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Flavour physics has a track record

GIM mechanism in KO>pp

CP violation, K °>nn

BO& 5RO mixing

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasnow, J. Iuiorouros, axp L. Marantf
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits 02139
(Received 5 March 1970)
We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading

divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.
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doublet with the same charge assignment. This is because all phases of elements
of a 3x 3 unitary matrix cannot be absorbed into the phase convention of six
fields. This possibility of CP.violation will be discussed later on.
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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 K9>nn  CKM, 3rdgen 1964/72 |Y Ledermann 1977
4 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:

v B decay Fermi /u | Reactor v-CC Cowan, Reines 1956
W B decay Fermi W->ev UA1, UA2 1983 |
C KO>uu GIM 1970 J/y Richter, Ting 1974
b CPV KO>nn  CKM, 31 gen 1964/ ¥ Ledermann 1977
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t B mixing ARGUS 1987 t> Wb DO, CDF 1995
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Precise flavour measurements

» Depending on your model, sensitive to multi-TeV scales, eg:
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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:
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LHCDb Physics Landscape
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LHCDb Physics Landscape: more than b
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LHCDb Physics Landscape: charm  arxiv:1903.08726
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CP violation in charm
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LHCDb Physics Landscape: spectroscopy

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

|Vcb|l |Vub|
R(D)

CP violation:
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» Selection of dishes:

— Recent highlights on CP violation

— Recent highlights on Rare decays (aka Flavour Anomalies)

15



» Selection of dishes:

— Recent highlights on CP violation

. New results

1) |Vl with decay B> D * u*v
2) Y with decay B-2 D/(2 K K*n )K
3) Y with decay B> DK™

¢ A remark on consistency

16



(CKM: a quick reminder...)

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

|d’) Vi Vs V| |d)
ul |:|s’)] = [Vcd Vi Vd,] l|s)] U

/4 ¥ Via Vie V| |IB) W
d! | y
Weak eigenstates Mass eigenstates d,s,b
(like v, Vv, V.) (like vy, V5, V3)

e Y Yt
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(CKM: a quick reminder...)

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

|d’) Vi Vs V| |d)
ul |:|s’)] = [Vcd V. Vd,] l|s)] U
4 < Y] Ve Ve Vi |IB) 4 <
d | ) ds.b

Weak eigenstates Mass eigenstates
» 2) Matrix has imaginary numbers: Vd| Vs Viple ™™
Vel Vel Vi
Vidle™  —[Vigle™s [V
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(CKM: a quick reminder...)

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

|d’) Vud Vus Vub |d>
u! )] = [V Ves V| [I8}]- 1
/4 ¥ Via Vie V| |IB) W
|
J D
Weak eigenstates Mass eigenstates d,s,b
» 2) Matrix has imaginary numbers: Vd| Vs Viple ™™
— | V;d| |Ves Ve
Vidle™ —|‘ sles [Vl

» 3) Matrix is unitary:

V'V :
Vie Vo V*td Ve |Vis Vs 100 Vf‘ff;d %
vv=\v . _ v, Vv |V, V. 010 b cd Vcch y
N | (4 A O A vy B
% * _ 0 0 chVcd — 1 0
ViVa VoV +thVz‘d = (0,0) 7y =1 (1,0)
ch” cd 19




CKM: (1995) LHCb Letter-of-Int S TiRags (e
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Figure 2.1: Limits on the CKM parameters (1c) p
and 7 for m; = 174 GeV. The annular region cen-
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CKM: (1995) LHCb Letter-of-Iintent ...

» Letter-of-Intent 1995
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New measurement on |V,|

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

arXiv:2003.08453

’ "/ud | ‘ Vus
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Viale™ —[Vigle™

dg? B \96/7T3m232
5 2

2 2 2 e 3my, 2

xuum HIH-P+|P) (14 3% ) + 372l ﬂ

(

» Determine |V | and form factors

dU(B? = D: ptv,)  Gil|Valnew|? IP]¢? (1 _ mi)
_|_

(Suzanne Klaver et al.)
LHCb, “Measurement of the shape of the B%,—D*~, u*v,, differential decay rate" , arXiv:2003.08453
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New measurement on |V | arXiv:2001.03225

+ Measure rate relative to known B9 decay rate from B-factories:
. _BR(B'— D u'v) V.,
BR(BO — D*_lu +V) measured B-factories

» Result depends on the assumed form factor parametrization:

2

R

1 1 I 1 1 1 1 I 1 1 1 1 I I; 1 1 1
-3 |
|‘/cb‘CLN == (414 1+ 0.6 (stat) 1+ 0.9 (SYSt) + 1.2 (6Xt>) x 10 | 373 (1997)] F—
746 (1999)] :
— —3 boos 2016)] o Ao
|Ves|Bar = (42.3 £ 0.8 (stat) 0.9 (syst) £ 1.2 (ext)) x 1077 puecoo) =
. 2011802 (2010)] 1€
ALEPH [PLB 395, 373 (1997)] H——
CLEO [PRL 89, 081803 (2002)] | —
. . OPAL [PLB 482, 15 (2000)] =
+ Conclusions: — OPAL [PLB 482, 15 (2000)] q-
. . DELPHI [PLB 510, 55 (2001)] ——r
- First measurement of V_, with pp DELPHI [EP) C33, 213 (2004)] _._l._.gﬂ
_ . . 0 BaBar [PRD 77, 032002 (2008)] e N
First measurement using B BaBar [PRL 100, 231803 (2008)] 1
BaBar [PRD 79, 012002 (2009)]
_ _ _ _ Belle [PRD 100, 052007 (2019)] e
- Parametrisation is not responsible for BaBar [PRL 123091801 (2019)] W]
) ) . . — - LHCb [LHCb-PAPER-2019-041] |
inclusive vs exclusive disagreements
i i —Exclusive average (HFLAV 2019) |
- Resultin agreement withthe |} || - Inclusive average (HFLAV 2019) | :
eXC|USive and inC|USiVe averages — 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |I F 1 1 1
10 20 30 40
-3
(Suzanne Klaver et al.) |V | [10 ]
LHCb, “Measurement of |V,| with B’;—D®~¢ v, decays", arXiv:2001.03225 cb




