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Why Flavor Physics?

Search for manifestations of New Physics at the highest energy scales
by studying rare and forbidden decays and and searching for CP violation
beyond that described by the Kobayashi-Maskawa phase of the CKM
matrix.

m CP violation in D° mixing
m CP violation in Bs; mixing
m direct CP violation in four-body A, decay

Better understand strong interactions in the Standard Model, especially
its non-perturbative aspects.

m study K*T — @K+ and X° — J/v¢ structures in
Bt — J/popKT
m study character of Z(4430)~ observed in B® — ¢(2S)K+ 7~
Use cross-section measurements to probe the structure of the proton

Probe the “hidden sector” searching for rare decays producing low mass
particles with very small couplings to ordinary matter.
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Flavor Constrains BSM Physics

Operator Bounds on A in TeV (exp = 1) | Bounds on exp (A =1 TeV) | Observables
Re Im Re Im

(5.9"dL) 9.8 x 10 1.6 x 107 9.0x 107" 34x107° Amn: €
(5rdp)(5Ldr) | 1.8 x 10* 3.2 x 10° 6.9 x 107° 2.6 x 107! oK

[GRET) 12x 10 2.9 X 10 5.6 x 10 7 TOx10 7 ;
(Grur)(ELur) | 6.2 x 10° 1.5 x 10* 57x10%  11x10°° Amp; - la/plp, ¢p

(bry"dr) 6.6 x 10 9.3 x 107 23x10° L1x10°° o K
(brdr)(brdr) | 2.5 x 10° 3.6 x 10° 39x1077  19x1077 Ampy; sin(25) from Ba — yK
(b sL)” T4 x 10 2.5 % 10 5.0x 10 ° 17 x10° RS -
(brs)(brsr) | 4.8 x 10 8.3 x 102 88x10°  29x10°° Amap,; sin(g,) from Bs = 49

Flavor Structure in the SM and Beyond

b 1o Lo+ - (QQ)(QQ) m Table above from Isidori and Teubert,
= Eur.Phys.J.Plus 129, 40 (2014).

104,
% . . Bounds on representative
E ol . . .
B . dimension-six AF = 2 operators.
10F
. m Image to the left from M. Neubert,
) (sod)  Gbod  (os)  (cow EPS-HEP-2011.
[Amk e Amgsin2B Ami, A3, D-D

Generic bounds without a flavor symmetry
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No-So-Exotic Hadrons

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL-~MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the

Gell-Mann'’s original discussion of charges. We can dispense entirely with the basic
. . baryon b if we assign to the triplet t the following
hadron properties in terms of properties: spin 3, 2z = -3, and baryon number ;.
. . We then refer to the members u3, d-3, and s-3 of
quarks also eXP//C/t/y suggested the triplet as "quarks" 6) q and the members of the

anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations

tetra-quark states (qqqgq) and

enta-quark stat a (aqaq), (@aqqd), etc., while mesons are made out

P q “ . s (qqqqq) ai of (qd), (qq@q), etc. It is assuming that the lowest

well as ordlnary mesons (qq) baryon configuration (qqgq) gives just the represen-
tations 1, 8, and 10 that have been observed, while

and ba ryons (qqq) the lowest meson configuration (g q) similarly gives
just 1 and 8.
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LHC Detector Acceptances for bb Production

=—==== 4

m LHCb is a forward spectrometer, optimized for
accepting both B and B hadrons in an event;

m accepts about 10X as many triggers as
ATLAS or CMS;

m o(cC)~ 20 x a(bb);

m acceptance in 77 complements ATLAS and
CMS for many electro-weak studies.
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LHCb Detector [2008 JINST 3 S08005]

Vertex . . { Muon
Finder Particle ID Calorimetry detection
a — .
- o ~ 97%
o(IP) = 20um epp(K) =~ 95% ‘ epip(p) = 97%
MisID(K ~ 5% AMisID(m — p) =~ 1 —3%
bp/p=0.4—0.6%]| |MBID(K = 1) ~ 5%

Etrack > 96%

TRACKER
P of charged
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Neutral Meson Oscillation and CP Violation in Mixing

Short Range Long Range 5 _
I o o P2y =plP)£qlPY);  piig’=1
d,s, b d,s, b
’ #t ‘ s = Am _ Ar
=T Y=

M %efrt{|Aa\2<coshy I't—l—cosxl‘t)

+ | Aal? \g : <coshyrt — cos x I't)

12 {?R ((g) AJZ) sinhy [t — & ((%) AJZ) sinxrt” .

