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LHCb Upgrade

Run experiment at a luminosities 5 times
greater than presently.

Greatly improve trigger efficiency on hadronic
channels and on rare decays.

Expand scope to the lepton flavor sector,
electroweak physics, QCD and exotics
searches.

Current 1 MHz LO trigger output is a severe
limitation.

. Remove the LO hardware trigger and
readout an event at every bunch
crossing (40 MHz). Use an efficient
fully software trigger.

« New front-end electronics and New
DAQ system.

upgrade
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Current VELO

Silicon strip detector 84 sensors (R + ¢
measurements per module). 2048 channels
(strips per sensor).

Capable of 1 MHz readout.

Exists in 2 retractable halves and can move.
The closest distance of the active silicon to
the LHC beam is 8.2 mm.

Radiation hard,7x10" 1MeVn,,cm-2 for full R sensor
lifetime. v
CO, cooling. ////
S &
I& \I !.; T 3
:g‘li?isnglines
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VELO Upgrade

* Moving from Silicon Strips to Pixels.
« Sensors are thinner, 300 ym to 200 um.
* 41M pixels (current:172k strips).

» High readout rate, up to 40 MHz.

« Large number of modules, 42 to 52.

* Reducing distance from beam, 8.2mm
to 5.1mm

« Sensor temperature < -20 °C

» Power dissipation / module ~ 28 W.
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1st joint Workshop IGFAE/LIP
in High-Energy Physics - %@ IGFAE U S C

Braga, 04 May 2018




Improved Radiation Hardness.

Huge data bandwidth: up to 20 Gbit/s for VE LO U pg rad e

central ASICs and ~ 3 Thit/s in total.

New microchannel evaporative CO,
cooling.

Thinner RF foil, 300 pm to 250 ym.

Data rates per ASIC (Gbps)

g
High tracking efficiency. g
>\

Measure the impact parameter with high
precision.

High granularity.

All prototypes have been delivered and
are undergoing testing:

Qualification of sensors.

Velopix testing.

Test of the readout electronic chain.
Test of the cooling system.

Production, reception, qualification and
assembly steps move in parallel.
Schedule is tight.

1st joint Workshop IGFAE/LIP
in High-Energy Physics -
Braga, 04 May 2018

Cibran Santamarina Rios 5




Weak interaction is the only source of CP
violation in the SM.

— Explained by CKM matrix.

— CKM matrix: unitary, 3*3 describing quark-

flavour changing charged-current Ws.
Unitarity matrix—Unitarity triangles.
Probing the unitarity triangle.

— Deviations would indicate BSM Physics.
— If SM is correct all measurements must

agree on the apex of the triangle.
VudVipy + VeV + ViV =0
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CP violation in the strange
sector

Strange decays play a major role in particle physics:
e For BSM at O(TeV), it might only be seen if there are new sources of flavour violation
e s — d transitions have the strongest suppression in the SM: V4 V% ~ 10-4

¢ In a Non-Mininimal-Flavour-Violating (Non-MFV) paradigm, they have the highest sensitivity

MFV paradigm Non-MFV paradigm
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Flavour-changing neutral current (FCNC) transition

Dominated by long distance contributions through Kg LYY

Notably new light scalars can affect Kg exclusively
Model-independent bounds on the CP-violating phase of the s — dI*1~ amplitude

SM prediction: B (K% — ptp~) = (5.0 £ 1.5) x 1072 [Nucl. Phys. B366 (1991) 189][JHEP 01
(2004) 009)

Old LHCb limit
B(K2 — ptp™) <9(11) x 1077 at 90(95)% of CL
[JHEP 01 (2013) 090]

New limit!
B(K2 — ptp~) <0.8(1.0) x 1072 at 90(95)% of CL
[EPJ C, 77 10 (2017) 678]

n
Theoretically more KO Y
interesting region
Standard Model v "
prediction (a)
s W u s u s u
w u,c.t
y A y A
u.c,t Vyu u.c.t W
W
d W u d u d u

(b)

Figure: (a): Long distance contribution. (b) Short distance contributions. [JHEP 01 (2004) 009]
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The second triangle

* Despite of its flatness there is a second triangle that, given
the reached precision measurements, allows to perform
CKMetrics.

* Its main parameter is the B, angle.

Im |V, Vip+ Vo Vi + Vi Vi, =0

us ' ub cs ¢b

Vo Vi OW=1 - ﬂs = arg [—
Y Y VisVio
Vs Vo
« Can be measured in B’ meson
oscillations.

— In time dependent analysis of B{ — J/4¢ @
and similar decays.

Cibran Santamarina Rios
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B.' — J/yg¢

The time dependent asymmetry of BY — (c¢)(s3)
decays is given by:

Acp(t) = L'eywy—amwe — I'Boy—ijwe _ —\ /4 5in Amt
cP Cpowy—ijwe + Tioy—iwe  cosh ZATt + RNy, sinh SATE

Where
A 3 Vis bV s
b= (2), (s 222) = 1y (i) (V)

Iy = (—1)' sin(—2;)

Which means we can access to 5 in time
dependent analyses of these modes.
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¢C63 =~ 2Bs

Global fit: ¢pcc, = -21 + 31 mrad [HFLAV] dominated
by LHCb [PRL 114, 041801 (2015)].

