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Tensions: tree-level processes
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» New sources of CP violation?
» New RH currents?

Persistent tension (~3c) with SM in
angular distribution Ps’
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Tensions: loop-level processes
Rare processes are sensitive probes of high-scale physics
B — K010~
B — K*0t¢~

b

Tensions in tests of lepton
universality.

LHCDb: Rk ~ 3.10, Rk ~ 2.50
See talks from T. lijima, M. Patel
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Total uncertainty [%]

* LHCb: pp at LHC

ch
* ~10'2b-hadrons to date (cf. ~107 at LEP)

 Belle Il: ete-around Y (4s) ~ 10.5 GeV

* Goal: 50 ab-1 (50x Belle), roughly 215 fb-1 to date Besm
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Theoretical preliminaries

 Consider the decay D— nfv. Take m,= 0.

iU G|V’

dq? 2473

(7| V*|D) = f1(¢*) (0 + k) + [-(a*) (0}, — i)

Or can equivalently decompose as:

(n|V*|D) = v/2Mp (v* fi(¢*) + P f1(¢*))
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Semileptonic decays: H—Pfv
Theoretical preliminaries

e Consider the decay D— mfv
U G3 |Vl
dq2 247T3 D < T

* When the lepton mass is not small, another form factor
called fo(g?) also contributes: dI'/dg? = (const) x m.? fo(g2)

o fo(g2) defined through yet another relation for {r|V#D)

e Or, more simply via the Ward identity: 0, V" = (m; — ma)S

e — My 9
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Semileptonic decays: H—Pfv

Theoretical preliminaries

e Relate the lattice and continuum currentsvia J = £ jJ

* The form factors simplify in the rest frame of the D:

0

g talve D)

| oM~
<7T‘ & }D> 1 We’ll use lattice QCD
f | = Ay , to compute the matrix
V2Mp P elements on the RHS

e — My

1
— +(Mp — Ex)f1)
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Semileptonic decays: H—Pfv

Theoretical preliminaries
* Renormalization: the Z-factors 7 = /;.J

* Recall the Ward identity: 8MV“ = (m1 — mg)S
e |n terms D—=m matrix elements, this reads:

Zyo(Mp — Ex)(n| V" |D) + Zyiq - (x| V |D)
= Zg(myp, —myg) (w| S| D)

* For the conserved lattice vector current, Zv=1
» Scalar density absolutely normalized: Zs=1

» For local vector currents, imposing the Ward identity provides a non-
perturbative definition for Zva, Zvi
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Scope: the all-HISQ campaign

« Campaign goal: precise (= 1%) form factors for decays of B and D meson to pseudoscalars
» D mesons: D)= «, K
» B mesons: Bi)— D), m, K
» Full set of scalar, vector, and tensor currents
« Ensembles: Nt=(2+1+1) dynamical sea quarks generated by the MILC collaboration
 Valence quarks:
* Light and strange quarks match the sea
« Heavy quarks: range from 0.9 m¢ up to cutoff (ma~1)
« Eventual target: lattice spacings from 0.15 fm—0.03 fm
 This talk:
» Preliminary results for decays of D mesons only
» 5 lattice spacings: 0.15, 0.12, 0.09, 0.06, 0.042 fm
 All 3pt functions are fully blinded



Semileptonic decays: H—Pfv
The setup: ensembles

* |nitial focus on decays of D mesons: D) — /K fv

~a[fm] my my, /m,
FMs - .. 0.15 physical 0.9,1.0,1.1
0.12 physical 0.9,1.0,1.4

0.088 physical 0.9,1.0,1.5,2.0,2.5
0.088 0.1 xmg; 09,1.0,1.5,2.0,25
0.057 physical 09,1.0,1.1,2.2,3.3
0.057 0.1 xmg; 0.9,1.0,2.0,3.0,4.0

1 . . 0057  02xm, 09,1.0,2.0,3.0,4.0
S
o 0.042 02xm, 09.1.0.2.0.3.0.4.0.4.2

Light quark mass

77Ms - ‘ . . «§-— Physical-mass light quarks / pions

| |
0.03 0.06 0.09 0.12 0.15
Lattice spacing [fm]
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Semileptonic decays: H—=P+4v
The setup: correlation functions

