Review of Lorentz Invariance Violation
constraints in the b-sector from LHCbh

Probing space-time properties at HEP experiments, Belgrade 2023
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How are h-quarks connected to LIV?

e CPT violation implies Lorentz Invariance Violation (LIV)
o [Greenberg, PRL 89 (2002)]

Mass and lifetime differences between particle and antiparticles implies CPT violation
These are / can be directly measured, but there is a far more precise way!

Neutral meson mixing!

e Some neutral mesons can oscillate from particle to antiparticle and back via Weak interaction
e CPTV appears as mass and lifetime differences relative to

very small, but known mass and lifetime differences
e Encoded in one complex parameter z

~ 0m —i0l'/2
- Am —iAl'/2
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https://arxiv.org/abs/hep-ph/0201258

Neutral meson mixing and CP / CPT violation

e Due to the particle-antiparticle oscillations, one gets the following type of Hamiltonian

.0 i M My I (T Thg
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e Eigenstates of the Hamiltonian are different from their flavour-specific eigenstates
o Causes a mass and lifetime splitting
m Light and heavy eigenstates dictated by Weak interaction
e e.g.forthe B® meson 10" MeV level mass splitting
m These tiny differences enhance CPT violating / LIV effects!
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Neutral meson mixing and LIV

] Standard Model Extension (SME)
o EFT framework with CPT- & Lorentz-violating terms B*Aa,
s [Kostelecky, PRD55 (1997) 6760] = RNem— AT 72

e One type of parameter has direct connection to quark
propagation / mass like term Re(z)AF = QIm(z)Am
o Real four-vector vacuum expectation value
o Valence quarks have opposite signed terms

— 42 _ ,q1
Aag = ay’ — a

e Real-valuedness gives important experimental constraints
o  Will come back to this

e Four-vector causes LIV
oz depends on four-momentum of particle!



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.55.6760
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Time evolution of P° and P states (produced as P9)
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https://cds.cern.ch/record/2197583

The LHCb experiment

e LHCb studies mainly decays of beauty and charm
hadrons with high production rates

( Software-only trigger }

Upgraded calo front-
end electronics,

/{ New tracking ] remove SPD/PS
/, stations scaL HCAL e M5
/ / M3
/ Magnet SciFi  RICH2 M2
New pixel /RICHI Tracker
VELO | _ U

New RICH PMTs +
upgraded electronics

e LHCb is a forward spectrometer at the pp collider LHC

o  High-precision tracking / vertexing
o Excellent PID, incl. hadron separation

electronics,

LHCb-TDR-12

Upgraded
muon
front-end

remove M1
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https://cds.cern.ch/record/616089?ln=en

Lifetime, CP/CPT related measurements at LHCh

e The Vertex Locator (VELO) of LHCb has silicon sensors
close to interaction to measure tracks and vertices of
displaced heavy-flavour particles

e Neutral B meson mixing can be studied in great detail!

o  Shown here the oscillation frequency / mass
difference Bs meson mass eigenstates

Nature Physics 18, (2022) 1-5
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http://arxiv.org/abs/2104.04421

Lifetime, CP/CPT related measurements at LHCh

P ZZ
e The Vertex Locator (VELO) of LHCb has silicon sensors ’,-?‘
close to interaction to measure tracks and vertices of Z ? =

displaced heavy-flavour particles

e Neutral B meson mixing can be studied in great detail!
o  Shown here the oscillation frequency / mass
difference Bs meson mass eigenstates
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http://arxiv.org/abs/2104.04421
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Location of LHCh

e SME parameters depend on location and direction of LHCb
o Location: latitude 4614729’ and [llongitude 6'5747°”
o Direction of beam: Azimuth 6 = 236’17744°”
B points upwards by 3.6 mrad
e [| Angle beam with Earth rotational axis
o cosyx=-0.38



https://cds.cern.ch/record/2197583

Location of LHCbh and sidereal dependence

SME parameters depend on location and direction of LHCb
o Location: latitude 4614”29’ and longitude 6’5747°”

o Direction of beam: Azimuth 6 = 236’1744

Quite an optimal location, close to maximal sidereal sensitivity

points upwards by 3.6 mrad
1 Angle beam with Earth rotational axis
o cosyx=-0.38

LHCb-TALK-2016-193

z

Bt Ay

— g
Am +1AT'/2

[Re(z) — ﬁ [Aao + cos(

\

x)Aay + sin(x)[Aay sin(Qf) + Aax cos(Qf)]

High sensitivity from small
A mand B meson boost:

(vB) =~ 20

\?

