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+ Indirect measurements

 What are the (anomalous) measurements?
— FCNC: b->sll
— LFNU: b->sll and b>clv

 What are the interpretations?
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Historical perspective

+ The power of indirect measurements




Historical perspective: W

» Radioactive decay was “discovery” of weak interaction?
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Historical perspective: Vv

» Radioactive decay was “discovery” of neutrino?
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Historical perspective: charm

Indirect

Kaon decay was “discovery” of charm quark?
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Historical perspective: bottom

« CP violation was “discovery” of 3 generation?
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Historical perspective: top

» Bottom mixing was “discovery” of top quark?
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Historical perspective: Z
» Neutral current interaction was “discovery” of Z?
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Historical perspective: Higgs

» Precision measurements at LEP were “discovery” of Higgs?
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Heavy Flavour = Precision search for NP

» Historical record of indirect discoveries:

v B decay Fermi 1932 Reactor v-CC  Cowan, Reines 1956
W B decay Fermi 1932 W—ev UA1, UA2 1983
C KO—puu GIM 1970 J/y Richter, Ting 1974
b CPV KO—nn  CKM, 3rdgen 1964/72 |Y Ledermann 1977
4 v-NC Gargamelle 1973 Z—ete UA1 1983
t B mixing ARGUS 1987 t—Whb DO, CDF 1995
H ete" EW fit, LEP 2000 H—4u/yy CMS, ATLAS 2012
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Heavy Flavour = Precision search for NP

» Direct discoveries rightfully higher valued:

v B decay Fermi /u | Reactor v-CC Cowan, Reines 1956
W B decay Fermi W—ev UA1, UA2 1983 |
C KO—puu GIM 1970 J/y Richter, Ting 1974
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Precision measurements point to new phenomena

Quantum {fluctuations at Precision [freontier

complement

direct production at EnAreY frontier

)




Outline

 What are the (anomalous) measurements?
— FCNC: b->sll
— LFNU: b->sll and b>clv

» What are the interpretations?




FCNC: b—slil

+ b—s transition forbidden at tree level in SM




FCNC: b—slil

» b—s transition occurs at loop level
— Suppressed in SM
— NP can compete with SM




0 + 5 -
B.°—utu
» Famous example of b>sll process 0

° P v/Z

« Very, very rare in the SM b
» Sensitive to small effects beyond the SM
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+ Historical endeavour!
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B9—uty

» Challenge: huge amount of events with two muons!

— Background:

BR(B —Xu+*) = 101

- Signal: BR(B9—pu*u-) < 108
1012 B produced; probability of yuy decay 10-?; eff ~5%

- Expect ~50 events
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e Misidentified B>

» Largest systematic uncertainty:

- Relative production of B.° wrt B9 mesons, f/f,
LHCb coll., arXiv:
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B O—putp-

» First evidence, 3.50
- 11, part 12
- 2.1 fb'l
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— Full data set
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+ Historical endeavour!
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+ More observables accessible ﬁ

» New Physics can lead to different CP structure of final state @®@i
- Affects the mix of long and short-living B, mesons &E

14t ‘- U‘ppcr B(;ullld (R = 1.4j & 10 E_ LHCb _E
Excluded at 95% C.L. Z . 90 fb! ]
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FCNC: B° —K*°uy W
 Similar loop diagram! ’ 7/\Z\ﬂ< "

+ More observables t
— Invariant mass of pu-pair d
— Angles of K and u K*
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» Similar loop diagram!

More observables
— Invariant mass of yu-pair
— Angles of K and u

For example,
- asymmetry of red and blue:

cos(6,)
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Counting Ss: blue minus red
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LHCb, arXiv:1512.04442




" ! ! ' ]

Bo—>K*0[J+H' °F LHCb E
- _ 1— 3.40 SMfromDHMV—f

» Similar loop diagram! }+ ______________________ :
« More observables F —— e ——
— Invariant mass of pu-pair o~ B

- Angles of K and u 2_ _______ _

0 ST T 0T s

+ Debate on SM calculation g* [GeV?/c4]

— Non-perturbative “charm loop” effects? LHCb, arXiv:1512.04442
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Similar loop diagram!

More observables
— Invariant mass of pu-pair -0.5
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— Non-perturbative “charm loop” effects?
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B+_)K*+IJ+”-
» Similar loop diagram!

+ More observables
— Invariant mass of pu-pair
— Angles of K and u

+ Recently, the charged B+
confirmed the same trend:
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Decay rates: b—sll b {N>/ .
_ v/Z
» Study same process with L\‘L<

different hadrons: N ut

v/ Z°
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Decay rates: b—sll

» Decay rate is consistently low:
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Outline

 What are the (anomalous) measurements?
— FCNC: b->sll
— LFNU: b->sll and b>clv

» What are the interpretations?




Effective couplings
» Historical example




Effective couplings

Historical example
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Effective couplings

» Effective coupling can be of various “kinds”
— Vector coupling
— Axial coupling Hegg = — VoM ZC’I:(/'L)Qi
— Left-handed coupling (V-A) V2 i
— Right-handed (to quarks)




Effective couplings

» Effective coupling can be of various “kinds”
— Vector coupling: Cq
- Axial coupling: Cio Hest = — VOKM ZGL‘(H)Q@'
- Left-handed coupling (V-A): C4-C4, V2 i
- Right-handed (to quarks): C,’, Cy’, ... o pischer B2

At this stage it should be mentioned that the usual Feynman diagram drawings of

the type shown in fig. 11 containing full W-propagators, 7°—propagators and top-quark

propagators represent really the happening at scales O(My) whereas the true picture of
2 decaying hadron is more correctly described by the local operators in question. Thus,
whereas at scales O(Myw) we have to deal with the full six-quark theory containing the
photon, weak gauge bosons and gluons, at scales O(1GeV) the relevant effective theory
contains only three light quarks u, d and s, gluons and the photon. At intermediate energy

scales 1 = O(myp) and jp = O(my) relevant for beauty and charm decays, effective five-quark

and effective four-quark theories have to be considered, respectively.