DCS for x, y < 1 (valid for D°, not for B;):
m doubly Cabibbo-Suppressed (DCS) ~ e ™

m pure mixing < e x (I't)?

D’ m interference =~ oc e X It
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Time Evolution of D° — K=

DCS and mixing amplitudes pes
interfere to give a "quadratic” Do Km
WS decay rate (x,y <« 1): % _ y

0y ()4 (2 42) (3

where ' = xCoséd 4+ ysing y =ycosd —xsing
and § is the phase difference between DCS and CF decays.

m;, [; < weak eigenstates; x=—; y=
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Prompt and Doubly-Tagged (DT)

m prompt signal trigger

s
™ becomes “fully” efficient
well above one lifetime;
wf K K m doubly-tagged trigger is
~ independent of D°
PRL 111 (2013) 251801 LHCb-PAPER-2016-033 decay time;
X —~ T T T T
P T T T < E E|
af E ) E
2 O LHCb-PAPER-2016-033
S 2.5k : ’ ata 550000 o E T T T T 3
p —Fit < = T romet 3
— £40000 —— Doubly Tagged 7§
s 2F M Background ] P ]
e . N @ 8 10 e
> prompt Right Sign (1130000 = LHCb Preliminary g
,‘L; 1.5 E 20000 0 10 3;
=i E|
3 1f E 10000F : It E
g E ) E| E 3
O osF E 4 102 E
o2 E E
0t L : 23 10 3
2005 201 2015 202 a . | ‘ Pl 0
M (D t) [GeV/c?] 200 205 W0 AB 00 2025 -5 0 5 10 15 20
M(D°ry) (MeV) D%t
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Candidates/ (0.1 MeV/c?)

D® — K7 Mixing and CPV Measurements

WS(t)
RS(t)
PRL 111 (2013) 251801; LHCB-PAPER-2016-033

RE(t) =

601(%03 T 3 "F Luch « b
LHCb « Data = goofpreliminary e
E —n S sof —
% [ Background 5% We=o
40F prompt WS 5 400F doubly-tagged
0 g0k wrong-sign
30F E
20F
10|
2.01 2.015 2.02

M (Dong) [GeV/CZ] 2000 2005 2010 201.5M (DUZSSO(M e\i)

m ~ 54 M prompt RS, ~ 1.7 M DT RS;
~ 230 KWS, ~6 KWS DT;

= DY, D’ mixing rates are equal, +5%.

adding DT sample [O(3%)] improves
precision by (10 — 20)%.
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Candidates/ (0.1 MeV/c?)

D® — K7 Mixing and CPV Measurements

WS(t)
RS(t)
PRL 111 (2013) 251801; LHCB-PAPER-2016-033

RE(t) =

601(%03 T 3 "F Luch « b
LHCb « Data = goofpreliminary e
E —n S sof —
% [ Background 5% We=o
40F prompt WS 5 400F doubly-tagged
0 g0k wrong-sign
30F E
20F
10|
2.01 2.015 2.02

M (Dong) [GeV/CZ] 2000 2005 2010 201.5M (DUZSSO(M e\i)

m ~ 54 M prompt RS, ~ 1.7 M DT RS;
~ 230 KWS, ~6 KWS DT;

= DY, D’ mixing rates are equal, +5%.
adding DT sample [O(3%)] improves
precision by (10 — 20)%.

Michael D. Sokoloff SLAC Summer Institute Topical Conference

Some Recent Results from LHCb

=% s (3)+

25

X/i2 + y/i2

RY/€/(107)

R/&[107)

R/} - R1e; [107]

) ()

frow 3

/1

o|| Ll \-"::: \;"\‘.\ ||:|"mmwmmmmhLmm

University of Cincinnati
10/25




Phenomenology of B; Mixing and CP Violation

In the special case when the Bs decays semi-leptonically (Bs — D 1~ X), there
is no DCS amplitude. Thus, the WS rate results from pure mixing.

