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Evidence@3.5¢0 & Deviation@2.70
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Observables Experimental values SM Predictions
Rp 0.342 4+ 0.026 0.298 + 0.004
Rp* 0.287 £ 0.012 0.254 4 0.005

R}/w 0.714+0.17 £ 0.18 0.289 + 0.01

Ra. 0.285 4+ 0.073 0.324 4+ 0.004
[ NA 0.331 4 0.004
po” —0.381033 —0.497 4 0.007
Fo* 0.60 + 0.09 0.464 4 0.003

Br(Bc — 7v)

< 30% (Bc lifetime) or < 10% (LEP)

(3.6 £0.14) x 1072




Observables Experimental values SM Predictions
RL 0.699 + 0.156 0.583 £ 0.055
Br(By — Tv) (1.09 £0.24) x 10™* | (8.4840.5) x 107>
Br(B® — ntrv) <25x1074 (9.40 £0.75) x 10>




5. Others

- b — dl*(~ decay modes

- Baryonic decay modes

- Rare decay modes of K meson

- Rare decay modes of D meson

- Lepton flavor violating decay modes

- Lepton number violating decay modes
- New physics in electron

- 7 decay processes

- Muon anomalous magnetic moment

- Electron dipole moment

- Nonleptonic channels



What can this new physics be?



Ways to Address

- A model-independent effective-field-theory (EFT) approach

- Construct models of NP that reproduce the data.



Tell me the story of your favourite movie



Weak Effective Theory

“True” theory: Electroweak interactions EFT: Fermi's interactions

(%)

- Effective Hamiltonian:

G 1
Hepp = 7; Z VermCi(1) Qi -



Dimension-6 operators

Current-Current:

Q1 = (Eabg)v_a (Gpea)v_a Q2 =(eb)v_a (Sc)v_a

QCD Penguins:

Qs=(8b)y_a > (@@v-a Qi=Gabslv-a > (Gs%a)v-a

g=u,d s.ch g=uds,ch

Qs=(0)v_a Y (@@via Qs=(5absdv-a Y. (4s6a)via

a=u.d.s.c.h a=u.d.s.ch

Electroweak Penguins:

3, _ 3, _
Q7= ) (sbhvoa Y eqlagvia Qs= ) (Sabalv—a Y. egl@ata)vsa
q=u,d.s,c,b g=u.d,s,c,b
3 _ 3 _
Qo =5 (sbhv-a 3 eldgv-a Qu= 3 (Sabslv-a > g (Gagalv-a
g=u.d,s,cb g=u.d,s,c.b



Magnetic Penguin:

€
ﬁmﬁao“”(l + “r{'))b&F'uv

Qr =
Mixing:

Q(AS =2) = (sd)y-alsd)y-a
leptonic/semileptonic:

Qov = (Sb)y—_alAp)v

Quo = (8b)v—a(Pr)v-a

Qsc = —mbeao“” 1+ 75T, dbg("“

Q(AB =2) = (bd)y—a(bd)v-a

Q104 = (8b)v—alfip) 4

Qun = (3b)v—alfip)v—a .



Feynman Diagram

u,G,t uet
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Top-Down Vs Bottom-Up

Top-Down

» Start with full UV-complete theory

» Integrate out heavy fields (limit on possible vertices)
» Generate mathematically simpler theory

» Wilson coefficients defined by variables of full theory

_V2g?

Gr =75 Suppressed by
SMy “heavy” scale
Bottom-Up
» Build basis of operators without making any connection to a UV complete
theory

» Wilson coefficients entirely unspecified



Main Ingradients of EFTs

- Fields: Determine the relevant degrees of freedom.
- Symmetries: What interactions? Are there broken symmetries?

- Power counting: Expansion parameters, what is the leading order description?



