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Large collisionners are working or are built to study the matter at scales smaller than 1 fm.



Elementary particles: a fascinating microscopic world.

Matter Particles strong inter. | electromagnetic inter. | weak inter.
Quarks (u,d, s, c, b, t) v/ v/ v
Charged leptons (e, i, 7) X v v
Neutral leptons (ve, v, vr) X X
vectors boson of the interaction gluon photon w*, zY

Matter particles are also sensitive to the gravitational interaction, maybe mediated by the
graviton. They live in a sort of bath created by the Higgs boson which gives them a mass.
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Standard Model in the quark sector

3 families of quarks: ( Z ) ( ¢ ) ( Ii ); strong hierarchy among quark masses
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Quarks are coupled to charged weak bosons by a left-handed current. >\/m
wL
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Quark flavour eigenstates # quark weak eigenstates; the flavour mixing
Is described by the Cabibbo-Kobayashi-Matrix mechanism, the only source of CP violation.
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Quarks are not directly seen in experiments. After a collision one only detects jets of

particles, whose a large number are composed of quarks: the hadrons.

The mechanism of the quark confinement within hadrons
Is one of the most mysterious questions for theoreticians.

Coupling constant.ag (E)

o4

jet quark+quark+gluon

T
10

T
Z0

50

R
100 200
Enargy, G\

baryon (¢qq)

c © ©
¢

meson (qq)

o7sF 7
0.5

025 =

Vir)- V(0.25 fm) [GeV]
c
\

-0.25 [—

*
075 =, |

Q = >  gnal: asymptotic series




Topics covered in thistalk

¢ Investigating the unitarity of the CKM matrix in the first and second flavour families

Leptonic decays
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Question: do we have |V,a|* + |Vus|® + |V3] = 17



Topics covered in thistalk

¢ Flavour Changing Neutral Currents: shed light on New Physics

1-loop diagram in SM diagram in effective theory

—

Lsm — Hest a VermC(p)Q (1) + O(mg/Mgv)

\ . 7
~"

<1%
S d
K° — K° mixing 70 5O
d S
Gems -
(K°[Hew 2 1K) = féﬂw (22 So(we) (1) 4+ AfSo ()2 (1) 4 22 AS0(Te, o)1 ()]

x (K°|lQTz 1K) (n)

BSM: HGP=2 = > C,0;; C; = FAQ
lower bounds on NP scale A.




Topics covered in thistalk

¢ Flavour Changing Neutral Currents: shed light on New Physics

1-loop diagram in SM diagram in effective theory

—

Lsm — Hest a VermC(p)Q (1) + O(mg/Mgv)

\ . 7
~"

<1%
b q
BY — BY mixin =0 0
4 g Bq Bq
q b
GFmW

g So(ze)iize (1)(By|QTL | By) (1)

Including BSM structures: lower bounds on NP scale as in the kaon sector

Question: do constraints from CP conserving and CP violating quantities match?



Topics covered in thistalk

¢ Flavour Changing Neutral Currents: shed light on New Physics

Rare b — s transitions

Processes testing SM extensions: B — K*~, B — K™ 0= Ay — A0T 0~

K*, K, A Hett = =SBV Vi 317 9.10,5.p(Ci0: + C{OY)

Question: using lattice inputs, have we already observed effects of NP?



Topics covered in thistalk

¢ A golden guantity to detect NP: anomalous moment of the muon

Extremely precise experimental measurement, theoretical computations say that there is
room for BSM effects (3o discrepancy)

% % § BSM O(m:,/M?)

2 hadronic contributions are computed on the lattice: however, very difficult (strong
dependence on @Q? or complicated Green functions)

MV

Question: is the error on SM prediction of g,, — 2 correctly estimated?




Topics covered in thistalk

® The dominant error on the H — bb coupling: b-quark mass

3G
4/ 27

I'(H — bb) = mumg(MS, mz) |1 + App + A%{J

QCD corr. |

Question: how much does the lattice improve the computation of m;?
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® Prerequisite

® Hints of lattice QCD

® Testing unitarity of the CKM matrix

¢ AF = 2 processes

® Anomalous magnetic moment of the muon
® b coupling to the BEH boson

¢ OQOutlook
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Large collisionners are working or are built to unveil the ultimate secrets of matter.



Elementary particles: a fascinating microscopic world.

Matter Particles strong inter. | electromagnetic inter. | weak inter.
Quarks (u,d, s, c, b, t) v/ v/ v
Charged leptons (e, i, 7) X v v
Neutral leptons (ve, v, vr) X X
vectors boson of the interaction gluon photon w*, zY

Matter particles are also sensitive to the gravitational interaction, maybe mediated by the
graviton. They live in a sort of bath created by the Higgs boson which gives them a mass.
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Standard Model in the quark sector

3 families of quarks: ( Z ) ( ¢ ) ( Ii ); strong hierarchy among quark masses
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Quarks are not directly seen in experiments. After a collision one only detects jets of

particles, whose a large number are composed of quarks: the hadrons.

