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FIavour PhyS|cs and the Standard Model

b i
- Starting from the Standard Model parameters:
@ 3 gauge couplings + QCD vacuum angle i
“* @ 2 Higgs parameters - - =

Cabibbo—Kobayashi—-Maskawa

“ @ 6 quark masses

« @ 3 quark mixing angles + 1 phase e

. ©®3(+3) lepton masses p
@ (3 lepton mixing angles|+ 1 phase) ;

% Pontecorvo—Maki—Nakagawa—Sakata =

P flavour parameters &

a () = with Dirac neutrino masses 7
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Heavy Flavour Physics

| will focus on:

QG M. 0 5 At T % il L A

© CP violation in the Standard Model

— © CKM matrix and possible space for NP

© Rare decays as precision tests for the Standard Model

e ® More tests for Lepton Flavour Universality
- Hence specifically
et © flavour-changing interactions of beauty quarks

® charm is also very interesting and | will include it

But quarks feel the strong interaction and hence hadronise:

© various different charmed and beauty hadrons
v ® many, many possible decays to different final states

® hadronisation greatly increases the observability of CP violation
5 ® leptonic decays can be calculated precisely to test the SM
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. Flavour for new physics discoveries

- A lesson from history:

FCNC suppressed

= ® New physics showed up at precision frontier BS=2.3upprossed
before energy frontier

- / wrt AS=1
® GIM mechanism before discovery of charm

fa ® CP violation / CKM before discovery of bottom & top
® Neutral currents before discovery of Z

Hiers

© Particularly sensitive —

loop processes

® Standard Model contributions suppressed / absent

® CP

Marcella Bonq (QMU
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® flavour changing neutral currents (rare decays)

e ® |epton flavour / number violation / lepton universality

\ NP scale analysis

from AS=2 processes
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CP violation
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Neutral Meson Systems

= The amazing case of neutral non-flavourless meson systems e
.  — considering neutral mesons uu’ where u has a different flavour with s
respect to u' — so not applicable to cc for example

“*  These systems are: o

o, — K-K°(ds), D%-D° (cu), B®°-B° (db), Bs’-Bs° (sb) &
they are subject to the mixing phenomenon via box diagrams:

s,u,b, b { dcds

i -y ——et— -t 2

down-type g

up-type SN S

- KO N0 RO 0 0 NO 0 Qi

_I::K,D,B,Bs W W K,D,B,BS |

ot down-type ::a;i

= —> >

= d, C, d, S t S, u’ b’ b 7
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Neutral Meson Systems

These systems are: =
— K-KO (ds), D-D° (cu), B°-B° (db), B.>-B.? (sb)
The neutral meson mixing corresponds to another case of B
misallignment between two sets of eigenstates: &
Flavour eigenstates — defined flavour content: -

M° and MP Sk

Mass eigenstates — defined masses m,, and decay width I, ,: _
pMP + qMo ) =

p & g complex coefficients ;

that satisfy |p[? + |q]* = 1 -

In the famous case of kaons: Ks ~ (1+&)K° + (1 —e)RO o
In the formalism for the B mesons: B.y ~ pB° £ q§° “'“

T !
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Three Types of CP Violation
Need more than one amplitude to have a non-zero CP violation:

== Interference 1 -
| - s % Slep

= © Define the quantity .. Ag, = -
P Ajfcp

“ 1. Indirect CP violation, or CPV in the mixing: R =

s [alp | # 1

and charged M *

2. Direct CP violation, or CPV in the decays:

| IA/A | # 1 ,— neutral M

~ 3. CP violation in interference between mixing and =
= decay: ImA#0 B’ &
~ = L f o
Cartoon shows the decay of a B? = y&_/v i
- or B% into a common final state f. = As 7
< > r-g

At £

S W R 1T
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Time evolution and CP violation

= © If we consider that both B° and B° can decay to the same final state >~
and considering here a final state that is a CP eigenstate, then the time
~ evolution of the physical system becomes: ”
0 ) Y |
i f(B,y,, — Jep, Al) = T [L — 85, sin (AmyAt) + Cy,, cos (AmyAt)] &
= 50 I rac : ki
| f(Byy,. = fop At) = 1 A4 [1 4 8, sin (AmgAt) — Cy,, cos (AmyAt)]
- ® direct CP violation C#0 T ,,_
Z G —p=11 IAfcplz &
~ ®CP violation in interference S # 0 fep %
e 2ImA ¢ 2
Sf 1+ A CP|2 ZZ
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CP violation in the D system

i i
s * In the SM, indirect CP violation in charm is expected to be -
very small and universal between CP eigenstates:
= predictions of about O(10-3) for CPV parameters "“”
s » Direct CP violation can be larger in SM: P
it depends on final state (on the specific amplitudes contributing)
= negligible in Cabibbo-favoured modes -
5 (SM tree dominates everything) &
= in singly-Cabibbo-suppressed modes: .
| up to O(10-4 - 10-3) plausible ks
P4 » Both can be enhanced by NP, in principle up to O(%) e
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Direct CP violation in the D system

Prospects for Flavour Phy3|cs

* Remember: need (at least) two contributing amplitudes

=  with different strong and weak phases to get CPV. -
* D’ -» K'K and D° - n'n” decays:

* Singly-Cabibbo-suppressed modes -

s with gluonic penguin diagrams 5
e * Several classes of NP can contribute e
.. but also non-negligible SM contribution _

& AT S =
g, (a) Tree diagram. S (b) Penguin diagram. S 7
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Direct CP violation in the D system

- CP asymmetry is defined as
| (D’ —f)-I(D — f)
e ACP (f) — 0 —0

(D" > )+I(D —=>f)
e The flavour of the initial state (D° or DY ) is tagged by the

charge of the slow pion from D** - D°z* or muon from
= B — DO(—> f)‘u_X

withf =K K and f=n"n"

e " The raw asymmetry for tagged DO decays to a final state f is
given by ] o

J* LAraw \J | 1‘7\’T(D0 — f) + E\I(EO — f)

_“ where N refers to the number of reconstructed events of decay

after background subtraction

0T R AR A Ly A L AT AR 2L BT e T A N L R A B AT AT e
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Direct CP violation in t

G i e 5 il

he D system

ADKD) +|Ap (1~ )+

Prospects for Flovour PhYSICS

A L i

What we measure is the physical asymmetry plus asymmetries due
both to production and detector effects

AP,EH(DO)

T An(f) =[Acr(F)+
i CP asymmetry

Any charge-dependent
asymmetry in muon
reconstruction

D? effective
production
asymmetry

 No detection asymmetry for D° decays to KK*or mm*

= e ... ifwetaketheraw as

ymmetry difference

& [AACP EAraw(KK)_Amw(jrﬂ:) =ACP(KK)_ACP(ER-)]

- o the DY effective production and the muon detection

asymmetries will cancel

itk R ST AR L AR N
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Direct CP violation in the D system

LHCDb: Phys. Rev. Lett. 122 (2019) 211803
First measurement of CP violation in the D system:

AAcp = (—15.4+2.9)x1074

5.3¢6

Interpretation:

AAC’P—ACLdlr( | 7_(<lt)>0)yCP) | T(lgtg)alélg

(t) = i ; (O A(t) = Ok — (Onn

(t)f is the reconstructed decay time of a given decay

SRS 5 WP Ry E ISR ' SRS SR S AR R SR £k 0 L WA AL Pt AT S g T ey e Y
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Prospects for Flavour Phy5|cs

B e TR TR RCRERN L "< L P AR A IR T o -
.. Direct CP violation in the D system
vsag ETE : seall
- AAcp ~ Aadis (1+ 4 - 24 gind
| CP = - F(poYyYor | T ooy ecep
= e
| 0.0100
PR HFLAYV B O noCPV ias
0.0075 Belle BaBar
CDF KK+7m CDF
Lt LHCb SL KK+7r I ) o
e 0.0050 | b prom I wicy HFLAV combination i
0.0025 e i) aind = (0.028 + 0.026)¥%
i - GPRil = . ] [ . 0 ,,.‘.-,
~ 5
. 'ud% 0.0000 Aadlr = (-0.164 + 0.028)% |
s )
<1-0.0025 =
Consistency with NO CPV o
o —0.0050 hypothesis: 5x1078 #_
a8 99 .
—0.0075 §E5°2¢ ;
o = %
~0.0100 | ARl k!
i < Contours contain 68%, 99.7° "l
= —0.010—0.008—0.006—0.004—0.002 0.000 0.002 0.004 0.006 7
ind -
Gcp "g
BT AR O G R ARV AR N TR PR A T R LW R A B o T AT
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e
i CP violation parameters from -
time-dependent angular analysis
o LHCb: with 1.9/fb of 13 TeV data (Run 2, 2015-2016), =
B LHCDb, Eur. Phys. J. C79 (2019) 706, arXiv:1906.08356. |
ATLAS: with 80.5/fb of 13 TeV data (Run 2, 2015-2017) o
N + combination with 19.2/fb of 7-8 TeV data (Run 1) _
g ATLAS-CONF-2019-009 phs
| CMS: with 19.7/fb of 8 TeV data (Run 1), i
oo Phys. Lett. B 757 (2016) 97, arXiv:1507.07527 s
b -~
;F;
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Tlme “dependent angular analysis of B, — Jiy¢

