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LHCb Run 1 & 2 physics output

Brief tour through most significant results in FCNCs, CP violation in the b-sector,
and in charm, giving due mention to other LHC experiments, where appropriate.
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Search for New Physics
through Flavour-Changing-
Neutral-Current decays
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‘The golden modes: B —ptp, Bb—p*u

s Standard ut b SUSY
These decay modes can only proceed Model
through suppressed loop diagrams. t HIAC
In SM they happen extremely rarely (B.—pu w
~4 x 109, B—puu 30x lower), but the rate is ;
very well predicted (e.g. <5% for B,.—puy). b s s

Many models of New Physics (e.g. SUSY) can modify rate significantly !
A ‘needle-in-the haystack’ search, which has been pursued for over 25 years.
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Before the LHC, Fermilab experiments were pushing the limits down towards 108,



B —ptw, B—p*u: the model killer

Historical plot from around the turn-on of the LHC, showing how a measurement of
the BR of both modes provides powerful discrimination between New Physics models.
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https://arxiv.org/abs/1012.3893

Candidates / (40 MeV/2)

The search is over: B —p"u observed !

The signal finally showed up during Run 1, where LHCDb found first evidence
[PRL 110 (2013) 021801], & then a combined LHCb-CMS analysis yielded a 50
observation [Nature 522 (2015) 68]. The BR, measured to 25%, agrees with the SM...

CMS and LHCb CMS and LHCb
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BBY = ptpm) = (28%97) x107? (6.20)

[Nature 522 (2015) 68]
B(B® - putp~) = (3971) x 1071 (3.00)

...however the analysis also searched for the even rarer B® —uu. Here there is
also a hint of a signal. Picture is intriguing & provided encouragement for Run 2!
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https://arxiv.org/abs/1211.2674
https://arxiv.org/abs/1411.4413
https://arxiv.org/abs/1411.4413
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‘ BO(S)—mﬂx at the LHC: state of play

Recent results available from all experiments. Run 1 & 2 fully analysed by LHCb &
CMS. Indicative plots below — these made for different data sets and BDT cuts, so
take care when comparing absolute yields, but note different mass resolutions.

[PRL 128 (2022) 041801]
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When combined with Run 1:
B(B) — p*p) =
0.8 -9
(2:820%) x 10

CMS currently has best measurement (this is a flavour-physics measurement well
suited to the General Purpose Detectors). Precision ~10%. No sign yet of By—pp.
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https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2212.10311
https://arxiv.org/abs/1812.03017

B? ,—w " at the LHC: state of play

No combination of the current individual LHC measurements yet exists...
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...but the overall picture is clear: broad consistency with the Standard Model.

Achieving such precision on this rare process is a major achievement of LHC era!
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https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/1812.03017
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Lessons from, & future of, B’ ,—pp measurements

Prior to LHC turn on, an enhanced BR(B,—uu) was one of the great hopes
for a rapid discovery of New Physics. This hope has not been realised.

Nonetheless, the absence of an
enhancement is a very powerful
iInput in excluding certain classes
of New Physics model.

e.g. 95% CL excluded region in

tan

M + vs. tanB space for two- —

Hig‘J_IgS doublet model [Gfitter group,

Hallet et al., EPJC 78 (2018) 675].
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Better measurements are essential,
as we are still above the theory limit
(which will improve). Even truer for
ratio BR(B;—uu)/BR(B°—pp). These
decays still have much to tell us!

Next step in the journey will
be observation of BO—pp.


https://arxiv.org/abs/1803.01853
https://arxiv.org/abs/1803.01853
https://cds.cern.ch/record/2244311?ln=en
https://cds.cern.ch/record/2244311?ln=en
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BO_)K 1+1 and fl‘lel’ldS - " : K E : Bd? ugf EK
the gift that keeps on giving %’ib( \ﬂ{b( E ¥

FCNC processes involving the transition b—sl*I- (and indeed b—dI*l") are not
ultra rare, but provide an exceedingly rich set of observables to probe for NP
effects, that are sensitive to non-SM helicity structures (and more).

Many realisations, but the poster-child decay is Bo—K™I*l-, with KO—K*1r".

@ is angle
between K1r
and yu decay frame

Four-body final state can be characterised in terms of three angles, ©,, 6, and o,
& g2, & the invariant-mass of the dilepton pair (see e.g. [LHCb, JHEP 02 (2016) 104]).