The mechanism of the quark confinement within hadrons
Is one of the most mysterious questions for theoreticians.
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Hints of lattice QCD

Discretisation of QCD in a finite volume of Euclidean
space-time. E 7, (z
The lattice spacing a is a non perturbative UV cut-off ; I
of the theory. VI

S
Fields: " (z), U, (x) = emgOAH(gH%)

Y(y)
Inputs: bare coupling go(a) = \/6/8, bare quark masses m;. 7
= L ~2-3fm

Computation of Green functions of the theory from first principles:

(OU, %, 9)) = £ [ DUDY DY O(U, ), p)e 54
Z = [DU Dy D¢6—5<W )

S, ) = STMU) + M, (U)]

Z = [DUDet[M(U)]e=5 @) = [ DUe Sete (V)

Monte Carlo simulation: (O) ~

conf

{U}; in function of the Boltzmann weight e~ <t Incorporating the quark loop effects
hidden in Det|M (U)] is particularly expensive in computer time.

Y. O({U}s): we have to build the statistical sample



Lattice simulations set up

Nowadays, simulations are close to the physical point.
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Isospin breaking and QED effects recently taken into account (BMW, MILC).



2-pt and 3-pt correlators

Extraction of masses and decay constants of bound states and hadronic matrix elements:
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Chiral fits and extrapolation to the continuum limit

Take under control the cut-off effects is nowadays mandatory to obtain a result included in
global averages (e.g. by "Flavour Lattice Averaging Group" [itpwiki.unibe.ch]).

Data coming from several lattice spacings are put together, after a proper rescaling
(through the Sommer parameter ro for example). xy PT is used as a guide in the
extrapolation to the physical point.

Measurement of m; and ms [ETMC, '10]
mxk analysed with 2 fits: SU(2) xPT [C. Allton et al, '08] and SU(3) xPT [S. Sharpe, '97]

(m%{)SUQ = Qi(ms)+ Q2(ms)m; + Q3(ms)a2
2 B my + M 2Boms " 2Boms
(mK)SU3 — 2BO 5 [1 + (47Tf0)2 1 ((47Tf0)2> + Q4ms

+Qsmi + Qemi + Qra” + Qsa’my]

NNLO terms hardly visible in the fit of m?; discretisation effects are present, as expected
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Flavour Lattice Averaging Group (FLAG) [http://itpwiki.unibe.ch/flag/]

The lattice community is doing an effort in providing to phenomenologists a collection of
useful results after a careful survey of the world-wide work.

Quantities under study:

—u, d and s quark masses — Strong coupling constant o,

— Vua and Vi — B(s) and D, meson decay constants

— Low Energy Constants — B mixing bag parameter Bgp

— Kaon mixing bag parameter Bx - form factors of B,y and D semileptonic decays

A lot of technicalities and issues about systematics, difficult to present outside our
community in a pedagogical way, are thus often hidden. FLAG is performing global
averages of results, after a selection according to several quality criteria:

— continuum limit extrapolation
* 3 or more lattice spacings, az .y /a2, > 2, D(amin) < 2%, 6(amin) < 1
() 2 or more lattice spacings, a2, /a2, > 1.4, D(amin) < 10%, 6(amin) < 2
B otherwise

D(a) = Q(a)—Q(0) §5(a) = Q(a)—Q(0)

Q(CL) ggont

— renormalization and matching:

* absolutely renormalized or non-pertubative
O 1-loop perturbation theory or higher with an estimate of truncation error
B otherwise



Flavour Lattice Averaging Group (FLAG) [http://itpwiki.unibe.ch/flag/]

The lattice community is doing an effort in providing to phenomenologists a collection of
useful results after a careful survey of the world-wide work.

Quantities under study:

—u, d and s quark masses — Strong coupling constant o,

— Vua and Vi — B(s) and D, meson decay constants

— Low Energy Constants — B mixing bag parameter Bgp

— Kaon mixing bag parameter Bx - form factors of B,y and D semileptonic decays

A lot of technicalities and issues about systematics, difficult to present outside our
community in a pedagogical way, are thus often hidden. FLAG is performing global
averages of results, after a selection according to several quality criteria:

— finite-volume
* m,L 2 3.7 or 2 volumes at fixed parameters of the simulation
O m.L 23
M otherwise

— chiral extrapolation
K My min S 200 MeV

Y

() 200 MeV < My min S 400 MeV
B otherwise

Results with tiny errors must be taken with care, unfortunately they sometimes
dominate too much the averages.



Testing unitarity of the CKM matrix

It is done by looking at kaon, pion and neutron decays

Leptonic decays

1_
W Vu F(K — /'”/,u(f)/)) :‘Vus/vudP nT:LI; <J;I;)2 (
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MILC 13A
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our estimate for N¢=2+1"
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—+ - our estimate for N¢=2"
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ETM 10D (stat. err. only)
09

MILC 04
ETM
— QCDSF/UKQCD 07
I L

1.14 1.18 1.22 1.26

Nf =2

f

An update is expected after new results obtained in 2014:
fx/f=(Ne =2+ 1, RBC/UKQCD) = 1.1945(45)
fr/fr(Nf =241+ 1, ETMC) = 1.188(15)

fr/f=(Ng =2+ 1+ 1,MILC) = 1.1956(10)(F73),



Semileptonic decays

_ 2
Px,, = SE™EC2 1.0232(3) (|Vus| fEOom (0))

1927
EWcorr XIKg > (1 4 5 + 5SU(2))
m2 T
(m (@)l KB)) = (p + 0 — 0 ™55" ) 117 (4%)
m2 —m? T
+qu TEE 57T ()

The null plane ¢* = 0 is particularly interesting: it remains only &7 (0)

at NLO of xPT, £~ ~™(0) — 1 depends only on m,, mx, m, and f,
[H. Leutwyler and M. Roos, '84].
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REBCAUKGCD 10
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Ni=2+1 N¢

—— our estimate for My =2

ETM 10D (stat. emr. only)
] ETM 09A
QCDSF O7 (stat. err. only)

2

|
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- RBC 06
e JLQCD 05
b JLQCD 05

H——t Kastner 08
—— Cirigliano 05
Jamin 04

—— Bijnens 03
—l— Leutwyler B4

0.94 096 098 1.00

Update in 2014: £, (0)(N; = 2+ 1 + 1, ETMC) = 0.9683(65).
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Conclusion on V,; and V.

