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Bt About this talk

« General introduction to the LHCb experiment, and its future.
* Physics program of LHCb is too broad to try to be complete today.

« Can'’t even discuss all use cases of amplitude analyses, and range
of amplitude formalisms used.

» Pick a few topics which fit together. Many biased by personal
contributions to LHCDb.

* Do not go deeply into discussion of the results or experimental
details; concentrate on the approaches in the amplitude
parameterizations illustrating material covered in the lecture today
morning.
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Evidence for Beyond Standard Model physics
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Evidence for Beyond Standard Model physics

Origin of hierarchy in masses and mixing of fermions?
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Two complementary ways of advancing “energy

frontier” at accelerator-based experiments
Tree diagrams, for example

Collision energy g NP

(CDF, DO)
--- ATLAS, CMS

Want high CM energy to exceed
the production threshold

-
@
o
123
S Heisenberg’s

Loop diagrams, for example '

P a1 b uncertainty Belle Il (BaBar)
_ - principle: LHCh
sM / \ SM AE At =4H/2

o NP l.e. Am At =4/2 Rare kaon decays and

“g-2” discussed
by Andrzej Kupsc
also belong to this category

Want high precision since NP particles are
highly virtual here, thus probabilities small




LI"]Cb LHCb Physics. T.Skwarnicki, Workshop on Reaction Theory, Bloomington,IN, 2017 6
LHCb Physics Program

Main physics goal of LHCb:

« Alot of secondary physics goals of LHCb:
— Hadron spectroscopy with heavy quarks (see the next slide)
— Light hadron spectroscopy
— Rare kaon decays
— W,Z0 production at forward angles and proton structure functions
— Heavy-ion collisions
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Heavy flavors and hadron spectroscopy:

g,c,bK DB Such fall-apart strong decays happen super fast, leading to a large mass
K*, W, Y s,C, b <q Y indeterminacy i.e. large particle widths (“poorly formed” bound states)
) ’ a, E, 64\ _ -1~h
MeV (g=u or d) 3%5 n,D,B vevh 1 deeper binding of heavy quarks
- 233, J s — =3P, 3Py, =
(218 K*(1410) 1°P, 2f2(1430) yal Y 205,
2K*,(1430 & 3 b 1 3
Trrie 1P, — Ko((1400)) MeVv b S 25, : T sz
1300 [K(1460) = ‘ I = 13D, 710300 Y’ 2'P, 2P0 5
13P, 3800 235, DD ] T =15 1 >
. K,(1270)= 57g - - hy, 7 1D 1Dseq ©
B / —) “II’ 11F;I )FC)OZ,‘I,Z - 238 q—q =
Predictions of relativized hn 22, S 1
N potential model i Ne —1_ > "_9‘ Y . 13p E’E> < g 8
153 / he Xo |2 [ 1Py IEze TP I =
B i known states L X_ S — <aq
S TH O R N —
R i N~ -
| G Such strong decays take 1000 times longer.
[ 11 Narrow widths; well formed bound statés.
500 -Eo _ 9500 s, %
L K "=
Ny
All excitations above the open flavor threshold. Plenty of excitations below the open flavor threshold.
Wide (short-lived) and highly relativistic (light quarks). Narrow (long-lived) and non-relativistic (heavy quarks).

Only qualitative spectroscopy. Quantitative spectroscopy.
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Heavy quark hadrons in LHCb

N 1T =7 +5, J =Jaq +
L +§ Qqq aq =
baryon 1

QQ j = Z + § Qq ]_)q =
mesons mesons 4

q

=~
=~

Expect to detect

QQq

baryons soon

In usual diaquark model:  S,,=0,1

. =1 E =0 Scalar and axial-vector
a9 19 diquarks

« Well established spectroscopy of conventional hadrons with heavy quarks creates

suitable environment for studies of exotic hadrons: 00qg 00Qqqq
tetraquarks or pentaquarks or
meson — meson baryon — meson

molecules molecules
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Colliders and bb rates

eometrical
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« The past decade was a
golden age of 10 GeV
e*e b-factories

« Super KEK B-factory,
with Belle |l experiment,
IS under construction in
Japan, with a luminosity
upgrade by almost 2
orders of magnitude
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Colliders and bb rates
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LHCb 3 fb! 5 fb ! 50 fb! 300 fb!
ATLAS,CMS 25 fb1 450 fb! 3000 fb"
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« Tremendous rate potential at hadron colliders

— physics reach determined by the detector
capabilities not by the machine

Collect all b-hadron species at the same time:

— additional gain by a factor of ~10-100 in integrated
B, rates at hadronic colliders

— time dependent CPV studies of B, possible
— also get A, B, which are out of reach of the 10

hadron colliders
o

§ GeV e*e" factories

g + Charm rates factor of 10 higher than beauty rates:

o — nuisance and great physics opportunity at the

S same time

§ detected produced detector

- events events efficiency
N oy [ Ldt £

/ Iarge\

€ = Egeometrical * Etrigger ° Erest

T

major challenge for b,c physics
at hadron colliders

LaSg0 of Truth
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s o Hadron colliders

pr of decay -~ mass of
products decaying particle

CDF, DO, ATLAS and CMS were optimized to “high-p+
physics” — searches for the heaviest on-mass-shell
particles [ m(Higgs)~126 GeV |.

