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Rare decays have a track record

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasuow, J. Iniopouros, 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

» K9-uu: predicted charm quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,

— | | | < 5 G eV that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
C 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.

— J/w discovered 4 years later _ o )
splitting, beginning at order G(GA?), as well as con-
tributions to such unobserved decay modes as K;—
ut+u—, K+— at+I+1, etc., involving neutral lepton

_ : We wish to propose a simple model in which the
Rare Decay Modes of the K-Mesons in Gauge Theories » divergences are properly ordered. OQur madal ic fanndad

in a quark model, but one involving four, not three,

M. K. GAILLARD and BENJAMIN W. LEE fundamental fermions; the weak interactions are medi-

National Accelerator Laboratory, Batavia. Iilinois 605410

new quantum number @ for charm.

our attention on the Weinberg-Salam model. In this model, K — .- .

is suppressed due to a fortuitous canceilation, To explain the small

KL-KS mass difference and nonsuppression of KL - vy, it is found

necessary to assume me mD’ << 1 where m_ is the mass of the p- -

gquark and mpi the mass of the charmed quark, and mp' < 5 GeV, We

Phys.Rev. D2 (1970) 1285

in the limit of chiral SU(3) x SU(3) symmetry, where m, is the average |

mass of the charmed pseudoscalar mesons. If this is correct, we
expect m _to be less than, say, 10 GeV, The experimental implications
o

of the existence of charmed mesons have already been discussed by GIM

Phys.Rev. D10 (1974) 897 B.W. Lee 2



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>uu GIM 1970 J/y Richter, Ting 1974
b CPV K%>nn  CKM, 3 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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Heavy Flavour = Precision search for NP

» Direct discoveries rightfully higher valued:

Vv 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 K2>nn  CKM, 3 gen 1964/\':5{?.» 14 Ledermann 1977
Z v-NC Gargamelle 1973 7> ete UA1 1983 A
t B mixing ARGUS 1987 t> Wb DO, CDF 1995
H ete EW fit, LEP 2000 H-> 4u/yy  CMS, ATLAS 2012 (A
? What's next ? ? ?
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Heavy Flavour = Precision search for NP

The Standard Model of particle physics I Indirect

Years from indirect to direct observation of new particles 1 Direct

Neutrino i |

W boson i |

Beauty quark ]

Charm quark —

Z boson [ —
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Heavy Flavour = Precision search for NP

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

b
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ut
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>OWAO< = e UG R

Up_,,,, is ratio BReP/BRM

(50 TeV, anarchic tree

\0.6 TeV, MFYV loop

From Uli Haisch, 31 Aug 2016
arXiv:1510.03341




Two types

Fully leptonic m
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“Half-leptonic”

It's all about FCNC EW Penguins

(= Flavour Changing Neutral Current - Electro Weak)
Suppressed in the SM, so NP effects can compete

v

A\



Two types

» Fully leptonic

» “Half-leptonic” /\
b

> It's all about FCNC EW Penguins

(= Flavour Changing Neutral Current - Electro Weak)
> Suppressed in the SM, so NP effects can compete




Two types

The first penguin: m
TEE PHENOMENOLOGY OF TEE NEXT LEFT - HANDED QUARKS 8 M

vr)

*
J. Ellis, M.K. Gaillard ), D.V. Fanopoulcs *+) and 5. Tudas
CERN - Geneva

1%
v/Z°

b

7
S
W
b W
7>§\‘L<
ut

Nucl. Phys. B131 (1977) 285

> It's all about FCNC EW Penguins

(= Flavour Changing Neutral Current - Electro Weak)
> Suppressed in the SM, so NP effects can compete



Outline: A wealth of sensitive probes!

» Rare Strange and Charm

— Leptonic: K — - DO— utu- DO— e*ur
- FCNC: K+/0— +/Oyy DO— h*h-u*u-
— Baryonic: 2T — putu NF— putu-

» Rare Beauty

— Leptonic: BO )= Ut BO .— 1T BO— e*tu-
— FCNC: BO— K*utu- BO.— (p)KO*utu-

— Baryonic: Np0— NOutur

— Semi-leptonic: B9— D(*¥)ytv B.f— J/y utv

» Observables:
— Branching fraction
— Decay rate
— Angular distributions
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Flavour Changing Neutral Current Charged Current

Leptonic Mesonic Baryonic Semi-leptonic

Stra nge KSO_),UJFIU_ Kt — vy 2t _>plu+lu_
K? — rlyv
Charm Dl—=pw D= hihutu A= pute
DV— ety J/y—De*e
Beauty Bo(s)_)/ﬁ,u_ B — K¥utu/ete Ay = At B = D®uty /tty
B'y—t'v Bt = KMutu/ete B.f = Jiwutv/tty

Bly—e'w Bli—outw
B — Ky
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Flavour Changing Neutral Current Charged Current

Leptonic Mesonic Baryonic Semi-leptonic
Strange KSO_),UJFIU_ Kt — vy 2t _>plu+lu_
K? — 70yy
Charm Dl—=pw D= hihutu A= pute
DV— ety Jy—Dl%" e
Beauty Bl = uw | B' = K¥utwlete | Ay—=Aptw | B = DFutv /tty
B'y—tiv | Bt = KMutu/ete B.f = Jiwutv/tty
Bly—e'w Bl—outw
(s) S
Bl = Ky /

Lepton Flavour Non-Universality
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NA62

- K*=2 ntvv (preliminary)
— Observed 1 event
e expect 0.27 signal + 0.15 bkgd

B(K* — n*v;) <14x107°(95% CL)

B(K'—m vv) <10x107"(expected)

(
B(K" — x'vv)=(1.593) 10" (E787/E949, BNL)
B(

K'—>nx vv) (0.84£0.10)x107°(SM, A. Buras)

— 0.12; 2016 data (1 month)

r:s 0.1 . o [[JK* - mtvwWwMC
G008 AL ... +data
"20.06

E 004 L =

K =2>ntnl

~0.02 see &7
-0.04
-0.06 One Event in R2

| = =
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35

7t momentum [GeV/c]

Moriond EW, R. Marchevski,

11 Mar 2018

20 SM events expected before LS2 (2019)
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KOTO
- K92 n%v (preliminary)
— Observed 0 event
e expect 0.40 £ 0.18 bkgd

2015 data

Rec. n’ P, (MeV/c)

Rec. n’ Z

vix

(mm)

B(K} —x'vv)<30x107°(90% CL)

ICHEP 2018, K. Shiomi and B. Beckford, 6 July 2018

Expect B<12 x 10-10 with full 2015-2018 data

B(K‘g — n°v§) —03x107"°(SM)
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- Kt vV
» KOTO
. 0

» Relatively new field within LHCb
- K509 IJ+IJ-

B(K? — ™) < 0.8 (1.0) x 1072 at 90% (95%) CL.

