Ap— A v and V- keep HQETlng
Zoltan Ligeti
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® Introduction

® New predictions for A, — A v
® |V, from BGL fitsto B — D*/v
® Outlook

Details: Bernlochner, ZL, Robinson, Sutcliffe, arXiv:1808.09464 [PRL]; 1812.07593 [PRD]
Bernlochner, ZL, Papucci, Robinson, 1703.05330 [PRD]; Bernlochner, ZL, Robinson, 1902.09553



CKM fit: plenty of room for new physics
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In loop (FCNC) processes NP /SM ~ 20% is still allowed (mixing, B — X¢T¢~, X+, etc.)
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Recent focus: R(D) and R(D*)

® BaBar, Belle, LHCb: enhanced 7 rates, R(D*)) =

Notation: £ =e,u,7 and [ =e, i
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Belle |1 (50/ab, in SM): s R(D™)) ~ 2(3)%

® Big improvements: even if central values change, plenty of room to establish NP
® Focus on the 3 modes that are expected to be most precise in the long trem
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Heavy quark symmetry 101

® Model independent from QCD, used both in some continuum & LQCD methods

® () Q: positronium-type bound state, perturbative in the mg > Aqcp limit

® ()g: wave function of the light degrees of freedom Um,
(“orown muck”) insensitive to spin and flavor of Q)

(A B meson is a lot more complicated than just a bg pair)

In the mg > Aqcp limit, the heavy quark acts as a static
color source with fixed four-velocity v* [Isgur & Wise]

SU(Zn) VM [Georgi] LN\ oco

® Similar to atomic physics: (m. < my)
1. Flavor symmetry ~ isotopes have similar chemistry [¥,. independent of m y]

2. Spin symmetry ~ hyperfine levels almost degenerate [s. — s interaction — 0]

~
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Basics of B —» D™ ¢ or Ay, — A LD

® In the my . > Aqcp limit, configuration of brown muck only depends on the four-
velocity of the heavy quark, but not on its mass and spin

® On a time scale < Ag¢p, weak current changes b — ¢
l.e.: p» — p. and possibly sg flips

In myp . > Aqcep limit, brown muck only feels vy, — v,

Form factors independent of Dirac structure of weak
current = all form factors related to a single function
of w = v - ¢/, the Isgur-Wise function, &(w)

i

Contains all nonperturbative low-energy hadronic physics

® £(1) =1, because at “zero recoil” configuration of brown muck not changed at all

® Same holds for Ay — A v, different Isgur-Wise fn, £¢ — ¢ [also satisfies {(1) = 1]

~
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Ancient knowledge: baryons simpler than mesons

® Used to be well known — forgotten by experimentalists as well as theorists...

VOLUME 75, NUMBER 4 PHYSICAL REVIEW LETTERS 24 Jury 1995

Form Factor Ratio Measurement in AT — Ae* v,
G. Crawford,! C. M. Daubenmier,' R. Fulton,! D. Fujino,! K. K. Gan,' K. Honscheid,' H. Kagan,! R. Kass,' J. Lee,'

[CLEO]

element |V,| is known from unitarity [1]. Within heavy
quark effective theory (HQET) [2], A-type baryons are
more straightforward to treat than mesons as they consist
of a heavy quark and a spin and isospin zero light diquark.

~
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® Used to be well known — forgotten by experimentalists as well as theorists...
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Form Factor Ratio Measurement in AT — Ae* v,
G. Crawford,! C. M. Daubenmier,' R. Fulton,! D. Fujino,! K. K. Gan,' K. Honscheid,' H. Kagan,! R. Kass,' J. Lee,'

[CLEO]

element |V,| is known from unitarity [1]. Within heavy
quark effective theory (HQET) [2], A-type baryons are
more straightforward to treat than mesons as they consist
of a heavy quark and a spin and isospin zero light diquark.