Model independent fits to b—sll processes

LHCb-PAPER-2015-051

» CgNP deviates from 0 by >40 $
. Independent fits by more groups ARe(Cy) = —1.04 £0.25 /
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= GWP=-Cy"P \
» Caveat: debate on charm-loop effects...
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s : O Branchihg Rati'os:
5 * SM - | AngulakObs'érvables Py
QO 2r T A
Q.-\Q : | Al
: *» \\‘b b N ]
- s S |
%5 o ). .o 4
:J’ ) ')/ N 3 = Ny Z(j_ 0 N
(-] °’z e ‘\
e/~ @) 77777 \
. < -1 N o
-1 % s /
X f K
% [ | | |
/5 Pulley, p-val +ee -2r “Pulleyyp=val 4
-2 SM (x%/ndof=117/88 2.1% 0.9% [ SM (x?/ndof=110/96) 16% ]
CyNP=-1.07 3.70 11.3% 4.30 i CoNP=-1.11 4.56 62%
CoWP=-C;,"=-0.5{ 3.10 7.1% 3.90 _3l . CNP=-C;(\*=-0.7{ 410 55% |
-3 -2 -1 0 1 2 -3 ) 1 0 1 ) 3
¥k
Re(C5! CyP

‘,




B+_>K+IJ+”- in detail _ LHCbCoII.,EPJC7I7(I201I7)I161
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~ pecilic backgrounds
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» Understand interference My MeV/c?]
— Positive or negative? 00
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Outline

 What are the (anomalous) measurements?

— LFNU: b->sll and b—>clv

» What are the interpretations?




B—Ku*tu- . .

. Similar loop diagram! B_b 11,74 SK_

+ Measure ratio p/e

+ SM expectation: Ry=1 e
Ry [(BT—K ptp~) v/Z°

— T(BT=KTefte)

p/e
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« Similar loop diagram! 15f .
[ il ]

» Measure ratio py/e ] S——  — [ ]
» SM expectation: Ry«x=1 SYND (. 1 f
0.5 @® LHCH

» Extra bin at low g2... [ LHCh el
= 2~0 not helicity suppressed ool o
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q* [GeV?/c']

LHCb Coll., JHEP 1708 (2017) 055

R 0.66 © 05 (stat) + 0.03 (syst) for 0.045 < ¢® < 1.1 GeV?%/c
*0) —
. 011 (stat) + 0.05 (syst) for 1.1 < ¢® < 6.0 GeV¥/ct

» Lepton flavour
“non-universal” ?




B+%K+”+”- %54 2.0 g

« Similar loop diagram! 15-3.10 I
» Measure ratio p/e Aop R R T S S
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» SM expectation: Ry=1 (U S g = BaBar
05 - 4 s+ Belle

-
s

N(BT—=KTutu~ - e LHCb O fb"!
Ry = ( P

F(B+—)K+€+€_> 0.0-"""""""""""'
0 5 10 15 20

— ¢ [GeV?/c4]
L _|_ . LHCb Coll.,arXiv:2103.11769
RK — Oo846 _0.041 — 240

D
S
S

LHCb

2 220 LHCb e
> 200 — Data 9 fb! % soof —— Data 9 fb
S 180 — Total fit = E — Total fit
5 1608 '\l e B*— Kete Sa40F FL B'— K'utu
= 140 B B — Jiy(ete)K* > E Combinatorial
g 120 [ Part. Reco. 8 300F
£ 100 Combinatorial S
2 80F S 200

» Lepton flavour 2 op g 5
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R, - Analysis

Double ratio:

B(BT— Ktutu™)
Rg =

B(BT— Ktete)

B(B* — Jfib (= u*u‘)Kﬂ/B(

Bt —= J(—ete )K™T)

Bremstrahlung correction

Statistically
dominated by B*2>K*ee

m(K*1*I7) [GeV/ ¢?]

LHCb Coll., arXiv:2103.11769

Candidates / (12 MeV/c?)
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RK - Ana IySiS Decay mode Yield
Bt — KTete™ 1640+ 70
» Event yields: Bf— K*tptp~ 3850+ 70
BT — Jhp(— ete )KT 743300 £ 900

B = Jpp (= ptpm) KT

2288500 4= 1500

= Iyt control across phase space! <ry,,>=0.981+0.020

ryp = BB = Jp (= p"pu”)KT)/B(BT = Jj (= eTe”)KT)

~ 1.1 -~ 1.1_ -~ l.l_
= [ LHCb =~ | LHCb =~ [ LHCb
\51.05_— \gl.OS:— \gl.OS:— +
1 | I | | 1: +r 1+ | 1: 1 {
l _*__}_"T"—{— tol H— Tt T : + ol
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p,(B") [MeVic] a(l*, ) [rad] min(p_(I%), p (1)) [MeV/c]
. B(B*— ¢(28)(— ptp )K*) /B(Bt—= ¢(29)(— ete )K*)|  _
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Ry« - Cross checks