LHCb, JHEPOS (2018) 024

- 3t puty
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= : E
= o ) .
= 107'E | 3
< E =
&) m
—2 | . . ! N . .
10 500 550 600
2
m.,- [MeV/c?]
o 10°g T T
% 105;_ — ' hypothesis LHCb
= . E - uHu” hypothesis
= 10 ;r
% 10?
5 of Largest bkgd
: | | e d | K92
420 440 460 480 500 520

Invariant mass [MeV/c?]

well separated
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KOTO

Relatively new field within LHCb
- K92 putr

- 2T puty
e 4.1 o significance

ud

B(E* — putp~) = (2.2173) x 1078

o / d
W
s put
V/Z
e
C? F T I T T T T I T T =
2 8F X' putu” LHCb E
= JF 201142012: 3 fb! 3
s ’F o Data E
I = — Full model 3
:/ 55_ L 2 _-Yé pH+M_ —E
o - Background 3
-ES' 4 uJ» H
.-9 - .
2 3
©
®) 2 L2 Mlﬂmn L2 l L2 l l mn}
1 |
il [T T [T T T
1200 1300 1400
My~ IMeV/c?]

LHCb, PRL 120 (2018) 221803  1g



222 pX(2 utu) ?

HyperCP Coll. 1
] b
. . % 2 _— ( }
- K vv =] e Data
2 ] _
S| W i
2 o A
S| @1 eele
o £ -
S| @
. | L
» KOTO u'.,J..I....I.
— KO ﬁé 212.5 215 221'4".5
z M, , (MeV/cT)
— = : 77— 71—
O 4L I LHCb 2011+p012: 3 fb’! i
. . B > C e Data ]
» Relatively new field within LHCb 2 . pu* PS Model
- K92 utu S E
§ 2;;—‘ _:
© - _
- Z+9 le+lJ- g B oo i
e Check HyperCP (E871) events S H ?_.-——"‘mﬁ E
e Fit at m=214.3 MeV: T . L ]
< - + + +- + ]
.% I U U U B B
i 0 4o 8 _8 220 230 240 250 260
B(Xt = pX%(—= ptp™)) <14x107°% (1.7 x 107%)| | = .y [MOV/c?)

LHCb, PRL 120 (2018) 221803 >



> Probing the up-quark sector

Enormous data set
— 10° D-decays in Run-I

Candidates per 19 keV/c?

Candidates per 9 keV/c?

*1

06

LHCD Preliminary
2011+12 data
D' - K7

Signal: 630 M

1850 1900
K'm* mass [MeV/c’]

(a) D°— K7t

— T T T T
LHCD Preliminary

2011+12 data
D" - K

Signal: 404 M

1840 1860 1880 1900
K" mass [MeV/c?]

(C) DF— K ngfgt

LHCb-CONF-2016-005
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Charm: D— h*h-u*ur-

» Search with 2 fb~! of Run-1 data
- Exploited D**— D9+ decays to suppress comb bkgd

— Rarest charm decay ever observed 0t
B(D? — ntr pT ) = (9.64 4+ 0.48 +0.51 +0.97) x 1077, e
B(D° - K*"K ptp™) = (1.54 £ 0.27 £ 0.09 £ 0.16) x 107",
: : : : C ‘ u
152_ Low-m(u*u”) 1 n LHCb | DO { _ _ } h+
1o 1 2012: 2 fb! ] < q
'_ _ q
5
N& ) L _
E 80 ' ’U,
w 60F
5 [
8, 40f
3 20f
<
R
o)
8
U 10'

D’ —satautus

5 D —»rtmaa
515 77 G mr* Y ) L Comb. backg.
0 1850 1900 1850 1900

m(D°) [MeV/c?]
LHCb, PRL 119 (2017) 181805, arXiv:1707.08377 22




Charm: D— h*h-u*ur-

» Search with 2 fb~! of Run-1 data
- Exploited D**— D9+ decays to suppress comb bkgd

— Rarest charm decay ever observed 0t
B(D® — 7tr ptp~) = (9.64 + 0.48 + 0.51 4 0.97) x 1077, 70 -
B(D° - K*"K ptp™) = (1.54 £ 0.27 £ 0.09 £ 0.16) x 107",
. C — ; U
152_ Low-m(u*u”) 1 n LHCb ] DO { 27 W+ 7l } h+
10 i 2012:2 fb! ] u < q
: : q
5 !
R 7 B } h—
E 80} U
60- a 0~67‘ T T y PR~ 1 L m 0‘67‘ T T T 30.67 L S S |
5 S e SO LHCb | |~ o LHCb
& 40_ 0.4 *: 0.4:* *: 0.4:* *:
% i 02f ]
L 20 ] ]
R | o g |
O 10r T — Fit ] 041 DI wmpu —0.4[- O T 041 DI wmp
D’ =t 06 T o0 150 | %0 TS0 mom 1so0 | C6 T TSe0 ooo 1500
S5k $ D —»nimaa ] m(u* ) [MeV/e?] m(u* o) [MeV/e?] m(ut) [MeV/e?]
atrttle ZapiletHapl) - Comb. backg. LHCb, arXiv:1806.10793
0 e : - :
1850 1900 1850 1900 » Added Run-2 for angular analysis
0 - - -
m(D’) [MeV/c’] — All asymmetries consistent with zero

LHCb, PRL 119 (2017) 181805, arXiv:1707.08377 23



Interesting region:
— Non-resonant m(y*u-) region
— exclude w(782) and ¢(1020) region

No significant excess observed:

2011+2012: 3 fb!

i"\ 2E a) nonresonant
= g Y LHCb
S 18F
=~ 16E
< 4E :
5 12E E
g 12 %
% 10 Z1LH a i:
s 8 » ) 4
S il | l

4E

2E
_ 0_

2200 2300 2400
m(putu) [MeV/c?]

Candidates / (10 MeV/c?)

m(utu) [MeV/c?)