EFT Tower

Energy scale

'
ABHM

Apsm

myy

iy,

m,

Agep

Very heavy UV theory
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Matching +—
BSM theory
Matching )—
SMEFT

EWSB & Matching —

LEPT
Matching )—

LEFT' (without b quark)
Matching )—

4( Non-perturbative matching )—

Chiral perturbation theory
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HEFT, SMEFT & LEFT

Standard Model Effective Field Theory (SMEFT) :
1
Lsuert = Lsm + —Ch)f) ®+ = e ZC(S}O 9+0 (—,;) .

i
@ Includes SM fields only.
o Follows SU(3)¢ x SU(2), x U(1)y.
@ 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:

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

@ LEFT can be derived from HEFT by integrating out the heavier particles — W+, Z, Higgs and top
quark. 15



SMEFT (= ====~ . HEFT
2499 : Uvaf' >3701
operators 'o o oo - ! operators

W, Z integrated
out

Running

W=, Z,h,t LEFT
3701
operators

@ More number of operator in HEFT/LEFT than in SMEFT = relations among HEFT/LEFT WCs
@ Relations among HEFT/LEFT WCs — indirect bounds

@ Violation of these relations = physics beyond SMEFT



What is SMEFT?

SMEFT is a “bottom up” effective field theory that describes SM
interactions with new physics under certain assumptions

1) Assume that new physics is above some high energy scale

2) Assume that new physics Lorentz and gauge invariance

= Build every possible operator at each order in mass dimension from
the existing Standard Model fields

Ci(Q(") Higher (mass) dimension
Lsmert = Lsm + Z An—_lél operators suppressed by

Vi,n>5 \/ NP scale

Pro: We make no Con: LARGE number of
connection to any Wilson coefficients!
UV-complete model



Warsaw Basis

X3 ‘Pﬁ and £p4D2 ¢2<P3

Qc f ABC?;‘”GEPG,?# Qp (0'p)? Qep () (l_per‘/’)

Qf, ;:i;/fi]ﬁ:” Wii”;i‘; CQ;Z (Pg:s:;l*]éﬂz) ) Zw (w:w) (tipm@

o EUKWJVWJPW}(# " ©'Dyep dp (p'0) (Gpdrp)

XZLPZ ¢2X<p IIJZLPZD

Que | oo Cj,’?uGA“” Qo | GowerloWl, | QW | (oD, o) GrHt)
Qwé oto GquA“" Qen (l_pa #ep) o By prsl) (pti B : ®) (l_pTI’Y“lr)
Quw | e WEW | Quo | Go*THu)FCh | Qu @D, p)(ente,)
Quw | #eWLW™ | Quw | @omuw) WL, | @R | (#iDue)@re)
Qo | ¢'eBuB* | Qu | @Go*w)FBw | QN (¢"i DL o) @' 4)
Qs | PBuB” | Quo | @ TAd)eGh | Q| (61D, o) @ru)
Quws | @ WLB | Qav | (@omd)r oW | Qu (@'iD. o) (drdy)
Quws | #'TeWiuB"™ | Qs | (§0"dr)pBuw || Qeud | (@' Dup)(@py*dyr)




Warsaw Basis

(LL)(LL) (RR)(RR) (LL)(RR)

Qu (Ll Ty™t) Qee (Emuer) (Envier) Qe (B yule) (@rPer)
9| @)@ | Qu | @) @ate) | Qu | (k) @)
QR | @wma) @ Ta) | Qu | (Gmd)({dordy) | Qu | Gl )(diytde)
Ql(;) (Tvude) (@7 qr) Qeu (EBpVuer) (W™ us) Qqe (TpVugr) (Es7 et)
QY | Gur)@ ) | Qe | (Ewer)(dir dy) W (@) (@u)
QY | @maur)drde) || QR | (@muTAar) @y T hur)
QY | @ )@ TAd) | Q% | (@vuer)(dsrids)

