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Are we satlsfled W|th SM'-’

" The Standard Model (SM) works fmtastlcaily ina’
profound way, however, it is believed to be

e .An effectlve theory up toSome scale :

j » Good reasons to believe that SM is mcomplete and
- that New Physics (NP)beyond is needed

* Missing dark matter candldate

.+ CP violation for dynamlcal generatlon of Baryon Asymmetry ]
in Unlverse (BAU) Iargely |nsuff|C|ent

http://c kmﬁtt in2p3.fr http://www.utfit.org
1= Tt

o We must search for
* New partlcle.& |nteract|ons
-« New sources of CPV .




Opportunltles 11 flavor sector

| > FIavor as a wmdow to NP, complemgntary to dlrect

searches -

> Explormg NP scale >> Te\V*
> Dlstlngwshlng NP models

(s — d) (b — d) (b—s) (c — u)
Amg, ex Amg, sin23  Amsg, AL D—-D

Generic bounds on New Ph SICS scale (for gx~1

> NP could have significant effects in processes where SM,
contrlbutlon is suppressed and weII understood

-

> Mixing processes | M Decay rates
> Rare loop d‘ys ' m CP asymmet'rie's _
> SM forbldden decays ° - wm Angular correlations

Preasmn measureménts are essentlal 1



'Ifhe' power of preé_isidn

» Sensitive to ”NeW” Physics effectsoff-shell
. When was the Z boson dlscovered'-’ '
" V1973 from VN — vN? 1983 at SPS collider?

* cquark needed to explam KL = ptu~ (GIM)

. » The 3" family (b, t) fo explaln CP wolatlon (Kobayashl &
~ Maskawa) ' : ' T

> Ingredlents 1{o]§ where to Iook
.~ * Precise SM predlctlon

* (desirable) PreC|se beyond- SM predlctlons et
~+ Good expe mental precmon

Th|s is what the LHCb detector desngned for ......



. ThelHCb collaboration - -
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Phy5|cs goals of LHCb v

> "

> Indlrect search of BSM via precision measurements

. CKM CPV and rare decays in b and ¢ hadrons

.. B O\ e
§ > PreC|se measurements of QCD + EW at Iarge rapidity s

;'lf‘ B 1
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» Hadron spectroscopy
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l_Th_e LHCb detééfor' e

Collision _ ...
Oint ’ s M4 M5 \ g
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s My g I.Ill " !!!I | ‘Acceptance .
m : IHm 20m 2 < n < 5
Int J. Mod. Phys. A3O (2015) 1530022

._-Impact parameter: d]p = 20 um

Proper time:. : = 45 fs for By — J /¢ or Dfn

Momentum: ;g Ap/p = 0.4 ~0.6% (5-100 GeV/c)

Mass: . ’ .0, = 8 MeV/c? for B - J/PX (constralnted ml/w)
RICHK — 1t separatton €(K > K) ~95% mis-IDe(r.— K) ~ 5%

Muon ID: - .  e(u-o'u) ~97% mis-ID e(mT — u) ~T— 3%

ECAL: drd 2 AEJE =1 @fO%/a/E(GeV | - -
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Dimuons per GeV/c”
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Dimuons per GeV/c?

T D' S5 Knr
Charmonium
Dimuon mass [GeV/c')

Bottomonium C Signal: 630 million
E Powerful
. o, = 8 MeV/c? fo
Dimuon at e(K - K) ~ 95%

= hadron PID!
trigger level ! . e(u— 1) ~97%
345 10 20 100 200 AE/E =5 é 10% 0 1000

Dimuon mass [GeV/c’] Kmt* mass [MBV/CZ]

Candidates per 19 keV/c’




: LHCb.data ,takiﬁg

2016 (13 TeV ): 1.00 /fb
2015 (13 TeV ): 0.32 /fb
2012 (8 TeV ): 2.08 /fb
2011 (7 TeV ): 1.11 /b
2010 (7 Tev ): 0.04 /fb

