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% LHCb experiment | The detector

L LHCb proved itself to be the Forward General-Purpose Detector at the LHC

>

I ==

[JINST 3 (2008) SO8005] [Int.J.Mod.Phys. A (2015) 1530022]

Muon system
O High cross-section of Cherenkov detectors eM—p) ~97%

heavy-quark production (K —~K) ~ 95%
at 5% 1 — K mis-identification

at 1-3% m — p mis-identification

 Excellent particle VELO
. .- . 0. ~20pum
identification for high p, tracks

O Excellent decay time
resolution

O Excellent momentum
resolution

Tracking system Calorimeters
Ap/p=05% at 20 GeVic  ECAL: 6 JE ~ 1% @ 10%/VE [GeV]
to 0.8% at 100 GeV/c




% LHCb experiment | The physics program

O LHCb specialises (mostly) in the ‘indirect’ approach where precise measurements of ~ A¢H
low energy phenomena tells us about unknown physics at higher energies;
Heavy flavour
roduction > 378 papers! Public results link
P >50in 2016
_ >20in 2017
CKM and CPV with - -
LHCb Integrated Luminosity in pp collisions 2010-2016
b and c hadrons - . .
g -3 e 2016 (6.5 Te\l): ;.gzg 2012  pe
g | e 2012 :4:0Te\f;;2:08/fb /
Rare decays of S| ¢ mueswyium .
b and c hadrons E S 6
E 12 2011
EW, QCD + Exotica
in forward region J /7
oizE / 3
Spectroscopy in pp PRL 118, 052002 (2017) RIS e Al 12010 |
collisions and B _ e
q O'(pp - be)
€cays Data
7TeV: = 295 ub
lons and 13TeV: = 600 pb « 036fb~1 /s =7 TeV(2010)
Fixed Targen t 17 s =7TeV (2011)
o SccX) =20 Xo « 21fb~ Vs = 8TeV (2012)
(pp ) bb || 2m1 5 =13TeV (2015&2016)
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html

ﬁﬁg Outlook

Heavy flavour
production

CKM and CPV with
b and c hadrons

Rare decays of
b and c hadrons

EW, QCD + Exotica
in forward region

Spectroscopy in pp
collisions and B
decays

lons and
Fixed Targen

O First ¢ measurement in B, = J/WKK
O CPV in baryons

d B?s) - utus

Q By - 1t

a B+ —>K+H+H_

O LU test with B decays:
R(K*?)

[arXiv:1704.08217]

[Nature Physics 13 (2017) 391]

[PRL 118 (2017) no.19, 191801]

[arXiv:1703.02508]

[EPJ C77 (2017) no.3, 161]

[arXiv:1705.05802]
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C P-violation




% CPV | ¢, measurementin B, — J/WKYK~

[arXiv:1704.08217]

L The Standard Model prediction of the CP-violating phase in b — c¢ transitions:

VesViy
M = —2arg (— M) = —36.5*13 mrad [Phys. Rev. D91 (2015) 073007]

esVeb

L The average of previous measurements (DO, LHCb, ATLAS, CMS ):
¢ = —30 + 33 mrad [arXiv:1612.07233]

O The LHCb update :
v" Full Run 1 dataset;

v The first measurement using By = J/WwK K~ decays with K¥K~ mas
region above the ¢(1020) meson;

v’ The CP-even and CP-odd components in the decay fitted as functions
of the B proper decay time and helicity angles

Y,




%bg CPV | ¢, measurementin B, - J/YK*K~
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O Many resonances and a S-wave
structure have been found:

$(1020)

f2(1270)
f2(1525)

f2(1750)
f2(1950)

[ Results

¢s =119+ 107 £+ 34 mrad

1 The LHCb combination
25+ 45 + 8 mrad

s = —

~ 2000

Yields / (0.1 ps)

AGH
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m, . > 1.05 GeV
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% CPV | ¢5 measurement in By = J/PYKTK~ lllmm

AGH

O The measurement of the CP-violating phase ¢ is in agreement
with the SM prediction:

T HFAG
A 014 DO 8 fb-!
g 68% CL contours

- (A log £ = 1.15)

CMS 19.7 fb !

