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Observed deviation from SM
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Overall consistency with the SM

http://ckmfitter.in2p3.fr

http://project-gfitter.web.cern.ch/
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Latest™ UT angles

https://hflav.web.cern.ch/
|

Moriond 2018 |

™) not including some very
recent new LHCD results on y

P I T R
0.4 0.6

B=(22.2+0.7)
a=(84.9 "1, )°

y=(73.5"2_))°

y no longer least well
measured of the angles

5




Importance of y from B - DK

« y plays a unique role in flavour physics

the only CP violating parameter that can be measured
through tree decays

*
(*) i.e. without uncertainty due to short distance loops

* A benchmark Standard Model reference point
e doubly important after New Physics is observed
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Variants use different B or D decays B
require a final state common to both D° and D°



y from B" - DK™, D - KK, 1t1t, KTt

PL B777 (2018) 16

D - it (“GLW” CP+ state) D - KK (*GLW” CP+ state)

;5 _— LSk LHCb ] g 8(}0-— : : LE : LHCb _-
: - 7 = ool 11 ]
E B K T B—[n'a"] K* % 400k B-kkk [ B*>[K*K ) K*
: 2 oo .
4000¢ LHCb | LHCb | LHCb LHCh
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. . . . - - Bd: N (D*O = Doﬂ'n)hi B — D*h*r B = Dnt
CP violating asymmetries clearly visible == . ... mm. . .
Results also for partially reconstructed B — D*K decays B o (D0 Dyh N Charmess
B* - DOp*r0 Part. reco. mis-1D - Combinatorial
A..(B—DK) = +0.124 + 0.012 (stat) + 0.002 (syst)
A_,(B~D*K; D*~Dm°) = -0.151 + 0.033 (stat) + 0.011 (syst)
. — 7
A_.(B-D*K; D*~Dy) = +0.276 + 0.094 (stat) + 0.047 (syst)




y from B - DK", D - K_mtrt, KKK

3900 signal decays selected from Run 2 data
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LHCb y combination

JHEP 12 (2016) 087 &
LHCb-CONF-2018-002

Many observables with sensitivity to y — combine them!
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R*[107]

R [107]

R*— R [107]

No CP violation in charm, yet

D - Krt; PR D97 (2018) 031101 D - KK, mtrt; PRL 118 (2017) 261803
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DTDCPV In charmless hadronic B decays

0 9(BL° ~ (K*TT)(K-Tr)); JHEP 03 (2018) 140
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CP violation in BO(S) mixing

PRL 117 (2016) 061803

 Evidence of non-SM CP violation
In inclusive dimuon asymmetry

S 1

: IS

from the DO collaboration —
. PRD 89 (2014) 012002 S0

« Semileptonic asymmetries asI(BO) 1
and asI(BSO) however consistent

with SM ~ (0,0)
. a_(B) by BaBar, Belle, LHCb, DO 3
. a(B ) by LHCb, DO

—4

e Possiblility of additional
contributions to inclusive dimuon
asymmetry under investigation
« PR D87 (2013) 074020
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Re(g'/¢g)

NA48 PL B544 (2002) 97

oc

1.1
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R=1-6 Re(eg/e)

[ v?Indf = 32119
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Re(e’fe) x 107

KTeV PR D83 (2011) 092001

= (@)
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Momentum (GeV/c)

PDG Re(g'/e) = (1.66 £ 0.23) x 103

Great recent progress in theory
Currently no plans for new experiments
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Rare decays

14



Weighted candidates per 40 MeV/c?

CMS and LHCb (LHC run [}
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Recent results
from ATLAS (not
iIncluded here)
have almost
similar sensitivity
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Nature 522 (2015) 68

Combination of CMS
and LHCDb data results
In first observation of
B -y~ and first
evidence for B® - p*y-

Results consistent with
SM at 20 level
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Candidates / ( 50 MeV/c?)

LHCDb including Run 2 data

PRL 118 (2017) 191801

-9
35 T v v T T T T Tata:I y T 3 — 0.9 >:< ll-U — v T ' I~ L
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Data sample includes 1.4 fb™ collected in Run 2 |

B(BY = ") = (28 £0.6)x 1077 7.80
B(B" — ppm) = (L675g) x 107 1.90

First 50 observation by a single experiment

also best limits on B (S)°—>T+T‘ (PRL 118 (2017) 251802)



LHCDb including Run 2 data

PRL 118 (2017) 191801

g
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Z 25 i E
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First 50 observation by a single experiment

also best limits on B (S)°—>T+T‘ (PRL 118 (2017) 251802)



dBR/dcf [x 107 GeVic4

dB/dg? [10° x ¢4/GeV?

