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The LHCDb collaboration

http://1lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary all.html

» ~900 physicists from ~ 70 universities/laboratories in 16 countries.
» Running since 2010, > 360 papers.
« O(100k) bb pairs produced /sec.

_

.' -’C’thiolation in the b sector
b — sll FCNC decays
Lepton (non-)universality
Exotic hadron spectroscopy (pentaquarks)




The LHCb detector
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» Covers 4% of solid angle,
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quark production cross
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A typical LHCb event

0
NPVs ~ 2 %%

nlracks ~ 200
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B decays with
ifetime of ~1.5 psS

Decay time [ps]



Run 1 and 2

Integrated Recorded Luminosity (1/fb)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2016

2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.32 /ib
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 b
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LHCD Efficiency breakdown in 2016

7] FULLY ON: 87.36 (%)

HV. 0.52 (%)

B 0AQ: 2.31 (%)
B DeadTime: 9.17 (%)

VELO Safety: 0.83 (%)
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100 200 ! Software High Level Trigger .

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

~ <> >

LO Hardware Trigger : 1 MHz

readout, high Et/Pr signatures

400 kHz
H/Hp

150 kHz
e/y

450 kHz
h:!:

- 2
Dimuon mass [GeV/c’] Partial event reconstruction, select
displaced tracks/vertices and dimuons

m (L)o011 ~ 2.7 X 1032 cm— 251
w (L)2012 ~ 4.0 X 1032 ecm— 251

E . E

Buffer events to disk, perform online
detector calibration and alignment

N2

Full offline-like event selection, mixture
of inclusive and exclusive triggers

12.5 kHz Rate to storage



b-quark cross-section

~ - r - 1 T r 1 T T ~ 4500 — 71 r r - 1 1 I
= 3000 - LHCb 13 TeV A = 4000F LHCb 13 TeV
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[PRL 118, 052002 (2017)]



The b-quark: then and now

[FNAL-E-0288, PRL 39 (1977) 252] — R ——— .
2 | LHCb
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CP violation in the uark sector
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CKM metrology VaaVily + VeaViy + ViaVis = 0

ch"i, From decay-time dependent From neutral B meson mixing oscillation frequencies
thth CP-violation in neutral B mesons with input from Lattice QCD (fz,.B5,) It =

ﬂ=arg(
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Wolfenstein parameterisation
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CKM angle 7Y

» Extracted from tree-level decays. b ? Viple™ ™
B £2 K - ¢ Do
e “Standard candle” tfor SM. b ‘4;‘ ’: c B e

o 18yl < O(1077) [Brod, Zupan JHEP 1401 (2014) 051]

 Exploit interference between amplitudes, e.g.

) - _
fD — T T ,K+K GLW [PLB 253 (1991) 483, PLB 265 (1991) 172]

\ — 0 / fDK— K+7T— ADS [PRL 78 (1997) 3257]
D8 K gﬂ' T GGS/ [PRD68 (2003) 054018]
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~ 3000F SF ' ' =
_I_ N . LHCb | ﬁ LHCb -
from B - DK™ g 1 B+
= B —[K "] K
2 1000
5

1 M 1

o ADS favoured modes /

§ 100 LHCb -
+ 29,470 £ 230 _ =
B — (K m)yK events < 50 B'SIMK K -
A
* ADS suppressed modes / -
+ + + §
e 553 x34B = (nm K)K S 100
o o -
 CP violation at 8o =
z 50
e GLW modes A
~ 400
+ + = LHCb LHCb -
e 1162 +48B — (T[+T[—)DK E 300 — _
. B ) K S ] ]
3816928 = (K+K )DK — 200 B >[K'K ] K~ 7 B*—>[K*K] K* 7
« CP violation at 50 (combined) £ 00| _ _
[PLB 760, 117 (2016)] 5100 5200 5300 5400 5500 5100 5200 5300 5400 5500

m(DhY) [MeV/c2]



Y from combination of measurements

Combination of B —s DK T measurements

[JHEP 12 (2016) 087]

* Most precise measurement of y 3 :
— N
B decay D decay Method :
BT — Dht D — hth~ GLW/ADS ]
Bt — Dht D— htr—ntn~  GLW/ADS -
BT — Dht D — hth— 7" GLW/ADS - -
Bt - DK™ D— KKt GLS B
BT - Dhtn—nt D — hTh™ GLW/ADS _
B - DK*° D— Ktn~ ADS . -
BO N DK+7T_ D N h+h_ GLW-DalitZ O e e RN ECP RO, . . . . . . . . ... ... .\ ¢\s .. lq
B - DK*Y D — Kntn~ GGSZ 50 60 70 0 00
B? — DFK+* Df — hth—nt TD y [°]

Belle/BaBar sensitivity ~ 15°

12




Neutral B meson oscillations

b Vib t Vt:; S

 Mass and weak eigenstates are not the same.

» Oscillation frequency given by mass difference
between heavy and light states.

* Ratio of oscillation frequencies can be computed

precisely in Lattice QCD (see next talk)

e Measure time evolution of flavour-defined states.

( — \ Ami _ fBO\/BBO mBO IVt_d|2
Prob(B° — BY) = 62 [cosh(ATI'/2t) + cos(Amt)] Ams f 50 \/BBO mpo |Visl?
S S
—Tt
=0 oy _ Le ™" 2
Prob(B — B") = 5 [cosh(AI'/2t) — cos(Amt)||p/q] Am = (mH — mL) ) X
Observables we
Tt -
Grob(ﬁo > EO) = P62 [cosh(AI'/2t) 4 cos(Amt)] Y ' = (FL + ]:WI'I)/2 want to measure

AFEFL—FH

13



FIaVQur tagging [EPJC 72:2022 (2012)]

» Measurements of time-dependent asymmetries and decay rates require knowledge of B

flavour at the production time.  Typical tagging power @ LHCb :

. ~ 4% modes with Jpsi :
Acp(t) = I'go,; —Dposy S¢sin(Amt) — Cr cos(Amt) - 80/0 for open Charﬁ?n ]
CP T — . O ~ (o] - -
PEO—)f+FBO_)f COSh(AFt/z)+AAFSlnh(AFt/2) S SN NN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEY
SS Pion
55 Kaon NNet >igna_ Decay
Same Side (SS): correlation between flavour of the S Proton
b-hadron and charge of the particle SS Pion BDT
(pion,kaon,proton) produced next to the signal b-
hadron in the hadronisation process. BY
Same Side -
Opposite Side

Opposite Side (OS): correlation between flavour
of the b-hadron and charge of a particle (pion,
kaon,lepton,charmed hadron) or the reconstructed
secondary vertex produced from the other b-
hadron in the event.

