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Standard Model Effective Field Theory (SMEFT) :

1 1 1
LsmerT = Lsy + KC(5)O(5) o ) c®0o® + 0 <F) ,
i

@ Includes SM fields only.

@ Follows SU(3)¢c x SU(2)r x U(1)y.
o Electroweak (EW) symmetry linearly realized.

Current uncertainties in Higgs coupling measurements can allow more generalized EFTs
e.g. Higgs Effective Field Therory (HEFT). In HEFT:

e SU(2)r x U(1)y non-linearly realized.
@ Higgs boson is not embedded in a SU(2)-doublet: — More general coupling of Higgs.
e HEFT D SMEFT D> SM

[G. Buchalla and O. Cata, JHEP 07 (2012) 101]
[A. Falkowski, R. Rattazzi, JHEP 10 (2019) 255]

@ In the energy scale much below the EW symmetry breaking, the relevant EFT is Low Energy
Effective Field Theory (LEFT)

o LEFT can be derived from HEFT by integrating out the heavier particles — W, Z, Higgs and top
quark.
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@ More number of operator in HEFT /LEFT than in SMEFT = relations among HEFT /LEFT WCs

o Relations among HEFT/LEFT WCs = indirect bounds

@ Violation of these relations =—> physics beyond SMEFT



@ SMEFT-predicted relations among LEFT/HEFT Wilson coefficients

@ SMEFT-predicted constraints on LEFT Wilson coefficients

@ SMEFT-predicted hints of possible new physics signals.




An example derivation of relations among U (1), invariant operators:

Vector operators LLLL (HEFT)
NC Count
[cZLdL]O‘f’)ij (eLVMeL)(dey“dJ ) 81 (45) Vector operators LLLL (SMEFT)
[V 1o (eL’yﬂeL)(uLfy“uL) 1 (45) Operator Count
[bar )P | gy (diidy) 81 (45) [C1 | (2l®) (@yhe’) 81 (45)
(V)% | () (@ ytad) 81 (45) [Ciesid | (1%, 711%) (g ¢7) 81 (45)
CC
[P | (eyury) (aid]) 162 (81) cesi oo

1)aBij /7¢ _i 1 T j
= O™ PP (i, + diyd),)
Matching among SMEFT and HEFT:

[eVura)™ = (G177 + 1) letinn®™® = (041777 — [ 1),

rvu

v . D i 3ye o a v i D i 3)10 307
[ebane)®® = (161" — [ 1°79) - [ebua)®® = (1041777 + 161" )
e )% = 2(C17
[J. Aebischer, A. Crivellin, M. Fael and C. Greub, JHEP 05 (2016) 037]
[E.E. Jenkins, A.V. Manohar and P. Stoffer, JHEP 03 (2018) 016]
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i J ; J
i d i i d i
L = Stidy r = Srijdg
d
Vexw = (S1)TS¢

Resulting relations among HEFT /LEFT LLLL Wilson Coefficients

Category Analytic relations Count
Vil (8,0 )M Vi = Ul [64,,.,)P7 Uyg 81 (45)

LLLL Vik [€ dLL]aﬁkl VT Uchp [ér‘//uLL]paij Usp 81 (45)
Vil (e} Jofk = (e, 1onis U,Iﬁ — Ul [€Vy,,)777 | 162 (81)

[S. Karmakar, A. Dighe, R. S. Gupta, arXiv:2404.10061]
@ These relations are independent of any assumptions for the flavor structure in NP.
@ We derive 17 classes of such relations (2223 relations with explicit flavor indices).

