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Probes of New Physics

New particles can be searched for directly at collider

Direct Probes
experiments such as the LHC and Belle |l.

: New Physics can also be probed indirectly through precision
Indirect Probes
measurements of flavor and electroweak observables.

. — ~ Most of the results in well agreement with SM
High-precision measurements are f S - g e
available across a wide range of low==

and high-energy observables ~ A few of the data show deviations from SM

high-precision
data

Loop-level
precise data can

BSM

Tree-level

highly constrained constrain even the

loop-level NP



Why semileptonic FCCC process?

B =)  Tree-level process in the SM,
Lﬂyi /C mediated by W boson.

B — D* fl/f fE 7 ° Theoretically clean process.
<W Primary channel to extract |V, |
 Contains an invisible neutrino in the final state.

e What if a light BSM fermion is produced instead of a neutrino and is misidentified as
Mmissing energy?

 Can precision measurements distinguish a neutrino from a new invisible fermion?

b — D(*)Lﬂl/ * B — D(*)f@> BSM fermion

 For Precision studies, can that also impact the observables of the processes??
3



MiSSing-MaSS Signature . Belle B°-D"*1v, [Ldt = 711 fb-?

0° 3

Bl D1V, (correct Muoy) D** (= D" 8y, @ B8 Bkg
e 2 L — P — S A s
MmlSS e (pB —— pD(*) == pf) :g 10 - MC normalized to data
N .
» Experiments reconstruct the missing-mass squared ~
: . . o) S
distribution m . 7
« For B — D* £v: the distribution peaks near mnz@iss =0 -
but the finite width leaves room for a light invisible
article. O 1 5 3
p %1.00_5 *!***‘.'00054 H* **i**
: E : S 0.75 = ¢ }
e For B = Dfv : the distribution extends to non-zero B P ams R s e A s
values of mnz,liss , allowing sensitivity to non-zero invisible Miiss [GeVZ/c”]
c:\ - m data
MasSes. > ok 1B = DIy
(“D’ BB D'y
o 40| L other background
. . . . . o :
The observed missing-mass distributions S 120] + cocwet o6
still allow room for a light invisible fermion. 8 '
D
>
Ll

4 | | M? .(Gevz)

miss



Decay Topology

B — D*( —» Dn)fy

« £ = (e, ), light leptons

 |dentical visible final state.

o« m, < (Mg — Mpe — Ny)

o my = 5.279 GeV, my,, = 1.86(2.08) GeV

- m, < 3GeV (kinematically allowed)

 Quark-level process ph — ¢ f)(

- We take: m, < 1 GeV (exp. missing
* New physics is assumed to energy distribution)
contribute only through this.



Effective hamiltonian

4G
%becfl/()() F V [Cf SM@f SM Z C L(R)@IL(R)]

eff Vie ViL

long-distance,
non-

I=V,,

perturbative
QCD efttects

short distance
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Effective hamiltonian

¢ .SM t.SM
Ve [CV1L O 1 Z CiewOirr)

long-distance,
non-

perturbative
QCD efttects

short distance

&) f;lm (Z‘}/ﬂP 192 ) ( £y* Py (Pp) )()

O €2L(R) < ¢y, Prb ) ( 7" P, (Pp) )()



Effective hamiltonian

_i/_vcb[

\¢
= 66&0 <
A ! . g@\%
= (E}/ﬂPLb> (Pr'P PRy} @ =
= S1LR)

@L;m) <EJ/,,,PRb) (£7*P.(Pr)x) @?wm

£ SM R0 ,SM
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Effective hamiltonian
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CEMpiMe ) Cug® iL(R)]
=V.5, T
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Hadronic Form Factors

» pseudoscalar (B) — pseudoscalar (D) transition

2
Mp

=
qzml’ 0o

mD] @ +q,

7z

2
(D) | 2b| B(p)) = —2—"L f(¢?)
my — m,

o 15(g9).f.(g7),f+(q”) are the scalar, vector and tensor form factors



Hadronic Form Factors

» pseudoscalar (B) — Vector (D*) transition

D % 2V 2
(D*(k, €) | E‘yﬂb\ B(p)) = — ie//tl/aﬁg Upakﬁ (g°)
mB+mD>x< A(z) B_)D>I<
C : q
(D*(k,€) | E1,15b | B(p)) = €5 my + mpu)Ai(g7) = (p + K), (€% . q)—
Mp + Mpys

(D*(k,€)|cowb|B(p)) = €uvap [ — e**(p+ k)P T1(¢?)

