—_
-
-—
p—
-
-

l'li"!

C
i‘
: !
4
h
=1
]
]
[N

Carla Gobel
PUC-Rio ATLAS

on behalf of the LHCDb Collaboration

presenting results also from ATLAS and CMS
with mentions to BaBar, Belle, DO

Aug 28" - Sept 274 2017

QCD@LHC 2017 Debrecen




Outline

Most recent/interesting/intriguing results on

B Heavy Flavour Production & Properties
® Rare decays & Lepton Universality

B Spectroscopy (including exotics)

® Highlights on CP violation

Disclamer: Impossible to cover everything !
+ Iwon’t touch on Top Physics and Heavy Ions (dedicate plenaries)

+ Focus on most recent (= 1y) and/or significant results from ATLAS, CMS and LHCb
+ Yet, some bias may appear: sorry if your preferred topic/result is not covered
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Why study flavours....

1TeVi
® Standard Model (SM) alive and very well | Leptons Quarles
for half a, decade! 1GeVy 1 e 7
® Yet, it cannot be all... 1MeVy
dark matter, fermion mass scales, baryon  emmee manes
asymimetry, hierarchy problem, etc... 1

V's e w T u d s ¢ b t

® The quest for New Physics (NP) relies on complementary approaches

Energy Frontier Precision Frontier
. look for deviations of the SM predictions:
direct searches for new heavy particles affects lower energy
particles and interactions processes

QCD@LHC 2017 - Debrecen Carla Gobel



Why study flavours....

1TeV;

® Standard Model (SM) alive and very well | Leptons Quarks 7
for half a decade! 1GeVy ? . !

® Yet, it cannot be all... 1MeVy
dark matter, fermion mass scales, baryon  emmee manes
asymimetry, hierarchy problem, etc... 1

V’'s e w T u d s ¢ b t

® The quest for New Physics (NP) relies on complementary approaches

Precision Frontier

Energy Frontier

look for deviations of the SM predictions:
heavy particles affects lower energy
processes

direct searches for new
particles and interactions

The flavour sector in the richest and most puzzling part of

the Standard Model (SM) == 20 parameters: masses and mixing
of the 12 fermions
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Why study flavours....

lTeV;

® Standard Model (SM) alive and very well | Leptons Quarks 9
for half a decade! 1GeVy ? . !

® Yet, it cannot be all... 1MeVy
dark matter, fermion mass scales, baryon  emmee manes
asymimetry, hierarchy problem, etc... 1

V's e w 1T u d s ¢ b t

® The quest for New Physics (NP) relies on complementary approaches

Precision Frontier

Energy Frontier

look for deviations of the SM predictions:
heavy particles affects lower energy
processes

direct searches for new
particles and interactions

The flavour sector in the richest and most puzzling part of

the Standard Model (SM) == 20 parameters: masses and mixing
of the 12 fermions

Study QCD in different regimes

— E—

a tool for: New physics searches {Understand CP violation mechanisms
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Flavour Physics @ the LHC

4 ™
LHC 1s a flavour factory!
® Huge b cross section, and 20x higher for charm

L ® All types of b- and c-hadrons produced J

* ATLAS, CMS

= general purpose, “discovery machines”
= efficient di-muon trigger: great capabilities in

b decays to pp
= maximal luminosity

* ALICE

= cleanly reconstruct heavy flavours
- focused on quark-gluon plasma

= contributing in heavy flavour

production in pp collisions too
(L. Vermunt, Tue 29/08)

Muon Detectors Tile Calorimeter Liquid Argon Calorimetd rATLAs
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Flavour Physics @ the LHC

4 . Y
LHC is a flavour factory! LHCD
® Huge b cross section, and 20x higher for charm "3
L ® All types of b- and c-hadrons produced J

* LHCD is the dedicated flavour experiment
- forward detector (optimised geometry)

RICH particle ID (K/m separation)
excellent vertexing

1 1 1

operates at lower luminosity
but lots and lots of flavour

* ATLAS, CMS

= general purpose, “discovery machines”
= efficient di-muon trigger: great capabilities in

b decays to pp
= maximal luminosity

* ALICE

= cleanly reconstruct heavy flavours
- focused on quark-gluon plasma

= contributing in heavy flavour

production in pp collisions too
(L. Vermunt, Tue 29/08)

dedicated b- and c- triggers (inclusive & exclusive)

Muon Detectors Tile Calorimeter Liquid Argon Calorimetd rATLAS
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Heavy Quarks @ LHC

Different == complementary coverage

ALICE M ALICE
[ = central

=» forward muon coverage

)

Vs =8 TeV

— 42024680 AT AS & CMS
ATLAS =» central detectors

n,
E .. B O
B m =» forward detector
8 6 -4 2 0 2 4

6 8 10 =?» tracking, particle-ID
CMS+TOTEM and calorimetry in

. - . full acceptance
0 8 6 4 -2 0 2 4 6 8

B hadron PID
M BN muon system
B lumi counters
s HCAL
I ECAL
tracking

-10

LHCDb

-10 -8 -6 -4 -2 0 2 4 6 8 10
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Flavour
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Heavy Flavour Production @ LHC

® For pp collisions at LHC energies, the main !
mechanism for flavour production is gluon- s weeeed

gluon fusion

® Production measurements are
fundamental for understanding of QCD

¥ x-section measurements and ratios sensitive
to parton density functions (PDFs)

¥ probe proton structure at low-x

¥ MC tuning: inputs for precise flavour physics
measurements

@ NP searches: precise SM precisions are
crucial

10%

| | B Tevatron

07}
| B8 HERA
106 | B fixed target

| I GPD 13 TeV

—

g 0000000

g 0000000 y—>——

1 LHCD 13 TeV
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Open Charm: new @ 5 & 13 TeV

ST
. . : Tl b :
= DO D* Ds"and D** double differential cross-sections ;o Jim 13Tev
| e Sig. + Sec.
measured at three pp energies: 7, 5 & 13 TeV (new) = [ o
2100 - =
® in Run II: data directly from ‘Turbo Trigger’ = I g
Comput. Phys. Commun. 208,35 S ol i -3
® prompt and secondary production distinguished by : E
]-Og (IP Xz) distribution ?2;00 "‘“‘:8'50 1000 ' 'O
M) &
‘\ s b LHCb /'2\3
‘glso'-l"":'"l Signal VSTV 8
=} i Comb. bkg.
_____________ 5 E wwmee - Secondary 3
100 |
" [ @)
- N
\_ brompt production / \_ secondary production / 1
- T: . - ILH'CbIDﬂLI | Pé)WP;EG+i\1NPbF3.I()L 0 -5 0 . 10
. oo DR | e
\E/ 10 20<y<25,m=0 7 T: 108} LHCb D° EgLV{L{EG+NNPDF3.OL_
2./\\ ? 10-1H I | — - E 102 V=13 Tev . GV
— |o L .2.5<y<3.0.m=2 € ol D |
O : 03k | I I—— e = i 100__ =] 20<y<25 m=0
\N/ -§ 10-5 _i__ . - <y<35m= IEOIO_I _ﬁj—% ‘—E_
S n . ' 1 35<y<40,m=6 1 ~ 1072 _—ﬁ*jﬁ%ﬁ- ' e
8 ;E 1077 g %—. . '2,10_3——__.:_\__‘— | ¢ f 3.0 35 med |
B = D T e S s
Eﬂ 11 ) ) . | | | A . . ) ':-g/ —6__—°—'__ v 35<y<40,m=6 |
m e 2 : : T e e - ==
FONLL: EPJC 75 (2015) 610 priGevie] e = c0cyeisms |
POWHEG+NNPDF3.0L: JHEP 1511 (2015) 009 T s ===
GMVFNS: EPJC 72 (2012) 2082 ° 2 * ¢ ’ 10 2 Bevy
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Open
pen Charm: new @ 5 & 13 TeV

(LHCD)

8 DO +
me D", Ds" and D™ doub
" inR pp energies: oss-section -
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— 10 =
>~ T, X G
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Q § ot i \easur ents of prompt cha production cros § g
5‘ Lok JHEP 1609 (2016) 013, arXl 1510.01707 '
ot E _ qMeasurements of prompt charm production Cross-
/ L
o 2 070) a.rXiv:1610.022‘30, submitted tO EP ln(‘;:, s
o 5 107 B - ‘Measur ent of forward J s production Cross- i) YJ
o, S JHEP 151 (2015) 17 ,arX’w:lSOQ.OO'?'?l PRISOL 8
~ y i - ‘Measure ent of the J\ padl production cross —
;’g 1o L Xiv:1612.07451 submitted 1O JHEP 20
ggNLL: E » errata}lfve been submitt d, preprints on & %
WHE ojyol 3 — 106
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Open Charm: new @ 5 & 13 TeV

ST
. . : Tl b :
= DO D* Ds"and D** double differential cross-sections ;o Jim 13Tev
| e Sig. + Sec.
measured at three pp energies: 7, 5 & 13 TeV (new) = [ o
2100 - =
® in Run II: data directly from ‘Turbo Trigger’ = I g
Comput. Phys. Commun. 208,35 S ol i -3
® prompt and secondary production distinguished by : E
]-Og (IP Xz) distribution ?2;00 "‘“‘:8'50 1000 ' 'O
M) &
‘\ s b LHCb /'2\3
‘glso'-l"":'"l Signal VSTV 8
=} i Comb. bkg.
_____________ 5 E wwmee - Secondary 3
100 |
" [ @)
- N
\_ brompt production / \_ secondary production / 1
- T: . - ILH'CbIDﬂLI | Pé)WP;EG+i\1NPbF3.I()L 0 -5 0 . 10
. oo DR | e
\E/ 10 20<y<25,m=0 7 T: 108} LHCb D° EgLV{L{EG+NNPDF3.OL_
2./\\ ? 10-1H I | — - E 102 V=13 Tev . GV
— |o L .2.5<y<3.0.m=2 € ol D |
O : 03k | I I—— e = i 100__ =] 20<y<25 m=0
\N/ -§ 10-5 _i__ . - <y<35m= IEOIO_I _ﬁj—% ‘—E_
S n . ' 1 35<y<40,m=6 1 ~ 1072 _—ﬁ*jﬁ%ﬁ- ' e
8 ;E 1077 g %—. . '2,10_3——__.:_\__‘— | ¢ f 3.0 35 med |
B = D T e S s
Eﬂ 11 ) ) . | | | A . . ) ':-g/ —6__—°—'__ v 35<y<40,m=6 |
m e 2 : : T e e - ==
FONLL: EPJC 75 (2015) 610 priGevie] e = c0cyeisms |
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GMVFNS: EPJC 72 (2012) 2082 ° 2 * ¢ ’ 10 2 Bevy
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Open Charm: new @ 5 & 13 TeV (LHCb)

13 to 7 TeV ratio: o 13 to § TeV ratio:
s (e rrrer e e e e e i O : LELELEL I LI II LI II LELELIL Il LI I LI II LI I LILELIL
o ~ - 0 -
+ | LHCb D() POWHEG+NNPDF3.0L | T [ LHCbD POWHEG+NNPDE3.0L.
OE _ [ 1FONLL Ecj ~25¢ —JFONLL ]
o = S S GMVFNS ]
— >~ O < |
~O 0 Kk — Q;: 20 ] é
X N\ 5 Qe i
[0 ©o 7~ — 00 i
— = —~ @) B I,-d
~O O Q % a2 15[ 40<y<4sm=12 ; 1 o6
% o O © o [ 35<y<4.0,m=9 -—I:Efﬁﬁl —
O O oo L B 1 2O
8] Ay By @E ﬁ - 30<y<35m=6 # 8
o B H 0 A ===°85 B 1 <
Ay % %‘ 0 % 2 s[L25<y<3om=3 e ~
o [ ' w A A o=y =250 1 =
%—t oo ‘2'0<}:?'3"?:"?':"()""'f"""f _____ . % T : <y <25, _ %
O o W |HUalmgEE e e EER= . == i
OlL o v v v e )_-]m&i Ol"llll|llll||llllllllll|l||l||l|ll||||
o 1 2 3 4 5 6 7 == 0 1 2 3 4 5 6 1 8
PT [GeV/c]8 o9 ?5 pr [GeV/c]

In general (all D species, all energies):

® agreement with predictions, although large uncertainties at low pr
® data tends to lie at upper end of predictions

" /s=13 TeV total c-cbar cross-section using fragmentation fractions:

(O'(pp — ¢cCX )pr<8GeV,1.0<y<4.5 = 2369 == 3 £ 152 1+ 118 ub )
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Open Charm: new @ 5 & 13 TeV (LHCb)

13 to 7 TeV ratio: o 13 to § TeV ratio:
s B | O : llIIIlllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o ~ - 0 -
+ i LHCb DO POWHEG+NNPDF3.0L | + i LHCb D POWHEG+NNPDFE3.0L |
g _ [ 1FONLL @ ~ 25} C—JFONLL .
- O 2 [ GMVENS -
M H N oY "
—~ o~ « — = i
32O K o, < 20r ] é
0 O ~~ 0 =
- © - — 00
= AR E
©® @ —— 1 O
8 ~N~ Ty ﬁ (@)
29 0 8GeV/c, 2<y<4.5 LHCb =—t} 1 ~
@OO <pr<8GeV/c,2<y< /5=13TeV 1 ‘20
o B B E#ﬁ 9
S M M FONLL = 1 <
e
% a %‘ POWHEG+NNPDF3.0L (scaled) arXiv:1506.08025 ‘E 1 ~
G o el '_b
a &y &y H ettty
oo POWHEG+NNPDE3.OL (absolute) _ arXiv:1506.08025 |~ FO [~
S 4 5 6 71 8
LHCb average —e—i ~ pr [GeV/c]
AV,
O
LHCb D™ —— I:‘_Z
In general (all D <
LHCb D° ——t 9’2
N

® ggreement wit
® data tendstol

ainties at low pr

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

0 1000 2000 3000 4000
o(pp — ccX) [ub]

B /5= 13 TEV t01A] C-Cuc e o ccneme oy e cgemeemeeeed]). fracCtions:
(O'(pp — ¢cCX )pr<8GeV,1.0<y<4.5 = 2369 == 3 £ 152 1+ 118 ub )
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J/i production @ 13 TeV - LHCDb

® Double differential cross-

sections:

® Separation of prompt from b-

f—
o

d?o(X,)
dpr dy

p—
o
qllllllllllllllllllll.)_(‘
=]
()

Candidates per 5 MeV/c?
[*)) 0

SEOEEe

o
s
s
s
2%

S

%
-

LHCb 10° ‘E —e— Data
s=13TeV,L,, =305 pb’ = Total fit
3<y<35 - J/y-from-b
2<p_<3GeVic 10* - EEEE3 Prompt Iy
T = [ Wrong PV
C [ Background
10°
10?