Prospects for Flavour Phy3|cs

® Parameters of the B, system:
2 Mixing — Decay width difference Al = I, — I's

= 2 Al =0.087 £0.021 ps' in the SM [arXiv:1102.4274] s
s m l,c'.', E ﬁ c > s 2
prae e W o i o o
Lo~ 1 ,Wf_,_gw ) ;+ o |
i Deca;’a(ifnuplitude with mixing Direct decay amplitude e
- 2 CPV phase ¢ —» weak phase between mixing and b — ccs decay i
- P ps = —2Bs with B = arg[-(VisVie™)/(VesVeo')]
7 O SM: -2B; = -0.0363 + 0.0016 [arXiv:1106.4041], 0.0370 + 0.0010 [UT(it18]

b

C

—

—diger [_‘Hl. }._ -ll | - i
e colour singlet . /y
i lllr “ b exchange ]/ ¥
h ; =5 /
*" } b // & é
ol o Il.'.'l T {-:-}lrlﬂ:'? 2 5 4 ‘“'*h

2 Golden mode: penguin diagrams can contribute to the decay either

W|th the same weak phase (A?) or they are CKM suppressed (A*)

A WERAA ST L v . § AW TR S AR R Tl ?JW&FM”H@&W&MMWI*%&””FW""'
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Tlme dependent angular analy3|s of B, - Jho

» Golden channel for measuring the B, parameters
° Pseudoscalar B0Os to the vector—vector J/(u*u-)(K* K-) final state

= — admixture of CP-odd and CP-even states (L = 0, 1 or 2). e
> L =0o0r2 — CP-even states, while L =1 - CP-odd state.
> Same final state can also be K*K- pairs in S-wave — CP-odd. "‘"‘"‘
s, 2 GCP states are separated statistically using an angular analysis na

2 Differential decay rate: 4T L0

= Z o' ]glmlﬁH'r, e, by ),
ok, dr d€2 = He

with O®(t) time-dependent functions corresponding to the contributions of

amplitudes (Ao, A, AL, and Ag) Z " =

= (and interferences) and BN - .
g“(8+, Y1, 1) are angular functions. ) ¥

> Flavour tagging is used ---?E -

to distinguish between
the initial B°, and BY, states. g g

A WERAA ST L v . § AW TR S AR R Tl FJWM&”EF@EW@MWI*%&’““F@""‘
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. Flavour tagging

CP measurement from time-dependent analysis of BO decays needs
=« the determination of the B flavour (b or b) at production. =
SS pion
- . SS proton i
e SS kaon (for BY) Ngr + Nw e
. B() i J'\rR = i\rw’ -1 4'\"@' ‘_
) {4) *'Nr‘4'
T = Same side 2 \R + .'\u i
oy ____.*. 0S kaon D=(1-2w) =
@ = 5
. b—c — : X
- b— XU \_} 0S muon el
0S electron '
e 0S vertex charge %
o 0S Charm 5
= Tagging power 7
ATLAS 1.65 + 0.01% <= ¢D? => 4.73 + 0.34% KiES g
R T L R AT el AR L ARV T AR AL B S e B L AV R N L A LA B AT AT F:@':"’é
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T|me dependent angular anaIyS|s of B, - Jyo

Analysis strategy and experimental inputs:
» Measurement of the proper decay time t = L,, mg/p;°

» Flavour tagging to identify the flavour of the b quark
®» Unbinned maximume-likelihood fit:
» B properties: reconstructed mass mg, proper decay time t,

proper decay time uncertainty o, tagging probability P(B|Q,)
° Transversity angles: (6, W+, ¢;) of each B% - J/Y¢ decay candidate
> Physical parameters: Al s, s, s, (AMg), (JA]), |Ac(0)[?,

|A(0)1%, 8”, Sl, |As(0)|2 and & Proper decay t|met

ot gt B A

T 18000 F
16000 F
14000 F
12000 F
10000
8000 F
6000 [
4000
2000

T

LHCb

— Total

— — Signal

Entries / 0.2 ps

-- Background

e ATLAS Prehminary Data
E {s=13TeV,8051fb"

— Total Fit
--- Background
- - Signal

— Prompt Jiy

(data-fit)/oc

) W RS
L)

5400
m(J/WwK*K™) [MeV/c?]

g%y AR i AR

0 24 e 18I0 20 14
Proper Decay Time [ps]

Prospects for Fldvour Phy3|cs
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Run 2, 2015-2017
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Prospects for Flovour Phy3|cs

Run 2, 2015-2016

Ef.: 3
- ATLAS &) ({6 LHCD -
sl N(B?) 477 240 + 760 117 000 -
o(T) 69 fs 45.54 + 0.04 + 0.05fs
a5 eD? 1.65 4+ 0.01% 4.73 +0.34% &
Parameter Value | Statistical | Systematic ¢; = —0.083 + 0.041 £ 0.006 rad
- uncertainty | uncertainty Al =1.012 £ 0.016 = 0.006 _
¢slrad] | —0.068 |  0.038 0.018 [y — Ty = —0.0041 & 0.0024 = 0.0015 ps ™! )
: -1
- Aldps | | 9067 | 0.005 0.002 ATy = 0.077 £ 0.008 £ 0.003 ps &
T, [ps~'] 0.669 0.001 0.001 —~ _
| A (0)2 0219 0.002 0.002 Amg = 17.703 £0.059 £ 0.018 ps 5
e Ao(0)? 0.517 0.001 0.004 |AL|? = 0.2456 & 0.0040 £ 0.0019 -
A5 (0)2 0.046 0.003 0.004 Aol? = 0.5186 = 0.0029 = 0.0024 ‘
= S, [rad] 2.946 0.101 0.097 5
<, 6, [rad] 3267 0.082 0201 5. — 80 =2.64+0.13+0.10rad =
o — & [rad] | —0.220 |  0.037 0.010 8 — 80 = 3.06 7008 4 0.04 rad. s
i
E*_'E;'
LI s B T R B AR 2 N T P T A R B e W W A B BT AT

Marcella Bonq (QMUL)
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Prospects for Flovour Phy3|cs
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({64 LHCDb

o

Parameter Value Statistical | Systematic ¢, = —0.080 4 0.032 rad ,
uncertainty | uncertainty A = 0.993 +0.013 ek
¢s[rad] —0.076 0.034 0.019 N 0.6570 - 0.0023 ps-
AT [ps']1 | 0.068 0.004 0.003 s =Y USIPs peh
Ii[ps™!] 0.669 0.001 0.001 Al'y = 0.0784 £ 0.0062 ps_1 ,
AP | 0220 | 0.002 0.002 Amg = 17.691 +0.042ps !, o
|Ao(0)? 0.517 0.001 0.004 2
A = (0.2486 £+ 0.
Ag |? 0.043 0.004 0.004 1ALl 0.2486 £ 0.0035, ;
S, [rad] 3.075 0.096 0.091 |Ao|* = 0.5197 £ 0.0035, :
5” [rad] 3.295 0.079 0.202 5J_ _ 50 —288+0.11 rad ’
— 0g [rad] | —0.216 0.037 0.010 L
s [rad] 8 — 8o = 3.155 £ 0.079 rad. e
0.14-  ATLAS Preliminary ---7and 8 TeV, 19.2 fb” 7 Ié 0-14; IS_pHrlcr:f(_; 2019 P
Vs=7,8,and 13 TeV ---13 TeV, 80.5 fb’' By —— '
68% CL contours — Combined 19.2 + 80.5 fb < 1 J/pntaT 4.9 fb~! (Ao c=1°"r5 o
0.12- — SM prediction 5 012 o .
| ot
0.1+ ot . 0.10 YUl :
0.08|- 7 0-08; J/WK+*K~ 4.9 ~"-
0.06( @ - 0.06] :’,:T
04 02 0 o2 04 0.4 0.2 -0.0 0.2 0.4 -"_f'
¢, [rad] ¢s[rad] E 4
Ea00 T AR A A L AR N AR AL W IR S A N R R A B R LT AT T e
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T|me dependent angular anaIS|s of B, = J/y¢