This family of decays has generated some of the most intriguing recent results in

flavour physics. No time to do full justice to these here — only a whistle stop tour.
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https://arxiv.org/abs/1512.04442

[JHEP 06 (2014) 133]

[PRL 127 (2021) 151801]

B9 —K*1*1- and friends: differential x-secs

Differential cross-section for this family of decays shows eye-catching behaviour.
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All measurements undershoot prediction at low g2 ! (BTW, all made with dimuons...)
Very intriguing — but the theory calculations have uncertainties which are hard to

assess. Can we measure something where this problem is less?
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https://arxiv.org/abs/1606.04731
https://arxiv.org/abs/2105.14007

B’ —K*1*I- and friends: the P,/ puzzle

Many of the angular observables, plotted as a function of the g2 of the lepton
system are theoretically more robust. Several of these also exhibit odd behaviour,
especially at low g?. One example is the so-called P,/ parameter.
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Although more robust, these observables are not theoretically bullet proof !
Meanwhile, work ongoing to study behaviour with other approaches (e.g. amplitude
analysis to probe short and long range contributions [arXiv:2312.09102, arXiv:2312.09115]).

12



https://arxiv.org/abs/2312.09102
https://arxiv.org/abs/2312.09115
https://arxiv.org/abs/2003.04831

B%—K*1*1- and friends: lepton-universality tests

The cleanest way to probe these decays are with lepton-universality (LU) tests,
l.e. comparing decays with di-electrons and di-muons. Negligible theory uncertainty.

Ratios of decay rates have been measured for b—sy*u/b—se*e for~1 < g?<
6 GeV? for both B—KI*l- (Ry) and B°—K*I*l- (R,.). In SM we expect 1 for both.
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For a long time, these results generated great interest and many theory papers.
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https://arxiv.org/abs/2103.11769
https://arxiv.org/abs/2103.11769
https://arxiv.org/abs/1705.05802

B%—K*1*1- and friends: lepton-universality tests

But measurements involving electrons at hadron colliders are hard, and a
re-analysis of LHCb data involving both modes (and now two g? bins for each
mode), revealed an unexpectedly large background and led to revised results.
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Naturally this is disappointing, but we should celebrate that the scientific method
always wins out. Nonetheless, the other b—sl*l- puzzles remain, and indeed,

soon after the world had thought these anomalies dead and buried...
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When we dead awaken
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Hot news: BT—K*vy from Belle 11

Announced at last summer, 3.60 evidence for B*—K*vvbar, at a rate 2.8o0 above
the SM [arXxiv:2311.14647]. Await for confirmation in other channels and Belle data.
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This is a measurement where LHCb cannot contribute ! Again, the message is that

it is vital to have more than one flavour experiment, in different environments.
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https://arxiv.org/abs/2311.14647

CP violation in b decays
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“The long march: towards a precise
determination of the UT angle vy

A particular responsibility for flavour At LHC turn-on y uncertainty was >20°,
physics at the LHC is to improve 13
our knowledge of the angle vy.

||||I|||lllllolllr1rlllllllll
r excluded area has CL > 0.95
- '

i
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The predicted value of y [CKMfitter, 2021] o s w0 05 10 s 20
in context of SM is known very well from other triangle P

parameters (& will be known even better as experiment & lattice QCD improve).

A key task of flavour physics is to match this precision in a direct measurement !
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http://ckmfitter.in2p3.fr/www/results/plots_spring21/num/ckmEval_results_spring21.html
http://ckmfitter.in2p3.fr/www/results/plots_beauty09/num/ckmEval_results_beauty09.html

“The long march: towards a precise
determination of the UT angle vy

This angle is special — it can be measured at tree-level through B—DK decays.

i |

=IA

If we reconstruct D° andBO In a state accessible to both, Interference occurs &
decay rates become sensitive to relative phase between V_, and V,, which is y.

There are QCD nuisance parameters involved, but sufficient observables can be
measured to determine these without any assumption. Theoretically ultra clean !

Tree level means New Physics unlikely to perturb measured value from the y of

the SM (c.f. B) , hence measurement provides ‘SM benchmark’ for other tests !
19



The Unitarity Triangle: measuring vy

To access these interference effects means looking for rather suppressed decays,
e.g. this B-—DK- decay, with D—K*m (and B* conjugate case): visible BR ~10-8,
Hence out of reach to previous generation of flavour physics experiments.
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Very significant CP violation observed, that can be cleanly related to the phase v.
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https://arxiv.org/abs/2012.09903

Measuring y at LHCb: remarkably clean signals

Despite the high multiplicity environment, the signals are remarkably clean, even in
very challenging modes involving a 1° [JHEP 07 (2022) 099]. The flight distance of the
B & D mesons suppresses combinatoric background from prompt charged tracks.
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Furthermore, the RICH detector does an W Conbinstor

excellent job in separating the B—DK B 5 DX e ot s
mode (top plot) from the order-of-magnitude
more abundant B—D1r mode (bottom plot).
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https://arxiv.org/abs/2112.10617

m? (Kg'.lr_) [GeV? /]

vy measurement at LHCb with [JHEP 02 (2021) 169)

B—DK decays: D—K i (and K{KK)

A powerful sub-set of B—DK analyses is when the D decays into a multibody final
state, of which Kq1r1T Is the most prominent example. Variation of D strong phase

over Dalitz space leads to corresponding variation in interference and CP violation.

