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Flavour physics at the LHC

proton - (anti)proton cross sections

Huge b cross section, even huger (20x)
charm cross section.

All types of b hadrons, like

B%=(b,d), B+=(b,u), Bs=(b,s), Bs=(b,c),
No=(udb),

and c-hadrons like

D°=(c,d), D*=(c,d), Ds=(c,s), A\¢,=(cdu),

The world’s largest heavy flavour
samples, and a dedicated flavour
physics detector (LHCb).

Best place to do heavy flavour physics,
today.
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Heavy flavour physics at the LHC

- LHCb: Dedicated flavour physics experiment at the LHC
« Optimised geometry
RICH particle ID (K/rt separation)
Most precise vertexing at LHC
Dedicated heavy flavour trigger (incl B—hadrons)
Best mass resolution at LHC (for heavy flavour).
g
- ATLAS, CMS’ heavy flavour skills:
* good u coverage,
- efficient di-muon trigger,
 maximal luminosity. o >
« Good at rare dimuon decays such as Bg)— pp.

- ALICE: Cleanly reconstructs heavy flavour decays,
focussed on using this to study quark-gluon plasma.
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Heavy flavour physics at the LHC

- LHCb: Dedicated flavour physics experiment at the LHC
« Optimised geometry
* RICH particle ID (K/mt separation)
« Most precise vertexing at LHC
 Dedicated heavy flavour trigger (incl B—hadrons)
 Best mass resolution at LHC (for heavy flavour).

o

« ATLAS, CMS’ heavy flavour skills:

Decays with ppu like B—=pp or
B—=J/pX, J/p—=up

ARICE™CIEaNTy reconstructs heavy S,
focussed on using this to study quark-gluon plasma.
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Heavy flavour physics at the LHC

« LHCb: Dedicated flavour physics experiment at the LHC:

B, D, No,... 2 Anything

(except decays with lots of neutrals,

o

« ATLAS, CMS’ heavy flavour skills:

& small & mighty

2avy flavour).

Decays with ppu like B—=pp or
B—=J/pX, J/p—=up

«ARICE™CTEANTY reconstructs heavy S,
focussed on using this to study quark-gluon plasma.
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Locates B-
meson
decays to
~10 pm

3cm retraction
During beam-fill

Distribution of vertices overlaid on detector display. z-axis is scaled by
1:100 compared to transverse dimensions to see the beam angle.

,Beam | - Gas, Beam 2 - Gas.
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Run 2 (started summer 2015)
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upgrade (data taking in 2020)
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LHCb event yields in the future (rough estimates)

(LS1) 3/fb » (LS2) 8/fb » (LS3) 23/fb » (LS4) 46/fb » (LS5) 70/fb

/ L dt 100fb™ N\
14 TeV running
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LHCb event yields in the future (rough estimates)
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LHCb event yields in the future (rough estimates)
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LHCb event yields in the future (rough estimates)

(LS1) 3/fb » (LS2) 8/fb » (LS3) 23/fb » (LS4) 46/fb » (LS5) 70/fb

/ L dt 100fb-1

14 TeV running

Obb
L - dt.
/ Ubb(STGV)

pgrade

Obb E?G‘d
[c i,
Obb(STGV) “ (2012)
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LHCb beginning to think about 2nd upgrade
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LHC lumi projections
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BELLE Il lumi projections

70

Belle/KEKB recorded ~1000 fb-t.

- fNow change units on y-axis to ab:
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Rare B decays

—> 50 fb! *300 fb!
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Electroweak & radiative « penguins

* Probe FCNC. Their suppression is an
“accidental symmetry” of the SM, no
fundamental reason for suppression in
NP.

This illustration is based on a single example diagram. There are several others
in the SM— and quite possibly beyond —that contribute to these decays (and
not all apply to all three decays in the same way as the Z, y penguin does).
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Electroweak & radiative «

4

A »
\‘, ~

PeENgUINS

* Probe FCNC. Their suppression is an
“accidental symmetry” of the SM, no
fundamental reason for suppression in
NP.

* Bs,o—pu

This illustration is based on a single example diagram. There are several others
in the SM— and quite possibly beyond —that contribute to these decays (and
not all apply to all three decays in the same way as the Z, y penguin does).
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Electroweak & radiative A‘\) | penguins
e |
* Probe FCNC. Their suppression is an -
“accidental symmetry” of the SM, no
fundamental reason for suppression in
NP H
* Bs.g—pH
Zy S U
* B=K'p, B=opu g 2_q
b W S
d — d

This illustration is based on a single example diagram. There are several others
in the SM— and quite possibly beyond —that contribute to these decays (and
not all apply to all three decays in the same way as the Z, y penguin does).
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Electroweak & radiative A‘\) | penguins
e |
* Probe FCNC. Their suppression is an N
“accidental symmetry” of the SM, no
fundamental reason for suppression in ue
NP.
* Bs.g—pH
Zy Spe
* B=K'p, B=opu g 2_q
- B=»Kupy/B—Kee b W S
d — d

This illustration is based on a single example diagram. There are several others
in the SM— and quite possibly beyond —that contribute to these decays (and
not all apply to all three decays in the same way as the Z, y penguin does).
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Electroweak & radiative «
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* Probe FCNC. Their suppression is an
“accidental symmetry” of the SM, no
fundamental reason for suppression in
NP.

* Bs,o—pu

* B=K*up, B—=dppp

 B—=Kppy/B—Kee

* Bs—dy «»
3 ,‘

This illustration is based on a single example diagram. There are several others
in the SM— and quite possibly beyond —that contribute to these decays (and
not all apply to all three decays in the same way as the Z, y penguin does).
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Electroweak & radiative <
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* Probe FCNC. Their suppression is an
“accidental symmetry” of the SM, no
fundamental reason for suppression in
NP.