0.14 pogfo! |
68% CL contours
012 (Alog £ =1.15)
CMS 19.7 fb!
0.10
CDF 9.6 fb!
0.08
0.06
O e o e o
¢ [rad]

Preliminary HFLAV average:
¢s =-0.055 + 0.021 rad

Al = 0.0764 + 0.0034 ps™’
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Prospects for Flavour Phy3|cs
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b i
CP violation in the B system:

state of the art from the global fit

,,g

r !
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«. CP violation in the Standard Model: quark mixing

The charged current interaction gets a flavour structure encoded
= In the Cabibbo Kobayashi Maskawa (CKM) matrix V

Loc = —% (EHIL’}’MT/V,:;r VDL + Dy*W, ViU L) : =
%V, connects left-handed up-type quark of the ith generation to -
_left-handed down-type quark of jth generation. Intuitive labelling |
by flavour: bea
- [ Via Vis Vo -
i v ’ ’ Ve iV b Matrix V is unitary =
T Ver Ve Ve ) V3TV €€ construction
~ \ Via Vs Vi ) &
- The only way to change flavour in the SM is via a W exchange ,.;

2

& e
LD e R AR AT ey Ny L ARV T AR AL I S L N A O R A B R T AT T e
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CKM matrix: Wolfenstein parameterisation

From the Wolfenstein parameter A = sinB,2 ~ 0.22, we can get an idea
on the sizes of the various CKM matrix elements:

‘-*'J*-': 2 E;._;
[ 1= A | AN (p—in) |
= A2
. VCKM = —A 1 — D3 AAz + @(?&4) .
~ AN (1 — p — in) |— A2 1 &
(1—p—1n) _
o5 -
= At )2 order, the third generation decouples e
~ n=#0signals CP violation %
— imaginary part of the V, and Vi elements (1% == 3™ family) ;.?q
T T LB AT ey e e L ARV AR DL BT A s L T AV R N LA P R E A B S E T PIJ:"':
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CP violation in the B system

Prospects for Flovour Phy3|cs
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e
= Time-dependent analysis =
S CP violation in interference s
Less clean channel due to big penguin contributions
E - 0 e
Si., x SIN20x B —=>nn,on ,
s Vudv 5
5 ,_
. Direct CP violation
- Interference of two tree diagrams Tlme-depenc_ler.n analysis
. CP violation in interference ’-;
Epeay )
Step = —N.SIN2P ¢
8 WERAVMEE TSSO o, JAW SRS AN G R T8 f ol 20; LTt S NG A S ol T S o T Y W O xR g S "':

Marcella Bonq (QMUL)
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Angle fit from the global unltarlty triangle fit
1=

- |UTfit P 6% -
= summer1s

;}:
0 i
' -
—0.5 Q ¥ s
- 6% .
f :

L1 AN B B R T B

0.5 1

P

25 WYRAVEE T/ Rl L SRF Tkl o RUAEE YA RO ?JWW@”FF@EW@MWI*%ﬂf?EF@'W

ew.- = AR TI
RN R
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Global fit: the observables

Tree-level diagrams: |V, |Vel, ¥
Loop diagrams: Amgy, Amg, &

CP-conserving: |Vy|, Amg, Ams
«.  CP-violating: sin(2p), a, y, &«

|':[- = F

el Veo/ Vs | | Ex
1Y Al(1 — p) + P]
~ 1E—U'l | p_2 _I_ ﬁ2 1:UT
:I—-.EIEJHH—OI5IIHIZ|IIHIDI5H“‘I|“ _I-l‘;-DISI 05 1
= ' b b
"'"' 1= = p |
i T Amg T Ams/Amg
,;"',. 05— 0.5
41 (1-p)?+ 7
| . L .........
= . . a -1 -0.5 1] 0.5 1 '5
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0.148 £ 0.013
0.348 + 0.010
~3%
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Prospects for Flovour Phy3|cs

UT analysis including new physics

__ fit simultaneously for the CKM and 5
the NP parameters (generalized UT fit)
= » add most general loop NP to all sectors e
- » use all available experimental info "
® find out NP contributions to AF=2 transitions -

*  Byand B, mixing amplitudes -
- (2+2 real parameters): i
g — sm][ _ ~ sm -
b Amq/K_C /AmK<Amq/K) g,=C, g i
s B,— JI WK B.— ) -
¢ —sm2<B+<|>B) A P ~sin2(—B .+ )| 2
I, ; & q 7l

ATAm,=Re[T% /A, 1

S W R 1T
Marcella Bonq (QMUL)

s et¥ey” L AR AR

2L 8 ?JWW@”FF@EW@MWI*%&*”P}'
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= F
b | i
1= summeri8
= 05F p=0.144 + 0.028 =
- levels @ el _
e I = 0.378 £ 0.027 .
_ = // 95% Prob | L
cb
= 0 / 5
s - /] - =
05L SMis -
= only showr p=0.148+0.013 =
o - the constraints n = 0.348 £ 0.010 &
B - unaffected by NP o
i 11 | I | T R T T T T T N ‘
1 0.5 0 0.5 1 :24
p =
28 WERAVAE ISR N, SRV S AORE 2 AN T R T ?JW&F@”EF@EW@MWI“%&“”F@

Marcella Bonq (QMUL)
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« NP parameter results
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Prospects for Flovour Phy3|cs

v q el
_ gz._. 80 g’.__. 80 )
i Z o f UTfi¢ Z o F UTyit e

S 0 :_ summer18 < 90 I_ summer18
2! oF NP fit “F NP fit s
20f 20
20 20
e 0l ok / dark: 68% i
: 60 —60f- B
~ sof B, 3f \ SM: red cross ° o
0I - IOI.1I = I0?2I = I0’3I = I0.I4I = I0!5I = I0.6 0I - IOI.1I = I0!2I = I0.I3I = I0.I4I = I0!5I = I0.6 &
e AYPIASM AYP/AM o
> The ratio of NP/SM amplitudes is: =
= < 18% @68% prob. (30% @95%) in B, mixing
< 20% @68% prob. (30% @95%) in B, mixing %
£
3 B T AR AR T PR L N R P T A R R L S A B r T AT T

Marcella Bonq (QMU
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Prospects for Flavour Physics

rare B decays B) — u'w »

i LHCD: s
Phys. Rev. Lett. 118 (2017), 191801, |
arxXiv:1703.05747 T
s ATLAS:

JHEP 04 (2019) 098, arXiv:1812.03017
o CMS
Submitted to J. High Energy Phys.,
o5 arXiv:1910.12127

"-'.-\..' _I!:h

o

SR DAY

e

& e
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Motivations and Predictions

U Decays of B” and B’s into two leptons have to proceed
— through Flavour Changing Neutral Currents (FCNC)
- forbidden at tree level in the SM
= _ In addition, they are CKM and helicity suppressed.
o Within the SM, they can be calculated with small

Prospects for Flavour Phy3|cs
i aaitin i

ot g B A

I I
N NS

B@ o @B

«.  theoretical uncertainties of order 6-8% QY T
Tt 1 (8 e
5. meson Lepton type o
type e 1 T
; BY  (2.48 £0.21)10- 7 (1.06 £0.09)10- (2.22 £ 0.19)10-° oovethetal, |
N BY  (8.5440.55)10"11 (3.65+0.23)10~° (7.73 +0.49)10-7 FPRLT112(2104) .-
_ 101801

~" U Perfect ground for indirect new physics searches: [includes NLO EM ~ »~

| o virtual new particles can contribute to the loop and NNLO QCD

o J both enhancement and suppression effects are possible  corrections] s
: - ~0

%5 b Wl b W - -

SO ZOHRS, 2

™ t,c,u |d v ) 7

’ . ‘

s(d) L I- s(d) W 3° i+ #ﬂ

w:i’i” e

25 WEEAVAUE ISR L'y L FAWH R 2 A Rk St ?JWWM”KF@EW@MWI*%&“”F@ ~

Marcella Bonq (QMUL)
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Experimental Strategy