Integrated Luminosity (1/fb) e

Most results still based

2011+2012 data




- CPVin b sector
>al in B - DuvX :
B sin2pin B® - J /YK
~ » ¢, measurements |
= X > Evidence of CPV in.'A?, = pn_'_._h*hf



Neutral B mlxmg

> Weak states m|x V|a box diagram: ﬂavor oSC|IIat|on

BBmmm

. Mass eigenstates
Amg = my — mbAF—Frﬁh.
CPV observables

e CPVinmixing: al
o 'Mixing;indu_c:éd.DV:.cl)s‘, qba =210

agl-; q5q'a‘nd. Am, are very Séﬁsitjve_ to.NP in mixing 12
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L) resul.ts

> The DO measurement yields an aﬁﬁmalouS’dimuQn
asymmetry [PRD 89 (2014) 012002], indicatinga
surprising deviation from SM in the (asl, Sl) plane

-» LHCb measurements of asl and a;, do not support
the dewatlon g '- Dt

1—( 002+0 19 + 0. 30)%_
PRL114(2015)041601'

' LHCb DOuvx
_ 0 DUuvX
ag = (=0,39 + O.6 +0.20)% [EE Bafar D
- PRL117(2016)061803' | Relle 1



Sin;Zﬁ': a mileétohe of mbdérh_ be’éuty pHyifiics

> First CPViimsB«decays dﬁoserved‘by BaBar
and Belle in 2001 [PRL 87 (2001) 091801/2]

» sin2f =0.731.40.035+0.020 "
-+ LHCb, PRL 115 (2015) 031601 °

0 Indire.ct fit i_n:S.IVI,:.'sinZB = 0. 7711’8:81; .

Signal vield asymmetry

ﬂm{ZB) = sin(29,) E

SACLIANARY
—'_|F' | 0.6% 1.0% — 0.07
PAC 79 {2009)-072008
BaPary K.
: '~r~r1':~~-"
sin2p A Piallar iy hic
. S SRD 84 {2004)
¥ o a"wu : Balle 0.67 = 0.02= 0.01
: : SHL 0B (2012} 171802
ALEPH , . oBSEopap
SL3 492, 250 |2000)
CPAL ) a0t - pEn
=P CS, 379 [1958)

0735 -:.-Il

COE
2RO &1, CFA00E [F000)

_HCE Dofg D 2 D02
ardiy: 151307080

Bellehs Dof - 0ok 006
“RL 108 (2012 11801

Average DEE- D02
IFAG

3

-'LHCb result is now com|’detitiv with B factories. S




"¢ from b — cCs transitions

" > A crucial goal of LHCb .

* 10% of b hadrons in pp collisions at the LHC are BO mesons
. Measurmg CPVin BO is the LI-E(b) terrltory

> For ¢s = —arg (nfcp Z A;CP> for BO 27 ]/¢¢ decays

| > Preusely predicted.i in L qb O 038 + 0.001 rad

.* Up tosmall correctlons due to penguin pollution
> Very sensitive to NP in mixing: ¢ = ¢3M + ¢F
. * = X ; . ! . - '. .




¢s from BO —>]/llJ¢ ]/¢7T T

PRL 114 (2014).041801

> ¢s = 08010 + 00039 rad

SIS . Consistent with SM prediction:
(Alog £ = 1.15) ks

o @ * . ¢SM=_0.038+0.001rad

P Dommatmg world average
< . PHFAG =0 030 + 0. 033 rad

ATLAS 19.2 fb™"

a6z o0 t o Stlllstatlstlcally I|m|ted

Exp. Mode Dataset ¢ AT, (ps™) Ref.
CDF Jo 9.6fb~" [-0.60, +0.12], 68% CL +0.068 £ 0.026 +=0.009  Phys. Rev. Lett. 109, 171802 (2012)

DO

J/’UO 8.0fb~' —0.55 U,i *0.163:8823 Phys. Rev. D85, 032006 (2012)