Analysis of ~12,500 decays from Run 1 and Run 2 data  Study yields in bins of
Dalitz space, chosen

for optimal sensitivity.
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https://arxiv.org/abs/2010.08483

m? (Kg'.lr_) [GeV? /]

vy measurement at LHCb with [JHEP 02 (2021) 169)
B—DK decays: D—K i (and K{KK)

A powerful sub-set of B—DK analyses is when the D decays into a multibody final
state, of which Kq1r1T Is the most prominent example. Variation of D strong phase
over Dalitz space leads to corresponding variation in interference and CP violation.

Analysis of ~12,500 decays from Run 1 and Run 2 data  Study yields in bins of
Dalitz space, chosen

3.0, 3.0, for optimal sensitivity.
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CP asymmetries visible by eye, but quantitative analysis requires external input...
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https://arxiv.org/abs/2010.08483

Measuring y — a synergy of experiments

In order to make sense of these CP asymmetries, we need to know how the
CP-conserving strong phase between D & Dbar varies over the Dalitz plot.

This information can be measured in bins on the Dalitz plot from quantum-
correlated w(3770)—DDbar events, available at BESIII [PRD 101 (2020) 112002].

BESIII data (here
combined with
older CLEO
results) adequate
for current LHCb
sample sizes.
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https://arxiv.org/abs/2003.00091

Measuring y — a synergy of experiments

In order to make sense of these CP asymmetries, we need to know how the
CP-conserving strong phase between D & Dbar varies over the Dalitz plot.

This information can be measured in bins on the Dalitz plot from quantum-
correlated w(3770)—DDbar events, available at BESIII [PRD 101 (2020) 112002].

BESIII data (here
combined with
older CLEO
results) adequate
for current LHCDb
sample sizes.

LHCDb Upgrades &
Belle Il (+FCC-ee/
CEPC) will require
improved results
from BES Il
and STCF.

These strong-phase
measurements are
an excellent example
of synergy between
HEP facilities !
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https://arxiv.org/abs/2003.00091

vy measurement at LHCb with [JHEP 02 (2021) 169]
B—DK decays: D—K i (and K{KK)

A powerful sub-set of B—DK analyses is when the D decays into a multibody final
state, of which Kg1r1r is the most prominent example. Variation of D strong phase
over Dalitz space leads to corresponding variation in interference and CP violation.

CPV -
084 LHCDH expectation
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g 047 bin to bin
;Z?;
|
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No CPV -8-7-6-5-4-3-2-11 2 3 4 5'6 78-2-112
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expectation

Gives a result of:
_ +5.2\o0
Y = (68-7—5.1)

which is the single most
precise determination of y.

This, and ensemble of other LHCDb
results (but not yet including several
recent results) gives
. +3.8\0 [JHEP 12
v =(654175)°  Goanyian
Final LHCb Run 1 + 2 result should
have a precision of 2-3 degrees.

In agreement with indirect prediction but not yet as precise — need more data !


https://arxiv.org/abs/2010.08483
https://arxiv.org/abs/2110.02350
https://arxiv.org/abs/2110.02350

Another recent example: [JHEP 07 (2023) 138]
B— DK, D—Knnn L & B

LHCh LHCh 4
9fh~! .

B~ — DK .Bin 1
—180° < dx3x < —39°

?)

60
i 9fb
B* — DK*,Bin 1

‘ + Data
Inspired by the example of D—Kgrr, ﬁﬁm ek,
partition the final-state phase space into |
four bins, with a choice guided by an LHCDb 0

amplitude model [EPJC 78 (2018) 443].
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e ‘re.k,‘r“»u..g‘..ﬂr fugat A F bttt bt b

LHCh —+ LHCb
9fbh! 9fh!

1l B~ — DK ,Bin 2 Ti B* - DK*,Bin 2
’ - e S 1-“_ -

FW

Candidates/ (10 MeV/c?)

The bins are well chosen! Note, bin2 — W I”‘y :

in particular, where the CP asymmetry (,
IS the largest yet seen ! +

i 9fh ! 9fh~!
50 1, B~ — DK~ Bin 3 _TH l_l BT — DK*,Bin 3

et feiilil
T

2)

0° < dgar < 43°

Candidates/ (10 MeV/

Gives a result

)

LHCb
9fb!