(@

Q;(:i) (@uTa:)(dsy"T*dy)
(LR)(RL) and (LR)(LR) B-violating
Quede (Tie)(d.q) Quua B, [(d)TCuf] [(¢¥)TClE]
Q0| @uen(@d) | Quu e [(g57)TCqf¥] [(w))T Cer)
Q94 | (@T*ur)ep(@TAdL) | Quag *Bejkemn [(427)TC] [(@7™)T O]
Qe | Beesn(@ue) | Quuu £ [(d2)TCuf] [(u))T Cer]

Ql(:;u (l_;awer)ejk (‘ﬁ‘ﬂwut)
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1-4: Bosonic Operators

1 X% [Lg) 2. H° PTG A& X |LG)
Qu Qs (HIHP Qua (HHIGALGY |Qus  (H'H)B,, B
Qz 3 HiD? PG| Que (HTHGALGY |Qyp  (HH)Bu B
Qu Quo  (HTH)O(H'H) || Quw (HTH)WL W |Quw e (Hir/H)WI, B
Q Qup (H D M) (0 DrE) Q5 WL Wi Qo (1 I B

5-7: Fermion Bilinears (&%)

non-hermitian (LR}

5 gRHP L

he. PTG

6: VAXH ¢ he LG|

Qe (HTH)(,

Que (HH)(GoucH) ||Qep
Quu(H'H|(gud, H)

) || Qe (B, ) HW,

(Fpart*e ) H By

e

Qua (@, T u G, | Que (G0 T, HG,
Quw (G us ) AW | Qaw (Guo™d, )7  HW,
Quo (g u ) By |Quo

(g,0"d,)HB,,

1
r

A
e

T wiHD hermitian -+ Qo [PTG|
(LL) (RR) (RR') + h.e.
QW) (H'D  H)iG#t,) |Que (HUD  H)Eyv ) | @ it Dy H) (,7%d,)
Q) (H D) (Er' 0 e,) |Qu (01T L H) (0,

Q) (@D )G ) |Qua (11D L H) (s
Qi) @B G )
8: Fermion Quadrilinears (%) [PTG)
hermitian non-hermitian
(iL](f.L} (RP](}?R] [EL;[PRJ [ER)[!:R] + he
Qu EnbdEots) Qe EnediErre) | Qe (Gt e[| Qie  (@udeglald)
QY @vnedEare) | Qu  (EeedEatw) | @u Goddimaru) | @, (@7 ) @T )
&Y @)@ ) | Que dpd) (@) [ Qu Eb)idatd) @, (Bee(iiu)
QG NEate) | Qo (Eued(@ate) | Qg (@181 ee) QI (e ey (Hot )
Q' Gt Na e [ Qe (Eredldard) (@R @) (mat)

QY (e dotd) | @
QS (m T u W d T | QL

(@ T g (B T )
(@iatte My dde )
QL (GnTte T d,)

(LR)(RL) + he.

Qredy

(e i)
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Making connection with UV-complete models

> When sufficient Wilson coefficients have been fitted, need to connect to UV
complete models
Integrate out heavy states of UV-Complete theory
Run resulting Wilson coefficients of BSM theory and SMEFT theory to same scale
Can compare consistency of (non) vanishing Wilson coefficients and general self-
consistency
» Allow us to reject or support UV-complete theories

E

4

Y VvV V

Integrate out heavy
DoF from UV-

i Céuprr(Anp) Cuv(Auyy) | complete theory

ANP ~

SMEFT Wilson coefficients
measured at. Mg

Csmert (M)

22



SMEFT (dimension

b — sll [2408.03380]

+ SMEFT operators:

Q) = (i )(@nﬂm) Q' = (') @' a) |

Qu = F )('fﬁ' de) Qfg = (@i7u4;)(Exv"er)
Qea = (Eiyue;)(diyde)

