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This Letier reports the resuits of experimenial
gtudics designed to search for the 2v decay of the
K* meson, Several previous cxperiments have
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OBSERVATION OF B'.B’ MIXING
The ARGUS Collaboration

In summary, the combined evidence of the investigation of B® meson pairs, lepton pairs
and B" meson-lepton events on the T(4$) leads to the conclusion that ji mixing has

been observed and is substantial,
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Flavour physics has a track record

GIM mechanism in KO>pp

CP violation, K °>nn

BO& >BO mixing

Weak Internctions with Leptea-Hadroo Symmetry*
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We wish to propose a simple model in which the
divergences are properly ordered. Our model is founded
in a quark model, but one involving four, not three,
fundamental fermions; the weak interactions are medi-
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This Letier reports the resuits of experimenial
gtudics designed to search for the 2v decay of the
K* meson, Several previous cxperiments have
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The ARGUS Colladoration

In summary, the combined evidence of the investigation of B® meson pairs, lepton pairs

and B" meson-lepton events on the T(4$) leads to the conclusion that ji mixing has

been observed and is substantial,
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r > 0,09 90%CL

x > 0.44

Bify = f; < 160 MeV
mp < 5GCV/C]

This experiment

This expetiment

B meson (= plon} decay constant
b-quark mass

n< 14107 B meson lifetime
[Vigf < 0.018 Kobayashi-Maskawa matrix element
nqep < 0.86 (QCD correction factor [17]

m, > 50GeV/e* t quark mass

“...aquark model, but involving four, not three
fundamental fermions...”

“... phases of elements of 3x3 unitary matrix
cannot be absorbed into [...] six fields ...”

“ m, > 50 GeV/c? t quark mass ”

Rare decay implied
20d yp quark
“discovery” of charm?

CP violation implied
3rd Familys
“discovery” of bottom?

Mixing implied
heavy quarks
“discovery” of top?




Precise flavour measurements

» 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>uu GIM 1970 J/y Richter, Ting 1974
b CPV K°>»nn  CKM, 39 gen 1964/72 |Y Ledermann 1977
Z v-NC Gargamelle 1973 Z>ete UA1 1983
t B mixing ARGUS 1987 t=> Wb DO, CDF 1995
H ete EW fit, LEP 2000 H-> 4u/yy  CMS, ATLAS 2012
? What's next ? ? ?
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Precise flavour measurements

» Direct discoveries rightfully higher valued:

B decay Fermi 1932 <" | Reactor v-CC  Cowan, Reines 1956
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Precise flavour measurements

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

b
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A 47 V2
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HBs—putp 92|V;;Z‘/ts|2 A2

p‘B—>uu is raEio BRexp/BRSM

r50 TeV, anarchic tree

\0.6 TeV, MFYV loop

From Uli Haisch, 31 Aug 2016
arXiv:1510.03341




Precise flavour measurements

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

[Charles et al,, 1309.2293]
LHCb 50 fb! & Belle Il 50 ab
p-value
o;_‘._ ..... u........-,.....,;..,._J 0
i rum 09
uf g 0.8 Y A R J9 \. 4, 2ic
95% CL no theory N, MY, = (M3,)sm (1 +.‘§§?“' )
o.a% = 0.6
= t 0.6
n.zi» 4 Hoa hq parametrizes magnitude
[ 0.3 of NP in B, mixing
01 - -+ B2 T
2 :
00 PSS TR SR SET U IRSPU U W N U S ST TR TR 0.0
0.0 o 0.2 03 04 0s
hd
2-10° TeV, anarchic tree
l’,l ::\: 5%! ||- .'\ ’::'
1.4TeV, MFV loop

From Uli Haisch, 31 Aug 2016
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LHCb Physics Landscape
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LHCb Physics Landscape: more than b
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LHCb Physics Landscape: charm  arxiv:1903.08726

a>%s

CP violation in charm
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LHCb Physics Landscape: spectroscopy

Spectroscopy 35(29) hadrons discovered at LHC(b):
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LHCb Physics Landscape

|Vcb|l |Vub|
R(D)

CP violation:

14



On the menu

» Selection of dishes:
— Recent highlights on CP violation

— Recent highlights on Rare decays (aka Flavour Anomalies)
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On the menu

» Selection of dishes:
— Recent highlights on CP violation

. New results

1) |Vl with decay B2 DX -utv
2) Y with decay B 2 D92 KKz -)K-
3) Y with decay B°-> DK™

¢ A remark on consistency

16



(CKM: a qguick reminder...)

» 1) Matrix to transform weak- and mass-eigenstates:

|d') Via Vus V| |ld)
u SV = {Vea Ves Vel [Is)] u
W ¥ Via Vis V| L|D) W

d | ) d.sb

Weak eigenstates Mass eigenstates
(like Ve, vy, V7) (like vy, Vo, V3)
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(CKM: a qguick reminder...)

» 1) Matrix to transform weak- and mass-eigenstates:

|d’) Vie Vs V| ||d)
u' SV = [Vea Ves Ve [Is)]- u
W ¥') Via Vis V| D) W
|
d D
Weak eigenstates Mass eigenstates d,S,b
« 2) Matrix has imaginary numbers: Vd| Vs Viple ™™
—|Vad| |Ves V|
Vidle™  —[Vigle® [V
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(CKM: a qguick reminder...)