Branching fractions of b — spp
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s Data generally below model predictions at low g2
s Charmonium resonances at high g2

All measured relative to J/{ control mode — low systematic uncertainties
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Full angular analysis of B° -

K*umu

JHEP 02 (2016) 104

» B K*oy+u- provides superb laboratory to search for new
physics in b - sl*I- FCNC processes
- rates, angular distributions and asymmetries sensitive to NP

- experimentally clean signature

- many kinematic variables ...

with clean(?) theoretical predictions

» Full set of observables measured — onIy a subset shown
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Tension with SM In the P observable

JHEP 02 (2016) 104

« Dimuon pair is predominantly spin-1 = 1__ L
- either vector (V) or axial-vector (A) 0‘5:3{:}# " Boen s

* There are 6 non-negligible amplitudes  ——=7> :
~ 3 for VV and 3 for VA (K*ou+p-) osf ZI_ | L
- expressed as AR, | (transversity basis) | \ = | t it

K O A T TR

q* [GeVH 4

« P.'related to difference between relative phase of longitudinal
(0) and perpendicularly () polarised amplitudes for VV and VA

— constructed so as to minimise form-factor uncertainties
L AL= R AR=#*
P — /3 Re (AUAJ_ — Ay AT )

B+ LARE) (14F + AR + A% + |52

Sensitive to NP in V or A couplings (Wilson coefficients C ¥ & C_ )

20



Tension with SM In the P5' observable

JHEP 02 (2016) 104

 Dimuon pair is predominantly spin-1 =" 1 T " U licas - anasaa
— s Belle data CMS data ]
- either vector (V) or axial-vector (A) 05 ! [ SM from DHMYV
- B 7 SM from ASZB -
 There are 6 non-negligible amplitudes 7] :
- 3 for VV and 3 for VA (K*op+u-) -osf 2 e
- expressed as A-R,, | (transversity basis) _| b E
0 10 15

g> [GeV?/c*]

Can non-perturbative QCD effects can affect the SM prediction?
Recent theoretical progress to address this in a data-driven way

(e.g. arXiv:1707.07305, arXiv:1709.03921)
Indications that uncertainty is not significantly underestimated

Sensitive to NP in V or A couplings (Wilson coefficients C ¥ & C_ )
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Towards full amplitude analysis of B - K®[*|-

non-negligible
hadronic

contributions
at low g

e Fit to Kypy mass distribution

Candidates / (4
I

EPJ C77 (2017) 161

CLHCb

—e— data

------- short-distance

resonances
------- interference
background

total + i

¢
[

IIIIIII|III]IIIIIIIIIIIIIII

1 L I 1 L 1 1 I [ 1 L 1 I [ [
1000 2000 3000
my; [MeV/c?]

TR R
4000

 muon decay angle can be included in future (muon polarisation cannot)
» Working to do similar for K*°up

* need to handle background contributions from exotic hadrons

e e.g. Z(4430)K* - P(2S)mK* - pyurrK*
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Fighting charm loop uncertainties:

I*]- - wv

~ T T
SM b = DY [ _ B -
f v 3 2
A s
WG B i | s
b _ I.f’ N " _ S bL _ ]\:-" - \‘.ﬁl . SL | I.% L;g.l
o u,c,t o o Y B
X
SM nght Dark Matter XD\I ®  BaBar hadronic == SM prediction
/ @ Belle hadronic A Belle semileptonic
H — ABar sermilentonic
i _1512_011_ o _— x A B,]R.!Ilht 1mile pltmlu .
/ S W t t e '
b _ s b _ /\Ifu B . ¢ o
u,c,t W 1o 2 |l e
- & °
- g— g Q . ,
. . | ® A
Belle Il Prospects for Neutrino Electroweak Penguin Decays | S
Observables Belle 0.71 ab™! (0.12 ab™!') Belle Il 5 ab™! Belle II 50 ab™! Q\E ‘ A
Br(B* — Ktyp) < 450% 30% 1% s — | — A
Br(B = K*9vp) < 180% 26% 9.6% E
Br(B*Y = K**wi) < 420% 25% 9.3% o -
F{ (B[} — K05 i7) 0.079
Fr(B* — K*tvi) - - 0.077 -
Br(B" — vp) x 108 <14 < 5.0 <15 100 - ' ' -
BrEBH — vi) x 107 <97 <11 Kiow Ko o Kow wiow 2w ow phoi
: N B decay channel
_ N\
23

within a factor of ~2 ... very exciting for Belle Il




2016 results for Kt — 7wy WﬂEZQd

0.12

— - . _
S o R NA62 p1|1'elim|nary 2016 data
g 008:.-; g 2 ':’;..- — 4 data 12)‘(10 K dECElYS
g u.oa% SES =(3.15 £ 0.24) x 10-1°
& 0_04;_;; N Expected signal 0.267 = 0.038
0.027 Asmedmomvne ¢ o w L aF . . | Expected background 0.15 = 0.09
., 022 .. _\.—:' RIS - 1 event observed in R2
0'045: BR(K" — n*w)
_“'06%. gAﬁz pLellm;pi;y S EW 2018 <14 x 10 * (95%CL)
g e e <10 x 10 ** (90%CL)
' 15 20 25 30 35 _ nQ+44 ~11 (RRO
» [GeV] =28+ .. x 10~ (68% CL)
Background source Expected events R1 + R2
K* — mtvv (SM) 0.267 = 0.001, = 0.029, , +0.032,,,
K — ?Z'+JI'U(]J|B) 0.064 + 0-007stat o 0.0065},5
Much more data K+ — uv(yg) 0.020 + 0.003,; + 0.003,,
ontheway — p~_, ooty 0.018 +0.024_ o +0.009,
K-> rtrrt 0.002 + 0.001, +0.002,,