Taking advantage of enormous rates of b,c-hadrons
requires a deiector optimized to “intermediate-p;” particles
[ mM(B)~5 GeV, m(D)~2 GeV ].
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Bt LHCb vs central detectors * Advantages of LHC

- = = | I N N — LHCb Spectrometer)

CMS s s s comparable b cross-section in much
smaller solid angle; smaller number of
electronic channels; smaller event size;
much larger trigger bandwidth to tape (Run
| ~5 kHz, Run Il ~12 kHz)

— b and c physics dominate the trigger
bandwidth (e.g. CMS b-trigger rate ~25 Hz;
almost 3 orders of magnitude less than
LHCDb)

— large p for small py (in central region p~p+);
can identify muons to lower p; values

— large bandwidth important for triggering on
purely hadronic final states (central
detectors limited to dimuon trigger)

— large bandwidth important for collecting
very large charm samples

— space for RICH detectors: p/K/n

Trigger on collision point ' ' separation; crucial for background
LA - suppression in many channels; increased
muons or PP y

. flavor tagging
decay points « Limitation of present LHCb
detached from

detector:
pp collision — luminosity limited by the detector readout
point

‘‘‘‘‘‘

capabilities (upgrades of the detector will
allow increasing the luminosity)

— compared to Belle: poor y (i.e. n°) and K
Ab0—> JpK, Jy—urw detection (will be improved in Phase ||

(only A, decay products are shown) upgrade)
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LHCDb collaboration
« The collaboration is of “modest” size:

— 940 Physicists (~ - of all at GERN)

— 70 Institutes (~ — in US)
— 16 Countries



LI‘ICZ‘Q LHCb Phxsics, T.Skwarnicki, WorkshoE on Reaction Theorz, BIoomington,IN, 2017 14 >

Loops as low energy windows to high energy physics

* An early example how decays of low mass particle can reveal physics
at much higher mass scale was 1964 discovery of CP violation in K°
decays (m(K%=0.5 GeV) which offered the first glimpse of the top-
quark existence (m(t)=172 GeV, observed on-mass shell in 1995):

* U — * *
Vi g " — Vs +Vy
— S
S
KO w <F @ KO w w
d u T d
V th Vts
ud INTERFERENCE

Produces CPV proportional
to complex phase of the box diagram
responsible for K° — K° mixing

Quark-mixing elements V. in g— q'W can be complex,
only if more than two quark generations

Kobayashi-Maskawa hypotheses (1972)
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Quark flavor transitions — CKM matrix
» Described by CKM matrix in SM
« A complex phase in 3-generation matrix gives a rise to CPV in SM
« Wolfenstein’s parameterization depicts the measured structure of CKM

well
4=0.2260.001 (sin6)
d S b SO/%(?I\,-IO/ A=0811002
T A'=0.23
C 2 N [
V= —ﬂ, 1—7 Aﬂv —-lﬁ_complex phase 77 =0.
t [AVA-p-ip A2 mostly in Vg, Vyp (A7) 47 =0.012
then a bit in Vg (17) 1% =0.0026

even lessin V4 (A°) 1° =0.0006

o= -iA’ln

AN (p+in) 12 -AV(A/2-p—in) 0



LII;]SCI b LHCb Physics, T.Skwarnicki, Workshop on Reaction Theory, Bloomington,IN, 2017 16 =

Quark flavor transitions — unltarlty triangle
After a decade of ete” B-

1.5IIII|IIII|IIII|IIII IR 1 T T faCtoryeXperlmentStheKM

e 1 hypothesis is well verified
1.0:— —: 7 | kBT
05 - 9
= o0 B K(;bayashi & Maskawa
- i Nobel Prize 2008
R 4« The game now is looking for
e 1 NPin corrections to CKM
- | 4 picture
-1.0 - Y
e O | ]
=il e -
_1_5 L [ T | | [ I | | L1 1 1 | L1 1 1 | [ I | | [ T |
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Note: p = p(1-A?%/2) Trees: v,V

n=n(1-A%2) Loops: everything else
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i ol Importance of B, physics: example indirect CPV

mixing — CEv dominant decay (lifetime)
slow mixing, small CPV _ Ve |4 .

CPV discovery S u
KM hypothesis W

Y

|

Vs
C S
super slow mixing, very small CPV w%
long distance diagrams can come into play

good place to look for non-SM CPV, but SM
“packground” not well predicted

d large mixing, large CPV

good place 4
to test SM CPV A7

b %
W A =1
uper fast mixing, very small CPV A'=0.23

good place b_,jtlt,i A*=0.051

to look for < O it P A’=0.012

non-SM CPV =~ —< == A*=0.0026
W* H;

A*=0.0006
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Bo(s) = Bo(s) miXing

2

é g ol LHC 1 LHCb Phys.Lett. B719, 318 (2013)

z g Y +B-D B

| E | — combined 1 Amg = 0.5156 +£0.0051 (stat) +0.0033 (syst) ps~'

