
g 16 10 BS = J/p(= utu)¢
- N TN
14 gt S D -
23 N e %250005 9!
S = 20000 F =
10 , m‘ : —+ data ]
- b 2 — ~ -
8 F - 10 = 15000 - — total .
" A X 0 .
6 SE o £ 10000 — B> Jlyp 1
4 E PR SR | R o combinatorial 3
g AL = =
2k --LHCb £ 5000 :
=~ - ~ - B O .
O L o L - Y - . -,-- = T . 9fb 1 0 deeedectinaao ol bl e N
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- ¢ > KYK~, +12 MeV window

- Multivariate selection: kinematic, topological and particle ID variables
- Signal proxy: BY — J /W (- utu~)¢ ; background proxy: signal upper mass sideband
- Extended maximum liklihood fit
o Signal: double Gaussian function +power-law tails, parameters from proxy decays
o Background: exponential

- Specific kinematic/PID criteria to suppress exclusive backgrounds
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BO - ¢(—> K+K )ut u~branching fraction

- 8rXiv:2105.14007] ‘ All signal g2 bins ‘
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- ¢ > KYK~, +12 MeV window
- Multivariate selection: kinematic, topological and particle ID variables

~ Signal proxy: BY — J /W (- utu~)¢ ; background proxy: signal upper mass sideband
- Extended maximum liklihood fit
o Signal: double Gaussian function +power-law tails, parameters from proxy decays
o Background: exponential

- Specific kinematic/PID criteria to suppress exclusive backgrounds
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B! - ¢(—» K*K)u*"u branching fraction |

[arXiv:2105.14007] o [arXiv:2105.14007]
< 140; Precise SM LHCb RS
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= sof —1-data E _ —
PN — total ] > Good cziescnptlon
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- Measure B in narrow g2 bins, relative to normalisation mode
- Relative efficiencies from simulation (per g# , run-period)

dB(B)— ¢pu*p~) _ B(By— Jfg) x B(J/¢—> W) Nowru- | Eappo
dq2 qmax qun N Jfbo Coutu—
- Most precise measurement this B to date (full g2)

B(B’— ¢utp~) = (8.14 £0.21 £ 0.16 +0.03 £ 0.39) x 107
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B? - ¢(—> K*K )u* u branching fraction

o 10-8 [arXiv:2105.14007]
< 1uE ' "| =$— LHCb 91!
q - LHCD LHCb 3fb™! [PRL 112 (2014) 212003]
Z 12 | SM (LCSR+Lattice) |[P0S, Lattice 2014 (2015) 372]
<) 10 ] SM(LCSR) [EPJC 75 (2015) 382]
L [ SM (Lattice) [JHEP 08 (2016) 098]
= - :
= 8 - Precise SM | _
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- In ¢%[1.1, 6.0] GeV?/c*

- Measured  dB(B?— ¢utp~)/dg? = (2.88+£0.22) x 1078 GeV*¢*
- SM prediction (LQCD+LCSR) (5.37£0.66) x 108 GeV 3¢
- Consistency ~ 3.60 level


https://doi.org/10.1103/PhysRevLett.112.212003
https://doi.org/10.22323/1.214.0372
https://doi.org/10.1140/epjc/s10052-015-3602-7
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Lepton universality

- Consistency with SM in B and angular measurements subject to

change, e.g. A, - Autu~
g 9. Db HoH [Phys. Rev. D 93, 074501 (2016)]

[JHEP 06 (2015) 115 L6 ‘ ‘ ‘ x
— 18p —————— JHEP 09 (2018) 145] 14 .
c§ 1.6 ;_ SM prediction 1.2 d—qQ [10_7 Gev_z] =
8 ME . Improved |0} |
= 12F predictions |os} _I_ 1
(\lw 1-_
o C ' 0.6 —
= 08F o 04 ]
j 0.6 ;_”Wj‘"* 7 02F = _Z"Zf'
T 0.4:—_}_‘ =TT
£ C 0.0 = 1 1 L
% 02F . + LHCb 5 , 10 ) 15 20
F '_._:_I_. ) P B S RS q [Gev ]
0 5 10 15 20
g? [GeV?/c4
- Always cautious not to over-interpret y
- Potential for new physics, e.g. Bt - KT ¢ ¢~ &



https://doi.org/10.1103/PhysRevD.93.074501
https://doi.org/10.1007/JHEP06(2015)115
https://doi.org/10.1007/JHEP09(2018)145

Nigel Watson (Birmingham) PANIC - 07 Sep 2021 Q
" ‘s

Lepton flavour universality

- Ratios of B very robust, both measurement and predictions
/ dB(B— Hu'p”) ,

~H=K,K*,.. _Je dg? ! ~ 1 (SM)
_ (not Higgs) B R AB(B — Hete- :
/2 dB( —d>q2 e =1 (New Physics?)

