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The R(D™) Anomaly

Form factors describe the hadronic interactions with the

spectator quark.

Good understanding of the form factors is crucial
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Many are sensitive probes for new physics.



B — D™ Form Factors

B — D) transtion are described by two (four) form factors in the SM.
Key idea: Exploit expansion of B — D(*) form factors into leading h(w) = h(w)/&(w)
and sub-leading O(l/mﬁ):) and O(1/(mpm¢)) Isgur-Wise functions.
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Form factors for B — D) are not independent, but from HQET via [ and M. 9



Including 1/m? Corrections

Full (’)(l/mab) matching of QCD to HQET:
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- in the vanishing chromomagnetic limit: G,g — 0



Zero-Recoil Predictions

Inputs
- m}S = (4.71 £ 0.05) GeV 0 ‘ ‘ ‘ ‘
Contours hold at 68% CL: x* = 2.3
- 0mpe = mp — me = (3.40 £ 0.02) GeV 95% CLi 57 = 62
bc b e
- p1=(—0.1+£0.2) GeV? ' /
= Mo(ppe) = 0.11 + 0.02 GeVV? 106 | 0 ]
. . =) |
short-distance scheme, pre-fit uncertainties & 1.04 L/ |
~ L [ HQET: NNLO + RC + o? i
= 7](1) = 03 + 005 1.02 HQET: NNLO + RC
[ HQET: NLO
from prior fits 1F Fit: LY, i
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Tension at O(1/m), because the correc- F(1)

tions for F(1) vanish.



Input Data

Experimental Data Lattice Input beyond zero-recoil
_ Eﬁ D/ tagged (‘Belle l6v) Form factor w=1.0 w =1.08 w=1.16
_ f 1.1004(95)  1.0941(104) 1.0047(123)

- BY — D*"(v tagged (‘Belle 17) fo 0.0026(72)  0.8609(77)  0.8254(94)

_ EO — D><+('1, untagged (‘Be”e 19’) Form factor w =1.03 w = 1.10 w=1.17
ha, 0.877(16)  0.807(15)  0.745(22)
ha, —0.624(84) —0.586(81) —0.492(82)

Lattice Input at zero-recoil has —0.391(95)  1.259(78)  1.213(75)

"B - Div: hy 1.103(74)  0.989(86)  1.270(46)

G(1)Lqcp = 1.054(9)

- B — D*lv

F(1)Lacp = 0.906(13) = ha, (1) ‘
Baseline fit scenario: L5£1;,1



Fit Results

The free parameters in our model are
- entering at zero-recoil |V, mis, SMpe, p1, Xo; p2, o A1)

- and beyond: 7'(1), R2(1), R(1), R5(1), @4(1), A1), Bi(1)

Nested Hypothesis Test (NHT) to determine the optimal set of fit parameters.
- Starting point are the parameters contributing at zero-recoil.

- Subsequently add parameters to the model in all combinations.

- Test alternative fit hypotheses with cut-off Ax? = X%v = X%V+1 <1

- Reject combinations with highly correlated parameters.



Fit Results

Params S1 52 S3 5S4 S5 S6 S7 58
Vo x 103 38.70(62) 38.90(64) 38.70(68) 38.70(68) 38.70(69) 38.70(67) 38.80(68) 38.70(69)
o2 1.10(4) 1.15(4) 1.19(5) 1.15(5) 1.15(4) 1.10(7) 1.12(8) 1.10(4)

c 2.39(18) 2.44(19) 2.16(24) 2.25(23) 2.29(29) 2.38(19) 2.41(20) 2.40(29)
22(1) —0.12(2) —0.14(3) = = —0.12(5) = —0.13(4) —0.12(5)
%(1) i = ~0.15(8) —0.08(7) ~0.07(11) = = 0.00(10)
(1) — = 0.04(1) 0.04(1) 0.04(1) = =
A(1) 0.34(4) 0.33(4) 0.34(4) 0.34(4) 0.34(4) 0.34(4) 0.34(4) 0.34(4)
(1) — 0.12(10) 0.14(11) = 0.15(11) —0.15(14) 0.05(19) —
mhS [GeV] 471(5) 471(5) 4.70(5) 4.70(5) 471(5) 471(5) 4.71(5) 4.71(5)
Smpe [GeV] 3.41(2) 3.41(2) 3.41(2) 3.41(2) 3.41(2 3.41(2) 3.41(2) 3.41(2)
Ba(1) - - - — - - — -
Bi(1) — — — — — — — —
@ (1) 0.25(21) — — 0.24(21) — 0.53(31) 0.17(40) 0.25(21)
Ao [GeV?] 0.12(2) 0.12(2) 0.12(2) 0.12(2) 0.12(2) 0.12(2) 0.12(2) 0.12(2)
o1 [GeV?] —0.36(24) —0.35(24) ~0.37(24) —0.36(24) —0.37(24) —0.36(24) ~0.36(24) —0.36(24)
X2 29.8 30.0 28.9 29.3 29.5 29.6 29.8 29.8
ndf 31 31 30 30 30 30 30 30