50 %; B~ — DK~,Bin 4
10 |} M ! 43° < dgyn < 180°
‘l

l’\\

- + 6.0 + 0.6 +/6.7° 0
v= (548 T55 o 4.3 \
<7

Candidates/ (10 MeV/c

which is intrinsically second only to Kqtrm
in precision. However, there is an external < )
systematic that is currently limiting sensitivity... O Ceewa T Thaiowe
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Another recent example: [JHEP 07 (2023) 138]
B— DK, D—Knnn N

E 60 | LHCD
é :0 “‘ !1)?“{1 DK~ Bi
To interpret the CP-asymmetries in terms of y £ TR
and the other underlying physics parameters,
requires knowledge of the strong phases and 0
coherence factors of the charm decay. ™ ot J ot ]
. . . . :E m —39° < dar < 0° H i
Again, this requires charm-threshold input. f }
o 20 b= [\‘ :
z Bin 1 :(,0 o 0 TAAUHOURT SV 7 SUVOP PRI CINE SN PTI
: o S N T e
§ . e I®o sep e T e
e voT =l ¢ H; Comm
5 1 o N " b b |
i syt a0 © zw IM
ﬁ 3 E M S 2
3 8 O (é) IE‘ | iy t |
E = (!) T_j i\:(j(. LHCh LHCh i
&3 == L - -
e < = & <l 8 s
Coherence factor E )O |
Parameters have been measured by BESIII ) s it it i ]
(& CLEO-c) but greater precision is needed ! o 16V o G
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‘ 2001 — (the start of) a flavour odyssey ,

Modern flavour physics began at the B factories with the 2001 measurements of
the CP-violating asymmetry in B°—J/@pK?P decays that give unitarity triangle angle .

ks =
.Sj Pis \L‘ o2 BELLE
e Tt i Ik +
o 05 - _l_ - 73 11 CP-flipped J/yK_
g 1 I R T I 5 é'_
; 1 L \ - % o>t
< o5k JIWK, . c§ /AK(
0 /w ! 1
05; ; -2 ) .
i i -8 -6 —4 -2 0 2 4 6 8
Gl At (ps)
5 0 5
At (ps)
[BaBar, PRL 86 (2001) 2515] [Belle, PRL 86 (2001) 2509]

These studies, when improved with larger samples, confirmed the CKM paradigm
as the dominant mechanism of CP violation in nature (— 2008 Nobel Prize),

and also opened up a rich and wide spectrum of complementary measurements.
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‘ 2001 — (the start of) a flavour odyssey N

Modern flavour physics began at the B factories with the 2001 measurements of
the CP-violating asymmetry in B°—J/wK?° decays that give unitarity triangle angle .

o Further studies with much larger data sets allowed BaBar
0 m and Belle to improve these measurements dramatically
05+ | (also exploiting K; s and other charmonium states) —

-
2 [ | thisis the mostimportant legacy of the B factories.
£ 1
2 o5 || SO why do we want to measure this CP asymmetry better ? ™~
o] It remains a golden observable in flavour physics. The
o5l interpretation is (almost) free of hadronic uncertainties, and

it probes a box diagram where New Physics may well lurk.

Al (ps)
[BaBar, PRL 86 (2001) 2515] [Belle, PRL 86 (2001) 2509]

These studies, when improved with larger samples, confirmed the CKM paradigm
as the dominant mechanism of CP violation in nature (— 2008 Nobel Prize),

and also opened up a rich and wide spectrum of complementary measurements.
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‘ B'—J/yKs: LHCb comes to the party

Last year LHCb announced a Run 2 measurement of sin2[3 using
BO—ywKg (J/y, y—ptys, Jy—e'e) decays [PRL 132 (2024) 021801], which
augments results from Run 1 [PRL 115 (2015) 031601, JHEP 11 (2017) 170] .

CG“]-Oﬁz""|'"'I""I""I""I""I""E G 1_0_|||| L e
§‘ LHCb —— Total fit ] E‘;_/ T Fl;‘lg B° yield
<} 0_, ot KO ] [ - Y asymmeiry
z e s S 05
~ 104 == B Jhh(—ete ) K§ 5 |
:: B —a»?/;(—» tj*’li—)Kg ]
% —R ek 0.0
45 I Data *
E |
g 10%) [
3 ! _osf LHCD
! [ 6fb !
h ,,-' . [ BY (= £H)KY (- mta-) 1
1050 5200 5250 5300 5350 5400 5450 5500 B T AR T TR
m(¢Kg) [MeV/e?] t [ps]
As no evidence
Combined result: Sine coefficient = 0.723 +0.014 yet of direct CPV,
| Cosine coefficient = 0.007 +0.012 can interpret sine

coefficient as sin23.