1 _ _
M 5¢ rt{Ma\Q\gV<coshyrt7cosxrt>}
p

The difference in mixing rates for B; — B. and B; — B, (as p # q) produces
an asymmetry in the rates to these final states:

MBs—f)—T(Bs—=f AT

ag = (fs ) — (B ,) ~ — tan ¢1zs ,

MBs—f)+T(Bs—f) Ams
Here, x; = Am,/Ts > 1 while ys = Al /2Is < xs. As a result, the mixing
period is much less than the lifetime. Tagging the flavor of a Bs when it is
produced is not efficient, and measuring the time-integrated asymmetry
introduces only a factor of 2 dilution in sensitivity. Hence, & is calculated as

al) = —— (Araw — Adet — fokgAbke)
1-— fbkg

where Aget is the detection asymmetry, foig is the fraction of b-hadron
background and Ay, the background asymmetry.
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CP Violation in Bs; Mixing

PRL 117 (2016) 061803

= 103 T 1F T T T E=|
T e ' ' 0ot S F | SandadModd b
S s - o 1
50 -..Comb. F ]
[Te} L . N
R T R, 2
= 60FK'K -1 10 3 3
g 40 r § 0% ]
3§ 20 a —2F 3 A ]
ke} ey . 4
u LHCb DOuvX 1
§ 40 NR I I I F g, DO D(')/_Wézv —_—— ]
‘3.‘8 BaBar h)'lv =
E BaBar
20 L  Bellell -
1 I 1 1 4
1800 1850 1900 1950 2000 -3 -2 -1 0 1d .
m(K*K~77) [MeV/c3 ag [%]

B; — DI (— KKm)uT X tags flavor at decay;

Ds — KK Dalitz plot divided into three signal regions, ¢7 (900 K
events), K*K (415 K events), and non-resonant ( 280 K events);

SM = a%, ~ 2 x 107° [e.g., Lenz and Nierste, JHEP 06 (2007) 072];
m result of this analysis: a3, = (0.39 4= 0.26 + 0.20)%.
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N — prtr—n, A) — pr~ KTK~: Physics & Signals

M{d ——————4d p d ————d P
b u A u
VIV t .
- v 0 _
VN @ m b th R w g s
LHCb-PAPER-2016-030
a [ ! T S T T
L [LHOb — Full fit L L LHCb — Full fit
% 1500; Preliminary _ Aﬂ S pr T ] % | Preliminary o A:: s pr KK
=t - - Part-rec. bkg. = 400 -~ Part-rec. bkg. |
) [ - Comb. bkg. >~ L g Comb. bkg.
< = 0 ]
) F LB K = --B'= K’ K'K'%
210001 tn 2 0 ot
S [ A pK T 5 B,—» KK'nn
L [ v P 2 Al pK*KK
- = 200 -~ Ay pK T
500 —
e e I Tt e
2.2 54 5.6 5.8 6 g.Z 5.4 5.6 5.8 6
m(pr 1) [GeV/c?] m(pt K*'K") [GeV/c?]
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Triple Product Asymmetry Math

Example: A) — prfr= 7~ + cc

p
b D B,
A m G5 =B (B % Pyy) (N3]
| ;; ,/5337“\ / [ Zf? ::55'(_%3 x ph )[Ab]
7.cslow T
fast
o N(C?>0)—N(C7—<O)
A:(CF) = N(C; > 0) + N(C; < 0)
A(Cy - NG >0 - W(C;<0)
T T N(-C > 0)+ N(—C5 < 0)
Toodd _ 1 Toodd _ 1 A
L R
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N — prtr—7 and A) — pr~ KTK~ TPAs

~ 6000 A — prt7r~ 7~ and ~ 1000 A) — pr~ K"K~ studied;

Analysis performed blindly. All event selection criteria and all analysis
procedures (including division of phase space into bins, defining statistical
procedure to be employed, etc.) determined prior to examining data;
similarly, all systematic uncertainties were evaluated prior to examining
(unblinded) data.

globally, no significant parity or CP violation observed in either sample;

two binning schemes employed; one separates the data into disjoint
subsamples according to two-body invariant masses and azimuthal angle;
the other separates the data into disjoint samples using only azimuthal
angle.

locally, no significant parity or CP violation in A} — pr~ KTK™.
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Evidence for parity and CP violation in A — prn—n~
LHCb-PAPER-2016-030, in preparation

— |, LHCb (@) ] — | LHCb ©]

2 20 ;J% Preliminary @ 7: E 20 ;7 Preliminary 7;