Upstream background
Total background

0.050 + +D'DQD—D.DSD

0.15 = 0.09,,,, = 0.01,,,
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1
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d ) '&
!O‘ﬁp'
KOTO is based on KEK-E391a

E391a result = current exp. value:
BR(K, — n'v) =2.6 x 108 (90%CL)

KOTO run history:

2013 pilot run (100 hrs)
BR(K, — n'vv) =5.1 x 10-8 (90%CL)

2015 run (result coming soon)
» 40 kW slow-extracted beam power
» 3e19 pot collected

2016-2017
» Beam power increased to 50 kW
* 3e19 pot collected (6e19 total)

» With all 2015-2017 data, expected
sensitivity below Grossman-Nir limit



Lepton universality
R = B(B - Kpu)/B(B - Kee)

Deficit of B — Ku*u~ compared to expectation PR IS () ST

also seen in Ky'p/Ke'e™ ratio (R )

e LHCb g BaBar 4 Belle

Example mass fit for Ke'e™ v T T T
Note huge tail due to energy loss R : LHCb 1
e - 1.5F il .
NQ 40_ _ - —
S + LHCb - -
= 30F J( : 1 +
% C (d) 1l i SM
7 20k - i o=
s 0.5 ~
-':é 10 - -

O ; i
0 Ob——— L e
5000 5200 5400 5600 0 5 10 15 20

m(K*e*e") [MeV/c?]
g2 [GeV?/c4]

R (1 <0< 6GeV?) =0.745 0% +0.036

—-0.074

26

Only 2.60 from SM but suggestive



Lepton universality
R = B(B - Kpu)/B(B - Kee)

PRL 113 (2014) 151601

Def|C|t Of B I 1T ~Acramnarod to oavnoctation
also se

Exampler1 >500 citations T
Note huge tai | |l LHCb -

]
o —

: { SM

5000 : . . . , | , | T
g2 [GeV? 4]

o8} =
? T I?
====4=====
T L
I
g
|

\®)
S

ja—
)

Candidates / ( 40 MeV/c?)

2014
2015
& 2016
2016.5
2017
2017 .5
2015

e

R (1<0?<6GeV?) =0.745 "  +0.036

—-0.074

20145
2015.5

27

Only 2.60 from SM but suggestive



Pulls Candidates per 34 MeV/c?

Pulls Candidates per 34 MeV/c2

5

5 [ e S e Bt E

0 S e P g EESSsmseeTEm—T
4500 5000 5500 6000

R..= B(B - K*up)/B(B - K*ee)

e LHCb

seE s L e BSkileo
Combinatorial

15 B—Xe*e

0.045<¢%<1.1 [GeV?/ ¢4

. }

] S ———— l _____________________ :

0 Bl R, e s
4500 5000 5500 6000

m(K*mete™) [MeV/c?]

: LHCb
clim e e e s Bk o
25 Combinatorial
20 B—Xe fe‘

Bl B —KJy

1.1<q2<6.0 [GeV*/c4]

m(K*mete™) [MeV/c?]

JHEP 08 (2017) 055

2-0 T I [ |||||
. 2 _250
= sk per bin
10 L. -~ S R ]
0.5 ® LHChH ]
N BaBar -
i LHCb Belle ]
OO TR N | | [ I S B B
0 5 10 15 20
2

¢ [GeV?/c']

Clearly below the threshold for mass hysteria
But consistent picture with other b - sl*I” anomalies

Can be explored model-independently (up to SM
uncertainties) using operator product expansion
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b - sl'I” global fits

Many interpretations appeared on hep-ph 1
Plots and table shown here from arXiv:1704.05435 0] P

See also, e.g., =7 2%
* arXiv:1704.05340 (more “optimistic”) C Wt 7

« arXiv:1704.05447 (more “conservative”) "INS --'__::_t_'.'.}_-{}.-:

LFT oleerambles

(Iﬂf‘ﬂ‘ best ﬁt’ lo 20 plLll B — s g global fit

c‘g _159 [_215’ _113] [_29[}’ _DTSI 4. Qe all, Aivelold non-FF hadr, nneert.
o +1.23  [+0.90, +1.60] [+0.60, +2.04] 4.30 S
75 +1.58 [+1.17, +2.03] [4+0.79, +2.53] 4.4¢