700 800 900 1000 1100

\ J

B(AT — putp™) < 7.7 (9.6) x 107°

at

90% (95%) CL ut

LHCb, PRD 97 (2018) 091101, arXiv:1712.07938
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Charm: w— D% *e- and D—h(h)e*e at BESIII

» W— DY%ete No significant excess observed:

m(DO)
< Yy sample < s wzs)sample {1 B(J/1p — DY%te™) < 8.5 x 1078
S 8f 1 S5
3 o I §3§ B(1(3686) — DYte™) < 1.4 x 1077
S S 3F
g i&## l m gzg: BESIII, Phys. Rev. D96,111101 (RC) (2017)
~ 3 > 15F
2 2 2 1 dt
¥ limtiring, [ Tt
w9677 18 19 2 21 W 9798719 2 212223 24
M(K ) (GeVic?) M(K ") (GeV/c?)
» Many searches at BESIII: | signal decays B (x107)
— LIJ 25 — /\ + e+e- DT = gtaleTe™ <14
( ) P DT - Ktnlete™ <1.5
B(y(25) = Alpee”) <1.7x107°(90% CL) D o KO+ ete- <26 c/u

C S .
BESIII, Phys. Rev. D 97, 091102(RC)(2018) Dt —> K2K+e+e_ <1.1 /
DO - K'K*e*e' <1.1 c/u
) ) 0 RE - 0.7
_ D0—> 4 dk D’ - nneve <0.
h*h-e*e DY > K ntete T <4.1 w
DY > 7l¢te <0.4

- Dt— htete- —6 5| po = nete” <0.3 ¢ e
. B[XIO ] 5| D° > wete <0.6 ’)//Z

s DT 5 KteTe™ < 1.2 2 PO — KeTe™ <12

E + P P €| "in M,., regions: +
gD L K Lo <00 T E 000.020) Gevier <30 0558

= DT > 7mTeTe | <03 | g|f[020,065) Gev/c? <07 Non-resonant,

8| Dt s n—etet| <19 | &| 065090 GeV/er <19 (1070 ST EATEmEE
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Strange

Charm

Beauty

Flavour Changing Neutral Current

Leptonic Mesonic Baryonic Semi-leptonic

K= u'w Kt—atw 2= putu
K% — nlyy
D=yt D= hthu*u A= pute

DV— etur J/y—Dle* e
Bl = uw B —=>K¥utwlete Ay—Aptw B = DFutv/cty
B'y—t'r Bt = KMutu/ete B = Jlyutv/thy
By —etw  B—outi

Bl = Ky
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Historical endeavour!

e —
&  LCx
E 104
o) =
L —
- —
N
© 10° =
@ =
S -
IE-IS 10°® =
:. —
(@] |
T 107
o =
X L el
o 10 = | X CLEO /\ Belle
23 — | % ARGUS [ ] BaBar
= 7| VY uat HME LHCb
E 107 7| S+ coF 44 cus
— = | VV L3 { ATLAS
| | AA DO @®® CMS+LHCb
10 E_l 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
1985 1990 1995 2000 2005 2010 2015
Year

CMS & LHCb, Nature 522, 68-72 (2015)
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> Golden channel for SUSY"”

Decay discovered in

2015

s o pos I
v w
+3>7<+
s J W 2
X ! X! -<

Weighted candidates per 40 MeV/c?

60

w P [®)]
(=] (=] (=]

no
(=}

I|IIII|IIII,'|IIII

CMS and LHCb (LHC run )

T I T T T | T T T

—— Data

— Signal and background
: Bg -t

[ 1B s uw

— - — Combinatorial background
----- Semi-leptonic background

— — Peaking background

IIIlIIlllllllllllllllllllll

. o ! | R T R R R
5,400 5,600 5,800
My (MeV/?)

CMS & LHCb, Nature 522, 68-72 (2015)

B(B) = p*p~) =
B(B" —»p'p) =

(2.8%55) x 1077
(3.9119) x 1071

a . . N
20 @ ___ _ ____
tan > 1O, HO, A éﬂ
dr, It

SL,

BR~tan®p

\_ /

A.Buras et al., Nucl.Phys.B659 (2003) 3
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BO (s) -> IJ+ -

» Challenge: huge amount of events with two muons!

LHCb, PRL 111 (2013) 101805

. o o
— Signal: BR(BL>utu) < 108 =L
101:— — -
. . - —O—
« Analysis largely data driven: ook —o— ]
: —
— BDT event selection ¥ FLHCD T
. e - 10° F m Signal _¢_ =
e Mainly lifetime : —+—
. ot . I O Background
e Calibrate efficiency on data with B->nn decays 1074 N R B
_ 0 0.2 0.4 0.6 0.8 1
— Mass resolution BDT
e Interpolate between J/y-2uy and Y2uu \ o ~
- Backgrounds S . |
y bé/J + b%/J ----- Combinatorial ~§ :ZE:
e Semileptonic BY, B.?, B.* and A,° decays |.... B, - h*h" = : BY)
e Misidentified Bnn b By —w oy, || 8
IIIIII BO(+) - J_|:0(+)M+M— 20;
----- Ag_)pu_vu :? P S H R |
B: — J/l}) M+Vu 4000 6000 8000 Maj;l)sl)U(MermOO

» Largest systematic uncertainty:
— Relative production of B, wrt B mesons, f_/f,

LHCb coll., JHEP04 (2013) 001
LHCb coll., PRD85 (2012) 032008
Fleischer, Serra, NT, PRD 82, 034038
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BY )2 pu: Update 2017

> Golden channel for SUSY"”

» Update 2017 with 1.4 fb1 Run-2
- 7.80 significance

SN C I Y - L 7]
o 135 _
g 30 Vs=7.8 TeV: 3 fb! ‘1: —-Bi—uu =
1 Vs=13 TeV: 1.4 fb! -==-B - utu” =
< = . . ] > | LA R L B B R S B
» 25F BDT0S 4 e Combinatorial 3 2 gh ATLAS — 20112012 data
~ - 7 DY T e B%. — h*nh"~ ] o — Total fit 3
S 20 F © T = SO fs=7Tev,49f" Combinatorial bkg'
< - e By = Kowt, 3 e 14M| Vs=8Tev,20f" SS-SV bkg E
S5 [N vy B — "t 3 &1 AT S
= - ————— Ag — puv, - 10 0.446 <BDT <1 =
< 10 BE = Ipuv, 8 E
°E- SRR + ME ‘ .
( Emizeto, P TR TP W S RN = = A 2 N =
5000 5200 5400 5600 5800 65)00 %800 5000 5200 5400 5600 5606
mu*u' [MCV/C ] Dimuon mass [MeV]