0OS Kaon
OS K. NNet

0OS Muon

OS Vertex Charge
OS Electron

14 OS Charm



Neutral B°® meson oscillations

oo — _,J [EPJC 76 (2016) 412}
RS LHCb —+— Data LHCDb
< 100 — Total fit” Lowest “mistag”
> ——- Signal
R Comb. _ _
- : 0 -]+
3 _ BO—D-p+v X
2 _ | .
5 05F (a ' (b) ‘:
D e —— ——— I -
1300 1850 1900 0.5F Highest “mistag” |
my. [MeV/c?] i -
~ XlOB' L L L L —
A.50F . T
E 1 LHCb
= 40 - +
~ +Data 1 _05L (¢) (d)
I —-B"signal - 5 10 5
H 20} \ i B* bkg. -
: ] t [ps]
10 - . .
: » Huge sample of semileptonic decays.

Pull

* Main systematic from B* backgrounds.




Neutral B%. meson oscillations

[INJP 15 (2013) 053021}

i; e data g e Tagged mixed
> 4000 ; . .
é) — l(t) ) = : y o Tagged unmixed
” ] B?)_) D, 400 AT 1 R —— Fit mixed
— —xr+ A s “
Z i Bs._.) DK fl-'c; A 2 Fit unmixed
3 2000 misid bkg. i " ¢
<
4= B comb bkg. S Ho0k
-C% © ' [LLHCDb
Q
a0 o "Textbook”
5350 5400 5450 5500 5550 0
(D, 7*) invariant mass [MeV/c¢’] 0

decay time [ps]

Ams = 17.768 4+ 0.023 £+ 0.006 ps—*

e 34k B) — D 7" events, 4 different Ds decay modes.

e Dominant systematic uncertainty from momentum scale of LHCb.

16



CPV in neutral B meson mixing

» So-called semileptonic asymmetry sensitive to CPV in mixing. -

RL 114, 041601 (2015);
+ BY 5 DW=ty X and BY — D ptvX PRL 117, 061803 (2016).
» Decay-time dependent measurement for BY, independent for B..
o x10 . - : te DB B° > ) —T(B° 5 B° > 1) _ Ip/al* - la/pl’
S : LHCE & P : T I(BY—» B f) +T(B° » BO - )  Ip/al? +la/p?
§ 1000:} D U —-Si+gnal _:
M 500:— """ gorll)lll()%bkg. E [Artuso et al. arXiv:1511.09466]| - tiny in SM
: - Ag = (-4.1+0.6) x 1074

I st 3 &L = (+2.224+0.27) x 10~3
S| =
g‘ 2E . —§ __ N(ft)—-N(f,t) _ Ag cos(Amt)
. - ++" KE Ameas(t) = NEf,t;+NE7,t) =72 (1 C<>Sh(A1“t/2))
= oF T+ L
2 aE 3 Visible asymmetry only

IE _ =

1 ' ' ———————= from detector effects
t [ps] 7



CPV in neutral B meson mixing

. . . 0\—( _ o
 Crucial to understand production and detection AsL(BY)=(-0.02+0.19+0.30)%
. . — O
asymmetries using control samples AsL(Bs)=(+0.39+0.26+0.20)%
» Reversal of LHCb magnet polarity a big help here! S 01 Py
m0.01- -
e Dominant systematic from backgrouna 4@ LHCb
- s Pl
/' __Theory x 10
ST T w1 & T3 0 i
§ : = LHCh 2011 —— Magnet up F 0.8F LHCb —Magnetup 3§ | | \\UJ|| T World average
é i —— Magnet down - & - — Magnet down : i
A —=— Average ] 5 061 ~
= 7 < 04 - i
I . - 1 -001F
T _________________ E 0.2 - . ".
E e * O: b 1 _: B D@ : : *)
- - | T - :_ 1 + _: muons ‘ ' D(S)MX
St - 0 0.2 :
-1 :— | | _: 041 - -0.02- average
0 50 100 o 5 10 B factory
p ('ui) [GeV/ C] p T [GeV/ C | Summer 2016 average
| | | | |
002  -001 0 001 Q02
Ag (BY)

18



CP violation in mixing+decay in the B® system

— 3500F T T T TS

) 2000 42000 tagged  LHCb E Acp(t) = Igo; —LBosy  Spsin(Amt) — Cjcos(Amt)

g 2500 signal events,  (a) _ P - Tgo,,+Tposy  cosh(AI't/2) + Aarsinh(AI't/2)

= 2000 L =

g = O P S = +0.731+0.035 (stat) £0.020 (syst)

5= & ' N E 0

"8 500 E = ...., .............. \..\....... - /¢ S C — —O 038+O 032 ( ) i0.00S (SySt)

8 0 f/ C i~ _..._L_..._: S ~ 2 L — eeeee—
5240 5260 5280 5300 5320 T KQ ™ sin 25

(MeV/C) 0-00m llllllllllllllIIIIIIIIIIIIIIIIIIIl]lllI

., V4 RN * Similar precision to the B- :
£ 03 LHCb | . 00045 |-
= 0.9 E factories, but LHCb :
= L E: : .
5 01 ﬁ\ //\§ measurement pulled "
< T - 3
- U - VA § world average up towards = .-
< —0.1F — E C. : : -
= —02F E indirect determination :
- . 0.0030
& —03F E from global fit - wopym
| L T e :
5 10 15 00025 Lo Lo Lo by Lo Lo a lu i oy

050 055 060 065 070 075 080 085 0.90 .

[PRL115, 031601 (2015)]  t(Ps) 19 sin 2p



B; CPV in mixing+decay: s

b Vi t V{E S —
S/ —0 Af
) Boy—> ]
Bs W~ W Bs \ /
B B h*h~ Q/p B?S) Af
Vis t Vie b

Oz = 2 arg(thV%"S) Pdec = arg(Ven Vi)

CP violation in interference between mixing and ¢3

; ~2emg (-~ i) = 26
decay: ¢s = —arg(Ay) = —arg (% Z—;) # 0 ¢
S

SM
SM
— —0.0376 = 0.0008 rad [CKMFitter]

Assuming we ignore sub-leading pe
hadronic contributions
20




B; CPV in mixing+decay: s

n Jp s ptpT, 0 KTK™
m Time-dependent tagged analyses (ot ~ 45fs,eD? ~ 4%).

m BY = Jh)p¢is P — V'V decay so use angular information
to disentangle CP-odd and CP-even components.