LT 05 1.0 1.5

'.J,'_S )
Re(Cy

o ~1.30 [—1.68, —0.95] [-2.12, —0.64] 4.40 Salmfty - /
1 y | Iff-_w\. I|
Ch =-Cf, —-0.64 [-0.81, —0.48] [-1.00, —0.32] 4.2 wl A} :;,.-;/ -, | I|
Cs = —Cfy  +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.30 H || I
] | 147 + | I,' '{IIII
Oyt ~0.00 [-0.26, +0.25] [-0.52, +0.51] 0.00 yo 8 l"” ey
e 4+0.02  [—0.22, +0.26] [—0.45, +0.49] 0.1 & o, LA "J,"f'
Co® +0.01  [—0.27, +0.31] [—0.55, +0.62] 0.00 S/
Cie —0.03 [-0.28, +0.22] [-0.55, +0.46] 0.1 "1 /
y LFL aleerahbles
L0 - h— s global fi
h lawvio all
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b - sl'I” global fits

Many interpretations appeared on hep-ph s vy -

Favoured models to explain some or all anomalies include

new vector mediators (Z’) or leptoquarks
(e.g. JHEP 17 (2017) 040, arXiv:1706.02696, arXiv:1708.08450, arXiv:1709.00692, ...)
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4
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B° E B° KO
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B - D™1v world average

Tension with SM at 4.1o

0.5

R(D*)

0.45

0.4

0.35

0.3

0.25

0.2

B I I I 1 I 1 I I 1 I 1 1 I I 1 I I 1 I ]
~ ———— BaBar, PRL109,101802(2012) ; _
- = Belle, PRD92,072014(2015) Ay~ = 1.0 contours .
u LHCb, PRL115,111803(2015) . -
— Belle, PRD94,072007(2016) SM Predictions ]
- = Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) ]
L ——— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015)
| [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) _
—  do —
- 20 -:
__ el - ----___,r' -
n ‘ FPCP 2017 ‘Z
— P(y?) = 71.6% —
I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I
0.2 0.3 0.4 0.5 0.6

Careful averaging needed to account for
statistical and systematic correlations

R(D)

R(D*) = 0.304 + 0.013 + 0.007
R(D) = 0.407 + 0.039 + 0.024
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a3 Should we believe LFU violation?
Yes No, not yet

s R measurements are double = Statistics are marginal in
ratio’'s to J/y, LHCD’s check each measurement
with K*J/y—ere/p = Need confirming evidence
=1.043+0.006+0.045 in other experiments for R,

m BB —Ke*e) agrees with & Ry-
SM prediction puts onus on 5 pjsturbing that R is not
muon mode which is well ~1 in lowest g2 bin, which it
measured and low should be, because of the

= Both Ry & Rg- are different photon pole
than ~1 = Angular distribution

m Supporting evidence of evidence can be effected
effects in angular by hadronic uncertainties

_distributions
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When are the updates coming?

Present effort | First result

intensity

w0

Specificity

First result | Runi1+Run2
expected stat.
precision (%)

precision
(stat+syst)(%)

R(Ac) *¥KH
R(J /) EE

R(D°),R(D*) ~ ***
R(D,) iy

“\@1\\3 —

7+15 Fall 2018

3 w pin 1/2
20+10 Winter 10 \ Be

" o\
7 Xj\{.(\\
5+10 OQZ 20 3

Very low SM
uncertainties

Sum of Ds
and Ds*

No higher
level
feeddown

No Higher
level feed-
down

7+10 2020 5 Vub cf
annihilation

10+10 2019 /i
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Weather forecast

Present effort | First result First result | Run1+Run2 Specificity
intensity precision expected stat.

(stat+syst)(%) precision (%)

R(A) ok 7+15 Fal-0:8 3 \h bin 1/2

R(J/v) FxH 20+10 W. 10

20:8 ) X'\ 4
R(D),R(D*)  *** 3+7 20 W\% Very low SM

\5\ uncertainties
R(D,) * 5+10 OQ' , 3 Sum of Ds
\ﬂ and Ds*
R(D*¥) * % 2G'9 7 No higher
e(“ level
\Ii\‘( feeddown
R(A*)) 6 10+10 2019 7 No Higher
level feed-
down
R(p) - 7+10 29, 5 Vub cf
annihilation
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When are the updates coming?

Soon!



When are the updates coming?

“Do not look sad. We shall meet soon again."

