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Motivations

* Low-energy flavor physics is mostly probed using mesons.
* Remaining hints of LFUV in b — clv.

Rpey =

* NP observables should not depend on the spectator(s).
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Computing baryon observables

* Low energy observable, my, = 5.6 GeV.
« Assuming NP at a scale A ~ O(1 TeV), can be computed using a weak EFT.

Charged Lagrangian Neutral Lagrangian :
4G rV; AG VY,
Lxp = — j—JngOx—l—hC Lap = — Fft ”Z 5CxOx +6C%O'x) +hec.
X eV, Vr,Sr, S, T X €9, 10,S,P,9/,10,,S/,P,,...

Ox = (¢:lq;)(€aTls) with T € Pp/r,v*Pr/g, 0" Py
 Process that can be studied :

b—c: Ay — Aty

Ab—>A:€V
c—S: A.— ANv
S — U A — ply 3

b—s: A, — AU/
b— u: Ay— ntl




Example for b—c

AG V., ~ ~ ~ B
Eave = =257 g, (e PLO)(T* Puve) + v, (€3, Pab) (7" P

+ gs; (EPLb>(7_'PLVT) + g5 <EPR[))(7_'PLV7-) -+ gT(EO'W/PLb)@_'O"uVPLVT) + h.c.

* 5 Wilson Coefficents.
* Leptonic part of the amplitude can be computed exacily.

 The quark part of the amplitude has to be parameterized in term of
Hadronic Form Factors.

My — M

(Ac|Eb|Ap) = Fo(q?) —2—Leqiy uy,
mb - mc

My, + My,

uAc/yE)uAb

(Acleysb|Ap) = Go(q?)

mb""mc



Computing baryon observables

From quark to hadrons : Form Factors parameterization:

<AC|F|Ab> X F07F+7FJ_7 GO7G+7GJ_7 h—l—ahJ_afivl—l-)f};J_

N AN NG
Y '

)
e

Vector Axial Tensor

Obtained from LQCD

Ay — Aty [Detmold, Lehner, Meinel "15] [Datta, Kamali, Meinel, Rashed "17]
Ay — Al165 [Detmold, Meinel “16]

A. — Ay [Meinel *17] (Missing tensor form factors)

Ay — AZly  [Meinel, Rendon "21] (Only for high-¢*)

q* [GeV?] q* [GeV?] q* [GeV?]



3-body decay

e Similar to the meson case,

d*T B \/AAbAC (g?) <1 m%) Z ‘M(:s)xb,\l

dq?dcos®  1024m3 M3

* But with approx. twice the number of d.o.f:

d’T(B — D™ ghiy)
dg?d cos 6

— 4 observables
(d;Qd COSH ) — aii (C]2) —+ bii (QZ)COSH + Cilc (q2)C082 9

— 10
observables

['tot o /dq2 (CL + g)



First LHCb measurement

For B-physics, only one is currently measured: B(A, — A.7v) by LHCb.

R(AC) —

B(Ab — ACTV)

B(Ay — Acuv)

R(A)Lucy = 0.242 4 0.076
R(A)jsm = 0.333 +0.013

[LHCb 2201.03497]

— Compatible with SM
— Opposite trend.

* While R(D)and R(D*) are 2.00 and 2.2c above SM prediction.

World Average

R(D) =0.357 % 0.029, —
R(D*)=0.284 £ 0.012,.,,

p=-0.37

But with uncertainties 5x smaller.

How does it change the
flavor b — crv fit ?



Too soon to change the fit

S )

0y

Im(

Wilson Coefficient | R(D) and R(D*) R(A.) Combined X2 /d.of
avi 0.084+£0.029 —-0.15+0.14 0.077+0.035 0.06 —1.3
gs, —1.47+0.08 —0.53+054 —-145+0.11 05—2.1
gr —0.027+0.011 0134+0.14 -0.026+0.013 12—1.7

gs, = +4gr € iR +0.49 £ 0.10 0.0 +0.39 =047 £013 0916 2
gs, = —4gr 0.16 £ 0.06 0.0 £0.39 0.15 4+ 0.07 0.7 — 1.0




Too soon to change the fit

* Allowed regions for the Wilson coefficients remain practically

the same.
e The xfmn increases significantly.

x2i,/d.of. = 1.01

X2, /d.o.f = 0.05

Im(gs, )

Im(gs, )




