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Lattice QCD: brief intro

x,t (Minkovsky) = x, it (Euclidean)
Loep ==+GoGY + Y Giy,@" +ig,G* T )qg-mqq .

g=u,d,s,c,b,t

input: g, m, a > : : 0 O

output: hadron properties

hadron interactions \ ;
L

Numerical evaluation of QFT Feynman path integrals on

[ DG Dq Dg g Qcr

discretized Eucledian space-time /h

Soco = J d*x Lyep[G(x), q(x),G(x)]
| will concentrate on the recent results on
<> hadron spectroscopy
<> weak transitions between hadrons
obtained from lattice summer 2016 (and some older latt. results relevant due to very recent exp. discoveries)
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Spectrum

of hadrons containing ¢, b
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M — M, (MeV)

Excited c¢, D, D, disregarding strong decays and thresholds

m_ =240 MeV

@ - _ HSC, JHEP 2016
Part of T 1 1601.01073
Gwave | O [ ’ m N f
—
it 1

1500 - - 1
| (previously m =400 MeV)
F-wave
| [ = == == _J | states above thresholds
1000 B [_ == -} | treated as strongly stable;
T — BLL effects of thresholds not
~=ni{ 3ccounted for on
’ 1 P-wave bD
I i - | near-threshold states
500 + I o
"™ red and blue are

S-wave candidates for hybrids

7 E] | other colors lat | With excited glue
07 1 —

exp

1=+ 0=+ 1—— 9=+ 9—— 3—— 4=+ 4——|0+— 9+— O++ {+— 1++ o++ 3+— 3+ 4++
1 0 1 2 2 3 4 4710 2 0 1 1 2 3 3 4 most of these states

(J=3,4 or exotic JP¢=1+,2+,.))
yet to be experimentally

analogous excited spectra for D and D, : see JHEP 2016

discovered !!
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Rigorous treatment of strongly-decaying hadronic resonances

—> simulation of scattering of two-hadrons on the lattice

E
s
n(-p) (LI)=(1,1) T
TUt

[

|
energy of scattering _
eigenstate matrix cross section resonance

mass and width

E > T(E) — oE)x|T(E))? — m ¢ K. verifiec
7

analytic relation:
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D-meson resonances from Dt — Dn — DK coupled channel scat.

1.0

0.8

|T35(E)

kik,
E2

€ HSC, Moir et al, 1607.07093, JHEP16, mn=400 MeV
- Luscher type method to extract scat. matrix t
- poles of t-matrix represent

T= 3x3 scatter. matrix
strongly-stable (D* and D,") and resonance D,*

for s-wave
-D,* strongly stable (not reson as in exp) due to high m,,

0.6
€ Mohler, S.P., Woloshyn, 1208.4059, PRD 2012
04 - D,* resonance with m and consistent with exp.
- scattering mat. extracted in less detail than HSC
0.2
JY D.,K — D,K
04+ Ecm/MeV
my = 391 MeV Rey/s / MeV
2000 2100 2200 2300 2400 2500
O T E T *{bo T S ° N
g 2 R
> . . A
locations L _9 ‘l,
=
of poles ~
0 Drt threshold
in T-matrix \3_4 *@
z e
[S—
D,*(2400) , JP=0* D,*(2460), JF=2*

exp: D*, JP=1
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[HALQCD, lkeda et al,

2.*(3900) from coupled J/W rt* — DD* - n, p scattering 160203465, PR

less rigorous HALQCD method to extract scat. mat. was used = @ This study o
which was not verified yet on any conventional resonance 5 BESIII x*Jhp —— ZCJr
red line: differential rate from lattice S % % N %,
blue line: differential rate from lattice if coupling between 'g
J/W rt and DD* channels set to zero by hand %
conclusion Z_*(3900) most likely coupled-channel effect, -3 ™
[
not genuine resonances (i.e. pole on the unphysical sheet) ©
_ 3.2 3.4 3.6 3.8 4.0
w(D ‘R(D) *
(\) M1, (GeV) DD* th
TRy, ) p—2LH(P7) = | (b) 7+ This study
> | ! BESIII (DD*%) —— ]
= .
R =(D) ¥
R . s
M &
J/¥ (DD SQ
=
B
J/%(D") =
= LQCD input 3.85 3.90 3.95 4.00
MDbarD~ (GeV)
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N events / 8 MeV/c?