LHCb
Vs=13TeV.L, =305 pb’]
3<y<35

2 <p < 3GeV/e

decays through pseudo decay ~ 7~ %.?%W%
time: = (ZJ/?,b o ZPV)MJ/@D B T T R T 100 T RS R 7 o Ay
o M., [MeV/c?] . [ps]
= 10— T — 10T - -
= E ., : < F X8 - H3 %’u
> N —e— ) > i ] 8 b
O —e— - O s . c M
O 3L - - O - . E -
i/ 10 o = N B @)
o) = = 3 2 L _
EF 1 = 7% I
- § i — C TR N = 9
= 10°F | ' kS
[o : - [> 2
'-O B - 'O 10 — O \7
B y - M 20
| —¢— LHCb prompt J/ y,2.0< y <45 - —— LHCDb J/ y-from-b,2.0< y <45 : ~
10 E =259 NRQCD, 2.0< v <4.5 [ [ FONLL, 2.0< y <45 ; 20
- L L 1 1 | 1 ! L 1 | 1 1 L 1 L ] ) 1 ] ] | =
0 5 10 0 5 10 q Z
pT(J/ V) [GeV/c] pT(J/ V) [GeV/c] Q
; &
o(prompt J/), pr < 14GeV/e, 2.0 <y < 4.5) = 15.03£0.03 £ 0.94 ub
o(J/p-from-b, pr < 14GeV/e, 2.0 <y <4.5) = 2.254+0.01+0.14ub
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G [Ub]

J/i production @ 13 TeV - LHCDb

13 to 8 TeV ratio -
- “~ 3 v ' ' r 1 ' T ~ [ LR R R i g ,‘::I'!
Ot & [ wHo 15 | LHOb - ©
— — B Vs = 13 TeV/{s = 8 TeV cross-section ratio i B 3 [ {s =13 TeV/{s = 8 TeV cross-section ratio N c -
g &\ = 7- Prompt J/3 . = - J/p-from-b + _F B O
—~ 0 - = L
88 2 M c L paRs- -k =l
-~ - 4 - SRR = 2
8 o i ++ + ) i I ERREERRIS ] l"d o
o E -+ . - ] =
=g 0 _. Ik i S 3
% %1 - —4— LHCb i - —4— LHCb . o1 20
a3 ~ —— NRQCD i | BB FONLL - £
@)
== p U/ y) [GeVic] p. Jy) [GeVic] ;
o)
° ° CN
® NRQCD describes data well; FONLL with tendency below data
20 | | 1§ T
: 1 = ]
15F —+— LHCb Prompt J/y } 4 % 3F e rHO 2yesroms 1® extrapolation to total 4m
_ : S FONLL. £ 1o ] bb X-sec using PYTHIA 6:
10 B } { N ) . '* N
& _: £ e Jo(pp — bbX )131ev = 495 £ 2 + 52ub
| e
0 5 10 0" —— 10
(s [TeV] /s [TeV]
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Onia production @ 13 TeV - CMS

® CMS measures differential cross-sections for J/y, Y(2S) and Y(nS) (n=1,2,3)

for |y|<1.2

2.7 (13 TeV) 4
S 2.4 fo" (13 TeV)
> 10°E = 00<lyl<06 S .4
= CMS 10 " 00<lyl<0.3
% E Preliminary e (06< Iyl <12 x1/2 § EE ,grthglnary .« 03<lyl<06 x 1/2
1z 105 = 0% .+ 06<lyl<09 x1/4
g E oo o Feire, * 09<lyl<12 x1/8
[ SN S 10l Q
1 e " X = ¢ " a .
5 F Telt. 5 TR (%
1071 e 107 o ;
- " 102k . mn
102 . : :
- Y(1S) ' 10_35 Jhy : td
L K 1 l'-d
-3 1 | 1 1 1 | L | : . . . . . . .
%" 20 30 40 50 60 70 80 90 10° 20 30 40 50 60 70 80 9‘3/;"; .m
Y(1S) p. [GeV] —~
P, [GeV] T ol
[}
Cross sections ratios 13/7 TeV: S
J @5) - o
— 10* 247 11 2.7V b1 (13 TeV) . 2.7 7 (13 TeV)
% 3 CMS B J/\V, 13 TeV o 7 TeV E 105 CMS - Y(1S)x 100,13 Tev o 7 TeV
% 10 Preliminafy ° W(28)113 TeV o 7 TeV 3 104 Prelimina,y . Y(2S)X10,13 TeV o 7TeV
&> 10°F | Iyl <1.2 ‘g‘>, 10°F o . Y(3S), 13 TeV 4 7TeV
ol© Dofmu,, n|© of © 0 8 & .
&l - 10 UDD;;;... |~ 10 “ogs ., <12
L L < 10f ° 8 e, CFesE e L
o [ ] o ™ [e] o ; . o o ™
% 10! ° 9 . ° o " % 1 bt i3 4., ’ ° 3 o S e ° .
10_2 ) ; o ; . 10-1 & a4 34 : sy ° o ; Q
3 o) o 10‘2 & 5o A 2 <.>
104:, | . A N § 107 L &
— . 4
SIS - ] >
o 3 g - — |3 3 .
(2 - a0 0 o9 - 2o % )
o 2rememammen 20 L . o 2--15_%_“%&@&@9}%%%6_---
_I | 1 1 1 1 | 1 | ] 1 { | ,
2
20 30 40 50 60 70 80 9010 20 30 40 50 60 70 80 90 102
P, [GeV o, [GoV
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Y and open charm @ 7 & 8 TeV - LHCb

= Y(nS)(— uu) associated with D, D*, Dg*

® sensitive to mechanism: single (SPD) vs. double
parton scattering (DPS)

T
® for DPS: Ye_?

X 0
Oeff JHEP 17 (2016) 052 | [T

o AFS, 4 jets, pp, V= = 63GéV (no errors)
! . t:|'_| 0'5: troTr T T L L L = = UA2, 4 jets, pp, \/’: = 630 GeV (lower limit)

1 2 045 LHCb 3 , .
. o a) A ! ¢ - CDF, 4 jets, pp. Vs = 1.8TeV

0.4 ’I‘(]_S)DO /—: ——+ CDF, v/n"+3 jets, pp. = = 1.8TeV

< - Data ] e DO, J T, pp. V5 = 1.96 TeV
b 0.35__ ] y » PP, V4 3

] = ﬂ - E = DO, JApJAb. pp. V5 = 1.96 TeV
: v—(ng 0.3 :_DPS / _: DO, ¥ + b/c+2 jets.pp. 5 = 1.96TeV

- ] « - — r~ > »
- - 1 )0, Y43 jets, . Vs = 1.96 TeV
0250 SPS: LO, kt-fact /3 DO, 43 jets, pp. V5 = 1.96 T
) - 3 DO, y+3 jets, pp, V5 = 1.96 TeV
2F /2
0 o = = ATLAS, Z + JA, pp, V5 = 7TTeV (lower limit)
0.15 / — ! ——+ i ATLAS, 4 jets, pp. V5 = TTeV
0 1;_ _‘H+ - 1 / ' = [P — ATLAS, W42 jets, pp, V5 = TTeV
. CMS+Lansberg,Shao, JWJAp, pp. V5 = TTeV

- - = 57 - e e e
- 44 - —~ >
0'05 :_ // | { _.: I R = 4 (‘.\15. \\-*.’ jl".\. PP, V&= TT('\
1 1 1 1 1 1 1 3

Candidates/(20 MeV/c?)

—
e ——
e c— ———

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

T gl e N g BN f g g g 0 | | 1 | | -t LHCb. .1“.‘1")1;' PP \’: = 7TeV

10 10.5 1 0 0.2 0.4 0.6 0.8 1 i LHCb, JWD*, pp, v/& = 7TeV

Moyt o — [GGV/C2 |A¢| /ﬂ- H—0—H LHCb, JADY . pp. \: = TT(-\.'

u u = H—0—H LHCb, JWAD . pp. 5 = TTe\
H———H LHCb, T(1S)D° , pp, V5 = 7TeV

H—e—H LHCb, Y(1S)D* | pp, V& = TTeV

T(].S)CE GT(IS)CE Wt LHCb, Y(1S)D%*, pp, /& = TTeV

Vs=8T&V = GT(15) = (8.0£0.9)% e

H——+
\/§=8 TeV LHCb, TY(1S)D**, pp, /5 = 8TeV
LHCb, T(1S)D%*, pp, /5 = T&S8 TeV
A l A A A A l A ' ' A l A e A ' 1 '’ A ' '

0 10 20 30 40 50
® Results indicate dominance of production
via DPS Oeff [mb)

R
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J/1 pair production

8_ T T T I ] —_— T T T T l T T T T l T T T T I T T T T I T T T T
—= DPS 1 & _F DPS i
1 I S—— SPS: LO kp = e — SPS: LO kr E é
A —mnme= SPS: LO CS ER N —=:me= SPS: LO CS =
e SPS: NLO* CS%’,CT>=O_5G9V/C 1 |20 \ ----- SPS: NLO* ngkT):O.SGeV/c 1 H
S|~ sb e ———-SPS:NLO*CSJp hgae o 2o [ 5 ———-SPS:NLO S hoare -
s 3 - 3 - %SPS LO CO(k‘T) 0.5 GeV/ . ; - SZ‘F(‘ ‘ %SPS LO CO(k >T0_5G V/ . o
== B f \ : =05GeV/e o 155 1 . 1)=0.5GeV/c  _]
. pT < 10 Gev, 2-0 < y < 4-5 S E, 4:_ ::74;\ MMSPS: LO CO(kT)=2GeV/c = ’ C e H]H]MMSPSI LO CO(kT)=2GeV/c ] @
5° 3;_:,./ ﬂ* E of 0000k SPS: NLO €S ] /'2\3
- C i ] — % .
® Both SPS and DPS are found to A “\ LHCb 13TV 3 S LHCb 13TeV 4 5
-, : - 1 =
: . S 3
contribute: fit cannot be NN = : 13
described by only one of them o2 T T A R P
pr(J/Y)  [GeV/d] |Ay] <3
o(J/Y J/YP)izTev = 16.8 £1.0+0.9 nb -
%‘ E | [ IATLAsl I |
O - 5=8TeV, 114 10"
g i fops = %5:/; +22%
ATLAS @ 8 TeV 3o M 3 e i
— [ DPS Pred. 7
\S [ NLO® SPS+DPS Pred. ] ATLAS (/5 =8 TeV, J /4 + J /4, 2016) o4
; ] D@ (/5 = 1.96 TeV, J/1 + J /1, 2014) |
5 1 § DO (5 = 1.96 TeV, I/ + T, 2016) s
= B o420 L LHCb (/3 = 7&8 TeV, T(18) + D%+, 2015)
L pT > 8.5 GGV, |y| < 2. 1 % :" LHCb (/3 =7 TeV, J/¢ + A}, 2012) s
S 40 8 ILHOb (5 =7Tev, 33 + DI, 2012) b+
T |LHCb (5 =T7Tev, J/w + D+, 2012) —t—
& fOP |y(J/¢2) | < 1.05: *g LHCb (/s =7 TeV, J/¢ + D, 2012) —¢—
, I B |ATLAS (v& =7 TeV, 4 jets, 2016) —O—
10~ Wl 2 oDF (vF = 1.8 TeV, 4 jets, 1993) (S S
J J — 0 10 20 30 40 50 60 70 S |uA2 (5 = 630 GeV, 4 jets, 1991) b———p
0( / l/) / 1/J)8 TeV — p.(Jy Jhy) [GeV] é AFS (/5 = 63 GeV, 4 jets, 1986) |
& TS T T £ DO (VE = 196 TeV, 2y + 2 jets, 2016) ———t———1
8221 8.55ta,t,i 6.Ssyst,i O.9BFi 1.61um1 pb < 5=8TeV, 114 fb" 8 |Do (V5= 196 Tev, v + 3 jets, 2014) e
K= malijiiy fops = 9.2% +2.1% o DO (/5= 1.96 TeV, v + bfc + 2 jets, 2014) —r—
2 10F | e Data . DO (/5 = 1.96 TeV, v + 3 jets, 2010) —v—
. RS : O DPS Estimate CDF (/3= 1.8 TeV, v + 3 jets, 1997) H{HH
. fOP 1-05 < |y(J/7~/)2) | < 2- ]- . g I DPS Pred. ] ATLAS (V5 =8 TV, Z + J/th, 2015)  feeeesereseennaes >
[[777] NLO* SPS+DPS Pred. |
1 CMS (s =7 TeV, W + 2 jets, 2014) .
ATLAS (/& =7 TeV, W + 2 jets, 2013) H—A——1
o(J/y) I/P)s Tev= ppidisn
[mb]
78.3% 9.8statt 6.6systt 0.98rt 1.51umi PO ‘ o
X J.&Qgtat+ U.Ogyst+ V. IBF+ 1.J]lumi 107
y P EPJC 77 (2017) 76
10%0"05 1 15 2 25 3 35 4
Ay(dhysdhy)
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more pair productions