0.10 Combined CDF 9.6 fb !

0.08

LHCb:3 fb*

— ATLAS 19.2 fb !

T. Gershon at Moriond EW

04 02 00 02 'o@'
¢ [rad]



% CPV | ...in baryons

[Nature Physics 13 (2017) 391] lll

O CP violation has never been measured in baryons before, despite predictions

from the SM that CP violation also exists in the baryon sector.

O LHCb search for CP-violating asymmetries in the decay angle distributions of
A) - pr~rtm~and A) - pr~KtK ™ decays

_ = (K u
u - -
_ A d
d () ) ® Lk
;rr u
u
u
u ’ u > .
d > d p
/lg*: d } d Fp |l>
AD u
b } & } u b i
Vi W , ) I 9
F T
Vd Lo b V‘.b V;d d |
u i w-

[ The P- and CP- violating observables defind on assymetries, A+ built from
scalar triple products
T-odd 1 — T-odd 1 -
ap "= (A7 +A47), a7 =-(A;—A7)

p cp -
2

)

AGH



% CPV | ... in baryons [Nature Physics 13 (2017) 391] lll

)

AGH
‘/\J: L LHCb — Full fit ff\l;\ LHCb = Full fit
\>\ : —_— AE—)p}r‘rr*rr \>\ — AE_’W_K+K_
% 1,500 == Part-rec. bkg. % i == Part-rec. bkg.
B L Comb. bk L ===== Comb. bkg.
o omb. bkg. 0\400
g i - ~— === B0 — KK*K*m~
N | e B0 s Kt o | 5
..‘ﬂ 0 g v === B = K Knnm*
= B e Ay — pKr'w -E
@ 1,000 |~ s . e
g £
200
500
0 : e T SR W5 w
52 54 5'6( B 5'8_) [G i}j 2] 05.2 5.4 5.6 5.8 6.0
MPR 7R ) Loev/C m(pr~K*K-) [GeV/c2]
Signal yields obtained from fits to data:
6,646 + 105 1,030 £ 56

* For A% — pn~KTK~ smaller purity and signal yield of the
sample do not permit PV and CPV to be probed with the
same precision as for A9 —» pr~ntm™
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% CPV | ... in baryons [Nature Physics 13 (2017) 391] lll

)

AGH
O Searches for localized P or CP violation
Scheme A Scheme B
To isolate regions of phase space To exploits in more detail the interference
according to their dominant of contributions visible as a function of the
resonant contributions: angle between the decay planes

A(1232)* - prrt

p(770)° > ™

T olow |
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% CPV | ... in baryons [Nature Physics 13 (2017) 391] m"JJJ

AGH

Q Results for A - pr~ntm~

;_ HHCh Scheme A ;_ LHCB Scheme B
209% @ 20 [

0 Frtg e TR 0 FGr B g g
W D E g - W 5

¢ [ Oal  y/ndf=279/12 7 EOal*®  x%ndf=207/10
< 0F , ; < 20 ] ;

g ¢ ¢ o ST T T, N . A
0_“}““!“"5“'? """"""""""" ¥ty ord-ddd I S
~20F ) 20~ )

- @ al x¥/ndf=211/12 - ®ag™  y?/ndf=305/10

F53hase space bin ° || (rad)

An overall deviation from no-CPV hypothesis: 3.3 o




Rare decays

 Strategy: measure with presicion processes containing SM particles
O Very important to have SM predictions under theoretical control

d Some channels are very clean, only limiting factor is statistics

13



% Rare decays | B&) - utu~

O Very accurate SM predictions [ PRL 96 (2006) 241802]

B(B® — p ) 2 (1.06 & 0.09) x 1071

BB — ) E (3.66 £ 0.23) x 107°

O Summary previous measurements / current situation

B(B® — u* 1) [10°]

o
o)

o
e))

o
~

0.2

,% ATLAS ' i
—0.2 6.2, 11.8 from maximumof L  _]
e 1 1 1 [ L .J 1 l L 1 L L 1 1 L l L \J L I 1 1 L L kl 1 1 L =

0 1 2 3 4 5 6 7

T I L L l T TN 7 I T T 1T7 ] T T 1
\ATLAS

\s=7TeV, 49 fb"’
\s =8 TeV, 20 fb™

lllllllllllllll

ATLAS, [EPJC 76 (2016) 513]