» 1) Matrix to transform weak- and mass-eigenstates:

|d,> Vud Vus Vub |d>
u SV = [Vea Ves Ve | [Is}]- u
W ) Via Vis V| ||b) W
|
d p
Weak eigenstates Mass eigenstates d,S,b
« 2) Matrix has imaginary numbers: Vd| Vs Viple ™™
—|Ved |Ves |
Vidle™  —[Vigle™ [V

» 3) Matrix is unitary:

. \ . Vu*qu ; \V/
Vi Va Via)(Vu Vs Vo 100 W t*b td
V+V = V*us V*cs V*ts Vcd Vcs Vcb = 0 1 0 €T EE Vcbvcd
Vie Vo V(e Vs Ve 01 |:‘[> ’y IB
* * * V*V
V.V +V.V_ +V.V, =0 (0,0) Yo'x _, (1,0)
ub " ud cb " cd tb " td
VCbVCd 19




CKM: (1995) LHCDb Letter-of-IntERL LHCB
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A Y “R op )
 LHC-B Letter-of-Intent 1995 et e, NTEN

1
= My = 174 CeV/?
0.8
0.6

0.4

Y[Y'

0 'LlllnLLLj_LxI.lA(lxnxlnnl‘ 4| s PR P
-1 -08 -06 -04 ~-02 0 02 04 086 08 p1

Figure 2.1: Limits on the CKM parameters (1¢) p
and n for m; = 174 GeV. The annular region cen-
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CKM: (1995) LHCDb Letter-of-Intent ...

» Letter-of-Intent 1995
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Figure 2.1: Limits on the CKM parameters (1c) p
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New measurement on |V|

» Measure decay rate of B> D -utv
— Depends on momentum transfer g2 :

arxiv:2003.08453

’ "/ud | ‘ "’fus
Vel Vel
Vide ™ ~[Vile'®

dr(BY— D pt,)
dg?

_ Gil|Veo? Jnew!|” |9l¢? 1_ m_i
9673 ma, 2
_|_

q
xuuHH +IH-P +[HoP) (1

» Determine |V | and form factors

(Suzanne Klaver et al.)
LHCb, “Measurement of the shape of the B%,—D*~, u*v,, differential decay rate" , arXiv:2003.08453

—~ 357

58 o50

DZ 2.5:

S r

- 2F .

58 E 7

pd 1.55—_+— deta T

2 . [[__] Fitwith BGL parametrisation ]
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New measurement on |V|

arxiv:2001.03225

+ Measure rate relative to known B decay rate from B-factories:

. BRB —>DIuv) N

2

R = :
BR(B® — D" u'v)

BR

measured B-factories

» Result depends on the assumed form factor parametrization:

1 1 I 1 1 1 1 I 1 1 1 1 I Ig 1 1 1
_ I
|‘/cb‘CLN == (414 1 0.6 (stat) 1+ 0.9 (syst) + 1.2 (ext)) x 10 3 | 373 (1997)] i
746 (1999)] :
— —3 006 (2016)] o e
[Vap|gaL = (42.3 0.8 (stat) £ 0.9 (syst) & 1.2 (ext)) x 107 precoo) o
. +011802 (2010)] -|-°—*
ALEPH [PLB 395, 373 (1997)] H——
CLEO [PRL 89, 081803 (2002)] | "'—'—"'
. . OPAL [PLB 482, 15 (2000)] '-'-I-—'-;
+ Conclusions: — OPAL [PLB 482, 15 (2000)] q-
. . DELPHI [PLB 510, 55 (2001)] it
- First measurement of V_, with pp DEL PHI [EP) C33, 213 (2004)] _._l._.gﬂ
_ . . 0 BaBar [PRD 77, 032002 (2008)] e
First measurement using B. BaBar [PRL 100, 231803 (2008)] ~f |
BaBar [PRD 79, 012002 (2009)]
_ _ . _ Belle [PRD 100, 052007 (2019)] g .':...":I'
- Parametrisation is not responsible for BaBar [PRL 123, 091801 (2019)] o
) ) . . — - LHCb [LHCb-PAPER-2019-041] |
inclusive vs exclusive disagreements
. . —Exclusive average (HFLAV 2019) |
- Result in agreement withthe || - Inclusive average (HFLAV 2019) |
exclusive and inclusive averages i MR BRI SRR RRTRE |
10 20 30 40
s Ki t al. _3]
(LHlé:zt?,q‘l;\fleeasa(erl;;enat“ o)f [Vl with B%,—D®~, v, decays", arXiv:2001.03225 I\/Cbl [10




New constraints on angle ¥y arXiv:2002.08858

» Different yields for B+ and B~ decays
- two amplitudes contribute with different relative phase: V, = |V, b|e

LHCb, “Measurement of CP observables in
B*—DK* and B*—Dn* with D—K°;K*n* decays", arXiv:2002.08858 24



New constraints on angle ¥y arXiv:2002.08858

» Different yields for B+ and B~ decays _
~ two amplitudes contribute with different relative phase: V., = [V |€"”

- B*—=DK* with D—KO.K*n~ :

Candidates / (15 MeV /¢f)

Candidates

5400 5600
m(|KK | pK+) MeV/e)

5200 5400 5600
m(|KIK 54| K~) [MeV/cY

N2E* o« 1473 + 2rprprp cos(6s 7| o _ non-K™ region K** region ADT = —0.020 + 0.011 + 0.003