Y(1s) pair production @ 8 TeV - CMS JHEP 05 (2017) 013

CMS L=20.7 o™ (8 TeV) CMS L=20.7 fb" (8 TeV)
> [ ¢ Data > C ¢ Data
. 2 25 }—A_Il components > o — All components
= probe QCD at both pertubative and & _ " 5 e e
. . @ T ET ey combinatorial » 20° .Y {26y combinatoria
non-perturbative regimes £ - comiimons ] £ o
5 10;— g 10
® both Y(1s)reconstructed asap+y- ° | - b i .
i . . U Y e :
® Fiducial X-section: |y'| <2.0 5 e e e 8

Uﬁd(T(IS)T(IS)) — 08.8 12-7stat i 7-4syst T 2.85 pb

b-hadron pair @ 8 TeV - ATLAS arXiv:1705.03374 (2017)

> 105 ATLAS & g'ata '+m'gs_amcof+§ys 4]%‘:*
1 tat. -=-MG5_a o+ y8 5fl*
® b-hadron pairs investigated through % Eometevrant S byad opt 4
[o] n 10° —7— Herwig++
. o2 | Eetee
> One b decays to J/psi(uy) + X Y =
> the othertopu+Y e e
8 7 _ | i
> A three p final state T L
o(B(= J/¢(up) + X)B(— p+ X)) = 17.7 £ 0.1gar + 2.056 b & o

® results compared with predictions from 0 20 40 60 80 100 120 140
many generators . (Jy 1) [GeV]

AR AN TR ARSI
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J/YPinjets @ 13 TeV - LHCD

: : o~ LHCb 20 < p. (o)) <30 GeV
® 2.5 <n(et) <4.0 and pr(jet) > 20 GeV B 10F (5= 13 Tev 0
— -« Data . Hd
. . S 3l |
® measure momentum fraction of J/i n the jet: ~ 10 — Total Fit T8
. QL o[ — Prompt J/ y - -
z = pr(J/P)/pret) S F oty 1|5
g Background —
® again, J/iY prompt and from-b separated by O Wrong PV 22
pseudo-decay time i S
10 5 N 0 5 10 —~
t [ps] o
20
0.3 ———— —— 0.3 ————— S
I .Data (syst)  --- DPS LHCD ] I Data (syst) LHCb ] =
) (s=13TeV _ [ Fo13Tev
- — LONRQCD - SPS Prompt - - | |PyTHIA 8 N -
0.2 - | 02k b—Jly |
o | ; Pl o [ ]
g | _—ﬂi ] & :
0.1 — — - 0.1F N
- '_! - - -
q ---- ﬁ . BE= ]
0-_' ] -----I """ Py | — 0: P T R S P R S ZE
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 I
zJy) z2(Jy)

® b-hadron results consistent with PyTHIAS
® results from prompt do not agree with LO NRQCD (as implemented in PYTHIAS)

® prompt J/i less isolated than predicted: big contribution from parton shower

QCD@LHC 2017 - Debrecen Carla Gobel 16



Production of X(3872) and ¥(2S) - ATLAS

Theory / Data

FONLL overestimated data for non-prompt

QCD@LHC 2017 - Debrecen

Carla Gobel

17

x10°
. . > 0.20F N N '24 ' ]
® The nature of X(3872) is an open subject! 2 p toaa 2 - ‘:;d
< - = Fit 222 .
= 015 ~X(3872)Sig § ] %
£ i +rr- UH —vy(2s)Sig 3 -
ATLAS studies through final state J/Y(uu)mm g I AN PSR ™ B
= - I
u -1 ° 0.10F ATLAS —
11.4 fb! from R01R data, |y|<0.75, 10<pr<  E 010 L CHEIE PN
70 GeV = i e 1 O
& 0.05 i 2
® geparate prompt, short- and long-lived 5 1 <
. . . : —
- ; N P R .. U
contributions through pseudo-decay time 0.00 35 35 35 =
m(J/yrn*n) [GeV]
3 107 s o 3 10k A - a — 2 : —
£ ATLAS 3 T ATLAS 13 > F
% L[ Vs=8 TeV,11.4fb" g L T Vs=8 TeV, 11410 | € 102k, ATLAS 43 S qozpmm ATLAS 3
= 10 7% 1 = 10° e el (s=8TeV, 11.41b™ 1 = p_ e (s=8 TeV, 11.4 fb" 1
G Ll Prompt w(2S) S_ 8 Non-prompt y(2S) 1 3 5 R ] = _3—+_’_‘_::::::: ]
Tg 103k /7 %‘ 10—3;_ ’ g 10°F — Prompt X(3872) - ‘ﬁh 10 3 Non-Prompt X(3872)—§
?E 10—4;‘+ATLASdata Q:S 10'42— = % 107 3 % 107 T E
E 10_; [ INLoNRaCD E 10_; E]ATLAS data ‘ ; é 10_5; -+~ ATLAS data N E 10_5; 4-ATLASdata Sy ]
> ?DNNLO' csm > _ FONLL ER ; s - [ ]FONLL rescaled to X(3872) ;
; 10_6;7 (e tct, CS+T:0 , S ; 10_6;—, . . ‘ .3 z 10_6;_ DNLO e '51 z 10‘6;— DBranchlng fraction uncertainty [ —é
NE 10 20 30 40 50 6070 NE 10 . 30 40 50 6070 g ;IO 26 36 4KO 50 66 7I0 g ;IO 2‘0 3.0 4I0 5‘0 66 7l0_
@ v(2S)p [GeV] & V(2S) pr [GeV] = X(3872) p. [GeV] S X(3872) p_[GeV]
2.5:r+ - Intonnoe o 2.5 1 « 25~ o 25p
- —+ ATLAS data LO NRQC s g a 1 % § = g
et o I (2 agy pmesmBeme 12 s B
y: g8 . 1§ 15, - s 15f E
I 3 ittt . ¥ S . $ T E £ 1of s
b 03 1 osf E 5y — E
of Z : : 1 ot . 0:] : 0:1 -
10 20 30 40 50 6070 10 20 30 40 50 6070
v(2S) p, [GeV] ves)p,Gev " * P xeer2)p. (6oV) 0 ® P2 p, (oW
For X(3872): ® prompt data well described by NLO NRQCD
g2



B production @ 13 TeV (CMS)

Entries / 20 MeV
O N M O
o O O O
O O O O

49 4 pb (13 TeV)

II|IIIIIIIIIIIIIIIIIIIIIIIIl IIIIIIIIIIIII
10<p <17 GeV, |y| < 1.45; 17<p <100GeV |y|<21 B

“ ) Data

——— Fit to all entries
B* — J/iy K" signal
----- Combinatorial background

NN B* — J/y ©* background

----_.. -

B — J/y + hadrons background—

do(pp — B*X)/dp.. [ub/GeV]

Ratios to FONLL

-

51 52 53 54 55 56 57 58 59 6

CMS 481 pb (13 TeV)

10 - B S A p 3

. —— Data (13 TeV, |y°| <1.45) (@) =

N —#— Data (13 TeV, |y®|<2.1) ]

| R FONLL (13 TeV) _

L g iﬁ%h = === PYTHIA (13 TeV) E

- Nt —$— Data (7 TeV, scaled to |y®|<1.45)

B -‘N_ S L —4$— Data (7 TeV, scaled to [y®|<2.1) 7]

107 b N FONLL (7 TeV) =

- Jlegas  ==== PYTHA (7 TeV) 3

102 | ks .

- ~+— :

T,

2 E

15F N

1 g.“ -~

05F 3
0 20 40 60 80 100

p? [GeV]

® B* production for: 10<pr®< 17 GeV, |y®|<1.45
|l78| <2.10

17 <prB< 100 GeV,
® Uses B* — J/yY(u*u) K*
® Measured for the 15t time at 13 TeV

o(pp — B+X) = 15.3 £ 0.4gtat = 2.1syst = 0.41umi pb

do(pp — B*X)/dy [ub]

Ratios to FONLL

with FONLL and PYTHIA

predictions

107"

15F

0.5

10F

48.1 pb (13 TeV)

— —#— Data (13 TeV, p2>10 GeV)
- —th— Data (13 TeV, p;>17 GeV)
B FONLL (13 TeV)
= PYTHIA (13 TeV)
B + Data (7 TeV, scaled to p ©>10 GeV)
| —&— Data (7 TeV, scaled top >17 GeV)
\\\ N\ FONLL (7 TeV)
= PYTHIA (7 TeV)

“Funm

(b)

| IIIIIIl

| IIlIlIll

15

2

25
Iy®|

® Shape and normalisation in reasonable agreement

® ]13to 7 TeV ratio tend to prefer higher values wrt

6(13 TeV) / o(7 TeV)

o(13 TeV) / o(7 TeV)

CMS

48.1 pb'1 (13 Tev), 5.8 pb” (7 TeV)
LA RS L UL

N w H 01 0)
N RN T

—
—#— Data (pB>10 GeV)

(b) —t— Data (pB>17 GeV)

FONLL
=== PYTHIA

o

CMS

)

48 1 pb'1 (1 3 TeV), 5.8 pb™ (7 TeV)
T T T T I T T T T | T T T

L B I N

—f Data (|yB|<1 45)
( ) —#— Data (|y®|<2.1)
FONLL
<= PYTHIA

(2,102) ssead Ut g71d ‘24800 609T-ATX I8
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b-hadron production asymmetries - LHCDb

® in pp collisions, production asymmetries can arise due to the valence quark
content of the proton

_ 0(Xy) — o(Xy)
- 0(Xp) + o (Xy)

® important for understanding production mechanisms as well as input for CP
violation studies

Ap

= [LHCb measures production asymmetries for B°, B*, Bs® @ 7 and 8 TeV (full run I
data) as a function (pr, n) and determine Ar® as function of the others

~ 02511 ~025r———T———T—— S0 02— ®
A 0.2ELHCb i & 0.2FLHCb 4 < 02FLHCb 4 < 0.2FLHCb i 5
<&0_15§\‘§=8TCV _ <&0.15§_\'§=8TCV - <“0.15§_v§=8TeV _ <°‘0.15§_\[§=8Te\/ _ Eﬁ
0.1F : 0.1F E 0.1F I 0k L e S
0.05F ; 0.05F 3 0.05E Lo ] 05E L= i
0_4-+++++++ .............. }- 3 0_ ; ++++ _}___ 0_—T_" || _ E ; <3
-0.05F i -005F 1 -0.05f ] E 8
-0.15F 3 -0Isf 3 -015F E e 8)0
-0.2F E -0.2F E -0.2F E _ 3 N

_ PN B EEEPE B _ 2 I BEPEPEEPEEE BT 2 T T A T
0-2% 10 20 30 0255 3 4 —0.23 10 20 30 0 0P 3 4 g

p, [GeVic] y p, [GeVi/c] y

AP\/§:7T6V AP\/§=8T€V

BT | —0.0023 +0.0024 +0.0037 | —0.0074 +0.0015+ 0.0032 s o1 val stent with
BY | 0.0044+0.0088-0.0011 | —0.0140 +0.0055 + 0.0010 all values Consistent wi
B2 | —0.0065+0.0288+0.0059 | 0.0198 +0.0190 + 0.0059 zero within .50

A% | —0.0011+0.0253+0.0108 | 0.034440.0161 +0.0076
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B°- B width difference: ATy (ATLAS)

® Rigenstates H (heavy) and L (light) have different |B7Y = p|B®) — ¢q|BY)
widths. Value is well predicted in the SM: -
. BY) = p|B°) +q|B%)

AT /T 4(SM) = (0.42 4+ 0.08) x 10~ *
d/ d £enz & Niesrte )a,erv 1102.4274 ALy = FCIJ,J — Fé{

ATLAS measures AT with run I data:

1L — £ ; @) ;
o aias ot [Lacmsn’ Obtains B* production asymmetry
» 14 Fit <l® <o 7 0 —92
5 o Background 0.0<boop 03mm_f AP(B ) — (—|—025 + 0.48 + 005) X 10
2 10 ° _i
U E ® Get AT'q by the ratio of to J/¢ Ks and B— JYK~
6 e ceeroennenn, =
e ” - - - yields as a funct1on of LpPop ct
L . Ll - -2 - ¢ ata E
s o 1T T ' T 0550 —Fit - &5
8 - - - Vs=8TeV +10 band 1 Hd
4900 5000 5100 5200 5300 5400 5500 5600 05:_ ‘_|'26 band—
m(Jhy K ) [MeV] - det 20.3 fo B - @)
o 0.45F —~ o)
%1605 A","_'Alsv T r ] ‘_ 3 E s 7\
g:igé " oaa {s=8 TeV JLdt 20.3 fo" E 0.45— _+_—+— | 7AV)
3 1805 e Background 0.0< Lp op < 0.3 Mm-= 0.35F -+-._.-._._'F* T 8
B 1207 3 39 ]
R E - E ©
8100 = 03 3 ~
% = 0.25F = o
=5 - EATAS ) 2
£ . _]JuIJI _ 020 T2 s 45 s T
g e Lprop [mm]
=]

4900 5000 5100 5200 5300 5400 5500 5600
m(Jhy K°) [MeV]
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B°- B width difference: ATy (ATLAS)

® Figenstates H (heavy) and L (light) have different

widths. Value is well predicted in the SM:

AT /T 4(SM)

£042j:008 x 1072
enz & Niesrte, arXiv:1102.4274

ATLAS measures AT with run I data:

|By') = p|B°) — ¢|B°)
|By) = p|B") + q|B°)
ATy =T4 -Tf

® Obtains B° production asymmetry

= 16
Ap(B°) = (+0.25 £ 0.48 £ 0.05) x 102
5 ® Get AT's by the ratio of to J/i Ks and B— JyYK”
yields as a functlon of LpPop ot &!
%2_ ’606:""' | | LN B
. O I'I' rJ"r"I 'I.I 1 T o550 L i 3 &5
S 20 . TTE Vs=8TeV +16 band 7 HJ
4900 5000 5100 5200 5300 5400 5500 5600 05 :_ 1 526 ban d_:
mhy K) [MeV] - det=20.3 fb . o
16010 | 0.45- — o
; P £ 2
%130? ............. Ba . 0.35 + T 8
g0, Most precise g: o
8 1005 °F E ~
oo measurement! 0.05F ElN
0c " E ATLAS ] (09)
o T R e — Ooble v L b L b b b1 p—d
S 2 -1 0 1 2 3 4 5 6
;ﬁ ZE ) 'Jr'"'T"lelll" r||'l|""l'| LErop (mm]

5000 5100 5200 5300 5400 5500 5600

m(Jhy K [MeV]

[ ATz /T4(SM) = (—0.1

+ 1.1 &+ 0.9) X 10_2)
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B; and D; lifetimes (LHCDb)

= run I data, 3fb!