I g o2r 1

Cz 0\ ] Single best measurement by BELLE

=& : Amyg =0.511+0.005+ 0.006 ps~!

m I i

T -o2f =5

S I | BO. -BC . mixing ., .

o i i P v d -

3 “T==_"_u 5 Pop_ 3T 3% B Ter P’

=3 : B’ decay (& fpst — _ - Vo (Vigs T

) —= — = o, = s

& . LHCb * Tagged mixed [oosote | = -

= - o Tagged unmixed ‘T P -

I 400 ¢ —— Fit mixed B, ADS_ . charge of & tags

% i PV gc</ /" "™ the b flavor at decay

= v Fit unmixed L

= i g

"E' i -3 ‘§other B tags

c — ¥\ § . he b fl irth

3 ZOOh A Decay time the b flavor at birt
i o, ST modulation
. ~cos(Am.t)

0 1 9 3 4‘ New J. Phys. 15 (2013) 053021
] A

decay time [ps]| AMs = 17768+ 0.023 £ 0.006 ps™
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Phase of B.-B ing using B,—J/yo

S
th K

5 _ —
B ° w V s* 5 o) B, SB_S w V s* 2¢ —KK
F_‘\i c S b Sb T
Veo - JIy Ve AT
Interference of mixing and decay produces indirect CPV. LHCb
No SM phase in the lowest order. Small V,, phase suppressed by A2: EEE?L; glﬁgé? ((2311?)
. VvV * _ 113 _ arXiv:1704.08217 (2017)
M = ) arg (_ ts tb* j ~ D0 [ —36.5X13 mrad PRD91,073007 (2015)]
VeVes Need time dependent analysis to extract ¢, from the data because
~ 3500F of the B; — B mixing
\% 3000%—
Z 5500k Jyo is a mixture of CP-odd and CP-even states, which have
= 2000F different ¢, dependence; need angular analysis to disentangle
é 15005— them
é 1000 -
~ 500 o —K+K- (P-wave decay) is a very narrow and prominent resonance
0

e o in By—J/y KK, however, there is a small admixture of non-resonant
m(K'K) [MeV/e’]  KrK-S-wave under it. Allow both contributions.
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Use helicity angles. By rest frame Fit in the narrow s=my? range around m?

17

005

Candidates

-
==
3/
3
s
Candidates / (0.2 ps)

y rest frame ¢ rest frame

10 wk .

4 0 falh I+ T — ! | -
d*I'(BY! = J/vKTK™) . _ 5 0
— — x E hi(t) fi (cos Ok, cosb,, on) B Decay time [p]
dt d€2 i 0 - - : 33 F
k=1 = sof LHC, 3 2 s0mf
: AT —T.t . 1 . 1 £ 1swf W"}W 3 g B
hi(t) = Npe la cosh ($ATt) + by sinh (FAL,t) o S “"b-.,. E j d ™
\ . S oswE 7 - ~. 4z 15wf ~ _ R
+ ¢ cos(Amst) + di sin(Amst)], - iui;ﬁ %P e\(/jfjn ~ 32 - E
sof Hh""'----._i(_)_._.._---""" _ S so-ai— o
k Ti(fu, 05 0n) Ne a by Ck d L —_C:.S—S'W[.)aVQ---Gg | Qs S
1 2cos® O sin® O |[Ao]? 1 D o -5 cosh, 0, [rad]
2 | sin? O (1 —sin 6, cos?or) | |42 1 D C -5
3 | sin® 0 (1 —sin® 6, sin” gy ) 4,2 1 - o s ( ) P H
4 sin? O sin® 6, sin 2, |AjALl | Csin(dL —6)) | Scos(dL —4&) | sin(6L —8)) | Deos(dL — &) AO’ AJ.: AII AS related to hGlICIty COUlengS
5| 1vZsin20k sin26, cosgn | |Aody| | cos(d) — dn) Dcos(d — &) | Ccos(d) —do) | —S cos(d) — da) Bs—Y o Bs—>Y[KK]s—wave
6 —%ﬁﬂl] 20y sin 20y, singp | |[AgAL| | Csin(d — dp) Scos(d) — dg) sin(d; — dg) Drcos(8, — &) H/1 ’ /11/)= '1 ,O,+1 (HA =0 )
| 2 sin? B, |As)? 1 -D c 5 Y . Y .
o | Y GEmumen B cospn | sy | | ety — o) | Sl o) ) eoslsy o) ) e 20 gffected by the strong interactions, thus to
9 —gVsinfg sin 28y sinpn | [AsAy| | sin(dL —ds) —Dsin(§; —8s) | Csin(dy —ds) | Ss=in(d, — ds) .
10 33 cos O sin? B, |AgAg| | Ccos(dy —dg) | Ssin(dg — 8a) cos{fy — dg) | Dsinfdg — 8s) be determmed from ’[he data

(nuisance parameters).

. . D=
T+ A2 T+ A2 L+ AP

See also LHCb PRL 114, 041801 (2015)
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0.10

0.08
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Status of of ¢, determination

DO 8 fb !