DK+ 2 9 IS 266 £ 27 715+ 37
Ngs' o g +1p + 2rprpkip cos(dpE Y[+ dp . APT = 0.007 £ 0.017 4 0.003

a N, 336 £ 27 217+ 22 0s

NET" o 1+ (1) + 2ryrpkp cos(05 H v|— dp > DK

S; . 2B 2D B B NSDSﬂ' 3304 + 73 8977 + 106 ASS = 0.084 £ 0.049 £ 0.008
Nos o (rg)" +7p + 2rgrpkp cos(Op £ V[+0p NBT* 4686 £ 76 3471 £ 66 APE = 0.021 £ 0.094 £ 0.017
LHCb, “Measurement of CP observables in
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B*—DK* and B*—Dn* with D—K°;K*n* decays", arXiv:2002.08858



New constraints on angle y arXiv:1906.08297

» Different yields for B9 and B0 decays
- two amplitudes contribute with different relative phase: V, = |V, b|e

— BO—DK™0 with D—h*h+(h*h¥):

§3OO S
3 250
=
o 200
)
~ 150
8
18100
o
g 50
O ] e ]
5000 5200 5400 5600 5800 5000 5200 5400 §600 5800
m([Ka] k%) [Mev/c] m([Ka] K™) [MeV/cZ
Decay channel B yield B° yield
«0 . O B - D(K+K~)K*0 6710 77+11 AEE = —0.05 4+ 0.10 + 0.01,
A 2krp" " sindp" |siny [> B Drtn )K | 274 6 40 7 o = —0.18 +0.14 +0.01,
CP — R B0—>D(7r oy WO)K 32+ 7 35+ 8 Al — 003 + 015 + 0.01,
CP B - D(K*t7 )K* 786 +29 754 + 29 o A
B — D(7r+K VK0 76+£16 47+15 ADS 0.047 + 0.027 =+ 0.010,
B® — D(K+r—mtn ) K*| 557225 548+ 25 Axps™ = 0.037 £ 0.032 + 0.010,
0 *0
LHCb, “*Measurement of CP observables in the process - _>D(7T+K Tt )K eleells db=le

B9—DK*0 with two- and four-body D decays", arXiv:1906.08297 26



CKM angle vy

» Different yields for B and anti-B decays

~ two amplitudes contribute with different relative phase: V., = [V |€"”
- many D, final states:

B decay 17 deasap Mot lacat Tul,  Dutisat Staties suew bt roen-
lstartion [}

T DRT [N LW [0 Rao 1 &2 Minor update
B' - X! abh'h Al s Rund As beloen

B' 4 DK D30's a's  GIWADS 1B Ruud As Il

B* = DK* s btA=* CGIWJADS 162 Ron ) As lwefoew

B — DK D<Kk GSE Y Rom As hefren

B « DX? (LR S (18] Run 2 New

B' < DX P KK'n !Hf Ruu 1 Ao Doefies

B' 4 'K 7 h*A [ Rom 1 &2 Miner update
B DX 7« h*h CIW/ADS RO Rom 1 & 2 Updatad renlts
Nt = DK** Rabtsn'r GIWADS 100 Run 1 & 2 New

Bt wOK'cta (2ahtA GLIW/ADS 21 Ruw ) As befoen

s DR (v Y ADlS 221 Runl As Delven

B« K" s b*A CIW-Talits X Ron ) As hefren

B N 2+ KVz*s LY /1 Ron 1 As hefoen

B~ 5N ;A hx* 10 AN LT Updated resalts
B i D wa Ny 2 114 26 Ruw ) New

s | coorwponnds ve an snegratd lasdiaeity of 5 ' tdon o costre-of-avon aoapion of T sl & TN
Than 2 cotomgeonads 46 oo intogrniend losmeors of 2 0 Laker ot & oovh roofones o of 1) TV

LHCb-2018-002, Update of the LHCb combination ofthe CKM angle y 27



CKM angle vy

» Different yields for B and anti-B decays

~ two amplitudes contribute with different relative phase: V., = [V |€"”
- many D, final states:

B ey 17 deasap Mt st Tl  Dutisat Staties e hat raen-
lestantiom (M

T = DK7Y ek GIW [0 Tan 142 Mioor update

B' - LX! ab'A Al s Rund As beloen

B' < DX! R0ty a'e GIW/ADS I Ruu ) A Iwlien

B* = DK* s btA=* CGIWJADS 162 Ron ) As lwefoew

B - DN* D= K%"h CGS2 T Roam As hefren

B « DX? (LR S LGse 18] Run 2 New

B' < DX P KK'n GLs !H)' Ruu 1 As Lefiew

B DK s h*A (M ALY [ Rom 1 &2 Miner update

B - DX 7« h*h GCIW/ADS RO Rom 1 & 2 Updatad renltx

n* - DK** Dbtz a's GIWADS 100 Run 1 & 2 New

B' w0OK'ct'n 2ah'A GLW/ADS 210 Run ) As hefoen

B DR" [r B AlS 22} Runl As Delien

B'< NK're s b*A CIW-Talits X Ron ) As hefren

B DR 2+ Ki=*s CGSE M Ron As hefoen

B~ 5N ;A hx* 10 AN LT Updated rewalts T -

B i D4 KN'x"2' 114 26 Ruw ) New

Tan | cxerwponnds ve an snogratnd lassdiaeits of 5 ' tdow e coatreofavom eeapien of T asd 8 TN
Thans 2 cotomgeotads 40 oo intograted lomisoers of 2 7 Laken ot & covhroofnes onrgs of 1) TV

LHCb 74-O+5'0_5_8

| BP=D K —
) B wn’k™ 7
{0 B0k ]
2 e
| ] B DK
. ] Combined

68.3% -
BaBar 69 *17_ 6

World Avg (HFLAV) 71.1+46__ .