_ _ ATLAS arXiv:1812.03017
wa  ©® Trigger with very low-threshold muons: few GeV l

» Branching ratio extracted via a known reference channel (JpsiK or Kpi)

N € 5 ”
0 — d(s J K U
B(B(s)*“ﬂ” ) Sl - ()_ XNM n ff
“ ptp J/ YK d i
X|[B(BT = J/YKT) x B(J/¢p = pTp7)]|
. 2 Correction for the different hadronisation probabilities for B% and B° vs B*

He) o Include the B* and J/y branching fractions o=

» Data-driven correction for the efficiencies of the two channels ’
e » Main backgrounds: o~

| o Charmless two-body B decays (indistinguishable, need particle identification or |
s low muon misidentification) 2
U Partially reconstructed B decays (accumulating on the low mass sideband) e
o Combinatorial background (linear/exponential distribution, boosted decision i
B tree trained on the mass sidebands and signal simulation) 7
» Maximum likelihood fit on the dimuon mass to extract the signal and separate r,-?
the background above :

A WERAA ST L v . § AW TR S AR R Tl FJW&M&”H@EW&?MWI*%&““FW""'
Marcella Bonq (QMUL) 37
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Experimental results

(\/.; ! | ' ! ! L ' ! I "ll"t]] ' ! ! = "E: B T T ]
e E LHCb —— B? N u*u’ _E E 8 B LHCb ] veall
== BO — utu . § : :
R BRT=O0 1 Combi:aﬁml E g o 1 —— Effective lifetime fit —
== = E7r 0 BY, —>h*h” ] R 1 Sl
= =eme Bl = (KON, 3 L 4 -
:-g o B()(+) — ‘EOH)}L w _f +j_ | .
. g -== Ap S PV, 3 T o _] e
- O B* o J/\pu“vu e =T ] e
o 055000 5200 5400 5600 5800 6000 S T [ i
My [MeV/c?] Decay time [ps]
e Bs decay observed at 7.80 i
x10 "
N 83 T .71 With 2011-2016 LHCb data (4.4 fo™?):
oy + O B ;
= = _ _ bS]
? 0.7F £ BBY— u ) =B0+06+33)x10°
| 0.6 = 0 +, - +12+02 -10
- E B(B"— pTpu~)=(15"7 1) x 10 o~
@ o4f E By decay at1.60
- 0.3F 1 Effective lifetime: 2
' 0.2F = R e
E = EfF —_ .-‘":h
o 0.1F £ TBO it = 2.044+0.44 £0.05 ps %
E : b o 1x107 i
OO 6 8 ;
BF(B! — pu) #
£
LT T L R AT R A R ARV E AR e i8R FJ.WWM”EI@EW@MWI*%&’?““"Fg: y

Marcella Bonq (Q@QMUL) 38
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_ EXperimental resuits
CMS 361" (13 TeV) + 20" (8 TeV) + 5 fb™ (7 TeV)
60 ¢ Data Full PDF
B By — prw BRR B’ - pp
[ eeeees Combinatorial bkg ===« Semileptonic bkg
a0 F o s B — hu'u” bkg - Peaking bkg
50_—
=i
5 B 40
e S T
o K
~ 30
o L
Q £
pos uEJ' 20 *
i T l,l*k
) 10[; + + + [ *
0_ SR 1y il il
49 5.4 55 56 57 58 59
[GeV]
s
B, decay observed at 5.60
CMS 361" (13 TeV) + 200" (8 TeV) + 5 fb™ (7 TeV)
—_ i BY — w
30:_ ¢ Data
C — Fit
25}
s o F
e i, -5) 20—
I o) B
o = s
m E F {
- (/3) 10j
5
_ : ;%;ﬁ T
)] b b ol ke it Tk At P i
C | | | | | | |

1 2 3 4 5 6 7 8 9 10 M

gire ~

Marcella Bonq (QMUL)

Prospects for Flovour PhYSICS

o M"ﬂw 'k._-j”’ Bt e s 5

With 2011-2016 CMS data (61 fb):
i

B(BY— ptp™) = (29 79F £0.2) x 10°°
B(B°— utp™) < 3.6 x 10710 at 95% -
Effective lifetime: oo
_ +0 61

0.8x1 of’ 36 fb""('1 3TeV) + 201fb'1 8 TeY) +517 (7 TeV)

1 X : cms _
0.7F = -
0.63 _______________ H..

- ]

T 0.5 .
SO B
T 04F s
™ E '
&R 0.3 %
o.1i§
051 I : I "- ><‘|O_9 %
0 8 F i
ALk BT L A L R W B LT AT
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Experimental results
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i aaitin

]

2
@

m
x
o
m
A
<
m
z
e

. 5 | T T et
- e e e e e e C: B L i
% | ATLAS e 2015-2016 data = 2 1'2: ATLAS S 1 ekl g
= 161 {5 - 13 TeV, 26.3 fb Total fit Bl 1= — 2015-2016 data = e
B 14H 0.4163 < BDT <=1 — = Continuum background —] Jr:‘ E Run 1 + 2015-2016 data E
. ] eSS S i n | e b — p* u X background - T 0.8 :_ T Likelihood contours for _:
w0 LR RS R S R S 8 Peaking background XD 06 FTee S 2 Aln(L) =23,62,11.8 1 e
10:_‘ e BowwHBoww & T T ' 9
8F = = K
e oF . 1 s
%o i ;_ iy e d _
oF ; - NN B
0 :l_ L b e n A AR W o | r e |0 L 5 e ‘I’\:‘\I Ty o 1'\:\_-—
e 4800 5000 5200 5400 5600 5800 ) 6 7 s
Dimuon invariant mass [MeV] B(Be —» u* u)[10°]
Run 1 + Run 2 (2015+2016) combination: compatible with SM at 2.40 -
= 0 e +0.8 -9 .2,
B(B? - pt ) = (2.8705) x 10 o
o BB’ - utu) <21 x 10719

Marcella Bonq (QMUL)

Ongoing work towards the LHC combination: stay tuned!
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Experimental results @) |

P e

v sl
% 1 8 __l T T T I T T T I I I T I T I T T T I T T __ o'l)_' | LI T T T T 17 LI I T LI T l L L | LI I LI i
> ] ATLAS o atsaoteca ] = °F ATLAS —— 20152016 data 3
o 6: Vs =13 TeV, 26.3 fb™ Total fit ] 1= —— Run 1 +2015-2016 data S e
B 14: 0.4163 <BDT <=1 = = Continuum background —: +:L E —— LHCb Run 1 + partial Run 2 data E
. § N N e b— ;.1+ u X background _: 0 0.8 :_ Jammm— Likelihood contours for _: i
ST SRS S S Peaking background  { = o - -~ S 2 Aln(L) =2.3,6.2,11.8 1 s
10 =i B 5> putpu +B% > ptpu Q 0.6 , .- RS ]
- iy - ]
;. 8 — 0.4 s
e E ] : "\,:".\' : lﬁi
s I 0.2~ E
.-.,.,. 4 :_ O : R B ll "I Lyoo4 :
2 _L 1 ‘ : N
0 : N 1 L ...1.. P RATR. YAn il _ _| l_l P rasg e 10 1 n _02 —_| Lo ':‘ | |\’|'\:“.| 11 |\|\_—
e 4800 5000 5200 5400 5600 5800 0 5 6 7
Dimuon invariant mass [MeV] B(Bg St ) [10°79 | '
Run 1 + Run 2 (2015+2016) combination: compatible with SM at 2.4c |

A

s B(B) - p ) = (2.8708) x 1077
- BB’ - utu) <21 x 10719

Ongoing work towards the LHC combination: stay tuned! -
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Rare decays: B to two muons

==  Prospects: -
o Additional information from measurements of the effective lifetime
and time-dependent CP asymmetry
u Sensitive to NP from scalar and pseudo-scalar sectors
o Complementary to the branching ratio

o Inclusion of Bg>ppy studies
U Sensitive to extra effective operators (O, Og, O4)

o J No helicity suppressed (one order of magnitude gained)
J By decay still to be observed

- 34

) ey
Bl

=~ Electrons and taus final states also still to be observed -
= 0 Other b to s FCNC are very interesting: o
part of the current “B anomalies”
9% U B to K*pp angular analysis o
= o Ratio measurement R(K®) = BR(B - K®up)/BR(B — K®ee) ’;

23 WEAMEE T Rrl L SRV Tl A ¥ R T FJW&M&”Hﬂih"ﬁmml*%ﬂf“ﬁfr;;

Marcella Bonq (QMUL) 42
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- Lepton Flavour Universality
More from b to s&¢* -
s FCNC transitions i
= ”
| 7
r?é
A WERAA' S IR L v . FAWTE RN S AR R TR FJWWM”EF@EW@MWI*%ﬂ"“”ﬁ'@h}:
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R, and R, - measurements

2 —
Omax 2 dF(B — Xp"',u )

i Jqg2. dg dq? =
RX = m;n
g Qmax 2 dF(B — .XE—I_E_) o
2 dq dq?
“Qmin 9

2 The electroweak couplings of all three charged leptons are identical
i In the SM and the decay properties (and the hadronic effects) i
are expected to be the same up to corrections related
e to the lepton mass, regardless of the lepton flavour -
— this is lepton universality.