LHCb, PRL 118 (2017) 191801, arXiv:1703.05747 ATLAS, EPJ C76 (2016) 513

B(B! = u'w’)=(3.020.693)x10"

B(BO — uu) <34x10"°(95%CL)
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B’ > u*u-and BY. 2 p*ur : Update 2017

» BR(B? 2 uu): the next search
— 1.60 above SM prediction

cr:"_' 08 T T LI I A B ) )
= ATLAS i ~ 0.9 x10_ I A A ]
= = T g E
+ Vs=8TeV,20fb" - 3 s E
N ] 0.7¢ Vs=7,8 TeV: 3 for!
t 04 — T 0.6 = \s=13 TeV: 1.4 fb'' 3
@ 7 < TE 3
ol ] 2 05 =
0.2 - - : ]
4 M 04F E
i 03F 2 \% 3
0 U | L1 L1 - _J\ % ]
a AN - 0.2 i 3
| ATLAS Contours for -2 AIn(L) 2.3, i = 3
_0_2 6.2, 11.8 from maximumof L _| 0.1 a3 =
(- 11 1 ‘ | .\ 1 | 11 1 1 | 11 1 | 1 \\ | ‘ 11 1 1 N\ 1117 0 - n I = X10_9
0 6 7 0 3
BB — u* ;) [10°] BF(B] — )
ATLAS, EP] C76 (2016) 513 LHCb, PRL 118 (2017) 191801, arXiv:1703.05747
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B > utu- : effective lifetime

» More observables accessible
» New Physics (i.e. scalar couplings) can lead to different CP structure of final state

- Affects the mix of long and short-living B, mesons

7(BY— putp~) =2.04 +0.44 + 0.05 ps

14l == Upper Bound (R = 1.4) g B ' ' ' ' ' ' _
Ei«r}:difi atf%ﬁ C-(L o = 8- LHCb  Vs=7.8TeV:3fb! ]
1349 — Ilustration for Aar(pps = 0,7) | ~ B Vs=13 TeV: 1.4 fb'! ]
Q | .
S 6k — oo . _|
Lol 4= B — Effective lifetime fit ]
2 TR =
5 b .
— 0.8} — © —
) = 48 i
| O .
0.6 = | g A
t SE N
Omm - — -
0.4 - B - ———t B
8 0 B e ———— ]
= .
0.2} .80 B l .
g [ 1 1 1 1 I 1 1 1 1 I
0.0 0 5 10
Decay time [ps]
De Bruyn, Fleischer, NT, et al., PRL109 (2012) 041801 LHCb, PRL 118 (2017) 191801
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B> 11 : First limit

Analogous to BO.> utu-
Helicity suppression less severe, BR x 200
Enhanced by NP coupling to 3™ generation?

Analysis:
— Select
— Exploit intermediate
- Normalisation B°—D;(K"K'ax")D" (K 'n'x")

Normalisation:

600F
4004
200115

o™

§ LHCb

[ =

= 1400¢ —+ Data

) 1200;* — B D D!

R (CV R £ - B~ D D!
Q C
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<
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L Y’w w‘ 4 \“T"-A 1 A”I'\ L P e 18]
5%00 5100 5200 5300 5400 5500 5600 5700f
My [MeV/c?]

T > v,
pO _ s .777_.7T+

m_._ [MeV/c?]

LHCb: B(B’
LHCb: B
BaBar: B(B

r*t‘) <5.2x107°(90% CL)

1Y € *T10T+110T

r*r-) <1.6x107°(90% CL)
— r*r‘) <4.1x107(90% CL)

—
[\®]
S
(=)

T

o0
e
=]

T T

1000}

600F

400F

LHCb 31mulat10n
. i "f T .25 g
. - ar n, |, "-h_ <
b e L o s 3 3
e -l!'l'lt A, —20 a)
W AT .
||."' F —15
A
2 10

200-———
200

400 600 800 1000 1200
m_. [MeV/c?]

SM: B(B! —7'7")
SM: B(B" —7'7")=(2.2£0.2)x10”

Bobeth et al., PRL 112 (2014) 101801

BaBar, PRL 96 (2006) 241802

(7.7£0.5)x107

LHCb, PRL 118 (2017) 281802
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» Lepton Flavour Violation?

» Forbidden in SM

@)

B

O Y S G
(\®)

-

B(B) = e¢"'u)<6.0x107(90% CL)
B(BO — e+,u_) <1.0x107(90% CL)

Candidates/(50 MeV/c?)

IIIIIIIIII 1 1 Frr] L

S N B~ N ©

T I !
2011+2012: 3 fb' ¢ Data

— Total
Combinatorial
A) = puv
B = wutv
B = etut

LHCb

0.7<BDT<1.0

|
|

Rt o N
540

5600 5800
Mytys [MeV/ c?]

LHCb, JHEP 03 (2018) 078, arXiv:1710.04111

. Doéeﬂf
= -7%15 events
B(D° — e*puF) < 1.3 x 1078 at 90% CL

Candidates / [1.7 MeV/c?]

i | 1 1 1 1 1 1 1 1 1.3
1820 1830 1840 1850 1860 1870 1880 1890 1900 1910

LHCb, Phys.Lett. B754 (2016) 167




More Flavour Changing Neutral Currents. BO QK*}JIJ

C Gimi : :
Similar loop diagram! W
) _

» More observables 7}?‘\< i
— Invariant mass of yu-pair

- Angles of K and u M
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B° SK*utpu- : Joint effort