- The matching conditions between the WET and SMEFT operators are given by

1 )
Coe = N ([ Ntz + [F Mz + [C gelaau + [P“m + P“m] (=1 + 4sin® 911')) .
. 1 : (12 ()2
Cue = W ( Celasn — [(g,, Juza — [ m’]uzn +[CL® + ) 5]) )
1 .2
Coy = W ([Cealuzs + [Cealnzs + Ciﬂ(-l +4sin’ By)) .
‘ 1 y ;
Cle = N ([( ealiza — [Cealuza + (3:1) . (

b— cro,
- WET operators:
NCE (B9 ) (Toyuves)

- Tree-level matching condition to SMEFT operator:

(—_1.; 57 Vo [(Tm]'ms 1

ZJ\H 23



b — sy & A

b — Sy

- WET operators:

NCL(EVPLb)(57*(1 = 75)14) + NCr(57, Preb) (5:9*(1 = 15)v5) + hee.,

- The matching conditions between the WET and SMEFT operators are given by
Cy = ([(“”Lm — O ]ss)

AF = 2 Observables

- WET operators:
(03 Lisii = (diyuPrd;) (din Pedy)
(0515 = (diy Pued, ) (diy" Pudy)
(0% Migis = (A Prd;) (diy Pady)
(00 i = (diy PLTd5) (diy® PrTdy)

- Tree-level matching conditions to SMEFT operators

[(ﬂ’ LL]UU‘ _{[ “)]uu + [(‘nq)]m})
[(TH LR]mJ’ = '[ ]vm

~V8.LR:
(Caa™ igis = [( ]UJJ

(€0 asi; = —[Cadlisis. 2%



b — svi: SMEFT

r

SMEFT

HEW

LEFT

Hp

b

Q) = (H''D ,H) (5,7,
o) = (HY DLH) (3,'7a,),
(m‘ﬁ H) (d,y"d,),
= (lp7"1r) (deyudy),
= (b
=l

1) (@s7u4t) 5
L) (@7 vuae) 5

(1)
(3)

O = (E’y“PLb) (I?ify"PLVj)
OR" = (57uPrb) (7" Prv;)

[— operator structure highly

constrained by Left-handed neutrino

25
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DSMEFT

K*’\
v—Q:5 Y(4S) @
5%

o) = ('4D,H) (g1"a), SMEFT
of) = (HYDLH) (37",
Qua = (H'iD ) (dydy),
Qu = (5p7"1) (dvuds),
QY = (1,7":) (T7u2e) »
QY = (') (@' va) s
Hew

LEFT
@ = (57,.PLI7) Viq“PLuj)
op = (s'y”PEb) (V,W“PLV])

T

K*‘\
-0 @
(-

Dark SMEFT
example
Qup = (Gpd-H) ¢
Quy = (dpyud:) (XV"X)
Qix> = (quTH)XMX“
Qga = (Qp7uqr) "a
| Dark LEFT
Od& = (prdRrWz
O M = (dipyudis) (Ra7x0)
Olxx = (dupudir) X" X,
Ok, = (diyyudir) 0*a
example

2011 Kamenik, Smith

2014 Duch, Grzadkowski, Wudka

2017 Brod, Gootjes-Dreesbach, Tammaro, Zupan

2021 Criado, Djouadi, Perez-Victoria, Santiago

2022 Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)
2023 Song, Sun, Yu (basis@dim-8)

Axion-like particle, see also H.Y.Cheng, Phys.Rept 1988
2020 Bauer, Neubert, Renner, Schnubel, Thamm
2023 Song, Sun, Yu (basis@dim-8)

2022 Aebischer, Altmannshofer, Jenkins, Manohar (basis@dim-6)
2022 He, Ma, Valencia (basis@dim-6)
2023 Liang, Liao, Ma, Wang (basis@dim-8)
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DSMEFT

Can DSMEFT operators explain the Belle Il excess,

while satisfy other b — s bounds ?