"I call

S00N. e '}

— C.S. Lewis, The Voyage of the Dawn Treader
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(9-2), at FNAL

)

3) Muon spin precession relative to
momentum in cyclotron is directly
proportional to a,

g — 2) eB eB
= ——-
2

Wqa — wb’ - wC: (
mc mc

1) Inject polarized muon source

Sy - Su~

II- ..... H.
Py U LA pH_
h = l h = l

@ M 3 3B M
i es)

BE2 B4 606 6hE
time fus)

4) Highest energy decay electrons emitted
when spin and momentum vectors parallel
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(9-2), at FNAL

After spending most of year
finalizing commissioning, started
physics production running in early
April

Have > 1.2 x BNL on tape

Collecting a BNL-sized data sample

every 6 weeks!
— 5 weeks left in this run

Aiming to publish results exceeding
BNL precision by Summer 2019

54

=
L

Integrated POT
LFY)

15t publication
(>1 x BNL
statistics)

>

2" publication
(5-10 x BNL
statistics)

3" publication
(>20 x BNL
statistics)

Integrated Raw e* as % of BNL (p~)

CY18 CY19 CY20 CY21
40



SuperKEKB/Belle I

New intensity frontier facility at KEK
* Target luminosity ; Lpeak = 8 x 1035cm-2s-!
= ~10!0 BB, T*T- and charms per year !

Line > 50 ab-!
 Rich physics program
Search for New Physics through processes sensitive to virtual heavy particles.

New QCD phenomena (XYZ, new states including heavy flavors) + more

Peak Luminosity Trends (e+e- collider) SuperKE KB
1036 == ' ! ' !

‘H}Iﬁms higher | J |

uminosity KEKB

- peak (KEKB)
PEP Il _2 | % 1 034cm-2s-

—F. x‘"

1870 1880 1880 2020

The first partrcle collider aﬁer the LHC ’
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SuperKEKB Accelerator

® Low emittance (“nano-beam”) scheme employed (originally proposed by P. Raimondi)

M&Chine parameters present KEHB (thout crab) , ‘;;mm_‘
- . ~50nm
SuperKEKB KEKB ¥ i A
LER/HER LER/HER ey 7/ A 100y /-
; ;qrﬁ‘rhr;hﬁm";-;'__i--- 22mrad rooum s Ty
E(GeV) 4.0/7.0 3.5/8.0 crossing angle 83 mrad
crossing angle
&x (nm) 3.2/4.6 18/24 .
x20 -
-7
(By at IP(mm) 0.27/0.30 5.9/5.9 ) et cupsrconducking final
b 32125 120/120
IP(mm)
Rsplace short dipelss with
Half crossing 415 1 R

angle(mrad) ’ X2 '—'H—'JHJHH'J'—M—"
( IA) 3.6/2.6 1.6/1.2 ) WETYTETNT P

Redesign the lattices of both rings to D nping g #
§
L

. Pudilr woloe

Maw positron target f capture 1 I|'. I
section »
ik Inject ) Late ['1+u;.' RL]
m' \ 2\‘.‘?} \ U’: | H1
l. - x 40 Gain in Luminosity

raduce the amittance

Lifetime ~|0min | 30min/200min ‘..ﬂf

Lo emittance gun
TiN-coated bearm pipe with v Ll

antechambers in LER Loy emittance electrons to

L(cm-2s-1) 80 | 034 2.1% | 034




Belle || Detector

Deal with higher background (10-20x), radiation damage, higher occupancy,
higher event rates (LI trigg. 0.5—30 kHz)

Improved performance and hermeticity

Belle Il TDR, arXiv:1011.0352 KL and muon detector
Resistive Plate Counter (barrel outer layers)

Scintillator + WLSF + MPPC (end-caps , inner 2

\wbarrel layers

EM Calorimeter
Csl(Tl), waveform sampling

Pure Cs| + waveform sampli
L

/53

—
_H-""-H-..._

—
electrons (7GeV)

-~ - _, ntification

agation counter (barrel)
Aerogel RICH (forward)
x lower than in Belle

Vertex Detector
2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

positrons (4GeV

Smaller cell size, long le

.,

Belle I
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Phase 2 Comm|55|on|ng

---------
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Entries / (0.001 GeV/c?)

First signals appear in Belle I

3(-!03 L L ] [ L U
15[ Bellell N iﬂ det=~5 ob” ]
- 2018 (Preliminary) - .
[ { | E>015GeV |
I + ]
1.0 N -
I A . i
[ . ]
i \ ]
0.5 N ﬂu’j R*M‘.',Mﬂ*u*l";f
MM‘Q‘.M* -
00 [ L PR PR TR P L | ]
0.08 0.10 0.12 0.14 0.16 0.18
2
m,, (GeV/c?)
r\}; :-|-|--||1--|r1-r|||-r-||]|-|-|r-|-]|-|--|-|--rr|—
By t :
51000 } fL dt=~5pb" ]
o
S 0 t Belle ll 2018
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600 t b4 ]
YR IV P4 bht et B
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200 .
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D -
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Integrated Recorded Luminosity (1/fb)

Excellent LHC data taking

LHCb Integrated Recorded Luminosity in pp, 2010-2018

- .
= ™
2 ....... .
1.8
; .
‘I.E; .......

2018 (6.5 TeV): 0.51 /fb

2017 (6.542.51 TeVi 1.71 fb + 0.10 b
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /b
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 111 /b

.............................................................................................................

.............................................................................................................................................................................

..................................