— In agreement with the SM value ¢ SM = 0.0376 + 0.0008
Penguin pollution under control [JHEP 1503 (2015)
145].

LHCb measurement of ¢° in B,—J/yK*K~ above
the ¢(1020) region [JHEP 08 (2017) 037].
— 1sttime ¢°c, measured in tensor final states.

New LHCb average (including J/wo and J/pTrT):
¢cc, =1 £ 37 mrad.
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HFLAV

£ 019 posr [
Exp. Mode Lumi o, [rad] = 68% CL contours
<
1 012 (Alog £ = 1.15)
LHCb JWKK 3fb —0.058 £+ 0.040 + 0.006 [PRL 114, 041801 (2015
JKK HM 371 401104 0.107+£0.034 [arXiv:1704.08217] *2017 CMS 19.7 fb!
W 3fb~1  —0.070 4 0.068 + 0.008 [PLB 736 (2014) 186] 0.10 7N
¥(25)¢ 3T 40.375% £0.02 [PLB 762 (2016) 253]
DD, 3fb™'  4+0.0240.1740.02  [PRL 113, 211801 (2014)] 008 O
ATLAS  Jjibo 19.2fb™"  —0.098 +0.084 + 0.040 [JHEP 1608 (2016) 147 2016 ’ LHCb 3 fb-!
CMS o 10.7fb~1  —0.075 +0.007 + 0.031 [PLB 757 (2016) 07
/ [ (2016) 7] £ 2016 0.06 ATLAS 19.2 fb!
Average - - —0.021 £ 0.031 [HFLAV]
: -0.4 -0.2 -0.0 0.2 0.4
Theory - - —0.0376 £ 0.0008 [CKMFitter| 6% [rad]
Cibran Santamarina Rios 1

1st joint Workshop IGFAE/LIP
in High-Energy Physics - %&% IGFAE U S C

Braga, 04 May 2018




Charmless B—V,V, d s b
Suppressed compared to charmed: - - \
— b—u tree. b loop c = :
— b—s, b—d loops. \ frgaersmbss
More sensitive to NP. ot -
Mediated by three smallest CKM matrix [ e V7,
elements.

V, and V,: angular momentum L = 0,1,2.

A
High longitudinally polarization expected: &

— Additional effects (rescattering) could produce smaller
polarizations. A

Angular pdf depends on:
— Polarization fractions: |[Ag|%, [Al2, A |2
— Strong phases: 9, 0

KTt
— If final state is common to B.° and B.°: AK: K
 CP-violating phase: ¢, in time dependent 01, s BS,\ 02
analyses. - 2
— If final state is not common to the B mesons K- \(Ii K/
CP: asymmetries.
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Time dependent analysis. BSO > K*O K*O

Paradigm: new particles may enter the loop.

Original approach: Channel Decay Polarization amplitudes

Channel #1 BY — (K )y (K= ) SS
— Extended m(K1r) range: 750-1600 Channel#2  BY — (K+m~)3K*(892)0 sV
2. Channel#3  BY — K*(892)0(K~m*): VS
MeVi/c . Channel#4 B? — (K+n_)6K;(1430;)0 ST
« Scalar: K,(1430)° + Non Res Channel #5 B3 — K;(1430)(K"n ")y TS

Channel #6  BY — K*(892)°K*(892)° VVo, VV||, VVL

« Vector: K'(892)° Channel#7  BY — K*(892)°K;(1430)° VTo, VT||, VTL

. Channel #8  BY — K;(1430)°K*(892)° TVo, TV||, TVL

« Tensor: K, (1430)° Channel #g  BY — K;(1430)°K;(1430)°  TTo, TT||1, TT L1, TT|2, TT L2

3x3=9 decay channels. Common¢?? phase
assumed. SM predicts it to be 0.

~ [ T T T r ' ]
. <, 1200 Bl B — K'n)K ) ]
Tagged, time-dependent, angular and 2-body § : LHCb B — ®m) &) 1
invariant mass analysis. o 1000 B 5~ (KKK ]
. ) p= 300 - Bl 3~ K'm)rat)
More than 6000 candidates with Run-1 data. . B > K'm)KK)
i Z 600F Bl 45— K 7Y ]
8 N [ Partially reconstructed ]
= 400 :— [ ] Combinatorial _:
b =t - Total Model 1
[\ 'g 200 —4— Data -
BO“‘ \ < ]
dl | O e
\U. 5000 5200 5400 5600 5800

m(K*mK~m*) [MeV/c?]
JHEP 1803 (2018) 140
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0
B."—

: dd :
First measurement of @5, using

B.—(K*

s T )(K-TT*) decays (including B2 — K*0K+0),
¢ = ~0.10 £ 0.13  0.14 rad. [JHEP 1803 (2018) 140]

CP-asymmetry determination:
IA| =1.035 £ 0.034 £ 0.089.