Now more precise than B factories ! Very large sample sizes (e.g. B —J/y(up)Kg:
LHCDb: 420k, BaBar ~10k offsets challenges in flavour tagging at pp machine)
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sin23: current status and
impact of the LHC

Global state of play:

b

= (225 + 0.4)°

sin(2p) = sin(2¢,) EEZEA

PRELIMINARY

BaBar JAhy

065?*0036'0012

PRD 79 2009\5072009 ——
BaBar J/w K 0.694 + 0.061 + d.031
PRD 79 (2009) 072009 ;
BaBar y(2S) K 0.897 £ 0.100 + 0,036
PRD 79 (2009) 072009 3 3
0 A~
Belle JAy K 0.670 £ 0.029 + 0.013
PRL 108 (2012) 171802 —— : g,
Belle Jiy K| 0.642 + 0.047 + d.021 %
PRL 108 (2012) 171802 " o ' :
Belle w(2S) K 0.718 £ 0.090 + 0.031
PRD 77 (2008) 091103(R}) ;
LHCb Run 1 Jhy Kg L 0.750 + 0.040
JHEP 11 (2017) 170 - ;
LHCb Run 1 y(2S) K . 0.840£0,100 % 4.010
JHEP 11 (2017) 170 a ) :
LHCb Run 2 Jiy K : 0.720 + 0.014 + 4.007
LHCb-PAPER-2023-013 1 j
LHCb Run 2 w(2S) K \ 0.647 + 0.053 + 4.018
LHCb-PAPER 2023013 ** Tt .
World Average ’* 0.708 + d.OH
HFLAV :
0.4 0.5 0.6 0.7 0.8 0.9 1

Must keep improving precision: Belle Il, LHCb Run 3 and (why not?) ATLAS/CMS

0.5}

0.0f

=

= 0.100 |
: & LHCb Run 1 (new) ]
0.075 F @ LHCb Run 2 —
: @® LHCh Run 1 + Run 2 E
0.050 F .
0.025 F —
0.000 |- F
—0.025 F F
—0.050 | ]
—0.075 F .
[ contours hold TG‘JE ’de/( CL ]
—0.10 L 1 I T T Y S T W
8.6’5 O {0 0.75 0.80 0.8
Sykg

Latest result has shrunk world average
uncertainty substantially: 0.7°—0.4°,

1.0 P —— —_—

[ — Fit %

+  B°-B° yield asymmetry —

[HEN

w

N

L

N

(@)

N

i EAN

| N—"

- LHCb Q

[ 6fb ! o~

[ BO s p(— £+ )KQ(— wha) o
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Indirect CPV in B, system: ¢_

Measuring the CPV phase, ¢, in B, mixing-decay interference, e.g. with B.—J/Y O,
is the B analogue of the sin2f3 measurement. Inthe SM this phase is very
small & precisely predicted. Box diagram offers tempting entry point for NP !

_ V

b S 3
Once more — v T
interference 0 ) _ ...and

u,c,t u.c

between b t | decay
mixing... W

g———— - ——,

Vts
Now we probe CKM LIy 00N O 0
elements that are Verm = | 240 = 20p +im)] + ONT) SN (1 1 447) + O(X°) o)
complex only at \ AN (p+ i) + O(NT) AN L =2(p+in)) + O(N%) |—34°A1+ O(\9)
V., V. O(?)
Alternative viewpoint — we are trying B,
o) [ VieVis

to measure a very small angle (3, of g Vv, op

another, very squashed Unitarity Triangle.

VisV

In SM @, = -2B;and P> = ZaIg( W) —30. 3+1 - mrad
CS Cb
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‘Indirect CPV in B_ system: ¢_

Measuring the CPV phase, ¢, in B, mixing-decay interference, e.g. with B.—J/Y O,

is the B, analogue of the sin2f3 measurement.

In the SM this phase is very

small & precisely predicted. Box diagram offers tempting entry point for NP !

However the measurement is considerably "o oo [DO Run 1l 8 1o AM, 1772012 ps"
. . . . o Y SM p-value = 29.8%
trickier than is the case for sin2f3: ;;0.2— g
01
« J/Wo is a vector-vector 0F oL
. . -0.1E —
final state, so requires _0_2:3 —oot
angular analysis to 03f DE3
separate out CP+ & CP- B T R R S B
¢2'¥* (rad)
x ‘ A LN FUA L B L L B B
« Very fast oscillations \‘* b S oo acjustment | CDF o
YT > [ —— 68%CL 2 fbl |0
(AmS >> Amd) #_,0.4 ——————— before adjustment S-21b ] O
Boaf 1 1%
- Possibility of KK S-wave under @ cf o5 - g
] 0.2 "":: N>
Heroic early analyses performed by Tevatron. - _ 112
. . . . 0.4 —®— SM expectation s
Consistent results and mild (~10) tension with SM. T~ symmetry line =
-0.6— ] N
S B I A Lo b b by v | e
18/1/2004 Flavour physics at LHCb, FTCF 2024 15 1 E e ?'.'gd] =1_¢.s /12.5

Guy Wilkinson
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©.— impact of LHCb

LHC has been able to go far beyond the Tevatron measurements, thanks to much
larger yields, and (in case of LHCb) excellent proper time resolution, & access to
complementary modes beyond J/y¢ (e.g. B.—J/WTITT [PLB 797 (2019) 134789] .)

B.—J/wo signal peak in Run 2
analysis (349k decays, in
1.9 fb! c.f. 6.5k at CDF).

R (B¢-DfD; 307

Results for full Run 2 J/pe study, together
with other LHCb measurements.