* Bso MU
* B=K*py, B—opp
 B—=Kppy/B—Kee

* Bs—dy
"

This illustration is based on a single example diagram. There are several others
in the SM— and quite possibly beyond —that contribute to these decays (and
not all apply to all three decays in the same way as the Z, y penguin does).
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Electroweak and radiative Penguins and Wilson
Coefficients

Operator O; Bs(ay = Xyt 10  Bsay = 1 ™ Bga) = Xs(ayy
O7 ~ mp(s o br)F v ve

Og ~ (S17"bL)(£,.0) v

O10 ~ (SL7*bL)(€57,uL) v v

Os p ~ (5b)s.p(€0)s p (V) v
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B~

Di-muon spectrum at CMS
 Helicity-suppressed

FCNC - very rare in % Jhy
SM! 2 100
2
g 10°
« SM prediction [1]*: 10°
BF(Bs—p*p) =
(3.66 + 0.23) - 109 10°
BF(Ba—p*u) = 102
(1.06 + 0.09) - 1010 CMS
0E  \s=7Tev
 Large enhancements 1 Ly =40 pb” Bs— - ?
in many once popular S I
SUSY models, ~tan®p 1 10 10°

Dimuon mass (GeV/c?)

[1] PRL 112, 101801 (2014)
) this BF refers to the time-integrated value, which differs from the one at t=0 due to the lifetime
difference between the two Bs mass eigenstates. See Phys. Rev. D 86, 014027 (2012).
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https://inspirehep.net/record/1263386?ln=en
http://inspirehep.net/record/1107732?ln=en

B)—

Combination of CMS & LH.Cb data

D
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P Ty
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— = Peaking bkg.

)]
o

N
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N
o

S/(S+B) weighted cand. / (40 MeV/c?)
o

o
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BR(B, — ptp™) =280 x 1077
BR(By — pt ™) =3.971¢ x 10710
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B)—

Combination of CMS & LH.Cb data
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B)—

Combination of CMS & LH.Cb data

CMS and LHCb

6.20 (15Y) observation
(expected for SM: 7.20)

—4— Data
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xpected for SM: 0.80)
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BR(B, — p p~ )= 2.8+O'7 x 1077
BR(By — pt ™) =3.971¢ x 10710
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B)—

6.20 (15Y) observation
(expected for SM: 7.20)

3.00 (15Y) evidence
xpected for SM: 0.80)

CMS and LHCb

—4— Data
—— Signal and background

[ Bt

D
o

IIII|IIII|IIIL'|IIII TTTT IIII|II

Combination of CMS & LH.Cb data j
/\

)]
o

N
o

w
o

N
o

S/(S+B) weighted cand. / (40 MeV/c?)
o

o

5000 5200 5400 5600 5800
m.. IMeV/c?]

Recent ATLAS result
BR(B, — ptp) =287 x107? BR(BY = uTp™) =091 x107°
BR(By — ptp™) =3.9116 x 10710 BR(Bg = p'p~) <4.2x107

EPJ C76((2016).h0.9, 513
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B~y prospects

CMS LHCb (50fb-1) LHCb (300fb-1)

2171

2250

40

400

240
2400

CMS with 3ab™,
O(fs/fa)=5%,

o(BR(B*—= J/PK*)=3%

O(Bs) — 11%
o(Bag) = 18%
Rs/a = 21%

o~

500,_ CMS Simulation

- Scaled to L = 3000 fg"

i —¢— data
a0l M(w)i<1.4 ¢ — full POF

B Bouww

By—~uw
------ combinatorial bkg
semileptonic bkg
| p— peaking bkg

jo et

0 e
49 5 51 52 5.

4 55 56 57 58 59

CMS estimates based on detailed studies in CMS PAS FTR-14-015, LHCb estimates
on rather simplistic scaling for numbers in PRL111, 101805 (2013).
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http://cds.cern.ch/record/2036007
https://inspirehep.net/record/1243424?ln=en

fs/fa error budget LHCb

uncorrelated errors

Source Semileptonic (%) Hadronic(%)
Statisical 30 L7 correlated errors
SU(3) breaking and form factors - 8.8
Bin dependent uncertainty 1.0 - Source Uncertainty (%)
Semileptonic decay model 3.0 - B(D~ — KTr7) 29
Backgrounds 2.0 - B(D; — KTK—77) 925
Tracking efficiency 2.0 - Lifetime ratio 0.9
B(B; — DK* X uw,) 1 - Total 3.4
B((B~/B") = D KX puw,) 2.0 -
Detector acceptance

and reconstruction - 0.7
Hardware trigger efficiency - 2.0
Offline selection - 1.1
Boosted decision tree cut - 1.0
Particle identification 1.5 1.5
Combinatorial background - 1.0 I—HCb'CON F'201 3'01 1
Signal shape (tails) - 0.6
Signal shape (core) - 1.0
Total ey +9.6
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https://cds.cern.ch/record/1559262

B~y prospects: lifetime difference

* Future datasets will give access to more De Bruyn et al PRL109 (2012) 041801
observables than “just” BF

@ Upper Bound (R = 1.4)
Excluded at 95% C.L.
— Illustration for Aar(pps = 0,7) ]

- Effective lifetime can distinguish scalar 19
vs pseudoscalar/vector contributions.