U The ratio can be calculated and predicted in defined ranges of the -
| dilepton mass squared g? — ratio expected to be 1 in the SM :
™ J Clean observable as all the hadronic uncertainties cancel s
. 2 Experimentally measured via double ratios to more abundant
” resonant channels, e.g.: =
= b BB Ktptpn) B(B+— Ktete™) ,:;

ST BB = I (= ptu KN/ BBt = Jhp (= ete KT ,g

8- WERATAUS IS NG FRAW F ARl S A Ay R T FJW&M&”H@EW&?MWI*%&““F@""'
Marcella Bonq (QMUL) 44
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.. Rk measurements %

w~ | HCD:

Phys. Rev. Lett. 122 (2019) 191801,

= arXiv:1903.09252

w. IN the range:
1.1 < g*< 6 GeV?/c*

- From the fits:
71943 + 49 B* - Kru*u-
- 7/66 £48 B - K'e'e”

+0.060 + 0.016
i Rk = 0.846 * 3054 _ 0014
P (2.50 from the SM)

sl T B A ey A% L AR ARG
Marcella Bonq (QMUL)

G M. o i R

Tt g s LR

2> 350F
L = LHCb
2 300 —4 Data
E 150 f_ —— Total fit
2t F  #F R Total Ry =1
> 200F
% - Combinatorial
= 150
= -
£ 100F
O -

50F

0 . PR | T
5200 5300 5400 5500 5600

m(K ) [MeV/c?]

60

40F

Candidates / (24 MeV/c?)

20

o
.
s
.
.t

LHCb

—4— Data

—— Total fit
--------- Total Ry =1
------ B"— K*ete~
BB —Jyee )K'
B Part. Reco.
Combinatorial

Prospects for Flovour Phy3|cs
Yiltbasdni 5

: T
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=gt VR

0™ 5000 5500 6000 :’;
m(K*ete”) [MeV/c2] "2

#!
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.. Rk measurements

G M. o i R

S

Belle: @
= arXiv:1908.01848 g
#  Using 772 x 10° BB pairs £
_, reconstructing: ’
= B* - K¥'% and
. B? - K%'t decays
137 +£14B" - Ky )
138+ 15B* - Kfe'e" 3
T 27+6B° o Koty s
.. 227 B°% 5 KSete- %
w (0.95 70274+ 0.06 ¢° € (0.1,4.0) GeV?/c*,
ik o J 0-81 028 4 0.05 ¢ € (4.0,8.12) GeVZ/ct, ¢
- K —

0.98 105 £0.06 ¢?

€ (1.0,6.0) GeV?/c*,

Marcella Bonq (QMU

| 1.11 T5352 +0.07

) W RS
L)

g%y AR i AR

> > 14.18 GeV?/c*.

ot gt B A

—
N B
TTTT T[T T T TTT

P N N

o
TT 1T

(o0
TTT

2 5.015.025.235.245.955.965.27 5.285.29

M, (GeV/c?)

2 521522

5235 45 255 265 275 285 29

M, (GeV/c?)
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P e e -
.. Rk measurements 7> A x
< ‘ > > 3a
_ 5
Belle: 2
= ArXiv: 1904.02440 s -
=  Using 711fb™* data Cross-check: & s
140+ 16 B - K* IJ+H_ rJ/q, =1.015
= 103+13B - K*e'e- + 0.025 o
. (adding B° and B) + 0.038 s |
2.0 —— : (GeV/c)
T N;Q\ 602— ‘ _i -
15k g o s0f -

Sy i ] C 1 sem
BRI g = N
s *k: 1 0 — I — E 30: _: |
T m T E) B ; L
& D’ W ook + + + + E :
L 20 ata ] ¥ g
b9 0.5 |- 4 LHCb g 108 L -\l
Y 4 BaBar : ot ey _____ N
st ] SM prediction ] o | w* RiE R e
gl it I T & Bl el LN N BN 7

. . 0 1= - 522 iy R Y — T rﬁ“
2 (GeV2 / 02) M,, (GeV/c?) ;"
!

L 28 WORAVAF IS RIL L SRS ORI S AN S VR AT ?J.ﬂﬂ&eﬁ”ﬁf@i?ﬁ”ﬂmml*%ﬂﬂﬂrw
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RK and RK* measurements

o

Marcella Bonq (QMU

LHCb: 2.50 at central g

_______________________________

LHCb 19
Belle 19

BaBar 12

g [GeV?/c']

[
20

25 WORAVMLE TeiRrl L SR okl o B

Tt g s LR

LHCb: 2.4-2.50 at central g2

1.6

b
______________________________ _T_._._._._._._._._ i
E:IT. Ly R )f """"""""""""""""""

-+
0.8 7 -~  H4 LHCb 17
06— f ' 4 Belle 19
4 DBaBar 12

0.4 | T I | -

0 10 12 15 18
(GeV?/c]

> Anomalies in b to s transitions?
> 1-loop processes in the SM

» The scale of NP can be “high” -

A ~30-50 TeV

Prospects for Flovour Phy3|cs
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Prospects for Flavour Phy3|cs

A L i

Felix Kress
@Beauty19

LHCb measurements tend to lie below the SM predictions for low g?

o

il
LHCb B0 K*O,LL+,LL LHCb BO — qﬁ,u 03 LHCb BT — K+u+,u .
(\’,—‘015X1-0_6 | : : e I 3 L : -LCISR : Lallmce T.TD,aIa. A ,,;;
E "LHCb % E LI:lCt: > B*»K'utu _
g 387 e O LHCb 4
(\Z 0.1 - = 6 + = Data 5 : i
= . ~ Sk X
3 1 I 4f ++ A
i Cl E—:ﬁ TSR i i
- ) l':"_ -— "E
e : 20:"”;”"16""1'5' %0' e =
0 S 10 15 > hi ¢ [GeV¥cd] 0 5 |0 ls 20
JHEP 11 (2016) 047 4*[GeV7e’] JHEP 09 (2015) 179 JHEP 06 (2014) 133 ¢*[GeV7/c'] -
LHCb A — Au o LHCb B — Kt pu~ LHCb BY — K*"ptp™
- 13 : : ; e S OE BLHe s - mLLSE WL sDae. '
f;“ I.6;— S ~ '% 5— B’ — K'uu E > B> K*+,u+,ll_§ £
s [ ' El R LHCb O s LHCb - o
g I.Z:— E —rb ] -rb 1 .
L B ] X 10 E
= 0.8 . = i 2 B ] Sp
3 oo [EEEEE -]— """" < =, 2 ‘+——+— _+_ = + } v
* osfi i s B S . e
Soff T LHCb § ¥ 1 3 ] s
- 1 = = 00' ; '1I0””15“”70“ -8 110' 'lls" 'olo .-"-;'
0 5 10 is 20 ; et : = g
[GeV¥c] q* [GeV7/c] ¢* [GeVZ/c4] _7
JHEP 06 (2015) 115 JHEP 06 (2014) 133 JHEP 06 (2014) 133 :
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_ ~ Prospects for Flavour Physics
e T T T L AR S T R —

Angular analysis on B - K*u*y- -

i LHCDb:

Run 1 data: HEP 02 (2016) 104, arXiv:1512.04442
ATLAS: e
P Run 1 data: JHEP 10 (2018) 047, arXiv:1805.04000

g 2011 data: Phys. Lett. B 727 (2013) 77 o

o

2012 data: Phys. Lett. B 753 (2016) 424
PLB 781 (2018) 517, arXiv:1710.02846
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_ ~ Prospects for Flavour Physics
Vb NG i o e I s o i W —

P e 4 e sy = i

.. Angular analysis on B — K*p*p-

=< ) another way to look at b to s FCNC P
o angular distribution of the 4 particles in the final state sensitive to
s new physics for the interference of NP and SM diagrams o
> allows measuring a large set of angular parameters
sensitive to Wilson coefficients CY_, CY,, CY | CO_ =
+ _

u >
o
yi_ %h b5 2 G-K

. AV O
o q 7 q “ - ~
.o decay described by three angles (6, 6, ¢) and the di-muon mass i
- squared g — the angular distribution is analysed In finite bins 7

of g% as a function of 6., 6,, and ¢. aﬁ

. .!