VZ = |Vaual® 4+ |[Vaus|” + [Vao|® |[Vas| = 4.13(49) x 10~°  [PDG '14]

FLAGZ2013
0.230}
0.228F
D.226}
= 0.224}
1 lattice results for fu- /f, . Ny =24141 [
0.222 lattice results for § . (0), N, =241

lattice results for f../f, - N, =241
lattice results for §_ (0}, N, =2

]
==
—1
B  |attice results for Fyiv fdps o DNy w2
—
—d

Q:220 lattice results for &, =2 +1 combined
lattice results for &, =2, combined
unitarity

0.218 nuclear J decay

0.96 0.97 0.98 0.99 1.00 1.01
Vud

N¢ = 2 + 1 lattice data only: V2 = 0.987(10)
N = 2 lattice data only: V,2 = 1.029(35)

Using V.4 from the 8 neutron decay, V.2 ([f+(0)]Nf=211) = 0.9993(5) and
Vi ([fex [ fre]N72F1) = 1.0000(6)

Lattice data confirm the unitarity of the CKM matrix within the SM



AF = 2 processes

D D D’
In the SM FCNC processes are forbidden at tree level.
They are mediated by quantum loops: box and penguin diagrams

D' q q

Heavy degrees of freedom (W and Z bosons, top quark) running in loops are integrated
out; derivation of an effective Hamiltonian in the Operator Product Expansion framework.

1-loop diagram in SM diagram in effective theory
Lsv — Her @ VCKMC mb/MW
<1%

— C'(up): term computed perturbatively and integrating the short-distance physics from the
electroweak scale to m,

— (H¢|Q|H;) contains all the information about long-distance physics of QCD: it must be
calculated non perturbatively

— Physics beyond the Standard Model allows exotic particles to run in the quantum loops
and couplings with different chiral structures: Wilson coefficients C'() and effective
operators ()(u) contain useful information



K° — K° mixing
— A[Kp—=(77)r—0]

O and K° are a mixture of the CP eigenstates K;, and Ks. ex = A[Ke = () 1ol

|mportant phenomenological quantity.

is a very

Im KO AS=2 KO
UK e IK) g1 9)% | Jexc|™® = 2.228(11) x 1073
Amg ———
long dist

e = arctan (AAPLKK/Q) ~wfd AmD)x = m(D)rg,, — m(D)x, s

ex = €% sin(¢.)

GFmW

1672 P‘ SO(xC) ( )+ >‘t SO(ZUt)UQ( )—I— 2)\6)\,550(:1;@;(;,;)77“3(#)}

x (K°|lQTL 1K) (n)

<K |HAS 2|KO>

Mo = Vs Vaa, So is an Inami-Lim function, 7; are Wilson coefficients and
AS=2

ot =[5 rd] [$VuLd]
In the SM the dominant term of (K°|H57=2|K°) is oc [Ve|* > d
K’ K’
Usual parametrization: (K°|Q77=>|K°)(u) = & fiem% Bk (1)
d S

(5,7) plane: |ex| = FA?Bx [1.11(5)A%(1 — p) + 0.31(5)], A ~ Vi /N2,
By is the RGI By parameter
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Update in 2014 BK(Nf =24 1,RBC/UKQCD) = 0.7499 + 0.0014 4+ 0.0150
The uncertainty on V; is now the main limiting factor on the e constraint.

BSM: HfHSZQ = >, C;0;; computing the associated bag parameters B; on the lattice and writing

C; =

R; =

Fi L;
A2

(K°10;|K°)

(KO]01|K9)

O1 = [57u 1d] 57 Ld]

Oy = [§PLd] [§PLd]
Oy = [§PLd] [§PRd]

[N. Carrasco et al, '12]

O3 = [§O‘PLdB] [gBPLdOé]
Os = [5%Pr,dP] [5° Prd®]

MS scheme at 2 GeV

Ry

Ry

R3

Ry Rs

1

-14.0(5)

4.8(3)

24.2(8)

5.9(4)

TeV x 10*

10

30

(F; new coupling, L; loop factor), one obtains lower bounds on NP scale A.

[UTFit '08]

. [UTHit '12]
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By — B) mixing

B; and B are a mixture of the CP eigenstates By, , and Bs

Gems .
(Bg|Heir' | Bg) = Tn At So(@e)iizn (1) (Bg|QLz = |By) (1)
Mg = VisVis  So: Inami-Lim function  7j25: Wilson coefficient Q27=2 = [by, 4] [byu 1.4

Usual parametrization: (B|Q27~2|Bg) (1) = 5 f&, mB_ Ba, (1)

. G2.m?,m ~
Mass difference: Am, = —“25—<()\},|*So(z:)n25 f3, Bs,

Bg, is the RGI Bp, parameter
SU(3) breaking ratio: ¢ = 12+ V.25-

fB \/ BBy

Issue for B-physics on the lattice: systematics coming from large discretisation effects
(Acompt ~ 1/mq).