— ogu@%%@@g 51 - Of-g gy

£ -20F E £ 20 ® - ]

g DaT odd xz/ndf—27 nz. 4 g E o al-odd lendf—ZO 710 E

s () E F @
g 20f g 20f (]

< Obp-a-dgr- b2 g # - < O IO S | ;"

:i e 1 3 b K F [ ¢ ¢ e

—20F B —20F E

Fealpdd yPndf=21.1/12 ] [ e alid ¥?/ndf=30.5/10 E

5 10 1 2 3

Phase space region Pl [rad]

m The consistency of the data with the CP symmetry hypothesis is found to
be p = 9.8 x 107" (3.3¢) using a well-established statistical test (R. A.
Fisher, The Design of Experiments 1935), employing pseudoexperiments
based on permuting the real data events to capture correlations.
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Structure in BT — J/{@dK™ LHCb-PAPER-2016-018 & 2016

Dalitz plot distributions are background-subtracted and efficiency-corrected

S 2 i
S F - 14
S 2f g LHCb
€ B 12
- -
A 1 — .. ] 10
F - -
20 e 8
F - ﬁ =
19 " L] J'_ | ! 6
E R S
18 am 4
E =
e ;-I-r.- 2
E L ! L L L N
25 35 4 45 5
M [Gev?]
o F < 24
3 .oF 16 3 °F 22
O & = I LHCb S.F sl I
s F P - 14 w 2F LHCb -
17 - = F =
E . =5 - . 2 - B 1
s - F .'h
16— = 10 o 14
g | = L - 2o »
i gl == s 3 o
15 LR " 10F = 10
F 6 E - s
14 = " 18 - 6
F - 4
13 o= 2 17 -';'..-' 2
E E_. . ! L L L !
17 18 0
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Some Fit Projections for BT — J/1¢pK™

LHCb-PAPER-2016-018 & LHCb-PAPER-2016-019

B* rest frame

v rest frame K rest frame

e
]
S

100|

Candidates/(10 MeV)
Candidates/(10 MeV)

Y
B bt 4

4100 4200 4300 4400 4500 4600 4700 4800 4100 4200 4300 4400 4500 4600 4700 4800
My g [MeV] my,, [MeV]
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J /1 ¢ Amplitudes in the Default Fit Model

LHCb-PAPER-2016-018 & LHCb-PAPER-2016-019

Contri- sign. Fit results
bution Mo [MeV] Mo [MeV] Fit Fractions%
All X(17) 16+3 S
X(4140)  8.40 4146.5+4.51%5 8312172 13+3.2148
ave. prior 4143.4+1.9 15.7£6.3
X(4274)  6.00 4273.3+8.31172 56+11T 8 71425735
CDF 42744781 +19 32722 18
CMS 4313.8+53+7.3 38730 +16
All X(07) 28+ 5+ 7
NR J/¢¢  6.40 46+11 110
X(4500) 6.1 4506+11772 9242174 6.6+2.4733
X(4700)  5.60 4704+107%, 120431743 124+ 57 %

ave. prior see Table 1 in LHCb-PAPER-2016-019
CDF arXiv:1101.6058
CMS Phys. Lett. B734 (2014) 261
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Alternative Model for X°(4140)

LHCb-PAPER-2016-018 & LHCb-PAPER-2016-019

m Our 1*7 assignment to X(4140) and its large width rule out an
interpretation as a 0*% or 27" DXT D}~ molecule.

m A threshold cusp parameterization proposed by Swanson [Int. J. Mod.
Phys. E 25, no. 07, 1642010 (2016)], in which an exponential form factor,
with a momentum scale (8o) characterizes the hadron size, makes the
cusp peak slightly above the sum of masses of the rescattering mesons.

m This model fits the data as well as

g1 the default amplitude model.
Eogf
' 3
o.e-{.- £ 19
o4f T 100
2
0.2 § 80)
60}
—o2F — s 40
- Breit-Wigner 20|
s
1 1 1 1 1 1
04 02 0 02 04 06 08 O*2100 4200 4300 4400 4500 4600 4700 4800
-Rel(Z) ITIJ/W[MeV]
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BY — Z~(4430)K™; Z(4330) —» ¢'m~ ; |dc<cun)