* Need o(tuu)=2.5% for 50 separation
between Aar==+1
LHCb upgrade (50/fb): o(tuu)=5%
LHCb upgrade? (300/fb): o(tuu)=2%

All estimates are guesstimates!
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https://inspirehep.net/record/1107733?ln=en

B~ uu prospects: time-dependent CPV, Sy,

« Making several assumptions, L0
including effective tagging ‘

efficiency eD?=4% 3
0.5(

« ... and extrapolating from Sk, 3
0.0f

Sup

.. get: Spp=0.3 at LHCb
upgrade?, i.e. 300/fb. ~0.5

S H (LHS)
== A" (LHS)
|== 7/ (LHS)
T = H 1 A0 (MEFV)
Ty 7 oy R =0.907042
2.0

—1.0

. . 1.5
R=DBR(Bs; — putpu~)/BRem(Bs — ™)

All estimates are guesstimates! Buras et al JHEP 1307 (2013) 77
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https://inspirehep.net/record/1223996?ln=en

0 + - 4+, -
By =1 pp

e Excess of events in the low-dimuon-mass range found by HyperCP for
Y — pu T [PRL 94 (2005) 021801] (more on this later in the talk)

e Potentially pointing towards new resonance X[uu], M(X) ~ 214 MeV/c”

LHCb-PAPER-2016-043

. BSM(B(()S) —u T uT) ~ O10™M) (non-resonant) [PLB 556 (2003) 169]
e Sensitive to scalar (S) and pseudo-scalar (P) sgoldstinos:
BF up to O(10*)/(10™7) for BY/B° [PRD 85, 077701 (2012)]

e Search for non-resonant B?S) — p T u T with 3fb!

BB - p p ptu)<25x107°

b <
>‘P " BB® = p'p ) <6.9x107°
\é \\\\\ < ,“‘+

Sensitivity of few 10~ possible with 300 fb~"

Veronika Chobanova at LHCb implications workshop
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B—->K*utu~: Forward-backward asymmetry in 2013

. _ CMS: Physics Letters B 727 (2013) 77-100
Forward baczkwargl asymmetry as LHCb: JHEP 1308 (2013) 131
function of g< = m<(up) Theory: Phys.Rev. D87 (2013) 034016

/ K:

P Forward: © < /2
-

<8/
pt Backward: 8 > /2

- Good agreement with SM.

- First measurement of zero-crossing point: qo°=4.9 + 0.9 GeV?/c*

Jonas Rademacker (Bristol) Heavy Flavour Results from the LHC DPG Fruhjahrstagung, Mainz, 2014 23


http://inspirehep.net/record/1229504?ln=en
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B—->K*utu~: Forward-backward asymmetry in 2013

o _ CMS: Physics Letters B 727 (2013) 77-100
Forward baczkwarczi asymmetry as LHCb: JHEP 1308 (2013) 131
function of g< = m<(up) Theory: Phys.Rev. D87 (2013) 034016
u JCMs L=5.2fb" V§ =7 TeV
m _
A< . < 0.8 |
/ K* 0.6
u-“ Forward: 6 < /2 0.4F-
- 0.2
3 0:_
6 i 02
<&/ K 0.2 - i <SM>
bt Backward: 8 > /2 -0.4 o CMS
0.6 = LHCb
- Belle
- 0.8 +~ CDF
: GOOd agreement Wlth SM. : | | 1 | | | 1 1 | | | 1 1 I | : | | | | 1 . . i 1 1 | J|“ | 1 1 I |
2 4 6 8 10 12 14 16 18
q° (GeV?)

- First measurement of zero-crossing point: qo°=4.9 + 0.9 GeV?/c*
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B—-K*utu~: full angular analysis (and P’5)
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B—-K*utu~: full angular analysis (and P’5)

1 d3(r + 1) 9

r dcos @y dcos By do - 32
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2015/16 B—=K*uty~ and B—=K*ete™ datasets
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BELLE: arXiv:1604.04042 (2016)
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* — * — )
B=KptT, B=2K'e'er, P'S LHCb: JHEP 1602(2016) 304

Theory: JHEP 05 (2013) 137
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* Including related decays, 053_ ‘ E

evidence for New Physics at r l _+_ -
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2 2/ .4
. SM ruled out at 99.997% CL? g 1GeVcT]

Jonas Rademacker (Bristol) Rare B decays MIAPP: Flavour Physics with High Luminosity Experiments, Oct 2016 26


http://inspirehep.net/record/1225271?ln=en
https://inspirehep.net/record/1409497?ln=en

* — * — )
B=KptT, B=2K'e'er, P'S LHCb: JHEP 1602(2016) 304

Theory: JHEP 05 (2013) 137
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_ BELLE: arXiv:1 604.04042{- (2016) :?
B-K*utyu-, P’'5

LHCb: JHEP 1602(2016) 304

Theory: JHEP 05 (2013) 137
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Differential BFs as function of g2
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Interpretation of B=2K*u*u~ et al. JHEP 1606((20161092
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-1 ~ ... many other interpretations:
| . 3 5 ' Buttazzo et al [1604.03940], Bauer et al

of [PRL116,141802(2016)], Crivellin et al

' [PRL114,151801(2015)], Altmannshofer et al
| [PRD89(2014)095033]...

2 2 1 0 1 2 3

oy’
>40 deviation from SM
(or is it just 40 from our ability to calculate QCD effects?)
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Imaginary contributions to Cq and Cyg %

» We have measured complete set of CP asymmetric observables LHcb
[JHEP02(2016)104]

— Sensitive to imaginary NP contributions

Altmannshofer et al [EPJC(2013)73], LHCb [JHEP02(2016)104]
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4 e L s =< 05
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-02¢t

5 16 1‘5 OIII 5 10 15III
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» With 300fb~?! collected by Run 5, LHCb could have ~500,000
BO _ K*OILL-I—M—
> More than entire Run 1 B® — J /1 K*? sample!
» Uncertainties in plots shrink by ~ X 10 assumptions about systs
— Sensitive to NP contributions of order shown

K.A. Petridis (UoB) Radiative, EWP, LFU tests Implications 2016 10 / 21
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s it QCD?

off 5 Y(9?) summarise effects
Cs" = Co+ Y(q°) of bsqq operators, where
main issue is J/\.
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s it QCD?