Combine LHCb measurement of dTI'(A, — A.ui7)/dg? shape ri709.019207 With
LQCD results for (axial-)vector form factors [1503.01421]

[Bernlochner, ZL, Robinson, Sutcliffe, 1808.09464; 1812.07593]
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Introto A, — A v

® Ground state baryons are simpler than mesons: brown muck in (iso)spin-0 state

® SM: 6 form factors, functions of w = v - v’ = (m%, +m¥_ — ¢°)/(2ma,ma,)
(Ac(p's 8)|embAv(p, 8)) = Te(v', s)) [fryu + fovu + fav

[ up(v, s)
(Ae(p'y 8)Evuysb|A(p, 8)) = 1c(v', 8") [g17u + g2vu + gsv

]
ZL] V5 ub(/va S)

Heavy quark limit: f; = g1 = {(w) Isgur-Wise fn, and fo 3 =g23=0 [((1) = 1]

. IﬂClUde as y 5b,65 a88b7c, gg : mAb’C — mb’c _|_ /_\A _|_ o . ey gb,C — /_\A/(2mb,c)
(Axr ~ 0.8 GeV larger than A for mesons, enters via eq. of motion = expect worse expansion?)

Qs Qs by — b
fi = C(w){1+—0v1 et e+ —[Cv, +2(w—1)C} | (ec + &) + —— +}
T T 1 4m?
® No O(Aqcp/ms,c) subleading Isgur-Wise function, only 2 at O(Agcp/m?)
[Falk & Neubert, hep-ph/9209269]
o

B — D"¢p: 6 sub-subleading Isgur-Wise functions at O (Agcp/m?)

~
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Fits and form factor definitions

® Standard HQET form factor definitions: {f1, g1} = ((w) [I + O(as,ecp)]
{f2,3, 92,3} = C(w) [0+ O(as,ecp)]

Form factor basis in LQCD calculation: {fo.+, 1, go,+,1} = ¢(w) [1 + O(as, cp)]

LQCD results published as fits to 11 or 17 BCL parameters, including correlations

All 6 form factors computed in LQCD ~ Isgur-Wise fn = despite good precision, limited con-

straints on subleading terms and their w dependence

® (and mll)S): {Cla Cﬂv 817 82}
Cw) =1+ (w—1)¢+3w—-12"+...  bra(w)=C(w) (ba+...)

(Expanding in w — 1 or in conformal parameter, z, makes negligible difference)

® Current LHCb and LQCD data do not yet allow constraining " and/or 8’172

~
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Fit to lattice QCD form factors and LHCb (1)

® Fit 6 form factors w/ 4 parameters: C/(l), C”(l), 61, ZA?Q [LQCD: Detmold, Lehner, Meinel, 1503.01421]
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Fit to lattice QCD form factors and LHCb (2)

® Qur fit, compared to the LQCD fit to LHCb:

0.12_ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 ]

e
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e

® Obtain: R(A.) = 0.324 + 0.004

<
o
0

A factor of ~3 more precise than
LQCD prediction — data con-
strains combinations of form fac-

1/I'dl'/dq? [GeV2]
@) @)
= =

H+ LHCb data

. i — LQCD
tors relevant for predicting R(A.) 0.02 — LHCb.LQCD fit
I —— Ay — A 7 prediction
' [ T T TR N R S T NN S
O'OOO 2 4 6 8 10
¢* [GeV?]

® Our results will make their way into Hammer /K/IC [Bernlochner, Duell, ZL, Papucci, Robinson, soon]

Helicity Amplitude Module
for Matrix Element Reweighting

~
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The fit requires the 1/m? terms

® E.g., fit results for g4
blue band shows fit with b; 5 = 0

® Find: b = —(0.46 + 0.15) GeV?
... of the expected magnitude

Well below the model-dependent esti-

mate: by = —3A3 ~ —2 GeV?
[Falk & Neubert, hep-ph/9209269]

® Cxpansion in Agep/me i
appears well behaved Y T S T

(contrary to some claims in literature) q* [GeV?]

~
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Ratios of form factors

® fi(a*)/91(q*) = O(1), whereas { f2,5(¢°)/ f1(a%), g2,3(a°)/91(q } O(as, ec. b)
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® [t all looks rather good!
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BSM: tensor form factors — issues?