Contours for -2 Aln(L) = 2.3,

B(B: — u+ i) [107°]

CMS+LHCb, [Nature 522 (2015) 68]

14

>

I ==



% Rare decays | Biyy = utu” [PRL 118 (2017) no.19, 191801] l“mJJ

AGH

LHCb update

Q 3fb~! of Runl + 1.4fb™! of Run2
O new signal isolation

O new BDT: 50% better bgd rejection
O improved PID: 50% less B - hth~

15



%% Rare decays | B&) - utu”

[PRL 118 (2017) no.19, 191801] |

)

LHCb update

Q 3fb~! of Runl + 1.4fb™! of Run2
O new signal isolation

O new BDT: 50% better bgd rejection
O improved PID: 50% less B - hth~

Candidates / ( 50 MeV/c?)

35

o W
th ©

o
)

— =
S

!Illlllljllllllll Tl

Ln

T I T T T
Total

LHCD — =B 5> uu
BDT > 0.5 mmor B

------ Combinatorial

- B, — T (K)uv,
——— B _ TR
- Ay = pUV,

Bl = Tyu'v,

L L2 l-' T

5600 5800 6000
My [MeV/c?]

'ﬁ

—l

B(B" = ) < 3.4 x 1071 at 95% CL
B(B? — ™) = (3.0 0.6 (stat) 793 (syst)) x 1077 (7.80)
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% Rare decays | Bl = u*u~ [PRL 118 (2017) no.19, 191801] ||

)

= New observable: effective lifetime AGH

PI= 118/ = 0r =0 ps—1/2 =
. . 1.0 "SM T . (3
O Even if the BF is SM, the 08| | ' " K
. e - . i =7/ Nl — ~
effective lifetime provides a 06y LR E

T04f ' ]
probe to search for NP. = | S
= 0zp . S
T 0o ] pp =m/4 :'
. e L : i / @
 The effective lifetime can be % er [ Nowsealar o, a

. tu- < ~04r 1 [ NP{(Cy, Cp)

expressed in terms of A‘A‘F” T S ]

[PRL 109 (2012) 041801] 08 ; = [5], s free: [P[=1; pp=0 |

10 | _tpp=ffr/2 1 wp free; |S|=0;|P| =1+£10%|]

' ‘P‘ =1, ‘Sl =0 Excluded at 95% C.L.
0.6 0j8 1i0 1j‘2 1j4 1t6 118 QtO 2j2 2i4
R = Bchxp(Bs — H+/‘L7>/BRSM(BS — !LLJrnui)
8 LHCb

L For the first time, measurement of the
effective lifetime
7(BY — utp~) = 2.04 + 0.44 (stat) £ 0.05 (syst) ps

- Effective lifetime fit

WL candidates / (1 ps)
o)

[ The measurement consistency:
+ —_
sM: ALK =1 (10)
[ ! ! ! ! | . . . . | . . ] . uu'+ﬂ_ —_—
h : = NP: Ay~ = —-1(1.40)
Decay time [ps] [ The first step for future analyses of this kind.

s

=

Weighted B” —
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% Rare decays | B?s)_’TJrT_ [arXiv:1703.02508] llImJJ

AGH

O Theoretically, as clean as the muonic mode

O Experimentally much more challenging

1 More abundant than the muon mode [PRL 112 (2014) 101801]
B(B°— ™) ¥ (2.2240.19) x 10
B(BY— ) ¥ (7.73 £ 0.49) x 10~

O Will make for a very clean LFU test with muonic mode in the future

3 Only existing limit on the B® mode from Babar [PRL 96 (2006) 241802]
B(B°- r"77) <41x10™° @90%C.L.

18



% Rare decays | B?s)—’T+T_ [arXiv:1703.02508] lll“lJJ

AGH

O Theoretically, as clean as the muonic mode

O Experimentally much more challenging

1 More abundant than the muon mode [PRL 112 (2014) 101801]
B(B°— rtr7) ¥ (2.22+£0.19) x 10~
B(BY— rtr7) & (7.73 £ 0.49) x 10”7