New constraints on angle y arXiv:2002.08858

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

- B*—=DK* with D—KO.K*n~ :

L LHCb )
= 125 = 120
Z | Lecesesssssssssssssssssssssfans Tienee
= 100 =4
2 50(h g
W 4 S
25l Y
BN
0 tl-” et r e 0 e oyt e
5200 5400 5600 5200 5400 5600
m(|[KIK 74| pK~) [MeV /e m(|K{K* 7" |pK*) MeV /e
+ et . s R
NSDSK X 1 aF T%T‘?D T 2TBTD/‘€D COS(CSB Ei Y= 6D) NDKi H;DEG‘Z;(I: 27reg10n K';15 $g1§? ASDSW _ _0020 :I: 0011 :l: 0003
El=
N5 o< rh+ 1]+ 2rprprp cos(dpE v 0p) 5 ABT = 0.007 £ 0.017 + 0.003
. NDK*  336+27 217+ 22
NET o 14 (1) + 2rgrpkp cos(65 [ v |- dp) + ADK
o prpren E NE™ 3304 + 73 8977 + 106 ss = 0.08440.049 4 0.008
Nog™ oc (1) +7p + 2rgrprp cos(Op i 7|+ 0p) NEr* 4686 4 76 3471+ 66 APE = 0.021 4 0.094 £ 0.017

LHCb, “Measurement of CP observables in
B*—DK* and B*—Dn* with D—K°;K*n* decays", arXiv:2002.08858 25



New constraints on angle y arXiv:1906.08297

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

— BO—DK™0 with D—h*h*(h*h¥):

C0E T

5000 5200 5400 5 600 5800 5000 5200 5400 5600 5800

m((Kn] K ) [MeV/c?] m([Kx] K) [MeV/c?]
Decay channel B yield B° yield
B - D(K+K~)K*0 6710 77+11 AEK = —0.05 £0.10 £ 0.01
DK*0 _: DK*Y . cP )
A 2krg"  sindg" |sinvy E> B2—>Déﬂ-i )]f*o) |z wx [:> ™ = —0.18 +0.14 =+ 0.01,
CP — B — D(rmn ntnT ) K* 32+ 7 35&£ 8 (4r _
Rep B° — D(K*+7~)K* 786 +29 754 + 29 A%’f B 8'827 i 8'(1)27 i 8'31’0
B° = D(xtK~)K* 764+16 47415 ADs = : 2
B® — D(K+n—mtr~)K*| 557 +£25 548+ 25 Axps™ = 0.037 £ 0.032 + 0.010,
0 *0
LHCb, “*Measurement of CP observables in the process = D(W+K i )K e Ve

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



CKM angle v

» Different yields for B and anti-B decays

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

B decay D decay Method Ref. Dataset’ Status since last com-
bination [3]

Bt - DK+ D— hth™ GLW [14] Run1 & 2 Minor update

Bt - DK* D — hth™ ADS [15] Run1 As before

Bt - DK* D — htr—nfn~ GLW/ADS [15] Run1 As before

Bt — DK* D — hth=n° GLW/ADS [16] Run1 As before

Bt - DK* D — KOhth~ GGSZ [17]  Run1 As before

B* - DK+ D — KOh+h- GGSZ (18] Run2 New

Bt — DK* D — KOK+n~ GLS [19] Run1 As before

Bt — DK** D — hth~ GLW/ADS [20] Run1 & 2 Updated results

]
]
]
]
]
|
Bt — D*K* D — h*h™ GLW (14 Runl&2 Minor update
]
]
]
]
]
]
]

Bt - DK** D — htr~atz~ GLW/ADS [20) Run1l& 2 New

Bt - DK*ntn~ D — hth™ GLW/ADS [21] Run1 As before

B? - DK*0 D— Ktn~ ADS [22] Run1 As before

B’ DK*+r— D — hth~ GLW-Dalitz [23] Run 1 As before

B — DK*0 D — Kortn— GGSZ [24] Runl As before

BY — DFK* D} — hth—nt TD [25] Run1 Updated results
B%— DFgp* Dt— Ktr—nt  TD [26] Run 1 New

T Run 1 corresponds to an integrated luminosity of 3 fb~! taken at centre-of-mass energies of 7 and 8 TeV
. Run 2 corresponds to an integrated luminosity of 2 fb~! taken at a centre-of-mass energy of 13 TeV .

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



CKM angle v

» Different yields for B and anti-B decays

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

B decay D decay Method Ref. Dataset’ Status since last com-
bination [3]

BT - DK* D — hth™ GLW [14] Runl & 2 Minor update

Bt - DK* D — hth™ ADS [15] Run1 As before

Bt - DK* D — htr—nfn~ GLW/ADS [15] Run1 As before

Bt — DK* D — hth=n° GLW/ADS [16] Run1 As before

Bt - DK* D — KOhth~ GGSZ [17]  Run1 As before

B* - DK+ D — KOh+h- GGSZ (18] Run2 New

Bt - DK* D — KOK+n~ GLS [19] Run1 As before

Bt — DK** D — hth~ GLW/ADS [20] Run1 & 2 Updated results

]
]
]
]
]
)
Bt - D*K™* D — hth™ GLW [14] Run1 & 2 Minor update
]
]
]
]
]
]
]