® There are 4 form factors o 1
: 0.75F
We get parameter free predictions! 09F 050k
0.8F
0.25
HQET: hy(=hy) = O(1) ="
0.6
: —0.25
h27374 — O(a37 8Cab) 05F —0.50F 3
0.4F ]
E —0.75F .
LQCD basis: all 4 form fac- B R S T T b
q* [GeV?] ¢ [GeV?]
tors calculated are O(1)
[Datta, Kamali, Meinel, Rashed, 1702.02243] ;:_ \ | ;ZZ_ BN
0.503— 050 —
Compare at u = /mym. osf -
—0.25F 3
® Heavy quark symmetry
breaking terms consistent -os} -
: _1‘000"'2"'4"'é - 1|0' —1.005 2 4 '(Is sls ' 1|0
(weakly constrained by LQCD) 216V 21GoV
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V.| from B — D*¢




Available for the first time in 2017

® Belle published unfolded B — D*lv  “[—4 .
. . . 35| —— CLN 3.5
distributions [1702.01521] o 1 Belle data .
?2.5 { ;2‘0
i 2.0 20
51.5 j’ 1.5
“ 1.0 5 1.0
0.5 0.5
0'9.0 1.1 1.2 1.3 1.4 1.5 0701.0 —0.5 0.0 0.5 1.0
w cos b,
4.0 4.0
3.5 3.5
% 3.0 . 3.0
- 5 2.5 9,925
® We can all perform fits to data = 2 “F 1 %
<~ x 1 %
g 15 ﬁx 1.5
® Need input on the fitted shape: = =
BGL: Boyd, Grinstein, Lebed, '95-97 05 05
CLN: Caprini, Lellouch, Neubert, '97 S e e oo
[plots: Grinstein & Kobach, 1703.08170, also Bigi, Gambino, Schacht, 1703.06124]

~
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Some subsequent |V,,| extractions

® |V, important to assess if there is an eg tension, predict K — mvo, B — putu~

® The R(D™) puzzle will necessarily make |V,,| much better understood
To understand the 7 mode precisely, must understand e & p really well

® Field revitalized: unfolded B — D*Iv measurement (tagged) [Belle, 1702.01521]
Belle (appendix, unfolded) |Vip|lcon = (38.24+1.5) x 107°
Bigi, Gambino, Schacht, 1703.06124, |V |sarys, = (41.7757) x 1077
Grinstein & Kobach, 1703.08170, | Veb|BGLyyy = (41.9770) x 107°

Claim (more-or-less) that tension between inclusive / exclusive |V,| is resolved

® Sept. 2018: another B — D*lv measurement (untagged) [Belle, 1809.03290v3]

|Vplcon = (38.4 +£0.9) x 1079
| Veb|BGLy gy = (38.3 £1.0) x 1077

BGL;;, denote BGL fits with different number of fit parameters — details below

~
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B — D¢ and heavy quark symmetry

® Lorentz invariance: 6 functions of ¢2, only 4 measurable with e,  final states

m2 — m2
(D| ey |B) = f+(a®)(pp +pp)" + [fo(d®) — f+(d7)] LR

_ — . 2
(D" evy"b|B)y = —ig(q”) """ e}, (pp + Pp*)p o

(D*|&"y°b|B) = " f(q°) + ay(a*) (" - pB) (0B + Pp)" + a—(¢*) (¢* - p) ¢"
The a_ and fy — f, form factors « ¢* = p5 — p’;_)(*) do not contribute for m; = 0

® HQET: 1 Isgur-Wise function in heavy quark limit 4+ 3 more at O(Aqcp/mep)

® |V,| extracted from measuring dI'(B — D*{p)/dw at w = 1 (maximal ¢*)
rate o< (Isgur-Wise fn.)? x [1 -+ (’)(as, Aécp/mg,b)}

® | attice QCD is most precise at w = 1 — also related to heavy quark symmetry

~
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Making the most of heavy quark symmetry

® “Idea”: fit 4 functions (1 leading-order + 3 subleading Isgur-Wise functions) from
B— DWIiy = O(Aycp/m2,, a?) uncertainties

[Bernlochner, ZL, Papucci, Robinson, 1703.05330]

® Observables: in B — Div: dI'/dw (Only Belle published fully corrected distributions)
in B — D*ly: dI"/dw
Ry 5(w) form factor ratios