Angle of B meson with Earth
rotational axis. B mesons mostly
along beam:

cos(x )=—0.38

o)
"’

Sidereal frequency
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Which final states of the decays are best?

e Realness of SME parameter has important consequences

CPT-violating parameter:
B B Gy
~ Am +iAT/2

z

SME constraint: Aa, is real

® Al small for B mesons: Re(z) ~400 larger than Im(z)

e Decays to flavour-specific final states
o  Sensitive to imaginary part of z
e Decays to CP eigenstates
o Sensitive to real part of z
o  More specific details on sensitivity later

B - J/YyKTK~| |B°— J/YKg

"


https://cds.cern.ch/record/2197583

Asymmetries with CP eigenstates? flavour tagging

e Asymmetry between particle being initially a meson versus anti-meson
o Produced in flavour-specific state

e Disentangle initial flavour one needs flavour tagging
o B hadron production processes correlate initial flavour with underlying event
o Charges of co-produced particles reveal initial flavour

SS pion
° SS proton
SS kaon

same side
B opposite side
) @ 0S kaon
OS vertex charge
0OS charm
0OS muon

OS electron
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Asymmetries with CP eigenstates? flavour tagging

Asymmetry between particle being initially a meson versus an
o Produced in flavour-specific state
Disentangle initial flavour one needs flavour tagging

o B hadron production processes correlate initial flavour w

o Charges of co-produced particles reveal initial flavour
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http://arxiv.org/abs/2104.04421

B° meson

LHCb-TALK-2016-193

® B, system: B,—J/y K

% oce [1+¢DsRe(z) — SfIm(z)] cosh(AT't/2)
+[Ds + Re(z)(Cs + ()| sinh(AT¢t/2)

+¢[Cs — DfRe(z) + (SfIm(z)] cos(Amt)

—([S5 — Imz(Cy + ¢)] sin(Amt) ]

®* B, system: B—Jly ¢

® More complicated
See next slide...

B% meson
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B° meson

LHCb-TALK-2016-193

® (P eigenvalue of final state
depends on decay angles.

BY - J/YyKTK~

® Four “helicity” states = ten terms (including interferences)

Torn o §p 5@
dtdgd £ TEIIR
k ha(t) 7 k hy (t)
T TA®P 6 Tm( A (O AL(D)
2 AP 7 |As@)
3 AP 8 Re(A3(H)A(1))
L Tm(ADAL(R) 9 Im(A3(H)AL())

10 Re(A3(t)Ao(t))

L2 OTHG)

A7 (0)A (0)e~"-
1+¢{Cy

[ak cosh(AT'st/2) + by, sinh(AT',£/2)

A7 (D) Am(t) =

+ ¢ cos(Amyt) + di. sin(Amst)] 4

Coefficients a,,b,,c,,d, given in :
[PRL 116 (2016) 241601] ‘ 15
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Results for B? and B°,

T L B s T

Jb LHCD B"—JIyKY s Mw
10| :

P(v)

1.5 21
v [solar-day ]

Phys. Rev. Lett. 116 (2016) 241601

B, system (SME):

Aag —0.38Aay; = (—0.10 £ 0.82 4 0.54) x 10715 GeV
0.38Aap + Aaz = (—0.20 £ 0.22 + 0.04) x 10713 GeV
Aax = (+1.97 £ 1.30 + 0.29) x 10~° GeV
Aay = (4+0.44 £1.26 + 0.29) x 10~ GeV

B, system (SME):

Aag —0.38Aaz = (—0.89 +1.41 4 0.36) x 10~ 14 GeV
0.38Aag + Aaz = (—0.47 +0.22 £ 0.08) x 10~ 12 GeV
Aax = (+1.01 £2.0840.71) x 10”4 GeV
Aay = (+3.83+£2.09+0.71) x 10~ GeV

Set SME constraints, and did general sidereal
dependence scan, consistent with no LIV

16


http://arxiv.org/abs/1603.04804

LIV constraints in neutral meson mixing
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LIV constraints in neutral meson mixing
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Recent CP violation measurements from LHGb
and what it means for LIV / CPT

e fresh from LHCP!
o Legacy measurements from
old LHCb detector
o Both relevant B’ and B_modes
o Could be extended / updated with
LIV measurement

* b — ccs tree-level contribution dominates, having clean signature.
« 6fb™1,13 TeV

» Simultaneous fit of time-dependent decay rates for

ot

B > /(> utuJete KD, BO> ¢(25) (- ptp K and
BO - J/P(— utu")K? to measure CPV.
Measurement of decay rate differences of tagged B° and B° to

common CP final state. QYEESEReRYIeliaRe it (slelarle el o] CRWIiaN0)]

_ [(B°W~f)-r(B°®)~f) _

. ACP(t) Ssin(amgt)—Ccos(amt) SUMACEIEIMETIEY -=|
T rB°(O)-N+I(B(D)-1)

preliminary — =

cosh(3 Af‘dt)+AApsmh( AT 4t)

. SI,}KS =0.716 £ 0.013 + 0.008 prellmlnaw

s .
LHCb
A
I\
1A\

* Cygo = 0.012 £ 0.012 + 0.003
 Agreement with the current world average|°”

* Precision from all channels is higher than
the current average.