@ In the scenario when SMEFT only contains four-fermionic operators i.e. the ‘"UV4f" scenario, the
above relations will be applicable for WCs in LEFT as well.
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] J ] u ]
uy, — STy up = SgijUR
i d i i d 3]
L = Stidy r = Srijdg
d
Vekm = (S1)1S¢

Resulting relations among HEFT /LEFT LLLL Wilson Coefficients

Category Analytic relations Count
Vi €Y, rn]P vy = UL, [€0arr)”" Usg 81 (45)

LELL 1 Vig [l )"V = Uby [€0,00)779 Uos | 81 (45)
Vi (€7, )07 = [l Uy — Ude [} )77V | 162 (81)

[S. Karmakar, A. Dighe, R. S. Gupta, arXiv:2404.10061]

@ These relations are independent of any assumptions for the flavor structure in NP.
@ We derive 17 classes of such relations (2223 relations with explicit flavor indices).

@ In the scenario when SMEFT only contains four-fermionic operators i.e. the ‘UV4f" scenario, the
above relations will be applicable for WCs in LEFT as well.
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VZJ/[C [éZuLL]mkl Vlj = [éz‘//dLL]mij

@ Six WCs on each sides, 3 complex and 3 real, total 18 parameters.

@ We take the 9 whose direct bounds are the best and find indirect bounds for the others.

YI=a1 X1+ Xo+ e Xs+d1 Xu+e1 X5+ fiXe + 1. X7 + hi Xg + 11 Xo
Yo = a0 X1 + boXo 4+ co X3+ do Xy + 9 X5 + foXg + g2 X7 + hoXg + 15 X9
Ys = a3 X1 + b3Xo 4+ c3 X3 + d3 Xy + e3 X5 + f3X6 + 93X7 + hs Xg + i3 X9
Yi=a4 X1+ b4 X0+ 4 Xs+ dy Xy + e4 X5 + f1Xe + 94 X7 + haXg + 14 X9
Y5 = a5 X1 +05Xo + 5 X5 +ds Xy + €5 X5 + f5X6 + 95 X7 + hs Xs + 15 X9
Yo = ag X1+ b Xa + c6 X3 + ds X4 + €6 X5 + f6 X6 + g6 X7 + he Xs + 16 X9
Y7 =ar X1+ 07 Xo + o7 Xg + dr Xy + e7 X5 + f7 X6 + 97 X7 + hr Xs + 17Xy
Ys = as X1 +bs Xo + cs X3 + ds Xy + es X5 + fs X6 + g8 X7 + hs X5 + 18 X9
Yo = ag Xy + bg X2 + cog X3 + dg X4 + €9 X5 + fo X6 + g9 X7 + ho X + 19 X9

In this case the best direct bounds are there for the following WCs

N 2212 2212 2213
vﬁ/ Re ([CudLL] ) Im ([ udLL] ) Re ([ vdLL ) /_ B> K vV
x
e x/ Im ([ vdLL]2213) Re ([ dLL]2223) ([ udLL]2223)
v %KH ~ — Re ([CeuLL]2212) Im ([ euLL]lez) [O'euLL]m11 - PP _}Hi-”—

Siddhartha Karmakar (TIFR) " Implications of SMEFT for semileptonic processes 7/ 17



—x VY A —>rvV
K \ 100 x [CY,, ]2 (€Y, )2 / v, ]2223/_\

0.001 0.001 0.001 Q:.% KD D
£ 0.000 £ 0.000 £ 0.000
O
@ —0.001 —0.001 —0.001
o
+ 20001 00 0.001 20.001 00 0.001 20.001 010 0.001
8‘ Re Re Re
c
2212 2213 2223
g_ D%K Hﬁr(- 01 100 x [CeuLL] [ euLL] [ euLL]
n ) 0.002 0.02
S PPrNRT
o) £ 00 E 00 E 000
<
E -0.002 o
g ~0dg 0.0 0.1 20002 00 0002 —0.02 000  0.02
o Re Re Re .
a neutrino
< oscillation
h
2233
0.01x[Cy1 1)
Vo 12222
[CeuLL]
V2211 -
O PPN