& e

LD e R AR AT ey Ny L ARV T AR AL R I S AV A L R A B R T AT T e
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Angular analysis on B — K*p*p-

e

Marcella Bonq (QMUL)

- B flavour eigenstate can be identified through the K* - K™ 11" decay

Prospects for Flavour Phy3|cs

i
U angular distribution given by:
l d'T _ 30 ~ 1) O e
AT/ da” d cos 07d cos Ox dpda? = 3271' 2 sin HK + Fr. cos? Ok + 7 sin“ Ak cos 20,
-Fr cos> Ok cos20¢ + S3 sin® Ok sin® B¢ cos 2¢ + S4 8in 20 sin 26¢ cos ¢ fiees
+85 sin 20k sin @ cos @ + Sg sin? Gk cos by :
+57 sin 20k sin f¢ sin ¢ + Sg sin 20 g sin 26, sin ¢ it
+Sg sin’ O sin® O sin 2¢) | |
U the S parameters are translated into the PO parameters via
283 ) Sj=4,5,7.8 -
s ToF Picases = i
L VEL(1 - Fp) |
J the PO parameters are expected to have a reduced dependence s
on the hadronic form factors.
2 ATLAS and CMS need to fold the angular distribution i
via trigonometric relations to reduce the number of free parameters A
pt'.;'!._
T !
i B G AR L AN AR i i’HW&F@”H@EW&?&MWI*%J’“”F@“‘
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Angular analy5|s results onB - K*p I

it

J LHCDb gets a deviation of about 2.8/3.00 in P (g° dependent)

Prospects for Flavour Phy3|cs
M e -

== ) ATLAS gets deviations of about 2.50 (2.70) el
- from DHMV in P',(P’) in [4,6] GeV?
= _ 10 T T ] | - T T ' T ]
0. 2-ATLAS /s=8TeV, 20.3 b
R e - -4- ATLAS CFFMPSV fit 7
2E—ATLAS (s=8TeV,203f"] 1.5 — LHCb theory DHMV
1'55_ 1{‘;&@8 E - — CMS theory JC .
15— . %’Zﬁy LD(!;MV _é 1:— + Belle _:
VE theory _E v .
: l :{:_ 3 0.5 P’s =
5F e = - . ® ]
? i OF [l ._,L_ -
5E P',| - n _'_.} .
_25_. o dlon nwm l nandl noninfl non ool _f '05:_ .]l = +' _:
0 2 4 6 8 10 - 1 ]
B o?[GeV]  _4F + 3
'"' - ol A Y S ol C .
0 2 4 6 8 10

= CFFMPSV: Ciuchini et al.; JHEP 06 (2016) 116. P [GeV?]

DHMV: Decotes-Genon et al.; JHEP 12 (2014) 125. ,3;

JC: Jéger—CamaIich' Phys Rev. D93 (2016) 014028.
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Lepton Flavour Universality |
o From b to c¢-¢* -

RN

tlr i
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Lepton Unlversallty testsinb to C
Ratio measurement R(D®) = BR(B - D®tv)/BR(B — D®{y)

e

Marcella Bonq (QMUL)

» Tree level processes

> Charge current — lepton flavour universality (LFU) is an accidental

ot gt B A

symmetry broken only by the Yukawa interactions
- differences between the expected branching fraction of
semileptonic decays into the three lepton families originate
from the different masses of the charged leptons

> Ratio expected to be 0.25-0.30 in the SM

BaBar (2012), had. tag
0.440 £0.058 £0.042

Belle (2015), had. tag

0.375 £0.064 £ 0.026

Belle (2019), sl. tag
0.307 £0.0372£0.016 '

Average
0.340 £0.027 £0.013

SM pred. average
0.299 +0.003 T

PRD 94 (2016) 094008
0.299 +0.003 T

PRD 95 (2017) 115008
0.299 +0.003 ¥

JHEP 1712 (2017) 060
0.299 +0.004 4

FNAL/MILC (2015)
0.299 £0.011

HPQCD (2015)
0.300 £ 0.008
HFLAV
! \

1 _m_

0.2

25 WIEAYMLS 1

0.4
R(D)

g%y L AR AR

0.332£0.024 +0.018

Belle (2015), had. tag
0.293 £0.038 £0.015

BaBar (2012), had. tag ||

Belle (2017), (had. tau) [§

0.270 £0.035 £ 0.0Z7

Belle (2019), sl.tag
0.283+0.018 £0.014

0.336 £0.027 £ 0.030

LHCb (2018), (had. tau)
0.280+£0.018 £0.029

Average
0.295 £0.011 £0.008

SM pred. average
0.258 +0.005

PRD 95 (2017) 115008
0.257 £0.003

JHEP 1711 (2017) 061
0.260 + 0.008

JHEP 1712 (2017) 060
0.257 +0.005

HFLAV
| | ‘

LHCb (2015), (muonic taq)

0.2

0.3 0.4
R(D*)

Prospects for Flavour Phy3|cs
QG M. e R it i
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Lepton Unlversallty testsinb to C
R(D®) = BR(B -~ D™t)/BR(B — D®{)

QG M. o e o R TN el

A

?is a muon for LHCb and

Prospects for Flavour Phy3|cs
i aaitin b

o

(7.

an average of electrons and muons

v in BaBar and Belle ol
&-'\ [ 1 I 1 1 1 I I 1 1 1 1 I 1 1 1 1 I 1 I 1 ]
7 a B HFLAV average sz = 1.0 contours ] -
| R 0.4 = e
[ LHCbI5 _
k= B BaBarl2 1 Bt
0.35 — - /_\(\ —]
i3 E LHCb18 ‘q\_// E -
0.3 = — ~30 effect
_ 0.25 — T Bellel9 ~ Bellel5 =1
stk [ _ s
B Bellel7 . .
02— ~+ Average of SM predictions HFLAV E
e B R(D) = 0.299 +0.003 | Spring 2019 | a .
2 B | IR(D“‘) =0.258 £0.005 | P(x?) =27% ﬁ""
ot 0.2 0.3 0.4 0.5 .
o R(D) e
U The scale of NP must be “low” - A ~TeV 7

BABAR [PRL 109 101802 (2012)] [PRD 88 072012 (2013)] Belle [PRD 92 072014 (2015)] [PRL 118 211801 (2017)] ;4
[PRD 97 012004 (2018)] [arXiv:1904.08794] LHCb [PRL 115 (2015) 111803] [PRL 120 (2018) 171802]. Theory [FLAG ' #
EPJC77 (2017) 112], [Faijfer et al., o

.“'.I'"

Marcella Bonq (QMUL)
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PRD 85 094025 (2012)]
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ates .
| 2=t e
T P
A e
P G

| Prospects for flavour ._
= physics at LHC =

o

HL-LHC: arXiv:1812.07638 T

i i
,.g

4 !

VAR A AT AR DT AR 2L R T P R A YT LT R A B A 1S T AT
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Future Prospects for ATLAS and CMS

) ATLAS&CMS can be competitive on favourable final states
.. - DI-muon is the quintessence of low-p; clean signature @LHC
o More statistics will allow to improve these results
o New triggers (e.g., tracking @L1) will allow to deal with 200 PU
o Detector limitation: experiments designed to do something else,
namely cover 10-1000 GeV range

- 34

) ey
Bl

U going below 10 GeV (e.g., with electrons and muons) requires effort

- - Limited trigger bandwidth (general purpose vs. dedicated experiments) .

