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Lecture-II outline

 CKM matrix and the Unitarity Triangle(s)
 CKM metrology at the LHC

B4 and B, mixing measurements

IVuo/Veol

Measuring B and the challenges of time-dependent
CPV measurements at a hadron machine

The long road to a precise determination of y in B—DK

The quest for ¢.: CPV violation in B.—J/y¢ and friends
_,\

e Conclusions and outlook There are many more CPV

measurements being performed
at the LHC than these !
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‘ Unitarity Triangles(s)
The CKM matrix must be unitarity: V(;I-KM VekMm = VCKMV(;I-KM =1

This imposes various constraints, including Z Vikl/j’;c = 0 where I#).
k

The are 6 such independent relations, which can be represented as unitarity
triangles in the complex plane. Experimentally, the most interesting is:

VuaVup * VeaVep + VeaVep = 0

As the sides are of similar length, & its parameters can be studied in B°, B* decays.
Another, relevant for B physics is:

Vis Jb + Vs c*b + Vtth?) =0

Note that the area of all triangles is the same = 2 J, the Jarlskog invariant.

. _ [Jarlskog, PRL
] = 6126123623812813823511’18 ~ 3 X 1075 55 (1985) 1039]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039

“The’ Unitarity Triangle

Three complex vectors sum to zero VuaVup + VeaVep +VieaVip = 0
— triangle in Argand plane VgV Vg Vi, ~
__ D114 2By
(p.M) VeaVep VeaVep

Expressions for angles:

* * _ .
‘ Via Vi Vi Vi o = arg | ViaVip
% * - %
Vea Vo Vea Vo VubVep |
VeaVep|
p=arg|-— .
: | | ViaVip |
0 (1.0) VuaVup
y =arg|-%
Upper vertex: P + i1 = —VyuaVaup )/ Vea Vo) | YedVep

p=p(l—2*/2+-) A=n1-2/2+) (4 . & o, alternative notation)
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‘ “The’ Unitarity Triangle

Three complex vectors sum to zero VuaVup + VeaVep + VeaVep = 0
— triangle in Argand plane VgV Vg Vi, ~
S —+1+ =~ =90
(pM) VeaVep VeaVep
Goal of Unitarity Triangle tests for angles:
V. Vuz Over-constrain triangle by making measurements || ViqVi3 |
*| of all parameters, in particular, comparing those made || V.V*
V"d V"b in tree-level processes (pure SM) and those made ub%cb.
with loops (New Physics sensitive). ~ V.4 ;b-
/I We hope to find inconsistencies ! | VeV
; - - w—
(0,0) (1,0) y = arg|— Vud Jb
Upper vertex: P + i1 = —VyuaVaup )/ Vea Vo) | VedVep

p=p(l—2*/2+-) A=n1-2/2+) (4 . & o, alternative notation)
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‘The B, Unitarity Triangle
Vus Vtrb + Vcs Vc*b + Vts Vt?) =0

V, V. O(M?

B

O(\4)
ViVie O(\2)

The BY, triangle is very squashed, & contains a small angle B (= -¢./2 — see later).
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The Unitarity Triangle —
CKM metrology at hadron machines
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http://ckmfitter.in2p3.fr/www/results/plots_spring21/ckm_res_spring21.html#etiquette0

The Unitarity Triangle —
CKM metrology at hadron machines

Y Em T T ' A V.
05 g |thvtb‘ _1 Vi 32
I i — d |I=
— 3 * =
=  EB VaVal A Vis 15
03 B T'E S
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0.2 [ _: I
0.1 —_:_
-0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

P
Length of side opposite vy is given by ratio of BY & BY mixing freq.s & lattice QCD.
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Neutral-meson mixing

Mixing is critical for much of following discussion, so warrants a recap of essentials.
Phenomenon occurs for K°, D°, BY and BY systems. Physically caused by

either

Virtual,
Short-range
(box diagrams)

0
B,

]

s

b

and/or

s d
TE+
K° K
-
d S

Physical states are superposition of flavour eigenstates

Subscripts indicate
Short or Long lived

(see KO system);

sometimes Heavy or

Light used, or 1, 2.

Bg, =pB° £ ql?’

lol>+|ql%=1

If CP is conserved the physical states = CP eigenstates, which means

, P—4q -
Known not to be the case in the K° system, where €= -7 2x107°

p

On-shell,
long-range
(common
intermediate
states)

p & q are complex and

and

the SM calculations indicate small, but finite, breaking in other systems too.

Mass and width splittings between physical states:

Am = m; — mg

set by short-
range effects

Al" — FS _ FL set by long-

range effects
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Neutral-meson mixing

There is a wide range in the sizes of the mixing parameters across the four
systems, which has significant practical consequences for measurements.

KO Large ~500 Maximal ~1

DO Small 0.39+0.11% Small 0.65 + 0.06%
B® Medium 0.769+ 0.004 Small (20+5) x 107*
B% Large 26.81 £ 0.08 Medium 0.0675 + 0.004

Refs: PDG, HELAV and [Lenz & Nierste, JHEP 0706 (2007) 072]

Size of mixing effects is highly sensitive to SM parameters (CKM elements,
GIM mechanism, quark masses...) and could easily be perturbed by

New Physics. Indeed, mixing can be used to set severe bounds (~103 TeV)

on most general forms of New Physics models (see e.g. Nir arXiv:1605.00433).
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http://pdg.lbl.gov/2019/tables/contents_tables_mesons.html
https://hflav.web.cern.ch/
https://arxiv.org/abs/hep-ph/0612167
https://arxiv.org/abs/1605.00433

[PLB 313 (1993) 498]

Neutral-meson mixing

Mixing leads to an oscillation of probability to observe meson in either flavour
eigenstate with proper time, e.g. if at =0 we have a B?, then at later time t:

¢ r .
o« e 1dt(1FcosAmyt)

Prob. to decay as B(’

Time-integrated B-oscillations were first observed by UA1 [PLB 186 (1987) 247] &
ARGUS [pPLB 192 (1987)245]. BO (BY,) oscillations first resolved by ALEPH (CDF).