LHCb-2018-002, Update of the LHCb combination ofthe CKM angle y 28
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All consistent?

+ Continuous improvement over the years
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M.Blanke & A.Buras, EPJ C79 (2019) 159, arXiv:1812.06963
Emerging 4M4-Anomaly from Tree-Level Determinations of |V| and the Angle y
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(1,0)

(0,0)

+ All consistent...?
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» Interesting ~20 tension:

e Am Y

2 |ts
LHCb 74,0050, | —= = rnBS ‘S L2
World Avg (HFLAV) 71.1+46 Amd de IV ‘
QCD (AmexP, E(Sum Rules)) 63.4 + 0.9 td

D. King, A. Lenz, Th. Rauh, arXiv:1911.07856, |V,,| and y from mixing (addendum) 31



On the menu

» Selection of dishes:

— Recent highlights on Rare decays (aka Flavour Anomalies)
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On the menu

» Selection of dishes:

— Recent highlights on Rare decays (aka Flavour Anomalies)

» New results
1) Lepton flavour non-universality A2 pKut e
2) Angular analysis of decay BO> K*Ourt Flavour anomalies

« A remark on consistency

33



Tensions in the Standard Model



Flavour anomalies? A reminder

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

35



FCNC: b= sll

» b—>s transition forbidden at tree level in SM

b o

36




FCNC: b= sll

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

Flaveour-Changing-Neutral-Curren=
Elactro=-Weak-Panguin diagram
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FCNC: b= sll

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

The first penguin:

THE PHENOMENOLOGY TEE NEXT LEFT - HAXDED QUARKS

"
D.V. Nanopoulcs +) Rudaz )

ds

Nucl. Phys. B131 (1977) 285 38




FCNC: b= sll

» b—>s transition occurs at loop level
— LQ quite fashionable these days

P4

Je\';)“ul&rant
Moeder aller deeltjes: de
zoektocht naar de leptoquark

Is het lundamenteelste devltje in het universam aloijd
avey hetd hoodd gezien? Komende week Kan de weseld
opeeschud worden, aks natuurkundigen i Seoul hun
resultaten bekendmaken. Eeptoquark, onthoud dat
woord

Nartijs van Colmihout

~
~

-0
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R, : B*>K+u+u-and B+>K*ete

» Similar loop diagram!

B~ W K~
» Measure ratio p/e b s
» SM expectation: Ry=1
R, — LBF=K utu) wle
K — T(B¥=5K*ete) v/ ZY

p/e

40




-o-LHChb -m BaBar —&—Belle
o 2_ T l O T I
« Similar loop diagram! o S LHCb -
- 2011+2012: 3 fb1+
I5SF 260 = =
» Measure ratio py/e P 7 e Y 3
P ‘ E
» SM expectation: Ry=1 /I : + T —
R I(Bt—K*tutu™) wSH -
e - \7,‘; ~~~~~~~~~~~ R
K = T(Bf>K*ete) e :
0- o {i NEPER, (ST STt A
, ' : e 0 S 10 15 20
” =~ACF0.090 /7 4 .4) L (3 ¥ 5 (e » =
Ry = 0.7457 5 g4 (stat) £ 0.036(syst) ¢2 [GeV¥ 4
LHCb,PRL 113 (2014) 151601
';;';-“ LHCh ] ézmg‘ I.;I(_'h
2 10t Full fit i f o i
z 2 Part. peco 3 '—"?"])i_- .*-I,’”: backg | -3
» Lepton flavour T L Conk koo |
Z |0H 1 1
“non-universal” ? 1 i | L
T5000 5200 5400 S600. < %S S400 S0
miK e ) [NV s KT ) [Me Vi)
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R.: B* 3K+t /Bt >K+ete arXiv:1903.09252

w 20
+ Similar loop diagram! = | LHCb ‘
_ L3 250
» Measure ratio p/e ;i | : I
+ SM expectation: Ry=1 1.0 [ — fr——————
s ._%.q_-. 1
: - - - : = BuBar
R o F(B+—->]\’ +;L+/.l. ) 0.5 + Belle
I\ F(B+—‘>]\’+€+e—) E o LHCb Run 1 + 2015 + 2016

—~
'

_ +0.060 +0.016 )| "5 a0 15 20
Ry = 0.846 " 054 0,014 P

LHCb,PRL 122 (2019) 191801

& &> 350
° LHCb o LHCb
% 4 Daa % 300 —— Data
= — Total fit z 5 — Total fit
Nt SRV Totd R¢ =1 L I Total R, =1
Z BTy e B'— K'ete B 200 F T B*— K*utu~
3 B . )
8 B*— J y(e'e)K* Combinatorial
» Lepton flavour g - 5 10
W e " '% Combinatorial -g 100
non-universal” ? 5
o LA %
PR T 0 2 S P07 ¢ 5. 32 1 3 B ER O s L v
9% 5000 5500 6000 0 5400 5500 5600
m(K*ete’) [MeV/c?] m(K*u*u) [MeV/c?]
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Rix: BO2>K%"u+u-and B2>K% ete-

2011+2012: 3fb?

--LHCh -m BaBar —-a—Belle

2.0 SN L L B B B ]

» Similar loop diagram! Q% - :
15 F T .