- 2 Needed customisation (reconstruction, trigger, etc.) vs working force
o (<50 people) ol
o Muons are the essential handle for flavour physics in ATLAS & CMS .
-~ Electron reconstruction at ATLAS & CMS is about matching a track s
: to >= 1 calorimeter deposit |
st VAt low pT, the track might not even make it to the calorimeter and, in &
: any case, deposits are very low energetic: difficult to disentangle them -
- from noise, pileup, etc 7
o Taus are getting interesting and should be investigated/studied #ﬁ

8- WERATAUS IS NG FRAW F ARl S A Ay R T FJWM&”EF&EW@MWI*%&’““F@""‘
Marcella Bonq (QMUL) 53
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Prospects on B<s, = n'u af HL- LHC

U Theory prediction limited by |V

o Experimental uncertainty on Bq
dominated by f./f;

» Mass resolution improvements
will help reduce the B.-By
mass correlation

o Additional information from

measurements of the
effective lifetime and
time-dependent CP asymmetry
U Sensitive to NP from scalar
and pseudo-scalar sectors
o Complementary to BR

o Inclusion of Bs>ppy studies

Prospects for Flovour Phy3|cs

LT SRR L LT ¥ O R A S T P o1

arXiv:1812.07638

0'3_' ) [T AL ] [ e e e [ S R S e e L

o . &

e 0.6 — ATLAS 1o

== CMS 1o }

f‘ F LHCDb 1o _ .

= - ' .

s 0.4 -

QO — -

A1)

= i s
0.2 |

1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1

i 3 4 5 5

B(B® » wr w)[10°

U Sensitive to extra effective operators (O, Og, O4)
o No helicity suppressed (one order of magnitude gained)

25 WORAVMLE TeiRrl L SR okl o B
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b GG i o I s o i L

Prospects on B — K*u, W qt HL-LHC

arXiv:1812.07638

U Large data set allows for precise determination of the angular
observables in narrow bins of g2 or using a g?-unbinned approach
) ~440k signal events in LHCb / ~700k events in CMS

o Most systematic uncertainties expected to reduce significantly with

luminosity due to larger control samples — not systematically limited

2 Combining many observables help
discriminate NP scenarios.
0 Potential sensitivity to the SM and to NP

scenarios motivated by LHCb anomalies,

0 Scenarios are Cy = —1.4 (vector current)
and C, = -C,, = —0.7 (pure left-handed
current).

D Included are the branching fraction of
B, - u*u~ and the angular observables
of B® - K”u*u~ in the low-g? region
(e.qg., P5O).

0 ATLAS and CMS combined after the
HL-LHC phase. Expectations for ATLAS
and CMS in Phase | from the CMS
projection scaled by 1/v2

25 WORAVMLE TeiRrl L SR okl o B

1.0 1

054"

1.0 *

Phase I 30
Phase II 30
SM

NP Cy

NP Cy = —C1p

-1.5 -1.0 -0.5 0.0
Cbsuu

0.5

Prospects for Flovour Phy3|cs
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Prospects for Flovour Phy3|cs

G i, e i . T e L
Conclusions
o Flavour physics represents one of the precision frontiers for testing the J
Standard Model. -

U The Unitarity Triangle analysis (UTA) via global fits can provide the
best determination of CKM parameters, and test the consistency of the
SM and can also determine the available space for new physics
contributions to AF=2 amplitudes. It currently leaves space for new
physics at the level of 25-30%.

- 34

e

o The scale analysis points to high scales for the generic scenario and at
the limit of LHC reach for weak coupling Lo
U Indirect searches are complementary to direct searches.

» Indirect searches are effective for those observables that can be
precisely estimated within the Standard Model.

o Rare leptonic decays: no significant deviation from SM

o Semi-rare FCNC decays: some anomalies are seen - could be a
SM effect from hadronic contributions

U Lepton flavour universality: some anomalies are seen bothinbto s
and in b to c transitions - cleaner observables - need more

measurements
25 WYRAVEE T/ Rl L SRF Tkl o RUAEE YA RO ?JWWM”FF@EW@MWI*%«&W”F#W

A

o

ew.- = AR TI
a.::*rs‘-:‘a:d e

Marcella Bonq (QMUL) 61



Prospects for Flavour Phy3|cs

G il e e A I R i T il s S

[N

Prospects

o LHCDb is the LHC experiment focused on beauty and charm physics
- 2 Enormous amount of results dominating current flavour results i
| o Not ideal for neutral final states
i o Excellent K/ separation / particle identification / mass resolution =

o ATLAS and CMS can be competitive in some cases:
o Potentially higher statistic samples
o Trigger cutting into the efficiencies — topological solutions or
delayed streams
o Competitive time measurements and mass resolution (CMS)

- o Belle Il is a B-factory style experiment at a electron-positron collider
o o Complementary to LHC g
o Can measure all neutral final states and absolute branching ratios

b o Limited/no statistics in Bs system

=901

.:,.. o Exciting times ahead

AT R AR D R R L ARSI R 2 N TR P A L W IR R B T AT
Marcella Bonq (@MUL) i



P e

DN | W A STOTRY L
Marcella Bonq (QMUL)

Prospects for Flovour Phy3|cs

P Bl 5 o i R R T e

Back up slides

L FAWTI N

FAR T

LTI S s LT AV RN L P R EA B e £

L]
A2 T

o

itaa

63



P e

e -|

o M"ﬂw &L.j”'

[Aebischer et al.,

B— pu"pu~ AFTER SUMMER 2019
N

x107~
6 g — —
// /./ .......... ATLAS
YA ——- LHCb
5= P S CMS
; /'/ e -~ =—— full comb.
N Fi ~ e i e =
|3. A - g I! P === (Gaussian comb.
+ F L A *  SM prediction
< » :
T 3-
o]
Q
SN—
o2 -
an
1 -
0
0

arXiv:1903.10434]
0y,
Sl‘ra &
bb
Thanks
to David
Straub for
the updated
plot

[PRL 118 (2017) 191801] [ATLAS JHEP 04 (2019) 098] [CMS-PAS-BPH-16-004]
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Marcella Bona (QMUL)
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b GG i o I s o i L .

sin2p in golden b — ccs modes

leading-order tree decays to ccs final states

W yenll
V.

= b b C =

. ¢ B = J/yKs, |

i V*,, S +d K°-Ks, =

- here the CKM elements contributing are V.,V*. that in our
Wolfenstein CKM parameterisation have no phase.

The CP conjugated case is also leading to (about) the same
-~ final state:

- V. _

b - C

& C B = J/wKs, |
V.. S +d K°-> Ks.L ?

8- WERATAUS IS NG FRAW F ARl S A Ay R T FJW&M&”H@EW&?MWI*%&““F@""'
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sin2p in golden b — ccs modes

Prospects for Flovour Phy3|cs

leading-order tree decays to ccs final states B° - J/yKs,
b i
_ V* _ .
_ b - C tree diagram ..
A/ A e
C K VcbV*cs VcsV*cd e
— A - V*cbvcs V*csvcd
b Ves S+d K'-K i
S,L \ ]

~ pecause both B and B can decay in this common final state, K MIXIng __
.. this can interfere with the oscillation diagram:

b V*x, t V¥,

- - - - 5
‘;& Bg W W Eg — EA(B — f) 1’:; thA E_igﬁé %
o pA(B = f) |V A Al
s -
- - - F’g
d th t th b ;—*!

8- WERATAUS IS NG FRAW F ARl S A Ay R T FJW&M&”H@EW&?MWI*%&““F@""'
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QG M. 0 e R et T 7

P e

sin2p in golden b — ccs modes

~ | B = J/yKs, no possibility to generate this .«
way direct or indirect CPV 3

/ | )\CP | - 1 s

ViaV* VeV &> CfCP =0

Per ~er ey, VAV
s \ ) . btk
- i ImA_ =-n_sin2f

. e-IZﬁ

" (o) Ie=1 9 S == N,,SiN2p

> NeU/wKs) = -1 %

I K Ko e 41 CPV in interference

- n_(J/wK) = +1 between mixing
L=1 - P = (1) L= and decay

.

e L DREIET |8

e

Lt
LRI e R AR AT ey Ny L ARV T AR AL R I S N A L R A B R T AT T
Marcella Bona (QMUL) 67
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w0 (9,) from nw, pp, wp decays with Isospin analysis

e

i
Interference between box mixing -
and tree diagrams results in an
asymmetry that is sensitive to o in -
B — hhdecays: h=m,p i
Unlike for 3, loop (penguin |
diagrams) corrections are not -
negligible for a -
Need Isospin analysis including all :
modes (B of all charges and ”
flavours) to obtain the o estimate -

T !