O Measure ¢3, Ams, Fs, Ars, |Af| . o
[this makes Bg — J/1 ¢ special]

NJ /¢ + S-wave

CP| JAp)e (—1)*| JAb)e

21



B; CPV in mixing+decay: s

n Jp s ptpT, 0 KTK™
m Time-dependent tagged analyses (ot ~ 45fs,eD? ~ 4%).

m BY = Jh)p¢is P — V'V decay so use angular information
to disentangle CP-odd and CP-even components.

O MeaSUI‘e ¢3, Ams, Fs, APs, |Af| . o
[this makes Bg — J/1 ¢ special]

Make flavour

e 4500 N LA L A B AL A B R R ‘\{; | | tagged decay'time
§ 4000F LHCh ¥\ Peaking 3 > 10*  LHCb ST 3 dependent angular fit
S 3500 %%lemj‘;;“;; _Z § - ¥ -‘L . in 6 bins of mKK
: ™ 3 N -~ i
lcr\]q 3000 Ngig ~ 96k "' Ap = J/YpK ™ -g S i - - | to account for KK S-wave
2 E o - T -
5 1500 = S o + **w,,._l_m 4
'c% 1000 = —é i -|++ﬂ #(1020) dominates .
O soof A 3 O 10yt ~ 2% KTKT S-wave -
i TR T PP T TR R N T SRR S N SRR ALt [T N R TR 1 _
50320 5340 5360 5380 5400 5420 ﬁ..l.lll“‘l‘l_

22 m(K*K) [MeV/c?]



B; CPV in mixing+decay: s

~ v 3500 1T+
Q S 3000 LHCb Ds —0.058 + 0.049 £ 0.006 rad
S P "
= 8 2500 B
3 3 L | By 0.964 = 0.019 = 0.007
; i . 1
E S 1se0p < G -even ~_ 1 T 0.6603 £ 0.0027 & 0.0015 ps™—
Q 1000/ CP-odd
2N S-wave 773 —1
S00F e =TT Al'g 0.0805 = 0.0091 == 0.0032 ps
0 T T T e
105 005 1 Amg  17.711 19022 £0.011 ps~!
Decay time [ps] cosB, '
s 3500 e g 3300
= s 8
S 3000 B LHCb a 3000 LHCb . . .
= \ R . * Everything consistent with the SM
RN /1€ F T S o Dominant sysmtematics from decay-time
e ~ -
g W0E N\ ) S 2000E _
8 1500 N 4 § sof. -~ ~__~-7 <4 andangular efficiencies
3 . .
1000 ez 5 1000f- e -4+ No sign of polarisation dependent s
500 //” \\\\ U 500 \\\ ,’/ \\\ ,// . . .
7 . ity - » Penguin pollution likely to be small
1._.l_.._.l_.l_..._.._.l_.l_.l_.l_.._.l_.._.l_.._.l_.l_..\. 0 i i it e s My -
07 05 0 05 1 2 0 2 J/Y
cos O qg[}ad]

[PRL 114 (2015) 041801]

hth~
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ps-Al’s global combination

AL, [ps_l]

DO 8 fb~"

CDF 1.35fb "+ D@ 2810 |  m——
------------------------------ _ 0.14} HFAG 8
| | |

95% CL  —— |

] —— 0.12 1%|.\48fb_1 68% CL contours -

99.7% CL — L (Alog L = 1.15) |

p-value = 0.031

220 from SM I 0.06f ATLAS 19.2 fb~"

_ —04  -02 00 02 04
_D_E-a, L ,-‘:? ,,,,, -:I, o ﬁ o -i o 2. o ,3 ICHEP 2016 gcs[rad]
Jihd _  anliyeé
57" = 20,777 [rad bs = —0.030 + 0.033 rad
ATy = 0.086 + 0.006 ps—1
o(¢ps) ~ +0.400 rad Dominated by LHCb [PRL 114 (2015) 041801]
o(AT's) ~ £0.060 ps—1

Unfortunately, new physics not a large effect. ..

Important to control size of unknown hadronic
24



ps from charmless B decays

m BY — ¢¢p: b — s penguin decays sensitive to NP in the loops. ¢§33 ‘SM < 0.02rad
m ¢ > KK: 5 different polarisation amplitudes = angular analysis. _ _
Bartsch et al. arXiv:0810.0249]
m Decay time resolution: ~ 43 fs.
. Tagging power: 5(1 . zw 92 — 3.04 + 0.24% [Beneke et al. NPB 774 (2007) 64-101]
m Angular efficiency from MC. [Cheng et al. PRD 80 (2009) 114026]
- LHCb §2,4:- N AL R L LR IR R IR R W—
&~ 2012 § 221 LHCb -
- ] R . E
> 10?k 4k signal E — -« B - D, x* (2011) : b S
s = 18 + 8% = D, «* (2012) E
g 0 T N B T == o S
S [ 7 \ g 1 * ~
= / N < ~ e .
2 1L N 0.8F ¥ . — .-
@) é// ------------ T, \\ 0.6 Time efficiency E S S
"""""""" 0,4;_— from control channel —'

— 0.2;_ B —
- bl 3 388 [rad] —0.17 £ 0.15 £ 0.03

2 4 6 g8 10

Decay time [ps

ek IMEVIET] by 1.04 + 0.07 + 0.03
[PRD 90 (2014) 052011] 25



As an aside...

Oth Birthday Deluxe Edition

e When LHCb Run 1 results
started to appear, the space for

-

new physics contributions . SToLE(GHR!
started to shrink, which N

orompted this response from
certain theorists...

N
y.
}/ /

SM J

SUSY %
“ ittle Higgs

o Lepton-Pnhoton 2011




Charmless rare decays

<3 b v
u S, d
W
u S d
$;d d s u

 Particular class of decays that can proceed only through so-
called annihilation diagrams

e BO->K+
of searc

K- decay observed for the first time after many years

Nes.

e This is the rarest B meson decay to a fully hadronic final state

B(B°— KTK™)
B(B?— nrn™)

|
N
-~J
QO
-
Ll
1
-
DO
-~J
Ll
Il
-
QO
(-
Ll

-0.21) x 1078,

|
~~
@)
O
-
L]
[
=
&)
W~
L]
[
-
D
o
L]
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Candidates / ( 5 MeV/c?)

-0.19 +0.40) x 10~°

-t
o)
o

100

0
o

Pull

| | | | | | | | | | |
2.2 2.4 2.6 2.8
m,..- [GeV/c?]