» Analysis efforts by Belle, LHCb, CMS, ATLAS

CMS PLB 781 (2018) 517 20.5 fb™ (8 TeV) - . ' . ATLAS, elaniv:180|5.04000
S F 2<q<43Geve + Data 2 ATLAS Vs =8 TeV, 20.3 fo’'
& 60E ' Total fit o 100l S5 fold, ¢ €[0.04, 6.0] GeV? _|
© E NN Correctly tagged signal d
N 50F %4/%. Mistagged signal £
P E - - - Background o ¢ Data
- o ] —— Total Fit Model
40 &y YN Signal
§2} E 1. . A\ 0 .S TN e Background
S 30 50
u>J o
20F el
o \ P R
oE e B SRRV ORI e et o35 T e
5 5.1 5.2 5.3 54 .55
mK' T u) (GeV) My [MEV]
LHCb, arXiv:1804.07167 Belle, PRL 118 (2017) 111801
R YL R B S A {; B
N — =] o |
L LHCb | S |
% 600 e Data 3 0] B
E o — Fit 3 g B
o 00 L g S 8o
S 400F B = Kww 3 = I
_ - W A, = pKutu & 60—
— = [ Comb. bkg. ] c | +
o 300 = o =
- - > By o=~
RN ] TN
,.g 200 -~ - /
= Vs=7,8 TeV: 3 fb! ] 20
S Vs=13 TeV: 1.6 fb!
U 0 o | | ] :
5200 5300 5400 5500 5600 22
m(K-atutu~) [MeV/c?] M,, (GeV/c?)
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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°
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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"""'""—
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¢ [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?)




B%> K°*u*u: angular analysis

» Similar loop diagram!

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

» For example: Ps":

- asymmetry of red and blue: Forward & upward K-
 (corrected for \F,(I-F,))

Backward &
downward K

& X
gl
T ©
z 2
=
o =2
@ O
m o

Counting Ss: blue minus red
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A" 22_' T 201142012: 3 fb! ]
- LHCb i
. . : - :
» Similar loop diagram! £ SM from DHMY
as :
» More observables oF ++ ]
. ; - '_+_:_+_, e
— Invariant mass of pu-pair - —4— ——
-1+ 4
- Angles of K and u N i
2 .
E 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 -
0 5 10 15
» Debate on SM calculation q* [GeV?/c4]
—_ Non-perturbative “charm IOOp" effects? LHCb, JHEPO2 (2016) 104, arXiv:1512.04442
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» Similar loop diagram!

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

» Debate on SM calculation

— Non-perturbative “charm loop” effects?

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

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

LHCb, JHEP02 (2016) 104, arXiv:1512.04442
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B> K%*u*ur: P’ Joint effort!

Private compilation, courtesy T. Blake

L‘” | L B R T

N e LHCbdata o ATLAS data i

Si | | d ' 4’ = Belledata © CMS data ]

;TL—||>—| —_—— SM from ASZB 7

» More observables Of Wi : ]

— Invariant mass of pp-pair L ‘ ]

- Angles of K and y ~0.5F ! i

- — ST

-1 - ]

0 15

+ Debate on SM calculation g* [GeV?/c?4]

— Non-perturbative “charm loop” effects? n LHCD JHERO2 (2016) 104

0O ATLAS-CONF-2017-023
o CMS, PLB 81 (2018) 517
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B> K%*u*ur: P’ Joint effort!

Ao 1.5
o 4 CMS

-1~ LHCb

» Similar loop diagram! - Belle

’%égllllll

0.5 [\/SM-DHMV
» More observables = Jﬁ |
— Invariant mass of pp-pair AR
_05_— ANNNY TN \‘ 1 N ..
— Angles of K and u - L g [ '; —‘H“— “‘H}:ﬁ N
N e s
_15:..I...I...I...I. PRI o b by Ly
. 0 2 4 6 8 10 12 14 16 18 202
+ Debate on SM calculation q° (GeV)
H A\Y n (]
— Non-perturbative “charm loop” effects? w CS, PLB 781 (2018) 517

<> Belle, PRL 118 (2017) 111801
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B> K%*u*ur: P’ Joint effort!

Ao 1.5
= +4-CMS
1 —# LHCb
» Similar loop diagram! N - Belle
O.S“XW

SM-DHMV

+ More observables o == - Jﬁ |
— Invariant mass of pu-pair A S
_05_— NSNS NN \‘ 1 NN NN
— Angles of K and u - L o j{; —‘H“— “‘H}:ﬁ N
= Nes)
L=3.0fb™ (Vs =13 TeV, 2018) - | | | --------- | | | | |

10 - . - y _1 .5 11 | 11 | 11 1 11 | 1 11 | 1 11 | 11 1 11 | 1

> 10 oMS T e 0 2 4 6 8 10 12 14 16 18 20
0 2

L\D 10° Preliminary Iy q (GeV)
N Jhp — R
£ 10° B, ® CMS, PLB 781 (2018) 517
) o Y ® | HCb, JHEPO2 (2016) 104
o 107 Y 5 Y B [ow mass douile rion + track 4 Belle, PRL 118 (2017) 111801

10°e. "M 9 s r4

10° \ J

10* Low mass . : : : :

. double muon = CMS: Dedicated trigger is collecting

10 F k- |

+track larger statistics!
1 10 _ 10°
u*u” invariant mass [GeV] CMS DP-2016/059 44

CMS DP-2018-036




» Similar loop diagram!

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

» Debate on SM calculation

N
I

>
;I_
b_
0]

T T Tt ' T " T T T ]
Vs =8 TeV, 20.3 fb '
-$- ATLAS CFFMPSYV fit

- LHCb theory DHMV
—4- CMS theory JC
- Belle

Full freedom for _
hadronic param. J

== o

OII

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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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', ...

S
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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(C3") chP
: ou 50




B 2 K*u*ir : in detail

SM cz loop ) ©201142012: 3 b
> LHCb
B(Bt — K*utp™) = (4.37 + 0.15 (stat) + 0.23 (syst)) x 1077 . —R O Signa
@, [ Specific backgrounds
» Contributions from b->sll 8 10 ® ek
_8 EI Combinatorial background
— B+ 9K+ +q - = Data
e
» Contributions from b->scc
- e.g. B*2>K*@, B*2>K*J/y, Bt*2>K*tyw(2S), ... 5500 60391@” MeVIcL "
Resonance| Phase [rad] o~ 300F Thon I ! ]
o <o o :
» Understand interference Y | ~166+0.05 =200 L ;
o : 2 ~1.9340.1 200F — ww
- Positive or negative? v(@25) | -193£0.10 =200
. <t [ - interference
— More general: phase difference? £900 T oF ke
» Small interference 8 5of
[a~] o
= e
S -s0b 10005000 5000 4000
CMS 205" (8 TeV) | | © e [MeV/c?]
s L uu
« Angular analysis: |<*F + Data
- Consistent with 02f- )
- 0 >
no assymetry b T | ——3 4 egt—+—
| = =
~02f l T I
C = Q
~04f I =
r |§§| ]
0 5 10 15 202
CMS, arXiv:1806.00636 ¢? (GeV?) 51




B > Ko*u*ur

A
A

» Study analogous b-> du*u transition:

—~ Also observed in B K*
BRElE B o aw W B —atw ) Ay = prtut b d
— Similar EW penguin as b2 sutu-
— Observed 38 + 12 events (3.40)
7

— Consistent with suppression due to [V |/| V]
B(B?— K*putpu™) =1[2.94 1.0 (stat) £ 0.2 (syst) £ 0.3 (norm)] x 107°

(O8]
S

LHCb
\s=7,8 TeV: 3 fb!
Vs=13 TeV: 1.6 fb’!