D D
e Focusintoday’stalk: Dg— n/K¥#v g T
7T D

Co(t) =Y (Op(0,0)0p(t,x)) — [(0| Op | D)|? e~ Mt

Cr(t,p) = Y €7 (0(0,0)0(t, @) — (0] O |)[* e~
Cs(t, T,p) =Y €PY(0:(0,0)J(t,y)Op(T, z))

— (0] Ox ) (x| J |D) (D| Op |0) e~ ErteMp =0



Semileptonic Decays
Preliminary results
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Semileptonic decays: H—Pfv
Results: Kaon 2pt functions at a = 0.09 fm

e Effective mass: “mess = IN[C(t)/C(t+1)]”
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Semileptoni

Cc decays:

Results: Kaon 2pt functions at a = 0.09 fm
e Compare fit results to continuum dispersion: E2/(p2+m2)

1049 —4-- 1=xa(a/2)a?p? ’
1.03 7
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Evidence that HISQ action
Is giving good control of
discretization effects
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Semileptonic decays: H—Pfv
Extracting the matrix element

* As usual, the spectral decomposition reads:
Cs(t;T) = (Op(T')J(t)Ox(0))

~ (0] Op |D) (D] J |7) (7| O |0) e~ P!
w_/

(bare) transition matrix element ~ desired form factor

Ds) T, K
1

t=T «—t—> t=0




Semileptonic decays: H—Pfv
Extracting the matrix element

* 1. (N+No) states tmin®re

* D: (m+mo) states 7T

 Fix distances
tminsrc and tminsnk
iIn physical units

for all correlators




Results: 3pt functions - fo for Ds to K

e A certain ratio is useful to isolate form factors visually:
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Semileptonic decays:

Results: Renormalization
* Check Ward identity visually with bare matrix elements

¢ (mh—mq)<K|S|Ds> — (MDS—EK)<K|V4ID5> + q'<K|V|Ds> — q“<K|VMIDs>

0.4 -

0.3

0.2 -

0.1-

0.0 -

+4
+ 4

(mh — mg){K|S|Ds)
(Mp — En)(K|V*|Ds)
q - (K[V|Ds)

16

0.4 -

0.3 -

0.2 -

0.1-

0.0 -

-

(mh — mgq)(K|S|Ds)

i gH(KIVH|Ds)
(mh = mq)(K|S|Ds) — qH(K|V¥|Ds)




Results: Renormalization
* Fit PCVC relation with Zva, Zvi as parameters:

¢ (mh'mq)<K|S|Ds> —_ ZV4 (MDS = EK)<KIV4ID3> + ZVi q'<K|V|Ds>

Renormalization factor Z«

Lattice spacing a [fm]

Renormalization factor Z,

1.05 1.30
W 0.042 fm, 1/5ms 1 0.088 fm, 1/10ms
Loa i 0.057 fm, 1/10ms  HH 0.088 fm, 1/27ms 1.25
' W 0.057 fm, 1/5ms F0.12fm, 1/27ms
HH  0.057 fm, 1/27ms 1.20 -
1.03 -
1.15 -
N 1.02 - Ny 1.10- { i
1.05
1.01 - ~ {'
} 1.00 === === e e e e
1002 ? T — '
I 0.95 -
0.99 5 T | T 0.90 -5 T T T
0.04 0.06 0.09 0.12 0.04 0.06 0.09 0.12

Lattice spacing a [fm]
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Semileptonic decays: H—Pfv
Results: Renormalized form factors

D.—»K, a=0.088 fm, my=0.9m,

Standard f; via “f, + f,” A E e .
Alternate f, via “fo + f.” N I .
fo via scalar 1o H AT
matrix element 1.1- %
Standard fo via “f, + f.” 07 x .

0.9 - =
Check kinematic identity: ¥ Blinde?
f(g?) = fo(g?) at g>=0 v/ I .