=
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Cut-off Effects cut-off effects cut-off effects




Several strategies are proposed in the literature to deal with those cut-off effects:

® Use NRQCD to describe the heavy quark [P. Lepage and B. Thacker, '91]; though, no
continuum limit when the theory is regularised on the lattice

® Define an action with counterterms that are tuned to get O(a), O(amg) and
O(as(amg)™) improvements [A El Khadra et al, '96; N. Christ et al, '06]

¢ Computation within Heavy Quark Effective Theory, the effective couplings are
determined non perturbatively by imposing matching conditions between QCD and
HQET [J. Heitger and R. Sommer, '03]

¢ Computation within QCD: use of the HQET scaling laws to interpolate easily a
guantity between the charm region and the (exactly known) infinite heavy mass limit

[B. B. et al, '09]
: : E constraints from CP conserving quantities
G203 B I FIG2013 ‘ ‘
0'7:'g"""!"""'"""""":
—— our estimate HH b orestmate 06 :_i’ ; AmAmd&AmS % __

FNALMILC 12 05 g

t
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C g 3
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= ]
oD 0Bs L

C I 2 ]
0 HPQCD 09 03 — 1 E

02 E =

9 I 0 9 01 : —
) BN T2 [ —— EM12 0 B ]
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P
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It is remarkable that constraints from CP violating and CP conserving quantities are fully consistent:
great success of the Standard Model!



Thanks to the experimental and theoretical improvements, precision tests can be realised

to discover New Physics effects, especially in the B, sector. With Am®® = Cg. Am:™ and
exp __ SM (,bB :

S M=
- D

- P |
2

Gp
Global fits are consistent with the SM. As in the K sector, lower bounds on NP scale can

be put using B — B mixing [N. Carrasco et al, "13]. o
. 0 MS scheme at m;,
 (B|09|BY)

(q)
R HED R{ | Rj R R RS
09 = By, 1.d) by 4 1 | 0.85(5) | 1.04(3) | 1.12(8) | 1.73(4)
O = [bPrq| [bPLq] O% = [b*Pr¢P] 6P Prq®] | 14 R i3 1 Ry
OZ — [bPLq] [bPrd] Og _ [EO‘PLqB] [EBPRqa] 1 0.85(5) | 1.03(3) | 1.08(8) | 1.83(4)

NP scale based on B, sector constraints NP scale based on B sector constraints

800 F

30
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b — s transitions

Those processes are among the most important to test SM extensions. B — K™,

B — KWygte—, Ay, — At~ rare events offer a rich set of constraints on New Physics
scenarios.

K*, K, A Hest = =LV Vii Yi7 010,50 (CiOi + CLO))
O%) = —E5my50u, Pp ()b FH

05 = 257, L(r)b Iy
Ol = £57u L bl
Og) = ﬁmb§PR(L)bl_l

O(P) - mbng(L)b l_’75l

— 3 form factors Tt 2,3(¢”) associated to (K™ (e(x), k)|50..b|B(p))

— 2 form factors f. o(q°) associated to (K (k)|5v,.b|B(p))

— 1 form factor fy(q*) associated to (K (k)|5b|B(p))

— 1 form factor fr(q¢*) associated to (K (k)|50,.,b|B(p))

—in HQET, 2 form factors Fi »(p’ - v) associated to (A(p’, s")|sT'h|A(v, 0, s))



B — K*~: extrapolation of the lattice results to ¢° = 0 (emission of a real photon)

Ti(q?) = T(0) Ty (g?) = 7(0) [D. Becirevic, A. Kaidalov, '98]
) = i) (i) ) T (o)
[D. Becirevic et al, '06]
- | ﬁT?(q% I‘in.‘ " A
3 i OTL(g) lin. ]

O T,(q) quad.
O T,(9) quad.

Ny =0:T(0) = 0.23(3) [D. Becirevic et al, '06]
Ny =2+1: T(0) = 0.17(3) [Z. Liu et al, "11]

B — K¢/ the lattice sets a normalization point at ¢2, .., the z expansion (for instance) can be

used at other g2 |
[Z. Liu etal, '11; R. Zhou et al, '12]
T T 3
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B — K™ 1~ : has received a lot of attention, discrepancy between theory and
experiments in some combinations of observables under deep investigation:

) )
[R Horgan et al, '14] [S. Descotes-Genon et al, '14]
== sM SM (binned) LOF =i =12 i A + e 06 3 o 7 ]
1.2 T T 0.6 P—r—T— T 0.2 — 0.2 [ 0.4 "
£ oL B = K""pﬁ',ﬁz' | 05l BY = Ky | sk B g K"U;rp.: Gk Bl. — K"'p-*',u: 0.2 3 02 ]
= — 00 1 - 1
3 0.5 04 —i § 00 F { . 0o = = o2 f = oo 1
S O06E 3 S| o ()3 PSS s M = Y g Jﬁ —01f A 4 04 I E o2 ]
5 02f ) 01} . 031 X —paE—— | 0 2 4 3 8 0 2 4 I3 8
- 0.0 | I L ! 0.0 ) | I L 0.4 L I I L —0.4 L I I L g7 (GeV) FriGeV
15 16 17 18 19 15 16 17 18 19 15 16 17 18 19 15 16 17 18 19 s
10— T 0.0 ——r— T 0.0 ——r— 0.6 T ] o5k
B® — K"ty _01k BY = K% * Ji ool B = K%ty A o5l B K%ty | 1.0 k ——
o5f _ : / / ﬁ 1 !
—0.2- o - —0.4 | T 0.4 B 05 ] - o.op ]
- = —1{ " m— A %:.:n = " 4'*
oo W03kt ——H w sl | = H = osf . —
| T — - e % 0.0 ] R § 1
i T —— —04F g —0.8 { , - 02} . :
o5k '
| 05} . Ll . 01} 4 _0_5 1ol
8 0 2 4 3 8
—-1.0 —0.6 -1.2 0.0
1 36 17 18 19 15 Wb 1? 18 19 1 m 1? 18 19 15 16 17 18 19 FiGeV?