ATLAS Jio 49! —0.12 +0.25 +0.05 +0.053 £ 0.021 £+ 0.010 Phys. Rev. D90, 052007 (2014)
ATLAS Jio 14.3fb~! —0.123+0.089 +0.041 +0.096 +0.013 +0.007  arXiv:1601.03297

ATLAS above 2 combined —0.098 £0.084 £0.040 +0.083 £0.011 £0.007  arXiv:1601.03297

CMS J/2/s b 10971 00754+ 0007+ 0031 4+ 005 + 0013+ 0007 Phyve [ott R7ZAZ G7-120 (2018)

LHCb JWUWKT K~ 3.0fb 1 —0.058 £0.049 £ 0.006 +0.0805 + 0.0091 + 0.0033 Phys. Rev. Lett. 114, 041801 (2015)
LHCb Jintzn~ 3.0/~ +0.070 £0.068 £0.008 — Phys. Lett. B736, 186 (2014)

LHCb above 2 combined —0.010 =% 0.039(tot) — Phys. Rev. Lett. 114, 041801 (2015)
LHCb DI D; 30" +0.024+0.17 + 0.02 — Phys. Rev. Lett. 113, 211801 (2014)

All

combined —0.033 £+ 0.033 +0.084 + 0.007



s from more b — ¢cs modes - -
| : — *
> BO - D+D [PRL 113(2014) 211801]
© =0 02 +0.17 + 0.02 rad
> B0 - P(2S)¢: [arXiv:1608.04855]

o ¢_—023+017+002rad : ,
> B? —>]/1[n1 CP-even mode lifetime measured [LHCb-PAPER- 2016- 017] |
t(BO—ij/tpn)—1479+0034+0011ps e
» More results is underway

« BY> ]/1/)K+K above ([)(1020)
'+ BY 5 7.p(1020)

B, »D'D;

B,=Ilyn

5 B.(S') e, ]/¢¢ WIth]/tI) = e+e_ : R A ve. (CP-cven) 1.42 20,02
B as tee : ' S | HFAG 2015 (B, - J/y




CPV in baryon decays: A} —» pt~h*th~
» CPV has never been observed in the decays of baryons .

> Acp expected in charmlessadecays of AO by.SM: ~20%
* Y. K. Hsiao et al, PRD 91 (2015) 116007 :

-~ » Contributions from tree and loop dlagrams are comparabte

- for- AO > pm h+h decays

TaYavavavan i gl

,uctLJJe,

b > "'\. ‘/"*.\ TAVAVAY ) >
V ub,ch.th W Vi ud,cd td

Tree o |V,p| ~ A3 Penguin o«

x=u,c,t Viex Vid ™~ A3 |
Vup has large phasey .



,Tri'pl_e'pr'oductasyrhm.'e"try e

> Search for CPV using Triple ProdUfét-Asymmetry (TPA)

Triple products in the Ap rest frame:
Cy =Bo- (B X B) oxsin®
Cs =Pp - (Pp+ X Pp—) xsin®

T-odd asymmetries:
Nhg(c?}ﬁ)—Nng(Ci-{O)
Nhg(C' }0}+N O (C {0)
b

Neo(—Cj3 >0)+Nﬂ( ET<0)

CP-violating observable: P-violating observable:
T—odd __ : T— dd
acp ° = 3(As — Ag) ap ° — 3 (A + AT)




Slgnal ylelds of AO — pn h+h“

LHCb PAPER 2016- 030 in préparatlon

. * s*aas e )
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L | ' o | ' ' ! | LI ! ! ! ! ! ! ! ! ! | ! ! !
LHCb — Full fit E — Full fit
Part-rec. bkg. - s Part-rec. bkg.
--Comb. bkg. Comb. bkg.
B”—> K'nnn - B'= K K'K'n™ ]
A= pKTn --B{»KKmr ]
—Aﬂ—.) P T B 23 R A:—) pK+K_K_ _:

I
/-'\
oo
—

E‘\J LI I L L I P

. 8 6 . . .
m(pr w1 [GeV/c?] m(pn‘K*K‘) [GeV/c?]

