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How to organize BSM predictions?

Simplified Models Effective Field theory
SM+gluino+neutralino DOFs:g, n, d, l, e,

I =2sn +igTg
H. Bu, W, Gu

+Mi Symmetries:
SU(3) xSU(z) x4(1)

E
I =Ism +dSmEr



The Standard Model as EFT

"Heavyphysics decouples"
· Only SM dofs
· Symmetries: Lorentz + Su(3)xsu(z)x4)

Realize electroweah symmetry
lineary or non-linearly

↑ ↑

SMEFT HEFT



SMEFT(r =0)

LetI be an O(4) vector

5 -0

IdentifyH= i (9,"C
S.t. XHY=0 > 194) FO



SMEFT(r =0)

IsmEF+=A(IH) (2H + B(IH)(2 (IN12)]
- Y(IH) +0((Y)

A, B, are real analytic & origin (H) =0
=>have convergentTaylor expansion & IH =0

(A(0) = 1 => canonical norm)
Think of 9,as Cartisan coords on manifold

G =0 is invariantpointunder O(y) transformations



HEFT (v =0)

Non-linearlyrealized sym breaking
0(4)/0(3) Calan, Coleman, Wess, Zumino (1969)

Polar coordinates:
↑ (physical Higgs)
↑(Goldstone bosons)

n,
=πi/v

G =(v +h)i w/i = I n=Tz/r I43 =is/v

1 -niit.S n.n =1 n=



HEFT (v =0)

0(4) transformation: h =h,n =0n
=>i in non-linear rep

IHEF+= [E(n)] "CC23" +[rF(n5sn
- V(h) +0(2") Xh) =0

(E(0) =1 is canonical norm)



HEFT (v =0)

Does HEFTknow that THY =W?
Alonso,
Jenkins,

=>there mightbe special place
Manohar on manifold hy: -V where

(A5M)
1605.03602 0(4) symmetryis manifest

Determined by F(hx) =0
#

h =hxexists -

HEFT- SMEFTpossible



HEFT - SMEFT?

Map: IH
=

I. =I(u +h)2

12H1 =[(64) =(24) +i(r +h)(85)

(2(1/2)
=(9.65) =(r +h)(6h)

2

Naively.
IHEF+IN14-

+Y(IN) + OCEY) Analytic & IH1=0?



LightBSM and Analyticity
Given Zur integrate outheavyState
=>IIPI. Expand and truncate - REFT

We will use functional methods

1) tree exchange
2 examples, x-x -X

2)loop exchange
*281,2484 xx +XbyTC, Lu, Zhang



Tree Exchange
Extend S'Mwithsingletscalar $

2Bm =2,S(-62 - m2 -x(H).S'- alHS' + bis

Integrate outS' using EOM (neglect2):

S[H] =5 (- m2 +(/H12 +mablH
=>Vc=Vsm -3(m2 + (x/H12)[(m2 +(6(H12)

2
-3abI

+ 3((m2 +(1H1)) - 2cb/H2]*



Tree Exchange SMEFT

Expand

VicVsm -35(m2 + (x/H12)[(m2 +(6(H12)
2
-3abI

+ 3((m2 +(1H1)) - 2cb/H2]*

in IHMm2=) Local SMEFTexpansion



Tree Exchange HEFT
Butif M2 =0 ...

W
1201

=Vsn + 35/3ab(/H14 - 24H76+
3/2

(- 2ab/1+x(HY)]
is non-analytic about 1H1 =0

=>HEFT (will revisit)
Similar storyfor corrections to 18H*( (HH12)



Loop Exchange
Singletextension w/ a =b =0

2B5m =2,S(- 62 - m2 -x(H).S

Leading BSM correction at one loop

Coleman-WeinbergUse functional matching I for VILPE
S

m =m2 +r2 =>(d12!=ilog det((2 +m2 +(211(2)



Loop Exchange

2,PI=I2H)2 -MIH+I Xu/H*

+ (m2 +12/H4)2)InT E)
(6/112)2

When m2F 0 -expand to derive local SMEFT

non-analytic!but M =0 =log (Mkh1H) => need HEFT
Iwill revisit)



Is AnalyticityEnough?
Does requiring A, B,

Ibe analytic
ensureSMEFT?

Field redefinitions do not change physics
(mustbe analytic and include linear term)

Cannotremove non-analyticityw) I redef
Whataboutusing redefs ofh?



Field Redefinitions ofh
Let

2 =i) +2)Y) +I(r +h))))- v
-(1 +

+2)IH

) INY2 -51-
Looks like no SMEFTexpansion...



Field Redefinitions ofh

But let h,
=h+ th2 (win?fin)

=>Gah,=(+)Gah
and (v,thi)* =(v+h)2/+) 4 =u

=>I =I((h)+(r, +h.)(65) +V
=16H,1 + =SMEFT!