O Will make for a very clean LFU test with muonic mode in the future

3 Only existing limit on the B® mode from Babar [PRL 96 (2006) 241802]
B(B°- r"77) <41x10™° @90%C.L.

O Analysis of LHCb Run1l data, in hadronic tau decay via the resonances

T = 01(1260) 7, 01(1260) > p(TT0)°n
B(r= = nfntnTr,) = (9.31 £ 0.05)%

1 World best limits set for each mode (assuming no contributions from the other):

B(BY — 7t77) < 6.8x 1073 at 95% CL
BB = rt17) < 2.1 x 1072 at 95% CL

19




% Rare decays | BY » K*tutu~

BN CSR Lattice - Data

O The observed tensions in measurements where % B %I('Lgéﬁ §
regions of dimuon mass around the J /Y and % _
Y(2S) resonances were excluded Be E
[JHEP 06 (2014) 133] = ++ .

R
S - 10 15 20

¢ [GeVcH]

20




%% Rare decays | BY » K*tutu~

[EP) C77 (2017) no.3, 161] lu

O The observed tensions in measurements where §3oo
regions of dimuon mass around the J /Y and % =0
Y(2S) resonances were excluded = 200

= 150

O Analyse the m(uu) spectrum Eloo
of BY - K*u™u~ modeling all resonances: 2 50
- Fits with different phase hypotheses for g
long-distance contributions =S

@)

d The observed BF is lower than the SM, in

agreement with previous analysis (same data)

B(B"— K pu ™) = (4.37 £ 0.15 (stat) £ 0.23 (syst)) x 107"

[ Scan of Wilson coefficients disfavours
the SM solution

neg. neg.

LHCb

—e— (data

total

short-distance

resonances
interference

background

1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 lﬂ= 1 I 1 1 I:
1000 2000 3000 4000 ,
migs [MeV/e?|
~ s —
O | LHCb
5
(a7 I
9} o a
. oo 30
99.7% SM
—6L— M I AR L
0 2 4

6
Re(Co)




% Rare decays | angular anomalies

Il

AGH

1 Lepton Flavour Universality tests with B decays — tension in the data coming from

B —» K*u*u~ angular observables

T T ' R
e LHCbdata o ATLAS data
= Belledata © CMS data
.| SM from DHMV
‘ — SM from ASZB

o .
—0.5F j:t — =
- I T |
—1_ e 4 e s |! T T T T T R R _-

0 5 10 15

g> [GeV?/c4]

LHCb: JHEP 02 (2016) 104
Belle: BELLE-CONF-1603
ATLAS: ATLAS-CONF-2017-023
CMS: CMS-PAS-BPH-15-008

DHMV: JHEP 12(2014)125
ASZB: EPJC 75 (2015) 382

* Belle, ATLAS and CMS use angular folding, differences in observables,

background treatment and control modes.
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%% Rare decays | R(K)

Il

AGH

1 Lepton Flavour Universality tests with B decays — tension in the data coming from

B —» K*u*u~ angular observables

dl(B—Hu*p™) dq2

d Violation of lepton universality Ry = dq?

dI'(B—Hete™) dqg

dq?

Q R(K) results

——LHCb —=—BaBar ——Belle

Q:M 2_ T T T [ T T T T [ T T T ] LA BN

[ LHCb 1

1.5k -
1_
. 1l SM
: 1

0.5_— —
O-' N B B B R
0 5 10 15 20

g% [GeV?/c4]

LHCb: PRL 113 (2014) 151601
BaBar: PRD 86 (2012) 032012
Belle: PRL 103 (2009) 171801

O LHCb : 0.74573:099 + 0.036 inthe 1 < g2 < 6 GeV?/c*, tension with the SM at 2.60
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% Rare decays | R(K*) [arXiv:1705.05802] lll“IJJ

AGH

Submitted to JHEP last week!