[

o wta— = 664ﬁi 105(stat) A s

it~ = 1030 & 56(5tat)




F|rst ewdence for CPVin A0 - pn h+h_

LHCb- PAPER 2016-030, in preparatlon :
> No Slgnlflcant CPV integrated over phase space

prntaT —256+2.06+045 —4.86+2.064+0.44 —1. 15( —3.71) £1.45 £ 0.32

! pr  KTKT —268+£6.76£0.85 —4.55+6.07+0.52 —0.93(—3.62)+4.54 £ 0.42

1 > Results in bins.of |¢|
« Anevidence for
* localized CPV at
.~ the 3.3 o level

«  Compatible with -
T-odd n2/ndf=30.5/10 " SM predictions

Asymmetries [107]

l-:i'{_;

ID| [rad] By, g < 2157



*»
e =

Rare B'decay &.Iep-ton.,uniVe‘rsain.ty.'-.'__ |

'. >Bs/d—>u H o«

'>».BY > K+K (fuIIy hadronic final states)
» Photon polarlzatlon inb > SY -

. > Anomaly in B — K*Ou+y

'.> Lepton unlversallty inW+* - [Ty,

>Leptow.|n|versallty in B - Df‘+ "V R(DY)

-



_ - Motivation
' > b - sl+l tranS|t|ons are FCNC pr_ggesses ~where

e SM contrlbutlons is suppressed, while
2 NP.e'ffects could be large®

- > Lepton universality (LU)

- * In'SM, ratios like Ry dlffers from unlty onIy due to the

difference of phase space
® K~

- I'(Bt->Ktete™) | |
. Addltlonal difference would imply LU  PRL113 (2014) 151601
- RK = 0. 745+8 832 + 0.036, 2. 6 o dlscrepancy from unity

3 .



' > Very rare (and weII descrlbed) in SM, smce~on|y Ioop
contributions exist, e.g. . :
B(B°—>uy) =-(366+023)><109

- » NP, if eX|st|ng, could have sugnlﬁcant contrlbutlons | .
- *'through Ioops e.g. | '

m%ml2 tan®p

B(Bg O T .m_ssM m;
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S Belle
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¢4 CMS
¢ ATLAS :
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LHCb&CMS combmed results ., |

CMS&LHGCb, Natyre 522 (2015) 68 '

B(BO - 1 MT (2.8%%; )x-.10-.9
. 6.2 0, first observation - .
B(B0 S = (3.9t <10 10
3.0 o, first ewdence -

cand. (not corrected for efficiency)

2 D
) [GeV/e?] CMS and LHCb {LHC run I)
\ — 0.9 2= gne LD b

BDT>0.7
3 fb!

(L

=
=
2
=
&
3
o
=
=
£
o

0.4 0.6 0.8
B':E;I—’.”'P']["Dg] B(B" — ut ) [10°F

- SM expectations:

B(B' = utp) = (3.66+0.23) x 107"
BB = p*u~) = (1.06£0.09) x 10~




B" K+K observatlon & BO St
| : - LHCb- PAPER 2016; 036, in ﬁreparatlon "

> nghly suppressed fuIIy hadronic final states only pengum
annihilation and W- exchange contributions

. Test.of QCD calculations, mformatlon of pengum poIIutlon :

I
o
o

. B'— 11
et
[]e— Kk
E| B'— r*rX

i Comb. bkg.

—_ —_
NU Np
> >
© ©
= =
0 0
— —
0 0
i} i}
- -
© ©
= o
= o
c =
© ©
(&) &}

56 58
My [GeV/ 02] m,... [GeV/c?]

> B(B®— K*K~) = (7.8 £ 1,3 +.0.8.4 0. 2(B)) x 10~ (5.80)
' The rarest B decay to hadronlc final state ever observed!