" = Go + Y(q%)
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Rare B decays

Y(g?) summarise effects

of bsgqg operators, where
main issue is J/\.
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No—=A\utu~ at LHCbD

(decay mode first observed by CDF, 24+5 events PRL 107, 201802 (2011))
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No—=A\ptu~ at LHCDb

JHEP 1506 (2015) 115
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No—=A\utu~ at LHCbD

JHEP 1506 (2015) 115
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No—=A\utu~ at LHCbD

JHEP 1506 (2015) 115
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Interpretation of B2K*utu~ et al.
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Interpretation of B—K"u*y- et al,  2HEP1606{2016j002

Health warning:
overlaying plots
using result from
different g ranges
as input.
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Prospects

B->K*uu in 1<g°<6 GeV region

Run 1 Run 1-3(4)| Run 1-5

LHCb 600 20,000 | 120,000*
JHEP 02 (2016) 104
CMS 300 10,000 | 100,000

Phys. Lett. B 753 (2016) 424

* Assuming LHCb gets 300fb-"
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BEf—=1rutu- JHEP 1510 (2015) 034
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Rare B decays
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BEf—=1rutu- JHEP 1510 (2015) 034
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B—oK*ee

Particularly sensitive to photon polarisation, esp at low g

LHCb for
0%€[0.0004,1]GeV? - BELLE

. : T =
o __hue, - B = Ko LHCb 4

- B B —(K"X)ete 7
o5 Combinatorial -
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Candidates / (30 MeV/c?)

4800 5000 5200 T sa0 @
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M, (GeV/c?)
JHEP 1504 (2015) 064 arXiv:1604.04042 (2016)
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B—oK*ee
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—0.3 —0.2 —0.1 0.0

Particularly sensitive to C7, esp Im(C7’)

\

Re(C77)

1
0.1

1
0.2

0.3

Im(C7)

0.3

0.2

0.1}

0.0 |-
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— global

— branching ratios

—  Aar(Bs = ¢7)

— (P)(B° = K*0¢te)

5
(A (B0 — K*0ete)

1 A. Paul, D Straub,

arXiv:1608.02556

With 3fb-1, LHCb’s K*ee is already most constraining on RH plot.
Belle 2 will have 50 times more data - with 300fb-1, LHCb would have
200 times more.
e (Going to 300fb-1 would significantly improve constraints if can keep
electron reconstruction/trigger efficiency.
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B—K(*vv at BELL

B(B — K**vv) [107°
B(B — K*v) [1079]
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Lepton Universality with loop decays

Rk=BR(B*—K*up)/BR([B*—=K*ee)

-o-LLHCb -m-BaBar —a—Belle

RkSM=1.00031 S e
'PRL113 (2014) 151601 | LHCb -
1.5F I -
LHCDb finds in ge[1,6]GeV? : |
|
_ 0.090 0.036 ! SM
Rk= O.745t0.074(stat J_r0_036(syst) S ! ]
0.5 .
2.60 from SM " BaBar PRD86 (2012) 032012 ]
- Belle PRL 103 (2009) 171801
o T s 0 15 20

a* [GeV?/c]
Several theorists have pointed out this is consistent with AC4%¢=0,
ACq'v=-1 (latter consistent with B—>K*%uu) — work on-going to add
range of other measurements e.g. Rx, Ry,.. angular analysis K*%ee
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Model with new gauge sector with non-universal
lepton charges.

models labelled by U’(1) charges of (e, u, 1)

1.3

<23y/
(132) o)
1.1} — O
213) | A. Celis, J. Fuentes-Martin, M.
10 SM o Jung, H. Serodio, Phys.Rev.
:’D D92 (2015) no.1, 015007
=
g Martin Jung @ Moriond e/w
q

2016, arXiv:1606.09191
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Not rare, but related: LU tests in trees

B(B — D™ rw,)
B(B — D®)uw,,)

Ry =

Jonas Rademacker (Bristol) Rare B decays MIAPP: Flavour Physics with High Luminosity Experiments, Oct 2016 45



R(D*) at LHCb

B— D*tv B— D*uv

e Can use B flight direction to measure transverse component of missing
momentum

e No way of measuring longitudinal component — use approximation to
access rest frame kinematics

o Assume [ visible = Yz total
e ~18% resolution on B momentum, long tail on high side

e Can then calculate rest frame quantities - m?nl-ssing, E,, q2
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Candidates / (0.3 GeV*/c*)

Pulls

PRL 115{{2015)ho.11, 111803

Lepton (non”?) Universality - R(D*) @ LHClb  pRL 113 (2014) 151601

40007935 < < 12.60 Gev2/c* LHCh 1 4000F 335 <7 < 12.60 Ge\i%‘* "LHCH . Data
3000F - C 3 I B — D*tv
- . - . B B — D*H (— WX')X
2000F 3 o = — Y
- . - ] Bl B — D*uv
1000 - ] Combinatorial
. . Misidentified

Pulls

---------------------------------------------------------------------- - g —]

500 1000 1500 2000 . 2500
E,* (MeV)

R(D*) = I'(B*—D*1tv)/I[(B*—D*uv) = 0.252 + 0.003 in SM
At LHCb:R(D*)=0.336+0.027(stat)+0.030(syst)

Note: LHCb can do neutrals!

For R(D*) SM prediction see PRD85 (2012) 094025
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http://inspirehep.net/record/1303108?ln=en
https://inspirehep.net/record/1380182?ln=en
https://inspirehep.net/record/1093648?ln=en

PRL 115{{2015)ho.11, 111803

Lepton (non?) Universality - R(D*) and Rk PRL 113 (2014) 151601

oS 0,5 1 1 1 1 | 1 1 1 1 I 1 1 1 | I 1 1 1 1
* N s BaBzr, PRL109,101802(2012) . ]
-l = —— Delle, PRDY2,072014{2015) A =10 -
~ 045 11ICh, PRL115,111803(2015) —
- v e, arXov: 160306711 -
[ = HI'AG Average, P((°) = 67% N
0.4 [~ = SM prediction __
.35 — —
0.3= =
0.25 . = —
~  RiD). PRD92.054510(2015) i
—  R{D*), PRDS5,(194025(2012) Lo -
O “) ~ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 n

0.2 0.3 0.4 0.5 0.6

Z
"