< i
" tests for HQE: validation and refinement using lifetime of g0 HCH -
measurements % Tk ;
> o 18
= “Flavour-specific” Bf lifetime: single exponential fit in pAlA 1 X
flavour specify final state R - i
e —
= g0 far, best measurement from LHCb using B— Dg-m* & ¢ B
:'9 L 0 e Data i .(')j
® Semi-lep: higher yields, but with large systematics g z; b Y/ 8
B N B Pokv ]
® Novel Method! Use ratio of yields of B®— Ds("-py*v wrt < st [ 1 §
to BO— D(-y*v as a function of decay time o Mo 1
= get both B and Dg* lifetimes by AI' obtained from e S
the fit Mo [GeVIe?] G
e
_ LHCb 1 N
S — Q -
2 A ~Data ] =2 t
] — Fi -
T of Fit : >
1] S R
0 i > 0 > 7 6 12
D(‘S) decay time [ps] B?S) decay time [ps]
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B; and D; lifetimes (LHCDb)

R(BY/B")

run I data, 3fb!

tests for HQE: validation and refinement using lifetime > % LHCb 4
measurements E 3 g .
“Flavour-specific” B? lifetime: single exponential fit in 0 Z:I 1 %
flavour specify final state R 13
C B
so far, best measurement from LHCD using Bs°— Dg~m* 2 g;_ S
= b po * Dan 1 Ol
Semi-lep: higher yields, but with large systematics g j; - D)7 oo 8

N N
Novel Method! Use ratio of yields of B®— Ds("-u*v wrt < s — ci:z
to B°— D()-p* v as a function of decay time e L W A
@ get both B and D¢* lifetimes by AT obtained from e S
. Meor [GeV/c?] g‘
Most precise - RE

— F1t
~/ / —— I,
) D(‘S) decay time [ps] B?S) decay timi [ps]

T, = 1.547 & 0.0134¢a¢ £ 0.0104ys £ 0.004,, ps
TDS_ = 0.5064 £+ O.OOSOStat T 0-0017syst T 0'001771) PSS

\.
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b-hadron lifetimes (CMS)

CMS-PAS-BPH-13-008 (2017)
® CMS measures b-hadron lifetimes with 19.7 fb-1 @ 8 TeV
® Uses final states with J/yY— yu-

o 1 _ -1
> _CIIMISI |E(ell{r?{r?alllyl LI ] I1 191.? ]flbl I(ISI-II-IelVI)_ E 103 9M§ T |P.I.‘.e.l’|,‘.'7lnl7na|nl‘uy| LA L |1| .9.-|7| -fp T l(|8r xT?.V.) > CIM'SlP'rIeIIIr"],?a'ry' —T [ ——T I ——T I —rrT I —T 19' ? Tl)' (§ T?V')
© 400 : L . . = ® - ]
s c 0 — Fit function 3 = — Fitfunction = 2 a0 —— Fit functi ]
o 350C AV - Apsignal S ™, /b Agsignal 5 2% Bet egsga
P c Background 3 - 10 - Background — @ C ° ]
~ 300F — ) 3 § 250 — c= e BY o JWK? —]
2] E _E < ] w I G W Comb. background -
§ 250g g S 10 . sooF E
m 200F = L % i ] u .
- = i 10T gt T .
150¢ - g IIIIII Illlﬂ]ﬂﬂﬂ[ﬂﬂﬂlmﬁ = . Y :
100 3 o : : — Y ]

s E > ‘2: H m m J” 3 100F

- E i = ]
e WL e g g < —q # H%{H Mﬁ“ ¢ 0 =
345 55 555 56 565 57 575 538 & = - - . -
A S T

M(J/\]IAO)[GGV] 0.05 0.1 0.15 0.2 025 0.3 0.35 0.4 0.45 0.5 0605 61 615 62 625 63 B35 64 645 65

AO ct [Cm] M(J/yr*) [GeV]

KCTBO = 453.0 + 1.6 (stat) & 1.5 (syst) um (in]/ ¢K*(892)0)\
cTgo = 457.8 £ 2.7 (stat) £ 2.7 (syst) ym (in J/¢Ks)

cTgo = 504.3 £10.5 (stat) £ 3.7 (syst) ym (in ]/ ™)

cTgy = 443.9 £2.0 (stat) & 1.2 (syst) um (in J/9¢(1020))

R CMS Prellmlnary 19 7 b _(8TeV)

Bc* to B* decay time ratla

—
o
N

RM/R (Y

CTpY = 443.1 &= 8.2 (stat) +=2.7 (syst) ym 0ol ? .
(TB? = 162.3 £ 8.2 (stat) == 4.7 (syst) = 0.1(TB+) um j ; %\g
0.0 0.04 .06 008 0_1
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Flavour &
More Flavour:
Spectroscopy




Excited €2 States (LHCD)

B Takea Z:;"(—=p K1) and add a K-

HJ
=
S 80000_ — C
o —
> [ o
~ 60000 2
7] i O
2 =
= : S
5 40000 =
S I [09)
o 20
| 3
20000 e

0

FYRT T (T SN ST T NN S SN TN ST S S S
2440 2460 2480 2500
m(pK 1) [MeV]
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Excited Q; States (LHCD)

® Take a Z.(— p K 1) and add a K- - [ | | i
4001 109
p = B LHCb | ™
~ 80000 . é = | 1 B
: ] < L T | &
K L - 4
= : S 300 4 ©
R — —O — — /-\
= 60000 = + o - 1
72} i T = B B O
2 < i 1 =
3 | + K- 200 YIRS,
5 40000 K —
= “ I o
° - E
20000 100 Q
“ Five Q° states appear! {0
L A l A 1 A l A A A l A I A 1 A
""72440 2460 2480 2500 30003100 3200 3300
m(pK 1) [MeV] m(=. K ) [MeV]
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Excited Q; States (LHCD)

8 Takea Z.'(—p K ) and add a K- - [ ' i
p = 400 LHCb | w
~ 80000 LA AL B L / : - - =
- - . K _ @A - 4
= ~ - K- 2 - 1
= _ - S 3001 4 o
= =+ = - 1T/
~ 60000 = .S - 1 %
v i 7 v o - — (@)
2 S - | 15
.'8 I + K- 200-_ N A 5‘”-"‘?“ rm + L
< 40000 i ' | N ,l":i"';!-"f," i Bk | ”"l: lf '! p—
% s L M :.i’:_ i'l:'i."' " ' i N m
o " ' 8
i 100
20000 O

Five Q° states appear! {0

3000 3100 3200 3300
m(Z; K") [MeV]

FYRNT T NN TN AT TR ST TR ST T N T S S
2440 2460 2480 2500
m(pK ') [MeV]

N AN : 2.(3000) 2.(3050) 2.(3066)
Q,(_P) A 3
A7) 2.(3090) 0.(3119)
S _;;;;;;;;;;5;;;;;;;;;;;;;;;;;;;"zi%g?z—iécééé%g
= %%::::::::::::::::::::'_gg(gg;g) .
R E " Quantum numbers yet to be determined
‘ P multi-body decay or production via heavy hadron
E ® Also indication of a broader structure at
p P P P P D D D D D D
o 1 1 2 2 1 1 2 2 3 3 ~3.2 GeV
I I 33 5 13 ¥5> s
2 2 2 2 2 2 2 2 2 2 2
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++ .
= .. Oobservation!

3 weakly-decaying doubly charmed .
baryons predicted by constituent- ~ SELEX (R002,2005) claimed

quark model observation of Ecc

E : A: K a andD'pK Hd

2 8f -

§ 7 _ fitted masses: 3518(3) and 3519(2) Uj

- not confirmed by other : | o
experiments . @
: IAY)

4 - O

af )

: )]

N N

: i

1h 0')

?3.;6 3.48 3 352 354 356 358 g

M(ced)
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++ .
= .. observation!

3 weakly-decaying doubly charmed

experiments

== LHCDb searches for =Z*cc through A;'(—=pK ) K ' n*

quark model observation of Ecc

= not confirmed by other

Events/2.5 MeV/c?

wo ~ N w - (U] ) N ©
PR L B e e e e e S

oredicted by constituent- SELEX (2008,2005) claimed

fitted masses:

———
LHCb 13 TeV

A: K a andD'pK

3.52 3.54 3.56 3.58
M(ced)

3518(3) and 3519(2)

$2-8T (8002) 829 9'1d

(run II data, 1.7 fb1) 2 300 E
- .
: LS o " F~—=DataRS _ :
" reconstruct also “wrong-sign= kK m'm Z250F | paaws T 3
. PR e - Q. -+-Data SB -
" check of A" sidebands”™ £ F (uor3ey R :
R %7003— %4 Signal © E ._'C:; 150 =
e e e e e e e 2 e 2 600F- [I]]) Sideband El= .
0 " S50k 3 3 100 -
+ clear structure appears ; 3, :
: at ~ 3620 GeV! e 7 Vb E
.......................... ! 3 coo o by e by by by T
OET [T . [T 300 3200 3500 3600 3700 3800

m_ (A7) [MeV/c?] mcand(':'cc ) [MCV/ C2]
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++

= . observation!
0 T , - PRL 11 (2017) 180001
> 180F LHCb 13 Tev ER
Y 160 E - signal stays strong under
= F <+ Data - decay-time cut: it’s a weak
‘140 — Total — decay!
O m .
=120 ... Signal 3 ® confirmed with run I data
2 100 ---Background ' ‘l‘ 'l' 1 = follow-up analyses are on
.= - T -
._é 30 £ + “ -L T their way!
S 60F t A ” t} 4
40 ¢ ! +
20
0 ] | 1 1 1 [P |“"5 ] f ...... L ] | ]
3500 3600 3700
-+ +
m_, (Z.) [MeV/c?]
m(=E*ce) =

3621.40 £ 0.728(stat) £ 0.21 (syst) £ 0.14(A.") MeV
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—1 1 .
= . observation!

PRL 11 (2017) 180001

NQ_) 4 :_ | T T T T | T T T T [ T T l—:
> 180F LHCDb 13 Tev -
Y 160 1 ¥ signal stays strong under
= F 4 Data - decay-time cut: it’s a weak
"ol il .
§ 140 = —Total : decay!
=120 ... Signal - = confirmed with run I data
2 100 --+Background | .H' _:l' 1 = follow-up analyses are on
g - T ' |
S 80F + } their way!
= - = T
S 60F Lyt EERLES PO |
N '[' s _H Compared to SELEX “Etc. :100MeV
40 ET + + masss split inconsistent with being
1sosp1n partners
1 | 1 1 [WORTTION PPPPPPTEY! O ) :"r ...... 1 1 | ] ] 1 é) 300; LHCb H TeV LHCH ECCH:BZ:: %/'SS —i
3500 3600 3700 Saof e || TR
A 2 = 200f o B MeVIel i f
Cand(HCC ) [MeV/C ] ié 150;_ i o i
5100?— e AHE E
- i ]
= 50 | A =
m(u.l..;c = Ollllllllliﬂl;[ﬁu IllllllIIlE
3300 3400 3500 " *&d600 3700 3800
3621.40 £ 0.728(stat) £ 0.21 (syst) £ 0.14(A.") MeV | m(Ee) [MeVic?]
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Pentaquarks are out there

not

uite news, still
&8 0 - q s
Study of Apv°— J/P p K S 0 amazing!
— ® Initial observation of two 2 700 cors
o . i = _F i
S bentaquark states back in 2015 gm ;
.= 0.05F i

?'5 ,° “  dis00 of ;
6 c{;‘ LT T | T ""I ] 100 -o.osé
~ o °°F LHEb - N
o O r P ] 300 't =
&\z_/ o 24 — d — 0.15f
0 oS I 02
: 22 :_ _: 100 -0.252— :
= 20 0 %' BW resonance “HCD
Ay : ] My, [GEV] O s s s is 01 008 0~ o 01 015

7] Ps(4550)" - narrow e

m2, [GeV?] opposite parities
® In a model independent approach, data is
inconsistent as being described by A* resonances
only
v

Search in similar channel, Ay°— J/y p -, show
evidence for both states at ~30

PRL 117 (016) 082002
PRL 117 (016) 082003
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Pentaquarks are out there

8 Study of Av®— J/Y p K-

-0.05F

-0.15F

my,.., [GeV]

P:.(4550)" — narrow
P:(4380)" — wider
opposite parities

= 800
(O]
— ® Initial observation of two = 700
O ™
S pentaquark states back in 2015 ?620
& Lo s
o S sk ' | R 400
~  ® 2Of LHECb :
O O r ¢ § 300
&\z_/ Q24 - -
0 oS f i .
: 22 :_ _ 100
é 20 0
Ay - -
18 —
C\'Z t{) 16 -_I | P | 1 | _-
o O 2 3 4 5 6 )
% % mZ, [GeV?]
o O . .
o0 ® In a model independent approach, data is
3 2 inconsistent as being described by A* resonances
AV only
o~ -
— = ® Search in similar channel, Ay°— J/Y p -, show
2 evidence for both states at ~30
Ay Ay

not
quite news, still
amazing!