> BB o mtn) = (6.9 £ 0.5 + 0% + 0.2(B)+ 0.4(f4/f5)) X 107 27



Photon polarlzatlon |n b - Sy

> The b > Sy transmon is the mothees
~ of all penguins, where the emitted Y

> When right-handed NP partlcles

" entered the loop, the |dolar|zat|on of
the ¥ would change, Ieadmg to
observable effects; e: g.-

. Mlxmg -induced CP V|olat|on [Atwood, Gronau, Sonl PRL79 (1997) 185]

-

| Z . Decay rate of BO elgenstates [I\/Iuhelm X|e ZW|cky PLB 664 (2008) 174] .
st ] ' cosh (AL t/ 7’__,] — A% sinh (ATlst/2)

+ ¢ C cos (Amgt) — ¢ Ssin (Amst) }

C, S+and AA: functions of Iéft- andgight-handed y po‘lariz.ation amplitude o
- : e et y . 6 T . 28 -



F|rst measurement of y polarlzatlon in BY - qby
: LHCb-PAPER- 2016; 036, in ﬁreparatlon ;

> Polarlzed photons in b — sy first observe'd at LHCb in the decay
Bt — K *ntm~y [LHCb, PRL112 (2014) 161801]

> T|me dependent decay rate measured.i in BO - ¢y .
I‘Bg_,(m,(t) e It [cosh (AI; ) ABsinh (Ag t)]
o0 LT Ak =poarge

: a
— Data ) ‘J 500 HCDb o\ — Data

— Model s — Model
=== Signal : - 00 H === Signal

bl Peaking

Missing kaon
Combinatorial -

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

© 24800 £ 300: controlmode % Ny = 4100 + 100 |
: Sl iy = 29



F|rst measurement of 14 polarlzatlon in BO £ ¢y
LHCb PAPER 2016; 036, in ﬁreparatlon ;

> Fit to FBg_)(m,(t) x e T'st [cosh (Ag t) c/lAsmh (Ar t)]
- A S +0.46 + 0.23 '
= AA=70.98 _0.52 — 0.20

* Other parameters fixed to the HFAG values

> Agree with the SM expettation in 2 o
a‘lsm = 0.047 35

|
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o
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Candidates / (0.1 ps)
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BY > K*u*p”
>Angular analy,sis’o,f.the decay
can probe potential NP
contributions

-> Observables include:
AFBIFLIPU ...... A ,..'

> First LHCb measurement used data of 1 fb~1
[PRL 111 (2013) 191801] i

> Recent update used fuII Run .

* data (3 fb~1)
= . JHEP 02 (2016) 104
> S-wave contrilfution measured

.-F5—0101+0017+0009 N > .
arX|v 1606. 04731 m-(KW'ﬂu-‘) [MeV/c?] |

Candidates / 11 MeV/c?




i P5 anomoly in BO K*OM+M .
i . JHEP 02 (2016) 104
..'.li-?' X ‘ e

> P5 is. theoretlcally clean

> The tensmn with SM rémains, a Iocal dlscrepancy
“at 3.4 o '

[LHCb
SM from DHMV

15
g? [GeV?/c4]

322



Puzzles in b —> sutu~ brahchi'rig 'frac.tibn.s

-

> Systematically lower than SM predictiofis in all é’hannels_

t

dBidg? [e4Ge VT

I|'|'II|III|IIII|-:I
1

t
1

dBR = gupvdy® 1 Gev Y

GVt o+ —
TV BY — ¢pu ™ pHEP 00

B — K*Ou*p— (2015) 179] A — Aptp™ pHep os
[arXiv:1606.04731] (2015) 115]

EN].CS5E Lattice -#Data BN CSE Lathee —#Data El] C5E Lattuice —oData
LENL AL L B LR R ™ F~ " 1 " 1 1 T ™ LR R I L L B L

B S K uu 3 B—Kuw {1 =% ° B Koy
LHCh § & LHCb J &

R

10 15

13 20 5 20
g [GeV*/ed] g* [GeV7/c4]

BT — Ktutpu~ pueros  B°— KOuTp™ pheros BT — K*Tput ™ pHep o6
(2014) 133] (2014) 133] | (2014) 133]