The signal!
Requires excellent RICH PID

[ARXIV:1610.08288]



IVub| measurement with 4, — puv,

2 B(Ay—puv) S I  Combinatorial | LIl - R T A
\ b PHVY) 12515 GeV 2 Bl Combinatoria LHCb 7 & [ LHCb
V— 5 — B ( A — A 1/-) RFF > 15000 . Mis-identified ] > . .
Ve b= AchV) 257 Gev g mopuy 17687733 ] 20 T
> VWY . AUV
5 5 8 12000 g B Combinatorial
Mcorr — \/mhp, +— PT T PT >~ 9000 & 2000 -
Q 8 -
10 eT A 5 6000 :'cdz 34255 + 571
e S 2 1000
- | S <
. : S 3000f @
------------ X I
Ap 2 : 0 - 0
PV SV sl D 3000 4000 5000 4000 4500 5000 5500
Yo Corrected py mass [MeV/c?] Corrected pK 7t mass [MeV/c?]
TN A v
Most precise measurement » Background estimated using control samples.

Vup| = (3.27 £0.15 £ 0.17 £ 0.06) X 1077 . Largest expt uncertainty from BR(L, -> pKpi)
eXP. LQCD |Vcb|

* |In agreement with other exclusive measurements (see
other talks today)

[LatticeQCD for Rgr - Detmold et al., PRD 92 (2015) 0345983]



CP-violation in b-baryon decays

* Never observed CPV in baryon sector before - potential for non-zero CPV effects in SM.

* Transitions governed by b — udu tree and b — duu penguin amplitudes of
similar magnitude. Large relative weak phase alpha

u
Ay
’ VeIV -
Vid

Ay = ph™hTh™ T
Vaup ~ )\3

S — T

d (s) }71" (K-)

=|

~
|
—

N
o *
R ARRE B ORISR~

=8
Sl /R /&R £ &/l

v

(]
=~
&8

3
S,
¢

%

r=u.,c,t
29




CPVin A} — pr~ 777~ decays

[arXiv:1609.05216, accepted Nature Physics]

e Search for localised CPV efftects, enhanced sensitivity

o ‘ il Pviolat | P-odd, T-odd
e Use 4-bo Y tOpO ogy to build P-vio atlng asymmetrles trip\e pl’OdUCtS
A~ T 1 T 1 T 1 I N T . — g . g g . O
L [ LHCH _Ralfic Cp = Dp (phf % phBL) x sin® , forAy
> " (a) — A > pr = — —0
O | b P a P ~ ) o o .
> 1500- -- Part-rec. bkg. - T P (ph'l" X ph;) x sin ’ for Ab
S 66464105 || ~Comb.bkg.
Z - B K*'m |
g 1000 N pKoT t P
[ _ P
500! E
N AN M _ : B
o . -
5.2 5.4 5.6 5.8 6 slow f T fast

m(pr rtrn) [GeV/c?] 0



_ LLHCDb Scheme B -

§ 205— g_

s OfF-g——&gggoE

g _202_ i N -

= Soap ¥°ndf=20.7/10 -

= - -

Z 90k ; :
< :

P @ @ S ® -

Ozi ¢ ¢ i $ .

—20F -

-earp™ xndf=30.5/10 -

1 2 3

|D| [rad]

* CP-symmetry p-value = 9.8x10™
 Deviation at 3.30

First evidence for CPV in b-baryon decays

[arXiv:1609.05216, accepted Nature Physics]

T i)
p
Trs—low ﬁf;st
ZA(_A) B N( 5 O) N(—Gf < 0)
B N(—Ca > 0)+ N(—Cz < 0)
N(Cz>0) - N(Cs < 0)
AT(CT) N(CA > O) + N(C’A < 0)

0, 1 A
agP @ = = S (Ap — Ap)
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Rare (FCNC) b-hadron decays




Theoretical framework

Use effective Hamiltonian to describe b -> s transitions.

Heff =

4G

th

Y [Ci(w)Oi(p) + Ci(w)Oi(k) |
N ——r’ N ——r’

’ left-handed part right-handed part

L R D R R

”'UUJP\]UJJ_'

[E—
-

I
N
o0

b S

L

g |

Tree : :
Gluon penguin i=7 photon penguin
Photon penguin
Electroweak penguin b ¢
Higgs (scalar) penguin
Pseudoscalar penguin

S 14

=9, 10, P, S

« CjWilson coefficients: short-distance physics (perturbative) couplings, p=energy scale.

« Oij operators: long-distance (non perturbative) matrix elements, e.g. from lattice QCD calculations.

« New physics can modity Cj Wilson coefficients and/or add new operators.
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Observation of B(,) — u'u~

= CKM, loop and helicity suppressed ((m,/mpg)?).

m B(BY = pp)sm = (3.66 +0.23) x 1079
m B(B° = up)syv = (1.06 +0.09) x 10—10
B [PRL 112, 101801 (2014)]

» Sensitive to scalar and pseudoscalar NP couplings, e.g.,
in MSSM B  (tan 3)°

d B)— pu”

b pr
BO t W+ZO

£

38 u
f B — p pu”

B -+

S e
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B(Bg = £T£7 )am =

SM 2
L|thth| 1CTo" |

m
Bg

c
"
g 10 W v
£ x X VA
=) v
10° ) 4 Y
§ x "
A, T
(VR . W
m 0 Y
o
-5 107
O
\o 0
S 10 ¥ CLEO A Belle
=22 * ARGUS ] BaBar
= | YV uat EE LHCb
£ 10 ¢t CDF ¢4 cms
- VYV L3 O ATLAS
00| AA DO ] ®® CMS+LHCD
' A 4 4 ' | 4 I 4 A 4
1985 1990 1995

“I'm too old for limits, I want to see signals”
Francis Halzen (EPS '15)

Year



Observation of B(,) — p"pu~

LHCb, BDT €[0.,0.25) LHCb, BDT €[0.25,0.4)

tg ‘;: 80 _l 1 I 1 ) 1 I 1 ) 1 I I 1 I I
o Low BDT | £7 - Upsilons
E 25 T _ LHCb
g’ 2 £ = \
8 —4— Data 2 40
= 15F —— Signal and background E —
v OB~ ww <
é ' Bo_' u ll 20 =
------- Combinatorial background
os5p ..... Semi-leptonic background 10 -
— — Peaking backgrou e
0 0 ' -
5 52 54 56 58 6 5 52 54 56 58 6
M [GeV/c?] mg.. [GeV/c?] 20 [PP‘I— 11 O; 021301 (201 3)] —
LHCb, BDT €[0.6,0.7) LHCb, BDT £[0.7,0.8) i
i: 18 i: 0 BO BO
%J 16 % . C 1 ] 1 1 1 i | 1 1 1 | 1 1 1 ] 1 _
= =
s : f| Higher BDT 4000 6000 8000 10000 2
g o g | m,. - [MeV/c~]
g s AT
o S afpl
|
‘ ih Calibrate mass resolution using Jpsi and Upsilon control modes
" u
S T l! X \“'--.““l Use multi-variate techniques to suppress background.
m,.. [GeV/c?] [GeVIcZ]