Compatible with SM.

Additional 37 observables, including
polarization amplitudes. Confirmed low

longitudinal VV polarization:

f1 = 0.208 + 0.032 & 0.046
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Polarization Summary of B—V,V,

« Large Longitudinal polarization confirmed in b—u tree dominated decays (f,~1) .
* Penguin decays show intermediate-small longitudinal polarization fractions.

— Exception in B°->KK™,
— Polarization puzzle.

— Would b—dqq show higher f, than b—sqq penguins?

Decay B'—p*p BO—p%p?
BaBar BaBar-Belle-
LHCb
+0.025 0.055
fL 0.978_0.022 0-7141_0.062
UscC

B p0K" B—dd B0 K"K*0 B KK B K™ B.0—pK™®
BaBar LHCb-CDF LHCb BaBar BaBar-Belle- LHCb
LHCb
0.40:0.14  0.361:0.022  0.201%0.070 0.801013 0.497£0.017  0.51:0.16
usc usc Soon US usc SC
b—dqq penguin contribution
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Rare decays

« SM predicts very small branching fractions ~10-°.
« Physics BSM can compete with sizeable effects. Y. Z
— In BF and other observables.

 Three main categories:

— Flavor changing neutral currents.
» Suppressed by weak loop In the SM.

« Signatures: lepton pair (y*, Z° — y*y~) hard
photon (B — K*y).

— Lepton flavor violating decays
 E.g. B — e*y’. Strongly forbidden in the SM.

— Flavor (non-)universality

» Lepton couplings in SM are the same for the BS
three generations of leptons (e,y,T). Possible NP
if deviations e.g. in B — Ke*e™ and B — Ku*p-.

in High-Energy Physics -

Braga, 04 May 2018




How it works?

Experiment Theory Experiment Theory
Model-independent description in an effective theory
! x
Hest = — Gr VibVis Zcioi + C;0;
- N N

V2
Left-handed Right-handed, z—z suppressed
Wilson coefficients CZ-(') encode short-distance physics, (9%(') corr. operators

, , b—>sy B—uu b— stl
\.: Og’) photon penguin v v
y
b ¢ Oé’) vector coupling v
s>‘<e Ogg axialvector coupling v v
b ¢ o _
>.< sp (pseudo)scalar penguin v
s ¢

Cibran Santamarina Rios
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4 Also ATLAS [Eur.Phys.J. C76 (2016) no.9, 513]
B(S)éu H B(BY — ptp~) =0.9tL1 x 1070

B(B® = ptp~) < 4.2 x 10710 [95% CL
Relevant channel for BSM searches ( wnT) [95% CL]

Highly suppressed in the SM. LHCb published an update of the BF
W " N o . .
T I S A including part of LHC Run 2 data. [LHcb,
e Y~ PRL 118, 191801 (2017)]
By (B = p" 1) =(3.65£0.23)x10” «Again compatible with SM.
By (B® =y 1) = (1.06£0.09)x10™" *First observation of B> u*u- in a single experiment.
[Bobeth et. al, PRL112, 101801 (2014)] 7.80 significance.
Sensitive to NP in Cyq & Cgp. B(Bg N ,u+,u_) _ (3.0 + 061_83) % 1079
b N -
1 " L T *B%>u*u- consistent with absence of signal (1.60
g ’ .
iy e 35%° significance).
. 0 — 1.24-0.2 —10
Combined data of LHCb+CMS B(B° — utu~) = (1.5775707) x 10
[Nature 522 (2015) 68] 10°
o T . — ~ 09— F——— 11—
SPH e B E 2 08k LHCb
2} b, 30 forE
B(B — u*u~)=28T55x107° 1w
2 isp R B 04t E
B(B® — putp~) =3.9116 10710 & p. g::w ER
5_~ e ey +LLI 1[ II 02? E
T 5800 6000 o1 ix10”
m,.,- [MeV/c?] 00— 6 8 -
BF(B, — u'w)
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Lepton Flavor Universality

In the SM the weak interaction to charged G - Go -
leptons and the corresponding neutrino is p-
universal (G©® = G = G(M),

— Confirmed with high precision in Z0>I*I-

NP: Could violate lepton universality. Ve ve

— Charged Higgs.

— Heavy W (W').

— Leptoquarks... . . . Q|
Lepton universality tests in tree-level O ¢ O
decays. N 7 \'\ .