2 2
o BMEB — Mp-
¢" == (Tu(q”) — Ta(¢))

d V(q2)9 Al(qz)a AZ(qz)a AIZ(qz)a Tl (qz)? TZ(q2)9 TIZ(qz)



Form Factor Extraction

e Form factors encode the non-perturbative contribution of hadronic transition

Lattice QCD LCSR
- HPQCD Valid at low-g~
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e FermiLab-MILC

« JLOQCD
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Form Factor Extraction

e Form factors encode the non-perturbative contribution of hadronic transition

Lattice QCD LCSR
- HPQCD Valid at low-g~
Valid at high-q2 near q2 ~ ()

e FermiLab-MILC
e JLOQCD

To study the decay distributions, we require the form factors over the entire q2 region

BGL (Boyd—Grinstein-Lebed)

\/ W+ 1 — \/5
— ,
: Vo +1+4/2
Z(ClnFi)2<1 qz—ml%—mlz)()
== Blaschke outer = =
functions functions BoD

Unitarity Const.



Ingredients for the Decay Distribution

» Effective Hamiltonian to calculate the short distance physics.

>
A = v = by 7 T.LQR) y 217 S.L(R)
M/lf/lx(B - MtY) Z} [CVi L(R) ; ”ﬂHvﬁL@,ﬂx,z + Cr ) %‘4 WW’HTﬁ,z'L@,zx,z,x' + Cs L s L/If,/lx '
—

e Polarisation vectors for the mediator and the vector meson.
 Form factor in the whole q2 region is extrapolated

e For the decay B — D*(D n)¢y, the secondary decay width is calculated using
narrow-width approximation.

 Phase space for three and four body decays

10



Two-fold Decay Distribution B - D X, ,

d’1 G2 |V, 1> 1 A" (g% mzm)|ppl

—
dg? cos 0, = 4 32mj (2n)? g2 ‘/% (B — Dt ‘ = aef(qz) + bef(qz)COS 6’,/ﬂ+cgf(qr2)cos2 0,

dr
- differential decay width distribution:  —— = 2[dg,(q")+=¢5, ()]
q 3

b@ (qz)
» forward-backward asymmetry: Acnl(g?) = —=
y y e = i
Al I
Experimentally available data A= — | dw,
Aw o \dw
(binwise integrated decay width ). An e

11



Four-fold Decay Distribution: B — D*( — D n) ¢ X,

=
|%/1D*,/1f/1;((B —_— D]Z'f)?)| — EGI%

2 T T
S(m2 — m? Z M P
mD*FD* ( Drx D*) B—>D*L”)( D*—)Dﬂ

Vcb

2—-9
| D | B - Drtp)| = 3Tﬂl(q2, mz,m,, 0,0, )

d'T _ AP(mg, mp, %) 27%(q%, mz,my) | pp

dg?dm}_dcosOpdcosO,dy  256(27)6m3 q? Mp, =
A

Angular Coefficients /,

I(q mf, 6’5, Op, p) = I sin 9D+IC COS> 0 + (IS Sin HD+IC cos® 6 ) cos 20,
(13 cOS 2¢p+1, SIn 245) sin” @), sin” 0, + (14 COS ¢p+1g SIn ¢) sin 20, sin 20,
+ (15 COs ¢+1; sin ¢) sin 260, s1n 6, + (Ig sin” Op+1c cos? 6’D) cos 0,

12



Four Fold Decay Distribution: B - D*( - Dn)Z X, ,

i dl
Experimentally available data A=A = J (d_) dx
X

x = {w,cosb,,cosb,, ¢}

Xj

(binwise integrated decay width ). :

 dI'/dx can be written in terms of various combinations of /.

» /.5 are very informative observables, since sometimes information
lost after integration.

15



Methodology

« SM and NP contributions will be added at decay width level and not at the
amplitude level.
Lot =1pm + Lp

 The available phase space for both the decays will be different.