BC discovery —  state-of-the-art BO, discovery — state-of-the-art

A _ -1 —
CDF Run Il Preliminary L=1.0fb —_ Bg _}D;ﬂJr — Bg = Bg e D;;rr* — Untagged

: Z 2500 F

2 = hire
; 7? 22000 | (A
7 I

N
T

LHCb

—

o

s /(0

Fitted Amplitude

i y g 1500
-0.5f ] of — cosine with A=1.28 500
3 4 ¢ 0" 505 6 65 62 025 6.3 055
o ﬁ N J 5 10 t [pS] Decay Time Modulo 2r/Amj [ps] Ok
°°°°°°° ) [EPJC 76 (2016) 412] IPRL 97 (2006) 242003 INature Phys. 18 (2022) 1] ™

State-of-the-art measurements in both B? and B systems are from LHCb.
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https://www.sciencedirect.com/science/article/pii/0370269387902887
http://inspirehep.net/record/246220?ln=en
https://arxiv.org/abs/1604.03475
https://cds.cern.ch/record/251278?ln=en
https://arxiv.org/abs/hep-ex/0609040
https://arxiv.org/abs/2104.04421

B% mixing — a closer look at that plot

BO.-mixing studies impossible at B-factories, due to E,, & frequency of oscillations.
— B - Dont =— BY - BY - D;nt = Untagged

11 (2202) 81 "sAud ainjeN]

BO, studies are only possible at hadron machines (and at FCC-ee, but that’s

another story). Require significant boost and excellent proper-time resolution.
13


https://arxiv.org/abs/2104.04421

BY,-B’,, mixing — accessing CKM elements

In B® and BY% systems, mixing driven by Amy and is calculable in SM.
_ t _
B, w ! gw B.
s sEsEsssssEmsssEsmEmEns
¢ b

Depends on CKM elements in box & factors that can be calculated in lattice QCD.

— BY 5 D;nt = BY = BY » D_xt — Untagged

Z 2500 F
=S F
= 2000 F A M

1500 H

Decays / (0.0

1000 F v

500 F

0'_

L1 (€202) 81 "SAud ainjeN|

For B, case — G
Am =
61

Equivalent expression for B mixing, involving V,4. Ratio of frequencies is then

mBmWrIB ( fB

Cam » D€ING a ratio of QCD factors of value
| | close to 1 can be calculated to a few % in
lattice QCD, hence giving access to |V y|/|Visl-
Experimental inputs dominated by LHCDb,
but it is lattice inputs that limit precision. 4

Am, de i
Am 5

S

P

s



https://arxiv.org/abs/2104.04421

The Unitarity Triangle -
CKM metrology at hadron machines

Spring 21

sol. w/ cos 2 <0
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P
Length of side opposite B is given by measuring |V,|/|V| from ratio b—u / b—c.
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Measuring |V, |/ | V]

We can measure the ratio of b—ulv to b—clv processes at hadron level,
but then must use theory or lattice QCD to correct back to quark level.

Hadronic level — Partonic level —
what we measure what we want

Two broad strategies followed:

* Inclusive b—Xlv, using e.g. endpoint of p, spectrum to isolate signal from b—X_lv

V| = (4.25+0.30) x 1073 [2019 PDG review
« Exclusive, e.g. B—Trlv. But then need calculation of hadronic form factor.

V.| = (3.70 £ 0.16) x 1073 [2019 PDG review]

There is tension between these two numbers at the ~2 o level, and a similar but
worse issue with |V |, which means that caution is needed when using results in UT.
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https://pdg.lbl.gov/2019/reviews/rpp2019-rev-vcb-vub.pdf
https://pdg.lbl.gov/2019/reviews/rpp2019-rev-vcb-vub.pdf

‘Semileptonic studies at the LHC

The e*e environment is a natural laboratory for these studies, as the neutrino and
backgrounds make life much more challenging at the LHC (inclusive measurements
Impossible). But there are ways in which the LHC can make a unique contribution.

e.g. measurement of |V | from A,—puv decays, or more correctly |V, |/|V| through
normalising the rate of these decays to those of A,—A_ v [Nature Phys. 11 (2015) 743] .

, % m — Very valuable complementary measurement
X; corr —
4 as spin of Ab and proton brings additional info.
15 39} 8 T T J T J T y J J
\/mpﬂ + pJ— + pJ‘ S - inclusive ]
X 7 I Bnlv 7
, . , = I A,—puv (LHCb)
glgooo: -Combmatonal LHCb E _]ZD 6 [F7] combined *_
% 15000 :_ =?)fhs -identified _:
L puv ]
= o ATV ]
gl -
% 9000 WPV E ]
L 3 o 1
S 6000F ]
5 3000; / S|gnal —2().4 -0.2 0 0.2 8(]1.4
$000 Comedt 0 Helpful in e.q. excluding right-handed coupling
ev/c . . . . . .
P invoked to explain inclusive vs exclusive tension.
%b' — 0.083 + 0.004 + 0.004 Similarly, one can exploit B, decays, e.g.
|Ven | expt.lattice IViol/[Vep| i Bi—Kpv [PRL 126 (2021) 081804].
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https://arxiv.org/abs/2012.05143