— Abundant b — clv semileptonic decay. i({
— Well known in the SM. - -
— Possible NP coupling mainly to 3" family.
Lepton universality tests in rare (loop-level)
decays.
— bsl % 5 bt —
— Forbidden at tree-level in SM e, LQ -
— Sensitive to NP contributions in loops W 111%<
A S
st joint Workshop IGFAE/LIP &2 cFAE U Cibran Santamarina Rios 19
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Angular analysis of B> K*I*I-

« Decay described by 3 angles
W=(6|, eK*! (I)) and q2'

[

1 dY (T +1) 9 5 9
_ A |1 sin? B +{FL Fos? Ak
AT +1)/de " dg2de oz 11 (i) sin® i +{FiJos” 0

+i( 1 < sin? O cos 20,

" 052 O cos 26 + Sy sin? O sin® 6, cos 2¢

polarisation of the K*

Fraction of longitudinal
+ Sy sin 20 sin 20; cos ¢ H Sk kin 205 sin 0; cos ¢

I 51112 fx cos ) + Sy sin 205 sin 0y sin ¢

asymmetry of the dilepton

Forward-backward
+Sg sin 205 sin 20; sin ¢ + So sin? O sin? 0, sin 20

system 19
« F,,Ar, S combinations of K*0 spin Ec?r?ézic;ﬁgzab'e
amplitudes depending on Wilson RZED‘;OW factors (charm loops,
coefficients C;(), Cy\), C,,() and form broad cc

resonance)

factors.

* Less sensitive observables where form
factors cancel at leading order:

S 5 B ()
[Descotes-Genon,

VFL(1 —Fp)  JHEP05 (2013) 137]

I
=

eg: b5

1st joint Workshop IGFAE/LIP \|/ TR . ,
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Angular analysis of B> K*I*I-

[ATLAS CONF 2017 023]

|
(]
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[JHEP 02 (2016) 104] - L OMS p sweTen
- - & 2ATLAS 'Vs=8Tev. 20314 ¥ [ [ w0y )
b ] - Preliminary —e= Data ] £ L Swepr )
LHCDb . 156 CFFMPSV it 3 c T ot prsiminary
1 : SM from DHMV—: f_ theory DHMY _f 0.5 =
B ) ] B theory JC ] r
Or}q + RN 1  osF | ‘ ! E of +
+—}— E E_ _E 0.53—
B: 3 % [ . : s +F£F
n 1 -05F = 1E
[, ! e ‘f_...|........,,|,,.|_f 155 F;I‘:IHJI3I1D1214161820
0 5 10 15 0 2 4 6 8 10 a2 (GeV?)
¢ [GeVY 4] ¢ [GeV?]
 Measure angular observables Belle. PRL. 118. 111801 (2017
F., Ars, S o, Ps'in bins of g2 elle, PRL, 118, (2017)
« LHCb ATLAS, Belle show T T T T T T T T T T i e oviaco |
tension in P’ with SM Lof e e ]
predictions. o5l /\ F wonoses
« New analysis by Belle, e 00 b -’_+_ i: [E—
separately foreand p.  ———_ T ]
[ [ |
2.6c dev!at!on for K*up 1
1.1c deviation for K*ee :
i s 10 15
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dB/dg? [10°® x c4/GeV?]

dB/dg? (10° GeV-2c#)

Differential x-section in b->sl*lI-decays

Lattice —e-Data

EN].CSR
——

B’ Klutu~ 7
LHCb

25

B I —
g [GeV?/c4]

[JHEP 10 (2015) 034]

*LHCb [0 APRI3 #: HKRI15 # FNAL/MILCI5

LHCb
Bt — 71'+,u,+u,_

20
q* (GeV?/c*)

dB/dq? [10°® x c4/GeV?]

dB(B? > puu)/dg? [10°GeV2c4]

S = N W A N 0 o O

Lattice —e-Data

B'—K'u'u
LHCb
++

T TR —
¢ [GeV?/c4]

[JHEP 09 (2015) 179]
SRR
= SMpred. 3
*Data =

‘ 15 —
¢ [GeV¥c*]

[JHEP 06 (2014) 133]

20 Bm].CSR Lattice —e-Data
& T T T T T L L B B
% i B*'—= K utu
g 15 LHCb -
[$) i ]
o 10F - :
5 -+- ]
—{ 4
N@ 5 -— -1
B —+—+
% 0 P P TP S A
0 5 10 15 20
g [GeV?/c4]

1.8
1.6
14
12

0.8

S o
PN

dB(A, — A p p)/ dg* [107(GeV¥/c#) ]
e
[ S} —

[JHEP 06 (2015) 115]

SM prediction Ag _) AOIJ’+IJ‘_

T T 1 ]

i

e

5}“_{11:{* LHCb -
5 1I0 115 2I0 -
q* [GeV¥ 4]

Cross-sections consistently lower than SM in low-g? region.
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Lepton Universality in rare decays, Ry

_ BB > K'p'u)

RK_ + + + -
B(B" > K'ee)

LHCb: PRL 113, 151601 (2014)

Theoretically clean
Stringent test of LFU LHCb: PRL 113, 151601 (2014)

f — *\103‘ T T T T T T — —_ F
LI 1 Dok
= 150 LHCb 1 =300}
= f I
% 50F 1 2100}
20 1 2
= L i =] L
g , ‘ ] &
o 0 o 0
5200 5400 5600 5200 5400 5600
m(K ) [MeV/e?] m(EK ) [MeViel]
~ 51(')3 T T T T
Lo L 40
= 10 LHC 3
= L = 30
g g
E 5 E 20
s T =
2 1 2 10
g5 [ g
U G_ 1 1 1 U 0 :
5000 5200 5400 5600 5000 5200 5400 5600 |
- m(K*e*te”) [MeV/c?] m(K*ete") [MeV/c?] J

z 2_ T T T T | T T T T | T T T T | T T T | T T ]
i LHCDb 1
1.5F L -
1: il SM :
0.5F -
0_ T B I R B i
0 5 10 15 20

BaBar: PRD 86, 032012 (2012)
Belle: PRL 103, 171801 (2009)

-&-LHCh @ BaBar —a—Belle

g* [GeV?/c?]