Field Redefinitions ofh

We learned thatanalytic field redefs
of h can obscure analyticityin
terms of H.

Field redefs within HEFT can

obscure SMEFT
When should/mustone use HEFT?



Practical Criterion

One should match onto HEFTwhen

integrating out a state whose mass

is near for below) the electroweak scale

Check radius ofConvergence
for EFTexpansion



Practical Criterion

Radius ofconvergence:
Iam- /H2m 3 Xh

=Em(m-1)(2m-1) cm(E)*wh
=>if 1er and caul

=>SMEFT does not converge



Applying the Practical Criterion
Revisitsinglet loop example
01-100 =142 (m2 +(2/H12)(InT+E)
SMEFT, expand in ESMEFT

HEFT, expand in HEATan
so that m2)1 +Esmer) =mys(1+*neri)



Applying the Practical Criterion

V1-100 =12(m2 +(2/H12)(InT+E)
Gnax 2(-1)"

VSMEFT...+d -
n =3k(n-1)(r

-)
EsmEEr

XVHEFTC..o +En-2) HE



Radius of Convergence
Define r =y
S.t. r- 2 as m2 -x

-t
*SMEFT M r> 1: both convergeThen

*HEFT~
or:Sorge
r =0; SMEFT does

not exist



Rate of Convergence

Correction
Correction * to

to f hY
↳3 X
I



Curvature Invariants

We saw examples where particle gets
all ofits mass from Higgs
=>SMEFTdoes not exist

But could be obscured byfield redef

Want basis independent check

Goal classifyUU theories that require HEFT



Curvature Invariants
(A5M)

Analog w/GR: define metric on modulispace

Note (22)=(Sij +)(2ni)(banj)
=>2HEF [E(al]"(62)2 +2 (wF(n)) "(6w)2

=>metric Sun:
E

9ij
=vk4bij+) I



Curvature Invariants

Sun:
Es

metric
9ij

=vF4bij+)
Ricciscalar

R =

- q((22F) - (2n)(=nF)]
+(l-(rnF)2]



HEFTis a Black Hole

Conjecture: Checking finiteness ofRV
is sufficient.

Two classes of models need HEFT:

·
BSM StategetsConical singularityall ofits mass from H

Horizon: BSM sources of symmetry
breaking



Conical Singularity
Ex: Singlet w/SIH*dS =tree level

=>R(h =

- v) =Nq(Ng + 1)

finite w/m20 but diverges as m2 = 0

Ex: Singlet w/ STH = loop level
=>R(h =

- v) =i2mzNq(Nq+1)
butRIm2=0=e->-4 --v



see our recentapplication to

Horizon C the 2HDM in arxiv:2304.09884)
We provide three examples in paper.

Rely on "EFTsubmanifold"picture
Ex: Abelian toy model m/vers for

5physical
vac

I ↳ physical
> E vacMBsM
y
-

SMEFT x
M5mO

fixed no SMEFT
fixed trajectary point trajectorypoint

=>HEFM



Non-Decoupling New Particles

Does HEFThave experimentally
viable UV completions? "Loryons"

We characterize all Loryous satisfying
· Color singlets have integer Elm charge
· those possessing Elm Charges decay promptly
· Fermionic Loryons introduced in pairs so we can
write custodially symmetric Pukawa couplings



Loryou Catalog,SUITYR
· custodial irrep 5L, RII

Notation
· S'M charges (C, LY usi,

sas, saszic

Mustget at leasthalf their
mass from the Higgs - Candidate
UV completion of HEFT



Loryon Catalog



Loryon Catalog
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LEP fermionic Loryous
I WE

↓

Open parameter
↑ space!
Wh

⑰
direct
search->

Double use
precision-
I(ofcolors... C El Guitaria,



I I
Scalar

Loryous(ar,1g
↑unitarity

Open
parameter
space! ↑direct searches



Future Prospects
· HL-LHC Higgs coupling improvements on
(By and (y rules out colored tripletscalars.

· Improved precision on (zy will also have impact

·Higgs Wavefunction deviation has minimal impact

0
=(2112)2

projected constraint. 1.4 Ter



Future Prospects
Higgs cubic coupling constrainthelps

(uttg Scalar LoryousHL-LHC
q

Tr -
Higgs cubic
HL-4HC

-

L

y -

current / *

direct unitarity
Searches His Improvements



Can EE determine if electroweak
symmetrycan be linearlyrealized
around scales of 0 (ma)?

· Dedicated studyneeds to be done

· Probe remaining Loryon parameter space?
· Explore models with extra electrewest

symmetry breaking (see our [HDM example)

·Unitarity violation 24 in GoldstoneHiggs
Scattering seeTC, Cinig, Lu, Sutherland [artir:2108.03240.]