P 1.35(5) 1.37(5) 1.34(6) 1.34(6) 1.34(6) 1.34(6) 1.36(6) 1.35(6)

c 2.41(17) 2.43(17) 2.14(22) 2.26(21) 2.29(28) 2.40(17) 2.42(17) 2.42(27)

Our considered nominal scenario: S1: Smallest X2, fewest model parameters



Fit Results
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Predicting R(D™))

-0
0.254 9 -
122" Shape
LySio + SR
022 Lol Predictions are robust when including
0550] == L8 y - additional lattice input for B — D*{v
= - QCD sum rule input
9/0.248*
& -
0,216 No lattice input results in shift for R(D),
0.244 with larger uncertainties.
0.2421
(].r26 [),r27 U.r28 04r29 0.30



Biases and the Major Axis of Doom

-BLPR  R(D) = 0.298(3), R(D*) = 0.261(4), p = 0.19
l 2.7 o shift
- BLPRXP R(D) = 0.288(4), R(D*) = 0.249(1), p = 0.12

We identify two sources of external biases:
- The tension using the ‘Belle '17" vs ‘Belle '17 4+ '19' B — D*/v data
- The CLN major-axis approximation
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Biases and the Major Axis of Doom

CLN parametrization:

- Application of dispersive bounds from
unitarity constraints to G(w)

- constrain the allowed parameter space
in the slope-curvature (52—¢,) plane

Approximated by the major axis, enforcing
a linear relationship between 2 and &,

The precision of the available experimental
and LQCD data is high enough to resolve

the minor axis.
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Biases and the Major Axis of Doom

BLPR*" (NNLO) BLPR (NLO)

B2 o0 O(as, 1/m, ay/m,1/m?) 02709 o0 4+ NLO O(ay, 1/m)
GLN constrained ¢, CLN constrained c.
0.265 0.265
Free c,
Free c.

0.260 Belle 17 0.260 Belle 17
. Belle 17 . Belle 17
% %
Q
0255 = 025

Belle;17+19

Belle 17+19
0.2501 - 0.250 Belle 17+19 e 17419
Free ¢ CLN constrained

Free c.
0.245 CLN constrained 0.245
FLAG R(D) FLAG R(D)
0275 0280 0285 0290 0205 0300 0.305 0275 0280 0285 0290 0295 0300 0.305
R(D) R(D)
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Biases and the Major Axis of Doom

0.270 1

0.265 1

0.260 1

0.250 1

0.245 1

BLPRXP (NNLO)

D.D*
LS im

Free c,

Belle 17

O(as, 1/m, as/m,1/m?)

CLN constrained ¢,

Belle 17+19
Free r

CLN constrained

FLAG R(D)

Belle 17

0.275 0.280 0.285 0.290 0.295 0.300 0.305

R(D)

Biases

- Downward shift for R(D) — not a feature
of the higher order corrections but due to
major axis of doom.

- Downward shift for R(D*) from tension
between the Belle '17 and '19 datasets:
Addressed with scaled uncertainties +/x2

for our prediction.
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Branching Ratios, FB-Asymmetries, Polarizations

D-D* Ratio: e-p~-Universality
/ _ B[B—DIV] (x)y — F[B—DMev]
RD/D* — B[B—D*Iv] Re/u(D )= F[B— D™ ]
0 . : i ! I h
f\ | o ?—, § o H D e zzw Bolle,Phys. Fov. D 93,032006 (2016) “? et . v 0 10,0207 010
Z t } t E z | ?

We also predict Agg, F (D™), P(D™).
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Summary & Conclusion

NNLO O(1/mcp, 1/m§7b7 1/(mcmp), as/me p) results for BLPR form factors: BLPRXY
Key ldea: Supplemental power counting in 6 for HQET based on the transverse
residual momentum D : The residual chiral (RC) expansion.

= dramatic simplification in HQET, when truncating the RC expansion at (’)(92).

= Reduction of the number of subleading Isgur-Wise functions.

Available in HAMMER

Comprehensive analysis of the

FLAG AL

experimental and lattice data.

Rev. Mod. Phys. 94 (2022) 1, 015003

- Consistent results with different
inputs.

“ BELPRXvP

- Origin of a bias, the major axis °

021 BLPRXP LU, (it salety factor)

of doom.