PRL 112 (2014) 222002

T 3 - T T T T 3
E 1800 4% combinatorial 3o LT 3
— 1600 backgroundin 4 E = “ ]
2 1400 signal region o L4
£ S0 S ]
% 1200 E 3 = ]
2 ]
5 1000 1’ is mass 3 Bo. —:
800 constrained 8
600 = ‘g ]
400 signal 1 5" ]
200 sideband range sideband E §
e 2 I 1 L L
0 —_—— J =
5250 5300 o 38 4 42 ad ?ﬂﬁ [Ge\f‘]‘8
Mo [MeV]
m B Kt ) — ot [ Ba.clfground—subtracted, L
efficiency-corrected m(y)'n ™)

m Amplitude fits plus
model-independent analysis

m Z (4430) — o'7~ first
observed by Belle [PRL 100
(2008) 142001]

distribution.

m Model projections of cos k=
moments up to order 4, allows for
J(K™) < 2, including correlated
uncertainties.
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Resonant Character of the Z~(4430)

Candidates/ (0.2 GeV?)

Michael D. Sokoloff

200(-L.0<mZ,  <18GeV?

LHCb

.
16 18 20 22
m3, [Gevd]

m Amplitude fit including J* = 17
Z~(4430) — o'~ improves

overall x* corresponding to

18.7 . [PRL 112 (2014) 222002]
m Relative to J¥ = 1%, the 07, 17,

2% and 2~ hypotheses are

rejected by at least 9.7 0, 15.8 0,

16.10, and 14.6 0.

m = 4-quark resonant state

SLAC Summer Institute Topical Conference

N T
oz} LH% ]
o ]
-0.2+ ;
04l / l y
-0.6 ‘ ‘ ‘
06 04 02 0 02 _
ReA?
m A fit including an additional

JP =0~ ¢’7n~ amplitude with
m = (4239 + 18™%}) MeV and
r = (220 & 47*%%) MeV
improves overall 2
corresponding to 6 o.

University of Cincinnati

Some Recent Results from LHCb

22/25



Model-Independent Evidence for the Z7(4430) — |

Phys. Rev. D92 (2015) 112009

< oaf LHCb
8

1 ! L 1
1000 1200

1400
my, [Mev/c?]

5000

g &
ield/ (10 MeV/c?x 0.2)

:

g

-0.8F

LHCb

-~

T

g 3 8
Yield/ (20 MeV/c? x 0.04)

g

L 0

Hhoo 4000 200 2400

4600
My g [MeV/c?]

“Square Dalitz plots” expose helicity structures of amplitudes.

m The K*(892) band in the left-hand plot has two lobes produced by the

P — VP cosf amplitude.

m The left-hand plot also has an accumulation of events near 1400 MeV
which might be produced by higher mass K™ amplitudes.

m The right-hand plot has an accumulation of events near 4430 MeV. It
might be a reflection of features produced by K* amplitudes.
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Model-Independent Evidence for the Z7(4430) — I

Phys. Rev. D92 (2015) 112009

< F T T 3 c F T 3
%14000:—LHCb E S 14000f LHCb 3
= £ ] = F ]
g oo E groE E
5 F E 510000 E
> anof L > aoof- ]

2000 a a
Myagr [MeV/C] My g IMEVIE]
The cos 6 distribution in each m(K~) The cos @ distribution in each m(K)

bin is described in terms of Legendre

S bin is described in terms of Legendre
polynomials up to order

polynomials up to order fnax = 30.

2 m(Kn) < 836 MeV Using MC experiments, the m.,s)~
lmax = ¢ 3 836MeV < m(Km) < 1000 MeV projections of the data prefer this
{ 4 m(Km) > 1000 MeV . Legendre polynomial weighting at
the 15 o level.
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To Take Away

m We are measuring the particle — antiparticle differences in
mixing rates at the £5% level in the D® system and at the
+0.35% level in the Bs system. The limits from these
measurements constrain BSM physics reach at high mass
scales that complement those from direct searches.

m We have observed evidence for (direct) CP violation in A
decays using triple product asymmetries.

m More than 50 years after the prediction of tetra-quark and
penta-quark states, we are discovering many of these in the
decays of B-hadrons.

m Flavor physics is fun.

Michael D. Sokoloff SLAC Summer Institute Topical Conference University of Cincinnati

Some Recent Results from LHCb 25/25