Rk = 0.74570 000 (stat) & 0.036(syst) LHCb

2.6 standard deviations from the SM prediction
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Lepton Universality in - simiaror,
rare decays, RK* » Double-ratio, wrt BO>J/y K

Rocw — B(B—-K*utp B(B—»K*%te™)
B( BO N K*o ,U+,U_) L B(B—»K*OJ/«M—»W ) /| B(B-K*OJ/p(—ete))
R.. « Measured in two g2 intervals
K 0 *0
B(B—)Kee) . o2is the U'L- or e*e invariant
gciIsthe g J- or e*e" Invarian
2. 1 I 1 I 1 I 1 I 1 T 1 1
_ o ' ' " T TLHCb : arXiv:1705.05802 mass squared, g2
< I BaBar : PRD 86, 032012 (2012)
~ 15LE Belle: PRL 103, 171801 (2009)
B N ‘.f)f'(,-'-‘ (15)
B L 1 photon
(0 ) — , oo NS S N pole %(25)
- s dr -
@—I—{ : d;i Long distance
B i ¢ contributions
" $ L e
| . B.( B.( - E'I'I'IT(‘]'II"I'I"'I“'(‘ % . »
[ LHCh B e
00 i T TR SN TR NN TR SN TR SO NN SR N SR SR S SR SR S i , .
0 5 10 15 20
¢’ [GeV?/c
ow- ¢ central-
1 q> tral- ¢>

Ry« 0667 75 £0.03]0.69 7§57 £0.05

» Compatibility with the SM prediction(s):
> Low-g®: 2.1 - 2.3 standard deviations
> Central-q%: 2.4 - 2.5 standard deviations
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BO

Lepton universality in semileptonic decays: Ry,

y d d y d
) D*+ BO ) p*+ _decay mode B[%)] [PDG2017]
> « > > « > T — W DUur 17.39 = 0.04
b R ¢ b N ¢ AR S a7 9.31 £ 0.05
. _ M _ 7~ = ntr %, 4.62+£0.05
T i

B0 *+*r—0.) SM
Rp« = Z’Egojg*m_%; = 0.252 £ 0.003 [PRD 85 (2012) 094025]

* Accurate SM prediction (hadronic uncertainties cancel).
* Rp«<1 because of phase space.
« Two LHCDb analyses:

— Leptonic 7~ — p v, decay [PRL 115 (2015) 111803]

— Hadronic 7~ = nta~ 7~ (7°)v- decays [PRL 120 (2018) 17]
« Experimental challenges:

— Final state neutrinos

— Large backgrounds from partially reconstructed and misidentified
decays

1st joint Workshop IGFAE/LIP
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Rp. with B = D* (= 7tn 7 (7", )7, decays

-

Signal

« Normalize to B% —y D*— 3, with the same final state suppressing

systematics:
B(B® — D* 1% (= 3n (a7, )v,) B(B® — D*~3n)

fp- = B(BY — D*—3r) 8 B(B~ — D*~putv,)

« Main background from hadronic B — D*311X decays suppressed by
exploiting T lifetime
— (no bkg. from B® — D*"p*v,)

« BDT to suppress B — DD X background [PRL 120 (2018) 17]
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Rp. with B = D*Tr (= ntr n (7°)v,)v, decays

2200

100

B(B® - D*~ptw,) = (4.88 4 0.10) x 1072

50

F —+Data
E Total model
S0F BB =DV,
3 B—=D"t v,
s B — D"D{(X)
30 HMB— D=DY(X)

d B— D" 3xX
20F WmB— D DX)
F I Comb. bkg

40

« Dominant systematic uncertainty: Size .
of simulated samples 2

- 3D binned template fit to g2, T-lifetime ;= fr
« Templates from simulation, validated - w‘-ﬁ
using control samples o R >
“:: O wl
Rp« =0.286 £ 0.019 £0.025 £ 0.021 “ 5
N~ =~ = “ Q I
stat. syst. ext. 0 § i
. 5_ 5()05—
« External inputs [PRD 87 (2013) 092001] = @ wf
arXiv:1612.07233] ” g wof
B(B° — D*~3m) = (7.23 £ 0.51) x 1073 2°° — =

=

+

©

c

'—'-

10

[PRL 120 (2018) 17] ° " " .pa ' & GV
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R(D¥)

