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A CHOICE OF TWO EFTS FOR THE SM

At low energy scale, heavy new physics looks like

some new contact interactions. >£< @X

One can encode the contact interactions as EFT
operators:

Gt
« SMEFT: built out of the Higgs doublet @, ... ®= ( (UHJthGo))
ki~ |O°Qudde; Ky ~ |O)|DO)T; Ky~ |®]°.

Sl

e HEFT: built separately out of the Higgs h and U = exp (%)
Goldstones iy, ...

ki~ hffr; ky~hOmtOn™; Ky~ h.

Motivation: ® modification of EWSB @ improve EFT description if not decoupling

A
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SMEFT Matching

The UV Lagrangian is a combination of the SM Lagrangian and the one describing
the interactions among the BSM states and between them and the SM

e Scalar singlet L, = %(DMS)(D”S) — %Mgss — (ks)SHTH

— (\)SSHH — k3858 — (r44)8S8S

1 1
(D,E*)(DHZE®) — §M§ (B°E*) — ke H'E%0H +
N —Qa 1 —ar—ma
— Az(EE )(HTH) — Zna(:. =4)2

e Scalar triplet L: =

—

EFT Lagrangian EFT Lagrangian
UV Lagrangian Fluctuation Operator (partially simplified) (minimal basis)

Identification and Reduction of

Z 1(1:21 [”L]

Functional
methods (s uUv

Zuv ] = 0=

evaluation of redundant operators
-

> Z g}T [”L]

IbP, Fierz identities,
Field redefinitions, ...

supertraces (CDE)

SuperTracer

Borrowed from
arXiv: 2012.08506
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SMEFT Matching
e Scalar doublet (2HDM)

L = (D,H1)' (D"Hy) + (D, H,)' (D" Hy)
V = Y\ HIH, + Y, HiH, + (nHIHQ + h.c.)
7 2 g 2
+?1 (HIHl) n 72 (H;HQ) ¥ Zs (HIHl) (H;HQ) + 7, (H{HQ) (Hgﬂl)

{2 ()" + 20 (i) (i) + 2 (1)) () +he.p

) ot
H; = e I , j=12
! (vj +nj +1ix;)/V2

Neither H; nor H, is the Higgs doublet H in the SM.

V-
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SMEFT Matching
e Scalar doublet (2HDM)

The canonically normalized (gauge-covariant) kinetic energy terms of the scalar fields
are invariant under arbitrary global U(2) transformations. Therefore one can perform
an appropriate global U(2) transformations to the so-called Higgs-basis.

@ Pure Goldstones
H]_ — ]_ H2 ==
- v _|_ hH _|_ ? /1
\ﬁ ( 1 2

Pure Physical States
upto Mixing among
: Physical States

Identified as the BSM state that can

. be integrated out as
SM Higgs doublet a single object

N
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HEFT Matching

What happens in the matching between the HEFT
and the UV mOdel? Not easy, but doable!

In the UV model, find ; and h@ices diagonali@)
TriVia | D then integrate out all the BSM particles.

Problems: @ vevs ® mixing ® complex UV parameter space
However, this is another difficulty, that usually the operators in the
HEFT are not written in the form of m; but U.
(D, U'D*U)  (U'D,Ua3) (U DFUo3)

Further though the HEFT is an EFT with only SU(3). X U(1) o,
symmetry, its operators are written in an SU(3), X SU(2); X
U(1)y invariant way.

This talk: some algebraic trﬁs for the scalars.
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HEFT Matching

Non-linear Representation

T 0
IntheSM H exp(% ” LJFL) Goldstones
V2 T V2

e Scalar singlet, trivial, just use the above expression for the
doublet, diagonalize the two neutral scalars, identify the light
one as the SM h and integrate out the heavy one H

. | | 1:v+hf 3 0 = HT
Scalar doublet % 7 U(w) (1) H f%) (\%(thA)

V = YiH[H, +Y;H}H, + ()—»H+n— +h.c

Z 2 7 :

5 (HIHl) +32 (H;HQ + Zs (H;‘Hl) (H;‘HQ) v Z (H{H2) (H%‘Hl)
VA 2

+ {—5 (H{fﬂg) v Zs (H{Hl) (HlTHg) v Z (H;HQ) (HIHQ) + h.c.}

2
s N
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HEFT Matching

Non-linear Representation

T 0
IntheSM H exp(% ” LJFL) Goldstones
V2 T V2

e Scalar singlet, trivial, just use the above expression for the
doublet, diagonalize the two neutral scalars, identify the light
one as the SM h and integrate out the heavy one H