[Nature 522, 68-72 (2015)] 35



Observation of B(,) — p"pu~

CMS and LHCb (LHC run 1) [NATURE 522, 68-72 (2015)

e

10

MS and LHCb (LHC run |

©

N\Q : | T T T | T T T | : dlg' 0 : [T T r[rrrrrrrrRTrr1
%) 60 — —— Data ] E 0.8 —
= —— Signal and background _ = F
< 50 Bg— u'u” 7 5 07
g - —— B°— uu” ~ T 0.6 =
o _ - « = Combinatorial background - ?3, =
o 40 4 . , — e -
= - 3 . OO ----- Semi-leptonic background - 05F
O - l — = Peaking background - -
2 30 — 0.4F

= ~ -
S . W _ 0.3 =
S 7 6.20 — -
5 E _+_ A — . 0.2
D u "~, _ i
< 10 = 0.1

--------------- ha ~- L : a 0 -~ AN A |
0 -y s : Pk . _ 0 3
5000 5200 5400 5600 5800 B(BY — ut 1) [10°9

M- [MeV/c?]

BB — ptpu~) =281 x 1077

- - B(B® — ptp~) =3.9715 x 1071
Overall consistency with SM at 20. 1.4

* ATLAS sets an upper limit of BR(Bs) < 3.0 x 1077 (ePuC 76 (2016) 513]
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1

- T I L O TR RO R
5.2 53 5.4 5.5 5.6 5.7
m(K 1) [GeV/c?]

11
2 S T 0
- Z I;(g°)f;(2), I; > I, for B

- dI’ dr
Sj=<fj+ff>/(dqz - dqz)’ i ")/(@J’@)

In the end we measure each S; and A, in each bin of q2.

37

2398 + 57 events, excluding the charmonia.

= (cos 0;, cos bk, @) 4 £(e,)

» Di-muon final state is experimentally clean
signature, but BR ~ 10~ 7.

» P — V'V’ decay, fully described by
g° = m(pT )% and 3 helicity angles.

» BY - K*utu~ has rich system of observables
(rates, angles, asymmetries) that are sensitive

to NP.
[JHEP 02 (2016) 104]
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— K9t~

™ =1 ' ' ' -
| LHCb d
% I 1.10 < # <600 GeV¥e!
= 100 ~
C'! - -
) .
\ -
2
5 - -
> 30 n
X -
05200 5400 5600
m(K* 7 1 1”) [MeV/c?)
|  LHCb - =
~ 1.10 1< 6,00 GeVi/et ~
- 100 <q'< ¢ _ =
= =
g L 1 2
0 o

so—+

= S;, A;’s extracted using a max likelihood fit.

too T

0 05 1
cos 6,

Events / 10 MeV/c?

‘T

100~

! | " LHCh :
I 1.10 < ¢* < 6.00 GeV7/c* ]
i i _
100 / \ -
i / \ + _
i /
50 -
O =
0.8 0.85 09 0.95
m(K ") [GeV/c?]
T 1 '
LHCb 2 .
1.10 < ¢ < 6.00 GeV'/¢* 100
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n\n*ln

Events /0.1 &

Describe m(K ) with Breit-

Wigner for P-wave and
LASS for S-wave K7~

I |

LHCb
1.10 < ¢* < 600 GeV¥iet |

2
¢ [rad]

[JHEP 02 (2016) 104]



Lr:] I . T T
0s LHCb
- B SM from ABSZ
06 4 n
04
02 S1c = FL

00.‘..5.|..10....15...
¢* [GeV?/c]
| 1
LHCb
B SM from ABSZ

10 15
7 [GeV?/ ]

“Theoretically clean” observables -

less dependent on hadronic form
factors [Descotes-Genon et al, JHEP

05 (2013) 137].

These divide out the hadronic
uncertainties to leading order.

Sj=4,5,7,8
Vv FrL(1— Fr)

/
P,_4568=

x2-ﬁt between the CP-averaged

observables (including correlations)
and SM prediction from [EOS

software| in g? bins.

ARe(Cg) = —1.04 £ 0.25 = 3.40 from SM

Possible Z’? Leptoquarks? [many
authors]

How well do we understand
QCD-effects? [Lyon, Zwicky]
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LHCb

-SMfromDHMVE
2 R0 .3 0a0 from SM
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b — suTu~ branching fractions

BE].CSR ' Lattice -e-Data = 1o 1 | T
N SRR R B U 7 .
% B+9K+‘LL+M % I LHCb 3fb :
O LHCb 4 ° < CMS 20fo1
<t - d
2 ER- o * Many BR's of
0 2 I ! J .
S I S osh + similar decay
= + s T B .
S FJHEP 06 (2014) 133 3 8 [ 7 '[LACb, JHEP 1611 (2016) 047] modes are lower
S I . € b [CMS PLB 753 (2016) 424] - H dict
0 5 10 15 20 A S 0 s than predictions.
q* [GeV7/c?] q* [GeV Y/c*]
= 18777 T
5 9oF - T 1 T = ~ .
qlb 3 LHCb _E c\i 1.6 .SM prediction T —: d QCD eﬁe Ct?
s [JHEP 09/(2015) 179]  Eswpea § & 14F L [JHEP 06 (2015) 115 .
O?S 6_ * Data _E :%1-2 _: S G d ‘.
= SE s s ! 3 ¢ See Quadagnoli
s, . s _; e
3 3E + ] 3 2 06 = talk.
S 2E 4 T o4 =
- i fa LHCD -
= s 1015 o s 20
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| epton flavour universality
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BO N K—I-M—I-M—

* Inthe SM only the Higgs boson has non-universal lepton couplings.