— Systematically improvable with more data
— O(A%cp/m? ) uncertainties can be constrained comparing w/ lattice form fact.
® Considered many fit scenarios, with/without LQCD and/or QCD sum rule inputs

With all LQCD and no QCDSR input:

Fitting only unfolded Belle data Vep|Lpr = (39.1 £ 1.1) X 103

~
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SM predictions for R(D) and R(D*)

® Small variations: heavy quark symmetry & phase space leave little wiggle room

Scenario R(D) R(D*) Correlation

L—1 0.292 £+ 0.005 0.255 £ 0.005 41%

Lo—1+SR 0.291 £ 0.005 0.255 £ 0.003 57%
‘NoL | 027340016  0.250+0.006  49%

NoL+SR 0.295 + 0.007 0.255 £ 0.004 43%
Le>t ] 0.298 4+ 0.003 0.261 & 0.004 19%

Lle—I—SR 0.299 + 0.003 0.257 £ 0.003 44%
thil,>+SR | 0306+£0.005 0.256+0.004  33%

Data [HFLAV] 0.340 4+ 0.030 0.295 4+ 0.014 —38%

Fajfer et al. '12 — 0.252 4+ 0.003 —

Lattice [FLAG] 0.300 =+ 0.008 — —

Bigi, Gambino ’16 0.299 £ 0.003 — —

Bigi, Gambino, Schacht ’17 — 0.260 &+ 0.008 —

Jaiswal, Nandi, Patra '17 0.302 £ 0.003 0.257 £ 0.005 13%

SM [HFLAV] 0.299 + 0.003 0.258 + 0.005 —

ZL-p. 17 3
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Boyd-Grinstein-Lebed constraints on shapes

® Based on analyticity and unitarity constraints on form factors; Taylor expansions
1

Pi(2)¢i(2)

z(w) is a conformal parameter, maps physical region 1 < w < 1.5100 < z < 0.056

P;(z), ¢;(z) are known functions
co IS fixed by bg

al 2" i = g, f, F1 (lin. comb.)

Some papers use notation: {an, bn, ¢} «— {a¥, al, al}
® Does not use constraints from heavy quark symmetry, but can be added
® Denote by BGL;,, a BGL fit with parameters: {ao,....i—1, bo.... j—1, C1.... Kk}
Used in recentfits: N =i+ 5+ k=25,6,8

® Must truncate expansions at some order — what is the optimal choice?

~
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The CLN fits used 1997-2017

® Role of QCD SR i

INHQET: R,

The O(Aqcep/me,) terms are detremined by 3 subleading Isgur-Wise functions

Sometimes calculations using QCD sum rules are called the HQET predictions

® Devised fits to “interpOlate” between BGL and CLN [Bernlochner, ZL, Robinson, Papucci, 1708.07134]

n CLN R1,2(’UJ) = Rl,z(l) —|— Rll’2<].) (w — ].) —|— Rll,’Z(l) (w — 1)2/2
N Nl N\’

fit fixed fixed

(1) =14 O(Aqen/mep , as) Rgflz)(l) = 0+ O(Aqen/Mmep , as)

Ri5(1)—1 R (1)

form factors BGL CLN CLNnoR noHQS

axial o GZ bo, b1 hA1(1)7 p%)* hA1(1)7 p%)* hA1(1)7 p%)*a Cp*
vector ag, aj {Rl(l) {R1(1), R (1) {Rl(l), R(1)

axial (F1) | c1, c2 Ray(1) Ry(1), R5(1) Ry(1), R5(1)

Relaxing constraints on R’1,2(1), fit results similar to BGL

BERKELEY CENTER FOR
THEORETICAL PHYSICS
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The BGL - fit in the 1809 Belle analysis

® A new a; = 0 constraint used to reduce the number of BGL parameters to 5
[Belle, 1809.03290]

Significance of |a1| # 0 is nearly 30 in BGL2os fit (to unfolded data):