0.15p
0.1F
0.05F

04F

0.2f

-0.25}

'°‘3§_BW ELHCIb —

-0.3
-8.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15

Re

What’s next?
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Pentaquarks are out there

not
quite news, still

& 0 | .
Study of Ap’— J/~hp K S t o
= " Initial observaj - - = 00 o [ 4 LHCb e
O  pentaquark st 0
&V, 0.05F
o~ ' E
o of
E-O\ ‘\; 26 '_' o 0.05f
— ) = .
© G r o1t
&\2_/ % 24 B -0.15;
(@) S B 0.2f
: E 22 N -o.25§— 5 ]
é 20  ——— '°'3§"BW resonance HCP ‘
¥ : Myp [GEV] OGS s 05 ie 0508 06,0501 0,15
1oF ary. /- Darrow Re
« o 16E '— wider
o O 2 ey .
O O parities
QA Qe
RE S T
~n " Inamoe RS Sig s
== inconsistent @ legonances
AV only What’s next?
o~ - ‘
— = ® Search in similar channel, As>~._ /p 1, show
2 evidence for both states at ~3o
oA
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Pentaquarks are out there

not

uite news, still
&8 0 ‘ - q s
Study of Ap’— J/~hp K S ¢ amazing]
= " Initial observaj NN > o0 o 4 LHCb S ——————
S pentaquark st : 5
>~ . E
o o s TN JUae o A e o T E
S < uf :
~ @ °°F : §
o O 3
S b
(@) NS C E
— & 22:— =
p_l : 0D.05 0.1 0.15
18_— : Re

02 19 16

ONG®) 2

ONG®)

Q2 Q¢

33

~~ B Inagmou

© © . .

== incongistent &

A only

— — B Search in similar c

2 evidence for both st

ANy
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Exotic: X —= J/Y @

B X(4140) first seen by CDF as a narrow state, and then by CMS and DO;
CDF, PRL 102 (2009) 242002, arXiv:1101.6058
CMS, PLB 734 (2014) 261; DO, PRD 89 (2014) 012004

® no evidence from BaBar, Belle, BESIII and LHCb (0.37 fb!)

LHCD studies B* — 3/ ¢ K*

MeV)

® full run I data; 6D amplitude analysis
Data cannot be described by
K**— ¢ K' resonances only

€S

-

5
2
S
g
O

P erst

4100 4200 4300 4400 4500 4600 4700 4800

My [MeV]
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BExotic:

X —=>J/P o

B X(4140) first seen by CDF as a narrow state, and then by CMS and DO;

CDF, PRL 102 (2009) 24200%, arXiv:1101.6058
CMS, PLB 734 (2014) 261; DO, PRD 89 (014) 012004

® no evidence from BaBar, Belle, BESIII and LHCDb (0.37 fb'})

LHCDb studies B* — J/y ¢ K*

® full run I data; 6D amplitude analysis
Data cannot be described by
K**— ¢ K' resonances only

LHCb

Candidates/(10 MeV)

f

S gy b
llgsw:,'-ll'!@, !

120

100

MeV)

(¢

-

Candidat

—&— data

—e— total fit
- background
—— 1"NR oK
—— K(1"

—— K'(1")

—— K(2)+K'(2)
—— K'(1)

—— K'(2")
—— K (0)

== [" X (4140)
== " X (4274)
e 07 X (4500)

4100 4200 4300 4400 4500 4600 4700 4800

m,, ¢[h4€V]

Four exotic states found:

@ X(4140) 1*
¥ X(4274) 1*

@ X(4500) O*
@ X(4700) O*

AO00A : 0" X (4700 * *
; e e |70 Nﬁm) tetraquarks or D;D. molecules?
4100 4200 4300 4400 4500 4600 4700 4800
my;,, [MeV] X (4140) as a cusp effect ?
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Exotic: X —= J/Y @

B X(4140) first seen by CDF as a narrow state, and then by CMS and DO;
242002, arXiv:1101.6058

261; DO, PRD 89 (2014) 012004

B no evidence fro

LHCDb stu

® full run I data; 6

00 4300 4400 4500 4600 4700 4800

My [MeV]

states found:

@ X(4500) O*
@ X(4700) O*

Candidates/(10 MeV)

A4 0% X (4700)
0 T N —— 0" NR
4100 4200 4300 4400 4500 4600 4700 4800

my;,, [MeV] X (4140) as a cusp effect ?

tetraquarks or D;Ds molecules?

J/ Ve

QCD@LHC 2017 - Debrecen Carla Gobel 28



Olena Shmahalo/Quanta Magazine. Source photo: Christopher Michel

Rare Decays &
Lepton
Universality




Rare decays. Why*

® Rare or forbidden decays within the Standard Model pose ideal
environments for the search of New Physics processes

® The b-hadron processes, in particular, access/probe different
energy scales!

0.2GeV...... 4GeV...... 80GeV...... ~100 TeV ?

Aacp AV Aew Anp
(non-perturbative (b mass) (W mass) (new physics scale)
regime)

® New particles and/or new interactions could significantly
enhance (or decrease) the SM expectations

= this was the case of Kr— p'u~. its tiny rate led to the prediction of charm
through the GIM mechanism

® Not shown here (see backup): news from LHCDb
= new limits on Ks— p'y~ and B)—T't"

- 1st observation of D°— nmuy and DO—KKuu
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By~ ll+ n

® yery rare in the SM: B(B, — ) = (3.66 +0.23) x 107
> GIM, loop and helicity
suppressed
B effects of NP could
enhance rate conside- b w' : b % p
rably ¢ v d ¢
AN I ~ AN——
S W S %
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By~ ll+ n

® yery rare in the SM: B(B, — ) = (3.66 +0.23) x 107
> GIM, loop and helicity
suppressed

B effects of NP could
enhance rate conside- b w' b %°
rably

w4

3
wnl i
=y

® ]st observation from a combined
analysis of CMS and LHCDb, full
run I data:

B(Bs — utp”) = (2.8%0¢) x 1077

CMS & LHCb, Nature 522 (2015) 68
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By~ ll+ n

® very rare in the SM:

> GIM, loop and helicity
suppressed

B effects of NP could

enhance rate conside-

rably

B(By — utu™)

w4

ol

wnli

CMS & LHCb, Nature 522 (2015) 68

w- X
® ]st observation from a combined

&Il&lYSlS Of CMS &Ild LHCb, fl.l].]. < 08— 17— ATLAS I
run I data: % 0_6: \s=7TeV, 49" -
8 - 1s=8TeV,20fb" 1
B(Bs — putp~) = (2.8%06) x 1077 | o4 E
- 0.2_ —
= ATLAS recently joined the game PSS N G L
i Contours for -2 Aln(L) = 2.3, ]
O _|_ _ o _|_11 _9 -0.2 6.2, 11.8 from maximum of L  _|
B(B® — utp~) = (0.971) x 10 ORI NG e e

B(BY — ptp~) < 4.2 x 1079 (95%CL)

B(BS — pu* p)[107)]

1S (9103) 94 DLrdH
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By— 1 W : LHCb run I+II

8 New LHCb measurement includes 3.0fb1 ¢tunD + 7 4 fp-1 GCunlh)

20
15

Candidates / ( 50 MeV/c?)

35H
30
256t

T J ' '
Total
LHCb — - B
0 + 0
BDT > 0.5 Sokk
------ Combinatorial
“ w B>h"h"
mremo B?s)_> Tci(Ki) MJr Vu
B I
mr——— Ag% pu Vv,
...... Be— Ty ' v,
l"' - |
!-v.q;:,-:" i,,:.'...‘.“.‘{.'.\J _____ N —
........ - __._ ! “ 3. L L L i e o .
5000 5500 6000

B First measurement of effective lifetime:

T’C?.. B | ! ' ! | ! ' |
8

S 6 1 —— Effective lifetime fit .
= 40 E
:_ L

T HE -
= [

- Slp—

= [

5 OF

2 - | | .

o 0 5 10

Decay time [ps]

2
m, - [MeV/c?]

® In the SM, only the heavy-mass Bs
eigenstate decays to uu

(B — ptp™) = (2.044+0.44 £+ 0.05) ps

® Precision not yet sufficient for probing NP, but
open path for future measurements

10816T (LT0S) 81T Tdd
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By— 1 W : LHCb run I+II

8 New LHCb measurement includes 3.0fb1 ¢tunD + 7 4 fp-1 GCunlh)

g 351 I l I I l I Totall

> LHCb —-Blopw

S 30k e Bt

o BDT > 0.5 . :

Vol 1  uwasa Combinatorial

- 25 )

~ ‘ B—)h h

& 20 mrm By m K ury,

S ( =emi B —)TI:O()

o TRt

3 15 | I Wy,

< o

S 1o¥ - e puv

'7.80 observation . ’_ et

! 6000
- [MeV/c?]

® First me xclude 1arge

""" In the SM only the heavy-mass Bs
°F LHCD E eigenstate decays to

(B — ptp™) = (2.044+0.44 £+ 0.05) ps

— Effective lifetime fit

Weighted Bi’ — W candidates / (1 ps)

’ _ 1 _ ® Precision not yet sufficient for probing NP, but
T open path for future measurements
0 5 10

Decay time [ps]
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b — s £ ¢ processes

b
® rare decays, occurring o ”
through effective FCNC s
at the SM 0

® NP processes via new particles
in loops or new interactions

. .y b t S b s
® theoretical description through R s T
. . . + +
effective Hamiltonian: U i £
2 2
Hofr = _% Vip Vi % Y [ G)0i(p) + Cl(w)Oi(n) 1 = Wilson coefficients C;: short
2 T Left-handed part  Right-handed part distance effects, sensitive to NP
= Operators ¢; : effective 4-fermion
interactions
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b — s £ ¢ processes

Blake, Lanfranchi, Stréﬁb,
Prog.Part.Nucl.Phys. 92(2017) 50
T T | T T T T I T T ¥ T | T T T T

= Measurement of differential branching % [7]
fractions dI'/dg~ = N BN B
open charm thresho
Photon pole
> SM predictions suffer from hadronic i« exbancement (from C7)
uncertainties ! / Sensivity to
> regions of g= sensitive to different processes  CKM suppressed
many decays to be studied: ~
* Sensitive to C7—Cy phasespa:ce
BO(-I-)% K( )O<+) H+ H_, Bsecp H+ U_, ) interference . suppression
B+en+u+u_,AbeAU+U_,... 0 . " ; " " 1I0 . " 1I5 " o 2(

< increasing hadronic recoil q2 [G eV 2]

Angular Analysis (eg B°— K '%u*u) with many observables
sensitive to NP

1 AT +T
r+r) 9 [§(1—FL sin? O +[Fpkcos® O

® B, Apg, Si — functions of Wilson

d'+T)/d¢* dgzdQ 327 ‘11 | coefficients and sensitive to NP
+ —(1 —@ sin? O cos 26,
a4 " to reduce hadronic
— EIJCOSQ 05 cos 20; H Sskin? O sin? 6; cos 2¢

uncertainties, redefine:
(among others)

Saksin 20k sin 20; cos ¢ H S5 pin 20 sin 0 cos ¢

Apglsin® 0k cos 0; +{S- bin 205 sin 6; sin ¢

P _ Sj=45,78
. ’ y . 2 L2 1=4,5,6,8 —
+|.Sg kin 20 i sin 26; sin ¢ H .Sg kin” O sin” 0; stqb} \/FL(l _ FL)
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B°— K’ 'y dBR/AQ®

LHCbDb run I analysis, 3fb! CMS, 8 TeV, 20.5 fb'!
JHEP 11 (2016) 047
PLB 7 16) 424
01510 JHEP 04 (2017) 142 _,CMS 08 (ROIO)ERE s e Tew
N> r T T N H'Cb | “.‘> - Data \\
Q - % - [ ] ( SM, Lattice ) \
< 4 o _
Q - . +
2 I ] “g 6 \\ '_$_| N\ %\\
= - m N LIRHXIRHIRIIRHKIRHKIRKS
3 I _ ] S B §.
0.05f - — AR R \
i : - i m SIS N
" - 2],__ S .
- n 0: 1 I 1 | 1 I 1 1 1 I | 1 1 I 1 1 1 I 1 1 1 I 1 1 1 ‘ 1 1 1 I 1 1 1 I 1
0(') -é----l'o----l's- 2 4 6 8 10 12 14 16q2 18
(GeV9)
A Bharucha. D.M. Straub. R szkﬁz [GeV?/ 4] C. Bobeth, G. Hiller, D. van Dyk, JHEP
JﬁEP 08 (20’16.) 0.98 T ’ 07 (2010) 098, PRD87 (2012) 034016
R.R. Horgan et al, PRD 89 (2014)094501
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B°— K’ 'y dBR/dq"

LHCD run I analysis, 3fb™!

JHEP 11 (2016) 047
JHEP 04 (2017) 142

—
[o—
N
X
1=
{1 &

CMS, 8 TeV, 20.5 fb'?

cms  PLB 763 (016) 424

— g
]

BO% K*O M+M—

—
[

I
3

dB/dq? [c*/GeV?]

kS
>
) ; 8 |
: L 1+ CMS _
00s- B o |1 _
- ' H
. X - -
o IS : % + : EV RTINS
0 s O5F L S —4— + _ ¢ (GeV?)
A. Bharuch E 1 + - —— — i EP
JHEP 08 (¢ AQ R —{—+=+ —4— | 334016
R.R. Horgaj i ]

)

10

15 20 |
q* [GeV?/ct] |
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dB/dg? [¢YGe V7]

dBR/dg=~ , a pattern?