Summary of Ry and Ry,

Average of different final states an
experiments.
Including additional measurements, BaB
ar had. tag :
. .
discrepancy of 4.1c. With SM. 03320024+ 0018 T
. . Belle had. tag
Possible BSM scenarios (H+, W', LQS). 0293 +0.038 + 0.015 -
Belle sl.tag
0302 +0.030 = 0.011 ]
05k BlaBarl, PRILIO:),IOIISO2I(20lI2) L ) b - Belle (hadronic tau) P :
" =——— Belle, PRD92,072014(2015) Ay~ = 1.0 contours . 0270 +0.035 + 0027
- LHCb, PRL115,111803(2015) SM Predictions ] LHCb ;
0.45 = — Belle, PRD94,072007(2016) = * _ :
7 ——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) 5 0336 +0.027 + 0.030 5
[ ——— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) LHCb (hadronic tau) ;
04 __ - Average R(D*)=0.252(3) S. Fajfer et al. (2012) ] 0.285 = 0.019 = 0.029 " ‘
E - E Average
035 4o — 0304 = 0.013 + 0.007 1
n - S.Fajferetal. 2012) | |
0.3 20 " 0.252 = 0.003 |
- \ = HFLAV
025F - ) a— :
o F Z L 1 | ! L | 1
- | __FPCP2017 |-
02 | | | P(xz):71A6°f)—_ 0.2 03 04
1 L 1 1 1 L L 1 1 1 1 1 1 L L 1 *
0.2 0.3 0.4 0.5 0.6 R(D )
R(D)
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Global fits to b — sll data

» Several global analyses performed to rare b
decay data, assuming NP in one or more of

the C/s.

* Tension in SM fits at 4-50 level if no NP

allowed.

4G, . e

H, = —
\/E th tsl6ﬂ_2 -

eff

Y[[c+c ] o + [ +¢ oiw]

Capdevila et al

Altmannshofer et al

Fits favor NP contribution
to Cq possibly C,,

Possibly NP in the vector couplings?

b

b

\ B

~

y_

H+

Z', Leptoquarks, composite models, ...

JHEP 1891 (2018) 993 i Q\)I? EurPhysJ C77 (2017) 6, 377 — s Problem in our understanding of QCD
2] i@\ A | T S contributions?
[ IR, : 2 im ATLAS o I ——
e A A _
. | mis | N More data required. Capdevia ot ol
zg O /ey & A+ X/ JHEP 1801 (2018) 093
-1 al / SM @ Hypotheses “NP in some C; only” (1D, 2D, 6D) to be compared with SM
g } T\ Al
-2} '. 1DHyp. | Bestft| 1o | 20 | Pullsy
i -t \ O\ O\ P .1 | [-1.28,004] | [-1.45,0.75] | 58
_3ti,_<’_f_._____. immesal ‘ ChF = —Cif, || -0.62 | [-0.75,-0.49] | [-0.88,—0.37] | 5.3
3 -2 -1 0 1 2 3 S —— c}ﬁ}’ =-Ch, || -1.01 | [-1.18,—0.84] | [-1.34,-0.65] | 5.4
NP R (NP CNP = —3CNP || -1.07 | [1.24,090] | [1.40,0.72] | 58
Cou ' LFUV
‘ ‘ . . . . 1D Hyp. Best fit | 1o | 20 [ Pullsy
Cy0) & C,,() are Wilson coefficients for EW penguins GF | 176 |[ 286 123 | [ 504 076]] 39
COF = —Clfy, || -0.66 | [—0.84,—-0.48] | [-1.04,-0.32] | 4.1
0 — p— 0 — = c}ﬁ}’ =—Cy, -1.64 | [-2.13,-1.05] | [-2.52,—0.49] | 3.2
[09 = (S 7/ﬂPL(R)b)( | 7/ﬂ| ), O, = (S }/HPL(R)b)(| }/ﬂysl ) CNF = —3C)F || 1.35 | [-1.82,—0.95] | [-2.38,—0.59] | 40
Vector Axial vector
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p-p Iinelastic cross section

+ Other than flavor physics, LHCb slowly increasing its
scope to other areas

= QCD (soft, heavy ions, spectroscopy, exotic states)

= EW and top physics *USC involved
= Higgs and BSM direct searches
+ QCD physics: example arXiv:1803.10974

(submitted to JHEP)
- also, PhD thesis A. Dosil

£
. s - Measurement of the pp
2| /_/.//'f/' - inelastic xsection at 13
'/T/// - TeV 0;,,=75.413.0£4.5 mb
w0 | 1 = Main challenge:
- Totem determination of

L integrated luminosity!