1 Lepton Flavour Universality tests with B decays — tension in the data coming from
B —» K*u*u~ angular observables

dF(B—>H;L+,u_) dq2
 Violation of lepton universality Ry = ——= di‘i —
I'( _:gq; e )dQQ

Q R(K) results

Q R(K*%) measurement Ry =
O Using full Run 1 data
1 Double ratio to cancel
systematics

B(BY— K*utu™) B(B°— K*ete™)
B(BY— K*J/p (= ptp=)) /) B(BY— K*Jh)(— eTe))

. . ] N?" "?4 1 5
O Measuring in two bins of g?: gl = /49 g
Low: 0.045-1.1 GeV/c2 | 3 ( 2
; V(28 <
Central: 1.1-6 GeV/c2 4 I ) 8
dr_ —
dg? g
T C7I)C.<)I) Cs()l) and ("‘1( E)) @
interference Long distance U;
contributions from ¢cC =~ 2
above open charm ==
threshold S
/
4 [m(p)]? —q
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% Rare decays | R(K*?) [arXiv:1705.05802] lllmﬂ

AGH

Submitted to JHEP last week!

Q R(K*%) measurement

- 0.66 = 04k (stat) £0.03 (syst) for 0.045 < ¢* < 1.1 GeVZ/?
{*U — ) J
I 011 (stat) £0.05 (syst) for 11 < ¢ < 6.0 GVt

Results compatibility with the SM expectations:
- low—g?bin2.1-23 ¢
- central-g% bin2.4-25 o

25



% Rare decays | R(K*?) [arXiv:1705.05802] llImJJ

AGH

Submitted to JHEP last week!

Q R(K*%) measurement

0.69 T §ih (stat) £ 0.05 (syst) for 1.1 < ¢® < 6.0 GeV?/¢?

. {0.66 T 00 (gtat) £0.03 (syst)  for 0.045 < ¢2 < 1.1 GeVZ/cH
K*0 —

Results compatibility with the SM expectations:
- low—g?bin2.1-23 ¢
- central-g% bin2.4-25 o

| [ LI T 20 T

< 10 - e 1_._.&.: _____________________________________ - F:: | T :
= AZE = =3 ] X 15k ]
0.8 N [ ]
:% }i g E o * ]

-0 ] 10 e |

0.6 5 ® LHCb . i T ]

i BIP i ? IJ; 1 N ]

041 ¥ CDHMV 7 _F ]

I B EOsS ] .51 @ LHCh

02F ® flav.io - ) M BaBar -

[ LHCDh . JCaV " - LHCD A Belle ]

00 [ U T T N T N T Y U ST N A A M A N N AT AR D,O L L R l I N T 7| L1 ] ,l_, L1 |

0 1 ) 3 4 5 G 0 5 10 éo ) 420

¢ [GeV? /et ¢ [GeV7/ ]
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Recent results from the LHCb
Conclusions

O LHCb has taken series of measurement in flavour physics

[ CP violation results compatible with the SM

Q First hints of CP violation in baryons

O Rare decays remain the source of tensions with the SM both in LFU tests and in
global fits to Wilson coefficients

3 First measurement of promising observable, the effective lifetime B2 - u*u~

L Many other recent results not covered here: [link]
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% CPV | ¢, measurementin B, = J/YK*tK~

Il

] Fit results of the resonant structure.

AGH

The three possible polarizations of the J /i generate longitudinal (0),
parallel (||) and perpendicular (L) transversity amplitudes.

Transversity fraction (%)

Component Fit fraction (%) 0 ” .
(1020) 705+06+12  509+04 231+05  26.0%06
£2(1270) 1.6+£03+02  769£55  60%£42 17.1£5.0
£4(1525) 107£07+09  468+£1.0 338+£23  104+23
(1680) 10£03+£03 440439 327+£36 23336
£2(1750) 059192 £ 021  582+139 31.7+£124  10.1+168
£,(1950) 0.44+015 1+ 0.14 22+67  383+£138 505+ 14.2
S wave 10.69 & 0.12 £ 0.57 100 0 0
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% CPV | ... in baryons [Nature Physics 13 (2017) 391] lll

A

O Scalar triple products of final-state particle momenta in the A% centre-of-mass frame

Cr=p," (P XPyr) Cr=p; (p+ Xp,;) for 4,

O Assymetries definiotion

N(C; > 0) — N(C; < 0)

A+(Cs)=

rCr N(C; > 0)+N(Cs < 0)

. N(=C7>0)—N(—C7 <0)

A7(Cr)= —— —
N(—C7>0)+N(—C# <0)

N and N are the numbers of A) and A, decays
O The P- and CP-violating observables:

P

— 1 o .
ﬂIT_Ddd:E (A? _I_AT) aT—odd:

30
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% Rare decays | BY » K*tutu~

[EP) C77 (2017) no.3, 161] lll

)

)  Candidates / (44 MeV/c?)