Search for exotic X(5568) in B, it* scattering

DO collaboration
25. february 2016

1602.07588
90 -
= DO Run Il 10.4 ft'
)
- . DATA
70 = Fit with background shape fixed
S 4 S [ Background
60 :_ ............... Signal
ok
of
30 i
wt
10F (
o E o |,I

555 56 565 57 575 58 58 59
m (B"s 7T ’) [GeV/CZ]

PRL 2016
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Lang, Mohler, S.P.
mid march 2016

looking at
lattice results of

B, " scattering:

no indication for

any resonance ??7?

1607.03185

PRD 2016
[only lat. study so far]
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LHCb seminar
22. march 2016
%180 LHCb Preliminary (a) B e s e —i
E 160 [:]comblnatorlal ]
% 277 E
§1m l I|H"Mﬂih%
5 I ‘*\Iim'f!\ : lll‘;i: ‘li'll‘wllu l:‘il ; L“
S | .h's:’lmv*“Ir“:}";i‘l‘ "
:: l oy ' ) .ul #t T
et
—] ; . ......... F . .......................................
S SRR e o P A #
5520 5540 5560 5580 5600 5620 5640 5660( 5?10 /57]00
_|_ m(Bir) [MeV/c?
E (Bsm™)
LHCb data published in
1608.00435: PRL 2016
CMS: same conclusion
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strongly stable BB® found with J’=1* and isospin=0: search for it !!
JP=1% isospin=0, mass TIl < ™mpB —I_ T B *

» Several collaborations find growing indication that such a strongly stable state exists

* Independent methods for treating b-quarks verify it

binding energy

(Mg+mgs)-m
189+ 10  Francisetal., 1607.05214, PRL 2017 [*] ~ NRQCD b-quark
90+40  Bicudo et al, 1505.00613, 1612.02758 static b-quark

LA + N0
e such a state would decay weakly, udbb — BT D
for example [*] — J/w B+K0

 strongly stable strange partner B.B* also predicted [*]

— BYD,, J/YB;K°, B,D°, J/¢¥B°¢
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Excited Q.

treated in lattice QCD ignoring their strong decays

Padmanath et al. 2013
[1311.4806, proc. CHARM2013]

o = LatticeQCD |
0.6 . - . -
12 3t spt opt 172 312 512 712
(1/2-3/2- 5/2-
i
JP
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same

Candidates / (1 MeV)
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(e)
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LHCb 2017, 1703.04639
L
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Padmanath, Mathur, 1704.00259

.n 3/2°
— 12 83
05 ED E'.K®)
57 C )
—_— 327 =
04 2. K 3/2° E.K®) |
12
03 _ L —— ux
=‘C
0.2
0.1
- 32" -
ofb —_— i e -
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Scalar x_(2P) and its 2017 observation from BelleinD D

@ Belle 1704.01872

Observation of an alternative x.,(2P) candidate in efe™ — J/¢DD

m = 3862 fgg ‘_Hig MeV I' =201 t16574 :L8828 MeV 0** preferred as quantum number

Lattice QCD prediction from 2015:

first D D simulation on the lattice [Lang, Leskovec, Mohler, S.P., JHEP15, 1503.05363]
- scattering matrix and cross-section determined via Luscher’s method

- masses and strong-decay width of the resonance

- s-wave: BW-type fit in resonance region (but more through simulation needed in the future)

m = 3966 + 20 MeV [=67 18 MeV  (note huge errors on exp and th. widths)

Hadro-quarkonium Alberti et al, 1608.06537, PRD

quarkonium (QQ)) + a light hadron (meson or baryon)

* modification of V(r) between QQ in presence of a light hadron } - few MeV modifications found