* This results in SM predictions of ~unity for various decay-rate ratios. [PRL 113 (2014) 151601]

» Take double ratio with B = J/YK* to cancel possible systematic uncertainties. §300_- A LHCb -
QO i -
« Electron reconstruction is challenging, huge tail due to Bremstrahlung. E‘ZOO: (b) :
00k ’
= --LHCb -mBaBar -—a—Belle — 1 *- j
2_ L AL L LA L LR DL AL L LR B L L %10 :
-t I+ i é I
7 1.5} E
e L = R
N - N 5400 5600
-—i - L - - m(K'uw) [MeV/ce?]
b u,c,t o 1 A M
_ BBYtoKTutu™) SM, | oy f
[Isidori et al. EPJC 76 (2016)] i 2 60 from SM : L+ -
: : (d)
0 a9 o o1 45 4 4 4+ 1 4 4 4 4 1 4 4 4

o
IOIII

0.090 0 5 10 15 .
Ry = 0.7457 074 £ 0.036 2 [GeVes

[
oIll

Candidates / ( 40 MeV/c?)

S

Can expect update soon with Run 2...

4D 5000 5200 5400 5600
m(K*ete ) [MeV/c?]



I | I I I I
BaBar, PRL109,101802(2012)

Belle, PRD92,072014(2015)

I 1 1 1 1 I
sz = 1.0 contours

Lepton universality

LHCb, PRL115,111803(2015) ———= SM Predictions
~—— Belle, arXiv:1608.06391 R(D)=0.299(11) FNAL/MILC (2015)
[ ] Average R(D*)=0.252(3) S. Fajfer et al. (2012)

* CKM mechanism well tested, but room for NP it coupling more 0-35

to 3rd generation (e.g., charged Higgs). 03
« Study tree-level decays, FO — D*T v 005 F- —
* Theoretically clean predictions since only lepton mass ditters. O | | | Supe 2l -
* Experimental challenges at LHCb: 02 03 :-4 05 IR(IDO)-6

B(BY — D**ru.)

* Missing neutrino, so no narrow peak to fit

* Signal and normalisation mode have identical final state

» Background from partially reconstructed decays

B(r — pv,v,) = (17.41 £ 0.04)%
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B
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|||_

©935<q’<1260GeV/c*  LHCb

Highest g2 bin

3000

Lepton universality

» Separate signal from normsalisation using kinematic variables.

L|11||||

2000

||1||

1000

» Backgrounds estimated from data control samples.

Candidates / (0.3 GeV*/c™)

Pulls

« Template fit in bins of g2

X+ =, T * —

B =-D""p v B -D*"r v ~
. - L oo > 4000 935<q? < 12.60 GeV/c? " LHCb -
5015; g : 7 * g ot >. E At
2 - 2000l / \ ;; 2 3000
= Simulation = / \ 2 04 < :
< “0.04] ‘.3:51.\‘ “ \\\ S 2OOOE

! =\ Z o
S ' - "
RS -
00 150 Y0 5 10 E B =
E,, (MeV/c?) q? (GeV/c?)? . 500 SEhas ]()()() I 1500 . ZEOOQ(M \2/5)(
C
% M
R(D™) =0.336 £ 0.027 £ 0.030 . Dae
EEEE— — B B — D*tv
B B - D*H (= X)X
" . . B B - D*lv
Many other “R” measurements ongoing - D
[PRL 115 (2015) 111803] Combinatoria
e —————— ———— A I Misidentified u




(Exotic) hadron spectroscopy

0 ™~
D diquz
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» At the LHC, all types of b-hadrons are produced, including B, mesons. P

« LHCb making huge progress measuring production and decay properties.

_ o(B)B(BS — J/ipm™)

[PRL 114, 132001 (2015)]  [PRL 109 (2012) 232001] for compatible 7 TeV results R —
~ + + +
£ e W e B SIS o(BHB(B+ — J/K+)
% 0 o Tptal :H 1.6 -o- L HCD data —E
> 35 o Signal s 14 BCVEGPY E R = (0683 + 0.018 =+ 0009)%
- v e Background X 15 K N ——
2 30 ______ Bc+_)J/V/K+ ‘1 + 20<y <29 n
= 25 : E Q}
S .: 2.0<p_<3.0GeVic » t+ E oot
g 20 o T2.O<y<2.9 ' +++ + +—+—
:_g 15 0.6 i
ERRUS% '- + 0.4 e
G Ty L] + _ 0.2
APTTELT IO P SRR | 4 . 0= . —_— = ~3iscovered
06200 6300 6400 6500 0 S 10 15 (GeV /50 ot g e
M(J /y ) (MeV/c2) Py
BCVEGPY Ability to produce Bc has ignited ; o

o(B}) ~ 047 ub @ +/s = 8 TeV |

interest in searching for doubly-
and triply-) heavy baryons, e.g., Zpb =be..

all discovered

,,,,,,,
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B. physics: decay

» Lifetime of B_is much shorted than other b | | | : | ' '

nadrons due to presence of the c-quark. W ,4 W ¢ » q/l

e Dominant systematic from decay time efficiency. i >\AA’< y
q/v

e Many new decay modes found. ¢ ¢ b b L g e —
b decay — ¢ decay annihilation
~ 20% ~ 70% ~ 10%
— 1 T 1 11 1-55"1"'1"'1"'1"' —
_ LHCh A= T LHCb simulation A=
K 13 aé
W 12:_ =

0O Bt - JW Kt j
® B - Jihrt

0.6F

1 l 1 1 1 l 1 L 1 05: 1 1 l 1 L 1 l L 1 1 l 1 1 1 I 1 1

b

[mm/ ]

PRL 109 (2012) 232001] TBc=513.4 + 11.0x 5.7 1s
EPJC 74 (2014) 2839] TBe =509 + 8 + 12 1S

t mm/c]

[PRL 109 (2012) 232001]




Exotic charmonium spectroscopy (cC)

l.|.l(43$1) _
[¥(a260) | h=(3'P1) [22(4250)] .. (3°P+)

4.2 Xc0(33P0o)

* Many different exotic (XYZ) states have 4.4 - [no(a1S0)
been seen since ~2003.

o BESIII, Belle/BaBar, CDF/DO, LHC.