3.9 sigma (HFAG)
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http://inspirehep.net/record/1303108?ln=en
https://inspirehep.net/record/1380182?ln=en

Lepton (non?) Universality - R(D*) and Rk

i T . ooz 3
& : — I:-T:l }'mé.:.'d::z-.l 1212015 A;rf =10 A R ( D) R (D *)
] S E
Y1 S il 2 | BaBar|0.44+0.06+0.04[0.33+0.02+0.02
"F S |BELLE| 0.38+0.6+0.08 [0.30+0.03+0.0°
0.3= = preliminary
o.gsE = i LHCb 0.34+0.03+0.03
e .
BT oo | Aver | 0.388+0.047 | 0.32120.021
. SM | 0.300+0.008 | 0.252+0.005
3.9 sigma (HFAG)

BaBar: Phys.Rev.Lett. 109,101802 (2012) [arXiv:1205.5442 [hep-ex]] Phys.Rev.D 88, 072012 (2013) [arXiv:1303.0571]
BELLE: Phys.Rev.D 92, 072014 (2015) [arXiv:1507.03233 [hep-ex]], Preliminary at Moriond EW 2016 [arXiv:1603.06711 [hep-ex]]

LHCb: Phys.Rev.Lett.115,111803 (2015) [arXiv:1506.08614 [hep-ex]]
SM prediction: Phys.Rev.D 92, 054410 (2015) arXiv:1505.03925 [hep-lat], S.Fajfer, J.F.Kamenik, and I.Nisandzic, Phys.Rev.D85(2012) 094025 arXiv:1203.2654 [hep-eX]
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B-1T @ LHCDb

Reconstruction method: A. Morda,
Alessandro; G. Mancinel (dir.)
CERN-THESIS-2015-264
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https://cds.cern.ch/record/2120795

Bo11T

SM predictions [PRL 112, 101801 (2014)] BaB
Bsy(B® — 7777) = (2.22 £ 0.19) x 10~° abar PRL 96 (2006) 241802

Bsm(Bs = 777 ) = (7.734£0.49) x 107" BRo—+) < 4.1x10° @90% CL

LHCb limits on B{,) — 7+7~

B(B?) (95% CL) B(BJ) (95% CL)

Run | 1.3 x 1077 3.0 x 10~ % LHCb-CONFE2016;
8fb~ !  06x10° 1.4 x 103
50fb- 1  02x10° 0.5 x 10~°
300fb~ 1 0.1x10° 0.2 x 103

Jonas Rademacker (Bristol) Rare B decays MIAPP: Flavour Physics with High Luminosity Experiments, Oct 2016 51


https://inspirehep.net/record/697070?ln=en
https://cds.cern.ch/record/2220757

Bs— ¢y at LHCb

3000

Candidates / (25 MeV/c?)

—_— = NN
wm O W O W
o o o o 9
o o o o O

)

+
LHCb —+- Data

Ay

control mode

RO 40 — Model

Y fo B Peaking
B'—K "y
: Missing pion
: A | B—Kan'X
B Combinatorial J

ammmnl
IIIIIIIIIIIIIIIIIIIIIIIII

.
III

5000 5500 6000
m(K*y) [MeV/c?]

sensitive to

Candidates / (25 MeV/c?)

-+ Data
— Model

---- Signal

B Peaking
Missing kaon

%4 Combinatorial ]

500

400

300

200

PRl :

R P R Ty~
PSOSIIIIKRK, IR GRICK XK T L
B IR IIIIIIIRIKIIKKL, oo L eTes
B RIS IS IKIKKKKKS]
e R SRR S IR RS LIRS
e ey Y e o O R 0 AN 1702005 22020262 120262050 %2026 %62 0262026 62268 4. 2 T 2503 eV taTa% X e % %%

‘ 5000 5500 6000
m(gy) MeVic?]

AAT, JA(Bs—é1)
| A(Bs—dYr)|
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COSPs
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https://inspirehep.net/record/1485571?ln=en

Bs— ¢y at LHCb arXiv:1609.02032 {5016]

untagged time-dependent rate
[(Bs + Bs)(t) oce™' < [cosh (%t) — A% sinh <A2F5 t)]

&, ]
7 0L LHCb | 1O extract
E: :
5= - Bl—=¢y - Al 0.46 0.23
g f AR =-0.98T03% T
© 10t E
: 1 compare to
10 E -
S | E ATl . +0.029
R — A (5/\4)—0.047_0.025
0 et F Muheim, Y. Xie, R. Zwicky PLB664 (2008) 174-179
S0 2 4 6 g 10
t [ps]
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B—X(s,d)y at BELLE

)

Events /(1 MeV/¢&?

)

Events / ( 1 MeV/¢&

Belle preliminary

M( Je[1.4,1.5]GeV /1

250

200

150
100

50

......

1) R R —— T
5.2 5.2 ) 337 =
M., (GeV/e?)

53

Belle preliminary

(i MXJe[1.9,2.0]Ce

400

350

300

250 .

200

150

100

50

v

5.27 5.2
M, (GeV/c)
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Nucl.Part.Phys.Proc. 273-278 (2016) ¥354-1357

B(B — X,y) for
E) > 1.6 GeV
BELLE (3.74 £ 0.18 = 0.35) x 1074

orev WA (3.55+0.24+0.09)x10
theory*  (3.15+0.23)x10

“Nucl.Phys. B764 (2007) 62-82
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LHCDb prospects

channel Run1 Run?2 Run 3,4 (50fb™1)
BY > KO(K'n )u'; | 2400 9,000 80,000

BO - K*H(KenH)utu~ | 160 600 5,500

B® — KQu™ ™ 180 650 5,500

BT — K utu~ 4,700 17,500 150,000

Ay — At 370 1500 10,000

Bt — mtut 03 350 3,000

BY — it~ 15 60 500

BY s K*0ete~ (low ¢?) | 150 550 5,000

Bs — o 4,000 15,000 150,000

Naively scaling with luminosity and linear scaling of o,; with NG

For some channels, yields at LHCb already larger than B-factory yields in
normalisation mode B—=JPK*. Limits precision in BF measurements,
BELLE Il could help, here. Also relevant for high precision area: isospin
violations, see M. Jung at PLB753 (2016) 187-190.
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BELLE I