I Comb. bkg.

i

0 5200 5300 5400 5500 5600
m(K mtutu~) [MeV/c?] 52

Candidates / ( 10.0 MeV/c?)

LHCb, arXiv:1804.07167




Strange

Charm

Beauty

Flavour Changing Neutral Current

Leptonic Mesonic Baryonic Semi-leptonic

K= u'w Kt—atw 2= put
K? = nlyy
D=yt D= hthu*u A= putc

D= et J/y—Dle* e
B = | BO—=>K®utusete | A, — A | B = D®uty /tty
Bt = K¥utu/ete B = Jlyutv/thy

Bly—e'w BT ouw \
B — K*u*ur /

Lepton Flavour Non-Universality
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R, : B*>K+u*py- 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

54




Ry: BT2K*utuy-and Bt 2>Ktete-

--LHCb -m-BaBar -a—Belle
M 2_ 5 6 T T T | T
« Similar loop diagram! = pebo LLHCb
- 20114+2012: 3 b1
1.5 . .
» Measure ratio py/e T ]
» SM expectation: Ry=1 1f + N .
R — T(BYf=K uu”) 0.5F .
K = T(BtT—=KTtete) e ;
0- T
o =+0.090 /., VA e 0 S 10 15 20
Ry = 0.7457 g7, (stat) £ 0.036(syst) 7 [GeV2ci]
LHCb,PRL 113 (2014) 151601
;: 40° I;HC]b' ;:3002— IIIIII LIHCio —
2 30 ~ Full fit S 0 ]
% Part. reco. 3200:_ - Fullfit ]
> Lepton flavour P scombtuck |5 F = Comb. background |
“non-universal” ? - ¢ S | )
0 5000 5200 5400 5600 “ 05200 5400 . 5600
m(K*e*e”) [MeV/c?] m(K*un) [MeV/e?]
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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! Q% - :
15 F T .
» Measure ratio p/e i | . ]
. SM expectation: RK*=1 101__ .................... - T ........................................................ __
> Extra bin at low gZ... 051 ® Lich
= @?~0 not helicity suppressed - LHCD A Belle T

OO ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
0 5 10 15 20
¢ [GeV®/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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R, : Analysis i

- Combinatorial
B A)—K Py
B B—K "Iy

. g 3000
« Double ratio: = 2000
& 1000
R B(B*—= K*utyu™) B(B®— K*te™) 3 o= T e L B
*0 — e -
K B(B°— K*Jhp(— utu™))/ B(B°— K*Jk)(— eTe™)) 4500 5000 5500 6000
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. Before Sketch After
+ Bremstrahlung correction e G e
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= - El‘ — —
L /p\ e
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e I e e
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g 15 B—Xe"e~ - 3 20 B—Xe e =
% 10 ; ; 15 B —K Iy E
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R = - E
ol ' } g i J 7 E

5
0 farar—ar ey S A
_5 :
4500 5000 5500 6000 4500 5000 5500 6000
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LHCb Coll., JHEP 1708 (2017) 055 57




35600 5800
m(K*m-u*tu-) [MeV/c?]

5200 5400

5600
m(K*w~utu~) [MeV/c?]

|
R..:Anal BO— K00+~
K* ] na ySIS BO—> K*OJ/@D(—> £+£—)
low-¢® | central-¢?

. + 18 + 21 + 602

whp 285 T 15 | 353 T 5 274416 T 40
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LHCb Coll., JHEP 1708 (2017) 055
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Rk~ : Cross checks

Check with J/yp
— Unity with 4.5% at 10

Check with @(2S)
— Unity within 2% at 1o
Check BR(B9=>K*y(=>ee))
— Agrees within 15% at 20

Cross checked with earlier dI'/dqg2(B?=>K*uu)

_ BB = K*J/yp(— ptp7))
"IV B(BO - K0T [p(— ete))

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

B(B® = K*%%(28)(= p*p~))

B(B° — K*9(25)(— eTe™))

Ry@s) = B(B® = K*J/i(— ptp)) / B(B® — K*0J/1)(— ete™))
_ B(B°— K*%)
Ty = B(BO—) K*OJ/¢ (_) e+e‘))

LHCb Coll., JHEP 1611 (2016) 47
Erratum: JHEP 1704 (2017) 14

— Consistent
§ :' T T T T T T T I: §‘0~4""I""I"'I""I"":
i i . | = 05 LHCb 0.045<g><1.1 [GeV¥/c*] 1 = 335 LHCb 1.1<¢?<6.0 [GeV*/c*] 3

Data VS SImUIatlon . § C BO—>K*°M+,u‘ %y Data — Simulation ] § ' B0—>K*0,u+u‘ %y Data — Simulation g
S 04F  B'—=KTete Data — Simulation 4 & 03 B'—Kete Data — Simulation 3
= =025 =
5 3 E
4 w 02 3
o o
=) = 0.15
8 g
5 5 0.1F
g g 3
= = 0.05F

ok 1 [ 1

¢? [GeV?c4]

¢ [GeV?¥c4]
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B°>K%e"e : Difference in angular analysis?

» So, decay rate different between y*tu- and ete final state?

» What about angular distribution?
- P5’ deviates in p*p- final state

> P’ for BO>K%"ete- seems in better agreement with expectations:

1.5 — S
[ ' SM from DHMV/LQCD |
1.0 i "é" All Modes N

Tt W Electron Modes
' HH  Muon Modes 1
0.5 § | .

® £}
05+ h : J |-
[ 1 :
-1.0k B : -
-1_5 | " L L I L L L L I. " J A L L L |
0 5 10 15 20
¢ [GeV?/c?]