Param Value x 102 _ _ C}orrelatlon ~ _ _

ag a bo b1 C1 C2
ao 0.0379 £ 0.0249 1.000 —0.952 —0.249 0.417 0.137 —0.054
ail 2.6954 + 0.9320 1.000 0.383 —0.543 —0.268 0.165
50 0.0550 £ 0.0023 1.000 —0.793 —0.648 0.461
b1 —0.2040 + 0.1064 1.000 0.542 —0.333
c1 —0.0433 £ 0.0264 1.000 —0.953
C9 0.5350 £+ 0.4606 1.000

® Explore relation between the 6- and 5-parameter BGL fits, based on unfolded data

3 simplest ways to truncate 6 BGL parameters to 5: remove a1, by, Of ¢

~
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Compare 5-parameter BGL fits with BGL,-

® Explore differences based on unfolded (tagged) 1702.01521 measurement

form factors BGLg29o BGL29 BGL9g12 BGL9g91
vector apg, ai ap apg, ai apg, aq

axial o EZ bo, b1 bo, b1 bo bo, b1

axial (Fq) c1, €2 c1, Co c1, €2 c1

® The x? goes up most in the BGL125 fit, as |a;| # 0 was the most significant

X2/ ndf 27.7/34 32.7/35 31.3/35 29.1/35
V| x10% | 41.7+1.8 395+1.7 387+1.1 40.7+1.6

® Based on this data, |V,;| from BGL125 is ~ 0.002 below |V,;| from BGLoao

Would the same occur for 1809 Belle measurement, yielding |V.| ~ 0.040 ?

® BGLos fit param’s based on the two Belle measurements only consistent at ~ 2o

~
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® Optimal BGL fit parameter choice, given available data?

Nested hypothesis tests

(upper: x2, lower: |V,;| x 10°%)

Na

1 2 3 1 2 5 i 2 3
e
i 332 31.6 312 33.0 29.1 28.9 30.4 29.1 28.9
3836+10 386410 3864+10|390+15 407416 40.7+16 | 40.7+1.7 406+1.8 406+1.8
5 32.9 ails il 327 2T DT 29.2 2T AT
38.84+1.1 EEEEENNE 388310 [FSEETEE 41.7-1L1.B 416118 418420 4183120 g i)
3 il 31.3 31.0 29.1 Aarkire 27.6 299 27.6 23.2
! 390-E1°1| 386+12 3B86F=1.1 | 419+L20 418420 Hl71L20 | 4184120 AE7deE109 414420
ng = 1 ny = 2 ny =3

— Fit w/ 1 param added / removed: BGL (., +1)n;n.s BGLy, (ny+£1)ne BGLinn, (net1)

— Accept descendant (parent) if Ax? is above (below) a boundary, say, Ax? =1

— Repeat until “stationary” fit is found, preferred over its parents and descendants

— If multiple stationary fits, choose smallest IV, then smallest x? (333 is an overfit!)

111 — 211 — 221 — 222
121 — 131 — 231 — 232 — 222

, to avoid overfitting e.g.: {

BERKELEY CENTER FOR
THEORETICAL PHYSICS
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Toy studies: show |V,,| is unbiased

® Set {do,l, 60,1, 51’2} — BGL99o fit result, and {dg, 52, 53} = (1 or ].O) X {&1, 61, 62}

Generate MC data using experimental covariance, fit each set w/ our prescription

Ensemble Frequency

7\ LI ‘ 1 17T ‘ LB ‘ LB ‘ LB LB LB ‘ LB ‘ LB ‘ LI \7 >
0.35[— Nested Hypothesis Test w=-0.08 = 0.07 7 Q
E BGL,, Fit 0=1.06x005 1 g
C - O
0.3 w=-1.32=0.04 — 9]
. 0=099 =003 J v
0.25— - o)
o . g
0.2 = 2
C . L
0.15F —
0.1 —
0.05F =
0:u 2 T D a = P N T
-5 4 -1 0 1 2 3 4 5

Pull on IVcbI in Standard Deviations

0.35

o
w

0.25

o
()

0.15
0.1

0.05

BGL, , Fit

L B ) BRLARA N e e e e
Nested Hypothesis Test

ERREEEEE
u=0.08+0.07 _7
0=1.03+0.05 1
w=-2.27 = 0.07 —

-
o
=
©
o
a

+

(&)

u
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Pull on IVcbl in Standard Deviations