Missing E decays B(B — 1v) [1079] 96(1 +27%) [26] 10% 5%
B(B — pv) [1079] < 1.7 [59] 20% 7%
R(B — D1v) 0.440(1 + 16.5%) [29]" 5.2% 3.4%
R(B — D*1v)’ 0.332(1 = 9.0%) [29]" 2.9% 2.1%
B(B — K**v) [1079] <40 [31] <15 20%
B(B — K*vv) [1079] <55 [31] <21 30%

Rad. & EW penguins B(B — X,y) 3.45-107%(1 £4.3% + 11.6%) 7% 6%
Acp(B = X, 4y) [1072] 2.2+4.0=+0.8[60] 1 0.5
S(B - K)n'y) —0.10 + 0.31 + 0.07[20] 0.11 0.035
S(B = py) ~0.83 +0.65 + 0.18 [21] 0.23 0.07
C7/Cy (B — X,t0) ~20% [37] 10% 5%
B(B; — yy) [107%] < 8.7 [40] 0.3 -
B(B; — 17) [1073] — <2[42]% -
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Conclusions

- Rare decays are powerful probes of BSM physics.
Deviations from SM observed in multiple channels -
individually maybe not that large, but all consistently
pointing to BSM contributions to Co. Have we seen a
flavour-changing, lepton universality violating Z’?

15 . . .
Belle preliminary 14 This Analysis
10k LHCb 2013
LHCb 2015
' | B SM from DHMV
0.5 - 4
|
0.0
?—I—\
_0 5 1 -
1 -%-—._
|
] T
-1.0} 4
-15 !
0 5 15 20
; Y b b
i (1 Qg
TS RSk
! [T
I .
| [
o« i .
v oop T
t o
_1H L
‘f 3
| ;
e[
N S
1 b} 1 3

Jonas Rademacker (Bristol) Rare B decays MIAPP: Flavour Physics with High Luminosity Experiments, Oct 2016 57



Conclusions

- Rare decays are powerful probes of BSM physics. | Bt preiminary T s |
Deviations from SM observed in multiple channels - i |l = Srimoren |
individually maybe not that large, but all consistently 2% 00
pointing to BSM contributions to Co. Have we seen a
flavour-changing, lepton universality violating Z’?

Trick?

-——— ——

n
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Conclusions

T
4 This Analysis

- Rare decays are powerful probes of BSM physics.

Deviations from SM observed in multiple channels - = S o
individually maybe not that large, but all consistently 2 oo "
pointing to BSM contributions to Co. Have we seen a T + _+_ -

flavour-changing, lepton universality violating Z’?

Trick? | Or Treat?

20

iRl RS W SRR PSR B Rl l BlrSl
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Conclusions

- Rare decays are powerful probes of BSM physics. I‘O_Be””’e””‘?’”a” o e
Deviations from SM observed in multiple channels - i = surmoa
individually maybe not that large, but all consistently 2 oo [—
pointing to BSM contributions to Co. Have we seen a Wf T e
flavour-changing, lepton universality violating Z’? —

* High luminosity is key to answer this question. And the
control of hadronic effects.

- LHCb has shown that precision flavour physics works at
a hadron machine. LHCb, upgrade, and upgade? will
have unbeatable statistics in charged modes. Di-muon
channels also accessible to ATLAS/CMS.

 BELLE Il benefits from e+e- environment, and will
especially shine in inclusive modes and modes with many
neutrals, as well as absolute BF measurements. 203 115 6 17 18 15 0 21 22 23 24 28
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Backup
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Bs->mumu lifetime formalism

(D(Bs(t) = f)) = T(BJ(t) = f) + T(B(t) = f)
— Rf —F( )¢ 4+ Rf FI(JS)t
f f _1- &2 _ 2|PS|cos(pp — ¢s)
A= = eE = PR
Rl + Rl
g, = 2m& | P|?sin 2¢pp — | S]? sin 2¢5
o0 1 2 P|2 S12
Jo~ t(D(BL(t) = 1)) dt o e
T = %
d f() <F(B (t) — f>> dt A= 2Reéy _ |P|? cos 2pp — |S)? cos 2pg
1+ 2 AL Ly, + 12 TGP PP+ 5P |
_ _TB:. ATYs ys:|
1 — g2
1 —ys 1+ Ak rys
AAr s = (1— ?Jg)T/ﬁu_ — (1 +y5)7B.

21, — (1 — y2) T+ -
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Charm loop contribution?

« The O, , operator has a component that could
mimic a new physics effectin Cq through cC loop

« Effectcan be parameterised as function of three helicity émplituaes h.o

» Absorb effect of these amplitudes into a helicity dependent shiftin Cy,
Co°M+ACo™(q?) cf. Co>M+ACN  ( 1=AC"(g%) )
Look for g2 and helicity dependence of apparent shiftin Cqg

10;‘ L

os || e [arXiv:1510.04239]

O R o - Boxes are
S - the 1o errors

-
Gt AU 1 i U (et o) fau o usoagy o B 1 1 AV 1 1y GO VYL g i ULy A ot ey oot e 1o 02



Charm loop contribution”?