Bt - DK** D — htr~atz~ GLW/ADS [20) Run1l& 2 New
Bt - DK*ntn~ D — hth™ GLW/ADS [21] Run1 As before
B? - DK*0 D— Ktn~ ADS [22] Run1 As before
B~ DK*tn— D — hth~ GLW-Dalitz [23] Run 1 As before
B — DK*0 D — Kortn— GGSZ [24] Runl As before
BY — DFK* D} — hth—nt TD [25] Run1 Updated results 1 T I T
BY— D¥p* Dt Ktn—nt TD [26] Run 1 New FJ - -
T Run 1 corresponds to an integrated luminosity of 3 fb~! taken at centre-of-mass energies of 7 and 8 TeV U - HFLA v —
. Run 2 corresponds to an integrated luminosity of 2 fb~! taken at a centre-of-mass energy of 13 TeV . | - CKM 2018 -
— 0.8 " BsDK —
i Y B*—»D°K* ]
i (I B*>D*K* |
0.6 — \i E= B*»D°k* _|
L \ B'>DK*
B #ﬁl ] Combined
L ) |
+5.0 0.4 “ﬂ -
LHCb 74.0t5:0 o o I | 68.3% -
BaBar 69 *17_ .6 02l ~
L \ _
- \ _
World Avg (HFLAV) 71.1+46__, . 1. 95.5%

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




+ Continuous improvement over the years
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All consistent?
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» Interesting ~20 tension:

LHCb 74.0+5'o_5_8
World Avg (HFLAV) 71.1+46_ .
QCD (AmexP, E(sum Rules)) 63.4 £ 0.9

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




» Selection of dishes:

— Recent highlights on Rare decays (aka Flavour Anomalies)
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» Selection of dishes:

— Recent highlights on Rare decays (aka Flavour Anomalies)

» New results
1) Lepton flavour non-universality
2) Angular analysis of decay

« A remark on consistency

A,0 2 pKuw
BO 9 K*Olu-l—lu-

Flavour anomalies

33
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Flavour anomalies? A reminder

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

35



FCNC: b-> sli

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

36




FCNC: b-> sli

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

5
W
b [
v/ Z
ut

Flaveour-Changihg-Neutral-Curremnit-
Elactro-Waak-Pehnguin diagran
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FCNC: b-> sli

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

The first penguin: W

THE PHENOMENOLOGY TEE NEXT LEFT - HAXDED QUARKS

"
cs +) Rudaz ) —_—

Nucl. Phys. B131 (1977) 285 38




FCNC: b-> sli

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

P4

JeVoll(sl(rant

Moeder aller deeltjes: de
zoektocht naar de leptoquark

Is het fundamenteelste deeltje in het universum altijd
over het hoofd gezien? Komende week kan de wereld
opgeschud worden, als natuurkundigen in Seoul hun
resultaten bekendmaken. Leptoquark, onthoud dat
woord.

Martijn van Calmthout 29 juni 2018, 11:25

~
~

- 70
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R, : B*3K+u+u-and B+ >K*ete

» Similar loop diagram!

B~ W K~
» Measure ratio p/e b s
» SM expectation: Ry=1
R _ F(B+—>K+,u+,u_) :u/e
K = T(B¥=KTete) v/ ZY

p/e

40




--LHCb -m-BaBar -a—Belle
M 2_ T T | T
« Similar loop diagram! = 1 LLHCb
B 2011+2012: 3 fb! +
| 1.5 2.6 0 - B
» Measure ratio py/e T | ]
» SM expectation: Ry=1 1: il T M
R — [(BT—K ptp~) 0S5k .
K = T(Bt—=KTete) Pl ;
0' 1 [ N PP B
o =+0.090 /. W[ e 0 > 10 15 20
Ry = 0.7457 g7, (stat) £ 0.036(syst) 7 [GeV2ci]
LHCb,PRL 113 (2014) 151601
;: 40- LHCb ;:300; IIIIII LHCb —
2 30 ~ Full fit S 0 ]
% Part. reco. 3200:_ - Full fit ]
» Lepton flavour P scombtuck |5 F = Comb. background |
“non-universal” ? - ¢ S | )
0 5000 5200 5400 5600 © 05200 5400 5

m(K*e*e”) [MeV/c?]

5600
m(K*un) [MeV/e?]
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R.: B* 3K+t /Bt >K+ete arXiv:1903.09252

« 2.0(
« Similar loop diagram! ~ I LHCbH
L5 25 :
» Measure ratio p/e i ) I
» SM expectation: Ry=1 1.0 T
r———:—q
(Bt —KTutu) osf | - Belle.
R = T(BT—K Tete -
(BT—=KTeter) - e LHCb Run 1 + 2015 + 2016

_ 40060 +0.016 | %% "5 0T 20
Rg = 0.846 " 054 “ 0014 2 (G

LHCb,PRL 122 (2019) 191801

&350
8]

LHCb LHCb

a
)
<2 } 2
% 100 | " —4 Data % 300 —4— Data
= i — Total fit = 250 —— Total fit
S BRI LY e Total Ry =1 L = Total Ry =1
Z BT e B*— K*ete S 20F T e B*— K*utu-
@ - et 131 . )
L t f' 8 Bl B — J/ y(ete)K = Combinatorial
» Lepton flavour : moveon | £
S Combinatorial =)
W I ln ? E 5 100
<
non-universa . @ 5%
TR
e A TRt 0 B S st CIYT—
5000 5500 6000 5200 5300 5400 5500 5600
m(K*e*e™) [MeV/c?] m(K*u*u~) [MeV/c?
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Ry x: BO2>K%"u+u-and B2>K%ete-

2011+2012: 3 fb-!