H +
e Scalardoublet #, ="M | . Mo =U(w) H
V2 1 (pH |
2 1 Z(hy +34) [ ansu(2), x

U(1)y rotation
H e . C. parametrized by

: the Goldstones
+ Zs (H;‘Hl) (H;‘HQ) v Z (H{H2) (H;fﬂl)
Z 2
n {—5 (H{fﬂg) nya (H{Hl) (HlTHg) nys (H;HQ) (HIHQ) + h.c.}

2
VR

V = YiH{H, + Y, H}H, +

PN

7 2 gz
+71 (HIHl) i 72 (H;H2
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HEFT Matching

What happens in other cases?
Can we do this trick for other scalar multiplets?

e “Unitary basis” excises Goldstone modes from real triplet. (Cohen, Craig, Lu,

and Sutherland 2021)
* “broken phase EFT” (unitary gauge) removes the would-be Goldstone fields

from complex triplet. (Liao, Ma, and Uchida 2025)
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HEFT Matching

What happens in other cases?
Can we do this trick for other scalar multiplets?

e “Unitary basis” excises Goldstone modes from real triplet. (Cohen, Craig, Lu,
and Sutherland 2021)

* “broken phase EFT” (unitary gauge) removes the would-be Goldstone fields
from complex triplet. (Liao, Ma, and Uchida 2025)

Do we have a “Higgs basis” representation for other scalar
multiplets, or at least a representation similar to the “Higgs

basis” in which the Goldstones can be factored out?

IBS-CTPU
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HEFT Matching

What happens in other cases?
Can we do this trick for other scalar multiplets?

e “Unitary basis” excises Goldstone modes from real triplet. (Cohen, Craig, Lu,
and Sutherland 2021)

* “broken phase EFT” (unitary gauge) removes the would-be Goldstone fields
from complex triplet. (Liao, Ma, and Uchida 2025)

Lesson learned from the 2HDM case

v+ h{ 3 0 — Ulw H+
h=r U (1) o =Ulw) (\%(h?—i—z’/—l))

After splitting the Goldstones, there is no mass mixing in the
potential.

* DFSZ models for axion
* 2HDM parametrized in another way (P. Ciafaloni, and D. Espriu hep-ph/9612383)

A
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HEFT Matching

Scalar triplet as an example Rotated by Goldstone matrix

vvop=3 (210 07%) B = Um)dU (n)!

No mixing terms (except between neutral states) in the potential
2
V = Y2H'H + Z,(H'H)? + Y2Tr (%) + 2, (Tr(sz)) + ZsH'HTr(X'Y) + 2Y3HTSH

ORI PN CR 0k (v+h%)° (v+h7)°
G0 o ot h) Wt h)

= Y; 5 7 + Y2Tr(®?) + ZyTr(®?)? + Z3 5 Tr(9?%) — V3 5 b3

However, kinetic mixing exists

Lyin = D,H'D*H + Tr(D,XD"Y)
09130 0)2
M N
2 4
+2Tr(®UTDFURUTD,U) + 2Tr(UTD*U(®D,® — D, 39)) ,

\

—U’ngkauqﬁjauﬂk/’u + ...

(D, UDFU) + Tr(D*®D,®) + 2Tr(®®D*UTD,U)
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HEFT Matching

Scalar triplet as an example Rotated by Galdstone matrix

v -I-G50 ¢1—%¢2
seop=3 (1090 5) 8 =U(n)eU(n)'
Not in ”ng s basis”

No mixing terms (except between neutral states) in the potenti

s.not t?\e g@l would-

V = Y2H'H + Z,(HH)? + V2Tr(=TS) + Z (Tr(sz:)) e 23 THTY (5
o (v+A°)? ny (v + A% +Y2Te(32) + ZoTr(d2)? + Q%dSt?ne m‘altﬁlx

=Y,

Lo by
However, kinetic mixing exists
Liin = D,H'D*H + Tr(D, X DY)

 9,h0orn0 N (v + h0)?