» Check with J/y BB > K[ )
— Unity with 4.5% at 1a | /¥ B(B = K*0Jj/¢(— ete))

= 1.043 & 0.006(stat) & 0.045(syst)

» Check with g(25) po o _ B(B® = K*%(28)(= ptu7)) /B(B® = K*%(28)(= ete))
— Unity within 2% at 1o YES T TB(BY — K0 [y(— ptuT)) | B(B® — K*0J/y(— eter))

» Check BR(BO—K*y(>ee)) - B(B°— K*0v)
— Agrees within 15% at 20| °  B(B°— K*°Jj(— ete”))

¢ Cross Checked with ear”er dr/qu(BO_)K*'U'U) LHCb Coll., JHEP 1611 (2016) 47

Erratum: JHEP 1704 (2017) 14

— Consistent
T T T T T T T T L 04— LI | T E
05F LHCb 0.045<¢’<1.1 [GeV¥/c*] 03sf LHCb 1.1<¢?<6.0 [GeV*/c*] 3
. . B"—K™u*u~ 7y Data — Simulation ] B"—K u*u~ 7y Data — Simulation E
B Da ta VS SI m U I a tl O n : 04 B =K Oete- Data Simulation 0.3 B'—Kete- Data Simulation 3

Fraction of candidates [%]
Fraction of candidates [%]

q* [GeV?c4] q* [GeV?/c4]




Summary b—sll

> FCNC: EW penguin

+ Curious tensions:

— Lepton flavour universality

— Decay rates

- Angular distributions, P’

by
x 2.0 == & BT AT "= LHCbo b IE 7 L A B
L LHCH L 14p LHCH LHCh 3 1! " LHCb Run 1+2016 7
C % 12 SM (LCSR+Lattice) g [ SM from DHMV
s D 10 1.8-3.6 0 ] SM(LCSR) 0.5F -
E :9 . __ SM (Lattice) — E |f| 2.4_2. 7 o
e i e T CHG o yes) ; of _*'_‘
- - BaBar 2 °F ligj . [ \ o~
r 4 Bell . — | ] | — - = A -
o N [CAREEL e e B
X 310 e LHCb 9 b S 2 3 r I: S =
00_....|.....|....|....|... QT% () . 1 P -1, L :l R I B
0 5 10 15 20 ) 0 5 10 15 0 5 10 15
7 [GeV/ct] || 3 q* [GeVZ/c*] ¢* [GeV¥c4]

LHCb, PAPER-2021-014

LHCb, arXiv:2003.04831




Model independent fits to b—sll processes

» CgNP deviates from 0 by >40

» Independent fits by more groups

1D: C9NP='1 or C9NP='C10NP ??

NB: Many possibilities (2D, RH, ...) !

» Caveat: debate on charm-loop effects...

2.0

1.5 1

bspp
Clo

Altmannshofer & Stangl, arXiv:2103.13370
Bs — pp lo !

—— Rk & Rk- 1o, 20

b— spp lo, 20

rare B decays lo, 20

Descotes-Genon, Matias, et al. arXiv:2104.08921

3.0

2 Y

1.81

SM

o I LHCh
—1.81 —— All Data
Pullgy p-val
—24] CoNP=-1.06 7.00 40%
CoNP=-C,"P=-0.44; 6.20 23% DNN2I
—3.0 . ; . .

-3.0 -2

4 —18 —12 —06 00

06 12 18 24
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Quantifying significance ?

Higgs VS b— sltl
%2400””"”'1”'."' ML B R B < 1aE T LHes | '—E—LHCbQﬂ):i BaBar
S 2200 Selected diphoton sample “,‘> = ISJEC(EE:{ Latice 0.1 ¢ <812 GeV¥/et
P e  Data2011 and 2012 % ﬂ Thattice Bell
c 2000 Sig + Bkg inclusive fit (m_ = 126.5 GeV) £ 10f [—Zh“ﬁitiif:) 0 o0
@ 1800P% . . 4th order polynomial % 8:4.‘ E LHCb3 b

1600 T V_[ b iﬂé‘ 6k 0 U $(2S) ] L1 g <60 GeVet
\s=7TeV,| Ldt=48 =2 - 2 1
1400 M 4J = T R e
1200 \s=8Tev._[Ldt=5.9fb" 3 Lf e E " LHCb 1!
1000 T ok . . . ] P S St
800 $ 0 5 10 15 . 0.5 1 1.5 .
a” E T T T J ><10‘_9 i
600 . LHCb Run 1+2016 1 T °7[ | ]
400 Q [ SM from DHMV 1 506 LHCb |
05 ] = 447" A
200 C ﬁ C)1‘ 0.5 —om’ |
- 204t
o .
& 100 T R sl
s 0 _05F Z 7 ] 02k
8 ot BH % 42 O
-100 . . . : |:‘:| S = 1 oar
100 110 120 130 140 150 160 ‘10_ S F— 0
m,, [GeV] q* [GeV?¥c4
x2 of null hypothesis?
Good Good
Ax? wrt discovery hypothesis (conerent pattern) ?
Favour Gauss Favour (Cg,C;o)NP
Look-elsewhere effect (eg. arxiv:2104.05631) ?

n-dim Wilson space

1-dim Mass range




Outline

 What are the (anomalous) measurements?