-o-LHCb -m-BaBar —-a—Belle

2.0 SN L L B B B ]

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

» Measure ratio p/e i | . ]
. SM expectation: RK*=1 101__ .................... - T ........................................................ __
> Extra bin at low gZ... 051 ® Lich
= 2~0 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: Al 2pKutu- /A’ >K ete:

» Similar loop diagram!

» Measure ratio py/e
» SM expectation: R,=1

arXiv:1912.08139

0.8
06k LHCH
11 | | |
O I I I 2 I I 4 I I I 6
_ +0.14 9 2/ 4
RPK|0.1<q2<6 GeV?/ct T 0.86 Z¢11 £0.05 q [Ge\/ /C ]
= 140k — e 1S 45 —iprec
2 b O e 12 0k
= 120 =l 1R e
g 100f 1 &30 L ke
» Lepton flavour £ w0 1D
w 2 " ER: ER: 5 E
non-universal” ? 5 40 I

[\
(=]

=)

5.6
m(pK - uu) [GeV/c?]

5.8

[

5 55 6
m(pK ~e*e”) [GeV/c?]




More LENU? Semileptonic decays: b—>clv

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

. . . . /
— Multiple tags: semileptonic, hadronic
BaBar (2012), had. tag BaBar (2012), had. tag
0.440 £0.058 +0.042 : B — 0.332£0.024£0.018
Belle (2015), had. tag i Belle (2015), had. tag H
0375+ 0004 % 0006 —_—— 0293£0.0380015 T4
Belle (2019), sl. tag i Belle (2017), (had. tau) i
0307£0037£0016 321710 fzoo(ﬁ)s) i?.oz; M
H elle , sl.tag |

OA‘;Z;“‘EZ o | . WE 0.283+0.018+0.014

SRR i {0 LHCb (2015), (muonic tatl) :
SM pred. average | ) 0.33640.027+0.030 —_—
0.299£0.003 > LHCb (2018), (had. tau)
PRD 94 (2016) 094008 i< 0.280+0.018 +0.029
0.299 +0.003 L Average o
PRD 95 (2017) 115008 i 0.295+0.011 £0.008 —— g
0.299£0.003 O i SM pred. average __ H o
JHEP 1712 (2017) 0600 i 0.258£0.005 ()] : g
0.299 +0.004 o ® PRD 95 (2017) 1150082 4

=1 0257 £0.003 Oe

FNAL/MILC (2015) - =
0.299 +0.011 - JHEP 1711 (2017) 0
HP Q 6D' 2015) -E ; 0.260+0.008 o7
0.300 £ 0.008 S+ JHEP 1712 2017) os@_._

HFLAV S HFLAV c
S IS |

| | 1 U) i 1 | 1 1 1 1 | 1 m 1 1 | 1 1 1 1
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 B

%

Z
T I T T T T I T T T T T T T T I T T T é D ks
[ HFLAV average AXZ = 1.0 contours
0.4

0.4

R(D*)

LHCb15

BaBarl2
0.35

Average - LHCb18

[ i
l |

0.3

0.3

- L ) + Bellelo Bellel5
~ = — -

¥ w 3 2 & g g g SM; i

;0 Sn T 4 S0 5o % a = < =
TS o E8 85 28 88 8¢ = & & =
ESBSES 22 ESES 2B 2 3 3 7 7 :
&4 i+| = :H SHaH Hg 5 Q] ~ ' [ o . HFLAV —
S OEE8 222522 2 2838 =8 ENL 1S 0.2 7 Average of SM predictions

>SSz z232 32 2 233 s e 0
Sc 8= 8§ 8= €= O 93 gS no S SoBds R(D) =0.299 +0.003 pring 20 —
gt TH =H = o o+ S E-H S H p H T o| R(D* —6258_'*'6005 -
S5 23 28 23 0% 0% 88 S5 op 28 BgE (D*)=0.258 £0. PG =27%
@28 94 3 TQ LA 28 Sd 2d IS TARgG
Mc Mc Mo Mo Ho Ho <8 o Ac —o Ro i 1 | ! I ! I ! I ! I | 1 1 1 1 | 1 1 1

0.2 033 0.4 0.5
: R(D)

BaBar (2012). had. tag
0.440 = 0O.058 = 0.04a=
Belle (2Z015). had. tag
O.375 += 0.064 = 0.026
Belle (2019). sl. tas )
0.307 *0.037 +0.016
Averase ()}
0.340 T 0.027 +0.013 — ©
S™M pred. average [
0.299 + 0.003 - 3]
PRID 94 (2016) 0940038
O0.299 + 0.003 - >
PRID 95 (2017) 115008 <
0.299 &+ 0.003 =
JHEP 1712 (2017) O60
0.299 = 0.004 -
FINAL/MMILC (2015)
0.299 = 0.011 -
HPOQCID (2015)
0.300 = 0.00=8 -
FAF—1_ A\ =
)
1 1 1 . 1 N .
o.2 Oo.4
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Decay rates: b> s/l

Study same process with
different hadrons:

B~ W
b
v/Z°
S
R0
B -
b

K v/Z°

v/Z°
1
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Decay rates: b-> sll

W
b [
: : vV low: v/Z
» Decay rate is consistently low:
M+
B CSR Lattice -e-Data B[ CSR Lattice —e-Data 20 s -LCSR . 'Latticel: T.TDat.a. .
& JHEPO6'(2D14) 133, arXiv- 14038044~~~ ' 3§ & s THEPO6 (2014) 133, arXiviido3.804h ~ T T T T 7] QU T[] IHEPO6 (2014) 133, arXiv:1403.8044 1
> B —=K'yw {1 73 B—Kuwu 1 3 | B*— K" utu
Q LHCb 1 O LHCb 1 9 i5ft LHCb -
© 2011+2012: 3 fb! 3 © 201142012: 3 fb! ] : i 2011+2012: 3 fb'! ]
°.°X E o?x 7 . 10F - ]
o 1 © o [ -+- 1
= +t 1 = = ]
al 1 al o 5+ —
S 1 - S _+- S o 1
9 ] 2 SO —+—‘+‘ ]
%0....1....|....1....|..‘ % A R S %O—""""'l"""'""—
0 5 10 15 20 10 15 20 0 5 10 15 20
¢ [GeV?/c4] ¢ [GeV¥c4] g [GeV¥c4]
:XIU ———SS .
L O S Xer 50603731 B JHEP 1708 G017 14 LECb ¥, 9E JHEP09 (2015) 179, arXiv:1506.08777 ILII-ICEb'_E o JHEZ‘E(ZWS)115sarXiV¢1503-07138
(5 B - Q SE 3 1.4 . i T
< BISK E £ B Dpuu af g (1077 GeV ]
S} + : - E 3 1.2 <
= 0.1 e T ] 2011+2012: 3 fb! |
s [ 2 s 1 = (E : I LHCb
2 | < < 1 % E R =
3 _ © o ] T 4F E 2811+2012-3fb-‘ g
005_ Q\ + T __ > E + _E 0.6k N
. 1l ~ —— I 3F E
i S @ ——] g E _+_ 3 u:% | =
i S § T g_ _E 2k s -
e e L ) 1§ T o I_. d—g i Detmold et al, arXiv:1602.01399
0 5 10 15 = 0 5 10 15 *a 5 10 20

¢? [GeV?/c4] ¢ [GeV*c4] ¢* [GeV?)




Bl i Py Old result

A" 23_' S | 201142012: 3 b ]
- LHCb i
. : : - )
» Similar loop diagram! £ SM from DHMY -
- :
« More observables oF ++ ]
— I iant f —AAi C : —— i
nvariant mass of pu-pair - —4— —
-1+ 4
- Angles of K and u N i
2F =
il L L L | L L L L | L L L L | L L -
0 5 10 15
q* [GeV?/c4]

LHCb, JHEP02 (2016) 104, arXiv:1512.04442
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B> KO*ut*ur: P’

» Similar loop diagram!

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

Old result

N | 1 201142012: 3 fbr! -
C LHCb ]
= 3.4 0 SM from DHMV
2o S ]
Us —+— """"" .
L A i
C —+= ——
-1 i —
oF T =
E | | L L | L -

0 5 10 15
q* [GeV?/c4]

LHCb, JHEP02 (2016) 104, arXiv:1512.04442

50




Bl i Py Old result

Private compilation, courtesy T. Blake

- w T T T T T T T T T T T T T T T

e LHCbdata © ATLAS data
s Belledata © CMS data

» Similar loop diagram! 050 I SM from DHMYV
;T’L—{H —— SM from ASZB
» More observables Of i )
— Invariant mass of pu-pair I .
- Angles of K and p ~05F Z
« Many experiments contribute! _10_ ' -
[GeV?/c4]

® LHCb, JHEPO2 (2016) 104

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

o CMS, PLB 81 (2018) 517
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B> KO*ut*ur: P’

» Similar loop diagram!

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

Debate on SM calculation

Old result

T T T Tt ' T " T T T ]

2 ATLAS s =8 TeV, 20.3 fo '

n -¢- ATLAS CFFMPSV fit 1
1.5 ~# LHCb theory DHMV
- —+ CMS theory JC .

1= -+ Belle —
0.5 Full freedom for
- hadronic param. -
O:_ (fair??) ' _:
—0.5F =
| | | ]

O
\}

1 L P T R
6 8 10
? [GeV?]

— Non-perturbative “charm loop” effects?

S

Olly

® ATLAS, arXiv:1805.04000
® LHCb, JHEPO2 (2016) 104
¢ Belle, PRL 118 (2017) 111801

2
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arXiv:2003.04831

» Updated with (part of) run-2 data

a T T T T T T ] L 300F ] T T T T L

> LHCbRun1{ = LHCb 2016 -

S s00F 1 5 | ]

m i (‘fj. ~ -

wo | 2398 £ 57 1w 200- 2187 £ 53 7

£ 200( 4 2 .

3 i ] |

i) =) i

o - < 100

S 100 S -

O [ O

0 . 0
5200 5400 5600 5200 5400 5600

m(K*w~u*u) [MeV/c?] m(K n~uu) [MeV/c?]
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B> Ko*u*y: P¢’ arXiv:2003.04831

1 d'(C+7T) 9 T3 .2 2
- - =—|2(1 - H 0 I 0
) _ _ AT +T)/dg? dgzdd |, 327 [4( L) sin” O + Fi cos™ Orc
» Fit validation 11— Fy)sin® b cos 26,
— —Fy, cos? 0 cos 26, + Ss sin® O sin’ 0, cos 26
5 s P-wave
A6k +.5, sin 20 sin 260; cos ¢ + S5 sin 20 sin 6; cos ¢
z S-wave
BE 4_ interference —f—%AFB sin? Ok cos 6, + Sy sin 20k sin 6, sin ¢
CRES arXiv:1708.04474v2
b +Sg sin 20 sin 26; sin ¢ + Sy sin® O sin® 4 sin 2(;5]
» S-wave E
= >
5 OF 2
/; E P et T U B | ]
- ! 0.6 08 1 12 14 E_j I
mK*r) [GeVe'] || & ' i
2 0.1 < ¢®> < 0.98GeV?/c?
-
3 o 18.0 < ¢* < 19.0GeV? /¢
[ An ular acce ta nce [ simulation The efficiency across the
g p r ) ) lRun 1 angles and qgis not flat
o 0.5 0 0.5 1
cos 0