Xc2(33P2)

&
— . S 40
* Are these [QQ][qq] (tetraquarks), mesonic 5
Mp+Mp-
molecules, hybrids, threshold eftects...? B a8
= P~ Y 1> 15
: W’ (2°Sy)
e No clear pattern: need experimental, ae | (@S0 5
theoretical study to understand strong ho(11P1) vy L I
D)
interaction dynamics that can cause their 3.4 |- Xeo(1°Po) 2
oroduction and structure. — 2
30 | established cc states C-%
predicted, undiscovered o8
J/P(13S1) —
o
30 I~ [me(1780) B

QP “e &°

Lattice calculations being done to look for exotic states e.g.,
[Godfrey, Olsen, Ann.Rev.Nucl.Part.Sci.58:51-73,2008] 48 [TWQCD PLB 646 (2007) 95-99]
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Pentaquark observation ...eousoumn

%3000:— % 3
= 5500k : = LHCb
o 2500k & [nterfering A*—pK | 58w  ©
S 1 T E “~Can this be| caused by
-'UE) 2000 resonances -UE) - . .
TR S 600F reflections|in m(Kp)?
LL } / —— data Lﬁ IL'M*"W
1500} . "y
E l —— phase space 100F "
1000F :
500 : 200;
- . .I
1.4 1.6 1.8 2.0 2.2 2.4 4.0 '
My, [GeV] My, [GEV]
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Amplitude model . seomoron

= 2000[ : o oalt S + LHCb UUdCC
ST L W thos —Eme | ewb oo
= = S P (4380) = C ' +
5 F ! 5 s 5 +* M d fi
o - AE1670; 1 500F- ﬁ’ +W £ T 900 It
1200F i : oo T - |
10005— ---E}-- A(1810) 400:_ ** Mm N angu =1l
s00F- i oo ﬁ* di -
N i A(1890 : #ﬁ* Imensions
—_— @' W B WSS 999 odha. A = =
4005 o AE2110)) 200 :
—u ---%-- A(2350) - @ig@@éww @%ww@ 90
- _’ ' e4e A(2385) 100f- ..5 5 ~ ........ } ,,,,,,,,,,,
07 Y 0= = a4 4
my, [GeV] m,,.., [GeV]
i P.(4380) ™ P.(4450)7"
e J =(3/2",5/2) and (5/2",3/2) also give good fits: need 7P 3— 5F
2 2
more data. Mass [MeV/c?] | 4380 +8+29 4449.8 4 1.7+2.5
* Addition of other resonances does not give improvement. ~ Width [MeV/c?] | 205 4 18 & 86 39 +5+19
 Significance evaluated using toy simulation, including Fit fraction (%] | 8.4+£0.7+4.2 41x0.0=x1.1
systematics. Significance 0 120
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Resonant behaviour - a bound state?

* Replace BW amplitude with 6 independent complex numbers in 6 bins ot m(JAPp) in region of PCJr mass peak.

* Allows PC+ shape to be constrained only by amplitudes in Kp sector.

» Observe rapid change of phase near maximum of magnitude = resonance!
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X(4140): some history B*°— xk*/°,x - J/p¢

10———r——r————————7——————1—————
> CDF C 2 | LHCb «
e Seen by CDF, D0 and CMS g 8+ ) E | B'— J[W¢[|F2"RD 85,071 .OB(R)].
* Not seen by LHCb, BaBar, BES-IIl or Belle (in 2 PRL102,242002 |8 ¢[ & ]l
- - 0 + arXiv: 1101.6058] |8 | i I
YY fusion). 8_ T 4}
* Well above open-charm threshold but has S 4 S I mr =T
o . —_— whd 21— >
narrow width — not conventional cC. s i r
* Also second state at higher mass... 2 2 _ 300CMS, ,@|=,7,T,ev,;L,=f.'>,-2,fp*; -
C o f —+— Data -
* Full amplitude analysis of decay is essentiall © [} Samb Tves body P (ol
oo 1 11 12 13 14 15 g= A smmmind
CCSS  mpuKK)mpy) [Geviel] 2

- LR e 1D fit :
150— ] + o —

Experiment Y(4140) Y(4274) Nt
CDF[69] | M =4143.0+29+12,T|=11.7+%3 £3.7 . R P
' IPLB 734 (2014) 261] Am [GeV
CDF [100] | M =4143.4%2%+06,T 4153104 +25 | M =42744*34 +19,T =323*29176
' ' ' ' [DO PRD 89, 012004]
D@ [102] M =4159.0+43+6.6,' 199 + 126té8 — [Belle PRL 104, 112004]
CMS[74] | M=41480+24+63 [ =28"152+19 | M=43138+53+73,T=380+16  [PE>IIPRDZT{2015)032002]




S
-

§ Bf = JAPPK*

LHCb

The B* = J/AWPK* sample

4289 + 157

D W W B
S Wn
o O

mass window

for analysis ~20% background

W
-

Candidates/(1 MeV)

e Run-1 (3/tb),
o First 6D amplitude analysis to understand structure in final state 5

(N
S
-

sideband

. Three mterferlng decay chalns 100 -

. B oK J/Lp K - oK arxiv:1606.07895 s, %
) B+ - XE / { = J \|)c|>+ AMIDRLERE 5250 5300 5350
e B =-Zd¢, Z - JNWPK - my ek [IMeEV]
: $(1020) - K*K
B" rest frame g LHCb
S

K rest frame

~5% NR backgrouna

\ rest frame

o s

(2

(QK* : (9¢, A¢¢,K* : 9¢, A¢K*,</>) 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
54 m. . [MeV]


http://arxiv.org/abs/1606.07895
http://arxiv.org/abs/1606.07898

Fit results including exotic components
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o / K* states, 4 exotic X states and NR JAP ana

98 free parameters in fit
(pK* components.

p-value = 22%

* Inclusion of exotic Z states does not improve fit.
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ooking to the future
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LHCb upgrade (phase 1)

New tracking | design 2012
stations Reduce PMT gain + Y: 2 :
R new electronics S P : _ _
v J \a MS - 22 [y B,— J/yo : LHCb Upgrade Trigger Diagram
M3 = 20 |W B> nn - -
B 2 : 30 MHz inelastic event rate
5mm om Magnet SPDQ)CALHCALM = g 18— | A B,— oY ag _g=
agne > — B = ' o full rate event buildin
from M \ e RICH2 , : g o @B DK : ( g)
beam 7 I/ RICHL L 1.45 :
: t,f) or, cT 12::
New ({)lxel ; 3
VEL . ' :
BCM-U 0'81
vafinfa /- 1 0.3;
/ . — 1 R g g
B N © = 0 | Luminosity [x10 “cm s ) Buffer events to disk, perform online
/| ' detector calibration and alignment
= - N F100p
[ | I A 1 1 1 1 | | I |1 | = 90 LHCb simulation
Sm 10m ISm 20m
g 80
. = 70F F D Add offline precision particle identification
New PMT + New electronics - 5 €0 =xcel er_]t | and track quality information to selections
new electronics More Shleldmg § 50 resolutior Output full event information for inclusive
X : triggers, trigger candidates and related
& 40 = primary vertices for exclusive triggers
 Many LHCb measurements will be 30 :
.o . 20 =
statistically limited after Run 1+2. o : 2-5 GB/s to storage
L 32 33 : . -
* Increase luminosity from ~4x10" to ~2x10 % 1 ) 3
Up., [GeVi¢