- LFNU: b->clv

» What are the interpretations?
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More LFNU ?1I

» Surprises possible in tree-level decays? b W+

D*




ut /et

More LFNU: b->clv

» Surprises possible in tree-level decays? b W+

» Challenging analysis: ‘ .
— Missing neutrino 0
— Background from B-2>D**u

» Compare B2>D*uv with B=>2D*1(2uvv)v : similar final state!




Semileptonic B>D*vu(r) decays: b->clv

Discriminating variables:

S 1 SN Missing mass (neutrino + ?)

O = Energy of muon in B rest frame

v Qg2: Invariant mass of lepton-pair
M2miss > 0 M2miss = 0

E’e spectrum is soft E"e spectrum is hard @ «— e

m2: <2 < 10.6 GeV?2 0=<02=<10.6 GeV? o




Semileptonic B>D*vu(r) decays: b->clv

Discriminating variables:

2 . - - -
P M2t Missing mass (neutrino + ?)
O = Energy of muon in B rest frame
v Qg2: Invariant mass of lepton-pair
B B - D*tv Bl B - D'uv
=~ 70000 Sasasasasansrnnc Bl -
% 60000 - {1 = >
- B B - D'ty ] = -
S - B B > D*H (— MX)X | ] P o
< N B - D'l i 3 Z
3 I B - D*'uv ] g \,
k| Combinatorial Z -
‘é : I Misidentified p o g
6 80 7500 1000 1500 2000 250 0% 2 4 6 8 10 .12
M (GeV7/c?) E,* (MeV) q® (GeV7/c?)

LHCb Coll., Phys. Rev. Lett. 115 (2015) 159901




Semileptonic B>D*vu(r) decays: b->clv

A 2040 < q> < 2.85 GeV/c* LHCbT = 2040 < 2 <2.85 GeV2/ic* LHCb
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Semileptonic B—D*vu(r) decays: b—clv

» Surprises possible in tree-level decays?

R(D*) = B(B® - D**r7v,)/B(B - D*tu v,

» BO—D*|y
— Measured ratio T/p :

R(D*) = 0.336 £ 0.027 (stat) £ 0.030 (syst)

_ sM: R(D*)=0.252+0.003

e Different from unity due to smaller phase space for tau decays
Fajfer, Kamenik, Nisandzic PRD 85, 094025 (2012)




pr/TT

More measurements!

b W—|— v
R(D*) from Babar and Belle B
R(D) from Babar and Belle .
D*(J/y)

R(D*) from LHCb with hadronic tau decays, T—nrnv

BB — D* 7tu;)/B(B’ — D* ntn~nt) = 1.93 £ 0.13 £ 0.18™\ 550, pesr)— (7232 051 x 109
R(D*~) = 0.286 + 0.019 £ 0.025 + 0.021 B2 D) = (LS8 010 10

LHCb Coll. arXiv:1711.02505

R(J/w) from LHCDb (< 20)

[ R(J) = ggi: %Z;Zﬂ; R(JAp) = 0.71 £ 0.17 (stat) & 0.18 (syst) }

LHCb Coll. arXiv:1711.05623

R(A.), R(D), R(D,) being analyzed

Run-2 data on the shelves!
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More LFNU

« Surprises possible in tree-level decays b Wt

r B—D(¥)|y C
— R(D) and R(D*) combined: 3.1 ¢ D*

BaBar (2012), had. tag

0.332+£0.024£0.018

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

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

0.280£0.018 £0.029

Average
0.295+0.011 £0.008

SM pred. average
0.258 £0.005
0.257£0.003
0.260 £0.008

0.257 £0.005

HFLAV

PRD 95 (2017) 1150089
O

JHEP 1711 (2017) 06

JHEP 1712 (2017) 0605

LHCb (2015), (muonic tat)

LHCb (2018), (had. tau)
—

— -

0}

o

T

o S

AvVE:
2,59
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0.2
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LHCb15
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7 Average of SM predictions
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» What are the interpretations?




What NP could it be?

» If interpreted as NP signals, both set of anomalies are not in contradiction
among themselves & with existing low- & high-energy data.
Taken together, they point out to NP coupled mainly to 3™ generation, with a
flavor structure connected to that appearing in the SM Yukawa couplings

G. Isidori, Implications workshop, CERN, 10 Nov 2017
https://indico.cern.ch/event/646856/timetable/

» What are the interpretations?




Model building

» Most popular models: Z’ or Leptoquark

SM SU(2)’ Leptoquark




Model building

JHEP 1711 (2017) 044

Buttazzo, Greljo, Isidori, Marzocca
B-physics anomalies: a guide to combined explanations
» Step 1: Effective theory
S
Lot = Lsm — 5 AA [CT Qo QL)L LY) + Cs (Qrru@%) (LY ”LB)]
b H Observable Experimental bound Linearised expressmn T .
R7., 1.237 +0.053 1+ 207( ,\qbvt;/V;;)( e » o
I ACS’ = —AC{I’O —0.61 £0.12 [36] m n Sb<CT = OS) : \
1 R, — 0.00 £ 0.02 207(1 — NV /VEIX, 00l
By)yp 0.0+2.6 1+ 3 amvveew (Cr — CS))\gb( + M) $ 000kmcmmmcmmnee 3
Z —0.0002 £ 0.0006 0.033CT — 0.043C
097, ’ s -0.02} , ¥
595 —0.0040 £+ 0.0021 —0.033Cr — 0.043Cs i
9% /g¥ | 1.00097 + 0.00098 1-0.084Cr 00 /
B(r = 3p) (0.0 +0.6) x 10~ 2.5 x 1074(Cs — Cr)2(AL,)? ~0.06k W
0.06-0.04-002 0.00 002 0.04 0.06
. . . gon Cr
» Step 2: Simplified models
5 SU (2)-singlet vector leptoquark, Ul" = (3,1 2/3)'
—~ -~
- LQ )
b @
Ly = —ZU], U™ +MBUL U + gu(JhUL, + hec.)
/1’+ J(lf[ = /Bia Qi’YML