Observable | SM | Exp Unit
B(B* — K*vp) [416+057 | 23455 |10
B(B® — K°7) | 3.85+0.52 <26 10°
B(B* — K*tvp) | 9.70£0.94 <61 10°
B(B® — K*wp) | 9.00+0.87 <18 10°
B(B, - ¢vp) |993+072| <5400 | 10°°
B(B, — vp) ~0 <59 104
B(B* = ntvp) | 140+0.18 <140 107
B(B® - n°vp) | 6.52+0.85 <900 1078
B(B* — ptvi) | 4.06%0.79 <300 107
B(B® = p'vp) | 1.89£0.36 <400 U
B(B® — vP) ~0 <14 104
B(Kt — ntvp) | 8424061 | 10.6749+09 | 1071
B(Kj, — mp) | 3.41+0.45 < 300 101
M T

Dark SMEFT
Quy = (@d,H)p+he., Qugp
Qg = (‘Ip"/»% (W’ly%) Qpa =

scalar:

O = (@0e) X7*x),  Qax = p7#dr)(’7“x), [ fermion:2 ]
Qinx = (Qpﬂp»dr)HXW Qux> = (G4, H)X X+
Q= ((j,,’y”qr)a“a Qia = JP’yﬂd,)B“a
Dark LEFT ~—
= (dipdr)p+hc, Ol = (A (it P ),
O = @y mudir) (Ra¥*X6), O™ = (A Yulr) (Xa"X0),

0% = (drpouwdrr) X1
O%, = (dyyyudir)0a,

Olxx = (dipvudir) X" X,
OF = (JR,,'*/,‘dRr)@“a

27



vSMEFT

Systematic Analysis based on Effective Field Theory with vg

1
L= Lsu — Y, LHvg — SV Mpvr + ¢ —— Mol

Contributions to ON2B from non-standard (dim 6) interactions

o
Ex) Dimension 6 operator
New! VR 1 _. _
L0 Fidge, Qui
C;EG) /AQ

*Work for production of sterile neutrino DM

28



vSMEFT Operator Basis

L =Lgn+ gﬁ i a‘_(d)@gd)
= i
@E‘” are invariant under SU(3), x SU(2), x U(1)y
Dimension 5 (LNV operators)
O,y = (LH) (H'L) Weinberg, PRL 43 (1979) 1566

Onn = (N°N) (H'H)  Aquila, Bar-Shalom, Soni, Wudka, 0806.0876
Aparici, Kim, Santamaria, Wudka, 0904.3244

Onns = (N°6**N) B,
B,=0,B,~0d,B, o= é (7.7

Oug =0 for n,=1 (n,is # of Ns)

29



vSMEFT Operator Basis

Dimension 6

Initial set of operators (redundant)
Complete set of independent operators (basis)
# (+h.c.) =5 (9)

Onw = Lo No, HW],

Higgs-N operators

Aguila, Bar-Shalom, Soni, Wudka, 0806.0876

Liao and Ma, 1612.04527

1H | Oyg=Lo"™NHB,,

Ul | Oy = Nv*N(HUDLH) Oy, = Nore(lI1iD, H)

3H Opxn = LHN(H'H)
4-fermions 11 (16) 3(6)
- Oy = (N7, N)(Ny"N) J’ Oxnnw = (NeN)(N°N)
Z | Ow=@En®rN)  Ow =@ ) | |, | Occw = @Q)EN)

Oay = (dy,d) (N N)  Ogune = (dy,u)(Nyte)

Ouaan = (ud)(d°N)

LLRR

Ouy = LuL)(N4*N) Oox = (@3Q)(N1*N)

LRLR

OLnpe = (ZN )€(Ee) OLNQd = (IN)F(Gd)
Orion = (Ld)e(QN)

LRRL

Oquxe = (Qu)(NL)

n,=103): 29 (1614)
operators including h.c.

30



vSMEFT Scale

e A ~ O(1-7) TeV
NSMEFT
e v ~ 0(100) GeV

NLEFT

memmmmmmm E ~ 0(1) GeV

31



Thank You'!
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