Source F, S3-Sg PP}

. Acceptance stat. uncertainty | < 0.01 < 0.01 < 0.01
[ Syste m atl CS Acceptance polynomial order | < 0.01 < 0.01 < 0.02
Data-simulation differences | < 0.01 < 0.01 < 0.01
Acceptance variation with ¢%/|/< 0.03 | < 0.01 < 0.09
m(KT7~) model | <0.01 <0.01 <0.01
Background model | < 0.01 < 0.01 < 0.02

Peaking backgrounds | < 0.01 < 0.02] < 0.03

HH H m(Ktn~ptp) model | < 0.01 <0.01 <0.01
. Compatlblllty K+t veto | <0.01 <0.01 < 0.01
- Runl1/2, Magnet polarity, Yields, angular, control channel, ... Trigger | <0.01 <0.01 <001

Bias correction | < 0.02 < 0.01 < 0.03




B°> K%*u*y: more than just P.’

Many measurements:

arXiv:2003.04831

[
Lr:] 1_ T —T T T N @ —r 111
r LHCb Run 1 +2016 < 05 LHCb Run 1 + 201
(R ﬁ@ 2 sM from ASZB [ AsM from ASZB 4 4
0.6F + * I 7+ ]
04:_ -+ 0 1
K 2 3 : [+ 2 g :
0217 S s ] I = < ]
r ] -0.5f _
O PR 1 PR PR SRT RT 1 P PR S S S I S T
0 5 10 15 0 5 10 15
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%) T T T < n T T T
© Ao ]
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i SM from ASZB 1 S [ SM from DHMV ]
b + ] 05F .
r ;L
G- ), A 0: i P5—S5/ FL(l—FL)
L %—)— 2) _ - ._*_ 2 _
i ™ = 4+ 4 -05p —+ 5 & —
- S = r S = —+
-0.5 L “ h
P R S B | -1 P B v ST R B ]
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A —r 11T Y T L L
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ot ] ol [ e .|
& o+ T
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0 5 10 15 0 5 10 15
¢* [GeV¥ ¢4 ¢* [GeV¥ ¢4
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B> K%*u*y-: more than just P.”  arxiv:2003.04831

» Excellent agreement run-1 and 2016:

— 1 [~ 7 T — T T T T T ] @ L L B L I L L A B
< | LHCb 1 < 05F +Run1v2016 .
08k +Run 1+2016 - *Combined —1—
T L * Combined . - SM from ASZB —+
- SM from ASZB - .
0.6]- ——1 ] I %5 ]
- ] 0 T
041~ —_ A7 = B — ’
% Z _ 7z = Z A -
— 0] n . ~ N .
02 4 e — i Z S ]
I ] 0.5~ LHCb 1
0 " L " P | " " L " | " " L 1 " " L " " L L 1 " P " | L " " " 1 L L "
0 5 10 15 0 5 10 15
¢* [GeV?*/ c*] q* [GeV?/ 4]
vy L L A T I s
05 LHCb *Run 172016 ] 05 LHCb ‘Run 172016 7
i * Combined ’ i * Combined ’
.# SM from ASZB | i SM from ASZB
= 0
. 7 & ] [ 1 72 - ]
_ 7 R L - F e
-0.5F . — -05+ ' ) ]
" N 1 L 1 " N 1 L | L N L L 1 " N 1 X . . . | . . ! X | | . X X | . . .
0 5 10 15 0 5 10 15
q* [GeV?/cY] ¢* [GeV¥c?]
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arXiv:2003.04831

a.‘m = v o ]

- LHCb Run 1 +2016

. X [ 1 SM from DHMV ]

» What about the tension? o.s_j -

o :

: & :

—0.51 + - 2 -

| [e<as[e<ar<s | coms [ S

Run-1 2.80 3.00 3.40* S e
0 5 10 15

Run-1+2016 2.5¢ 2.90 3.30 g2 [GeV?/c4]

> 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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» Selection of dishes:

— Recent highlights on Rare decays (aka Flavour Anomalies)

« New results

2) Angular analysis of decay B> K*0u*

= A remark on consistency Cr
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Intermezzo: Effective couplings

» Historical example

Uu Uu
d > e d - /e
W\'L\<
7, U,
G _ &
J2 o 8M;

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

» Historical example

Ve

U
d > / 6_
W\'\'\<
Ve

e Analog: Flavour-changing neutral current

e

b .
7}’2\'\.<

ut
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Intermezzo: Effective couplings

» Effective coupling can be of various “kinds”

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

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

e Analog: Flavour-changing neutral current
S S
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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): C5-Cy,
- Right-handed (to quarks): GCg’, Co', ...
- Many more! C; Ciof o

S
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Intermezzo: Effective couplings

LHCb, JHEP 02 (2016) 104 S

Model independent fits:

5 C9NP deviates from O by >40 ARG(CQ) = —1.04 + 025/
» Independent fits by many groups favour: ! \ ~

CyNP=-1 or M
CoNP=-C, NP
> All measurements (175) agree with a single (simple?) shift... N
i
CyoVP
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 S

Model independent fits:

5 C9NP deviates from O by >40 ARG(CQ) = —1.04 + 025/
» Independent fits by many groups favour: ! \ ~

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

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

_+_
%
Altmannshofer & Straub, arXiv|{1503.06199,
(update arXiv:1703.09189)
9
(\O
Q;\Q
: Y
— \A
g o ] O(\
o~ - !
O 0 s/e
-~ N
o SM
(2ot
(o) 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 0 | 2
ol
Re(Cy)
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Intermezzo: Effective couplings