« Bayesian fitassuming polynomial formfor h,y [arXiv:1512.07157]

Khodjamirian et al. 2010 1 Khodjamirian et al. 2010

Al ¢ SM@HEPfit, full fit . ¢ SM@HEPfit, full fit
4 1 [ 1
3L 3(/2 =4m?] 3L ] 3(/” = 1/111’),
NACQ-?S ! NA @90 ¢
2 * 1 2 9
¢ ) ; ] ¢ b . I
! ¢ ¢ ¢
1t te ¢+ 44447 t 1 1l ttereerntt
0 | 0 :
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
q* [GeV? /et ] q* [GeV? /et ]
Khodjamirian et al. 2010 Khodjamirian et al. 2010
Al ¢ SM@HEPfit, full fit Al ¢ SM@HEPfit, full fit
13 ! ‘
sl 3(/” =4m?] 3l 3(/” =4m? ]
SN S
T2 \ T \ 1
| HERLE T
%§HHH% | %HH} |
ok ‘ ‘ : : : i ] ok ‘ : : : : i ]
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
q? [GeV?/ct ] q? [GeV?/c* ]

« Assumes small ACg* for small g2 — true in SM, but not for NP 20
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VELO

- The VELO gives LHCb the best Vertex resolution (vs
vertex resolution at the LHC. number of traCkS)
PR : : —= 0.04m T ]
» This is crucial for our trigger, that E : - ]
. B mm 0.101 = 0.001 -
selects B decays based on their = 0.03s}; . {B 0591 - 0013
characteristic detached vertices. % 003 C (mm) -0.002 = 0.000
LHCD is the only experiment at s | A(mm)  0.094 = 0.001 -
the LHC whose B trigger can & 0.025} y{g - gzzz * gg;ﬁ .
efficiently select fully hadronic B 0025_ T
decays. F ]
0.015 -
* Also important time-dependent 0.012—LHCb eliminar =
measurements (see later). ' P Y ]
00051 ys=8Tev E
0:.I....I....I....I....I....I....I....I.:
5 10 15 20 25 30 35 40

N
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LHCb

- ca 100,000 b-bbar pairs per second at 14
TeV. Produce all types of B-hadrons (B, v
Bs, B%, B¢, Nb,...). Even more c-cbar pairs s,
for charm physics.

M2
SPD/PS HCAL =

ECAL =

T3 RICH2 M

Verte
Locator

Special geometry to capture as many of
them as possible.

Vertex detector INSIDE the beampipe for _s.
extra precision -

Ring Imaging Cherenkov detector (RICH)
that provides particle identification.

Trigger on displaced vertices - captures
all types of B decays.
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B=Kouru

FCNC, rare in the SM (BR ~107°)

>
d
- — _ K
u,c,t S
<
w
A%
p
u
b > —r—T> S b S b —
1t '
H_I IH+ .
v X; S
¢+
'i\\\e
Higgs box 0+ Gluino loop 0 Chargino loop
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40 MHz bunch crossing rate

40 MHz bunch crossing rate

.‘

-
L0 Hardware Trigger : 1 MHZ
readout, high E./Pr signatures

[ Software High Level Trigger h V V V

. ) N
43000 Logieal CFF Coran ( Software Bigh Level Trigger
Offline reconstruction tuned ta
trigger time constraints 50000 Logical CPU cores
Mixture of exclusive and inclusive
calaction algerithms Offline reconstruction tuned to
U U U trigger time constraints
5 kHZ Rate to storage Mixture of exclusive and inclusive
2 KHz selection algorithms
2 KHz 1 KkH:
Inclusive/ U U U
Inclusive Muon and
Topolagical Rxot iy 28 DiMuan
po Charm
( 20 kHZ Rate to storage )
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The LHCb upgrade

Higher luminosity = higher
precision = better NP reach.

Trigger is at the heart of the
upgrade. Current trigger would
“choke”, the signal yields would
not increase in line with luminosity.

For upgrade, read out the entire
detector at bunch-crossing rate of
40MHz, fully customisable s/w
trigger, with full event information.

Doubles the trigger efficiency for
hadronic modes. Most flexible/
customisable trigger at the LHC.

Jonas Rademacker (Bristol) Rare B decays

Scintillating

— Fibre
Silicon Tracher
$i strips Tracker

(replace all)

Muon MWPC
(almost compatible)

RICHes: New [
phOtOdGCtorS! new PMTs (reduce PMT

(of.] .

gain, replace R/O)

R/0O, optimised
RICH 1 geometry

Replace all electronics
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The LHCb Detector

y
2 M3
S5m — SPD]/_EPCSALHC AL
T3 RICH2
RICHl
Vertex T I
cator |
....... s
~—
- m L
~1 cm -
I I | I | I | | | | L | | | >
5m 10m 15m 20m zZ
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(not really rare, but | feel belongs here, anyway)

Lepton universality with tree decays

* An anomalous effectis seen in the ratio of tree-level branching
fractions

Rp*=B(B°—D**1v)/B(B*—D**uv)

0'5 T T T T T T T T T T T T T T
= BaBar, PRL109,101802(2012) ’
= Belle, PRD92,072014(2015) Ay =10
0.45 LHCb, PRL115,111803(2015)

« At LHCDb reconstructthe tauonic
decay through t—pvv, final state D uF G Ao ) -7
has three neutrinos!

0.352— —;
- Confirms effect seen in Rp,Rp- at 03F -

R(D*)

BaBar/Belle, including latest Belle O-ZSE &) rrosssioaors i
hadronic result from ICHEP Y it R

. . . %),2 0.3 0.4 0.5 0.6
combined significance now 4c R(D)

 LHCb measurement of (Rp,Rp+) in preparation. Also working on
hadronic t decay. Will also perform measurements with other b-
hadrons e.g. Bg, B and A,

24
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In’[erpre’[a’[iOﬂ of B_’K*I.J-i_l.l_ et al. JHEP ..‘{_;;f_..