» Measure ratio p/e i | . ]
. SM expectation: RK*=1 101__ .................... - T ........................................................ __
> Extra bin at low gZ... 051 ® Lich ]
= g2~0 not helicity suppressed - LHCD A Belle T
= But dominated by photon pole O.O0 L é L 1'0 L 1'5 L 50

= EM coupling to photon undebated..|!! 5 2/ 4

q- |GeV7/c]

LHCb Coll., JHEP 1708 (2017) 055

(stat) & 0.05 (syst) for 1.1 < ¢® < 6.0 GeV?/c?

0.66 T 005 (stat) £0.03 (syst) for 0.045 < ¢% < 1.1 GeV?/ct
RK*O — 0 1%
0.0

» Lepton flavour
“non-universal” ?
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Rok: A2 2pKutu /AL >K ete: arXiv:1912.08139

N
» Similar loop diagram! =
1.2 |
» Measure ratio p/e £
» SM expectation: R, =1 1 |
0.8 |
- l | | 1 l I T 1 l 1 1 L l
0 2 4 6
. —|—014 9 . r2 :
RPK|0.1<q2<6 GeV?/ct — 0'86—0.11 + 0.05 q- [(;P\ /Cl]
NQ 2 | —AEQIPK’H*W E Ng asg | I—IA QIPK’e*e' _E
SUF oo et 1 Zaol] Lhop
o« 120p me -k | B35 A oy
100} 1 &30 [ e R 3
» Lepton flavour § o 185
S 60_— — S é
“non-universal” ? 8 aof i35
ot 4 . ;
54 5.6 5.8 5 55 6
m(pK ~utu-) [GeV/c? m(pK ~ere”) [GeV/cE
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More LENU? Semileptonic decays: b =>clv

« B0> D(®|y Measured ratio T/p b w+ NV
— Multiple experiments: Belle, BaBar, LHCb B
— Multiple c-modes: D, D*, J/y é
- Multiple tau final states:  u, 1-prong, 3-prong D*(J/‘//)

— Multiple tags: semileptonic, hadronic
BuBar (2012), had 1ag HaBar (20020, had, g
| 0,440 40,058 +0.042 fr——— 0332 00040015 s
‘ Belle (2015), had. tag i Belke (2015), bod. tag
0.375 £ 0,064 £ 0.026 _— 0932000520015 [ 9
Belle (2019), sl. tag Belle Q0:7), at.wam) B9 =
0,307+ 0,047 + ““[h ————— o q) 02702008508
Belle 2019), ol 5y
Avemge (@) 028 20015 -_"Hl‘l‘-o e
0.340 £0,027 40,013 p—p—io > 8
[ LHCH | 201 5) :uu.tn.luﬂ
M I)I'L.'d average Q NXsszoe i
| 02962000} L 4 S LICh (2019}, {hssd, o]
‘ PRD 94 (2016) 094008 < | o W4 001X+ G0N ——t—
00,299 + (1003 s fverage (O]
PRI 95 (2017) 115008 11355 20001 £ 11008 ——— g
| 0299 £0.003 o1 | SMopeed. overge o
| JHEP 1712 (2017) 0600 - 0255 £ 0 (0* il g
0.299 £ 0,004 oe mm.«mmnxv'g» <
{41 ATy 6 > 0257 £0.003 -
FNAL/MILC (2015) X W
| 0,290 40011 Ne) - JHEP 1711 (2017} DS
HPQCD (2015) = o auRe -303
3 O 4 JHEP 1712 (2017) 064 _l
| 03000008 o | apTioms o
HFLAV % i %
| 3 s
Nm— 1 U || L T L n
0.2 0.4 0.2 0.3 0.4
R(D) R(D*)

and with B.*: |R(J&)) = 0.71 & 0.17 (stat) + 0.18 (syst)

LHCb Coll. arXiv:1711.05623
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More LENU? Semileptonic decays: b =>clv

» Discrepancy in 2D about 30

Average

i

I

=]
T

¥ g3 gS
3 4 . £
a s f s B R
L ZRYBE-E~
= g :-g;igzézé -
- Y - "o " T
& | B~ S By 7
n SEEER SV SUEIER 4
S 30 33303230 R A EJRY ED

<
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= 0.4 |- ~]
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= WD) = 0299 + 0003 -1
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) &1 -4
] (R TR VU VO VYR (LA VY M T Tl | 7 [Toovey vl M-l TR
' : ' : R(D
: (D)
: -
Balar (2012>. had tas
O G40 + O OSK = O . O0a2
l;..IIL (2O ES). had. tags
2 D.O6S 2 Q. 022G
f."z!ff o3 ~o.ong RE— Q
Aoveragre Cﬂ
O 340 £ 0.0O27 2 0.013 m
MIVE prrect svermaze 2 Hid
O 29 = 0. O0s >
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Decay rates: b= sll

» Study same process with
different hadrons:

B~ 174 K~
b S
,u
v/Z°
S Hg
B9 - ’
b S
7

v/ Z°

L
ud ud
AY W AO
b S
L

v/Z°
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Decay rates: b= sl|

b [
D : ; v | . v/Z
» Decay rate is consistently low:
ut
| CSR Lattice o Daty - == CSR Lattice - Data 20 . |[.CSR l.'dlllL‘l:' +[)a£a oo
o [OHEPD6 (2012) 133, arXiv:1403.8044 |3 L [JHEP06(2014) 133, arXiv:1403.8044 L "; "} HEPOG (2014) 133, af*iV11403-8652‘ " o
% ) B =K pu~u 3 % : B'—= K'utn ] v B"— K "p*u |
o LHCh & © LHCb 4 9 15 LHCb -
"; 2011+2012: 3 b 1 1; 2011+2012: 3fbt = 2011+2012: 3fbl ]
x +. .+ 1 = i = 0p ‘ P
S Ft T4+ ] © 1 & .+. :
= +#* - A : :
- - L 1 + ] “& 5 o
3 i 3 i =
m ) ded Rachond e | " | KPSV RTN ) 3 m Rand . | PR S ] m i 1 I i
= 7 5 10 15 i) = : 10 15 20 Ay s 10 15 20
q* |GeV-ict] q* [GeV*/ct) e [GeV?/et)
EX1U ~ ;
’\';O' arXiv:1606.04731 Err: JHEP 1704 (2017) 14 |_HCb ] % "E -~ JHEP09 (2015) 179, arXiv:1506.08777 'LHCh "' [ IHEPO6 (20T5) 115, ariv:1503.07138
Q ] 1< 8 . 14
S st 3] & 10 i ul ap WG]
~ O o i R I S 2011+2012: 3 fbl 7
g > o ) = L2 LHCb
2 8 o ] } . + + B pep o A4
© 00 E 3 ) =° , + ol 2011+2012: 3 bt
. BN } N S 3 ﬁ— — ¥ \
/I'I§ Q +: & 2 I _E D Al - ‘,!
s S T
o B LE L L) Xita - | Detmold et a, arXiv:1602.01399
0 5 10 15 z? 5 m is 0 i o

2 [GeV A ¢ [GeV¥/ed) g* [GeV?)




» Similar loop diagram!

+ More observables

— Invariant mass of pu-pair

- Angles of K and u

Old result

5 | | 2011+2012: 3fbt 3
- LHCDb :
:— SM from DHMV—:
- + :
. —— ]
- —t— —4— —
6 5 0 15 ]

o [GeV 4]

LHCb, JHEP02 (2016) 104, arXiv:1512.04442
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Old result

a” F ' 0112012 3 b1 -
N LHCb ]
. : : - )
» Similar loop diagram! £ - SM from DHMV -
s :
« More observables of +—J[— """""" ]
_ i ef F ety .
Invariant mass of pu-pair T —4— ———
-1+ i —
- Angles of K and u N i
I -
- L | L L L | L | L -
0 5 10 15
o [GeV 4]

LHCb, JHEP02 (2016) 104, arXiv:1512.04442
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» Similar loop diagram!
» More observables
— Invariant mass of pu-pair

- Angles of K and u

» Many experiments contribute!

Old result

Private compilation, courtesy T. Blake

e LHCbdata o ATLASdata
= Belledata © CMSdata

0.5 77 SM from DHMV
;TL —r— SM from ASZB
o ]
~0.5F & I §
- 2 i
R = 4’ ]
_1-_ L _-
0 15
o [GeV?/cH

® | HCb, JHEPO2 (2016) 104

® Belle, PRL 118 (2017) 111801
O ATLAS-CONF-2017-023

o CMS, PLB 81 (2018) 517
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-0 [ T T T T 7 rrrTrr T T ]
o 2 ATLAS Vs =8 TeV, 20.3 fb '
-$- ATLAS CFFMPSYV fit

. . 1.51 - LHCb theory DHMV
» Similar loop diagram! : - CMS theory JC
1= - Belle

» More observables 0.5 Full treedom for
— Invariant mass of pu-pair O (fair??)
- Angles of K and u _05F J

1 1 | 1
10

O
\}
|
(o)}
co

» Debate on SM calculation P [GeV?
— Non-perturbative “charm loop” effects? e )

& Belle, PRL 118 (2017) 111801

2
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arxXiv:2003.04831

» Updated with (part of) run-2 data

©  F ' e o] RaET T o S e
= g LLHCb Run 1 = 8 [LLHCb 2016 A
W - . ] a H
= 300 4 S } g
o) i [ oy I o
a 2398 + 57 | @ of 2187 + 53 -
2 2001 4 2z -
= 5 3 = 1
= X = I i
=2 - = 100 e
] l()()__ = r .
o £ o 9
0 0 .
5200 5400 5600 5200 5400 S600
m(K* 7 u*u) [MeV/e?] m(K ' u) [MeV/e?
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Fit validation

1

d4T +1)

dT'+T)/dg®> dg2d$

|

S

i |
S-wave ';_‘

P-wave
S-wave
mntererencs

arXiv:1708.04474v2

' 2 14
WX 1Ge VI

P

9
327

arxiv:2003.04831
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Angular acceptance

Systematics

Compatibility

- Runl1/2, Magnet polarity, Yields, angular, control channel, ...

Relaive efficiency
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B> K%*uf: more than just Pc’ arXiv:2003.04831

» Many measurements:

LLJ T T T T T T T | T T 1 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 U-S"’ T T T 1 T T T T T T T
LHCb Run 1 + 2016 < 05 LHCbRun1+ 201 0.5+ LHCb Run 1 + 2016
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of. T f i i+ | I ]
04 - F ez ~ . + - 1
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B%= K% : more than just Pg’

+ Excellent agreement run-1 and 2016:

arxiv:2003.04831

a0 Y I —— :
=~ i P 1) LHCb i
- sRun 12016 .
08F pffd_y ; he
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arxXiv:2003.04831

A T T

LHCb Run 1 + 2016

. 7 SM from DHMV ]

« What about the tension? ().s_m =

oF

-0.5F - 7 z

 [a<w<s[s<a<s | comp. - f 2

Run-1 2.80  3.00 3.40% -, Wl ]
0 5 10 15

Run-1+2016  2.50 2.90 3.30 ¢ [GeV¥ e

> Similar tension in Pg’

> What about overall significance?