68% CL contours

(Alog £ = 1.15)
CMS 19.7 fb !
B \_: i— l_J rrJ
LHCb3fb !\
ATLAS 19.2 fb ! /
°. R 00 02 04
¢ [rad]

21

The LHCD results shown here include the
results from other B, decay, however, they
are dominated by B.—J/yo

The LHCDb has the best sensitivity in
spite of the smaller integrated
luminosity.

The results are consistent with the
SM predictions — no sign of NP.

The experimental error much larger
than the theoretical uncertainty on
the SM value, and dominated by the
statistical error.

Increased data statistics will reach
to higher NP energy scales (LHCb
upgrades!)

T. Gershon at Moriond EW

* Many other sensitive probes for NP in weak decays of b and ¢ quarks.
* Move on to the results on exotic hadrons for the rest of my talk.
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LHCb arXiv:1704.08217 (2017)
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MDY Other hadronic structures in B,—J/y K*K-

mz. .- [GeV?]
N -~

wn — wn o wn oo wn 4 wn n n
§ P e P e e P e e
- - No evidence for
> ] horizontal bands,
I 1 < thus no sign of
: - exotic JyK+
5 i ) resonances
=771
=~
@ |
= T = )
N S ST PP PP PP PR s =¥ w1 . )
S =~ B"{D% Component Fit fraction (%)
5 f , 5—‘\%}
~ 2 (1525) $(1020) 705+ 0.6 = 1.2
SR - TaCh E > ok ' e
E Zzzz: m, <105 Gev:§ % Egg My > 105 GeV 3 f2(1270) 1.6+03+02
S sk t I E £5(1525) 10.7+£07+09
2 IoEw E ¢(1630) 40£03+0.3
: : ol E £o(1750) 0.59 0% 4+ 0.21
OE.._.-. Pl = lope - onfn :5 OE pllopn  Mn p o pnpg Lon ,.,IJLnEg fQ(IQSU} 044 ig%g :I: 0'14
= alm—— s i o T T S-wave 10.69 +0.12 + 0.57
1 1.02 1.04 1.5 2

my - [GeV]
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Bl'— y'nrK- yopw

5
_ ___ i 2
< : ' 0J b c T
E 22 B{d*-(-———-______‘_&}zz i &
a1 - 9 Claimed by Belle (the first
i e Z.(4430)* S Jhyr state):
= 20 — LS PRL 100, 142001 (2008)
U 10 —>Y'n O 3 PRD 80, 031104 (2009)
- ? < QO PRD 88, 074026 (2013)
18 = Broad horizontal band o S PRD 90, 112009 (2014)
17 = S g 5
31! = S & Not seen by BaBar:
16 - S O PRD 79, 112001 (2009)
s, 1 s : . . = E
0.5 K*(892) 1 1.5 — ]ilz N [Ge\ggjs ( :Ags[) 0 )/sampgpuegg
J=1 R
“%2000_—
o [

s/

500

Candidate:

1000

Is it a reflection of

. . *y + _
mterfermg K S—T K ? LHCb has more than a factor of

Proper amplitude analysis 10 larger data sample (3 fb')
necessary to check than either Belle or BaBar and
has smaller backgrounds
PRL 112, 222002 (2014)

500

0

Kaon excitations
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Ap’— JIypK-: unexpected narrow structure in m,,,,

Q@

_ =

SIK > O

u 0w o =

b c 9 S 1 £ O
%{u ﬁ}PC 3 =8 E
d — >—d ] B (-
Je (®)

.vx w

PC+% Jvp ., s )

? 'S g

. = 1«8 C

Narrow horizontal band A o
VYT FOTFRPPL AP PP P PP PO I '3% E

g &8 8§ § a o

24

I
— 3000
s F
o X LHCb c
§ 2500 b—’_@é} Iy
= C A‘g{u S
Zaof || Ui
Lﬁ ; OOE —=— data
500
E — phase space
1000 A*
5005 @
PRI S AT T N T TR TR TN (N T N T NS TN R B
14 16 18 20 22 24 u
A barvon excitations  ™«» [GeV]

Is it a reflection of
interfering A”s - p K- ?

e

LHCb PRL 115, 07201 (2015)
Similar statistics (26k events)
and background level (~5%)
as B0— y'nK-

See also Nathan Jurik, PhD
Syracuse, Aug 2016
CERN-THESIS-2016-086
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DI \atrix element for conventional Abresgpfg%me :=

resonances

A rest frame

2
K*
Prob ~¥.5,, MK, |

B’ rest frame ¥ rest frame Aq)”’ v o
W - I’d h vl
e Vi 7// T |
- 77 =7 ﬂ//‘g/ Use helicity amplitudes, now in
W rest frame A K'rest frame LAB frame wide range of s=m 2 or prz.
4D maximum likelihood fit 6D maximum likelihood fit
Q=(0 o ,,,,,A¢ Q= (9,\ ,9 « A¢A*A ,0 aAQ,,,Ab) Blatt-Weisskopf ffctors
MK H® "  R(m,., IM L) MY HA’”"’A D2 0.6,.,0)'R(my,” IM ..T" ) .
. R M?—s— anF”(S)

* “ sp J *
x D3, (0, eK* ,0)' D, (AB, -.6,,0) x HA ’KDlAA* L (A .60 D} 4, (Ag,, .6,.0)

. - , o Fixed to known values of
1-3 independent complex helicity 4-6 independent complex helicity well established K* or A* states

couplings H per K’ resonance couplings H per A’ resonance
Approximate the s-dependence via a sum of Breit-Wigner amplitudes, each with independent complex
helicity couplings.