Teke into account (factorizable and non factorizable) power correctlons in 1/my, as well as
cc loop effects. The uncertainties are smaller than the disagreement between SM
predictions and experiment.

Ay — AT/~ the matching of HQET to QCD is applied to compute the partial widths. A

smooth interpolation is applied in ¢ except in regions of the phase space where
long-distance effects are large (charmonium resonances)

[W. Detmold et al '12]

— Thi vork
H}«(m zm>

So far, no sign of NP seenin Ay, — A0,
In December 2012, LHCb data were analysed
to confirm that statement.

AB{A, = A p]/dg* (1077 GeV™)




Anomalous magnetic moment of the muon

2 ways in the search of New Physics: direct detection at EWSB scale and measurement of
indirect effects at the GeV scale.

A typical example: muon g — 2

o g —2

[ =ng§ aj 5

[Muon g-2 Collaboration]

[ L LIL AT

(/2]
THE g-2 EXPERIMENT Muors are fed &
Muons are into a uniform, s
tiny Jougt hap: <
spinning on magnetic field . -
axis like tops. and travel in acircle,  After each circle, o
muon's spin axis b
. o9 * / changes by 12°, »
. g — = 1 _ yetitkeeps on traveling €
D < Elp ) ety * , M‘. in the same direction. S
N g0 [ >
Hit 9 ® 4 120 i)
Target. 1 c
14 meters. o
Protons Pions, weighing Pions decay < =
fromAGS. 116 proton, to muons. “ G"& < =
are created. \»k sg/
One of 24 detectors =
see an electron, giving Alter circling the ring
the muon spin direction; many times, muons
g-2is this angle, divided spontaneously decay to E RaY
by the magnetic field the electron, (plus neutrinos,) C VoW
muon is traveling through in the direction of the muon spin. L ARVARVIRVIRY Y AN AN AN N N ~ oA
in the ring. -3 TN N Y “,‘J ‘\.,/': "‘\Jf E AW AN
10 = TNV
E | L L L | L L L | L L L |
0 20 40

60 80 100
Time modulo 100us [us]

aS*P = 1.16592089(63) x 107" a2M = 1.16591803(49) x 10~

7
More than 3o of discrepancy! [F. Jegerlehner and A. Nyffeler, '09; M. Benayoun et al, '12]

Indication of New Physics?



§ BSM O(m:,/M?)

A A A

AN

Let’s have a look at the SM theoretical error budget:

a, /107" central value | error

QED 116584719.0 0.2

weak 154.0 1.0

hadronic VP (e*Te™, T decay) 6837.0 | 42.0
light-by-light (model) 115.0 | 40.0

SM 116591803.0 | 49.0

exp 116592089.0 | 63.0

Hadronic contribution to Vacuum Polarisation brings the largest uncertainty.

p v M (q%) = [ (Gu(y)dv (2))qep = (6uq” — 4uge)T(¢?)
" = (a/7)? [ dg® f(¢*)(T(¢%) — TT(0))

Large contribution from ¢ = 0 region. no direct estimate on the lattice = extrapolate

I(q*).



Vector Meson Domlnance [x Feng et al, '11] Padé Approximation [T. Blum et al, '12]

T T T T T T T T ¢<=I= o
0 05—_ T _— 0.13
i | 0.12
N -01 —_ : = ) —- [0}
o - i 11
N ﬁf’ B X T —
= i w/ -0.16 ) i — | e
-/ i p g ) § 0.10
-0.15—;’ - A 1 S
H 02/ 1 1 1 — - 0.09}
i 0 1 2 3 4 ]
_O 2 i ! | ! | ! | ! | ! | ! | ! | ! | ! | ! ‘ ‘ ‘ ‘
<0 10 20 30 40 50 60 70 80 920 0.0875 02 04 0.6 0.8 1.0
Q’ [GeV7] Q@ (Gev*)
A smooth chiral extrapolation of a,th s feasible:
hvp L dq 2 2 2 _
= [ w q°/m: Howys/H*) IR(¢?) H = mv,gvmy, ... = Hpnys at mps — my

[X. Feng et al, '11]
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Status of ¢"P©

o)
I \ \ \
ETMC 14
Ne=2+1+1 m
Ny =2+1 UKQCD '12
L l
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: - |
N¢ =2 Mainz "12
. ¢fe” — hadrons ] Davier '11 |
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Hadronic light by light

Very few tries to extract light-by-light: 4-pts correlation functions or a tricky combination of
correlation functions in QCD+quenched QED [M. Hayakawa et al, '05; T. Blum, '12]

(:} <é QCD+C]QED
QC D+qQED QED

| i F ~,
', s'ljulp, s) = —u(p', s) <F1(q )V + 4 22751 7) [%27 ]qu> u(p,s) a,” = F»(0)
I

[T. Blum et al, '15]

0' 15 - vt L L L L L e

0.1F % -

o 005F E

= : @ 5 :

=% 5 " 3 E

[ ¥ Madek -

0.050 b1 350 30 E
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Q” (GeV)



b coupling to the BEH boson

Phenomenological considerations

The main Higgs boson decay channel at the mass scale my = 126 GeV is H — bb.