2012

Month of year
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Beyond Run Il — the LHCb Upgrade

Beyond LHC Run ll, the data-doubling time for LHCb becomes too long

- Due to 1 MHz readout limitation and associated hardware (LO) trigger

However, there is an excellent physics case to push for improved
precision and an ever-broader range of observables

Will upgrade the LHCb detector in the LHC LS2 (2018-20)

- Upgrade subdetector electronics to 40 MHz readout

- Make all trigger decisions in software

- Operation at much higher luminosity with improved efficiency
» order of magnitude improvement in precision (compared to today)

Upgrade will be performed during LSII (now expected to be 2019-20)

- Restart data taking in 2021 at instantaneous luminosity up to 2 1033/cm?/s
- Upgrade detector qualified to accumulate 50/fb
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LHCb-TDR-{13,14,15,16}

LHCb detector upgrade

* | RICH 1 redesigned; new photodetectors Mg M3
.| for RICH 1 and RICH 2

' - HCAL
Magznet :
. l ; agne .. -""--.____* RICH? ECAL

SciFi

RICHI | 1

..... fﬂ
LIT \b_..r* f

Replacement of full =—=—— | | | |
tracking system . Calorimetery and muons:

: : ' - Redundant components of system removed;
new electronics added; more shielding included

+ novel trigger and offline data management strategies 48



LHCDb & upgrade sensitivities

Table 28: Statistical sensitivities of the LHCh upgrade to key observables. For each observable the expected sensitivity is
given for the integrated luminosity accumulated by the end of LHC Run 1, by 2018 (assuming 5fh 7" recorded during Run
2} and for the LHCb Upgrade {.’]{]fl}_l}. An estimate of the theoretical uncertainty is also given — this and the potential
sources of systematic uncertainty are discussed in the text.

Type Observable LHC Bun 1 LHCL 2018 LHCb upgrade  Theory
B! mixing ds( BY — Ji) (rad) 0.050 0.025 0.009 ~ 0.003
du( BY — Jfib fo(980)) (rad) 0.068 0.035 0.012 ~ 0.01
AL(B%) (10-3) 2.8 1.4 0.5 0.03
Gluonic M (BY = o) (rad) 0.15 0.10 0.023 0.02
penguin ¢ BY = K*K*) (rad) 0.19 0.13 0.029 < .02
23N BY — oK) (rad) 0.30 0.20 0.04 0.02
Right-handed ¢=H(BY = o) 0.20 0.13 0.030 < (.01
currents (B! = ¢)/ T B 3.2% 0.8% 0.2%
Electroweak S3(B" = Kt 1 < ¢° < 6 GeV-/c?) 0.04 0.020 0.007 0.02
penguin g Arp(B" = K% u™) 10% 5% 1.9% ~ T%
A Kptp—: 1 < g? < 6GeV3 oY) 0.09 0.05 0.017 ~ (.02
B{BY = atptu~)/B(BT = Ktutu~) 14% T 2.4% ~ 10%
Higgs B(BY = putpu—) (1079) 1.0 0.5 0.19 0.3
penguin B(B" = utu ) /B(B! = ptu™) 220% 110% 40% ~ 5%
Unitarity ¥ B — DK 7° 4° 1.1° negligible
triangle 4(BY = DFK#) 17° 11° 2.4° negligible
angles A(BY = J/v K 1.7° 0.8° 0.31° negligible
Charm Ap(D" = KTK~) (107 3.4 2.2 0.5
CP violation AAdep {1{1_3} 0.8 0.5 0.12

Will not reach limiting theory uncertainty!




Personal view — not an official schedule!

LHC long term future

Bearing in mind that “Europe’s top priority should be the exploitation
of the full potential of the LHC” it seems natural to aim for a further
major LHCb upgrade during LS4

2013/14 2019/20 2024-26 2030/31

Run 1 LS:I. Run 2 LSZ Run 3 LS3 Run 4 LS4 Run 5

Energy upgrade Luminosity upgrade
LHC machine
Detector Consolidation Major upgrades Consolidation
completion to handle high lumi
ATLAS & CMS
Consolidation 40 MHz upgrade Consolidation Major upgrade
LHCDb to handle high lumi

Upgrade during LS4 will allow to increase data sample
50/fb - 300/fb
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Expression of interest for “Phase II” upgrade

* |ncrease total integrated luminosity
50/fb — 300/fb

* |mprove detector capabilities
(options currently under discussion)

- Improve EM calorimetry

— Increase tracking acceptance
- reduce material
- add timing to control pile-up

Lpporiuniies n Rasour physics
sl Bergond, 10 Bhe HL-LRL el

 Enhance HL-LHC discovery potential

Expression of Interast
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The LHCDb detector

 LHCDb designed as a forward spectrometer

The LHCb Detector
JINST 3 (2008) S08005

* In high energy collisions, bb pairs produced
oredominantly in forward or backward directions