3o
\

20
\

ST




Model building
C Ingredients b /WCL bL L by SL bL S
- NP Iarge Coup“ng b%CTV T, {p VL TL 49 n, e W, e [ e

e Large coupling to 3 gen leptons
e Left-handed coupling (no RH neutrino)

— NP: small (non-vanishing) coupling b—suu
e Small coupling to 2"d gen leptons
e Left-handed coupling (from C,)




Model building
» Ingredients o\, e bL L bL N 51 bL s,

— NP: large coupling b—crv _— v T v, e e n "
e Large coupling to 3 gen leptons
e Left-handed coupling (no RH neutrino)

— NP: small (non-vanishing) coupling b—suu
e Small coupling to 2"d gen leptons
e Left-handed coupling (from Cg )

G.Isidori J.M.Camalich

» Experimental constraints _
- ngh P searches  (No rrresonance: no s-channel ')
— Radiative constr. T—=uvv | Vector LQ favoured
- B.% mixing (No tree level NP: small bs implies large Tv) over
- B/t lifetime (Scalar LQ increases BR(B.* >T+v)) Scalar LQ or Z’




SU(2)r-singlet vector leptoquark
emerges as a particularly simple and successful framework.

Model building

gy
» Many more experimental handles; predictions can be checked! Ejf
' | for all b—cTVv: S g
- LlErsal e & - Ry _I(B-D'™lgy _ TByt)Ton _ TA—AMTy _ (519
- Accurate R(D*), R(J/wp), ... Rplsm  TB-D'w)Tgy TB—wvTgy  T(A—A)Tgy ofh 2
oS
» Strong coupling to Tau’s: mee) | T W P he i
- Measure e.g. BO—K*T1T b—s Rg, Ry« B—>K®tt | B>K®w I B—oKtm |B—>Kpue 08
' B
« LFNU linked with LFV: b—d |Bom | Borw |Boaw | Bomw |Bompe| &
- Look for e.g. BO—K*1u B — mpup - : } 5
: -—> 100xSM (1) : [_>~107] [???] 5
- BR(T—puu)~10-° By — KO 3
0(20%) [Rg=R,] .
= C, usymmetry: FBon)lsy  [T(Ay—p™sy  TBoK'™Tgy Ry
— Study suppressed semileptonic| r8—r )Ty TA—p W) Tsy [BoK )l Rplsm

» B, mixing
- 0O(1-10%) effect on Am,




Model building

» Many more experimental handles; predictions can be checked!
» High p; signatures?

- LQ pairs i"b
% b 3.0F — bp-nz
< |

- LQ t-channel in bb—71T
Reachable b 2.0
during HL-LHC

i
|

7 [1609.07138]

h‘q 129 fb!

¥%0 (LT02) TTLT d3HC

SUONBUB[AXS PoaUlquIoD 07 SpIND B 1Sol[BlIoUP SOISATA-¢

a
| gu |
B
. &LASS TeV 20 fo!

‘ed00zie|y ‘1opisT ‘ofja19 ‘ozzejyng

a

[S—

(e
\

\

1512.015

A Y
\
\

[1706.01868] CM

- g SI
b 05" 25) Ts ]
0 2 !
— Single production channel 0.0 & s VectorLQ :
(dominant?) T /r 0.5 1.0 1.5 2.0




2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 203+
\ Run III ‘ \ Run IV ‘ Run V
LHCb 40 MHz L=2x10% LHCb L=2x10% LHCb L=1-2x 103
R P soft PSRRI g
ATLAS ATLAS HL-LHC HL-LHC
Phase I Upgr L=y 105 Phase II UPGRADE I =5y 10% L =5y 10
Elﬂfe I Upgr 300]%_1 Srasse II UPGRADE 3000]%-]
IBIe"e 5ab! L=6x10% 50 ab!

« LHCDb Upgrade

Upgrade to 40 MHz readout
New VELO: strips 2> pixel
New SciFi tracker

» LHCb Upgrade II
— Add timing for 4D tracking

LHC schedule:

le/LHC-| - N

79



Summary

» Many “unresolved issues in flavor physics”

(F. Gianotti, Jot Down Magazine, 29 Dec 2017)
» Individually not so exciting... c
... but combined they are! Q

Stay tunael




Thanks!