0.001 |

1 | - 1 . 1 1
100 130 160 200 300 500 700 1000
My [GeV]

0.0001

3G Fr
4/27

I'(H — bb) =

mami(MS, mg) |1 + App + A%E

QCD corr. |

Uncertainty of ~ 2.5% on the width is expected at ILC, the major part coming from m,.



Analytical extractions of m;

QCD sum rules and dispersion relations are widely used in the literature
[A. Hoang and M. Jamin, '04].

o(eTe bb+ X
Rep(s) = c'((eJre ::M+M ))

th ert non pert
Pn f n+1 Rbb Pp + Pn P

Comparison between P! and experimental data gives m.

Analysing the Y spectrum by the QQ potential, using perturbation theory in terms of
as(my), is popular as well [N. Brambilla et al, "01].

Inclusive B decays, with the help of Heavy Quark Expansion, offer a further set of m,
estimates, together with V., after the fit of experimental data [O. Buchmuller, H. Flacher, '05].

; ! ; ! ]
0.25—— © __ FS’L(B — XCZV) = 1§2mg? |V ’ (1 + AEW)Apert (7“, ,u)
% ozo|- N T | 2_ 2 Phtris 2 +M
E I Q i N 1« Zo(’l“) 1 — H 7 “G2m2 my _ 2(1 . 7,)4 ate QOb
0.15 — \\\__~’/," | b b
L - 3
gl () B OO m)| 7= m/m]

mp sk (GeV) A10-2006



Heavy Quark Effective Theory

Effective theory "derived" by expanding in % the Lagrangian and currents of QCD.
LHQET = /_1@(2"0 . D)hv -+ O(l/mQ) = EsﬁatET -+ O(AQCD/mQ) pQ =mgov+k
Symmetry SU(2Ny,) for £§2§ET: flavor X spin

Heavy-light meson Atom of hydrogen
Angular momentum: J = % & j.

Spectroscopy: heavy-light mesons are put together in doublets.

H = B, D:
i | JP | orbital excitation
. M GEY=2(0%2=1/4—532) o (G

1- 0~ H E(ij) = mo _|_AJZP o 1(7; )—2( Qng Ji ) A2 (7 ):
2 1~ H* Ajp, M (57) and X2(jf7) < mq are defined
1+ 0+ Hg In terms of HQET hadronic matrix elements.
2 + *

1 Hl mp+ —mp ~ 46 MeV.  mp~ — mp ~ 142 MeV
3+ 1" H, my. —my ~ 0.49 GeV? mp. —mp ~ 0.55 GeV?
2 2T H3




HQET regularised on the lattice

The goal is to extract B physics quantities from lattice computation using Heavy Quark
Effective Theory expanded up to 1/m.

£HQET,1/1’1’1 — £stat _|_ mbareoc.t. . wklnokll’l . wspinospil’l
AOHQET,l/m _ ZHQET[Astat +CS)A§)1) +CE§)A82)]

Y OP™ = oo - Byy,
Yo AY) = 8:[ryiy n]

ﬁstat — &hDO@Dh Oc.t. — &h@bh Okll’l — 17;
APt =dor®on A = digy vi(Vis Vs

The HQET integral path is computed by keeping e~ (5" +5™ " """ a5 the Boltzmann
weight.

SHQET _SYM—I—light

<O>HQET = ﬁ fDCIDOe_
— <O>stat + wkina4 Zx <OOkin (x)>stat + (stpina4 Zx <OOspin (x)>stat

Sstat _SYM+1ight

<F>stat = ﬁ ID(DFQ_

stat kin spin
mp — Mbare + E + wkll’lE + spinE

5 /7?713/2 _ ZHQET(1_|_bstat q)pstat (1_|_wkmp +wsp1npspln+ (1) A(l))



Extraction of m; in HQET: sketch of the strategy

QCD HQET
Ly L, Lo Lo L
w(g§) w(g{®) P
-
A 4
\
maitch SSF

Sh So S3 Sy Ss

Ultraviolet divergences of HQET are absorbed in the w; coefficients, determined from a
Schrodinger Functional set up.

Hadronic matrix elements are extracted with a particular care to excited states.



Extraction of HQET hadronic matrix elements (S5)

stat kin spin
MB = Mbpare + E + wkinE + wspinE

Cra(t) = AT (@, )T (0)]€2)

22e~Fn't
=2 ~ 2B,
Z, =(Q|J|n) (n|m) = 2E,0mn
J g J (B1—Bo)t>1 Zoe 0"
C(t) CJJ(t) S VAL 4 ~ohy
0

Issue: att = 1 fm, the statistical noise enters severely in competition with the usable signal.