2] PERAVELE S/ Bnl Sl SRV MRl o BUSEE 5 i’HW&VMﬂﬁﬂiWﬂmml*%ﬂﬂﬁry’“"
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y (¢;) from B decays in DK

B to D®K™ decays: from BRs and
BR ratios, no time-dependent
analysis, just rates.

the phase y is measured exploiting
interferences between b — candb
— U transitions: two amplitudes
leading to the same final states
some rates can be really small:

~ 107

need to combine all the possible
modes and analysis methods.

!"‘.l‘"‘

AR WAV TR L VL & R RN S AR

LT T O | Tt gt RS

.} K~

W S

b c
B~ \ Do

u u

Vcb (~;\'2)
V=IVle ™ (~A)
b . u_
H.LLH_L<6 DO
B ¥

) "K

U U

o 218 WA T PR B A YT R LN R A B B T AT T
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Vcb and Vub from semlleptonlc B decays

From tree level processes:
semileptonic B decays

B - Xiclv

Use theory to relate partial
branching fractions to Vy,
for a given region of phase
space.

Can study modes
exclusively or inclusively:
different experimental and
theoretical issues.

25 WORAVMLE TeiRrl L SR okl o B

Marcella Bonq (QMUL)
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Compatl'blllty of the constralnts '

obtained excluding
the given constraint
from the fit

%) WRAAA s

Observa- Measure-
bles ments

sin2p 0.689 + 0.018
Y 70.0 £ 4.2
a 93.3+5.6
Vuw| - 10°  3.72£0.23

V| - 10° 4.50 + 0.20
(incl)

[Vus| - 10° 3.65+0.14

(excl)
Ve - 103 405*1.1
BR(B— tv) 1.09+0.24
[107]
Ag % 10° -2.1+1.7
As® - 10° -0.6 £ 2.8

Prediction Pull
(#0)

0.738£0.033 ~1.2
65.8 + 2.2 ~1
90.1+2.2 <1
3.66 +0.11 <1
= ~3.8

- <1

42.4+ 0.7 ~1.4
0.81 £ 0.05 ~1.2

-0.292 £0.026 ~1
0.013 £ 0.001 <1

A

Prospects for Flavour Phy3|cs
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exclusives vs inclusives

o

= il
only exclusive values only inclusive values

= e T UTy;; Y = UTfit Y -

] E_ summer18 1= summer1s i

- - exclusive only 5 md/ am, i inclusive only o

s 0.5 ' 0.5 &

_ 0 i 0 i -

= T I o
05 N Q -0.5 _ '- ;

e [ [ e

-2 -1 1 g
. -I [ [ [ [ I 1 1 [ [ [ [ [ [ I [ [ [ [ I [ [ -l 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1

= —1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

p p

‘* TG R

'Er

!
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new-physms specmc constralnts

, DB 0X) T8 rX)_ (T
= 111 T

. LT I(B, - v X)+T(B, - -X)

3

.z semileptonic asymmetries in B° and B.: sensitive to NP effects in both size

and phase. Taken from the latest HFLAV. Cleo, BaBar, Belle,
s DO and LHCb -
same-side dilepton charge asymmetry:
i admixture of B, and B, so sensitive to DO arXiv:1106.6308 i
NP effects in both.
- Agp x 107 = 7.9+ 2.0
>~ lifetime 1S in flavour-specific final states: -
~average lifetime is a function to the i 2 A i
—vites < .
- width and the width difference 012 (pLlog £ =115 =
v ES = CMS 19.7 fb ! :
= T °(Bs) =1.527 £ 0.011 pS HFLAV 010 | =
© $s=2PBs VS AT's from B—Jpo - o
; . LHCb 3 fb?
angular analysis as a function . 7
. : 0.06 ATLAS 19.2 fb ! @
of proper time and b-tagging T o
LD s B S R ARV T AR 2 &7 rad] A
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- 3 . M. Bona et al. (UTfit)
Testing the new-physics scale gyt wd B
At the high scale arXiv:0707.0636
e new physics enters according to its specific features aa
= B4 At the low scale HAB=2 _
. use OPE to write the most '
general effective Hamiltonian. _q_ ) q
ia the operators have different Qi = GGy e, &
chiralities than the SM ” Y o B B
o : . Q2" = TrA1T: R ;
NP effects are in the Wilson Jhitl2gh i
cCi 145 e I . KT
.- Coeficients C Q3" = TptiLTndl -
e C?(A) — Qf{m — QT {Iqu;anj?a
"’"‘ ; gjqi = "T?R‘IEL‘Z}L‘?;} :
_ | |function of the NP flavour couplings
loop factor (in NP models with no tree-level FCNC)
A: NP scale (typical mass of new particles mediating AF=2 processes)

Bow, TR VE LA D ;4,15,
Pk -ﬁlq sy Al

A WERAA ST L v . § AW TR S AR R Tl ?JWW@”EF@&W@MWI*%&*”F@
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.. resting the TeV scale

The dependence of C on A changes i
.. depending on the flavour structure. "
We can consider different flavour scenarios:
® Generic: C(A) = a/A? Fi~1, arbitrary phase t.m
“ @ NMFV: C(A)=a x |Fsul[/A?2 Fi~|Fsy|, arbitrary phase =
®
a (L) is the coupling among NP and SM :
© ¢, ~ 1 for strongly coupled NP a
~  ©a~ay (o) in case of loop If no NP effect is seen -
coupling through weak lower bound on NP scale A .
r (strong) interactions ~
— Fis the flavour coupling and so 74
Fsu is the combination of CKM factors for the considered process

A WERAA ST L v . § AW TR S AR R Tl FJW&M&”H@EW&?MWI*%&““F@""'
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Results from the Wilson coefficients

Marcella Bonq (QMUL)

Prospects for Flavour Phy3|cs

Generic: C(A) = a/A?, NMFV: C(A) = a x |Fsul|/A%,
. - it
F~1, arbitrary phase Fi~|Fsv|, arbitrary phase
— 107E g
: 10° summer : 102 - summer18
D L,
© vy
3 10E e e
% % 10F :

10 E = ﬁ

a ~ 1 for

10% &

strongly 1! o

102} coupled
10_ NP 1077 s”h
G & G & G G ¢ 6 ¢ 6
Lower bounds on NP scale —
5 |
A>4.110° TeV (at 95% prob.) A>90TeV :
o ~ oy in case of loop coupling a ~ oy in case of loop coupling -
through weak interactions through weak interactions “'“
A > 1.210° TeV A>27TeV 7
for lower bound for loop-mediated contributions, simply multiply by o, (~ 0.1) or by aw (~ 0.03). r!
I e B S AR BRI AR 2 R T AT A R LT R EA B W T AT G
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T SO

G B, o e e il R R AT LN Y -

K system )
o dark: 68% Ce. =1.11+0.12 el
= SM: red cross Aq: Cge 2|¢B ASM 210" .
q
= a2 & =
G Cs, = 1.05 + 0.11 UTjit o sf CBs VS ¢Bs UTy;¢ &
e - q)Bd = (-2_0 + 1_8)° summeri8 - summeri8 e
- 10~
. 5[ NP fit - NP fit
oo - 5:_ ik
o of + of * ;
- : ,‘,l#"’a
. 5k 3
: -5 - "
i : : o
: —OF Cs, = 1.11 £ 0.09 |
'._ _10_ » 2
= ' 15F = (0.4 + 0.9)° -
- CBq VS ¢Bd r be, = { ) o
_15-|| AEEEEEE TR NN N T A _20'|||||||||||||||||||||||||||||||||||| L1
0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 02 04 06 08 1 12 14 16 1 2

Marcella Bonq (QM

Ce

d

i SR ST AR L AR N AR
uL)

8
CBS

LTI S s LT AV N O P R EA B £ ”Fw
77



P e
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®» B systems are giving us a rather precise

picture
o However there is some space for NP
o Could appear as new contributions in AF=2
loop processes

The ratio of NP/SM amplitudes need to be:
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some old plots coming back to fashion:
As NA62 and KOTO are analysing data: T
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projection
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«: LOOK at the near future

future | scenario:
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