* modification of QQ binding energy in presence of a light hadron - no new bound states claimed
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b—c | v: exclusive and inclusive

tension between inclusive and exclusive V, FRG2016 | |Vcb|IX1O3 |
V T —a— B—D¢v
I
cb Vv 2 —— B—D"tv
, -
’ | B—Dr
b— %» lty > —»— C = Y
q —= = = L | 3
—? —e— HFAG inclusive
2
36 38 40 42 44 46
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New preliminary B=>D* | v at zero recoil

Motivation:
tension between inclusive and exclusive Vcv

dI’
%(B — D*ID) o< |V | F(w)?
zero recoil _’B - _’D* - CT: 0

w=v-v =1

update on 1612.06716

H-  Very Coarse =+ Fine

1.05L % Coarse Pb Fit result ||

0.95F

~— 0.90-
<
; He
0.85) i G
0.80}
hysical m_?2
0.75—IO Y T
0'70 \* L L L L
0.00 0.02 0.04 0.06 0.08 0.10

M? |GeV?

3
n— IVelx10

T —o— B—D¢v

N

> . B-D*¢v  MILC/FNAL 14
N

It B—D¢v

z

38

‘_‘f — i HFAG inclusive

5

36 38 40 42 44 46

existing most precise published value MILC/FNAL 2014 [PRD89 114504]
- Fermilab action for c and b quarks

- Vcb: tension with inclusive (resulting value for Vcb taken from PDG 16)

F(1) =0.906(4)(12) — |Vi| = (38.9+0.5+0.5+0.2) x 1073

preliminary value HPQCD [update on 1612.06716 (proceedings of
Lattice 16), private communication with Harrison and Wingate ]

- c quark: relativistic HISQ ; b quark: NRQCD ; zero recoil

- Vcb closer to inclusive value

F(1) : left plot — |Vep| = (40£7?) x 1072  (preliminary)
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Still no dynamical results on B=>D* | v beyond zero-recoil

b—>clv

That would be valuable to confirm the Standard Model prediction for

Br(B — D*17)

R(D*) =
Br(B — D*up)

*A 0.5 B 1 1 T T I I I I I I I 1 1 1 I 1 1 1 T ]
C BaBar, PRL109,101802(2012) 2 i
S) - Belle, PRD92,072014(2015) Ay = 1.0 contours .
R~ 0.45 - LHCb, PRL115,111803(2015) === SM Predictions —
u Belle, arXiv:1612.00529 R(D)=0.299(11) FNALMILC (2015) ]
0.4 — [ Average R(D*)=0.252(3) S. Fajfer ctal. (2012) —
0.35 i— —
0.3 :— —
0.25F 3.90 B
E tension Moriond EW 2017 |
- POC) = 67.4% ]

0.2 L L L L I L 1 1 1 I 1 1 1 1 I 1 L 1 L

0.2 0.3 0.4 0.5 0.6

R(D)
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. %DS l _V_ in whole qz region [HPQCD, 1703.09728]

b—->clv
1.3 : . . : , :
— ) £, PDG quotes only B, 2D, | v + anything
1.2}
5D c-quark : relativistic HISQ
L1 / b-quark: NRQCD
2 1o}
E results agree with only existing
§ 0.9} previous result
= sl [Atoui et al, EPJC74 2861 (4014)]
0.7 compared to B=>D [HPQCD, PRD 2015]
R S S S R
q2
Fragmentation functions f./f, needed in B,=>pp [HPQCD, 1703.09728]

Jo €x Ny
fs €up Nx

&

1000(62) e % = 0-310(30)stat.(21)syst. (6)th,eo'r. (38)latt.
d

B(Eg — DFrn™) exp. ratio of nonleptonic decays

B(Bs — pu"u~) =B(B; = X)

B —D (M2)
B—)D(Mz)

B(EO — D+K~™) + factorization [Fleischer et a. 2010]
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First dynamical calculation of B.—charmonium |v_

[HPQCD, proceedings of Lattice 2016,
1611.01987]

)/ fis.