/ / Magnet RICH2 1) bz =
L] T2
RICHI \“;% !
W T =
Tte j;
ogato | —
'
/ P 17 B /
‘ s T
! Tim Gershon Precision primary and secondary Excellent K/t separation
\ /\Highlights and praspects vertex measurements capability
SR ANL e
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The LHCDb Run 1 trigger

Challenge is

« to efficiently select most
Interesting events

« while maintaining
manageable data rates

Main backgrounds

 “minimum bias” inelastic
pp scattering

e other charm and beauty
decays

Handles
- high p_signals (muons)

 displaced vertices

Tim Gershon
! nghllghts and praspects

S

JINST 8 (2013) P04022

40 MHz bunch crossing rate

=~ > >

LO Hardware Trigger : 1 MHz

readout, high Ev/Pt signatures

400 kHz
H/Hp

UUO

[ Software High Level Trigger

\__selection algorithms y

29000 Logical CPU cores

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive

o Ir It

5 kHz Rate to storage

2 kHz I“:l:::e y 1 kHz
Inclusive Muon and

Topological DiMuon

Y

Exclusive
Charm
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Selected physics topics

Topics and observables

EW Penguins

Global tests in many b — spup~ modes
with full set of precision observables;
lepton universality tests; b — dlTl™ studies

Photon polarisation
A% in BY = ¢v; BY = K*ete;
baryonic modes

b — ol i lepton-universality tests

Polarisation studies with B — D'*)r—i7;

7=/ u ratios with BY, A} and B} modes
] [ —

BY.B"—wputp

R=B(B" = utu~)/B(BY = utu~):

TEI ypty-; CF asymmetry

LFV 7 decays

T —+ ;1"';1_;1_, T —% Fr."';x_;i_,

T —

CKM tests

~ with B- = DK—, BY — DY K~ ele.
de with BY — J/uKTK~, JjvnTn~
%% with BE —+ ihh

AT /T,

Semileptonic asymmetries ”fl:#
Visl/|Vis| with Af, BY and B modes

Charm
(C'P-violation studies with D" — hth—,
DY — K7+ a7~ and DU — K¥atatq

Strange
Rare decay searches

Experimental reach

eg. M0k BY — Krptp= & 70k A — Aptp—;

Phase-II b — dutp™ = Run-1 b — sptpu—
sensitivity.

Uncertainty on A~ == 0.02;
~ 10k A = A7y, 5 = S, O = Oy

eg. 8M B — D%t v, 77 = g v
& ~ 100k 7~ = o wtar (7 e

Uncertainty on B =~ 20%
Uncertainty on mgo_, .+, - = 0.03 ps

Sensitive to 7~ — pTu—p~ at 1077

Uncertainty on ~ == (0.4°
Uncertainty on ¢, = 3 mrad
Uneertainty on ¢ =~ Smrad
Uncertainty on AT /T ~ 10~%
Uncertainties on uff"‘ ~ 101

e.g. 120k BY — D=,

eq. 4x10° DY - KtK—;
Uncertainty on Ap ~ 107"

Sensitive to K — ptp— at 10712

Remarks

Phase-1T1 ECAL required for
lepton universality tests.

Strongly dependent on
performance of ECAL.

Additional sensitivity expected
from low-p tracking.

Phase-I1 ECAL valuable
for background suppression.

Additional sensitivity expected
in C'FP observables from Phase-11
ECAL and low-p tracking.
Approach SM value.

Approach SM value for af.
Significant gains achievable from
thinning or removing RF-foil.

Access OF violation at S values.

Additional sensitivity possible with
downstream trigger enhancements.




Limitation is here

LHC upgrade and the all important trigger

higher luminosity

— need to cut harder at LO to keep rate at 1 MHz

~> =~

— |lower efficiency

L3

[ Software High Level Trigger
29000 Logical CPU cores

time constraints

\__selection algorithms

Offline reconstruction tuned to trigger

Mixture of exclusive and inclusive

o 7

5 kHz Rate to storage

2 kHz
Inclusive/
Exclusive

Charm

2 kHz

Inclusive
Topological

= ]
2 .
2 25 = T .
<C >
T - o
o Loy .
N 2 o
> T Yy /
- -
Iy
o o D K 7’
= 1.5 * v
= ,
T |
0.5
1 kHz .
Muon and . Already running here
DiMuon
ﬂ L]
05 1 15 2 25 3 35 4 45 3

Luminosity (10%cm” 5-'%

 readout detector at 40 MHz
« implement trigger fully in software — efficiency gains
. runatL__upto 2 10%/cm?/s 57



LHC upgrade and the all important trigger

LHCb Upgrade Trigger Diagram

(full rate event building)

~> =~

Limitation is here

oooooooooooooooooooooooooooooooooooo

. Software High Level Trigger

450 kHz 400 kHz 150 kHz Full event reconstruction, inclusive and
h* H/Hp e/y exclusive kinematic/geometric selections

~ < <
[ Software High Level Trigger

29000 Logical CPU cores Run-by-run detector

Offline reconstruction tuned to trigger calibration
time constraints *

!