The Unitarity Triangle: CP-violation
measurements at hadron machines
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0.5

sol. w/ cos 2p<0
(excl. at CL > 0.95)

0.4
1=
0.3

| excluded area has CL >0.95 7
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Now we will discuss the CPV measurements that access the angles p and y.*

* Why not discuss a? Any a-related observable involves the same quark transitions as are probed in  and y

studies, so it is unlikely to tell us anything more. Butimproved measurements are always worthwhile ! 8
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Decays into CP eigenstates: B'—]/yKg

Potential for clean measurement of substantial CPV in B system first appreciated
in early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

Obama-era U.S. defense secretary toasts

the latest CP-violation results from LHCb
Incidentally, someone who was
amongst the first to realise the
potential of b-hadrons in CPV
studies, and one responsible for a
seminal paper, has since
followed a very different career...

>800 citations

PHYSICAL REVIEW D VOLUME 23, NUMBER 7 1 APRIL 1981

CP violation in B-meson decays

Ashton B. Carter and A. I. Sanda
The Rockefeller University, New York, New York 10021
(Received 27 Jung I%U]

mpa wtern of CF violation in the bottom sector is di ‘We introduce general 1| expounewCP-

iolating effects in the uu:sd.edecnys of B mesons. In the Kobayashi MmkawalKM]mmtel the CP asymmetries so

ubl&nwdran;:frum z-zn%r ¢ plausible values of the mode] parameters. This is to be compared with the small
of order I[l =107, previou: ll] exhibited within this model. Effects of h should be observable

Our h stresses the on-shel lI transitions whi hmll:: p h cascade decays l'}mvy

mesons to ordinary hadrons, as ppor-odt o the off-s! hcll sitions which occur in the analogs of K™-K* mixing. The

cP i by ou ofnrderséwhreﬁ hKMphulgI and thus represent

the maximum effects obtainable in this model
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.23.1567
https://www.sciencedirect.com/science/article/pii/0550321381905198?via%3Dihub

Decays into CP eigenstates: B'—]/yKq

Potential for clean measurement of substantial CPV in B system first appreciated
in early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is B® or B®bar at t=0, which decays into CP-eigenstate f-; at time ¢:

(phys fep(t)) oc e '[1—(Ssin(Amt)—Ccos(Amt))
['(B,,,—fc(t))oce (1+(Ssin(Amt)—Ccos(Amt))|

o~ 2 L
B0 oo 230) _ 1-[n2,) - _gA
cpP
] " \A‘ 1+‘P\fﬂ,‘ 1+‘?\2P‘ DA
p fep
Am v / ‘ Key point: to observe a complex phase we need to
EO A have two (or more) interfering amplitudes, as here

* These expressions assumes width-splitting Al=0,
which is an excellent approximation in B? system. 20
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Decays into CP eigenstates: B'—]/yKg

Potential for clean measurement of substantial CPV in B system first appreciated
in early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is B® or B®bar at t=0, which decays into CP-eigenstate f-; at time ¢:

),
)

I'(B, phvs —fop(t)) oce [1—(Ssin(Amt)—Ccos(Amt

)
I'(B, onys = Fep(t)) o€ e |1+(Ssin(Amt)—Ccos(Amt)

23 (N 1=\, A
BO g = ( Zcp) C= ‘ ;Z‘P‘ N, = qA

q 4 \A‘ l—l—‘?\cp‘ 1—|—‘?\CP‘ pA

5 fCP There are three ways that CP violation can appear:
Am / CPV in the decay (or ‘direct CPV").

A] # |A|

(This is also the only possibility that

applies for charged hadron decays,
for instance in the measurement of v.)

* These expressions assumes width-splitting Al=0,
which is an excellent approximation in B? system. 21
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Decays into CP eigenstates: B'—]/yKg

Potential for clean measurement of substantial CPV in B system first appreciated
in early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is B® or B®bar at t=0, which decays into CP-eigenstate f-; at time ¢:

),
)

I'(B, phvs —fop(t)) oce [1—(Ssin(Amt)—Ccos(Amt

)
I'(B, onys = Fep(t)) o€ e |1+(Ssin(Amt)—Ccos(Amt)

RO G 230) 1-[n2,) .- ¢ 7

0 1 \AA 1+ A2, 14\, pA
5 fCP There are three ways that CP violation can appear:

Am Vv / CPV in the rTixipg (one c,ategory q
éo A of so-called ‘indirect CPV’). —| = 1

Occurs if there are different ways to p

oscillate B%«~B%ar. In SM very small.

* These expressions assumes width-splitting Al=0,
which is an excellent approximation in B? system. 22
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Decays into CP eigenstates: B'—]/yKg

Potential for clean measurement of substantial CPV in B system first appreciated
in early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is B® or B®bar at t=0, which decays into CP-eigenstate f-; at time ¢:

(phys fop(t)) oc e '[1=(Ssin(Amt)—Ccos(Amt))|
['(B,,,—fc(t))oce (1+(Ssin(Amt)—Ccos(Amt))|

~ 2 —
RO G 230) 1-[n2,) . _g4
e 1 & I N N R
5 fCP There are three ways that CP violation can appear:
Am ¥ / CPV in mixing-decay interference
=0 A (also a category of ‘indirect CPV’, Im/lcp ~N
B & the most relevant in the

B°B%ar and B°,B%bar systems).