\’0.7 5 *
O.IO O.lS 1l0 1.l5



Global view of data for D—n«

physical-mass pions ‘/D a = 0.09 fm ‘/D a
D mi = 1/10 msor 1/5 ms / a=0.12fm ./D a
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Global view of data for Ds—K
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Chlral / contlnuum flts

e Lattice-spacing dependence is quite mild—HISQ at work!

 With simulations at and above the physical pion mass, the chiral
fits are interpolations, not extrapolations

e HMRSYPT: the shape of the form factors can be modeled using
EFT combining:

» Chiral symmetry Y, =exp(2i¢/ f)

L £ = P

MZ 2
> Embellishment from stagagered fermions 2
g9 6 E M2z log ( e )

> HQET spin symmetry H® =




Chiral / continuum fit

e Example: HMRSxPT, SU(2) theory, hard-pion limit

* All NLO logs, all NLO analytic terms, all NNLO analytic
terms consistent with power counting

1 4+ ologs + Z Ci X

1

const
E 4+ A* + X

e Basically: [ =



Chiral / continuum fits

EvsTmm %) 5 7 — S
s o s T s .l e o LA . S e

e Example: HMRSxPT, SU(2) theory, hard-pion limit

e All data included in fit. Curve shown for physical g2 only

D-nm

3.0+

T

®/[] a=009m

Continuum, Physical Point

a=0.042 fm, mp=1.0 m_charm, m;=1/5ms
a=0.057 fm, mp=1.0 m_charm, m;=1/10m;
a=0.057 fm, mp=1.0 m_charm, m;=1/27m;s
a=0.088 fm, my=1.0 m_charm, m;=1/10ms
a=0.088 fm, my=1.0 m_charm, m;=1/27m;s
a=0.12 fm, mp=1.0 m_charm, m;=1/27m;s

®/[] a=0.04m
[ ] a=o012fm @[[] a=0.06m



Chiral / continuum fits

e Example: HMRSxPT, SU(2) theory, hard-pion limit

e All data included in fit. Curve shown for physical g2 only

D-nm

3.0+

0.5

0.0

0.2 0.4 0.6 0.8 1.0

1.2

fLlVwo

NLO log_corrections
NLO_analytic_corrections
3.0 LO
NLO
NNLO
25 —— Continuum, physical point
2.0
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0.5
0. 0 = e e e e A e e = =}
I I I I I I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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e Combine fjand f, to
obtain f; and fo

 EXpress continuum,
physical-point results
using z-expansion

* Preliminary statistical
precision = 1.5%

e QOther channels (Ds—K,
D—K) broadly similar

- g
e )Y - ], SN 2 =

Chiral / continuum fits

D—mr

Continuum result - z-expansion

N N
o &)
I I

Form factor

.
wn
1

— [y (qz)
fo(q?)

0.0 0.5 1.0 1.5 2.0 2.5 3.0




Next steps

* |n progress:
* |In progress:
* Near future:

e 2022: decays of B-mesons

1.15

1.10 A
1057 .

5 Y do 5

51,00 v B 5
T + =

0.95 1 @

0.904 FNAL-MILC Preliminary 70,

0.85 T T T T T T

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
MH [Ge\/]

finalizing analysis choices

complete systematic error budget

Unblinding, comparison to experimental results

1.15 :
® a=0.088 fm, ml=0.1ms
1.10 - V¥ a=0.088 fm, ml=phys
M a=0.057 fm, ml=0.2ms
® a=0.057 fm, ml=0.1ms
1.05 1
¥ o n M a=0.042 fm, ml=0.2ms
1.00 1 ¥ m [
H m
0.95 1 ®
0.904 FNAL-MILC Preliminary 70
0,85 T T T T T T
2.0 2.5 3.0 3.5 4.0 4.5 5.0

MH [GGV]

9.5



Many exciting measurements from experimentalists working
iIn quark flavor physics are on the horizon

High-precision form factors from lattice QCD are needed to
extract CKM matrix elements and test the Standard Model

This winter, we plan to publish the first results on decays of
D-mesons (D—mr, D—K, Ds—K). Preliminary results highlight
the good statistical control afforded by the HISQ action
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