-0.005  -0.002 -0.001 0 0.001 0.002 0.005




100 x [CYyp )™ [Chac)™ [Chapr)™

:0.001 0.0

Re

0.001 0.001 0.0

Re

0.001

-0.001 0.0 0.001

100 x [CeuLL]2212

]2213

]2223

[ eul L [ eul L

0.002 0.02
0.0 £ 0.00
-0.002 o
0002 00 0.002 —0.02 000 002

Re Re

T1Pin pue 71" uo spunoq 30311Qg

0.01x [CeuLL]2233

(Coun

]2211

-0.005  -0.002 -0.001 0 0.001 0.002 0.005




[C;;LL] 221

[C(ZJLL] 22

2

=3 0.005

a 0.05

o

=}

&

o -0.05

S -0.005

QQ

§< -0.005 0.0 0.005 -0.05 0.0 0.05

&~ Re Re

Q

S

o

Q

§< [CZLLLPQZZ

= {

(el
Vo122
—_— [Cz/dLL] H

-0.01 -0.001 0.0 0.001 0.01

t— upp
t — cup

cc —> Jujh
$8 — vV
dd — vv

Cyan and orange are for direct bounds. Green is for indirect bounds
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[S. Karmakar, A. Dighe, R. S. Gupta, arXiv:2404.10061]




@ The indirect bounds are derived from leading order matching at dimension 6

@ The relations and hence the indirect bounds will get modified when
o RG running and one loop matching are included,
e large contributions from dimension 8 operators are considered.

@ The indirect bounds do not depend on any NP flavour assumption.

@ In principle the method of getting the indirect bounds can be iterated to get stronger constraints.
Here we presented the bounds at the leading order only.




Observed excess in B — Kvv:

[C aiLL]Otﬂz3 [C dLL]aﬂZg [CXiLL](w23
0.002 0.002 0.002
£ 0.000 o E0.000 E0.000
- —0. —0.002
—0.002 0.000 0.002 Z0.002 0.000 0.002 —0.002 0.000 0.002
Re Re Re
(LFU) o = A (LFUV) a# B (LFV)

[Ceu L]aﬂm = Vi2 [CVdLL]aﬂQ?)‘/Jj +
Fori=2,j=3 (Gl L)% ~ 0.97[C (1472,
Fori=1, j =3, [CV [ 19P13 ~ 0.22[CY,, 10623

= Possible excess in t — ce®e?, t — ue®e’

[CYLIP3 = Via(ICYap L7 — [Clar )PV,

= Possible excess in b — c¢lv, b — ufv

[R. Bause, H. Gisbert, and G. Hiller, PhysRevD.109.015006]
[S. Bhattacharya, S. Jahedi, S. Nandi and A. Sarkar, arXiv:2312.14872]

[S. Karmakar, A. Dighe, R. S. Gupta, arXiv:2404.10061]



R(D®)) annomalies:
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@ Possible NP inb — dr7, b — s77, b = dvv and b — svv

@ These possible NP effects can manifest in B — 77, By = 77, B — K®rr, B— K®py etc.
[R. Alonso, B. Grinstein and J. Martin Camalich, JHEP10(2015)184]
[A. Crivellin, D. Miiller and T. Ota, JHEP09(2017)040]
[A. Greljo, J. Salko, A. Smolkovic and P. Stangl, JHEP 11 (2023) 023]

[S. Karmakar, A. Dighe, R. S. Gupta, arXiv:2404.10061]




SMEFT predictions for correlated LEFT WCs were explored earlier in:

- [R. Bause, H. Gisbert, M. Golz and G. Hiller, Eur.Phys.J.C 82(2022)164]

- [J. Fuentes-Martin, A. Greljo, J. Martin Camalich and J.D. Ruiz-Alvarez, JHEP 11 (2020) 080]
- [A. Greljo, J. Salko, A. Smolkovi& and P. Stangl, JHEP 05 (2023) 087]

- [A. Greljo, J. Salko, A. Smolkovic and P. Stangl, JHEP 11 (2023) 023]

- And others ...

Our focus for this analysis:
o Classification of the correlations in LEFT space of WCs.

e Exploration of relations among all semileptonic LEFT WCs in a systematic manner. (Connecting B,
D, K semileptonic decays, high-pr dilepton and single-lepton searches, neutrino oscillations, top
decays etc.)