N T T - TR,
\j_ ' . - . 3"' | = A s | T -1
- f Bt : £ B ke ]
"/ .'.j. s\\ i | B-a:\‘,:p: ! ' B-“{"mt :
2 e e e e P :‘f.‘“;.‘t\‘_" " \.' - Bé-_-'né‘;"-‘ 2 L T e - B&‘—’l"gm —
/('m: \ -:‘!t E Al l:] Al :
| '\\\.. | ;
T | £
1_ ___________ I .‘..]_ 4'.__. _‘ - E-‘
1 . .’ :-
C ( i) L : D
I 2 - 1 ‘
= N : Lo
.. . =F e |
oo 5 © -
* . ‘ b
_1 [ R 7 \; """"""""""""""""" . """"" ‘- 1 e T T e < -
N :
I ] T SEEET EPPEER ooy - _of ]
—3 """""""""""" f“'"“'""""'“'““"l'i'] ------- _q . i i "

NP
cl ONF =_CgP

>40 deviation from SM
(or is it just 40 from our ability to calculate QCD effects?)
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-~
O

. 60f
LHC lumi | 2
UM | = sof
0
o
£ 40f
5
= 3oZ
6.0E+34 B F
© 20F
[e)) L
o
5.0E+34 = 1°5
oF N
1035
aoerss | | i £
v 8 > 6 =
o R 4 3
= €2 “F £
=% 3.0E+34 %g 2k | ‘ ‘ , E
S L : : A : : : =
Z | S R S T R I - 1500
o 2016 2018 2020 2022 2024 @
g 2.0E+34 [ =
1000 ©o
3 .
- Vertex detectors inserted =

1.0E+34 . / 500
o é | /
0.0E400 8-ttt ' 0

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Run 1 Run 2 Run 3 Run 4 Run 5+
(2010-12) | (2015-18) (2021 24) | (2027-30) (2031+)
LHCb 3 fb1 8 fb1 50 fb? *300 b1
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Mode 8fb~* 50 fb* 300fb !

D’ = pu” fewer 107°  few 107"°  fewer 10~
D’ — etpu™ few 107°  fewer 107° few 10
Dt > ntp ™ fewer 107°  few 107° fewer 10™°

DI 5 KTy~ fewer 1077  few 10°° fewer 10~ °
D° = hhutp~  fewer 1077  few 10°° fewer 10~ °
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LHCb PLB 754 (2016) 167

7 >
_ — D% — ej:,uqE
e Large LFV expected in numerous NP models

(SUSY, Extra Dimension, Little Higgs)

e Previous result Belle [PRD 81, 091102(R) (2010)]
B(D® — e 1) < 2.6 x 1077 at 90% CL

e LHCb with 3fb™ !,
B(D° = eTnuT) < 1.3 x107% at 90% CL

—p° — 777" misID

10T

o - = o
LS WAL N R

Candidates / [1.7 MeV/c)

1820 1830 1840 1850 1860 1870 1880 1890 1900 ¢
m(ep) [MeV
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R(D*)

Lepton (non?) Universality - R(D*) and Rk

PRL 115{{2015)ho.11, 111803

PRL 113 (2014) 151601

OSF—TTrT T T 1 T T T T T T T ]
0.45F R(D) R(D*)
- BaBar 0.440 + 0.058 + 0.042  0.332 + 0.024 + 0.018
0.4F +0.064 4+0.039
: Belle 0.37510-093 + 0.026 0.29370-027 + 0.015
0.35 LHCb 0.336 + 0.027 + 0.030
| Average 0.388 4+ 0.047 0.321 £ 0.021
-3t SM expectation 0.300 + 0.010 0.252 + 0.005
025f Belle Il, 50/ab
C RnD*) PRDQS H9-U"<(701”) S — 4
0 D L 1 1 | I T T W T N S S SR
02 oz 0.4 0.5 0.6
R(D)
3.9 sigma (HFAG)

For R(D*) SM prediction see PRD85 (2012) 094025
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B—I—

0
in

1.5

dB/dg? (10° GeV2c4)

0.5

— 7w utu~ differential branching fraction THCH

Very relevant if tensions persist — test MFV nature of new physics

Latest lattice results enable further precision tests of CKM paradigm
Buras,Blanke[1602.04020], FNAL/MILC[1602.03560]

Current measurement from penguin decays of |V;q4/Vis| = 0.201 + 0.020
FNAL/MILC[PRD93,034005(2016]

LHCb [JHEP10(2015)034] FNAL/MILC[1602.03560], FNAL/MILC[PRD93,034005(2016)]

v, x10° v, I x10° WV, 1V,
T T T T T . T T T T
AM,:
* LHCb APRI3 # HKRI5 8 FNAL/MILCI5 o o this work o
T T T T T T T T T T T T ]
LHCDb —e— H=—6— PDG —o—
1 |e= e BoKmuw | H5—
g ‘
3 CKM unitarity:
H H full HH
0 [ | HH tree ——
| | | | | | | | | |
7 8 9 35 39 43 0.18 0.19 0.20 0.21 0.22 0.23
K.A. Petridis (UoB) Radiative, EWP, LFU tests Implications 2016 19 / 21
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B~y prospects

LHCb prospects for B decays calculated assuming
e same efficiency and signal-to-background ratio
O'bB(].4 TEV) ~ 2Ob5(7 TEV)
LHCb upgrade collects 50 fb~" and 300fb~ ! at LHC-HL

CMS collects 3ab™"
Systematics: 5% f,/f;, 3% B — J/yK" (normalisation channel)

B(Bswm—))

0 —
BB —uT )

o (B(Bg — ,u+,u_)) o <

LHCb Run | 1x107° 80% [Nature 522 (2015) 68]
LHCb 8fb ! 0.49 x 107 ° 39%

LHCb 50fb ™+ 0.25 x 10~° 16%

LHCb 300fb " 0.19 x 10~° 8%

CMS 3ab™* (barrel) '0.3x 1077 21% [CMS-PAS-FTR-14-015]
Theory 0.3x 1077 5% [PRL 112, 101801 (2014)]
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Candidates / (30 MeV/c?)

Candidates / (0.2)

B->K*ee

Particularly sensitive to photon
polarisation, esp at low g2

LHCb for ¢?€[0.0004,1]Ge\?

T T T
of R e ke LHCb ]

i e ;
25— Combinatorial .
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wf ’ LHCb
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