This model is commonly used but has a number of theoretical shortcomings [desired properties of
transition amplitudes are the subject of this workshop!].
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Model of conventional resonances

Well established states from PDG

No high-M,
No constraint high-J#  All states
 outts No high-M, on parity gimits  allL
P high-J? in decays to Kp
in decays to Kn g

State JP Mo (MeV) To (MeV) # of complex

State JP M, (MeV) Ty (MeV) # of complex couplings
couplings :
Red. Ext. - — - Red Ext.
NR 0+ — — 1 1 ;1(1:"10-)) 1/2_ 1300 50 E) 4
K*(800)° O+ 632 547 1 1 A(1520) 3/2+ 1520 16 5 6
K*(802)° 0F 206 49 3 3 ;1(1690) 1/2 1690 150 3 4
K+(1430)° 0F 1425 270 1 1 A(1690) 3/27 1690 60 | 5 6
K;(1430)° 2+ 14392 109 3 3 A(1800) 1/2- 1800 300 4 4
K*(1680)° 1~ 1717 322 3 3 A(1810) 1/27 1810 150 | 3 4
K3(1780)° 3~ 1776 150 [ 0] 3  A(1820) 5/27 1820 80 1 6
Total # of free parameters 28 34 A(1830) 5/27 1830 95 1 6
A(1890) 3/2* 1890 100 3 6
A(2100) T/27 2100 200 1 6
A(2110) 5/2% 2110 200 1 6
A(2350) 9/2% 2350 150 0 6 Large number
A(2585) 5/277 2585 200 0 6 of free parameters
Total # of free parameters 64 146 leads to
L. problems with CPU,
 Afactor 2-4 more free parameters to fit in the A, fit ambiguiies

analysis than in the B analysis
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Mass distributions of conventional hadrons

(Red.)

05
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—&— data
—— total fit
—— background
K*(892)

—— K*,(1430)
— Z(4430)°
— K* S-wave
K*(1680)
K*(1410)

_...;;;.-- i

7 5
S= ”7§n[(53\/%

(Red.)

—8— data
—e— total fit
= background
e P(4450)
—a— P,(4380)

-- A(1405)

1690)
1800)

T
\/s=m,, [GeV]

« The models based on well established conventional resonances
(without or with exotics) describe these projections well:
— They dominate the rate
— If exotics present (as shown above) they spread across wide range of these

masses

— Alarge number of free parameters in helicity couplings make up for deficiency of

the model:

+ While all expected K* resonances in the fitted mass range are well established

experimentally, there is a good reason to worry about missing A* resonances

—

my, [MeV]

2600

2400

2200

2000

1800

1600

1400

1200

1000——

A* mass predictions by Loring-

Metsch-Petry EPJ, A10, 447 (2001)

VS
Well-established A*s

= M(Ap)-M(J/y) — — —

= Kp
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Fitting decay angles important for
resolving overlapping resonances

s00[-

TOUDM

LHCb

—=— data

—— total fit

—— background

—— Z(4430)
K*(892)

—— K",(1430)

—— K" S-wave
K*(1680)
K*(1410)

GO0}

400

2000]

1500

1000|

500

2000|

1500)

1000

500)

2000]

1500

1000)

500)

i 7,0

cose

LHCb

- data
-8 total fit

A(1670)
-5~ A(1690)

= hackground -%:- A(1800)

e P (4450)
== P_(4380)
- A(1405)
-6 A(1520)

A(1600)

Ad

A:‘Jhu

.g_&:‘ﬁ";:i:h L

e
. ————t

=

-~ A(1810)
-4~ A(1820)

A(1830)
-4~ A(1890)
-~ A(2100)
- A(2110)

il

o 3

¢ [rad]

(Notice that if exotics are present, it is
not possible to extract partial waves
for conventional hadrons without a
global fit to the data, which includes
both conventional and exotic
contributions)

« They greatly increase discrimination power between resonances of different JP
« Without using full decay phase-space difficult to do efficiency correction correctly
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Mass distributions sensitive to exotic hadrons
B0 — \|I’ K Abo — J/\|I pK (Ext.)
= data 4 data
1000'—  total fit 4+ LHCb 800F" @ totai '
L. ——background 200 — background + LHCb
K*(892) . - A(1405)
=} . < 53 A(1520) ’
3 - Kw S-wave 0 600 A(1600)
3 | —Kueo) E - A(1690)
< K*(1680) — H500F=-%- A(1800)
S K*(1410) = -5 A(1810)
500 «2400
2 ©
§ 11300
w
200
i 100
9876 17 18 19 20 2122 93 Oy 24 46 48 5.
f= m2...[GeV] Vt= My, [GeV]

00) , 00 :
» We cannot describe m, .. or m, ., distributions with
the conventional resonances alone
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Matrix element for exotic
A, rest frame o -7
resonances Y rest frame e, R,
K