Belle, PRL 118 (2017) 111801 60




More LENU? Semileptonic decays: b—>clv

» BO> D(®|y Measured ratio 1/ - \C
— Multiple experiments: Belle, BaBar, LHCb D*(J/l//)
— Multiple c-modes: D, D*, J/y '
— Multiple tau final states: M, 1-prong, 3-prong

— Multiple tags: semileptonic, hadronic See talks DY and 5 Faifer
ph.Urquilo @

~~ o | T T T T I T T T T l | | ]
BaBar had. tag * 0.5 = BaBar, PRL109,101802(2012) ) ]
BaBar had. tag 0.332+0.024 0,018 — e C Belle, PRD92,072014(2015) Ax*=1.0 contours i
—_— Belle had. tag C ' ]
0.440£0.058 £0.042 0.293£0.038 £.015 2 C LHCb, PRL115,111803(2015) === Average of SM predictions ]
Belle had. tag Belle sl.tag 045 | ———— Belle, PRD94,072007(2016) 1
037540.064£0.026 T 0302£0.030 £0.011 T [ ——— Belle, PRL118,211801(2017) R(D) = 0299 0.003 .
Belle hadronic tau - ——— LHCb, PRL120,171802(2018) R(D*) = 0.258 +0.005 .
Average 0.270 £0.035 £0.027 - - Averagc -
L — LHCb muonic tau 04 — —]
0.407 £0.039 £0.024 0.336 £0.027 £0.030 T D — | -
PRD94,094008(2016) _ P C ]
0.299 £0.003 (O] Average Q 0.35 - 40 =
© 0.306 £0.013 £0.007 O L - -
FNAL/MILC (2015) O SM Pred. average (@) r .
029940011 S+ 0.258 +0.005 ; - 03F 20 ]
PRD 95 (2017) 115008 - -
HPQCD (2015) 'E o 0257*‘1)0?1 o1 0619 Q C .
JHEP 17 7 » .

0-300£0.008 g-o- g dacocoons 0% G e g 025
JHEP 1712 (2017 060'0 o o ]
o EI_J 0257+0005( ) - (0] o JJJJ/ JJJJ HFLAV .
HFLAV B S HELAV ro 5: oa kb -
+) 2 P(v2) = 740/ —

. v | < wE ol T T A
1 1 1 1 1 1 1 1 1 1
02 0.4 0.6 0.2 0.3 0.2 0.3 0.4 0.5 0.6

R(D) R(D*) R(D)

R(J/@D) = 0.71 £0.17 (Stat) + 0.18 (SySt) LHCb Coll. arXiv:1711.05623 61




2019 2020 2021

2022 2023 2024 2025 2026

2027 2028 2029 2030 2031 2032 203+

Run III Run IV Run V
LHCb 40 MHz L=2x103 LHCb L=2x103 LHCb L=1-2x 1034
UPGRADE 1 Consolidate: Upgr Ib 50]%_] UPGRADE 11 300]%_1
ATLAS ATLAS HL-LHC ATLAS HL-LHC
h
Phase I Upgr =2y 103 Phase II UPGRADE L =5x 0% L=5x]10%
CMS 300]%'] CMS CMS 3000ﬂ?']
Phase I Upgr Phase 11 UPGRADE
Belle 35 ,p-/ L=8x10% 50 ab! LHC schedule: Erederick Bordry, Jun 2015
II
« Belle II o

— L=5x1033 cm2s'! achieved!
— Physics with VXD in 2019

Phase 1

Phase 2 I

R. Cheaib, Moriond, 12 Mar 2018, arXiv:1802.01366
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2019 2020 2021 2022 2023 Sensitivity to New Physics at end of Run-3
NP NP ’
Run LI < 2.5 C10 Vs C9 . 1.00 'D5
S - 3 t :
LHCb 40 MHz L=2x10% s T W scenario I
UPGRADE I 13_ :
3 Ny
0.5 X
ATLAS RN //_)
Phase I Upgr OF
L=2x10% N
—0.5:—
CMS .y ~ E
Phase I Upgr 300]% 1 ‘
B e T L e ~1.00 1 L I I
-3 -2 -1 0 1
IIBIe"e 5 ab! L=8x10% AReC, Cr Y e P
LHCb, “Physics Case for Upgrade II" (in preparation)
» LHCDb

- Fully exploit HL-LHC for flavour physics
e x10 with respect to Upgrade 1

— Consolidate in LS3; major upgrade in LS4

e Expression of Interest issued in 2017

- Feasibility study performed by LHC experts & Physics

case in preparation
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Sensitivity to New Physics with Upgrade II data set

| ClONP VS C9NP

o 2.5 ;
QO F —sm 30 contours .
] o - -
[ E scenario Il E
< [ —— scenariol ]
1.5F E
r 1 ]
1 «?* 3
g < Q ]
0.5 () 3
EN ]

oF D yan)

b N T Q(l

~0.5F 19O

C o
-1 3
_1_5: P R R T N S S T T N N N .
-3 -2 -1 0 1
AReC,

s

Y

1.00
0.75
0.50
0.25
0.00
-0.25
-0.50
-0.75
-1.00

P’

I SM
I scenario IT
I scenario |

2030 2031 2032 203+
Run V

LHCb L=1-2x 10%*
UPGRADE II 300 fb!
ATLAS HL-LHC

L=5x10%
CMS 3000 fb!

LHC schedule: Erederick Bordry, Jun 2015

LHCb, “Physics Case for Upgrade II" (in preparation)

» LHCD

- Fully exploit HL-LHC for flavour physics
e x10 with respect to Upgrade 1

— Consolidate in LS3; major upgrade in LS4

e Expression of Interest issued in 2017

- Feasibility study performed by LHC experts & Physics case in preparation
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Conclusions

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

See for example: D. Buttazzo, A. Greljo, G. Isidori, D. Marzocca, B-physics anomalies: a guide to combined explanations, JHEP 1711 (2017) 044, arXiv:1706.07808



Backup slides




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




Playing field: heavy flavour

ATLAS/
CMs

- FCNCin top
. decays

Belle Il

L subset of topics
Sketch adopted from Marie-Héléne
Schune ECFA2013, 1 Oct 2013 68



Radiative B decays

LHCb: b \,\’\
; . .
3 BS 9QDYR . phOton p0|arlzatlon PRL 118 (2017) 021801 PRL 118 (2017) 109901 ’y