* These expressions assumes width-splitting Al=0,
which is an excellent approximation in B? system. 23
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Decays into CP eigenstates: B'—]/yKg

Potential for clean measurement of substantial CPV in B system first appreciated
in early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is B® or B®bar at t=0, which decays into CP-eigenstate f-; at time ¢:

(phys fep(t)) oc e '[1—(Ssin(Amt)—Ccos(Amt))
['(B,,,—fc(t))oce (1+(Ssin(Amt)—Ccos(Amt))|

* And in this decay C=0, with no significant direct CPV
(all the CPV comes from mixing-decay interference).

0

~ 2 —
BO G 23(Nep) C = 1_‘?\@"‘ \ _gA
o 2 o 2 cP
q 4 \Ak l—l—‘?\cp‘ 1—|—‘?\CP‘ pA
E f cp Consider the classic case B°—J/yKsq:
« Compared to the CPV signal we are expecting
Am v _ in B physics, we can treat Kq as a CP eigenstate.
é A

NB both these assumptions can be checked / corrected for.

* These expressions assumes width-splitting Al=0,
which is an excellent approximation in B? system. 24
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Decays into CP eigenstates: B'—]/yKq

Potential for clean measurement of substantial CPV in B system first appreciated
in early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is B® or B®bar at t=0, which decays into CP-eigenstate f-; at time ¢:

(phys fep(t)) oc e '[1—(Ssin(Amt)—Ccos(Amt))
['(B,,,—fc(t))oce (1+(Ssin(Amt)—Ccos(Amt))|

_230) L _1PNe . g
1+‘?\fjp‘ 1+‘?\fjp‘ “ pA

Consider the classic case B'—J/yKsq:

VisViaVerVes _ ing

)\J/wKS = m VbV;:S Im )\J/",L'KS — sin 2)6

* These expressions assumes width-splitting Al=0,
which is an excellent approximation in B? system. 25
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Decays into CP eigenstates: B'—]/yKq

Potential for clean measurement of substantial CPV in B system first appreciated
in early 1980s: [Carter and Sanda, PRD 23 (1981) 1567], [Bigi and Sanda, NPB 193 (1981) 85].

For meson that is B® or B®bar at t=0, which decays into CP-eigenstate f-; at time ¢:

(phys fep(t)) oc e '[1—(Ssin(Amt)—Ccos(Amt))
['(B,,,—fc(t))oce (1+(Ssin(Amt)—Ccos(Amt))|

_230) PG g
T T T A

In practice we measure a t-dependent CP asymmetry:

['(B°(t)— J/ K9) — T(B°(t)— Jh K?)
[(BO(t)— J/ Kf‘-‘ + T(BO(t)— Jj) K9)
=sin2f sin(Am t)

a(}p(f)

This is theoretically clean!

.. * These expressions assumes width-splitting AI'=0,
(at least, at current precision)

which is an excellent approximation in B? system. 26
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Decays into CP eigenstates: B'—]/yKq

DD 122 /(410

Potential for clean measurement of substantial CP

V in B system first appreciated

To reiterate, measurement probes interference between box and tree diagrams:

B wo Vi ow 50 B
7 E,E,?O 7
Box

Tree

W+

3

c
colour singlet
exchange

Jhy

Penguin 4
( suppressed )

Sensitive to any CP violating phases in either, but are only expected in the box.
In the SM this comes from the phase difference associated with V4, but could
arise from other sources through New Physics. So possible sin2p,,..s # SiN2Pgy !

) |

N,

o ]

* These expressions assumes width-splitting Al=0,
which is an excellent approximation in B? system. 27
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‘ 2001 — (the start of) a flavour odyssey

2008 &
Nobel (.= D
Prize N /.

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

.17\

JIYKg

Asymmetry

[BaBar, PRL 86 (2001) 2515]

-
At (ps)

sin20, -sin(Am At)

D>

/[o

2 BELLE

L JIPKg +
r CP-flipped J/yK,

—

-_—

g7 6 -4 -2 0 _ 2 4
At (ps)

6 8

[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  nobe «%
Prize /.=

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

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

a1 | this is the most important legacy of the B factories.

Asymmetry

So why do we want to measure this CP asymmetry better ?

o It remains a golden observable in flavour physics. The
05| interpretation is (almost) free of hadronic uncertainties, and
it probes a box diagram where New Physics may well lurk.

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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‘ B'—J/yK: LHCb comes to the party

LHCb has measured sin2p through the CP asymmetry in B®—J/yK decays,
with Run 1 data alone, using J/w—uu [PRL 115 (2015)031601] (there have been
subsequent measurements involving Jy—ee and also the y(2S) [JHEP 11 (2017) 170] .

Candidates / (1 MeV /c?)

3500 ' I ' ! ! I ! ! N I v ! ! I ! ! ! I ! ; b 0.4 ! ! ! ! ! ! ! ' I ! 'g
3000 T g 03 LHCb | 3
2500 H 02 E
% 0.1 ING

2000 0 3
= - ]

1500 'E' —0.1E _;
1000 - —0.2 =
500 B —03F 3

0 el e = T P B | 3 [# 5] _0.4:. NP B R R
0240 5260 5280 5300 5320 5) 10 15
m (MeV/c?) t (ps)

sin(26) = 0.746 £ 0.030

Very similar precision to the B-factory measurements. But why not better, given
that the sample is much larger (LHCb: 114k, BaBar ~10k [PRD 79 (2009) 072009]) ?
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Flavour tagging at a hadron collider

Measurement demands we know whether decaying meson was B° or B%ar at birth.
This requires flavour tagging *. Look at either decay products of the other b-hadron

(‘opposite sign’) or for fragmentation products associated with signal B (‘same sign’).