B’ rest frame
Y rest frame

Z rest frame

lab frame
zZ Z—-yr P. . A)—Pe; K P. *
MA’@: - Z H/I,,, R(mV”f lMZ’FZ) MA A9 APe AxFe = ZZZ 'H/\; 0 ,\ A9 AP, (épf:’g/l” )
Z,/,z—l,O,l i Ap. )ch
* V4 * - J cj * c *
JZ,L‘,(O, QZ,O) D;W,Aﬂﬂ (A¢y/,za9.,, ,0) HAPC Ang ) Ao — APC(QS"‘”GPE’U) R;(my) D)\l‘EC,A.\fC(qbﬁc’Bg ,0)

1 mass, 3 angles

: 1 mass, 5 angles
all derivable from the K variables all derivable from the A" variables

. 2
K AR | -7 _ A i AN
My, +e M 3, M = E E E MA(, ApAx, TE
Ad,=11

Agg Ao A

2

'@Zd,\f’ VA .)M AU,\ JAN

APe

|2
‘M(mK”,Q |M,.T,. 0, A7, A7) =

A, rest frame ‘
A'rest frame

Additional rotations of spin states correcting for
helicity frames for the final state particles («,p) being
different in s- and t-decay channels [Wigner rotations
mentioned in Mikhail Mikhasenko’s lecture today]

p rest frame
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Including exotic hadron contributions

B — v ntK- AL — J/\p pK
1.0« m} < .
o meal  LHCb e N @
1000} -@- total fit =]
—_ = — background r
o = 800 c
[}] Ee r
> 109 2 P.(4450) g
g =-data 2 -= P (4380)
o -=-total fit — 60O}~ - A(1405)
- —— background :‘5 -£3- A(1520)
®500 —=Z(4430)" S A(1500) #
5 K'(892) > 400 d oth 1
> i — K" Sawave Ll and other
TR | ——K*,(1430)
K*(1680)
- K*(1410) 200
0 T s T \ __l_ 0 - e e R e s _
e e 23 42 44 46 4\?_
— m2., GeV
t=mj - [GeV] t= “”‘*‘P[ ) The lack of clear JP
T N e e ) I I S KR | ot o e
Z.(4430)+ 4475% 7+15,  172+13*37,, 5.9:0.9+'5,, 4c P (4450)* 4449.8:+1.7:+2.5 39+ 5+19  4.10.5%1.1 states is troubling:
Belle  4485%22+%8,,  200#46'%, 10.3:3.5%3,, 5c  P_(4380)° 4380 #8429 205418486  8.4:0.74.2 % |+ s underlying A*
« JP=1+at 9.7c incl. syst. (in Belle at 3.40) « Best fit has JP=(3/2-, 5/2+), also (3/2+, 5/2°) & “background” modeled
(5/2*, 3/2°) are preferred. (5/2,3/2+) cannot be properly?
@ ruled out within systematics
* Is s- and t-dependence
@ parametrization too naive?
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Argand diagrams: exotic hadron amplitudes

without Breit-Wigner assumption
Exotic hadron amplitudes for 6 m,,/m,,,, bins near the peak mass

(all other model parameters fitted simultaneously)

o LH% e ‘_é
i e/f%% /%_ | ok Need larger data
ol e ] AR samples, and good
‘ | o control of the model of
_0__%j8' L % ATPRN i TR AT | conventional
Good evidence for  ReA° e 77 Teae  resonances, to make
Large errors these studies more

r nant char r '
esonant characte conclusive.

Such studies make exotic hadron amplitude model-independent, but the results are still dependent on the model
of conventional hadrons. Simultaneous PWA of the latter is not possible since exotics reflect into variables
characterizing conventional hadrons.

However, we can assume exotics are not present and test for their presence in model-independent way - next
few slides.
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Rectangular Dalitz plane: variables of conventional hadrons

* For f|xed mK,t/KIO there is one-to-one relation between m,,,, ., and cos6y. -

— 1_' LT W T amT
"R s I
2F 0 5_ 4000

= 04
20 — E
19 H 10 03 - 3000
18 B0— \|I,TC+K6_2 ;— 2000
17 —0.4 .

1 sl PRD 92, 112009 (2015 _|, 400
16 oz LHCb-PAPER-2015-038
15 15. O PO O GO S S WO 0

800 1000 1200 400

(eff|0|ency corrected) m’
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Legendre moments

AN &
—Z<P,U>P,(cosé’) 6=6. or 6.

=0

dcos@ A

<PU>=]‘1 aN P(Cosﬁ)dcosﬁxnf‘jiP(cosH.)
: dcos8 ' e o ! ’

1 i

Decomposition into <P,> corresponds to decomposition into “frequencies”

With [, — < can reproduce any

dcos@
Smooth cos8 structures Sharp cos6 structures
produce low rank moments produce low and high rank moments
The sharper the structure the higher /, . required
K*/A* can contribute only to Reflections of exotic hadrons can contribute to
low-rank moments low and high rank moments:
| =J.+J, forinterfering resonances — Detecting non-zero moments above 2/, . signals presence of
| K;/A* | exotics
n -on — . .
hypothesis (IE:O) lmax - 2‘]max — The narrower the peak the higher the 27J,,,. required. The

sensitivity is better for narrower exotic hadrons.