® Various b—suu transitions from LHCDb

~BNLCSR WMLatticc o-Data
> B'—=K'u'uw
< LHCb
©
X
s\
&
=
Q L
o 15 20

7 [GeVZc]

[LHCb, JHEP 11 (2016) 047]
[LHCb JHEP 04 (2017) 142]

oaslo e
- LHCb

0 ll B% =K+

0.05 | s N
@ ——
Or 1 ! | - PR | PR T | PR !
0 5 10 15

¢* [Ge V¥ ]

dB(A, = A ) [ dg’ [107(GeV )

' -LCSR . Latuce +Data o
> B Koty
O LHCb -
h S

X

Q

S

&

3

m PR [T SR R TR T N R

© 15
qZ[GeV%‘*]

[LHCDb, JHEP 06 (2015) 115]

1_8_! LIRS R B S S S NN S BN BN B R B B B
-
e
16._
- -

14 1
C " Data
12F = =i l
1E ~1 i -i";;'--i

. 15 . . 20
¢ [GeVZ/ Y]

dB(BY—¢uu)/dg? [10°Ge V24

o W s N e O

[ -

[LHCDb, JHEP 06 (2014) 133]

— 20— PLCSR Lattice -e-Data
: | Bk
Q 5] g
B .
°9x 10f =
S .
s N\
E 0: 1 PR SR T TR N T 1 PR :
= % 5 10 15 20
g [GeV¥
[LHCDb, JHEP 09 (2015) 179]
LHCb
S Bos — O]y Uiy 1 SM pred
5_‘ ~Data

ISII'IIO'IIIIS.I
q* [GeV¥c?

- measurements show tendency of values below SM predictions
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BY — K*u*u~ angular analysis - LHCb

prery

JHEP 02 (2016) 104

———— , . 1 T - ———
f 0.5 1 < 1% E
: - LHCb
— 1 0.8 LHCb ]
: —+ | i ] Il SM from ABSZ E SM from DHMYV -
- A ook T 4 £ A o :
01’; 1 : —+ 1 o _’— e :
A = C ——
I LHCb ue - 1 =
J 0.2 - N ]
Il SM from ABSZ - ]
-0.5F - : .
q* [GeV/cf] g2 [GeV?/c4] g2 [GeV? 4]
& T — T r . r T
s -
: LHCb : R o i
_¥ i Bl SM from ABSZ 2 LHCH -
o | ] 1E SM from DHMV ]
e 4 = i a :
0.5 - - +_+_ .
L | PR | L ! L L | 1 L 1 B + ’ —
0 5 10 15 1 _
g [GeV?/c*] - .
2F -
el ] ] | ] L L ] | 1 -
0 5 10 15
g* [GeV?/c4]
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BY — K*u*u~ angular analysis - LHCb

prery

JHEP 02 (2016) 104

R B : T ,_1 1 T T — — —1T¥——7——
£ ol 4 =~ I 1%k E
- . —— 0.8 LHCb F LHCb ]
[ ] I B SM from ABSZ i SM from DHMV -]
i E ! 0.6 - C —— ]
(= + eIl 3
A = - ——
I LHCb ue 1 + =
BN SM from ABSZ 021 g : ]
0.5~ N [ 2k -
q* [GeV/cf] g2 [GeV?/c4] g2 [GeV? 4]
" T — T T T T T B B ' B
05k ~
- LHCb - m— T T T =
- B SM from ABSZ | 2 -
_-'Fi _ 5 LHCb :
C ] i
o ] 1E SM from DHMV ] i
-—*— 1 - ] .
_ — + T OF .
-0.5- — - .
L | PR | L ! L L | ! L L — + -
0 5 10 15 = : _‘
g* [GeV?/c4] - i
Be :
- 1 | 1 | 1 1 | 1 -
0 5 10 15

g* [GeV?/c*]
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BY — K*u*u~ angular analysis - LHCb

prery

JHEP 02 (2016) 104

<os- L e 1~ F T T
I Ly ——— 0.8F- LHCb : i LHCb :
i | - I SM from ABSZ A C SM from DHMV —
. ! = - 0.6/~ - ] —_— ]
Ot; | 1 oaf T :F—’— ++ —
A - - =
I LHCb ] ue _ - + =
i J 0.2 — N
I SM from ABSZ - N
-0.5F — C — —
0"”5””10””15”2' o 0 s 0 5 0 s
q* [GeV/cf] g2 [GeV?/c4] g2 [GeV? 4]
r”vjo.s—'”"””"”"”'—
. LHCb — I T T =
: I SM from ABSZ : 2-— ~
T4 : LHCb :
N i [
o= | 1 = SM from DHMV — |
- + o +- 1
I P Or ]
-0.5F — - .
o s 10 15 1E —+ i_‘
g* [GeV?* 4] - 7
> x® fit performed to the CP-averaged i 2F —
' il | 1 | L L | 1 -
observables Fi, Ars and Sz 0 S 0 s
> Global 3.40 wrt to SM (DHMV) q* [GeV?/c]
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B° — K*u'u~ angular analysis - ATLAS and CMS

® CMS and ATLAS have recently presented their results on this matter:

_0 I R N T T ] T T T [ T T 1 1 i = 6 1 5 CMS Preliminary 20.5 fb™" (8 TeV)

o 2_—ATLAS \s=8 TeV, 20.3 b Q (SM-DHMV ) o
~ Preliminary —e= Data E 1 O (swHepit) | 2
| _ —e— CMS

1.5¢ CFFMPSYV fit X ‘ e-woe |
- theory DHMV (‘ID —&— Belle-preliminary ',:D
1 theory JC @) &j
i =
0.5(~ | - — T 9
N o .m
0" "2 s |9
- R , “}z J o
_05F ‘ | | - \ | { { S
- N -1 A\
_ [AV)
e - — @)
- ' ' [ ! L | ' ! ! | ' ' | ! ! L | ' _1 5 L1 L1 L1 T i AN SETETITIN RN B I-:z
0 2 4 6 8 10 0 2 4 6 8 10 12 14 16 18 202 —/
q2 [GeV2_ C]2 (GeV )
" ATLAS show this (same) tendency of higher Ps’ within 4-6 GeV~=
® CMS with better agreement SM predictions
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prery

B° — K*u'u~ angular analysis - ATLAS and CMS

QAL DACO RDIT . 1LER. 00 LM

LHCb: JHEP 02 (2016) 104
Belle: BELLE-CONF-1603

ATLAS: ATLAS-CONF-2017-023

CMS: CMS-PAS-BPH-15-008
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Lepton Universality: R(K)

®  gpart from the mass, the charged leptons are copies of one another in
the SM = Lepton Universality (LU)

equal couplingsof Wand Ztoe, u, T

®  within the SM, amplitudes of processes involving leptons must be
identical after correcting for phase space

®  ]epton universality might be broken by mass dependent couplings
= gigns for NP

® For semileptonic decays, robust tests rely on ratio of branching ratios for

same final state differing only on the lepton flavour
= hadronic uncertainties cancel

LHCb 2014 (remembering) : ~—LHCb —=-BaBar —Belle

BBt Ktutum) 2 2
Ry = BB+ = Ktere) 1.000 + O(m, /my)

measure through double ratio using B*— K* Jy(£*4")

Ry = 0.74510 52 4 0.036

109181 (F102) 211 Tdd

(1 GeVc<g~< 6 GeV?) ¢? [GeV?/cH]
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R(K*) - LHCb

® LHCD uses the same old B9— K*p*u-, now
together with B®— K*e*e~ for LU studies

® take the double ratio using B*— K* JAy(£7¢7)

as control channels

® Measures in two bins of g=

------ B°—K Cete =
I Combinatorial A

B—Xe e —

0.045<g%<1.1 [GeV¥/c*]

Pulls Candidates per 34 MeV/c?

5500 6000
m(K*mete™) [MeV/c?]

1.1<¢?<6.0 [GeV?/c*|

35 LHCb E
oE e B°—5K et
25 [ Combinatorial —z
20 B—Xe'e =

B B°—>K %y 3

Ils Candidates per 34 MeV/c2

0.4
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0.0

,/{ I
\ [ ]
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(lobal Fits

® (Global fits to Wilson coefficients provide info on NP contributions
® Several attempts to interpret results
® Use available B—pu, b— sy, b—sff data: ~ 100 observables

3'—I,I__“I T 1 0 - —:;xTLAS_ 0.3
- AT o- | . o o ==
1- e~ B = o | = 0.1
3 o A -k . o Q
Z()g 0 .-| ........ o //,/ 2?)2 “._\‘ g. O .0
- s oo u,‘ D
—{ [ | M 2 _01
_of ~0.2
L |
I ~1.0- |
e LT U U S S flavio vz 2 ' _05305_04_03_02_01 00 0.1 02
-3 -2 -1 0 1 2 3 s RN | T e e
CQNE —20 -15 -10 _(}fe Cy%o 0.5 1.0 15 6C9 N/C9
B. Capdevila et al, Altmannshofer et al. Hurth et al., arXiv:1705.06274
arXiv:1704.05340 EPJC 77 (RO17) 877

Preference for NP in Cg at the 4-50 level
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LU: B— D(*)f v

B g tree-level process, abundant, but a challenge
in a hadron machine due to the missing
neutrinos (especially for the vt channel)

B(B° — D(*)_T+VT)

® Measuring the ratio Ry =
B(B® — D&~ ptu,)
" very clean SM prediction: Rgi\d) = 0.252 4+ 0.003

= cancellation of B— D* form factor uncertainties

(value differ from 1 due to phase space)

® many NP scenarios could change this ratio, e.g. leptoquarks, charged Higgs
-

B_, BO. - J B_, BO. G . .
i, d Do) p+(*) u,d D% pt()
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LU: B— D(*)f v

® Babar (2012) was the first to report results with some tension wrt SM

® This year inputs from Belle and LHCDb

B'—D*1fv,

LHCDb looks at t— nimimv final state

arXiv:1708.08856

Rp« = 0.285 £ 0.019 £ 0.025 4

- 0.014

: /N | T T T T T T T T | T T T | T T T T |
s * _ ——— BaBar, PRL109,101802(2012) .
BaBar had. tag : 05 a.car, ’ 2 _ ]
03320024 £0.018 . B YL —— Belle, PRD92072014(2015) A~ = 1.0 contours .
o : u LHCb, PRL115,111803(2015) . -
Belle had. tag : M B ’ i -
0903 .0 038 40,015 -— 045~ — Belle, PRD94072007(2016) &= SM Predictions _
Belle sl.tag """ =——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) -
0.302 +0.030 + 0.011 — ~ = [ HCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) =
Belle (hadronic tau) 0 4 — - Average R(D*)=0.252(3) S. Fajfer et al. (2012) |
0.270 +0.035 +0.027 ® : _ ]
LHCb I bbb L L L L _
0.336 +0.027 + 0.030 : W 035+ e 4G —
LHCDb (hadronic tau) n % JRRN -
0.285 +0.019 0.029 e i I . 7
Average : 03" 1. 20 b
0.304 £0.013 +0.007 =t o l N N . .
S. Fajfer et al. (2012) : — JPTIA

0.252 +0.003 025+ <> - —

= FPCP 2017 |4
1 : I 02 P(y2) = 71.6%

L . 0 2 . i . . 0 3 L . L . 0 4 B I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I

' ' o 0.2 0.3 04 0.5 0.6
R(D*) R(D)
@ ] (] ]
4.10 level of discrepancy with the SM prediction
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LU: B— D(*)f v

® Babar (2012) was the first to report results with some tension wrt SM

® This year inputs from Belle and LHCDb

— “- V T BTy,
LHCD looks at t— nmmv final state N v
. y ~
arXiv:1708.08856 | i Y- v
b .c+
— . . . . . V4 & >
RD* I 00285 _— 00019 — 00025 _— 00014 PV Az>46 mt
Az -
p . P -
% 5EF ' BaBar, PRL109 10I1802I(201I2) L
BaBar had. tag . : 0S5 —— »pacan : 2 _ —]
03 t0024 20018 | . aJ - ——— Belle, PRD92.072014(2015) Ay’ = 1.0 contours 1 =
- ' — LHCb, PRL115,111803(2015) . L. - ©
Belle had. tag : : M B i i - -
0293 £0.03 20,015 0 045[E- —— Belle, PRDO4072007(2016) = SV Predictions q=
Belle sl.tag : : """ F ——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) 12
0302+0.030+0011 —o [ ——— LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) é
Belle (hadronic tau) & 0.4 | 00 Average R(D*)=0252(3) S. Fajfer etal. 2012) ] 5
0270 £0.035 0027 @ ; B 12
LHCb : : I bbb L L L L 1 @
0.336 +0.027 + 0.030 : r 0.35 — /,,/ - 4o — g
LHCD (hadronic tau) : — . -~ STl - (_Dh
0.285+0.019+0.029 3 o n [ I A .1 a
Average 03 \‘.\ \‘,20 \",_ 3
0304 £0.013+0.007 =t _ l 1-. d e
- : - ~< A B
S. Fajfer et al. (2012) B Tl PTG >O<
0.252 £0.003 * : 025 <> =
HFLAV | | - m =
- EPCP 2017 ] &
] ] | ] Lo ] - 1 1 ] 0'2 - P(X)=71‘6%__ ~
0 2 0 3 0 4 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I
' ' o 0.2 0.3 04 0.5 0.6
R(D*) R(D)

4.10 level of discrepancy with the SM prediction
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Highlights on CP
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CP violation in one slide

® In the Standard Model, CP violation rises by the CKM mechanism:

1—2%/2 A AX3(p — in)
- 1—2%/2 AN? +0(AY)
AXN3(1—p—1n) —AN? 1

® The complex nature of the CKM matrix is responsible for sizeably CP violation
effects in kaons and b-hadron processes

® Tiny effects predicted for charm!