Lepton unlversallty m W — lv - ' -

arX|v 16@8 01484 -

> Agree with the SM prediction

CDF .
Bl 1. Phys. G34, 2457 (2007) 1.018+0.025

DO : v (e
Chin. Phys. C, 38, 090001 (2014) 1.123+0.126

B . EP (Combined) . |
Phys. Rept. 532, 119-244 (2013) 1.007+0.019 g

ATLAS ) _,
Bl Phys Rev. D85, 072004 (2012) 1.006+0.024

l LHCh W 1.020+0.019
B HCb W HOH 1.024+0.019

J LHCO W © 1.014+0.022 [l

07 08 09 1 11 12 13
B(W — ev)/B(W — uv)




Lepton unlversallty in BO D V.-
: : PRL 115 (2015) 111803

>.'R(D(*)) sehsitive to, e.g. charged Higg§ -
> WithTt~ - pu~ v vy, and B D" v,

discriminated by kmematlcal varlables q E*, Izniss |
5 R(D*) = 0.336 + 0. 027.+ 0.030 B Daia
‘ - Above SM predlctlon at 2. 1 O SR S - Efﬂ';,;q X)X

: - ' BN B — D*'lv
4 R(D ) = 0.252i.0.003 | | . B B — D'uv
"« Confirmed by BaBar/Belle . Combinatorial
. ; : _ Misidentified u

)

935 < g < 12.60 GeV3/c* 9.35 < g* < 12.60 GeV?/c*
e,

Candidates / (75 MeV)

Candidates / (0.3 GeV/c’

B lﬂ 500 1000 1500 1unu 2300
fGe\ 21 E * (MeV)

35



. R(D)and R(D") world average - -

T T"'T T T T"""T 2 3 "":’ T I

—— Belle Combination
—— Babar
LHCb
World Combination
SM prediction: PRD92 054410 (2015), PRD8S5 094025 (2012)

ICHEP 2016 Preliminary

s\ Belle-average

10 contours

11 - .= l R LLL Ll " -

025 03 035 04 045 05

B 4 0 above SM E



Summary |
> LHCb has perfdrﬁed many measmerhent?: with | |
unprecedented sensitivity in various aspects: CPV
rare decays, ...... Generally a agree with SM well .

> A handful of 2 — 4 o dewatlons from SM observed
. and further mvestlgatlons needed from both theory
and experlmental S|des he




Summa ry .
> LHCb has performed many measurements W|th |
unprecedented sensitivity in various aspects: CPV

rare decays, ...-....Geneﬁlly agree with SM well .

> A handful of 2 — 4 ¢ dewatlons from SM observed
. and further |nvest|gat|ons needed from both theory
and experlmental S|des ' e -




Prospects

Run 1 Run 2 Run 3 Run 4 Run 5+

(2010-12) (2015-18) (2021-24) (2027-30) (2031+) [
Lumi 3fb_1 8 fb~1 25 fb~1 SOfb 1 *300fb 1

...,> Run-1 data still not fally explored and many results |

¢ W|th Run-2 data have been coming

> LHCb upgrade comes aIready after Run-2
- * Instantaneous lumi W|II be ralsed by a factor of 5

S - Hardware trlggers removed running at 40 MHz

» LHCb is startsg to consider a 2" 'upgrade for Run 5+ .

> Flavor physics W|II JEVELG AL to fully | understand
SM and search for NP beyaqnd W|th more preusron
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.. Backup slides
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Heavy quarks at LHC
>large cross- sectlons of heavy flavor-produc’tlon at hlgh
~ energy pp collisions.

+ )5~ 300.— 500 ub @7 — 14 TeV.

®* O¢cc = 15 abE'“
' | »

- > The (antl )quark(s) in the
bb (cc) pair highly °. LHCb MC

is = 8 TeV

correlated
e g+g fu5|on dommates




Where we are 'with:._CKM?:

.

http://ckmfitter.in2p3.fr

Y

Amy & Am,

- .
" m'

http://www.utfit.org

UTH!

summerid

43
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