@ Full CKM expansion is considered.

@ Relations and indirect bounds on WCs are calculated independent of any UV flavor assumption.
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@ The relations are based on leading order matching to SMEFT.
o Effects from dimension-8 and higher will break the relations.
@ One-loop matching and RG running effects will modify the relations.

@ So, any signal showing deviations from the mentioned relations may not necessarily mean signal
beyond SMEFT.

@ A more systematic power-counting is required to consider the effects of small CKM elements and
weaker direct bounds.




e We find 17 classes (2223 with generation indices) of relations among LEFT WCs based on the
SU(2)r, x U(1)y invariance of SMEFT.

@ Based on these relations, we find indirect bounds on WCs which are in some cases weakly
constrained in direct experiments.

@ The relations and the indirect bounds do not depend on any NP flavour assumption.

e Our indirect bounds on many di-neutrino operators e.g. (7y,v)(dv,d), (Py.v)(@yu),
(7y,v)(5vus) etc., are much better compared to the direct available bounds from atmospheric
neutrino oscillations.

@ From the observed excess in B — Kvv, we expect enhanced branching ratios for dilepton top
decays and charged-current semileptonic B decays.

o From R(D™), we predict enhancement for di-tauon and di-neutrino B decays.

@ A generalized power counting can be implemented to consider the effects of RG running, one-loop
matching and suppressed CKM elements.

o Calculation of indirect bounds can be extended to include, scalar, tensor and right handed vector
operators.

@ It might be interesting to look at a similar analysis for four-quark operators.
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Summary and outlook

e We find 17 classes (2223 with generation indices) of relations among LEFT WCs based on the
SU(2)r, x U(1)y invariance of SMEFT.

@ Based on these relations, we find indirect bounds on WCs which are in some cases weakly
constrained in direct experiments.

@ The relations and the indirect bounds do not depend on any NP flavour assumption.

e Our indirect bounds on many di-neutrino operators e.g. (7y,v)(dv,d), (Py.v)(@yu),
(Uyuv)(57us) etc., are much better compared to the direct available bounds from atmospheric
neutrino oscillations.

@ From the observed excess in B — Kvv, we expect enhanced branching ratios for dilepton top
decays and charged-current semileptonic B decays.

o From R(D™), we predict enhancement for di-tauon and di-neutrino B decays.

@ A generalized power counting can be implemented to consider the effects of RG running, one-loop
matching and suppressed CKM elements.

@ Calculation of indirect bounds can be extended to include, scalar, tensor and right handed vector
operators.

@ It might be interesting to look at a similar analysis for four-quark operators.

Thank you for your attention!
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Category Analytic relations Count
‘/lerc [ceuLL]aﬁkl ‘/Zj = UT [éx‘//dLL]paij UUB 8l (45)
LLLL V;k [c;/dLL]aBkl VT Ugcp [AuuLL]pUij UC’B 81 (45)

Vlerc [é‘L/L]aﬂkj = [égiLL]amJ U,La - Ugﬂa [él‘//dLL]aﬁij 162 (81)

RRRR No relations
[€har Rl = UL, [€)5]P7 Ups 81 (45)
LLRR [V, Lrl* = UL, &), rl?7" Ups 81 (45)
€Y .]*% = 0 162 (81)

RRLL [€are) ™7 = Vi [€Lurs )07 Vi 81 (45)