® Angles q, 3 and y follow from the orthogonality relation y is the least
VuaVin + VeaVip+ VigVi=0 “The unitary Triangle” RN ShniElie
accessible
® Over constraining the Unitary Triangle (sides and interference of
angles) is vital to test SM description of CP violation tree decays
£ Loop g LTEmmd  CEETTeel B o

SIn(RE) o

I T
i
.
|

accessible via, = : \ ) | E
mixing-decay .. Iy i 1 & E
g ! N \\ 3 5 =
interference - g S~ /. ~—

-0. 0 0.0 0 5 0. 0.6 0.8 0 ) 0 0.0 0 ﬁ 0 0.6 0.8 0
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Progresses in angle y

® jts measurement relies on in the interference between B us Z K
b—u and b— ¢ diagrams - where D° and D° go to a b , \cbst, ¢ ,
common final state ! — i D

. . —iy
® gseveral methods exist (GLW, ADS, GGSZ,...) depending ) @ [Vusle
- > U —
on the final state used ) = DY
B C

® need to combine many decay modes! _ es 0 K-

U < U
New results using B* — D(MOK* and B*— DK'* using
full run I (3fb!) + run II data from LHCb

oy I T | R e

< preliminary - f preliminary 1 LHCb-PAPER-2017-030

< 4000 — —

< B —[K ] K B'>[K'n] K*

Cr—\24 § 2000 — — N
S & % 300 Favoured D — KTT mode ” B oD’ e
= S I B R
- 4 - ) e— -
o | LHeb | LHb <20 1 . 4o B DO (0)
C\l‘z preliminary preiiminary E 150 B gu _)ID) (gno)K (:gl)
g 50000} B-Knln - B'>[K'm]nt g B :: D EDz ))g £+)1)
ol = 100 Combinatorial
< . . . : . l C 50l
p."‘ 5000 5200 5400 5600 5000 5200 5400 5600 e , \
3 O MV 05000 5100 5200 5300 5400 5500 5600
S’__“) B o0 [ B DhEn B* — Dr* m(DK*) [MeV/c?]
= L IR e B* - DK*
- Bt = (D = DOy)ht Ap = Ach=  reeeeee Charmless
B* — DOht40 Part. reco. mis-ID - Combinatorial
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Progresses in angle y

B jts measurement relies on in the inte_rference between B Vs
b—u and b— c¢ diagrgms — where D° and D° go to a. FONCC), N
common final st

new
B geveral methods €2
on the final staté

® need to combine

¥ -
+ °
Ne - using
full |

% 6%0_ IIIIIIIIIIII l:

§ prelimin LHCb'PAPER’ZOl'?'OSO

S 4000

= B —[K ']
— 2 2000
(aV4 5 I mode ; , 0 oo
C.D e B > D K
N e e
— 100000}~ — 0 D \WYR
@) Vs T A S SR SRR SR i [ B - D (DTOK. (0)
C\l‘z preliminary go —)D'(DnO)K‘ (1)

T — D (Dr )X, (0)
g 50000 B —[K n']n B - D (Dn)K (1)
oW Combinatorial
Ay 5000 5200 5400 5600 . 5600 s
0 m(DK") [MeV/c? . R T
S R [ s o Ao oK eI
5 - BY s (D*F — DOr¥)nt - B = DOK*7¥ B* - DK*
- Bt = (D = DOy)ht Ap = Ach=  reeeeee Charmless
B* — DOht40 Part. reco. mis-ID - Combinatorial
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Progresses in angle y

B jts measurement relies on in the interference between R-

b—u and
common

B geveral ms¢
on the fine
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Mixing and QP in B,: AT's and phase @g

0 M
¢ =
=(I4tI'm)/R Al's =T'.- I'm

Vi Vs
—2B3, = —2arg (— ‘ tb)

Ves Vi

!

B0 — 07 L /e

SM predicts s = - 36.5+1.8 mrad

Appears through the interference between
mixing and decay in Bs — J/Y®

Good place for search for NP in loops!

Efforts from many experiments: DO, CMS,
ATLAS, CMS and LHCDb

New LI-ICb result: explmts m(KK) > 1.05 GeV

S 2000 . 5
© 1800 F- LHCb —
= 1600 E- = Parameter Value &)
2 1400 E = Iy [ ps™' | 0.650 + 0.006 + 0.004 ;4
< 100 \ E ATy [ psT' ] 0.066 £ 0.018 4 0.010 =
2! = - .o
-E 800 E \ [ | = BY 0.994 + 0.018 + 0.006 )
600 Ef [\ %, / \\ = ) g
333 NN A E = LHCDb combined result adding o
S A X = .
N SN S .S Y J/po, JApmm: S
P .
18 i Ll I s ——————————] .
fl T3 3 -5 ps =1 £37 mrad
My [GeV
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Mixing and QP in Bg: AT and nheaesep
— S

M Ao V4
= X HFLAV
‘o (.14 Do 8 fb~ _
= 68% CL contours 2
Z _115) | =  [ween
4 (Alog L ]
0.12 3
e M
) S,
* 0.10 S
™
Q.
c
2 B
< 0.08 ]
S y
S | .
L ©
g X
0.4 [rad| <
2
|atest results grom LHC =.21% 21 mrad
oMS: PLB vg7 (2016) oY . - 0 090+O 005 pS‘l
ATLAS: JHE 08 (2016) 14 . )
LHCD: PR 15 ROL e PL(? ! 1,HCD dommat.es average
2014) 186, PRL 1 (2018) 041801, o
QCD@LH(E}B ve2 (2016) 253, grXiv: 1704 82
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... and plenty of other QP results
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... and plenty of other QP results

e

— News on sin(2p)

B A
flaorfX " | Golden mode B®— J/y(—p'u)Ks @
a/p: < fep
% LHCb now includes J/y(—e'e")Ks and
P(RS)(—=uH)Ks

o
b
|
]

Signal yield asymmetry
| |
Signal yield asymmetry
-+
=
|\ |
630-4103-HHdVd-dOH'I

o

b
|
]

5 10 15 5 10 15
Decay time [ps] Decay time [ps]
( S=+0.758* 0.034 C=-0.017£0.029 ]
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... and plenty of other QP results

CP Violation in Baryons

s T,HCb studies the AQ — prrmrT- and

A9 — pT K'K” (1s* observation ) In 1{ i (23) ~
regions of the phase Space
Scheme B Z S J/l/)(%““““—)KS
= @
Ty T 5 lles J/y(—e'e)Ks and
0 ] )
. 5
% 20 (é c?.
g g :
gé /Ci 02 - + LHCb : %
E S - : =
O 1 ‘ - g
= °ofF ) %
E 2
S ~2
8 iO.Q :_ BY '('b(QS)(M+#—)K2_: z(b\.)
|| (rad) o é T 110 ik } 3
o Decay time [ps]
= Bvidence for localised + timelp
: .30 G = - 0.017+ 0.029 )
CP asymmetries at3
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... and plenty of other QP results

CP Violation in Baryons
s T,HCb studies the AS — pnjﬁr &.md
A — p KK (18t observation ) I ™ .
D —_—
regions of the phase Space
Scheme B g S
ct
T T fg le
0 ] g
5 —20 >
: @
% =
Qé AN
g 7\
) AN,
@)
H
S
N
©
—
|| (rad)
= Bvidence for localised
CP asymmetries at 3.30 3 8
i Not ey q
€nce yet .
for 915 in chapm
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... and plenty of other QP results

CP Violation in Baryons

s T,HCb studies the AQ — prrmrT- and
A9 — pm K'K” (1s® observation ) In
regions of the phase Space

LHCb Scheme B

g
:

giodd  yq2/ndf=207/10

O

Asymmetries (%)

= Bvidence for localised

CP asymmetries at 3.30

QCD@LHC 2017 - Debrecen
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Concluding ...

® Flavour Physics: a path into the PRECISION FRONTIER

= Precise measurements of flavour observables are a key
element to test the Standard Model

® A comprehensive study in the heavy quark sector is emerging
with many interesting results

= “just” QCD is still surprising us with new states
= CKM sector responding extremely well to the imposed tests

= A few intriguing anomalies at the 2-40 level in the b-sector
involving leptons

® A flavourful run I in LHC! And run IT is coming strong already

.... and no prejudices: LHC experiments experimenting all roles

> CMS and ATLAS contributing “beautifully” - competitive in key
measurements with di-muons

» LHCb empowering itself in EW bosons, Higgs, heavy ions,...

(not mentioned here)

» ALICE with many results on flavour production in pp collisions
(not shown here today)
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J/i production @ 13 TeV - LHCDb

R,y5(do/dp. )
(OS]

R
T T T T I T T 1 T | T T T T I T T T

o

! 1 1 L ]
5 10

p Jy) [GeV/c]

LHCb

R13,8(d(5/de)
(V]

o
IIIIIIIIIllIIlIIII

(s =13 TeV/{s = 8 TeV cross-section ratio

IIIIIIlllI

NRQCD: JHEP 05 (2015) 103
FONLL: JHEP 10 (2012) 137

1 1 1 L | 1
5 10

pT(J/ V) [GeV/c]

R,;5(do/dy)

13 to 8 TeV ratio — J/y-from-b
1 1 1 1 I 1 1 1 1 | 1 1 1 o~ I 1 I 1 I 1 I 1 I I 1 1
a -, i
LHCD 1 = LHCb i
{s =13 TeV/{s = 8 TeV cross-section ratio N _g Vs = 13 TeV/{s = 8 TeV cross-section ratio
H %
- m—‘

LHCb ]
Vs =13 TeV/{s = 8 TeV cross-section ratio ]

—4— LHCb ]
BE53 FONLL '

‘241 (ST02) OT dHHP

290 (LT02) S0AT JHHP WNIBIIH
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b-hadron cross-section at 7 and 13 TeV

Phys. Rev. Lett. 118, 052002 (2017)

do(pp— H,X)/dn [ub]
do(pp— H X)/dn [ub]

R ;;,(do(pp— H, X)/dn)

® BErratum being prepared, bug in simulation will affect low n @13 TeV,
result will likely be in agreement with FONLL
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Cancellation of uncertainties in x-section ratios

charm
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Ay — A, u v, decay rate shape (LHCD)

® Decay described by 6 form-factors £ | _ sooof ;
. e LHCb 1

® In HQET, these are expressed by the Isgur-Wise |1 oL Preliminary]
(IW) function &s(w) : :
dl’ mo + mi+ — q° 0oL -

— = GK(w)4 (w — b c - ]

dw (W) (w) v 2mpom \ + 2000 .

b c i ]

® Slope of és(w) atw =1 (zero recoil) - p?: predictions °r 11 12 13 1&

coming from different approaches

2

Model 0
Lattice ! 1.275%
QCD sum rules ? | 1.35+0.13
HQET 2 1.51

® LHCD obtains

3_'"I"'I"'I"'I"'I'I

(|
N

dN,,,. | dg’ [GeV?]
; (o) t

[a—
LI

p*=1.63+0.07+0.08

S
n

B ggrees well with predictions

® Lattice (8rey) provides very good description, as well as single form-factor (blue,

HQET)

O:...I...I...I...I..
0 2 4 6 8

S
¢ [GeV~]

® Precise determination of | Ve | in the future, with normalisation channel

9T0-4T103-HHdVd-dDH'I
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B(S)% 'G+ T

® Higher expected branching ratios than B)— uu

B(BY = 777 s = (2.22£0.19) x 107°
B(BY = 7777 )sm = (7.73 4+ 0.49) x 10~7

-
-
-
-
-
-
-
-
-

® But very challenged due to the neutrinos in the final state

® LHCb reconstruct as t— ninmm v, with full run I data

8 10* —
§ i LHCb
;.g 10° —
< . 4 Data
©10° F — Total
= —1 x Signal
10 £ — Background ST

| ST P PPN FUTTE TN FEUTE FRTT RETTE PP PR
50 0.1 02 0.3 04 05 0.6 0.7 0.8 09 1

Neural network output

P SR S N TR SR S B S
coro T rop T

0 0.002 0.004 0.006 0.008 0.01
B(B'—t+1)

208162 (L102) STT THd

> Best limit for B°— t* t~ and First limit for Bs— t* 1t :

B(B! - 7777) < 6.8 x107° Q 95%CL

BB’ = r777)<21x107° @ 95%CL
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Kq— Uy search - LHCD
® Ks has a very tiny BR predicted by the SM W

B(Kg — ptp sy = (5.0 £ 1.5) x 10~ Isidori et al, JHEP 01(2004) 009

= g flavour-changing neutral current (FCNC) process, further supressed
due to small CP violation; dominated by long-distance effects

® New Physics (NP) with scalars could enhance the BR up to 1010, with a 10-1!
observation not conilicting with present bounds in other FCNC processes

® Previous best limit set by LHCDb (1 fb~1): 9.0x10-° (90%CL)
New LHCb analysis: full run I data (3 fb 1)

[e—y
(=]
(=]

I? .J ]__ T T T T

%) 10° —1t+1t'- hypothesi.s LHCb Ei o i - 933
Z orf e 4 (L] E—— LHCb - %4
2 10° S ] i 1 =
= 107 (] s— 4 o
= - 1 o
O 10 Gon E B E 1 .
:"J"-”n: ;'1__: - 3 = g . O
Verle 0N T e 085 ; -1 O
420 440 460 480 500 520 B £ ] ~I
Invariant mass [MeV/c2] _ g (@)
O 8 i 1 1 .E IE 1 1 1 1 | 1 1 1 1 ¥ m
0 4 —9 0 1 2 3
B(KS — WU ) < 1.0 x 10 (95% CL) B(Kg—m*u') %10’
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Observation of D°— h'h u'y” - LHCD

8 DO— K'K-pu*u- and D°— '~ u*u searched for with 2 fb-1 @ 8 TeV

o A
z;f< 5w < a} " ® In the SM, short-distance contributions
s u (away from resonances) expected at 0(10%)

i W+ - i _
\\( Z \ Z o but long-distance effects, with resonances
b b .+ decaying to py, can enhance rates
considerably s
| Low-m(u*u”)

n LHCb

First observation reported by LHCb! 10
DY =t~ " 5'
m(utp~) region [MeV/c?] B [1078] -
Low mass <525  78+19+05+0.8 > g0
n 525-565 < 2.4(2.8) > |
o 565-950  40.6+3.3+2.1+4.1 00
¢ 950-1100 45.4+2.9+2.5+4.5 Q 40F
High mass > 1100 < 2.8(3.3) B 20k
D — K*K - ptpu~ S g
m(utp~) region [MeV/c?] B [1078] g I B
Low mass <525  26+12+0240.3 8 1ol ]+ Daa
n 525-565 < 0.7(0.8) O ] —Ht
p°Jw > 565 12.04+2.340.741.2 LD »mautw
— B Dt c ol
------ Comb. backg

B(D°—>7r7ruu) (9.64 +0.48 & 0.51 + 0.97) x 1077
1850 1900

0 + —7
B(D® — KK p*p~) = (1.54 +0.27 £ 0.09 + 0.16) x 10 (D) MeV/c?
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The puzzled X(5568): new Bg 11° state ?