2023/5/22

LHCb-TALK-2023-091
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https://cds.cern.ch/record/2859738

Recent CP violation measurements from LHCh
and what it means for LIV / CPT

e Fresh from LHCP!
o Legacy measurements from
old LHCb detector
o Both relevant B’ and B_modes
o Could be extended / updated with
LIV measurement
e LHCb Upgrade | —

2o troo.lovsal cantribuitinn daminatac havinag clean cianatiire -

ob_)

* 6fb7

o Commissioning well underway

o Full software trigger and higher
luminosity gives plenty of new
opportunities!

* Agreg

* Preci
the g

( Software-only trigger ] Upgraded calo front- | LHCbTDR-12
end electronics,
\

remove SPD/PS

New tracking

stations - X\
_J  EcaL HCAL Ma MS O\ \

Magnet SciFi RICH2

Tracker

| Upgraded
muon
front-end

electronics,
remove M1

IREN.
New RICH PMTs +

‘ upgraded electronics

20
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Recent CP violation measurements from LHCh
and what it means for LIV / CPT

e fresh from LHCP!

o Legacy measurements from
old LHCDb detector CPV in B? » Y- l+l_)K2(—> 1'[+1'[_) decays tHco-paper-2023-013

e h - ccctron.lovsl cantribhiitinn dominatec havinag clean cianatiire -

o Both relevant B® and B_modes Mo
S . . ( Soﬁ—_ware-only trigger ] Upgraded CalO front— LHCb-TDR-12
o Could be extended / updated with . end electronics,
; remove SPD/PS k
LIV measurement B New tracking \

ion -
stations ECAL HCAL

\ O\
J M4 M5 X '\\

M3

e LHCb Upgrade | —
o Commissioning well underway

Magnet SciFi  RICH2 M2

Tracker

I I | Upgraded

o Full software trigger and higher f muonOI
ront-en

luminosity gives plenty of new " Agres S ———

= remove M1

opportunities! KNS :
e But LHCb also is a laboratory for charm... A 111

New RICH PMTs +
upgraded electronics

21
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Charm prospects

LHCB-TDR-018

e |n general, small mixing parameters plague sensitivity

Acpr(t) = A% — \/Rpsin ¢(x cos § 4+ ysin )Tt + (Re(2)y — Im(z)z)Tt cic
PV 1 po— K~
e But LHCb has a huge data set of charm mesons! i

o In part due to new developments in software trigger
o Started during Run 2 (2015-2018)

3
~ 1800 T — E791
1600 | LHCb Dl K-K* = e FOCUS
g 5.7 { Data . i
= 1400 | E —_— CLEO \\
® : . - —_— Belle
S1000 | Comb. bkg. i s 5 i
g g E T : aBar Sl \
2, 800 = ..| : CDF /
g 600 | = ; B
< 400 | E ? ~— LHCb 3 fb
3 ] b e LHCb 5.7 fb’! VELO RICH ECAL
= 200 | = Zi A
O bk | —— : T AKKY 107
2005 2010 2015 A .. [ TN T
m(D7F) [MeV/c?] -5 0 5 10

LHCb-PAPER-2022-024 Acp(KK*) [1072] 22



https://cds.cern.ch/record/2319756
https://arxiv.org/abs/2209.03179

New detector has this software as default plus many more improvements

LHCb will have higher luminosity, new detector and software!
Prospects from 2016

® Table from JvT & v.Veghel [pig 742 2015) 236]

LHCb-TALK-2016-193

‘ Expected statistical sensitivities for LHCb Run 1 (3 fb™1) |

System Parameter Current best limit LHCb 3fb~!  Decay mode

DO |Re(2)y —Im(2)z| (0.83£0.77)% T [17] 0.02% T DY K—xt —_—
Aa, ~3x10713GeV 171 1x1074GeVv D°— K7t —>

B° Im(2) (-0.8+0.49% [18] 0.1% B 5 D®-pty, —>
Re(z) (1.9 +4.00% 6,11 7% BY - J K9

LU Aa, O(107¥)Gev  [18] 1x10"5GeV BO — JiH KO |

BY Im(z) - 0.4% BY = D7+
Re(z) = 2% BYS JRbe
Aay, 0O(10712) GeV [16] 1x1074GeV B? — Jho \

T Assuming that z ~ y ~ 0.5%.