57
*if same theory knowledge is used, significance reduces to 2.80




Flavour anomalies? Why excitement?

« Individually, measurements are
consistent with SM

« Combined they give an intriguing picture

— Difference between (lepton) generations?
— Consistent New Physics scenario possible
— Simple New Physics scenario possible
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On the menu

» Selection of dishes:

— Recent highlights on Rare decays (aka Flavour Anomalies)

: New results

2) Angular analysis of decay BO> K*Ourt

= A remark on consistency (r
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Intermezzo: Effective couplings

» Historical example

il Ll

d - —< € il -

G
J2  8MZ

e Both are correct, depending on the energy scale you consider
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Intermezzo: Effective couplings

» Historical example

il
y i / )
1-tbﬂ<
e

I—T’t-.-

e Analog: Flavour-changing neutral current

&
b i
*/"?"-<
pt

&
h —— < o
pt
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Intermezzo: Effective couplings

» Effective coupling can be of various “kinds”

— Vector coupling - @ | |
- Axial coupling Het = ﬂVCKMZCz(H)Qz

— Left-handed coupling (V-A)
— Right-handed (to quarks)

e Analog: Flavour-changing neutral current
S ]

T

it ut
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Intermezzo: Effective couplings

» Effective coupling can be of various “kinds”
— Vector coupling: Cq
- Axial coupling: Cio
- Left-handed coupling (V-A): C4-C4,
- Right-handed (to quarks): GCg’, Co, ..
- Many more! C; Ciof o

S S

/ W
b - 7 " E} 1! i
‘-"\ ﬁ/‘f}“'\_<

it ut
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Intermezzo: Effective couplings

LHCb, JHEP 02 (2016) 104 8

ARe(Cy) = —1.04 4+ 0.25

Model independent fits:
» CyNP deviates from 0 by >40

» Independent fits by many groups favour: b . < >

CyNP=-1 or
Co\P=-C, NP
> All measurements (175) agree with a single (simple?) shift...

put
C,o"P
NP=(V-A) é
O ]
0 NP=VO e
SM

0 C NP
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Intermezzo: Effective couplings

LHCb, JHEP 02 (2016) 104 8

Model independent fits:

« C,\P deviates from 0 by >40 ARe(Cy) = —1.04 + 0.25/
» Independent fits by many groups favour: b \ B

= C\P=-1 or
n CNP=-C,,\P

> All measurements (175) agree with a single (simple?) shift...

+
H
Altmannshofer & Straub, arXiv|{1503.06199,
(update arXiv:1703.09189)
2
(\O
Qﬁ?
L NP=(V-A Q
— \A
- o
< — N
€3 0, \
< AR Z
< + SM
(o o @g
&
-1F /@
A .
z
2
/8 Pulley, p-val +ee
-2 SM (x?/ndof=117/88 2.1% 0.9%
C,NP=-1.07 3.70 11.3% 4.30
CgNP='C10NP='O.5 3.10 7.10/0 3-90
-3 -2 -1 () 1 2
P
Re(Cy)
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Intermezzo: Effective couplings

LHCb, JHEP 02 (2016) 104 8

ARe(Cy) = —1.04 4+ 0.25

Model independent fits:
» CyNP deviates from 0 by >40

» Independent fits by many groups favour: b . _
= CNP=- or H
9
n CgNP:_ClONP
> All measurements (175) agree with a single (simple?) shift...

+
I
Altmannshofer & Straub, arXiv|{1503.06199, 3 Capdevila, Crivellin, Desfotes-Genon, Matias, Virto,
(update arXiv:1703.09189) = arXiv:1705.05340
2
| 2\ n
: T

i [ ATLAS

i | Belle

CMS

{7 LHCb

] Al
/6 Pulley, p-val +ee -2 Pulley p-val
-2 SM (x?/ndof=117/88 2.1% 0.9% SM (175 measurem) 11%
C,NP=-1.07 3.76 11.3% 4.30 CyNP=-1.11 5.80 68%
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All (175) measurements favor
C9NP='1.O

New P:’ closer to SM, but also in
better agreement with C,NP=-1.0
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Many variables; all sensitive to effective couplings:

+ C, (photon), C4 (vector) and C,, (axial) couplings hide everywhere:
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Likelihood vs Cq
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» Improved fit for C,;NP=-1.0
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Emerging patterns of New Physics with and without

Lepton Flavour Universal contributions

Marcel Alguer6®?, Bernat Capdevila®®, Andreas Crivellin®¢, Sébastien Descotes-Genon/,
Pere Masjuan®®, Joaquim Matias®?, Martin Novoa Brunet! and Javier Virto9.

All

e 1D Hyp. Best fit ‘ lo/20 ‘ Pullsm ‘ p-value
-1.19, -0.88

&2 Coy os |l ] 6.3 37.5%
S [—1.33,—0.72]
= g —0.59, —0.41

Cus Co = —Cio, -0.50 [ ! 5.8 25.3%
L0 [—0.69, —0.32]

v
C“f e The reduced uncertainties of the B — K*uu data

and its improved internal consistency sharpen sta-

e There is a reduction of the internal tensions be-  tistical statements on the hypotheses considered.
tween some of the most relevant observables of the  There is a significant increase of the statistical ex-
fit, in particular, between the new averages of Rk clusion of the SM hypothesis as its p-value is re-

and P5. This leads to an increase in consistency  duced down to 1.4% (i.e. 2.50). The Pullgy of the
between the different anomalies. This is illustrated 6D fit is now higher (5.80).

arXiv:1903.09578, addendum 6 Apr 2020

» Similar picture as before
+ Reduction of internal tensions

» Increase of statistical exclusion of SM hypothesis
— p-value 1.4%, Pull 5.80
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Outlook

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 203

Run III Run IV Run V
pyy ?