® DO observed a peak in the B(— J/y o) m* mass spectrum:

(m — 5567.8 £ 2.9109MeV T =21.9+64750Mev | @almost 9% of total Bs production
' coming X(5568) |

o) 140 — DO Run I, 10.4 f5'
S oF = Recently also seen using B¢(— D u"X) m*:
% N(\) - 250 [ )
S @100 i Hytt t O
o + | ) L. |4U. |
~ = - §200 r T T*TII H
© g 8oL 2 Y 9
~ : 3 - CD — —

82 o 60 [ L i 0 DO preliminary, 10.4 f6' o) b S d u
~ a - 3 100 toom H
g = 40 — + z t/ | ;:::;I:o:a;kground shape fixed 8 i OP
— 20 :_ 50 | e Signal | b s d u

n Q
é g + “..w]‘:..:""'r..L,..11.‘,,1...,|.l..1,..11..1,| O
Q‘ % | 1 | L1 1 1 | 1 L1 1 I 11 1 1 | L1 1 1 | L1 11 | L1 1 1 | 1 L1 0 5.55 5. 5.65 5. 5.75 5. 5.85 5.9 Z

5 555 56 565 57 575 58 58 59 m (8% %) Gevi?] Hd

m (B% m¥) [GeV/c?]
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The puzzled X(5568): new Bg 11° state ?

® DO observed a peak in the B(— J/y o) m* mass spectrum:

(m — 5567.8 £ 2.9109MeV T =21.9+64750Mev | @almost 9% of total Bs production
' coming X(5568) |

o) 140 — DO Run II, 10.4 f5'
S oF = Recently also seen using B¢(— D u"X) m*:
% © - 250 | )
> — .
@) o 100 — N N |++|J,J+|+,|“U_ | + @)
~ = - §20° :_ T 1 TfTII !'j
© © 801 o 44 o
o = E150 - & =
82 go 60 — ) é ] DO preliminary, 10.4 f6' o) b S d u
~ @/ B e 100 :_ ¢ DATA D
A = 40 - ; : Fit with background shape fixed (o) OP
— N N B Background m -_
— 20 . 50 | e Signal ! b s d u
Q
- - + O
m | I | | | T | I L1 1 1 | L1 1 1 | | I | | | I T | | | T | I 1 1 ' g‘:]55l = g.l - Isl.lsé = ls.l - I5].|75l - '5.1 - Ié.laé - J5.l9 z
Ay %.5 5.55 56 565 57 575 58 58 m (B’ ) [GeV/ic?]
m (B% 1) [Ge
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The puzzled X(5568): new Bg 11° state ?

® DO observed a peak in the B(— J/y o) m* mass spectrum:

(m = 5567.8 £ 29709 MeV ' =21.946.4752 MeV

PRL 117 (2016) 152003

140 |~ DO Run I, 10.4 f5'
oF = Recently also seen using B§(— Ds~p*X) 1*
O - C
S - 250 |- )
2 100 F TARAABTHINE S
= - §200 : T 1 TfTII !'j
Q 8oF é’ : t't % s
> 60 [ é150 - DO preliminary, 10.4 f6' o bsdu
@/ : 2 - ¢ DATA
= 40 — ; 100 : Fit with bacdkground shape fixed § OP
- -/ | meemeee Backgroun: — ==
20 :_ + sog . Lo Signal CI) b S d u
- ‘....«i:..:""'r..L...11.‘,,1...,|.l..1,..11..1,| @)
% | 1 | L1 1 1 1 L1 1 11 1 1 L1 1 1 | L1 11 L1 1 1 1 L1 5.55 5.6 5.65 5.7 5.75 5.8 5.85 5.9 z
5 555 56 565 ( B50.7 +)5.75 5.8 [Gs.e (5 1) cevid]
m s TU— e
300F- 0 . Cltmnod 155080 e V) CMS Preliminary 19.7 fb™' (8 TeV)
= LHCb p_(By) > 10 GeV = 1 Q3% T Not seen by LHCD,
- Combinatorial ] : 1200 - }
l: 1 O 1| not seen by CMS!
2001 = "I,_':' émoo:
1505— A % 800;
- M & soof
- " 8 600f
1001 92! -
- <t 400f
50— p,'* C
= oh  200F
0 E0 5600 5650 5700 5750 5800 5850 5900 5950 6000 = g L e e
O . 5.6 57 5.8 5.9
m(Bg ) (MeV) AM(Be)}+M(B)) _  [GeV]
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Candidates / (5 MeV)

almost 9% of total Bs production
coming X(5568) |




and also in sin(&23)

® The discovery mode of CP violation in B
mesons (BaBar and Belle) was B%— J/yYKs:
interference of mixing and decay

n(Amt) @i
~sin(2B) C=0

I(B°(1) — J/wKg) —T'(B°(t) — J/yKj)

sin(2) = sm(2¢1) e

F(BO — J/wK?) +T(B(t) — J/wK?)

Amt

BaBar 0.69 +0.03 + 0.01
PRD 79 (2009) 1072009
BaBar 0.69 + 0.52 + 0.04 + 0.07

PRD sz§°oo§§ 112001

BaBar Jhy (hadronic) Kg
PRD 69 (2004) 052001

Belle '
PRL 108 ( 2012) 171802

§ 1,56 +0.42 +0.21

0.67 £0.02 £ 0.01

ALEPH : s i . 0.847707+0.16
PLB 492, 259 (2000) ; R !
OPAL ’ 3 R 3.20 1180 + 0 50,
EPJ C5, 379 (1998) ; i i P *

' A .
CDF ; r 0.79 ‘044
PRD 61, 072005 (2000) i o
LHCb : : , 0.73+0.04 +0.02
PRL 115 (2015) 031601 ! :
Belle5S : 3 0.57 +0.58 + 0.06
PRL 108 (2012) 171801 ' *f—
Average 0.69 + 0.02“"}
HFLA :

s : e’

-2 -1 0 1 2 3
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and also in sin(&23)

® The discovery mode of CP violation in B
mesons (BaBar and Belle) was B%— J/yYKs:
interference of mixing and decay

t=0 F(BO( t) > J/wK%) —T(B(t) —» J/wKY)

9%‘ . t) = J/wK?) +T(B(r) - J/wKY)
S b

| f %Amt @i s(Amt)
g2 cP
&
B A, ~sin(2p) =0

LHCb now includes J/y (—e*e ) Ks
and 1) (S) (—u'u ) Ks

LHCDb-PAPER-2017-029

sin(2f) = sin(29,) e

PRD sz§°oog°§ 112001

BaBar Jhy (hadronic) Kg
PRD 69 (2004) 052001 :

Belle '
PRL 108 (2012) 171802

BaBar 0.69 +0.03 + 0.01
PRD 79 (2009) 1072009
BaBar 0.69 + 0.52 + 0.04 + 0.07

i 1,56 +0.42 +0.21

0.67 £0.02 £ 0.01

LHCb

o
[SV]
o
[Sv]
+
=)
a
-
=
=)
o
-
<

\

| 222 Combination

. Nreliminar}’
: |
\—/l/

Signal yield asymmetry
(o=

Signal yield asymmetry
==

o
bo
LI

[ B'— Jpp(eten)KY
0.2 H= B°— J(utp)K?

ALEPH ; g 0.84 122 +0.16
PLB 492, 259 (2000) el
OPAL ’ R 3.20 *380 +0.50,
EPJ C5, 379 (1998) i i P *
CDF % 0.79 "9
PRD 61, 072005 (2000) —— o
LHCb : : 0.73 £0.04 +0.02
PRL 115 (2015) 031601 :
Belle5S ; : : 0.57 +0.58 + 0.06
PRL 108 (2012) 171801 ' *
( Average : : : 0.69 + 0.02“"}
HFLA :
-2 -1 0 1 2 3
0.3 T | T I T
QO | 0 B°—v(2S)(ptp)KY |

02 — |
B Jf(ete™)K° B 9(2S) (u ) K? - 0.3 by o | |
T T T 0.5 0.6 0.7 0.8 0.9 1
5 10 15 5 10 15 S
Decay time [ps] Decay time [ps]

= mild tension (20) with sin(23) from the B-factories
= improves the overall consistency with the CKM sector

S =+0.758% 0.034
=-0.017+£ 0.029
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CP violation in charm

® CP violation in charm occurs in Cabibbo suppressed decays in the Sl\l{I “

® Tiny effects! Tree diagram largely ) —_— “f\f d
. . d C
dominates over penguin p° _ %QQQJ< - T d
® Observation of asymmetries 0(%) ” u u
points towards NP long-distance effects LHCDb has huge charm samples "
difficult to estimate though unprecedent sensitivities
Indirect CP violation in D°—h*h-

Direct CPV in D°— h*h- o B B S ruam e

- Y — © LHCb D' — K*K 4 Data 1 -

jio.s— Ouuco,oe | LHC . < 1If — Fit 1

< L Nuaen, = -
> % 2 =
— < | g oo
0 ~
A [ 20
® o AR | il =
Qe ' ~2
~ N/
[ 20
© o
m 4 ; |
E 0.5 | | N 8

—0.5 0 0.5
A p(mr 1) %]
Acp(KK) = (0.0410.12+0.10) % — -
Acp (i) = (0.07+0.14+0.11) % Ar = (-0.13+0.28%+0.10) %103
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CP violation in charm

® CP violation in charm occurs in Cabibbo suppressed decays in the Sl\l{I “

® Tiny effects! Tree diagram largely — ﬁv\ﬂcﬁ . ‘ﬁ d
dominates over penguin p° %QQQJ< 0 - d

u >
\

cQ aQlc

® Observation of asymmetries 0(%)

points towards NP long-distance effects LHCDb has huge charm samples "
difficult to estimate though unprecedent sensitivities

Indirect CP violation in D°—h'h-

Direct CPV in D°— h*h- 2 ¢
- —_— - LHCb D' — K+K- <4 Data - -
:; 05 — LHCbsemileplonic i LHCb 1 O'\T‘ ]- :_ — Flt —: m
X | = i &
~ X S —
&3 -
= N\
> 20
e T e : 2
& ' ~
\—/ i \—/
5 20
i~ ' o
2~ _ : =
m —O 5_ E — O
- R | | X
p‘i 1
—0.5 0 0.5
A (" TH)[%)

Acp(KK) = (0.0410.1210.10)%
Acp (i) = (0.0710.1410.11) %

RYSUAARMHOR I \BPIORMIRAE NG SN

Ar = (-0.13+0.28+0.10)*10-3
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CP violation in charm

® CP violation in charm occurs in Cabibbo suppressed decays in the Sl\l{I “

® Tiny effects! Tree diagram largely c—> gmfz —u _ﬁ f’
dominates over penguin p° %Qoo»<a 0 - d
- . ; : : T
® Observation of asymmetries 0(%)
points towards NP long-distance effects LHCDb has huge charm samples "
difficult to estimate though unprecedent sensitivities
Indirect CP violation in D°—h*h-
Direct CPV in D°— h*h- ] B B LA LA
- —_— - LHCb D' - K*K <4 Data - -
+io.s— Dinco, e | LHC B < If — Fit 1
~ & Quo,, S F oate ¢ 44— — =
<t : < < k- T — =
A L :Z.i. : , , , l , , , l , , , I I , , A
g 0_" i A e - 2 | | T - 8
' . g ] =
@ I / v — +D&Td E \j
> j most precise — fit 1
g : g CPV measurement! /M B =T R
H _0'5_1 L | L | + - 8
- -0.5 0 0.5 i) SR I R R S .
A p(m 1) %] ‘ . 0 2 4 6 8 20
Acp(KK) = (0.0410.12+0.10)% | dar,

Acp (i) = (0.0710.1410.11) %

RYSUAARMHOR I \BPIORMIRAE NG SN

Ar = (-0.13+0.28+0.10) *10-3
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Events/(9 MeV/c2)

CP violation in baryons

® CP violation was not yet observed in 1 } . - } .
ba,I‘yOIl deCaYS gd ® } . g:(s) } .

= LHCD studies the Af — prr'n- and A® — | : L R Z
pm KK~ decays (1st observation ) ’ ’ } ’ > ’ }

= CP observables: asymmetries in triple | ) i |- e |-
products of the type Ci; =p, - (ﬁh; X ﬁh;> LA L

Nature Phys. 13 (2017) 301 = 1O evidence for integrated

S cheme CP asymmetries in both
oF channels
- ST S S 2. T
iy — Falte ° ‘5 o - B - [ AP — prmrm- studied in
T T | g 700 regions of the phase space:
B e | - Comb.bkg. | 8 - Oaf*  y%/ndf=207/10
=== BO—>K+IZ'_71'_71'+ ‘QE-‘) :_ l l l I l l l l I l l
- ; :
1,000 g B . .
- 20 ¢ : w Evidence for localised
: NEIT I T T LI .
soo|" : ¢ ¢ 8| CPasymmetries at 3.0
I -20F
I " @als®  y2/ndf=305/10
5.2 | — ' ' : : : :

1 2 3
|@| (rad)

m(prr*r”) [GeV/c?]
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