Backup slides




B°—KO%*u+*u-: more than just P’

» Many measurements: LHCb coll., arXiv:2003.04831
LLT] l_ T T T T T T T | T T 1 T T T T T T T T E T T T T T T T | T T 1 T T T T T T T V)m T T T
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Many variables; all sensitive to effective couplings:

» C, (photon), C4 (vector) and C,, (axial) couplings hide everywhere:

e effr 2muff e e A2
4L 3 @ C ff’ @ C jf ’m +q773 A (C ; i C7ff,)Tl (Q2)] FI‘ oY 2 'g 2

2
&) i ‘ G5/ Ta(q?) AP — AP
)\ 2 B2\ Gy = s PR
‘ e PT A AT AL
/ ’ A; ((12)
LR eff eff LD EE—d\e)
i 7 ‘ Cuo™ )~ mis = C)onn SHET g+ mx. M R(AF*A[)

A | +L—R
ef fr 2 2 g2 o\ L2 2 L|2
‘07 )[(mp + 3mi. — ¢°)T2(q") m?, — m2. T5(¢%) |A | |A 1> +|Ag]|

¥ R(AG*AT) e
AF7 + AL + [ARP
R(ALAL)
T |AL2 4 |AE]2 4 |AL2

| d3(C' + ) 93 ; | (AL AL)
o = ~(1- )sin%6 20k + = (1 = in? 0k cos 20, |S, = sy
I'dcosOydcosfxdep 32n 4( L Ll 4( JEx 520, |8, AL2 + Al‘a"z + |AL2 L—R

cos? 0y cos 26, +

sin® Ok sin® 0, cos 2¢ +  sin 20k sin 20, cos ¢ + o S(A5*AT) + I R
g g I8 = 2 . . ;-
A% + |Af 12 + |Ag[?

sin20k sinfpcos +  sin® Ok cos by +
sin 20k sin Oy sin ¢ + 7 S(AL*AL)

sin 20 i sin 26, sin ¢ + sin® Ok sin? 0, sin 2¢ }




Heavy Flavour = Precision search for NP

» Depending on your model, sensitive to multi-TeV scales, eg:

0.5

LHCDb 50 fb-! & Belle Il 50 ab- o

0.4 —

0.3 —

0.1

I L. IO LS NS B FR e R |

[~ | exduded area has CL>0.95

=== 95% CL no theory
uncertainties

[Charles et al., 1309.2293]

]V[qu = (]V[{IQ)SM (1 —i—hqe?zoq)

2-10% TeV, anarchic tree

1.4TeV, MFV loop

hq parametrizes magnitude
of NP in B, mixing
|

From Uli Haisch, 31 Aug 2016
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Heavy Flavour = Precision search for NP

» Depending on your model, sensitive to multi-TeV scales, eg:

b

S

ut

7' 2
A v
I N - ~1+
>OWAO< = e UG R

,LtB_)ﬂM is ratio BRexr/BRSM
*

(50 TeV, anarchic tree

\0.6 TeV, MFYV loop

From Uli Haisch, 31 Aug 2016
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B ) MM : projections

» Statistics

N(Ba)
N(Bs)

(3 abh)

CMS LHCb (50fb-1) LHCb (300fb-1)
271 40 240

2250 400 2400

From: CMS-PAS-FTR-14-015

» Systematics

— ATLAS+CMS: improved mass resolution

- Limiting: f/f,

« Theoretical prediction BR(B? )2 uu)

— CKM elements, B decay constants

e Accuracy expected to increase with
improved lattice

e Future unc. might reach ~3% :

(4]
o
o

[~ CMS Simulation
i Scaled to L = 3000 f5'

L m(w)l<1.4

—e— data
% —— full PDF

T Bt
L Byt
------ combinatorial bkg
...... semileptonic bkg
—— peaking bkg

(S+B) Weighted Events / ( 0.01 GeV)
n W
o o
o o

s/
3

......

O W P
AL
L "y
lliL‘\JLlliL"4J‘lﬂ4' LJ Ldold

Loctaa oo loaa

0 .
49 5 51 52 53 54 55 56 57 58 59
— T T T T T T T T T T
§ B?s)_> M*u LHCb (LHCb-PUB-2014-040
E -------- CMS (CMS-PAS-FTR-14-015) I
=
T . 10° =
Q C y
~ %
=
= LT
1
=
2
©
1 RupI L§1 Run II‘ LS? Rup 111 ‘LSS‘ Ruq v I.[S4 RunY ‘
9010 2020 2030

Year

v

- Exp. uncertainty will probably not
decrease to theoretical uncertainty

3% total uncertainty

@z ® CKM

Tas @ me

@ non parametric

From: U.Haisch and

USQCD Caoll. http://www.usqcd.org/documents/13flavor.pdf 87



B ) MM : dominant systematic : f_/f;

» Dominant systematic uncertainty for BR(B.°> uu)

» Relies on theoretical knowledge of ratio of BRs:
- Semileptonic: I(BL > uX)=I(B 2> uX)

2

BR(B) — Dfn~) _ ®(Ds7) 78, = 14.2 + 1.3(FF)

— Hadronic: BR(B) = D'K~) _ ®(DK) s,

Vu d

Vu S

a1 (Dsm)
a1 (DdK)

Fleischer, Serra, NT, PRD82 (2010) 034038

s 2

Fy ><ma>]
d

Fy(m%)

2<f_7r)2
fx

BR(Bs — J/v¢)

- B2>J/yX: Ri = 8RBy = 7 70r0) ~ 08370:02(wn) "5 (Fa1) 760 () 75,65 (me) 08375 5]
Liu, Wang, Xie, PRD89 (2014) 094010
0.35 T T T T T T T T T T
R N A o LHCb  ( Dy, Dn*)
~ o B u L O o e LHCb avg: 0.259 =0.015
e - B ATLAS (J/y¢, J/YK*0)
03 [ CDF (J/pd, JIpK*0)
L A LEP (HFAG avg)
02sf # """"" + """"""""""" -
N A ]
o2 UL e 7
0.15- - — T —
0 10 20 30 40 50
p.(B) [GeVic]
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B ) MM : dominant systematic : f_/f;

» Dominant systematic uncertainty for BR(B.°> uu)