PV
SV

b—e

b=XIm T OS muon

OS electron
OS vertex charge

Flavour tag decision can be wrong, either through misidentification of mixing of
OS b-hadron. This leads to dilution of asymmetry, and reduces effective signal
statistics by a large factor (up to x ~1/30) at hadron collider experiments.

For t variable in asymmetry, we need to know proper time between birth & death of
signal B, which at LHC is related to distance between primary and decay vertices.

* NB in high-prphysics the term ‘flavour tagging’ means something different, typically ‘is this jet b-like or c-like ?’. 31



Flavour tagging at a hadron collider

Eiag the tagging efficiency
Wiag the mistag probability.

Effective tagging efficiency

— 2 -
for a single tag given by gtag(l zwtag) with

In practice such a quantity is formed for the ensemble of tags used in the analysis
and gives a parameter that defines the proportion of events that, if perfectly tagged,
would contribute to the measurement. Varies with meson type, how event is
triggered, and with understanding of data set. Example values from LHCb studies.

_ Effective tagging
Analysis efficiency

. SS pion
BH

---------------------------------------------------- Run 2 B,—JiyKK 473+ 0.34%

Run 1 B'—>J/yKs  3.02%
[PRL 115 (2015) 031601]

. 7 Cos — @ o5 taon [EPJC 79 (2019) 706]
b— X1~ T OS muon
OS electron Run 2 BS—)DSTE 610 i 015 %

OS vertex charge

[Nature Phys. 18 (2022) 1]
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Flavour tagging at the Y(45)

Life is easier for BaBar/Belle and Belle-Il At the Y(4S) one has no fragmentation
particles and production of coherent B°-B%ar system — (i) No same sign tag (bad),
(i) many fewer mistags (very good), (iii) no mixing until one B decays (very good).

wt

] ] W

i “*}'
—"_—-——-‘—? TE

electron (48) | \
(BGGV) Ires f nance —

+

%
pOSr[ron\‘ ——— +V“ _,.._o
35Gev) \\
|<_>|
AZ~200um

The dilution is less than at LHC, and reduces effective signal statistics by only ~1/3.

Why do B-factories have asymmetric beam energies? For coherent system what
matters is the time-difference At between the two B decays. At the Y(4S) the
mesons are produced at rest, & so it is necessary to boost system to measure At.

Sorine 2022 Future Flavours II, ICTS
pring Guy Wilkinson 33



@

mmmmm 201
RELIMINARY

n BE¢1

‘ sin283: current status and
impaCt Of the LHC Both solutions 081

for B shown in o8
UT plane. mmmp  o4f

(*.0.0 % /T o5} ua AE 03aNTONE| 5

Global state of play: &2,
_ 0 0 [t L N .
Sln(ZB) — Sln(zq)l) |Morlond2018 ﬁ — (222 x 07) 03] o, _
PRELIMINARY -0.2 0 02 04 06 08 1 p

ESE?Q {2009}!072009 ’ | 0890.03:£0.01
BaBarx&q]Kg’ I 0.69+0.52+0.04+0.07 L.H(?b run 1_J_/L|JKS result ha_s.
PRDBOIEIOE1 12001 : similar precision to B factories
BaBar Jfyr (hadronlc} Ky : 1,56 1 0.42 +0.21
PRD 68 {2004):052001 i : S
Belle : ; o 0.67 + 0.02  0.01 b E ' ' ' 1 3
PRL 108 (2012} 171802 | o B 03E LHCH 4 &
ALEPH i = N 0.84 78 1 0 45 “E" g E
PLB 482, 258 {2000) HRalF 0.2F 1 |2
OPAL : i 1 20 1% + 050, = 4 |-
EPJ C5, 379{1993) : HEER 320 20 2050, % 0.1 ﬁ //\\5 o
CDF 07994 | -y 4 7 S
PRD &1, ovzoqﬁ (2000) | : ® _01EF y ERNIS
LHCb : i | i D.76 +0.03 = T E o
JHEP 11 {20173 170 ; g = —0.2F = I
Belle5S : i : 0.57 + 0.58 + 0.06 F 1 [«

! Ll - 1 & _03 - —] -
PRL 108 {20125 171801 : ol : x
Average ! § : 0.70 +0.02 © 4B 3 S
HFLA ; ; o . . 5 10 15
-2 -1 0 1 2 3 t (ps)

Improvements expected soon with LHCb Run 2 result (+ Run 3 data, plus Belle Il...)
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“The long march: towards a precise
determination of the UT angle vy

A particular responsibility for flavour
physics at the LHC is to improve
our knowledge of the angle .

Y=(655,7) P
’

The predicted value of y [CKMfitter, 2021]

At LHC turn-on y uncertainty was

15

sol.w/cos 2B <0
(excl. at CL > 0.95) —

| [ I 1 | S (Ol | i L1
210 -0.5 0.0 0.5 1.0 1.5 2.0

_15_ |\‘]1111[j||1|‘|1|#

in context of SM is known very well from other triangle P
parameters (& will be known even better as experiment & lattice QCD improve).

1600C 9RUAMO]

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
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“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 |

s K_

=y
i |
0

=l A

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

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 !
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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 ~108,
Hence out of reach to previous generation of flavour physics experiments.