Vs [TeV)

UNIVERSIDADE
DE SANTIAGC
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Nuclear modification factor for charged particles
at LHCb

* Nuclear effects on single particle production evaluated with the nuclear

modification factor: d2N,p1, d2oppr,
_ _ dprdyg  _ _dprdp
Rypp, = Loy dooy,

ore) Gprdy  “dprdy

* Incoherent superposition of nucleon-nucleon collisions would yield R,pi, = 1.
« Measurement of charged particle multiplicities can unravel the puzzle of Cold
Nuclear Matter effects in p-Pb collisions

*  Due to LHCb asymmetry three different observables can be measured in different
unexplored ranges:

p+Pb configuration (forward) Pb+p configuration (backward)
4 TeV pr = 1.58TeV Eph 1L.58TeV E $Tel

Rpbp, 2.5<n<55

Rypy
Rpp = —

, 25 <n<45

RPbp
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BSM searches

+ BSM direct searches: example

Search for a dimuon resonance in the Y region. Sensitive to
several models NMSSM, dark photons,

First search that manages to look between the Ys and also
goes closer to them than anyone else! (excellent mass

resolution at LHCDb) LHCb-PAPER-2018-008
also PhD thesis C. Vazquez

' v v 20 L] T L) L] T T T T T T L] T
. . f 1 o | I I I | ' -l : B

'E 10°L LHCb Prch]mmary ;‘(‘ul;ll)l z [ LHCb Preliminary 95% CL :ipper lum:s ]
- 4 p— ’  — . .
- [ J£=30D Background = i f[: —=30fb ! Median expecta 7
= /5= 7.8TeV , T } T(1S) W 68% expected
‘: Vs =T,8Te¢ . oy > o (50 pb) T 15 \/8_ =7,8TeV T(QS) 95% expected A
< Data = Ny
3 t Dt S T(3S) —— Observed
= . ? CMS expected
S 0F = —— CMS observed

T

E

)

10°E

: o MWW%M#\#MMMWWWWA}MMW

6 8 10 12 11 6
m(pp) [Ge

Pulls

s 10 12 14
m(¢) [GeV]
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Summary

* The flavor sector has produced some of the
most successful recent results in particle
physics.

* The indirect approach could lead us to the
discovery of NP.

* For that a new upgraded detector is required.

* In the meanwhile... stringent tests and the

discovery of new exotic particles have been
achieved.
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Exotic Spectroscopy

» Quarks form colorless objects:
— mesons (qq)

— baryons (qqq)

* Angular, spin and radial excitations =
spectroscopy.

* EXxotic spectroscopy: beyond 2- and 3-
quark systems: tetraquarks (qqqq),

pentaquarks (qqqqq)

1st joint Workshop IGFAE/LIP Q\‘b Cibran Santamarina Rios
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Pentaquarks

. JP
14 July 2015: LHCb reported the Ab{g

observation of two

particles P +(4450) and P_*(4380)
analyzing 26 000 A,° — J/wpK- decays.
96 < significance.

Argand plot favors interpretation
of these resonances as
pentaquarks.

— Interference with A* states allows to
extract the phase in bins of m .

— Clear phase rotation for P(4450),
direction consistent with Breit-Wigner

amplitude Not conclusive for P,(4380),

need more statistics.

C
_»\S

d
S [
§1000_— Wdata My, all
w [ @totalfi
= [ — background
‘%800__ & P,(4450) '
S [ =Pu4sen) ]

600 -4 A(1405) * ¥

[ o A(1520) W¢
- A(1600) ¥ J 1-
400 [~ and otherhpf

200

[GeV]

I T LA T
P,(4380): ! S AN = S E S S S R E

M = 4380 + 8 29 MeV, Pds0) . | + |

T = 205 + 18 + 86 MeV —, 1 [ e

F = (8.4+0.7 £ 4.2(syst))% ok 7Z E | ;

Fe (4450): 002:: Breit-WigEner fit : TV - :

M = 4449.8 £ 1.7 + 2.5 MeV .0.3; LHCb £ Breit-Wigner fit ;

L= oasaas Llliey -033;5‘“o';;"a‘z's“'o';“ah's‘“J;“at's'"é“',;i,:,-“a';“o?s'0'1"e,%.;"i“*aég“a'r‘aig“o'z‘0'25“0'3'0;5

F = (41+£0.5+1.1(syst))% Re AR Re A%
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[PRL 118 (2017) 022003], [PRD 95 (2017) 012002]

Tetraquarks 1 .
T\é 1005— LHCb . —— total fit (K's)
28 June 2016: LHCDb reported Lt
observation of three new "exotic" " sk
particles X(4274), X(4500) and aof-
X(4700) and confirmation of existence 20f-
of X(4140) (already seen by CDF) in T R U R U R R
the analysis of final J/p@ states. -
Seem to be formed by two quarks and £ 1of
two antiquarks (tetraquark). £ 10k
— Alternative interpretation: strange charm 5 sof
charged meson pairs D, D, bouncing off 60F
each other and rearranging their quark a0
content to emerge as a J/y@ system. 20F
0_41004200 430 - b: 500 4700 4800
My we (MeV]
Contribution JFC  Significance My [ MeV ] o [ MeV ] FF %
X(4140) 1t 8.40 4146.5+4.514% 8342112 13432148
X(4274) 1Tt 6.00 4273.3+8.311%2  56+117,7 7.1+£2573°
X(4500) ot 6.10 450611172 9242112  6.6+£2.47153
X (4700) ot 5.60 4704410 114 120431 132 12+ 5+ 2
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1 - T+ u > > u
Discovery of =, L . ela