» Relies on theoretical knowledge of ratio of BRs:
- Semileptonic: I(BL > uX)=I(B 2> uX)

F(s) 2
v (m;) } = 1.046 + 0.044(stat) + 0.015(sys)
Fy¥ (mi)

Bailey et al, PRD.85(2012)114502

_ 2 T
_ . BR(B? — Dfn~) _ ®(Dyr) 7, |V |’ (f) Fm2) | | au(Der) P . !
Hadronic: BR(B) =D K°)  ®(DK) 75, |Vas| \Fic F Oty | |ar(Dak)| 14.2 + 1.3(FF) BSS C
Fleischer, Serra, NT, PRD82 (2010) 034038 D
. BR(Bs — J/vo s
- B>J/yX: Rty = BRBe 2 JIVO) ) gav0.08(, 14008 (£ )H008 (4,700 (1m,) [0.8370.%2)

BR(By — J/¥K*0)
Liu, Wang, Xie, PRD89 (2014) 094010

@ Cc

S s

G 0.35 - T T o LHCb (Do D) ] . CJ/i/) ) 44-@6(]1/;
~ - LHCb - LHCb avg: 0259 +0.015 - . o
7 i B ATLAS (J/y¢, J/YK*0) ] Ss . ss i
03 e CDF  (J/yo, JIwK*0) ] . ;
TH A LEP (HFAG avg) ]

o025k LT _ "# ---------- + --------------------- |
A

0.2}

o151
40 50

pT(B) [GeV/c]

=)
p—
S
\}
S
[O¥]
=)
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B ) MM : dominant systematic : f_/f;

» Dominant systematic uncertainty for BR(B.°> uu)

» Measurements: | Normalization | Dependence ____

LHCb Semileptonic B->Dh
Phys. Rev,. D 85 (2012) 032008 JHEP 04 (201 1
B->Dh
LHCb-CONF-2013-011
CDF Semileptonic B2>J/wX
Phys. Rev. D 77, 072003 (2008). Public Note 10795
ATLAS B=2J/yX B>J/wX
Phys.Rev.Lett. 115 (2015) 262001
O R T T
~ - LLHCb = - LHCb avg: 0.259 =0.015
o i m  ATLAS (J/9o, J/pK*0) ]
03f Lo e L
Heme 11« Possible improvements:
0.5 e # ---------- + --------------------- = - B)2D,, form factors: Lattice
T r ot 1 i - B,>D, form factors:  LHCb
02: .................................... - - BR(B=>DXuv): Bellell
of IR e : -~ BR(Dy)): BESIII
I R SR S B
013 10 20 30 40 50
pT(B) [GeV/c]
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B ) —HH : effective lifetime

» Lifetime difference B9,

» SM: P-amplitude dominates, selecting CP-odd

» Different CP admixture affects effective lifetime
possibly not affecting the BR, when |S| and A,- compensate...

> Could be due to scalar amplitude |S| from NP

(CP-) and B.Y,

1.4¢

0.4

0.2}

0.0

NN

== Upper Bound (R = 1.4)
Excluded at 95% C.L.

— Tllustration for Aar(pps = 0,7) |

w\ \\
D

{7 Same BR,
different lifetime! £
17 N \
IS \
M \
§+0.90 \Q‘ SM
Ant W §

De Bruyn, Fleischer, NT, et al. Phys. Rev. Lett. 109, 041801 (2012)

(CP+):

— BR"/ BRe"

100N ..
0.95]
0.90}

0.85F

Al =—-10
ee Ahp=—05| .7
_ Aﬁr =00 |
Al =405 ‘

. Al =410

== LHCb 1o CL
LHCb 30 CL

I .,
020 —015 —010 —005 000 005 010 015 0.0

Ys

— AL,/ 2T,

BR(Bs = 1" p Jexp

De Bruyn, Fleischer, NT, et al. Phys.Rev. D86 (2012) 014027

BR(B, — 1 )su

[ 1+ AAFyS

] (1P +1SI?)
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B°—K*uu : Projections

» Statistics for BO—=K*uu :

Understand theory:

Measure g? dependence
e To disentangle charm loop effects!

Factorisable power corrections
Form factors

For P in [4, 6] GeV?2 bm\\

+0.014-0.024-0. 03
—0.82 —0.01-0.02— 006

Run 1 Run 1-3(4)| Run 1-5
LHCb 600 20,000 | 120,000*
JHEP 02 (2016) 104
CMS 300 10,000 100,000
Phys. Lett. B 753 (2016) 424 (naive scaling with lumi)

—— 89 =0

Preliminary
4 |
i ; —e— P.' THEP02(2016)04
P, DHMV 14
I EF BS715 68% (0)
I rr BSZ15 68% (m)

FF BSZ15 68% (rt/2)

10 15
q* (GeV?/c#)

Pomery, Egede, Owen, Petrides, Blake

From: P.Owen, 31 Aug 2016
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b—sll : Projections

» Statistics for BO—=K*uu :

» Understand theory for BO—=K*uu :

— Measure g2 dependence
e To disentangle charm loop effects!
— Factorisable power corrections

- Form factors

For P in [4, 6] GeV?2 bm\x

+0.014-0.024-0. 03
—0.82 —0.01-0.02— 006

Run 1 Run 1-3(4)| Run 1-5
LHCb 600 20,000 | 120,000*
JHEP 02 (2016) 104
CMS 300 10,000 100,000
Phys. Lett. B 753 (2016) 424 (naive scaling with lumi)