) - U +

S0 B LHChH 20l B LHCH

[«b]

=,

~ 150

=+

100 ~

z L

< 50 < 50

o o] L

O 0 R0 5200 5400 O 0000 5200 5400
m([K*+ 7| pK-) MeV/c?] m([K-mpK+) [MeV/c?

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% [arXiv:2112.10617]. The flight distance of
the B & D mesons suppresses combinatoric background from prompt charged tracks.

LHCbH

9fb~!

Bt = [Ktr 7 pk™t

=+ Data
B 57— [KFrta|p K+
R 37— [Kin* % pa¥
I Combinatoric
B Part. reco. D
W Mis-ID low-mass part. reco.

B — DX low-mass part. reco

LHCb

9fb~!

BY — [Ktr a'prt
+ Data
N 57— Kt prt
I 37 = K" pK+

Furthermore, the RICH detector does an = Combinatoric

excellent job in separating the B—DK D
mode (top plot) from the order-of-magnitude
more abundant B—D1r mode (bottom plot).

5000 5225 5450 5675
m([K*7~ 7" ph™) [MeV/c?
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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% [arXiv:2112.10617]. The flight distance of
the B & D mesons suppresses combinatoric background from prompt charged tracks.

Thus, even in BY - D(Knrn®)K* the suppressed mode can be seen, together
with its CP-violating asymmetry - again, this was not accessible at BaBar / Belle.

451 LHCb

B- 9fh !

BT = [t K n'|p K+

4+ Data

Bl 57 = [«TK5r"|p K7
B Combinatoric

B o [ K0 p KT (rt)

B — DX low-mass part. reco

5000 5225 5450 5675 5000 5225 5450 5675
m([x~ K7 ph~) [MeV /] m([r* K7 ph*) [MeV/c?
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m?> (Kg'.lr_) [GeV? /et

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

B— DK decays: D—K¢nnt (and K{KK)

A powerful sub-set of B—DK analyses is when the D decays into a multibody final
state, of which Kg1r1T 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.
S T

2.5 1 L 2.5 1 T 8

2.0 1 8 2.0 1 E 6
— S

1.5 4 +t< 1.5 - )
om

1.0 1 N@/ 1.0 + Z
g B~

0.5 1 0.5 4 decays :

T T T T T T T T T T T T 05 : 15 2 ) - N
05 1.0 1.5 20 25 3.0 05 1.0 1.5 20 25 3.0 i GeVIe]
mz(KgﬂJr) [G6V2/64] mQ(KgW_) [GeVz/c4]

IBin numberl
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m?> (Kg'.lr_) [GeV? /et

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

B— DK decays: D—K¢nnt (and K{KK)

A powerful sub-set of B—DK analyses is when the D decays into a multibody final
state, of which Kg1r1T 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 4 3.04, for optimal sensitivity.
. o 8
2.0 1 5 2.0 7 B 6
— 5
1.5 4 +t< 1.5 - )
o
3
1.0 A § 1.0 + 2
g B~

0.5 1 0.5 4 decays :

T T T T T T T T T T T T 03 ! 152 ) (2}'5\]2’, .

05 1.0 1.5 20 25 3.0 05 1.0 15 20 25 3.0 i [GeVe]

m? (K1) [GeV?/cH] m?(Kor) [GeV?/ct]

IBin numberl

CP asymmetries visible by eye, but quantitative analysis requires external input...
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m2 [GeV?/cH

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].

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

LHCb Upgrade
data & Belle Il will
require improved
measurements
from BES Il !
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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].

These strong-phase
measurements are
an excellent example
of synergy between
HEP facilities !

LHCb,and Belle I

—

4to40

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

LHCb Upgrade
data & Belle Il will
require improved
measurements
from BES Il !
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vy measurement at LHCb with [JHEP 02 (2021) 169
B— DK decays: D—K¢nnt (and K{KK)

A powerful sub-set of B—DK analyses is when the D decays into a multibody final
state, of which Kg1r1T is the most prominent example. Variation of D strong phase
over Dalitz space leads to corresponding variation in interference and CP violation.

CPV —  Gives aresult of:

<4 LHCb expectation - +5.2\0
= " o v = (68.7Z57)
i 0.6 - minisylge'lgiz ds which is the single most
LZ\:I 0 I bin o bin precise determination of y.
", This, and ensemble of other LHCDb
Zl results (but not yet including new
T 0.0 B—D(Kmmo)K results) gives
- o +3.8\0 JHEP 12

—0-2/ Kgmtn™ i KGKTK™ Y= (65-4 —4.2) (2021) 141]

No cpy B8 76-5-4-3-2-112345678-2-112 Final LHCb Run 1 + 2 result should

expectation Bifective bin ¢ have a precision of 2-3 degrees.

In agreement with indirect prediction but not yet as precise — need more data !
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Unitarity Triangle: ~25 years of progress
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Unitarity Triangle: ~25 years of progress
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Unitarity Triangle: ~25 years of progress
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Unitarity Triangle: ~25 years of progress
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‘Unitarity Triangle: ~25 years of progress
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P

Enormous improvements in precision, thanks to both experiment and theory
(esp. lattice), with LHCb playing an increasingly important role — set to continue.
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Overall consistency of the Unitarity Triangle

There is broad consistency between all current measurements of the UT. (But,
a closer look can reveal intriguing tensions, e.g. [Blanke & Buras, EPJC 79 (2019) 159].)
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The CKM paradigm is the dominant mechanism of CPV in nature, but it is certainly
possible for New Physics to give ~10 % level effects. More measurements needed !
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Unitarity Triangle: tree-level observables

Unitarity Triangle formed from only tree-level quantities — assumed pure SM.