2 2 2
=g =g —lp5

S E

* Kinetic variable: qszM = [m?, (mpg — mp(*))z]

> > ) 2Dy
dnp € [(mf + m)() ) (mB = mD(*)) ]

e Woy € [1.0 =gy ] » wpp € [1.0 — wop”

* [onp — wgy | = purely SM contribution

(dF) = (dF) = (dF)
dx / dx / o\ dx / p

14



Methodology

« SM and NP contributions will be added at decay width level and not at the
amplitude level.
Lot =1pm + Lp

 The available phase space for both the decays will be different.

o = . A 2 2 = 2
» Kinetic variable: qsv € [m2, (mg — mpe)7] — =
B — D% inIlV 4dnp = [(mf == m;() ’ (mB = mD(*)) ]

e Woy € [1.0 =gy ] » wpp € [1.0 — wop”

m, = 0, w:[1.00—=1.51](SM)

m, =0.1GeV, o :[1.00—1.50] * [onp — wgy | = purely SM contribution

m, = 0.5GeV, :[1.00— 1.48]

m, = 1GeV, o :[1.00— 1445] (d_r> =<d_r> +<d_r)
dx /o dx / sy dx / \p

14



B — D7 X, Distribution
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Unnormalised decay
distribution

Scalar operator shows
most shift from SM.

For higher bins, vector
operators also show
significant shifts.

Left handed tensor
operator causes
significant shift in
distribution than right
handed

Can distinguish tensor
chirality



B — D*( — Dr) ¢ X, Distribution
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B — D*( - Dn)¢ X, Distribution
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* Normalised Angular
coefficient
distribution

 Scalar operators
shows minimum shift

e I, and I5 can
discriminate between
the handedness of
the couplings



| V., | Extraction

p Form Factors

» Total Branching ratio of the decays.

I ts
Ilé)i}[ltisngor p Partial Decay width integrated in bins of unaffected w :
Y dI’ — AT
e — | dw [B - D*( » Drn)uv(y)] and —
dw Aw

W;

[B = Dui(jy)]

19



| V., | Extraction

p Form Factors

» Total Branching ratio of the decays.

Inputs for
= p Partial Decay width integrated in bins of unatfected w :
Fitting =
I dl = Al
e — | dw [B - D*( » Drn)uv(y)] and —
~\dw Aw
B — D*uy l

'R\ Dl )]

SM w : [1.00 —1.51]
m, = 0.1GeV, w:[1.00—-1.50]

m, = 0.5GeV, w:[1.00—1.48]

m, = 1GeV, :[1.00— 1.445)
19



| V., | Extraction

p Form Factors

» Total Branching ratio of the decays.

Inputs for
= p Partial Decay width integrated in bins of unatfected w :
Fitting =
I dl = Al
e — | dw [B - D*( » Drn)uv(y)] and —
~\dw Aw
B — D*uy l

TR\ Dk )]

M w:[1.00—-1.51 .
m. = 8 1 GG;V[ a()) O 1 ()g _] 1.50] Performed the fit separately and
m% — ().5 GeV, o [1.00 1. 48] simultaneously for B — D and B — D*.
y ) . : — 1.

m, = 1 GeV, w:[1.00— 1.445]
19



~ Scenario my (GeV) Vil C,
Extraction of |V, | . b
* smeeTE e 0.01  41.361+0.888 0.0+ 0.1093
B — D" ui(j) Combined Fit ct 01  41.361+£0.888  0.0+0.1003
1 41.473 £0.901 0.0 £0.1126
Scenario my (GeV) Vi C;
. : 0.01 41150 £1.204 0.0475 + 0.0859
SM - 40.061 + 0.826 -
k. 0.1  41.150 £1.204 0.0475 + 0.0859
0.01  40.062+0.826 0.2567 4 0.1236 . T
*CV,, 0.1  40.063 +0.826 —0.2565 + 0.1237 001 41161+ 1171 —0.0467 + 0.0851
1 40.484 += 0.810 —0.1652 £ 0.1940 CCIZL“R 0.1 41158 +1.174 —-0.0475 4+ 0.0839
0.01  40.062+0.826 0.2567 4 0.1236 1 41.452 £0.958 —0.0171 % 0.0962
* Cy,p 0.1  40.063 +0.826 —0.2565 % 0.1237 _ = ==
« |V, | varies within the 1 6 uncertainties
1 40.484 £ 0.810 —0.1652+0.1940 | of the SM

. Tensor operators are constrained mostly, Wilson ~ 0(107?)

e Scalar and vector Wilson coefficients ~ @(10_1)
20




Possible DM Models

Lg, = (gX drx + 91 QreL] + gr ﬂReﬁz) S1+h.e, § ~@G,1)_y5,

Leptoquark Model ) 3 3 >
‘Cﬁz = (gX QLX qr. dRLLS) Ry + h.c. RZ o5 (392)1/6

Clop S 2.5 %1077,
Cs, S85x1071.

m~J

Cyvorp S 0.51,
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Possible DM Models

Lg, = (gX drx + 91 QreL] + gr ﬂReﬁz) S1+h.e, § ~@G,1)_y5,

Leptoquark Model ) 3 3 >
£R2 = (gX QLX qr. dRLLé?) Ry + h.c. RZ o5 (392)1/6

U 1N—3
Crop S 2.5 %1077,

I
Cvar 5051, Cs,,. S 85x1077.