- dlodl poptor | ] All to all propagators increase dramatically the statistical

0.48H = pointtoal propagator —

l l . efficiency [C. Michael and J. Peisa, '98] [J. Foley et al, '05]
¢

0451

Fool |
S 0424 g 8
039+ l (

ol l | #=50 N;=0 a~01fm L~15fm my~ms

i Example of a Bs meson 2pts correlator
* aEeﬁ(xO) = —In[Cpp(xo+a)/Cpp(x0)]

We are now in a good position to study the systematic effects induced by excited states.
mpr —MMpB ~~ 500 MeV mprr —Mmpr ~~ 200 MeV



The Variational method

It is an appealing approach to define an operator O’;» weakly coupled to other states than
In) [C. Michael, '85] [M. Luscher and U. Wolff, '90].

— Compute an N x N matrix of correlators C¢p(t) = Y. AQT[0%# (Z,1)0’ » (7, 0)]]€2)
with OSP (fa t) — qu(fa t)[F X (I)(‘f_ Z_)D]fqu('g? t)

— Solve the generalised eigenvalue problem C% (t) vl (t,t0) = A (t, to) C¥ (to) Vi, (t, to)

— An(t, to) ~ e~ Fn (t7t0)
#=100 Ny=0 a~01fm L~15fm mg~ms

0.48— m . .
The impact of excited states on the ground state

0.44) l l ‘ i 4 effective mass is clearly visible.
i 04: SER R AP FATERTRRPA | We are not sure to keep them under control within
T ! 1 1% unless incorporating in our system the 3rd excited
e 2
036 $ 3¢ 1 state (F3 — Ep ~ 850 MeV).
i 4 5x5 ]

032 - Impossible to do it by a multi-exponential fit

L v [ i 1 H H .
0.0001 0.01 1 without IMPOSINg Some pPriors.

XP[-(Byy1 - B (tLy)]

It has been proved in the literature that a E¢ (¢, t9) = —In (”’;Sﬁ;ﬁ;}t)‘))) = aFE, + O(e 9Fnt)

Issue if 6 £, S 500 MeV (Example: Ex 4 q1x — Ex)



Actually the rate of convergence is even faster than e~

°Ent ynder the condition that ¢, is

large enough (to > t/2) [B. B. et al, '09]:

0.32 i

0.315 |

031 F\
\

0.305

i

gt ——
NN
SIS 7

03 |

0.295

aEfof(t, to) = akl, + O(G_AEN’" t) AEN,n = En+1 — B,

Application to static Bs meson spectroscopy: considering
a 5 x 5 matrix of correlators, one has AFEs o ~ 1 GeV.

#=100 L~15fm a~0.07fm mg~ ms

Thanks to the GEVP analysis one can quantify
the systematic error coming from excited states
even in a region where the statistical error starts
to increase strongly.

Estimate the 1/m corrections in HQET to static energies using GEVP is not an issue; it is

enough to determine \3'?*:

B (o) + wELT Y™ (8, 1) + O(w”)

(1)



SEn,t

Actually the rate of convergence is even faster than e~ under the condition that ¢ is

large enough (to > t/2) [B. B. et al, '09]:
aEfof(t, to) = akl, + O(G_AEN’” t) AEN,n = En+1 — B,

Application to static Bs meson spectroscopy: considering
a 5 x 5 matrix of correlators, one has AFEp s ~ 1 GeV.

#=100 L~15fm a~0.07fm mg~ ms
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H— Thanks to the GEVP analysis one can quantify

| the systematic error coming from excited states

| even in a region where the statistical error starts
‘ to increase strongly.

03 |

Estimate the 1/m corrections in HQET to static energies using GEVP is not an issue; it is
enough to determine \3'?*:

aEeff,stat(t tO) — _1In ()\ibtat(t + a,t0)> Eeff 1/m(t to) )\},/m(tytO) Al/m( t+a tO)

Astat (¢, to) " Astat (t tg)  Astat(t 4 a, to)
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Actually the rate of convergence is even faster than e~ °*~ * under the condition that ¢ is

large enough (to > t/2) [B. B. et al, '09]:
aEfof(t, to) = akl, + O(G_AEN’” t) AEN,n = En+1 — B,

Application to static Bs meson spectroscopy: considering
a 5 x 5 matrix of correlators, one has AFEp s ~ 1 GeV.
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H— Thanks to the GEVP analysis one can quantify

| the systematic error coming from excited states

| even in a region where the statistical error starts
‘ to increase strongly.

03 |

Estimate the 1/m corrections in HQET to static energies using GEVP is not an issue; it is
enough to determine \3'?*:

m /m
)\711/ (t to) tat Cl (t) 1/ tat
—— = (¢t - —C M (t na (t,t
Nt to) 0 ) St gy G (o) o (o)



After an exploratory study led in the quenched approximation [B. B. et al, '10], we have
followed the same strategy at N¢ = 2 [B. B. et al, '14].

Simulations S1, S2, Ss = 5S4 were realized by the ALPHA Collaboration. Parameters of the
HMC algorithms were chosen such that nothing insane was observed in the simulations.

Ss were made available within the CLS effort.

B | affm] | L/a | mz[MeV] | mL | #cfgs ﬁdgs
52 | 0.075 | 32 380 17 [ 1012 | 122
32 330 4.0 | 1001 | 164
| 48 280 5.2 636 52
— 5.3 | 0.065 | 32 440 4.7 | 1000 | 120
based 48 310 50 | 500 | 30
48 270 43 | 602 36
64 190 41 | 410 17
5.5 | 0.048 | 48 440 52 | 477 4.2
48 340 4.0 | 950 38
64 270 4.2 | 980 20

Some attention has been paid to the autocorrelations induced by the coupling of
observables to the slow modes of the Markov chain, that decay in e™c/7exp

[S. Schaefer et al, "10].