Category Analytic relations Count
Scalar (dg) Vi (€20, me1r) ™™ = [€ReLr™" Upp 162 (81)
[égd,RLRL]aBij =0 162 (81)
Scalar (ug) (620 rorL) ™™ Vig = —[€RLRL] Ups 162 (81)
[éesu,RLLR]a'Bij = 162 (81)
Tensor () [62q, ]9 =0 324 (162)
[hrrl*?7 =0 162 (81)
Tensor (ur) (62 rLrr) ™ Vi = —[€RLro]™ Ups 162 (81)
(€L, rorr)*P =0 162 (81)
Zand it | Cuanwl? = 5 cosbu ([€u, 2] Vg = Vi [€a, 21V) 18 (9)
eeuy w1 Ups = 35 080, ([ec,21™ = UL, (61,217 Uns) | 18 (9)
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EFT for processes involving b — s77 channel
et = 4GPy C;0; clo;
NG tb t54 Z + Z iYi)o

where the scalar and pseudoscalar operators are
0y = [sPr(L)b] [¢€], O = [5Pa(L)b] [ts¢] .
SMEFT predictions : Cg = —Cp, and C§=Cp.

[O. Cata and M. Jung, PhysRevD.92.055018]
Non-SMEFT effect can be parameterized as

Cs+Cp=AC, Cy—Cp=AC".

We consider the following scenarios
O SM,
@ VA: where NP is present only in vector operators,
@ SP: where NP is present only in scalar operators with, AC") =0
@ SP: where NP is present only in scalar operators with ACY) £ 0 .



-2 0 2 -2 0
Re(Cpy) Re(Cs-)
Projected bounds for the complex parameters Cs_, Cp_, Cgy, and Cpy from the expected upper bound on
B(Bs; — 77) and the expected measurement of B(BT™ — K*77) at HL-LHC/FCC-ee. Note that the SP regions
(red) are subsets of SP region (cyan), i.e. all the red regions have cyan regions underneath.
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I(q27 9[7 6V7 d))

d*T 9
= —7T 6,0 TS o2 c 2
dg?2dcosf;dcosOy dp 32w (¢°,61,0v, 9), = Iysin” Oy + I cos” Oy

+ (I5sin® Oy + IS cos® 0y) cos 26,
2 2

"(£,) + I3 sin? Oy sin? 0 cos 2¢
+ 14 sin 20y sin 20; cos ¢
+ I5 sin 20y, sin 0; cos ¢
i>/ + (g sin’ Oy + I§ cos? By) cos 6
K + I7sin 20y sin @ sin ¢ + Ig sin 26y sin 26; sin ¢
l'(lz)

+ Iy sin? 0y sin? 6; sin 26 ,
[J. Gratrex, M. Hopfer and R. Zwicky , Phys.Rev.D 93(2016)054008]

NP WCs Sensitive observables
C,(/) C,(/) Si}’c, S;’C, S3, Sy, Ss, Sg, A
9 110 AFB: B(B—)K*T+T_)
Cs+Cp=AC, Co—Cph=AC". Cs S¢+ S5, SE, Arp
B B(Bs — 17777)
(a) ‘(a) Fy,
i d(I‘+I‘)/dq2’ (By = 77r7)
Csy, Cpyt B(B— Krtt77)

Arp = 5(255 +5§), Fr=257.
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[S. Karmakar, A. Dighe, arXiv:2408.13069]



1 dr’
(dT'/dq?) dg? d cos 6. d cos 0 dx
=Ag+ A cosf. + As cosb

+ As cosf, cos + Ay cos® 6,

) g Ay- rest frame

“rest frame
Vr

+ As cos 0, cos® 6,
+ Ag sin . sin 6; cos x

+ A7 sin 6, sin 6; sin x

+ Ag sin 6. sin 6; cos 6; cos x
+ Ag sinf.sin 6; cos @ sin x .

OUR = (74" Prv,) (7, Prb)

@ Large contribution coming from O‘L/R would imply effects beyond SMEFT.

@ Our goal is to find angular observables in A, — A.(— Am)7v, that can distinguish effects of large
OLF.

[C.P. Burgess, S. Hamoudou, J. Kumar and D. London, PhysRevD.105.073008]
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The red, cyan and blue regions are allowed at 1o, 1.640 and 20, respectively (5 d.o.f). The black dots represent the
best-fit values of the NP parameters. The dashed (gray, black, green) contours indicate the allowed values of sz, and

sg corresponding to the upper bound B(B. — 7i;) < (60%, 30%, 10%).
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