Multi-component DM Scenario: | (Csy, +Csyp +Csy; +Cs,p) ~ 848
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Possible DM Models

Lg, = (gX drx + 91 QreL] + gr ﬂReﬁz) S1+h.e, § ~@G,1)_y5,

Leptoquark Model ) 3 3 >
£R2 = (gX QLX qr. dRLLé?) Ry + h.c. RZ o5 (392)1/6

Clop S 2.5 %1077,
Cs,, S 85x107%.

C‘G/ZR S 051)

Multi-component DM Scenario: | (Csy, +Csyp +Csy; +Cs,p) ~ 848

1 . . ]
Lepton portal DM Ly =1y, EP},(H —tA)Yr — €L H Y| +h.c,

Cs.

2

- < 0.63.
Ly =Y 'qr(ioo®2)ur + YiqrPodr + Yl Poer + +Y 41 &1 ¥R + h.c.
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Possible DM Models

= (9x d dreLs iRe] h.c. =
Leptoquark Model Ls, = (9xdrx + 91 QLeLL + grUReR) S1 +he,, S ~ (B,

£R2 = (gX QLX qr. CiRLLé?) Rg h.c. RZ o5 (392)1/6
. Clop S 2.5 %1077,
Cvar 5 051, Cs,,. S 85x1077.
Multi-component DM Scenario: | (Csy, +Csyp +Csy; +Cs,p) ~ 848
1. . P
Lepton portal DM —Ly =1y, EP},(H —1A)Yr — e H Yr| +h.c,
. - Cs.. S 0.63.
Ly =Y 'qr(ioo®2)ur + YiqrPodr + Yl Poer + +Y 41 &1 ¥R + h.c.
Neutralino L =G (XOPLL:) (dePruy) Cs,, < 0.31,
Production +GT (@au%) (dpo™u;) (gupgw ’iéﬂzupo) he. (Crr + Crr) < 0.05.
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Summary

Semileptonic charged-current decays B — D" ¢ X, provide a clean laboratory for precision tests
of the SM, searches for new physics, and the extraction of |V, |, while offering a window to dark
sector fermions mimicking neutrino sighatures.

B - D7 X, is particularly sensitive to scalar interactions and can distinguish left- and right-

handed tensor operators.

The four-body decay B — D*( — D x) ¢ X, , provides additional angular observables that improve
the sensitivity to the Lorentz structure of the new interactions.

The angular coefficients I, and /5 provide excellent discrimination between different vector
chiralities.

Most studies focus on right-handed neutrinos, whereas left-handed dark fermions exhibit distinct
experimental signatures.

The extracted value of |V, | remains compatible with the SM within the current precision, but
invisible new physics should be taken into account in future high-precision analyses.
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Differential decay width in terms of angular coefft

d°T’

= ag,(q*) + by, (q*) cos Oy + co,(q*) cos” b,

dg?d cos 6,

3
ag, (q2) — 3 (Ilc + 2Ils — I2c — 2123) )

8
be, (¢%) = g (Loc + 215s)
co (d?) = 2 (e +211,)
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Form Factor Coefficients Extraction

B = D innV B — l)>X< inIlV

Parameter Fit Value

Parameters | Fit Value ay 0.03117(84)
ot 0.01573(12) af -0.054(33)

at -0.0386/(35) a; -0.70(115)

o -0.0875(222) al 0.01206(13)

a2 0.07735(58) al 0.0121(83)

a -0.213(16) al -0.077(339)
aj’ -0.0041(20)

a;'  -0.0051(708)
a}? 0.0484(10)

al? -0.219(49)
d.o.f 22
p-value 0.71
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Normalised Distribution
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Angular Distribution

Matching with DLEFT operators

DLEFT operators

Matching with WE'T'
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