J"iax 'f the highest spin of — Exotic hadron contributions spread over wide range of my,/my,. An
K*/A* resonance possible effective way of testing H, is to aggregate the information about
cosby,x, moments in a function of m,/m,,..
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35

Setting highest rank of Legendre moments

The sensitivity of the method improves by considering /,,,,.(My,/My)

=2 J,,,.(Mg/my,) dependence:

it can be set from know K*/A* resonances, quark model predictions as a guide

All predicted states are known!

Much fewer known states than predicted!

Known K* / A* states: boxes My*I',

K* mass predictions by Godfrey-

Isgur, PRD 32, 189 (1985) P
[l L 3 - 4:—E- 3 —
5 2200f L ADEJE, LR 2D
E [1g [0 f .335"!:!“'2 3 lﬁF

u?_ﬂﬂﬂ'}so"-_rj ::27P : 2P, 3

2 i O W R _ —

= 2P = > ;

1800 1 il D I'D,

Tf'\lm[}: . |.3l 2% =
R _2'5 i | 4.9V 2
> | 1400f 0 -
A | 1200f 0 |
c
— [ LHCb
Sl 5 5 %5 No K*s
c 2 £ 2rsH :
® L s § &5 7 expected here:
2 “F = g = exclude

v
PO 0T T 2 2 33

'] u_l I 'l 'l 'l '] I 'l 'l '] 'l I 'l 'l 'l 'l I 'l 'l 'l
400 0 1 2 4 6

5
lmax( mKﬂ)

in the A ’— J/ypK analysis, higher [ .

Kp [MeV

2600
\

2400
2200
2000
1800

1600

Mass range in A 0— JAypK

\4

1400

1200

1000

/

A* mass predictions by Loring-
Metsch-Petry EPJ, A10, 447 (2001)

Because the J/y mass is smaller than y’ mass,

- ; 1 E Ell H LHCb No A*s

C T ] expected here:

N = = exclude

E — —

- LJ

S T L e A AN A A o

— 2 2 2 2 2 2 2 2 2 2 2

:I L I L L 1 I 1 L L I 1 L L I 1 1 L I 1 L L I
0 2 4 6 8 10

lmax( pr)

must allow for higher excitations
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lllustrations using amplitude models of A ,°— J/ypK-

Only exotic hadrons can contribute to excluded moments  The narrower the exotic hadron the better the sensitivity

3 3
x10° 10° 10° -10 T el T .
10 [T T T 1 T il T T :‘,' E’.. 2]
=2 =3 100§ 2 I=1%+% =33
o t: - / AN

=P (4380) .

TN o e Pdas0)

-
‘‘‘‘‘‘

— e T - } " -
100 =4 T b i _

I=4  |=—A*s I[=5 =6 rocf : I=4 }
s i P.(4380)", } ¥

Fos | e P LT H O ) .
A e — i N o e A ES i ‘simulation % i} i
~ - .',-' r: | K Slmll.llatlon ;s ] -~ .._,1!1)0_-I ¥ , | o P M.
oF ittt f;
v X _ - I _o ¥ 0 F =
1_ 7 : 1_8 1_9 100-_ ] 7“_
P S
-:: an® [ l.‘: ------ -\‘. .-.- -100.- : ]
o i Htp + -t
I=10% 1=11 1=12 ok [=10] ]
st 1 1 - S B P P :
i P HE R CET B
_-" ______ .’: T E - v, ‘; F '=' :.," 0... 17-:,: : 5."‘_0
-y Y = ) o g g - .
1 1 1| L L P 1 1 VIOO-I 1 El 1 H 1 h
15 2 15 2 15 2 25 1.5 2 15 2 15 2 25
. . My, [GeV] m, [GeV]
* Disclaimers: 2

— these are high statistics simulations to eliminate any statistical fluctuations (vertical scale is arbitrary)

— exotic hadron contributions are usually only a few % fit fractions, thus the amplitudes of the red curves is
expected to be small in the real data
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Test the hypothesis (H;) that the data contain only conventional hadrons

Form a model of the data implementing this hypothesis:
PDF(Myzkp,C080k- 2+ [Ho) = F(Myrip) F(COSOKe -

Linax (mKiz'/Kp )

F(cos Gy pe 1y 4,) = Z <P1U > Mz k) F1(COS Oy )

Myzkp)