0-7 N I T T I T T 1 ! T T T 'I T T i I T T 1 I T T T I _
[ Lé% 1 -

— 2| ! ’Y -

0.6 :—é Spring 21 _:
-8 -
05 —a _
b— @ —

~ 3 -

04 —35 ,//////// —
= [ & ; 4 .
0.3 — —
— i o .

02 |5 : —
0.1 : no ™v ]
| A B -

0-0 1 L 1 I L L L L 1 I 1 L L 1 1 1 I 1 1 1 I 1 -
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

P

Tree observables are y & the |V, |/|V,| side, here showing exclusive measurement.
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Unitarity Triangle: loop-level observables

Unitarity Triangle formed from only loop-level quantities — possibility of NP effects.
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There is good consistency between the tree and loop measurements. There's a
need to improve the precision of former to allow for a more sensitive comparison.
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Indirect CPV in B, system: ¢,

Measuring the CPV phase, ¢, in B, mixing-decay interference, e.g. with B.—»J/VY®,
is the B, analogue of the sin23 measurement. In the SM this phase is very
small & precisely predicted. Box diagram offers tempting entry point for NP !

b Vts 3
Once more — T T
interference ) o B ...and
between nerd [ e decay
mixing... W

g —— - ——,

Vts
Now we probe CKM 1— 12 A AN (p —in)
elements that are Vekm = . A 1= %/\22 AN +O(\)
complex only at higher order ANV —p—in)  —AA 1
L\ L o) O(AT) 0
SATN[L =2(p+in)] + O(N) _ —2XH (1L +4A%) + O(N) O(\®)
AN (p +in) + O(\7) SAN (1 =2(p+in)) + O(N°)| —5AZN* 4+ O(X5)

SM _ . VisVii \ +1.6
gbs = —Qa,rg (—m = —36.3_1.5 mrad
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Indirect CPV in B, system: ¢,

Measuring the CPV phase, ¢, in B, mixing-decay interference, e.g. with B.—»J/VY®,
is the B, analogue of the sin23 measurement. In the SM this phase is very
small & precisely predicted. Box diagram offers tempting entry point for NP !

Once mil Recall the squashed BY triangle:
interfere

bgtyveen V. V. O(2)
mixing...

Bs

o\

Now we ViVis  O(A2)

element

complex In SM @, = -2,

0
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AN (p +in) + O(\7) SAN (1 =2(p+in)) + O(N°)| —5AZN* 4+ O(X5)
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Indirect CPV in B, system: ¢,

Measuring the CPV phase, ¢, in B, mixing-decay interference, e.g. with B.—»J/VY®,

is the B, analogue of the sin23 measurement.

In the SM this phase is very

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

However the measurement is considerably T g Run il 8 AM,=17.77 0,12 ps”
. . . . 2 0.3t SM p-value = 20.8%
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Indirect CPV in B, system: ¢

Measuring the CPV phase, ¢, in B, mixing-decay interference, e.g. with B.—»J/VY®,
is the B, analogue of the sin23 measurement. In the SM this phase is very
small & precisely predicted. Box diagram offers tempting entry point for NP !
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One other detail: in contrast

to the BP case, the width-splitting Al
between the mass eigenstates Is here —xel Iy
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Consistent results and mild (~10) tension with SM.  *F - symmety ine 3
-0.6/- N
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.072002
https://arxiv.org/abs/1109.3166

©.— impact of LHCb

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

B.—J/wo signal peak in early Results for early Run 2 J/y@ study,
Run 2 analysis (117k decays, together with Run 1 measurements.
in 1.9 fb' c.f. 6.5k at CDF). _
EO.M .
Tuwoof Ty 3 = Do DS 3
3 16000 F ﬂ LHCb 3 R B 7 S
E 14000 - — Total E
<l 12000 =
2 10000 — - Signal 0101
£ 8000F = ,
% 6000;— ---- Background _ 008 ek k- a
= 4000 E j
= 2000 J L 3 006,
0 1 L 1 L | ——— '."\\ e ——p————— 1
5200 5300 5400 5500 0.4
m(JAK*K") [MeV/c2] ¢s[rad]

¢s = —0.041 £ 0.025rad AT, = 0.0816 £ 0.0048 ps ™"
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https://arxiv.org/abs/1903.05530
https://arxiv.org/abs/1906.08356

Entries /0.2 ps

Measurement of ¢, at ATLLAS and CMS

Measurement of ¢, is an key goal of the ATLAS and CMS flavour physics
programme, enabled by excellent detector performance and J/W—pp trigger.

e.g. ATLAS B.—J/W¢ Run 2 analysis with 80 fb! [Eur. Phys. J. C 81 (2021) 342]:

Proper decay time

107 LI I L UL LA B B B
ATLAS «D
3TeV, 805" aa
10° — Total Fit
- - Signal

5 --- Background
10 == Prompt J/y
10° :
10° T
10°

ot o

e b b a o Do .:
8 10 12 14
Proper Decay Time [ps]

Combining with Run 1
results [JHEP 08 (2016) 147]

Entries / 0.126 rad

Transversity angle ¢

Results, including those of

08 (2016) 147]

3 Run 1 [JHEP
xl1'0“'l""I""I“"I""I""J
- ATLAS + Data 7 — ‘
100 Vs=13TeV,80.51b" Total Fit _ @ L ATLAS
-------- Background | =0.12F  {5-7,8,13TeV
----- Signal < | 68% CL contours
ot LT