LHCb
68% CL contours

W—_—m-
LHCb Run 2, 6 fb’! t Data

—_
[aN]

&

> - '
% 10° — Total fit 0.13 : Q
C — - Signa z
wy — . s
A .- Backgrcnund+ =011 X
g - B’ J/w K'K v W
%) - — o0
[] 3 “ ) h
g 10 5 0.09 (BE-J1yKK 9 >~ 8
S _ N
= 102 Combined LHCh (@))
8 0.07 10

B2-J/wKK high mass 3 fb~!

5200 5300 5400 5500 0.05, o3 n

m(J/y K*K~) [MeV/c2] '1¢5 [rad]

6y =—0.039£0.0224+0.006rad ATy = 0.0845 £+ 0.0044 £+ 0.0024 ps~*

0.1 0.3

When combined with _
other LHCb results - 05 = —0.031 £ 0.0187ad 35
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©.— impact of LHCb

LHC has been able to go far beyond the Tevatron measurements, thanks to much
larger ¢—= - e y : . . - 10
comple

T T T T T T T T T T T T T T

Central value very close to [
L LHCbRun?2,6fb'

B] predicted (and tiny) SM

1 expectation, and is almost
20 away from zero (i.e.

| CP-conserving hypothesis).

b
=
T

ether

Weighted B?.-Ff asymmetry
(=]
T T T T 1

I One can start to imagine
| seeing a non-zero asymmetry |
in the folded ‘wiggle’ plot... o o 0

1 (t ps) modulo (21/Am,)
Run 3 data, plus continuing contributions in the measurement
from ATLAS and CMS, may lead to a very interesting situation.

-0.05

Candidates / (3.5 MeV/c?)

[897T0O'80EC:AIXIe]

U2

m(Jw K*K~) [MeV/c?] ' | "o [rad]

6y =—0.039£0.0224+0.006rad ATy = 0.0845 £+ 0.0044 £+ 0.0024 ps~*

When combined with L
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CP violation and
mixing in charm

Flavour physics at LHCb, FTCF 2024
18/1/2024 Guy Wilkinson
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The charm renaissance

The last two decades has seen a renaissance in charm studies.

Charm oscillations are slow, and
mediated by two parameters, r=Am/I" Y= AL'/2T
which are hard to predict in SM.

For many years, nothing was seen, but then ensemble of B-factory data, followed
by high statistics studies from CDF & LHCb, dramatically changed picture.

Excluded regions

2 O O 6 D Belle Kev
10§ W Avernge y
0 BaBar Kn
BELLE K=
{D) CLEO K=
0 Focus Kn

¥ (%)

5% CL. Limiis
e P METEFETE] PETR FETTE P

Ferf e FTTT EURTE FRET Y I
0 25 5 75 10 125 15
x' (%)

“All results are null.”

lan Shipsey, Charm 2006.

g E |CPVaIIowed
. R ,
&2 7 :
>25 o i
E 0.8 ]
2t o
1 0
05 0.4
o i
05 i : ey No mixing
Al Iy r
.5 Nomixing 2007 = o &« -l
L S PR FUOR PO POVR IO OO TP I L 2020 n3c
2 15 105 0 05 1 15 2 25 3 0.2 40
x (%) H.‘,|H.|‘..\,.‘|.H|.‘h5°
-0.2 0 02 04 06 038 1
Measurement contours; No-mixing excluded at lots X%
no-mixing excluded at 50 and lots (but x=0 still possible...)
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Rise of the hadron machines

First observation of signal in single measurement required statistical muscle of
hadron machines. In 2013 LHCb & CDF published first (>)>50 measurements.

Candidates/(0.1 MeV/c?)
(=3}

This is the 2
WS/RS ratio 0
VS. proper time.

X 7

Linear slope \ o

comes from 5.5t
mixing-decay 5

C1 bt

><1|03| -

 LHCb ¢ - wsdata

C " —rit

r 36k WS +J|. [ Background
L signal l" 1
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x10”
* Data _
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9.10 away from

. 4.5E ..
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3.5f LHCb j
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T

LHCDb sample is a just small fraction of Run 1, but is order of magnitude larger
These measurements also benefit from better time resolution.

than that of BaBar.
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9
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CP violation in charm-mixing phenomena

Seeing charm oscillations is exciting in itself, but the fact that the mixing parameters
are not too small is excellent news for CP violation searches in mixing-related
phenomena (i.e. effects analogous to those observed in neutral kaon and beauty).

To look for these we essentially look for differences in mixing between D° and DO.

Study ratio
of WS

(i.e. DO—K*T)...

...1o RS

(i.e. DO—K-T),
VS. proper
decay time

3

o, 24080 ————
= 220F LHCb + Data E
= 2000 (b) — Fit ]
— 180F - Background
S 160
E F 7
2 140 _5
@ 120F X E
= 2 E
= ol ~720k -
O : . E

ok WS signal -

20}

[} | P B 1

2005 2010 2015 2020

Candidates per 0.1 MeV/¢?