LHCb, JHEP 02 (2016) 104 S

ARe(Cy) = —1.04 +0.25

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

» Independent fits by many groups favour: b i
n C9NP=_ or
n CoNP=-C,, WP
> All measurements (175) agree with a single (simple?) shift... N
L
Altmannshofer & Straub, arXiv|1503.06199, 3 [ Capdeila, Crivéliin, Desfdtés-Genon, Matias, Virto, |
(update arXiv:1703.09189) P : 3 arXiv:1705.05340 |
o9 | B . ) .
o I RN ]
| i
o 2} | ]
N
» " ATLAS
- @Q- _ 71 Belle
— \A : : CMS
S o ) 1 LHCb
) = ) 1 Al
O o s e
=1 SM SM
(o
S Pullg, p-val +ee -2} 5 I Pulley, p-val -
-2 SM (x?/ndof=117/88 2.1% 0.9% SM (175 measurem) 11%
Cy\P=-1.07 3.70 11.3% 4.30 CoVP=-1.11 5.80 68%
CoVP=-C1,\?=-0.5{ 3.10 7.1% 3.90 -3 Co\P=-C1,"?=-0.6| 5.30 58% .
-3 -2 -1 0 1 2 3 -2 -1 0 1 o 3
Re(C5") chP
: ou 66




B> Ko*u*u: P¢’

« All (175) measurements favor
C9NP='1.O

+ New P’ closer to SM, but also in
better agreement with C,NP=-1.0

+ It is not only about P’

= SM from Flavio

..... ARe(Cy)=-1.0
.......... ARe(Cy)=-1.5
—— Run 1 +2016

—+— Run 1
—5- 2016

L1 1 |

1T T T
I

L

-
*e

-
~

R
.
.
.
.
.
.
.
.
.
R
.

.
q* [GeV?* c4]
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3
T

Many variables; all sensitive to effective couplings:

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

{(Cc5/ W c57 Y1 (¢%)]

2m L 4
+ qz@— s Ty (%)

¢*)(mp + mg-A1(¢°) —

2 A‘z((12)

)] x [(m% B LU

A

mp+ Mg~

)+

A
B

" C';ffl)[(mi;} +3mk. — ¢*)Ta(q®) - m

d3(l' +7T) 9
dcosfydcosOx dp 327

1
Z(l —  )sin?0g +  cos?Ox + Z(l —  )sin® @ cos 26,

cos? x cos 26, +
sin? Ok sin® 6, cos 2¢ +  sin 20k sin 260, cos ¢ +
sin 20 i sin 0y cos ¢ + sin® O cos @, +
sin 20k sin Oy sin ¢ +

sin20k sin20;sin g+  sin® Ok sin® 6 sin 2¢ |

m%.T3(q?)

6

So

A

Fr, = — , .
LT A+ A+ A

D3

S; =

Sg =

A2

=t —+L—R
AT ALT 4 AR

R(AG*A[)

= L—R
ALPIALP +[AER T

R(AG*AT) %
A2 + AL? + |Ag?
R(ALAF)
"~ |AL2 - |AE]Z 4 |AL2

S(Af+AD)
AP+ AL+ |AL2 T
S(AL*AL)
A2 +|Af[? + |Ag|?

S(AL*AL)
A" a ‘1(1) 2

9
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Likelihood vs Cq

== Run 1
= 2016
=== Run 1 + 2016
30 :
» Improved fit for C,;NP=-1.0 .
Q -7
§°20- -
<
[a]
I 15
[ frresane e %
\ L
\ 7 LHCb
5 \ O
E flavio \2.00
0 i
20 -15 -10 -05 00 05 10 15 20
AR@(CQ)
C,o Vs Cg (run-1
——— C10 VS Gy (run-1) 1 = 5—— Cio v G (2016)
= I — Iy = i, Y — Iy
% L5 s, T e App 9, 1.5 1 ——=- App
<] 1094 V=% D N N\ Ss <] 1.0 1 S Ss
—— Run'l T~ — 2016
0.5 1 0.5 1 N
\_\.\
0.0 0.0 1 '~
M ~
—0.5 - —0.5 1
~1.0- —1.04
LHCb LHCb
—1.5- flavio v2.0.0 15 N .'"-; flavio v2.0.0
a0 . : . . . ' ' More consistent among variables
-20 -15 -10 -05 00 0.5 L0 L5 2.0 _2'0—2.0 15 10 —05 00 0.5 1.0 15 2.0
A17?'6((;’9) AR(Z(CQ)
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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

= 2 . . 1D Hyp. Best fit ‘ lo/20 ‘ Pullsm ‘ p-value
’ —~ ~1.19,-0.88

&2 @J/ A Coyr -1.03 [ ] 6.3 37.5%
e = — — [—1.33,—0.72]
Y s - —0.59, —0.41

c COF = —CF, -0.50 [ ) 5.8 25.3%
[—0.69, —0.32]

1 e The reduced uncertainties of the B — K*puu data

w

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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2020 2021 2023 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 1(¥
UPGRADE I Consolidate: Upgr Ib 50 1! UPGRADE II 300 fb!