T T
---Runi, 7 and 8 TeV, 19.2 b

----- 13 TeV, 80.5f0"
— Combined 19.2 + 80.5 fb”'
—— SM prediction

L n - ; ; ; 02 0 0.2 ¢s' o
o_ [rad]
o, = —0.087 +£0.036 (stat.) £0.021 (syst.)rad
Al'y = 0.0657 £ 0.0043 (stat.) £ 0.0037 (syst.) ps_]
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https://arxiv.org/abs/2001.07115
https://arxiv.org/abs/1601.03297
https://arxiv.org/abs/1601.03297

Measurement of ¢, at ATLLAS and CMS

Measurement of ¢, is an key goal of the ATLAS and CMS flavour physics
programme, enabled by excellent detector performance and J/W—pp trigger.

e.g. CMS B.—J/WY@ Run 2 analysis with 96 fb-! [PLB 816 (2021) 136188]

Invariant mass

Transversity angle ¢

Result contours

CMS 96.4 fb' (13 TeV) CMS 96.4 fo' (13 TeV) ~ s CMS 197 ?6;4;9-* (8.+13TeV)
> Frr~rrrr7 T T T T T T 'o F T T T T T T T T T T T T L - 2 " ]
3500 4 800 = 7 8 + 13 TeV data 68% CL E
§3000:_ illgi?ta _E 5ng 700:* .""! et ..;L T4 é %0'18} 7777777 ?ST.E;V\f:tat 62;/:/CCI:_L ;
L 2] E ... Signal ] \" I 2 ] |a ; F , eV data 68% |
i\: 25005_ . Comb. bkg —f P 6005 ................ ] 0.16 — Standard Mo?‘el -
%) F —- Peaking bkg : S 50044, % 014 —
£ 2000 E S & Daa % : ]
o E 3 W 4005 __ gy = 0.12f ]
>1500( = ! ] ]
- E ] 300F --- glgnal = o1E ]
10001 = Eooee omb. bkg ] . ]
E 1 200 . Peaking bkg = 0.08F - | 3
500 B E o, E : ]
- —r > ; 100 e o 0.06}- ]
05-25 53 5 35 5 4 g45 91:—-_ _1-;/2 _T_—{S_—F "IT‘I/2 __—-—,". 0'04: PN O R NN PR B
) ’ " P -400 -200 0 200 400
M(J/P KK ) (GeV) ¢ (rad) ¢_ (mrad)
Combining with Run 1 ¢, = —21 + 44 (stat) = 10 (syst) mrad,
_ —1
results [PLB 757 (2016) 97] AT’y = 0.1032 4= 0.0095 (stat) 4= 0.0048 (syst) ps~ .
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https://arxiv.org/abs/2007.02434
https://arxiv.org/abs/1507.07527

@, : the impact of the LHC

LHCb 0.4fb '+ CDF 52fb '+DQ@ 8fb™"

o 02FT IRSRAEME SO | L

| N ] ; HFAG [

08} B N D@ * 7]

Soo2of E

" - G HCb .

—~ N 1 CDF "~ N

<] 015 L " | —
1 \ '

: Combined .

0.10 «o J —

0.05 - . : 68% CL contours

S (Alog £ = 1.15) 7

B 1 1 1 1 l L L L 1 I 1 L L 1 I 1 1 1 L I 1 L 1 1 I L L L 1 I_

0
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

®, post Tevatron 5" [rad]
and early LHC data
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@, : the impact of the LHC

LHCb 0.4fo '+ CDF 52 +DQ 8fb "

o 025/ SLIBAAELEAE SOLEE T L
: DO HFAG i
2 0.20 - N
w - ; ’:' -.."'-o.,_. [} LHCb N
C D CDF ° e i
g o5 1Y o, current LHC including Run 2 ATLAS
i | Cornbihed & CMS & some Run 2 LHCb data
010 N aE W
) \ T ' ' . HFLAV
N ke DO 8 fb
0.05 % CL contc L 0.13 68% CL contours
B (Alogﬁzﬁq (Alog £ = 1.15)
B Ll P [T T TN TR TN NN TN NN TN WO NN TN NN TN TN NN TN NN N NN NN 011 CMS 116.1 fb_l
-1.5 -1.0 -0.5 0.0 0.5 1.0
C -1
@, post Tevatron D5 oos e
and early LHC data LHCb 4.9 fb-1
0.07
ATLAS 99.7 fb~!
00375 -0.3 0.1 0.1 03
slrad]
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‘cpsz the current state of play

T
§,— HFLAV average DO 8 fb-1 mmm
LY 0.13 ¢s = —50 + 19 mrad 68% CL contours
< (Alog £ =1.15)

0.11 CMS 116.1 fb~1

CDF 9.6 fb~!
0.09
LHCb 4.9 fb~!
0.07
ATLAS 99.7 fb~!

0035 0.3 0.1 0.1 0.3

s[rad]

¢, now measured with 19 mrad precision and so far compatible with SM.
Hint of non-zero value emerging — will be very interesting with Run 3 dataset !
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Conclusions and outlook

The CKM matrix and CP violation lie at the heart of
some of the deepest problems in modern physics.

The B factories showed us, triumphantly, that the CKM paradigm
is correct at first order, but more precise tests are required.
Indeed many observables are theoretically pristine and should
be measured with the highest precision attainable.

Hadron colliders are ideally suited to this challenge, as shown by achievements
in the measurement of § and, even more so, y and ¢,. The prospects for
improving these measurements are outstanding (see lecture V).

Many, many other CPV studies out there (e.g. those of charmless B decays).
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