Mixture of exclusive and inclusive
\__selection algorithms J

: : : Edd offline precision particle identificatiorj

5 kHz Rate to storage and track quality information to selections

Inclusive/
2-5 GB/s rate to storage

2 kHz 1 kHz
Inclusive

Topological

Exclusive
Charm

 readout detector at 40 MHz
« implement trigger fully in software — efficiency gains
. runatL__upto2 10*/cm?/s 58



B~ @up
JHEP 09 (2015) 179
* Full angular analysis performed
* Not self-tagging — complementarity to K*u+pu-
- only a subset of many observables shown

_'llﬁﬁ'_""l--- . — s —

hY S LHCb ?
% [ ]
& LOF 3
= [ + ]
< 0.5k —t— [
S —— + =
% {'L.“'_ ...... e
3 : :
% _{}‘5' MNP B 2 W NS
= 5 10 15

g2 [GeV?/c?]

Tension in branching fraction, but angular observables consistent with SM

\

Tim Gershon ) . ) ~ ) . 59
Highlights and prospects Consistent picture in b — sI'lI” branching fractions

\"'--_—-f'




B - D%y

« Powerful channel to test lepton universality

- ratios R(D™) = B(B - D™1v)/B(B - D™®uv) could deviate from SM
values, e.g. in models with charged Higgs

* Heightened interest in this area
PRL 109 (2012) 101802

- anomalous results from BaBar & PRD 88 (2013) 072012
— other hints of lepton universality violation, e.g. R,

Belle 2007

BaBar 2008 [ H H—e——

—~~
-k

Belle 2009 —_ e - E— g
g

Belle 2010 H——c—H f———o——+—1

BaBar 2012 H+eo—H H—e—H

o2 04 06
R(D)
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B - D*tv at LHCD (1)

Identify B » D*tv, D* — Dm, D— K, T- vy PRL115(2015) 112001
— Similar kinematic reconstruction to A, - puv

» Assume pg, = (Pp- + P), t0 calculate M. > = (Pg — Pp- — P)?
- Require significant B, D, 1 flight distances & use isolation MVA
Separate signal from background by fitting in M2, g2 and E,

- Shown below high g2 region only (best signal sensitivity) e

935 < {|': < | 2.60) l:l::q,‘\-r'l: 935 < "=|: < 12.60 “:-I-[‘_\vr]_‘ - E—-D Hc{—} h"}{}x
- T T T T T T T - T T T T T T T T T T T T T T T - B — D**h.’
{ - * C B E—-Duv
3000 = 3000 . .
& X n - Combinatoric
e 2000 = 2000F Misidentified p
= i 5 -
£ 1000= D 1000k
; - B
2
=l -

e

1000 1500 2000 51
E *(MeV)

6 8 10 T

m?.  (GeVie*)

nnnnn

(D

Pulls

Pulls

300 000 T300 3000 T300

R(D*) = 0.336 + 0.027 + 0.030
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B - D*tv at LHCDb (II)

PRL 120 (2018) 171802 &
PR D97 (2018) 072013

« EXxploit excellent LHCb vertexing to reconstruct 1— 31t(11°)v decays
- Background from B - D*D,—~ D*3mtX controlled with MVA

2200

« Separate signal from background by fitting #:

L o~
5 1200 2 1000

- Tdecay time & g2 Io
« Normalised to B—-D*D

600

=]
400 5 400
=1

200 < 200

* 1400 5 1000.
¢~ D*3T “E -

1000

- converted to R(D*) using PDG BF values

(/1 B R RS AR AN AR AR AR L

800

600 -
Ll 100
400

200

. 200 C

BaBar hadronic tag : =
PRD 88 (2013) 072012 b H—— !

0.332+0.024£0.018 : 500 500 =

LHCDb has also tested | :
PRD 92 (2015) 072014 [ —) 400 400 |

0.293+0.038£0.015

lepton universality using

B_— J/ytv / J/pv samsomrool | .

PRL 118 (2017) 211801 e
0.270 £ 0.035 + 0.027 :

100 F
LHCb muonic E

PRL 120 (2018) 121801 Ay |

60
LHCb 3-prong

—+ Data
[ — Total model
OF mmp Dy,

LHCb-PAPER-2017-017 ettt
: 20F B—> D"ttv,

0.285+ 0.019£ 0.028

§ B~ D"D'(X)

LHCb average —n
30 EMB - D DY(X)
0.306 = 0.016+ 0.022 s D“j;ﬁX
Fajfer et al. (SM) ' 20F BWB - DD (X)
PRD 85 (2012) 094025 W 8 Comb. bkg
0.252+0.003 10
e SR Se iR b Shiein| e RS RNE SRt 0 2 4 6 8 10
2

0.1 0.2 0.3 0.4 ¢* [GeV¥/ 4]
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