Adding the secondary decay

[Gutsche, Ivanov, Korner, Lyubovitskij, Santorelli, Habyl "15]
[BoOer, Kokulu, Toelstede, van Dyk "19]

[Datta, Kamali, Meinel, Rashed "17]

[Penalva, Hernandez, Nieves, "19]

[Mu, Li, Zou, Zhu "19]

B — D" (— Dn) v
Ay = Ac(— Anm) v

Can be computed using 2 physical parameters:T'(A. — Am)and

o =

(ATr|AD)Y? — (A w|A)

C

(M| AEY + (A—7]AZ)

Observed primary |Observed secondary Asymmetry
Branching Fraction |Branching Fraction
Ap — A(— pr)ee ~107° (63.9 4 0.05)% 0.732 £ 0.014
Ao = A(— pr)lv (1.30 £ 0.07)% (63.9 + 0.05)% 0.732 & 0.014
Ap = Ao(— AT (1.50 & 0.38)% (1.30 £ 0.07)% —0.84 + 0.09
Ap = Ac(— pKg)TV (1.50 + 0.38)% (1.59 £ 0.08)% 0.2+0.5

For comparison, LHCb used B(A. — pK ") = (6.28 4 0.32)%.
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Some observables

* 38 observables in total.
 Some combinations can be measured by event counting:

[ior x A1+ C1/3

Ag, x By Lepton Forward-Backard Asymmetry
AR« Ay + C,/3 Baryon Forward-Backard Asymmetry

JATN P A As, Baryon
dg?dcos@dcosOpndp ! B

@+ B;‘l '@COS 0 Asp Lepton
+ (M 03]
= / N
+

/N

tlcos 9/\) cos? 0

Dg" sin 0 cos ¢ 4 din 0, sin qb) sin 6
Eé\l sin 6, cos ¢ gin 0 sin ¢) sin 6 cos 6

CP-Violating

/N 7 N

* gv; only affects the total Branching Fraction — Distribution is SM-like.

 Dysand Eare sensitive to imaginary part of Wilson Coefficients.
— CP-violating phase
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Some observables

Am,, gs, only

1.5
0.083 0.007
1.0 0.055 0.005
0.5 0.028 0.003
0. 0.001
0.0
-0.028 -0.001
-0.5 -0.056 -0.003
-1.0 -0.084 -0.005
-0.111 -0.007
-1.5 ' S S S
-20 -15 -10 -05 00 05 1.0 -05 0.0 0.5

Ag, can easily flip sign. Dy is exactly 0 in the SM.

D, is sensitive to the CP-phase.

* Angular observables can help discriminate among various
scenarios, even if branching fraction are compatible with SM.
12



BESIII angular analysis

Last year, BESIII published the first angular analysis of A, — Aev.
However, they assumed no NP, and used it to extract experimental FFs.

They found a bad agreement, even though the total branching fraction is
SM-like.

a0 BESI [IRL]T] BESII
1 LOCD LOCD
0.85 i
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|:\— '}_[]- ._:
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BESIII angular analysis

The discrepancy cannot be seen on the branching fraction alone, only
with the angular distribution (at high-g?).
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BESIII angular analysis

It is possible to improve the fit significantly by adding NP.
* gy, = 0.19, gy, = 0.056 :

—(0.20
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LFV case

* Every cross-section expressed in terms of “magic numbers”.

B(Ay — A7) x 107 = ag |Co + Co|* + a10 |Cro + Cror|* + as |Cs + Cs/|* + ap |Cp + Cpr*
+ by |Cy — Cor|* + b10|Cro — Ciror|* + bs |Cs — Cs/|* + bp|Cp — Cpi|?
+ c95 Re[(CQ + Cg/)(CS + CS/)*] + ciop Re[(Clo + 010/)(013 + Cp/)*] ,

o If My, < my; :

ag >~ aigp, bg~big, C9s >~ —cCiop, as~ap, bgs>~bp,

— Lepton mass hierarchy makes the LH/RH “scalar only”
or “vector only” scenarios proportional to a single magic number.