1 ‘oﬁ

M(D) [MeV/c?)

25k LHCb

@

T 4
= Data .
— Fit ]
------ Background ]

~180M -
RS signal:

L |
2005 2010

2015 2020
M(Dr+) [MeV/c2]

R*[107]

R [107

R*— R [107]

6

I]IIIIIIIIIII

i
:
-
:
:
i
i
:
i
.
:
i
:

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

6 20
t/'T

For D% |3
O
(o]
\I
N
...and 5
DObar... [o
w
H
H
o
=
...and
1 difference
1 of both.

No indication of any difference, so CP violation must be very small (as expected).
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]

~

GeV?

—

™ |

DO-D? oscillations with
DK n*n at LHCb

The rich resonance structure of DO—Kgtr*1r
very advantageous for mixing & CPV studies.

Run-1/2 LHCDb result [PRL 127 (2021) 111801]

-~ HGy
- Data 7

5

4

5

3 | —Fit -
5 . Background *
, .
5

Candidates per 0.1 MeV/¢?2

exploits 5.4 fb-! of data, corresponding to 0>
31 million decays (x30 B-factory samples). 00 142 144 146 148 150
Am [MeV/c?]
3.0 A . . .. . . .
As in y analysis, divide Dalitz plot into bins,
o whose strong-phase characteristics are
~ known from BESIII measurements.
2.0 - >
g Study time-dependence of ratio of symmetric
1.5 4 Z bins (the ‘bin flip” method [PRD 99 (2019) 012007] .
= Particularly sensitive to x.
1.0 A
Use data-driven method to correct for
0.5 1 trigger-induced correlations between

decay time and phase space.
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D’-D° oscillations with D*—K.rn*n- at LHCb

Ratio of bin populations vs. proper time. r = (3.9875:%) x 1072,
Slope indicates presence of mixing. 1 _3
¢ Data —— Fit
oo lq/p| = 0.996 + 0.052, ﬁs\éggrmgaers
00962 _ +0.047 _ _
S < ¢ = 0.056" ;51 alpl=1 & ¢ =0
0.0933}
0’6]: >\0.012ﬁ L L B R — 1 ]
- g LHCb 1
P 0.011 54 bl
o 0.008 |- .
af 0.006 - -
2 0o 0.004 F =
028k : 0.002 - -
0.465F —40.265 L ]
» j 0 Heontours hold 68%, 95% cL | R
s 10 0 0.002  0.004  0.006
0455} ] X
j0.255
[ S S S S R R X non-zero with significance of >70 !
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D’-D° oscillations with D*—K.rn*n- at LHCb

These result represents a huge step forward in precision for mixing & CPV searches.

>N L L L S 0.4 ' T ' w ' | '

0.01 —_E Current world avg. LHCb ] i || Current world avg. LHCb |
i B Current world avg. + this paper 7 0.2 = E Current world avg. + this paper ]
0.008 - . I !
- - O | |
0.006 [~ - - 1
- i 0.2 -
0.004 — — - .
- umloml‘\ hold 68%, 95% [(‘l, | | - _0 4 - contours hold (w\\;‘«'u 95% CL J . : | -1

0 0.002 0.004 0.006 0.2 0.1 0 0.1 0.2
X la/p|l —1

Knowing that both x and y are non-0, & significantly larger than once was guessed,
bodes well for mixing-related CPV searches, as they pre-multiply any asymmetry.
SM CPV may lie ~10x below current sensitivity, New Physics could be larger !
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Observation of (direct) CPV in charm

But CPV in decay has been seen [PRL 122 (2019) 211803] . Observed in difference
of time-integrated CP asymmetries in D—KK and D—1rr (AA.p). Choice
of observable necessary to cancel out systematic effects common to both modes.

3 3
~~ ?<|1(') L L LHCb ] ~~ 2200?1(') —r 1 r r 1 T T T
=2 6000F 3 2 2000F
> - > 1800F
o } Data o i
Dull plots, because = 5000F - = 1600F
. . — r D' — KK — 1400F
effect is tiny, and S 4000F . : - : .
almost im %ssible A Dcomb.bke] 2 1200¢ _ | Comb. bke.
ostImp 7 3000F E R et
to visualise. 3 2000 44milion 1 E B0 13 million
= - D—K*K- ] S 4 3 Dot
£ 1000F = -
O - A o 2005_ S r—
(%005 2010 2015 2020 (%005 2010 2015 2020
m(D°mt) [MeV/c?] m(D°mt) [MeV/c?]

Run 2 from Q!