9min

- “Direct” LFU tests: Ry, Rx+, R_¢, etc., various H
- Many cancellations

- One of various golden measurments, LHCb uses double ratio

B(Bt— K*tutu™) / B(BT— K*ete™)
Ry = B

B(B"—= Jip(—= p"u")KT) ) B(BT—= Jip(—= eTe)KT)

- relative to resonant mode, even more cancellation, e.g. efficiencies
rop = B(B* = Jpp(— ptp”)K+)[B(B* — Jfp (= etem)KY)
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Lepton flavour universality

Detector efficiencies from simulation, calibrated to data

Usual, g2 regions J/Y(1S)
- 1.1 — 6.0 GeV?/c*rare signal o0

- ~J/Y(1S) control dr
- YP(29) cross-checks dleT
- e~, u~ mass effects important in detector

- e~ large bremsstrahlung up-/down-stream of magnet

. Very different kAHCb t
: agne
- Mass, momentum resolutions 9
- Trigger efficiencies Y T
) y emltted dOW”Stream Upstream /,/"/ Downstream
- y same calorimeter cell as e~, p OK brem = brem
. N
- ¥ emitted upstream © -
- y different cell to e~ ’
Air

- p measured after recovering y’s
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Lepton flavour universality

- Detector efficiencies from simulation, calibrated to data

- Usual, g* regions J/Y(1S)
- 1.1 — 6.0 GeV?/c*rare signal o0
- ~J/Y(1S) control dr
- YP(29) cross-checks dleT

- e~, u~ mass effects important in detector

- e~ large bremsstrahlung up-/down-stream of magnet

Very different ‘ Double ratio using control mode helps! I

- Mass, momentum resolutions

- Trigger efficiencies Y T
y emitted downstream ) Upstream D

- y same calorimeter cell as e™, p OK brem brem

y emitted upstream ©

- y different cell to e~
- p measured after recovering y’s
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Lepton flavour universality: rare, control, e, u

240 [arXiv:2103.11769] . [arXiv:2103.11769]
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Lepton flavour universality: rare, control, e, u

240 [arXiv:2103.11769] . [arXiv:2103.11769]
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Lepton flavour universality: many cross-checks

Compatible p; spectra, signal and control

Candidates (arbitrary units)

[arXiv:2103.11769]

- LHCb B'— K'ete
| . . + + —
IS simulation B"— K utu
: B> Jly(ete Kt
N — B > Jly(pru )K"
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0 N N R L
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Control mode ratio stable with parent p;
[arXiv:2103.11769]

LHCb

4
+l
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- Studied vs. many other variables,
also no significant trend
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Lepton flavour universality: many cross-checks

- All LHCb Run1 + RunZ2 data [arXiv:2103.11769]
- Factor ~ 2 increase in reconstructed candidates since previous paper

ro = B(BT = Jhb(—= ptu)K+)/B(Bt — Jh(— ete”)K*) = 0.981 + 0.020

- Strict (essential) cross-check, validates relative efficiencies and all corrections for high yield
control modes

= 0.997 £ 0.011

Ry = BB = Y290 i )KY) /B(Bm $(25)(— ete ) KY)
)" BBt = (= ptu )KY) | B(BY— (= eten)KY)

- Validation of whole double ratio procedure
- Also a world-leading test in itself of lepton flavour universality
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Lepton flavour universality
[arXiv:2103.11769]

Ri(1.1 < ¢* < 6.0GeV?/c?) = 0.846 15032 +0.003
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- Latest LHCb measurement

- Most precise to date

- Consistency with SM is 3.10: “hints” = “evidence” - ?7?
- Other LFU measurements in progress (Rg+,...)

- Rememober statistics limited (for some time to come)
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Conclusions
- LHC provides the enabling b production rates

- LHCb are exploiting these to stress-test the SM and relatives

- First observation of very narrow, double charm tetraquark
- More support for intrinsic charm in proton
- First my;, measurement in forward region

- Lepton Universality Violation more hints, evidence, ...
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