® Frequency of the selected hypotheses, with two scenarios for higher order terms:

‘1-times’ 6% 0% 37% 27% 6% 6% 11% 0% 2% 4% 0.4%
‘10-times’ 0% 0% 8% 38% 14% 8% 16% 3% 4% 8% 1%
ZL—-p.23

BERKELEY CENTER FOR
THEORETICAL PHYSICS

<
freeeee ‘m
;&




BGL fits with higher |V_;| in tension with HQET

® Compare 6 fits for Ry (w): higher |V | +» Ri(w) far from HQET

Expect: Ry 2(w) = 14 corrections

3.0

2.5/

Ri(w)

2.0}
1.5¢

1.0/

| g== CLN (tagged)
...... BGL, (tagged)
...... BLPR (Lw21)

.........................

.
-
.
-
-
.
C -
.
-
.

F -

0 ? g
)
[l [l

B
€

3.0,

[R2(w) has a less clear pull]

2.5/
2.0

1.5}

BGL,2. (tagged)
"""" BGL.:, (tagged)
—— BGLy, (tagged)

100

05

® The BGLy2s, BGL219, and BGLos; fits are in tension with heavy quark symmetry

(The BGL9s fits give a “flatter” R, (w), at least partly due to setting a; = 0)
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Lattice QCD, preliminary results

® FNAL/MILC and JLQCD are both working on the B — D*/v form factors
Independent formulations: staggered vs. Mobius domain-wall actions

4

CLN

L =77 CLNnoR

noHQS

Prel. FNAL/MILC D*
| o= FNALMILC D+ HQET

Figure from Ref. [11] |
0’ .............. [1708.07134] . , |
1.0 1.1 1.2 1.3 14 1.5

Therefore, this issue is still open. These parametrizations should
be eventually replaced by a lattice-based parametrization.

[T. Kaneko, JLQCD poster at Lattice 2018, 1811.00794; also Fermilab/MILC, 1710.09817I]

® No qualitative difference between LQCD calculation at w = 1, or slightly above
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Final comments




Conclusions

® A, — A4 HQET more predictive than in meson decays
The Aqcp/m. terms are important, but no evidence for bad behavior

® B — D*/v: Lots of progress, but need more data to know how |V,| story settles
® BGL — CLN saga: nested hypothesis test determine optimal number of fit param’s
® | attice: Calculate all form factors in all phase space, role of multiple formulations

® New developments (exp + theory) for |V.,|, know how to make progress
SM predictions can be improved with more data (with continuum methods, t00)

® Belle Il and LHCb data + theory progress
— great improvements in SM measurements and in sensitivity to new physics

~
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Compare 5-parameter fits: F(w)

® Compare 6 fits, left 3 are published, right 3 are new

w w
o a1 - C

N
Gl

|Vep |x F(W) [ F(1) x 103

7= CLN (tagged)
----- BGL,y, (tagged) - © 40} ______BGLm (tagged)
_____ BLPR (L >1) - R BGL212 (tagged)
"= é I —— BGL,¢ (tagged)
T3
S50
T
X0
_ 25
A0 11 12 13 T1a A0 11 12 13 1a
w w

® The “BLPR” bands use both B — D) data, the others only B — D*Iv

® Left plot normalized so that |V,| = (bands at w = 1)

® Right plot shows the 3 BGL fits with N =5
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Tensions persist...

® Among our fits, larger values of |V.,| «+— Ri(w) far from heavy quark symmetry

4

200600
MEE. BaL I —— BGL
CLN : CLN
Lo CLNnoR . PP PP
3 7 | 150 CLNnoR
| noHQS - noHQS
’§ . Prel. FNAL/MILC D* Prel. FNAL/MILC D*
Z 2} —e— FNALMILC D + HQET
x|
K]

This would be a spectacular breakdown of heavy quark symmetry

Tension w/ prelim. lattice QCD results for R; — same calculations determine F'(1)

® [f issues with lattice = cannot trust |V
If issues with data = cannot trust |V|
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Can CMS become a player...?

® CMS: ~10'Y B decays; goal: Ry, semileptonic not yet known (ems @ LHec, Nov 201g]
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Effort in 2018 paid off, 12B ™"
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