022
om0k o%n o ok 0 oi v 15
R(D)



https://hammer.physics.lbl.gov/

Backup
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Parametric form of the Leading Order Isgur-Wise function

Optimized conformal variable

Vw+1-+/2a . s wo+1 141
z(w) = ——=———, with a°= = : (1)
Vw+1++2a 2 2./1D
Leading order Isgur-Wise function parametrized as polynomial in z,.
w) _y_ 8a’p2z, +16(2c.a* — p2a®)z2 + ... (2)
§(wo)

No sensitivity to cubic terms given the current experimental and lattice data.
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Parametric form of G(1)

G(w) 2.2 RN
=1-—-8a"p,z. +16(2¢,a" — pia“)z; + ..., 3
Cwo) p ( pra’) (3)
Major axis of doom:
& ~ [(Va1 + 162%)% — V] /32", (4)
B (wo) — poh_(w
P2 =t ) Zpollve), ©)
h(wo) — pph—(wo)
/A.I// o /A7//
¢ =& +203(p% — P2) - i {wo) = poh=(wo)
hy(wo) — pph—(wo)

18



Fit Results

110
-7
0.254 vzl
L2, Shape (VC, Belle 16,17)
1.08
0.252
1.06
) 0.250
5 o FLAG G(1) .
%
© ISP
1.04 :
(VC, Belle 16,17) &
0.246
1.02 FLAG F(1)
0244
M 0.242
0.88 0.90 092 0.94 0.96 0.98 :
F(1) 0.26 0.27 0.28 0.29 0.30

R(D)
- Strong tension between predicted F(1)

- In the shape-only scenario, the VC limit
and LQCD.

exhibits a tension for R(D*)

Shape and normalization cannot be describe simultaneously. 19



Fit Scenarios

Fit Order Floating Lattice QCD QCDSR , Bellye Data ,
norm. | fio(w>1) F(1) ha(w>1) ha,v(w>1) 15 17 19
as/mq,1/m} — v v — — — v v 7
as/mg, l/mé v v v — — _ v v v
as/mQ, l/mé - — — — — — v v v
as/mq,1/mf — v v v v — v v v
as,1/mq v v v — — v v v v
as/mg, l/mé = v v = = v v v v
as/mq,1/mf — v v — — — v v _
> as/mg, 1/”’% — v v — — _ v _ v
Lgéﬂ)lizl[hAl] as/mq,1/mj — v v v — _ v v v
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Form factors and ratios in various fit scenarios

T T
1.6 F Contours hold at 68% CL

1.4 %

1.2 M’”'::;::':'—'”ff'""* 5
=

0.8

0.6 F =3 Rw) 3 &)
[ Ry(w) 7720 G(w)
0.4 | T3 Ry(w) T2 F(w) d

1 1.1 1.2 1.3 1.4 1.5 1 1.1 1.2 1.3 1.4 1.5
w w

- The uncertainties in all form factor ratios are well controlled.
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Predictions in various fit scenarios

S1 & S3 Other Scenarios

0.258 0.258
. st S3 52 56
s4 57
0.256 0.256 s 58
0.254 0.254
0.252 252
Q 0250 Q0250
< <
0.248 0.248 _—
0.216 0.246
0.244 0.244
0.242 0.242
0275 0280 0285 0290 0295 0.300 0275 0280 0285 0290 0295 0.300
R(D) R(D)

- Predictions for R(D(*)) are stable for all terminating nodes / fit hypotheses.
- Truncation of model parameters does not introduce model dependence.
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Input Data

Experimental Data

- B — D{v tagged (‘Belle 16')

- BY — D**/v tagged (‘Belle 17)

- BY — D**¢v untagged (‘Belle 19)

QCDSR Input

- X2(1) = —0.06 £+ 0.02
- %5(1) =0+ 0.02

- X5(1) = 0.04 £0.02

- (1) = 0.62 £ 0.2
-7/(1)=0+0.2

Baseline fit scenario: [P0

Lattice Input at zero-recoil

- B — Dtv:

G(1)Lqco = 1.054(9)

- B — D*tv

F(1)Lqcp = 0.906(13) = ha, (1)

Lattice Input beyond zero-recoil

Form factor w=1.0 w =1.08 w=1.16
f 1.1994(95)  1.0941(104) 1.0047(123)
fo 0.9026(72) 0.8609(77) 0.8254(94)

Form factor w =1.03 w =1.10 w=1.17
ha, 0.877(16) 0.807(15) 0.745(22)
ha, —0.624(84) —0.586(81)  —0.492(82)
ha, —0.391(95) 1.259(78) 1.213(75)
hy 1.103(74) 0.989(86) 1.270(46)
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