d

- <3
6th July 2017. The =__**baryon < d o

identified by LHCb in its decay <
=t = AJKTtt c . . s K
Obtained in the analysis of 1.7 n U,

|%7% }71'
fb- 2016 LHCb data. d

M=,... =3621.40% 0.78 MeV ~§ T A= 3
Discovery opens a new field 2 160F | =
. - F +Data E
— Family of doubly charmed ¢ MO Total :
baryons related to o 120F - Signal
- ] . § 1()(); ---Background
= ' predicted and will be 2 sof
searched for. S 60k
N =
201 E
O_ 3 % -

1 | 1 1 1 A Al K L 1 | 1 1 1
3500 3600 . %700
m,, (Ec ) [MeV/c?]
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B

—(1.28+%% +011) x 1076 fu=080L%%; £0.06

B0 K*0K*0

U-spin partner of B, — K*0K*0 decay.

— Controls its penguin pollution from subleading
amplitudes

First LHCb analysis of B? — K*0K>0,
— Evidence by BaBar with

W

— Also analyzed by Belle
d°r i}
Longitudinal pelarization very high compared §cos6,d cos t,d¢dmydm, 8 X;Z:RG[A iAj Fijonin;]
with B> — K*0K*0, I
LHCDb untagged and time-integrated analysis.

— Assuming Al' ~ 0 and negligible CPV.
— Data sample seven times larger than the precedent

Fij = ®4(my, m)fif*(2 — &)

ones.
Statistical precision of 0.053 achieved in f;. A f
1] A cos 0 cos O M 1(my) Mi(mo)
Parameter | Value 2 | A %sin61sin62cos¢M1(m1)M1(m2)
fi | x.xxx & 0.053 3| AL 5 sin 01 sin 62 sin g My (m1) M1 (me)
. . . 4 A; ——(COS 01M1(m1)Mo(m2) — Ccos 02M0(m1)M1( ))
Decay branching fraction determined 5| Ag ——(c0501M1(m1)Mo(m2)+cos€zMo(m1)M1( 2))
improving the previous statistical uncertainty 6 | Ass — $ Mo(m1) Mo(ms)
by a factor of 2:
B(B" — KK ) = (z.z £ 1.9(stat)) x 1077
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events ina. u.

B0 pK'®

Proceeds either via:
— Doubly Cabibbo suppressed tree
— Gluonic b — s penguin
Vector partner of B — Kt
Similar amplitudes! (good for a.p search)
p—w interplay may enhance CP violating effect

A model accounting for 10 decay channels (14
waves) is considered.

—  [KO+(KTT )IX[p%+w+f,(500)+,(980)+f,(1370)]

— And the corresponding CP conjugated.
World largest data sample. More than one order
of magnitude increase.

Triple products very sensitive to BSM.

Eo(p — w)
B°(p — w)

1.75
1.5
1.25
1
0.75
0.5
0.25

TTTT llllllllllllllllllllllllllllllll

IIIllllllIlllllllllllllllllll

650 700 750 800 850 900
s12 [MeV]

i Type 8i(01, 62, ¢) M;i(my, mp)

1 cos61 cosfr Mp (my) M= (mo)

2 viv %sinGlsinez cos¢ My (m1)Myex (mo2)

3 jésinelsin%sin(ﬁ My (my) My« (mo2)

4 cos01 cosf, My, (m1)Myex (mo2)

5 VoV %sin@lsinezcosqs M (m1)Myex (mz)

6 %sin@lsinﬂzsinqﬁ M, (m1)Myex (mp)

7 Z8) %50501 Mp(ml)M(Kn-)(m2)

8 Z8) %Cosel Mw(ml)M(er)(m2)

9 S5V /50592 Mg, (s00) (M1 )Micx (m2)
S,V % cosfy Mf0(980) (m1)Mycx (m2)
S5V % cosby Mg (1370) (m1) My (m2)
515 3 Mgy (500) (m1) Mk ) (m2)
$S 1 Mg, (980) (M1 )M(kc ) (m2)
S3S % Mg, (1370) (M1) Mk ) (m2)

M. Gronau, J. Zupan
arXiv:hep-ph /0502139
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CP violation and matter-antimatter balance

Excess of matter over anti-matter in the universe.
Sakharov’s conditions (1967):
« Unstable Proton: no baryon conservation.

» Interactions violating C conjugation and CP
symmetry: initial matter-antimatter balance upset.

« Universe: phase of extremely rapid expansion.
Prevents restoration of balance due to CPT
symmetry.

Standard Model. Two ways to break CP:
« QCD: unobserved.
« Weak force: verified. Accounts for a small portion.
Net mass ~ only a single galaxy ®.
Physics beyond SM?

» Flavor physics: excellent playground to search
for BSM physics.
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