A
(N

—— 8¢ =0
Preliminary

—e— P, JHEP02(2016)04
P, DHMV 14

I EF BS715 68% (0)

I rr BSZ15 68% (m)
FF BSZ15 68% (1/2)

-1
» Many more observables! 15 - - -
- Lepton-flavour universality, Ry« > 10 7 (égvz/c4)
— Lepton-flavour violation searches Pomery, Egede, Owen, Petrides, Blake
- BR's Decay Runl Run2 50fb! 300fb !
- A(S6), A9, Ry B "= Kpupu 11% 5% 2% 1%
_ B0 K*ee R« BY— KOutp~ 18% 8% 3% 1%
~ Ry BY — outp 36%  15% 8% 3%

From: P.Owen, 31 Aug 2016

From: P.Owen, 31 Aug 2016
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Experiment vs Theory

» For very long, flavour observables will stay statistically limited!

LHCb up to LS2 || LHCDb upgrade Theory
Run 1 Run 2 Run 3 Run 4 || Theory uncertainty
—
Integrated lumi 3/ 8 bt |23 o a6 fut C:%
Br{Ba—up) 0 0 ( « ?-
Br(B.opp) - 110 % 60% 40% 4_> 5% T
C
aaArp(Bs = K*®up) 10% 5% 2.8% 1.9% 7% w
N
¢s(Bs = J/d, B, = J[Ymr) 0.05 0.025 0.013 0.009 €—> 0.003 2
AN
bs(Bs — d) 0.18 0.12 0.04 0.026 0.02 )
Y
o
v 7° 4° 1.7 1.1° €—> negl.
Ar(D* = KK) 34107* 2210*|lo910* 0510 -
oy O(1077) [Brod & Zupan, 1308.5663] -gn
=
03 (’)(1%) [Ciuchini et al., hep-ph/0507290] §
ORp~ O(1%) [Fajfer et al, 1203.2654] E
ORK,0RK~,. .. O(1%) [Bordone et al, 1605.07633] E .




CKM unitarity triangle: test consistency

Precision measurements to scrutinize the Standard Model
Precision measurements only way to reach very high mass scales
Precision measurements are not yet precise enough

2013

[Charles et al., 1309.2293]

1.5

1.0 —

05 —

0.0 —

-0.5 —

-1.0 —

T T 17 T T 1T

excluded area has CL > 0.95 '

!YIIIlIIIIlIYTT{TTYT

. em

2013 —

[Charles et al., 1309.2293]

15 1 [T LN I I Y I LB J
excluded area has CL>0.95 |

- ' ‘Y . -

: Stage Il :

1.0 — Y () —

0.35

Y ((1) 3 0.30-

-1.0 — —
- Y *%os 010 015 020 025
g5l Lo b b v b v by 0]
-1.0 -0.5 0.0 0.5 1.0 15 2.0
p
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The need for more precision

Imagine if Fitch and Cronin had stopped at the 1% level,
how much physics would have been missed”

— A.Soni

. “A special search at Dubna was carried out by Okonov and
his group. They did not find a single K °>n*n™ event
among 600 decays into charged particles (Anikira et al.,
JETP 1962). At that stage the search was terminated by
the administration of the lab. The group was unlucky.”

— L.Okun

(remember: B(K °—>mn*n™) ~ 2 1073)

ICHEP 2016 -- I. Shipsey



LHCb = more than flavour

pdfs, jets, heavy-ion, EW, exotic states...

; dat: —
—=— data .
2 800 T otal it i e
background * LHCb §
\\\\\ + Pg 600
¢ 5
=
< -
O 400+
200
e — O 0.5 0 0.5 1
4 4.4 4.6 48 5 BDT(blc)
-/ZQJ\ M,y [GEV] [~

. n“Ow / In’)
ve S\t =
mereSS‘ /Em o2 o 0.251520.0002 xd(x Q) comparison pIo OVe

dpey
LEP Agg4(b) O
Phys. Rept. 427 (2006) 257 0.2322:0.0003 3.5F M. Ubiali - NNPDFEO hersnﬂlv nlo LHgl‘Id
SLD A O " LHCb Implications Workshop NNPDF20_heralhch_nlo.LHarid
Phys. Fl'e'c. Lett. 84 (2000) 5945 0.2310-0.0003 3 15/10/2014 m
Q=141 GeV

DO 0~ =
Phys. Rev. Lett. 115 (2015) 041801 0.2315+0.0005 2.5
CDF —O0—
Phys. Rev. Lett. D89 (2014) 072005 0.2315-0.0010 o 2

= d
ATLAS — o—. = E
arXiv:1503:03709 0.2308-0.0012 nl:u 15 é‘
CMms — o [
Phys. Rev. Lett. D84 (2011) 012002 0.2287:0.0032 E

0.5 B

LHCb —0— 0.2314+0.0011
LHCb (s=7TeV ——O—— 0.2329:0.0015 0
LHCb {s=8TeV —O0— 0.2307+0.0012 -0.5

0534 0326 0328 053 0332 033 e e
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Projected sensitivities

= — T T = — T T T = L L
E I Bi—J/pg ATLAS erivs puB2013010) IR i Bl I £ (980) LHCb projection £ B{— ¢¢ LHCb projection
: LY LHCb (LHCb-PUB-2014-040) : R (from LHCb-PUB-2014-040) ~ (from LHCb-PUB-2014-040)
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WELL, EITHER WE'VE FOUND A LEPTORUARK,
OR GEORGIOS'S JUST PUT THE KETTLE ON