LHCb 40 MHz L= 2x 103 LHCb L=2x10% LHCb L=1-2x 10°
UPGRADE I Consolidate: Upgr Ib 50 fhy-l UPGRADE 11 300 fb'l

ATLAS ATLAS HL-LHC ATLAS HL-LHC

Phase I Upgr L = 2 x 10% Phase II UPGRADE L = 5x 10% L = 5x 103

CMsS 300 fbL CMsS CMS 3000 fbt

Phase I Upgr Phase II UPGRADE

Belle 5 ab'l L=8x 1035 50 ab'l LHC schedule: Frederick Bordry, 2019

II https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term. htm
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Conclusions

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

+ Anomalous measurements:
— FCNC: b-sll
— LFNU: b->sll and b>clv

 What are the interpretations?
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Model building

» Most popular models: Z’ or Leptoquark

SU(2)’ Leptoquark

t C C
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Model building

-

» Step 1: Effective theory

e
T

1 . o . S
— q ¢ J B J B
Lot = Lsnt = 5 NpMos [Or Qo QU)(LE0"LY) + Cs (Quu@)) (L37"L)]
H Observable Experimental bound Linearised expression T .
R 1.237 4 0.053 1+2Cr(1 = MV /Vi) (1 — AL,/2) - u,“\ s
| ach=-act, | —061£012 (3] e NN (Cr + Cs) . W
I Ry, -1 0.00 £ 0.02 200 (1 — ALV /VAL, 0.02 \
2 s y) \
By)yp 0.0+2.6 LR P i 7aresd (G ARl CC) RV R V) B S R — ¥Koommeee- —
5QTZL —0.0002 £ 0.0006 0.033CT — 0.043C5g 000 , I,’
892 ~0.0040 £ 0.0021 ~0.033CT — 0.043Cs ‘ /
g% /¥ | 1.00097 + 0.00098 1-0.084Cr 00 /
S3 ! S
Blr = 3u) (0:0206) x 107 25 % 107(Cs = (0, Ty —(3)!02 0.00 0.02 0.04 Io 06
. . . gon Cr
» Step 2: Simplified models
5 SU(2) -singlet vector leptoquark, Ul = (3,1, 2/3)'
—~ -~
b @
1 1 2
Lo = = UL UM + MU UL + gu(J5ULy + hee)
M-l— Jg = fia Qi’yuLa .
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Model building

» Many models! See e.qg.:

» Possible BSM models
*Heavy Z' model *Leptoquark model 5. ‘ *Other new heavy
st n s *SU(R), singlet or s 7 *SpinOor 1 scalars/vectors
triplet *arXiv:01511.01900, also leptoquark
*arXiv:1403.1269, 1503.01084, possible
5; I 1501.00993, 1704.05835, *arXiv:01509.05020,
1503.03477, by 1 1512.01560, 1608.07832,
1611.02703, ... 1511.06024, by K 1704.05438,
1408.1627, ... 1607.01659,
arXiv:1706.07808 1704.07845,
CMS/ | 4 T hep-ph/0610037,
ik ICHEP 2018 @Seoul 4

Courtesy, Geng CHEN, ICHEP 2018 , 7 July 2018




Model building

» Ingredients
— NP: large coupling b>crv YA

TR

we

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" gen leptons

e Left-handed coupling (from C,)
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Model building

. Ingredients oL WCL bL o R bL L

— NP: large coupling b>cTv YA yal I pe  n 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" gen leptons
e Left-handed coupling (from Cy)

b Z(W) b = :
=
b T L
G.Isidori J.M.Camalich
» Experimental constraints _

- ngh P searches  (No rrresonance: no s-channel Z’)
— Radiative constr. T2uvv | Vector LQ favoured
- BSO mixing (No tree level NP: small bs implies large 1v) over
- Bc+ lifetime (Scalar LQ increases BR(B.*>7+v)) B Scalar LQ or Z’
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Model building

SU(2)r-singlet vector leptoquark

emerges as a particularly simple and successful framework.

» Many more experimental handles; predictions can be checked!

+ Universal for all b>cTv:
Accurate R(D*), R(J/w), ...

» Strong coupling to Tau’s:
Measure e.g. BO2>K*1T

» LFNU linked with LFV:
Look for e.g. BO>K*1u
BR(T2upu)~10-7°

» C, Usymmetry:
Study suppressed semileptonic

» B, mixing
O(1-10%) effect on Am,

T
m
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SUONEUB[dXo poUuIquiod 03 opInb B :Sol[ellour SoISAUd-g
‘edd0zie|y ‘11opist ‘ofjad ‘ozzenng
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Model building

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

- LQ pairs iv

b
b

3.0p =]

<, ; Sk

i 25 =3O

- LQ t-channel in bb>1T ) B9
Reachable b 20k g0
during HL-LHC =~ B RV
T & 1.5 2

. 1.0 5

b 0.5F
— Single production channel 005 S s Vector LQ ;
0.5 1.0 1.5 2.0

(dominant?) T T :
/ My (TeV)
b b
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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