ATLAS ATLAS HL-LHC ATLAS HL-LHC

Phase I Upgr L=2x10% Phase II UPGRADE L=5x 0% L=5x10

CMS 300fb'1 CMS CMS 3000]%-1

Phase I Upgr Phase II UPGRADE

?Ielle 5 ab! L=8x10% 50 ab! o ~ LHC schedule: Frederick Bordry, 2019

71



Conclusions

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

o 25— T T 71—
: — R C,;,"P vs CyVP CF 3d contoufs
N— . - A -
) . S;B &) 2:_ —— scenario Il ]
& < [ —— scenariol
< YTy N W Y N, e S5 1.5 -
— 206 s
N o
\ o
0
-0.5
LHCb E
flavio 200 _1:_ _:
_90 . . . . ; . -1 .5' PRI SRR S RN L PR
=20 -15 =10 =05 00 0.5 1.0 1.5 2.0 -3 -2 -1 0 1
2019 = ——1| 2030
[Charles et al., 1309.2293] [Charles et al,, 1309.2293]
1.57\\\\ LA LA L BB BB CKM- y V Am 1.57\\\\ L L L ) BB BB B
[ [excluded area has CL > 095 7 . 7/ ubrs s [[ | excluded area has CL>0.85 v 7
: y For : B
1.0~ y(o) N 1.0 - v(a) -
0.5 — 0.5 [~ [V —
IS 0.0 [ - ] IS 00 / . L ]
- ] r oas ]
05 ¥ - o5l T&Y(@& [V M ]
T Y@ & [V, 1 W ; B : ]
10 () . 10 (@) oaof -
L Y : [ Y 0510 s 0m o5 -
_1.5 C | ‘ | | | ‘ | | ‘ | ‘ Ll i _1'5 C I ‘ Lo I ‘ Lo ‘ Lo ‘ T ]
-1.0 0.5 0.0 0.5 1.0 1.5 2.0 1.0 05 0.0 0.5 1.0 15 2.0
S P
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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
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Model building

S

» Step 1: Effective theory

1 ‘ _ . . . .
Lo = Lont — 5NN [Cr (@10 Q)) (L5 0" LY) + Cs (Q12,Q1) (L4771
Observable Experimental bound Linearised expression T .
R 1.237 4 0.053 142071 = MV /Vi) (1 — AL,/2) ”»’\‘ 5 se o
N ACE = —ACh | —0.61£0.12 [36] — sV vz Mty (Cr + Cs) 0.04} -
K Ry, —1 0.00 £ 0.02 200 (1 — ALV /VAL, 0.02 \
2 s y) \
Bt 0.0+2.6 LR P 7aresd (G ARl CE) RV B V) B Y S — ¥Koommeee- —
52, —0.0002 = 0.0006 0.033CT — 0.043C% oo ,
g% —0.0040 + 0.0021 —0.033CT — 0.043C ‘
9% /g¥ | 1.00097 + 0.00098 1-0.084Cr 00 /
B(r — 3u) (0.0£0.6) x 1078 2.5 x 1074(Cs — Cr)2(AL,)? 006k o\ S,
—-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
. . . Cr
» Step 2: Simplified models
5 SU(2) -singlet vector leptoquark, Ul = (3,1, 2/3)'
—~ -~
b @
1
Ly = — EUI’WUL’“’ + MU UL + gu (UL, + hee)
M-l— Jg = fBia Qi’yuLa .
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Model building

» Many models! See e.qg.:

» Possible BSM models
*Heavy Z' model *Leptoquark model s, ‘ *Other new heavy
st n o *SU(R), singlet or st 1 *SpinOor 1 scalars/vectors
triplet *arXiv:01511.01900, also leptoquark
*arXiv:1403.1269, 1503.01084, possible
b, 1 1501.00993, 1704.05835, *arXiv:01509.05020,
1503.03477, by I 1512.01560, 1608.07832,
1611.02703, ... 1511.06024, by H 1704.05438,
1408.1627, ... 1607.01659,
arXiv:1706.07808 1704.07845,
RS | AR hep-ph/0610037, ...
il ICHEP 2018 @Seoul 4

Courtesy, Geng CHEN, ICHEP 2018, 7 July 2018




Model building

» Ingredients
— NP: large coupling b>crv Wt N\

TR

TS

e Large coupling to 3 gen leptons

e Left-handed coupling (no RH neutrino)
— NP: small (non-vanishing) coupling b2>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 I 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 b2>suu
e Small coupling to 2" gen leptons
e Left-handed coupling (from Cy)

b e b < |
b : o
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 7v) over
- Bc+ lifetime (Scalar LQ increases BR(B.*>7v)) 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/wp), ...

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

» LFNU linked with LFV:
- Look for e.g. BO2>K*T1u
- BR(T2uuu)~107

» C, Usymmetry:
- Study suppressed semileptonic

» B, mixing
- 0(1-10%) effect on Am,

I
m
)
S
3
Ry I(BoD'm)ley _ TBove)Toy _ T—AMTsy _ |8
(Rp)su  TB-D'wW)Tgy By Tgy  TA—=A) gy 7o
N
Hp (ee) rr vV T pe
b—s Ry, Ry B>K®tt | BoK®w : B>Ktu |B—Kpe
b—d |By— pu B— 1t B—mw : Bont |[B—onpue
B —mup o1 : - 9
— 100xSM (1) P ~107 27?
B KO Lo ] i [Za0r) | (]
0(20%) [Rg=R,]
F(B—ﬂt W)/FSM _ F(Ab—>p W)/FSM _ F(BS—)K*W)/FSM _ _ RD
IB-on)Tgy  IAy=pw)Tgy  TB—K'u)Tgy  Rpsu

SUONEUB[dXo pouIquiod 03 opInb B :Sol[eloue 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

mé%v\w b 3.0F
<,

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

,
pp- r*:;’300 fb™'

4

-
m 12.9 fo!

%0 (LT02) TTLT d3HC

SUoONeUe[dXs poUIquUIod 0] opInb e :Sol[eldoue SosAgd-g

-
-
"

a
|l gu |
n
; %&LASSTeVZOfo"

a
o
\
\
U [1§12.01
\
\
[1706.01868] CM
\
\
\
\
300 fb\

‘ed00ziely ‘1opisI ‘ofja19 ‘ozzejyng

w~ |
b 0.5k ?“ ?i _
— Single production channel 0.0' & &} Vector LQ ]
(dominant?) 0.5 1.0 1.5 2.0
My (TeV)

80




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