16



Process hierarchy

* We can directly compare the magic numbers:

¢ Cp#0, Gy =0:

0.097 0.631 0.823

Ol 0. O =0

B(BS — ézfj) < B(B — Kflfz) < B(Ab — Afzgj) < B(B — K*gzgj) :

0.93 0.58 0.94
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Indirect constraints

4p—— 1 1.75F -
- — B - Kur
—— B Kur \ 3 _ f Cs#0[Cp#0
— B _{(*I_,_T (_,9 % 0 [(_/“] ‘r‘t (]} n 150-_ =l Ky*,U.T S [ F % ]
C'T—‘g_ — Ay = Apr N - CT E Ay =+ Apr e
= ] = 125 ]
L
S .
=l | = 100} -
X ] 075k ]
C\J@ ] L
] = [
— o 0.50F .
L ) r
=3 | g0
0.25¢ ]
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L i " . -
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1310~

B, — et
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B, = ur
BT — Ktur
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3 v T
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[LHCD, Belle]
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Concrete scenarios: LFV Higgs

* NP coupling to lepton can be described by the d=6 operator:

]
L8 > = (H'H) (LiHery) + hec..

« After EWSB+diagonalization:

i 7 . i V2my, 3v?
Lvuk O =y, hlpilr; + h.c., with =0, -+ c .
Yuk Yy LitRj Ye YA 2/272 eH

 Contributes to b — ¢¥;¢; via Higgs-penguins:
b u/c/t q b w q
14 w t t
{’i/'/:h\.\gj {’i/'/:h\‘\gj

« Strong constraints from ¢; — £;7:

;rf ¥ '_r\f y )
i T‘ } X T Frrrr‘:’— h
b
e - - 19
i A / e T \ ’ H 1L
h h



Small detour: LFV Higgs

* Assuming yfe to be small, and considering the current constraints:
B(p — ey) < 4.2x 10713
B(t — ey) <3.3x 1078
B(t — pry) < 4.2 x 1078

— We find the relation:
B(h — er)

B(u — ev) ~ 3.7 x 10713 Blh = “T)] .

10—4 10—4
10°
g T =y (95% C.L:) 7= uy (95 % C.L)
107 B £ M B S S S A
101
; : 102
10 3l CMS (95% C.L.) d e CMS (O5% C 1
<) O e s s ‘
T 21073
Y 1 B
| D |
10 Ll - 10~ i
95% CL-ATLAS L 95% CL-ATLAS
[0 68% CL-ATLAS 68% CL-ATLAS
10~ %F % Bestfit 4 58 %  Best fit
10 1T 10 102 S T S T/ e S T/ S IR T
20
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Concrete scenarios: LFV Higgs

 From this plot, we find an upper limit on ¥;" and v}" .
* Using the matching:

a1

C(CI) iJ_
S(P) 2 v 16T Qem
6y 217 4a? z? 3y
X — 1 1 —
o (—mp BT U=y 8 T U=  O—m)2)’
— Loop and b-suppressed
 We find:

B(A, — Aet) <8 x 10717,
B(Ay, — Aut) < 6 x 10710,

— Cannot be seen by experiment
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Concrete scenarios: LFV Z

e SM extended witha Z' ~ (1,1,0).

Y
 EFT matching
oy L S pryp Ty (Ot S S Y
9/10 mQZ’ e Vi Vi Q \IL €R 9’ /10’ mQZ’ Qe Vip Vi dr\JL er’/ >

AN

AmBS T % ervyr T _> elullul

Ge
BS S / R
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Concrete scenarios: LFV Z

* Putting all the constraints together :

10 ?é g;rr — (’9 10 7é 0 q.u*r — 0

10 Op 10 g
_ — B — K'ur
10~ — Ny — Apt 3 10
. B — Kurt
10 ° . 10 3
=== By — urt

9

Branching Ratio
Branching Ratio

10 1“; 1010
10 “; 10"
1” 12 P A S| "'I""I..,' S E .._|; l[] 12 P B I ll_|‘----Il----.lr----I....Ir?
}{] 0.1 0.2 0. 3 0.4 0.5 0.6 0.7 0. U 0.1 0.2 0.3 0.4 0.5 0.6 (0.7
v,u,u YL fppt ynn
( (’9 C!) T Cl(l

— can be as large as 107°!
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Conclusion

« Ay — A v can provide another test of LFUV.
e Hadronic uncertainties are under control thanks to LQCD.
* Measurements of R(A.)by LHCb in 2022, do not change the global picture.

* Angular distribution offer the possibility of measuring many observables,
sensitive to every combination of WC.

« BESIII analysis of Ac — Aev favors right-handed vector NP, but contradicts
other meson measurements.

 LFV decays of hadrons and mesons are actively being searched.
* Their hierarchy gives a large clue about the structure of NP.

* Explicit models: LFV Z' can still produce experimentally accessible LFV
decays, LFV H cannot.

Thank you !
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