- T T T T T T T T T T IZO
B 2 qoonol- * LHCD - 2 F
= > 60000 . o
QB F M ] = 1600 LHCb lmax(pr)
> S 50000 - 0 ' - g F
50000 ] = 1400 - -
g BY — v K" S A0 — Jhy pK T AERa. T
L 3 ol 3 £ 1200 =1 1=2 =3
(&) Q E u > E Loogg ““ - ) L ¥ = 3
- [ ] 1000 + . ;
qt) 30000 [ . F(I | IKE) 4 E F m sook 3 +|¢I’1C|U‘(’jed n HO 3
E . E 800F K *, g 7 LT 4
o L 7 E ey, *ooe »
g 20000~ . E 600 = . 0 “,.‘,“‘ —
£ E 400F \
8 10000 [ s e, 3 400E sooft / . S . ¥
o) E K 'ae, ...... J 200 " T T T T g T 1
0 s T A P E _ _ _
g 0 300 1000 1200 1400 ) o 1|6 P ]IS P 5 PR ZI‘, il S ook I=4 1 I=5 1 1=6
“— my, [MeV/ic] - My, [GeV] U
(I Kn l ( ko
m ) soof- ¥ P (m )
max Km l Kp
a0 T T ] a0 T T N a0 T T T T
2 0 + PV 2 umof 4 PV = am P LA I gasacan i | iis aaa -
b 1 5 ] = 3 4 = v -
o) 1 2 b 1 ) + f i) (327
z O e s = 1000E 2 wooof 4 ++ A i LHCbH
z SO R 1 = o o+
S S Miac ot N i PU ( ) = N T * 500y + FH—+ +———t = ——— H
= i = soof 4 = [+
o Included {  E AL E R, J{ E =7 =8 =9
-6 inH E ao0F + E Looq T 1 ]
2000 4 0 E E + 2000 1
LHCb J wE LHCb -, + LHCb s00f-
—10000 - = 0 Py +. = - E
3 + ] wk R 000 oy Fiby sy At ol
,“‘_l_ow PoTI e T I\ L ";' : : ol o [ r had j h L e o
Z 00 s, P2 Ls il g sodf :
z T + 1z T Tty 12 sw H t H—————+—++—1 t :
[ 4 2 s AL 2 .
T gt R 2= 00 1o0cf 1=10 Excluded =11} 1=12;
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Test H, model on M ue distribution

dcos by, .(m,. ., )
PDF(my/ ﬁ/y/le()) Ideﬂ'/KpPDF(mKﬂ'/Kp’COSeK*/A*(ml// ;r/y/p)lHo) . S }
y'mlyp
B - v K-
BaBar PRD 79, 112001 (2009) Ao JW D K
MPraRaRst BaBar did not b VP
ok = w(29)n‘K1noments I | BaBar | have enough PRL 117, 082002 (2016) .
| =om JyrK moments | statistics to see LHCb-PAPER-2016-009
{ Z(4430) this way. = 1000 ;
- = fdata ——
| 7 Negative results like < soof-
b] this impossible to = F
¥ | interpret without 00
b amplitude analysis N
18 since Z-K* interfere! 400f
LHCb PRD 92, 112009 (2015) wf / |PDE(m,,,, IH
§14000_LHCb m’é _ 0, B ¥ S ¥ S ¥ R Gev]
«, 12000 F SR 7t - my,, . [Ge
Elmf E !‘HCb P'ata _ LHCb data inconsistent with
e ] ECOHSItS'tsntt' with A* contributions alone
« 1 K* contributions
s000 /% 19 alone This model independent proof of the
4000 ﬂri- presence of exotic hadron contributions
20003 PDF(m,,IH,) is especially important for the A, data,
T because of the difficulties in construction

o=
o0 Mmmwf?ﬂmv,.f]oo of a complete model of A excitations
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Rejection of H, can be quantified

Test variable: A(2InL) = _z“im iln PDE(m,,,IH,) A(-2InL) = _;i"j’ In PDF(m,,, ,IH )/,
(quasi) log-likelihood-ratio " "4 & PDE(m,IH) o PDE(m,,, I1)/1
I,=[PDF(m, , [H)e(m, ) dm,,,
Ho: 1, (M) :1.1'=30 Ho: £ax(Mp) =31

This variable tests a significance of moments between /,,, (Mg x,) and .
PDF( A(-2InL) IH,) B® - ¢ n*K"  PDE( A(-2InL) IH,) Ay— Jyp K

‘U‘_‘. :I T T T | III T T | T T T T | T T T T | |: E
s Data 1210 v .
2 f | 1E F o= PDF(A(-2InL) |H
E : > :E C % ( ( )‘ “_)
£ M | |
v 10F =4 S10°E — Bif. Gaussian fit
= C 1 = C
< f 18 F
2 | 1& f
a | 1% LHCb
c L J 210
2 15 f data
= 14 T 960
= - . >
e L . 15—
10" 0o = .
E, Y IR AR TR, ST ; i P = N PR IR TR B PO
0 1000 2000 3000 20 0 20 40 60 80 100 120 140 160 _180
A(-2InL) A(-2InL)

However, this approach cannot characterize exotics — amplitude analysis is still necessary.
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bl Summary

« LHCDb is the first hadron collider experiment optimized to heavy flavor
physics, taking advantage of enormous b,c production rates

« Thanks to that it has unique data sets, and ambitious upgrade program,
with data sample sizes to be increased by a factor of ~10 (100) in 10 (20)
years.

« Searches for New Physics, as well as hadron spectroscopy studies often
rely on complicated fits of amplitude models to the data

* It is possible, that some of our spectroscopic results are already limited
by the choices of amplitude parameterization (J* of P+ states?)

 Future searches for NP in loops may also require better amplitude
parameterizations

« Some JPAC physicists are now directly affiliated with LHCb to help us
cope with these problems