1 mm | Adcp = (—154%29) x 1074 53

As with mixing, the effect is larger than had been expected, but can (probably)
be accommodated in SM. Observation opens a new frontier of measurement !
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Is the CPV coming from D’—K*K- or DY—n*n-

In a recent paper [PRL 131 (2023) 091802], LHCb has measured the CP asymmetry in

D°—K*K-alone. This necessitates constraining the ‘nuisance parameters’ of the
production and detection asymmetries from measurements in several Cabibbo-
favoured control channels where the CPV is expected to be negligible.

Find

which, being consistent with %
zero, implies the AA. result

%'b:
is driven by DO—Tr1T,

This is somewhat surprising,
as the naive expectation
(from "U-spin symmetry’) is
that the direct CPV in the
two channels should be
equal and opposite.

Await more data !
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0.004
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0
—0.002
—0.004
—0.006

Acp(K~ K1) = [6.8 & 5.4 (stat) £ 1.6 (syst)] x 1074
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— 77T Aac, =0 —
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. i
u - ~ ]
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— T~
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ad
K K*
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"The need for improved precision

Charm is one topic where higher precision is required. There are many more:

* Improved measurements of the angle v;

* Improved measurements of B® y—py;

» Studies of semi-leptonic asymmetries (not discussed here);
* Improved measurements of ¢, and sin2;

« Further exploration of observables in electroweak penguins
with muons and electrons;

... Many others.

v

Roughly
ordered in
terms of
theoretical

purity

Significant increases in precision will not come from continuing to operate the
Run 1/2 LHCb detector. A step change in sensitivity requires radical changes.

Flavour physics at LHCb, FTCF 2024
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The road to 50 fbl: LHCb Upgrade I

LHCb Upgrade I: operating now !
Full s/w trigger, giving greater efficiency

and flexibility, and factor five rise in luminosity.
Goal: collect 50 fb? (incld. Run 1 & 2) by LS4

Inst. luminosity [10°° cm2s7!]
b
S
Int. luminosity [fb']

8
6 150
4 100
: Run 5 Run 6 50
M 2 2 | 1 " L 1 | .:I ()
9010 2020 2030 2040 '
Year
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The road to 300+ fb-l: LHCb Upgrade II

Inst. luminosity [10°° cm2s7!]

16 350
14 . .

LHCb Upgrade II: under design. i 300
12 Operate at luminosity of ~1034 cm2s® | ~
10 with new detector with improved granularity, 250

radiation tolerance and excellent time resolution 200
8 to mitigate pileup. Collect 300+ fb-1L.
6 150
4 Run 3 Run 4 IUO
2 Run5 | IRun6 >0
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The road to 300+ fb-l: LHCb Upgrade II
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LHCb Upgrade II: under design.
Operate at luminosity of ~103%* cm=?st | =

with new detector with improved granularity,
radiation tolerance and excellent time resolution
to mitigate pileup. Collect 300+ fb-1L.
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‘Come and join the fun !
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Unlocking new observables with B.—p*u-

Remarkably, the sample of B,.—pp decays now available is sufficient to begin
probing new observables. E.g., since the sample is in fact constituted of both B
& B.,bar mesons, a lifetime measurement brings very valuable new information.

The effective lifetime [K. De Bruyn et al., PRL 109 (2012) 041801];

TR (1+2AAF yﬁry%)
I —y; 1+AAF Y

where

. = Tpo AI'/2 ~0.06, AT being the lifetime
spllttmg between the mass eigenstates;

* AMH s aterm thatis 1in SM, but can take any value
between -1 & 1 for New Physics.

Accessing A, through T, tells us things that the BR alone does not.
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https://arxiv.org/abs/1204.1737

‘ Unlocking new observables with B.—p*u-

Measurements of effective lifetime now available from all three experiments.

. CMS 140 fo™' (13 TeV)
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Precision now similar to lifetime splitting Al'.. Very interesting prospects for HL-LHC
era. Also, can start to plan for flavour-tagged CP asymmetry measurements !


https://arxiv.org/abs/2108.09284
https://arxiv.org/abs/2212.10311
https://arxiv.org/abs/2308.01171

@, : the impact of the LHC

LHCb 0.4fo '+ CDF 52f +DQ@ 8fb '

o 02FT SRR SRR T L

| B ] ; HFAG i

O8] B / D@ \\ n

Po20F E

co - ST \ LHCb -

—~ C 1+ CDF "~ BN N

<] 015 1} i -
1 \ \

- Combined .

0.10 - W -

0.05 1~ : 68% CL contours

[ (Alog £ =1.15) =

I B R RS R B N

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

@, post Tevatron ¢35 [rad]
and early LHC data

Flavour physics at LHCb, FTCF 2024
18/1/2024 Guy Wilkinson

53



@, : the impact of the LHC

LHCb 0.4fo '+ CDF 52f +DQ@ 8fb '
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@, : the current state of play

HFLAV average /D08fb‘1 %
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¢, how measured with 16 mrad precision and so far compatible with SM.
Hint of non-zero value emerging — will be very interesting with Run 3 data set !
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