LHCb upgrade (phase 1)

Type Observable LHC Run1 LHCb 2018 LHCb upgrade Theory
BY mixing ¢s(B° = Jhp @) (rad) 0.049 0.025 0.009 ~ 0.003
b5(B° = J fo(980)) (rad) 0.068 0.035 0.012 ~ 0.01
Aq(B)) (1079) 2.8 1.4 0.5 0.03
Gluonic % (BY — ¢¢) (rad) 0.15 0.10 0.018 0.02
penguin ¢ (BY — K*OK*?) (rad) 0.19 0.13 0.023 < 0.02
28°F(B® — $KY) (rad) 0.30 0.20 0.036 0.02
Right-handed 0% (BY — ¢) (rad) 0.20 0.13 0.025 < 0.01
currents (B = ¢7) /7o 5% 3.2% 0.6% 0.2%
Electroweak S3(B° — K*%utp=;1 < ¢ < 6 GeV?/c?) 0.04 0.020 0.007 0.02
penguin g5 Ap(B° — K*utp™) 10% 5% 1.9% ~ 7%
A(Kptp—;1 < ¢? < 6GeV?/ ) 0.09 0.05 0.017 ~ 0.02
B(BT - ntutu™)/B(BT — Ktutu™) 14% ™% 2.4% ~ 10%
Higgs B(BY — utup) (1079) 1.0 0.5 0.19 0.3
penguin B(B° = putu™)/B(BY — putu™) 220% 110% 40% ~ 5%
Unitarity v(B — D™ K®) 7° 4° 0.9° negligibl
triangle v(B? - DTK®) 17° 11° 2.0° negligibl
angles B(B° — J/vy KJQ) 1.7° 0.8° 0.31° negligibl
Charm Ap(D° - KTK~) (107%) 3.4 2.2 0.4 -
CP violation AAcp (1073) 0.8 0.5 0.1 =
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LHCb upgrade (phase 1b and 2)

2015 2016 2017 2018 2019 2020 2021
a1]az]a3]a4|a1]a2]a3]a4 a1 a2 ]a3]a4 a1 a2 ]a3]a4 a1 [a2 [a3]a4 |a1]az2 a3 a4 ]a1 [z a3]nd]
* LHCb-upgrade will be installed in LS2 and Ll 82, r
operate during Run-3. - PHASE 1
. 2022 2023 2024 2025 2026 2027 2028
o Puttmg thether p|ang for LHCb_upgrade a1]a2]a3]a4|a1]a2]a3]a4]a1]a2][a3]a4]a1]az]a3]as]a1 a2 ]a3]as a1 27 12z a4 a1 [a2 03] 04
. . . L
in LS3 so that it can operate in Run-4 (HL- Uy 1S3 i
: o > -LHC installati —
I_HC operatlon). HL-LHC installation o—— PHASE 2
2029 2030 2031 2032 2033 2034 2035

a1} i;i4|a1ia2}a3la4]|a1ia2{a3{a4]a1ia2ia3}a4 a1 }a: 1:3:24]Q1 {02 @3 [a4 |a1 [@2}03 04

LS 4 I Run 5 LS 5 I

- _>

 Stations in the magnet (to improve

reconstruction of multi-body final states).

* Improvements to PID via time-of-tlight

(TO RCH prOJ eCt) LHC era HL-LHC era
.| U . : 034 [ L dt 2010-12  2015-18  2021-23 | 2026-29  2031+-+
ncrease luminosity to ' (Run-1) (Run-2) (Run-3) | (Run-4) (Run-5)
ATLAS, CMS | 25fb~1 100fb—1 300fb—! — 3000 fb 1
LHCb 3fb— 1 8 fb—1 23fb~! | 46fb~!  100fb—!
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LHCb upgrade (phase 1b and 2)

1.5llll|llll‘llll|lllllllllllil
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» Charm physics and spectroscopy.

: < 10
 Preparing Eol document now. Toyst < |

60



Summary

® Huge progress in understanding the b-quark properties over the past 40
years and from using it as a platform for further exploration.

® | HCb delivering many precision results and opening new areas of
Investigation.

* b-baryons, B_ mesons, very rare decays, charm, exotic A\
spectroscopy...

® Several anomalies in Run 1 data (lepton universality, b -> s || processes).

* How will these develop as we add Run 2 and study more
channels?

Leﬁoquarks,
charged Higgs, Z’

® Starting to plans for phase-1b and phase-2 upgrades to that we can
extend programme into HL-LHC era (~2035). e

® Phase-1 upgrade to be installed in 2019, ready for Run 3.

ym - 113691004

Should be plenty of new results
for the 50th anniversary!
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Remarkable progress

2007 2010

' YT T T T Ty 1 .5 ol e l | L I
. 7 " excluded area has CL > 0.95; %
.. q i ;

15]llllllll|lllii‘,

L L
" | excluded area has CL> 0.95 . i -

3

sol.weos2p<0
(excl. at CL > 0.95) —

I .15 Pl | I l L1 11 l L1 1.1 l L1 1 1 l | I l | R -
- 40 05 00 05 1.0 15 2.0
0.5 2 _
_ P )
p

Overall picture is consistent with SM p = 0.150 £ 0.012
Still room for new physics n = 0.354 £ 0.007
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A) = pr ot phase space distributions
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» Background subtracted using sPlot [arXiv:1609.05216, accepted Nature Physics]
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IVub| measurement with 4, — puv,

. . [Nature Physics 10 (2015) 1038]
 Challenging at hadron collider to separate Hh — I

y
K

. H '/'U :
and b — cu processes without beam energy [P
constraint of e+e- machine. 0----- T P X
PV SV . DL
U
e Use Ly, flight direction and mass to determine g* with "t
two-fold ambiguity (neutrino). Require both solutions
. . . . . . = 90 I | I -
>15 GeV* to minimise migration to low q2 bins S coE  LHCb simulation ,+‘-§
% 70 . _‘_-.-._ =
: g S v both solutions -
* To cancel many systematic uncertainties we measure £ 0 . . v
: : , i= 50 ® one solution _v_-v- E
the branching ratio relative to A, — Acpvy, Ac — pKm 8 . v
O \ E
V'u,_ 2 B B(Ab—)p/il/)g2>15 GeV R E 30 v- :
Veo|2 — B(Ap—=Ackv) 25 rgay T8 3 20 . E
& 10 o E
2 2 0 T
Mcorr — \/mhu +pT —I_ PT 0 5 10 15 20
64 q? [GeV?/c4]