2

max

Jola

%
B.~n.lv
1.1 T T T T T T
1.0 © .
0.9 f+(g?) O
0.8 % -
0.7 e fo(g?) ]
HPQCD Preliminary
05 1 1 1 1 1 1
0 2 4 6 8 10
¢ [GeV?]
2;7 1 1 1 1 1
X HISQ a =~ 0.09 fm
26F (D HISQ a ~ 0.06 fm
X HISQ a =~ 0.045 fm (am. = 0.195)
251 A HISQ a ~ 0.045 fm (am. = 0.188) [
24] xhl @ NRQCD a=0.12 fm
' $ NRQCD a=0.09 fm
23| x TV NRQCD a =~ 0.06 fm
221 S 4
' A - g
2.1} n oA E
HPQCD Preliminary
2'0 1 1 1 1 1 1
3 4 5 6 7 8

M,, [GeV]
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b—=>clv
B.—J/Yly
1.2 T T T 1 1 T
1.1} -
A
0.9} V(g% |
0.8} | o
07F & Al(q2)
0.6 | @ -
gi I ‘b | ~ HPQCD Preliminary
' 0 2 4 6 8 10
¢* (GeV?)

heavy quark treatment:

c quark: relativistic HISQ

b quark: (1) relativistic HISQ for range of m,
(2) NRQCD at my=m,

(1) and (2) lead to consistent results (left Fig.): good !
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S. Hashimoto, 1703.01881

Towards inclusive semileptonic decays

B— X.lv H = Viy 7% Tyu(1 = 5)v &v*(1 — y5)b IMJ? = Vo2 G2 Mp 1" W,
L J
I
b —c |v JU=\/H-AHM
W= 3 @nf6n —a=p) gy (BEIOIR) (X17,015(0)
X=D,D*,.
¥ Y
2 Ar. 02
1 W [ \')
W = —— ImT optical theorem § - =7 Jm
T X b % ' B

THY — i/d‘lx e_iq:z:ﬁ(B|T{JZ(:B)JV(O)}|B>

T (w,d) / dt et / 0 € (0| B(p=0, tan) JL(,2) Ju(0,t1) BT (0, tare)|0)

on the Lattice T is computed from 4-point function

g=momentum of state X

w = energy of state X ,
Sasa Prelovsek  Heavy flavors from lattice LHCP 2017 tsre t to tank



Lattice study of inclusive semileptonic decays > Hashimoto, 1703 01881

— Gr 7, = *
Bs = X, v H =Ver 75 (1 = ys)v &7*(1 = 15)b X.=D,,D.,....
. Y
e spectator quarkiss JH=\/H- AR
—
* zerorecoil: g=0(
10 _I LI L | LI I L L I :I LI I l_ )
C i ] VoV, dominated A A, dominated
S :_ ' _ by X=D, pole (red dashed) by X=D." pole (black dashed)
2 o @ @ o ©® @ : 4 |hy(1)]? o |ha, (1)
2 0 % 282 2 e 8 e e . TYV (w,0) = 2 TAA(w,0) = 22
1 ,,,,, i A & N 00 MD — W 11 MD* —w
sE o AA * HQET form factors determined in this way
C I : : zozf’ agree with direct computation but have larger errors
i | I L1 1 1 L1 1 1 | - l | : 1 ! ! . .
-10 (I) 0'_2 0'_4 0|.6 OI_S 1 * V,V;and AjA, contain X with other quantum num.

W =mg-q, =energy of X

7 (w,§ = 0) /0 dt et / 032 (01 B (F5=0, tank) J1(Z, t2) J (0, £1) BI(0) tarc) [0)

* onthe Lattice T is computed from 4-point function | B X
* will allow access to further understanding of tension B, '

between inclusive and exclusive V, and V

tsre (5] to tsnk
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news on g—q’ lv and q—=q’ I' " in exclusive baryon decays
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c2s lv & first determination of A, Alv form factors

0.975(25)(7) from D — K+v, [6, 7],

1.008(5)(16) from Dy — £+v, [5, 6],
|VCS| =
0.97344(15) indirect, CKM unitarity

[Meinel, 1611.09696, PRL 2017]: lattice form factors

2.0
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Prelovsek
/a2 Sasa Prelovse

Heavy ﬂavor{?z%@m lattice

V. from A= Alyv

0.951(24)Lqcp (14) 7, (56)8, £=e,
0'947(24)LQCD(14)7’AC (72)3, = K,
0'949(24)LQCD(14)TAC (49)3, = €, L,

0.0363(38)(20), £=e,

-+ P
B(Ac — AlTv,) = { 0.0349(46)(27), £ = p.