Possible
future
measure-
ments

Covered by this measurement

For charm still applies! B sector will also have quite some gains

LHCB-TDR-018

PV BV

N
TN

VELO RICH e ECAL
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e Access to small mass differences through neutral meson mixing
o One particular, quark-flavour specific, four-vector in SME

e Constraints for LIV in b-quark sector from LHCb are world leading
o high yield, high boost of both beauty and charm mesons

e LHCDb has set constraints for B and Bs mesons

o b-quark (and other valence quark) constraints in SME

e More opportunities at LHCb for SME constraints
o  Even with ‘old’ Run 2 (higher boost as well)
o  Particularly charm

Software-only trigger Upgraded calo front- | LHCb-TDR-12
end electronics,
New tracking remove SPD/PS
/ stations EcaL HCAL o N \

M3

/ Magnet SciFi  RICH2 M2 \
VELO ur \ Upgraded
muon
| 2

front-end
electronics,
remove M1

Phys. Rev. Lett. 116 (2016) 241601

R (N —
< 6o00f LHCb
> F

é) S000E { Data ]
- : B -k«
8 4000 " | como. bkg. ]
= 3000F 3
] L ]
-‘.5 2000F 3
2 1000 ]
= . ]
®) ‘: I N rmr—

9005 2010 2015 2020

m(D°r) [MeV/c?]

Phys. Rev. Lett. 122 (2019) 211803
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Backup



Systematic uncertainties

Phys. Rev. Lett. 116 (2016) 241601

Table 3: Systematic uncertainties on Aa, for B" mixing and on Aa,, and z for B? mixing.
Contributions marked with — are negligible.

BO mixing A(l” A(IJ_ A(IX_Y
Source [x1071° GeV]
Mass correlation - - 0.04

Wrong PV assignment - 1
Production asymmetry 0.28 il 0.05
External input Cy, Sy 0.46 4 0.28

Decay width difference 0.07 - =

Neutral kaon asymmetry — — 1 -

Quadratic sum 0.54 4 0.29
BY mixing Aay Aai Aaxy | Re(z) Im(z)
Source [x10~ GeV]
Mass correlation 0.10 3 0.24 0.001  0.002
Peaking background 0.14 3 0.15 0.003 =
Decay-time acceptance 0.30 7 0.65 - 0.001
Angular acceptance 0.07 = = 0.002  0.001
Quadratic sum 0.36 8 0.71 0.003  0.002



http://arxiv.org/abs/1603.04804

Systematic uncertainties

2012
2011
EB
AU
DD
LL
BS
SS
[N

Categories

2012
2011
EB
AU
DD
LL
BS
SS
0s

Categories

LHCb -

5
AdP 107" GeV]

LHCb

5
Ads [107" GeV]

Categories

Categories

2012
2011
EB
AU

2012
2011
EB
AU
DD
LL
BS
SS
oS

Phys. Rev. Lett. 116 (2016) 241601

LHCb

50 100
Ad¥ [1077 GeV]

o T

LHCb

1

5
Ad 107" GeV]

Figure 1: Fit results when splitting the B? sample into several different subsamples. The vertical
bands indicate the fit result from the full sample. All uncertainties are statistical only. The
abbreviations for the subsamples are explained in the text.
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LHCbD results in context of others

« Boost BaBar: fy =0.5 (ct. LHCb: 20)
« BaBar used inclusive dilepton B d
« Used AI;=0.00261 (SM prediction

« Corresponds to Re(z) of O(2); |z|? terms cannot be ignored

0(103) times more precise

ecays

) arXiv:1511

LHCb-TALK-2016-193

) [PRL 100 (2008) 131802]
— 1500 ——————————————— T —=6000——————— —
% [ 95% CL contours BaBar ] % t 95% CL contours 1
Z 1000F 4 4000 BaBar a
T 1 & ]
= 500F 4 Z=.2000F 3
N E ] > i
3 F 1 3 LHCb
L & LHCb A L 10
- SO0F B - ' =1
F ] L s LHCb Al
-S00F- 4 -2000° P .
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LHCb-TDR-12

The upgraded LHGCh experiment

e Single-arm forward spectrometer [ T T e — } Upgraded calo front-
designed for beauty / charm physics end electronics,

o High-precision tracking / vertexing New tracking ] Tamioie SFIHS
o Excellent PID, incl. hadron separation stations
e Physics program in practice Magnet  Scifi  RICH2

BGAL, HOAL M4 MS

Tracker =
far more general BITR qr—
o Electroweak muon
o  Exotica, LLPs, ... : b= | front-end
o Fixed-target, heavy ions veriex LT £ 1 electronics,
e Thinkofitmoreasa 77 VN . IR

general purpose detector!

New RICH PMTs +
upgraded electronics
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Selective Persistence
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