— = M R W | — = ) R W

n (e} h (e} h = Lh Lh (e} h (e} h =

o o & o & o S S o o & o & o &
TT | TTTT | TTTT | TTTT | TTTT | TTTT TT | TTTT | TTTT | TTTT | TTTT |

Candidates / (44 MeV/c?
i

AGH

- LHCD

—e— dafa
e total
short-distance

— [ES0MANCES

neg-neg

background

LHCDb

—=&— data
total
=== short-distance

— ESONANCES
=== interference
background

pos-neg

:I 1 1 | 1 1 1 1 | 1 1 1 1 |-= 1 1 -.M_E 1 I 1 1 I_EI 1 1 I'- 1 1 1 1 | 1 1 1 1 IEJ.-I 1 ..JJ. 1 | 1 1 1 E
1000 2000 3000 4000 1000 2000 3000 4000
rec 2 rec 2
myy, [MeV/e?] mys; [MeVie?]
T T T | T T T T T T T T : T T T T T T | T T T I T T T T T T T T T T T T T T
LHCb I LHCb
neg-pos POS-poOs
—e— data 1 —e— data
— total * il total
------- short-distance 11 === short-distance

— TES0TNANCES

— TESONANCES
===msnn interference
background

S T E =S
_I 1 1 | 1 1 1 1 | 1 1 1 1 | 1 I'L =| I 1 1 I__I 1 1 I 1 1 1 1 | 1 1 1 1 I= EI 1 -|==| | 1 1 I_
1000 2000 3000 4000 1000 2000 3000 4000
rec 2 rec 2
ngy; [MeV/c?] msy, [MeV/c?] 31



%bﬂ Rare decays | R(K*Y) [arXiv:1705.05802] ll”]“

AGH

Submitted to JHEP last week!

3 Number of candidates for B - K*%[*[~ final states with muons and electrons

10°

7 [GeV?/ 4]

vl den bl
Ll

10

5000 5500 6000
m(K i) [MeV/c?] m(K " me*e) [MeV/c?]
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% Rare decays | R(K*9)

Pulls Candidates per 10 MeV/¢?2

Pulls Candidates per 34 MeV/c2

[arXiv:1705.05802]

LHCb

I Combinatorial

0.045<¢><1.1 [GeV¥/ 4]

5200 5400 5600 5800
m(K mut i) [MeV/e?]

[ T T T T T ]
B LHCDH E
WE L e B—K "ee -

- I Combimatorial A
15 B—Xe e —
10f- e

= 0.045<¢’<1.1 [GeV-/c*] ]
SEl] ] ; E
- S SRR & S N
0 par—ar—r e Ly e LW
-5 =
4500 5000 5500 6000

m(K"meve ) [MeV/c?]

Pulls Candidates per 10 MeV/¢?

Pulls Candidates per 34 MeV/c¢2

Submitted to JHEP last week!

80 o
LHCb

70 0

60 : .
I Combinatorial

50

40

30 ey 2
1.1<¢?<6.0 [GeV/c?]

20

5200 5400 5600 5800
m(K ) [MeV/e?]

T T T =
35 . =
LHCD 3
oE e e B° 5K %te
25§ I Combinatorial =
20 B—):f{?-'_{?_ =
0 07, =
. WKy
10 1.1<g?<6.0 [GeV¥/cY] 3
5§ =
] s ———————— =
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O Systematic uncertainties
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low-g° central-g”
Trigger category LOE LOH LOI | LOE LOH LOI
Corrections to simulation | 2.5 48 30 22 42 34
Trigger 01 12 01]02 08 02
PID 02 04 03]02 10 05
Kinematic selection 21 21 21| 21 21 21
Residual background 50 50 50
Mass fits 4 21 25|20 09 10
Bin migration 1.0 10 10|16 16 16
T Tatio 16 14 1707 21 07
Total 40 61 55|64 75 6.7
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