- Lifetime sensitive to photon polarization |z "LHC
—  AD: P(t) oc e " { cosh (AT,t/2) — A% sinh (AT,¢/2)}|3 O Belle, Phys.Rev.Lett. 119 (2017) 191802
sz AL _ D(B® = K*y) —T(B* » K**y)
A2 = —0.98 fg'gg fg'gg GO ™ T (B0 5 Ko0y) + T(B+ = K*77)
A +0.029 R ,
ASM— 0.047_0'025 (5) T T T T ; ?ﬁ::g(.):::: o A
o0 : ¢ 6 t [psl]0 Babar 200? 34710
Belle: o
0 0 x + L0 . 45252167 —e—
» B92K%*y and Bt*2>K*y: isospin asymmetry at 3.10
Apy = (#6215 206 £1.2)% ‘
N : R Ao+(BgK'Y) i 8[;,(1)
» B92KOnyr : photon polarization, time-dependent
S = —1.3240.77(stat.) &+ 0.36(syst.)|  babs7,092003 2018)
A = —0.48 £+ 0.41(stat.) £ 0.07(syst.) Somtnct R
M, <2.8 GeV
. BOQXSY.' iSOSpin asymmetry, incl. AACP Belle 2018 7111t 262240067 | M
Semi-incl. —c—i =
M, <2.8 GeV m
Aog_ = (—|—1.70 +1.39 £ 0.87 £+ 1.15)% ' TN T Q
LLLll LLLI1 LLLl LLLll LLLl LLLll Lililiill =2
AAcp = (+1.26 +2.40 £ 0.67)%. 2015 -10 -5 05 10 15 20f 1
%_ AACP(B — XSY) =
69




[UH & Kamenik, 1601.05110]

Searches

Dark photons, Majorana, light scalars -I

perturbativity
Q v[ﬁ ©
f § BaBar ditau 8
0 T A + 1 2
» Light scalars " OSAM ;
A->up R Anee | <
o} z E
0.1 : : : 5
6 8 10 12 14 |2
my [GeV] -
+ ] JHEP 0905 (2009) 030 including LHCb and BELLE
b ut S T R T L B E 7 SRR : A -

B+

o
» Majorana neutrino’s G
— B+9 n-lJ'l'lJ-l'

Atre et al., JHEP 0905 (2009) 030

® 0 06 0 06 06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

« Dark photons Ly VaVCaVal A,f
- D*02DO%, A>uu : :

® © 06 0 0 06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

LHCb gy assum es 15 b~
LHCb D* assumes 15 fb~! §

) Charm, Nu-Cal, E137, LSND }
0.005 0.01 002 005 01 02 0.5 1 2 5 10 20 50

Ph.Ilten et al PRL 116 (2016) 251803

N
o



LHCb = more than flavour

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

; dat: —
—=— data .
2 800 T otal it i e
background * LHCb 5:3
\\\\\ + Pg 600
¢ 5
=
< -
O 400+
200
e — O 0.5 0 0.5 1
4 4.4 4.6 48 5 BDT(blc)
-/ZQJ\ My [GEV] [~

: iN“Ow_J / Impy,.
ive °
‘mpreS‘S /gm oo o 0.2315:0.0002 (x Q) comparison plo OVe

prOtOn pdf’

dpey
LEP Agg4(b) O

Phys. Rogt, 427 (2006) 257 0.2322:0.0003 3.5F M. Ubiali - NNPDFEO hgrannly nlo LngId ~
- . g
SLD A O " LHCb Implications Workshop ﬁ NNPDF30_heralheh_nlo.LHarld 2
Phys. Rev. Lett. 84 (2000) 5945 0.23100.0003 3E- 15/1072014 ; :
Q=1.41GeV o
Do ~0~ 0.2315:0.0005 ¢ 3
Phys. Rev. Lett. 115 (2015) 041801 - = 2.5 5
d
CDF —— 5
Phys. Rev. Lett. D89 (2014) 072005 0.2315-0.0010 o 2 g
ATLAS — = ]
arXiv:1503:03709 0.2308-0.0012 Dt:u 1.5 3
5
CMms — o [
Phys. Rev. Lett. D84 (2011) 012002 0.2287:0.0032 E
0.5 i
LHCb —0— 0.2314+0.0011 H
_ s
LHCb 1s=7TeV ——O—— 0.2329:0.0015 0 i
LHCb {s=8TeV —O0— 0.2307+0.0012 -0.5 é

0534 0326 0328 053 0332 033 e e
sinZee” 10 10 10 10 10 1
w X
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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/

» 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 w6/ 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)
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More LENU? Semileptonic decays: b—>clv

» Surprises possible in tree-level decays?

R(D*) =

B(B® — D*tr7v,)/B(B° - D*u v,

~ | T T T T | T T T T | T T T T T T T T T T
* 0.5 [ —— BaBar, PRL109,101802(2012) > -
B YF —— Belle, PRD92,072014(2015) A" = 1.0 contours ]
m - LHCb, PRL115,111803(2015) L. -
0.45~ — Belle, PRD94,072007(2016) === Average of SM predictions
’ = Belle, PRL118,211801(2017) R(D) = 0.299 +£0.003 .
- == LHCDb, PRL120,171802(2018) R(D*) = 0.258 +£0.005 —
0.4 [ [ Average -
% r .
a C 7
| = 035F 4o 3
| | - - 20 .
’ [ I [ 42 03 —
poorodooy 5k - 8 .
e ~ = 2 ]
Igg C l S M, 3.80 HFLAV B
. S § o - .
z SRR mEPA 0.2 P =T74% —]
_E I 1 1 L 1 L 1 L 1 I L 1 L L L 1 L L I
E;m:m:m; —s Hdo € s s Hos Bs 3 02 03 04 05 06
R(D)
BaBar had. tas
©0.440 + 0.0OS8 + 0.0a= .
Bclle had. tas ()
O 375 = 0.064 = 0.026 b
Averame (®)
0. 407 = 0.039 + 0.0=24a Z < i
PRID94_094008(2016)>
0.299 += 0.003 1 o q)
FINAL/MMILC (2015) (- D')
0. 299 = 0.011 —=— (0 O
HPOQCID (2015) © |
©0.300 + 0.0O0= - C Q
© >
=LA\ -+ <C
m I
o.= O_3 O.6
R (IO

80