[BESIII, PRL, 2015]

motivations:
* determination of V

e givenV : test of lattice studies of
heavy baryon approach

e this channel useful for
normalization modes
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Probes all Final hadron Charged hadrons from  LQCD

Dirac structures QCD-stable b-decay vertex Refs.
Bt — KT4te~ X v v [6,7,8,9]
B - K*(— Kt )ete v X v [10, 11, 12]
Bs — (= K"K )4~ v X v [10, 11, 12]
A) = A(— ptr)ete v v X [13, 14, 15]
A) — AO(— pTK) 44~ v X v This work

Table 1: Comparison of exclusive b — s¢T£~ decay channels.

Br(B — K*utu™)

R(K*) =

b—s I*I

Br(B — K*ete™)

& towards A,= A*(1520) I*l form factors

[6] C. Bouchard et al. (HPQCD Collaboration), Phys. Rev. D 88, 054509 (2013).
[7] C. Bouchard et al. (HPQCD Collaboration), Phys. Rev. Lett. 111, 162002 (2013).
(8] J. A. Bailey et al. (Fermilab Lattice and MILC Collaborations), Phys. Rev. D 93, 025026 (2016).
[9] D. Du et al. (Fermilab Lattice and MILC Collaborations), Phys. Rev. D 93, 034005 (2016).
[10] R. R. Horgan, Z. Liu, S. Meinel, and M. Wingate, Phys. Rev. D 89, 094501 (2014).
[11] R. R. Horgan, Z. Liu, S. Meinel, and M. Wingate, Phys. Rev. Lett. 112, 212003 (2014).
[12] J. Flynn, A. Jiittner, T. Kawanai, E. Lizarazo, and O. Witzel (RBC and UKQCD Collaborations), PoS
LATTICE 2015, 345 (2016).
[13] W. Detmold, C.-J. D. Lin, S. Meinel, and M. Wingate, Phys. Rev. D 87, 074502 (2013).
[14] W. Detmold and S. Meinel, Phys. Rev. D 93, 074501 (2016).
[15] S. Meinel and D. van Dyk, Phys. Rev. D 94, 013007 (2016).

no new lattice results concerning B=>K*I*I-since summer 2016

Meinel & Rendon [1608.08110, Lattice 2016 proceedings]

Experimental drawback with A,=> A I*I" : ground state A is electrically neutral and long-lived

—> worth experimentally exploring decays to A* resonances which can immediately decay into charged particles

and produce tracks that originate from b-decay vertex

- many A* resonances exist: narrow A*(1520) with JP=3/2* strikes out : [=15 MeV, decays to NK,2m,2n

—> A*(1520) treated as strongly stable in the lattice simulation

— preliminary lattice results for 14 form factors
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Conclusions for the time being

Thanks to experimentalists for providing lots of puzzling hadrons ...

Theoretical study requires non-perturbative treatment of strong interaction = lattice QCD

€ Strongly stable hadrons B, D, K, N,.. ...
- masses vVvVvvV

- exclusive weak and EM transitions between them: increasing precision, variety of transitions v'v/ ¢/

- inclusive semileptonic decays v/

€ Lattice QCD can extract scattering matrix and cross-section for scattering of two hadrons

this gives access to conventional and exotic strongly decaying hadron resonances:

- in one-channel scattering vv/
- in two or three channel scattering ¢/ : most of exotic exp. candidates fall in this category

€ Lots of exciting and challenging problems remain to be attacked
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