Chiral and continuum limit extrapolations of mp are performed to get m*“!. Several heavy
quark masses m;, are considered on the QCD side of the whole program — effective

couplings w(ms) and meson masses mp(my).

z = Limi©!

)/ GeV

exp
7T

mg(z,m

We obtain: mlgd_S’NfZQ(mb) = 4.21(11) GeV

Error budget:
— 2% from statistics, chiral extrapolation (NLO vs. LO) and continuum extrapolation

— 1% from ZR¢T



Conclusions of our study

Collection of lattice results and PDG average:

Ne=2+4+1+41

Nf:2—|—1

world avg.

—m—

-
—a—

A

4.2 4.4

mﬁds (mw,)/GeV

HPQCD’14

HPQCD’10 (currents)
HPQCD’13 (NRQCD)

ETM13

ALPHA'14

PDG'13



Conclusions of our study

Collection of lattice results and PDG average:

N¢ mp my™> (my') | my™®(2GeV) | AM® [MeV]
0 | 6.76(9) 4.35(5) 4.87(8) 0.238(19)
2 | 657(17) | 4.21(11) 4.88(15) | 0.310(20)
5 | 7.50(8) 4.18(3) 4.91(5) 0.212(8)

— Weak N dependence of m;, in [2 GeV, my|, as observed for other quark masses:
exp

matching of effective theories performed in the low energy region (m5- for my, fx or fr for
a, mr for my, /q).

— Discrepancies in m;<“!: N; dependence of the RG functions and AM—S; reinforcement
between N¢ = 5 and N¢ = 2, partial compensation between Ny = 2 and N¢ = 0.

— Reliability of using m;(u ~ 2 GeV) for predictions from theories with N¢ < 5.

— my, appropriately determined from the different approaches; error budget are such that in
more coming works with Ny =2 + 1 or 24+ 1 4 1, a competitive number can be obtained, as

far as Higgs physics and, in particular, the H — bb channel, is concerned.



Outlook

Lattice community does make an important effort to compute from first principles of
guantum field theory hadronic quantities with a competitive accuracy with respect to
experimental measurements.

We provide theoretical inputs to constrain NP scenarios from flavour physics, i.e.
from low energy processes that are under study at LHCb and, soon, at Super-Belle:
kaon decays, AF = 2 oscillations, rare AF' = 1 decays, anomalous magnetic
moment of the muon.

A lot of other phenomenological topics were not covered here: isospin breaking
corrections, b — c transitions, unstable particles,...

We provide theoretical inputs for Higgs physics as well: the main decay channel,
H — bb, is parametrized by my.



Schrodinger Functional
Partition function: Z[C,C’] = (C’'|e” " *'|C)) [K. Symanzik, '81]
C(xzo = 0) and C'(zo = T) are 2 field configurations that are given.
The Schrodinger Functional is renormalisable with Yang-Mills theories. [M. Lischer et al, '92]
The associated renormalisation scheme is of finite volume kind and regularisation

iIndependent: 59
D(®g) = —InZ[C,C" = g5 "To[®a] + T1[®at] + g5 T2[Pet] + ... — =0
0D |4 ®.,
/ / B 8F ((I)cl) —GF(CI)cl) 2 85
(m g7 (L) o /_677 g (L) an
SF is renormalisable with QCD as well. [S. Sint, '93]
o =T Pytp(2)|ag=0 = p(&)  P-(2)|ag=1 = p'(Z) (x + Lk) = e*¢(x)
(0) = (£ [[PU]IDE][DF|0e 5@ )
20 =0 p=p=p'=p'=0
N The Dirac operator has no zero mode in the chiral limit.
L3
ro = T ro = T
Computation of boundary to bulk and
boundary to boundary correlators
xo =0 xo =0
N N

L3 L3



Small volume part of the strategy (5:)

Bare couplings of the HQET Lagrangian and currents are determined by imposing in a
small volume L; ~ 0.5 fm several matching conditions between correlators defined in QCD
and their HQET counterpart:

I = foslw(gs P (g57)
aa(t) = Z2 > ((bsy0y ) (&, 1) (Pry0y 1) (0))

Daa(t) = et (ZUV) (DA (0) +wrin @A () +wupin TR () +C [@ asa (£)+ @saa(b)

In such a small volume it is possible to simulate the b quark in QCD,; at this stage of the
program we are only concerned by the short-distance regime and absorption of UV
divergences.

Extrapolation to the continuum limit of ®3°° = 7mp_” and ¢2°° = "mps —mgp.” (Nt = 0)

10/ ‘
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Step scaling in volume (S2, S3) and matching (54)

Then one uses Step Scaling functions to let the observables evolve from the volume L, to

a volume Li.s+ = s” L, where long-distance physics dominates and where one extracts
hadronic quantities

PRt (g1) = lim i;(go(a'M), L, sL)DFPeont (L)

a(l) =0

furelw(gs)@HET (g8, s L)
Fitlw(g§)@FET g8V L)

%ij(go(a™), L, sL) =
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This approach with SSF’s is very popular: it has been
successfully used to measure the running of the strong

coupling constant g% (i = 1/L) up to the perturbative regime.
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HQET parameters w(go(a'®)) are obtained at a second set of lattice spacings {a®}. All
the strategy is based on the fact that simulations are realized with L /a always in the range
[10 — 40].
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