2 4
+2Tr(®UTDFURUTD,U) + 2Tr(UTD*U(®D,® — D, 39)) ,

\

—U’Egjkau¢jauﬂ'k/’u + ...

Tr(D,U'DFU) + Tr(D @D, ®) + 2Tr (9@ D*UTD,U)
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Non-linear Representation of Scalars

HEFT Matching

Scalar triplet as an example

qb_ v/ 1+2¢£2 0 - ,
(witae )= 2 (it ) €200

'LO"ﬂTz_I_ 5 ( 01H2+O'2H]_))

U—exp( m
@gM (', HE) + &My(r', H) +

U’ is the real would-be Goldstone matrix

M; can be solved order by order using Baker—Campbell-
Hausdorff formula

A
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HEFT Matching

Lessons learned

» After splitting the Goldstones, there is no mass mixing in the

potential.
Convert the mass

* But kinetic mixing generally exists.  mixing to kinetic mixing

@ D O(Dp+ D[ PO

We can do more!
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HEFT Matching

Scalar triplet/,DoFS; 3 DoFs: 1 DoFs: 3
SR E©R7 R = ((UH ‘{_&4_ Zﬁ) )
1 [ms+ 9" V29 |
g%i0i =3 ( 26 vy — 0),— DoFs: 3

1
= 5 ({DLRTD"R) + {(RR")D*U'D,U) + (U'D,U(RD"R' — D"RR")))

- -
DO

Yo = UDUT, &=

cip - Lorsi,s

1 R .
= —uu(U'D*U(Dyup + Dyup")) + ...

Cancel each other —— #= —ZiZ—E[ag,(I)] ~ —25—2(@01 — $r09)

vy,
pt=2-=¢% p3=0
UH

A
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HEFT Matching

Lessons learned

Huayang Song IBS-CTPU

» After splitting the Goldstones, there is no mass mixing in the
potential.

Convert the mass
* But kinetic mixing generally exists.  mixing to kinetic mixing

@ DO+ D[ PO

* Total degrees of freedom should be correct, which indicates
that the singly charged (CP-odd neutral) particle is just the

physical singly charged (CP-odd neutral) scalar up to a
normalization factor.
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HEFT Matching

General multiplets

Unlike using the vector representation of SU(2), we introduce the tensor

representation .
Diikim- = Pijrim--)

Under a SU(2) transformation, ¢, jxim... transforms as
Lyprdigrkagplayme

We can promote U to the Goldstone matrix, and split the Goldstones and
physical states

_ grlagpaggkaglagme
cbifklm'" — Ui Uj Uk Ul Un ¢11]1k111m1---

where ¢;_ j k,1,m,.-- IS composed of physical states.
The Kinetic term becomes

+ (U*ﬁ;DUgjD¢*..-in71knin+1---quin_lein-’-lm +DU*%:U£:¢*..-in71knin+l-._qumin_ljnin-‘-lm)
+ (U*p DU DUy Ui + DU Ui U*ir DUY)

@™ i Rmimr inaRnin g gy i 1ein Linina
tm—-1Jmtm41""tn—-1Jntn+1"""
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HEFT Matching

General multiplets

Without loss of generality, we assume that y > 0. The index of the neutral
component is given as
1 ] L . 1 2 L . ] 2

J—Y 1ty
and the indices of the charged components with unit charge therefore can
be
1---12---2 for positive charge
N—— N~

Jj—y+1 j+y—1

1.--12-..2 for negative charge
S—— N~
J—y—1 j+y+1
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4_
. j X
HEFT Matchin Hi=Ulb;, b=| 1 0
g ¢ 7 (’UH + h+ix )
General multiplets 0 _2y’0¢no
The mixing in the neutral sector vH
U™y DUImD@* in=tknint i gy o ingaee + DU UIn g™ = tknind i Doy i1
i—y Jty—1 Ji—y Jjty—1
:)U*;j_yHDUfj_y_l_quﬁ*l“'122'“2¢1_,_122_,.2—|—DU*;j_yHU{?j_qub*l“'122'“2D¢>1,__122_,_2
‘ijy—J ity—1 i—y jty—1
_ e Dl | o
4‘[I*?_yljlﬁﬁ_yl)¢*1".112.“2¢1..-112---2'+'Lnj*?_y(hﬂ_y¢*1".112"'21)¢1,_,112___2
—— ——

ji—y—1 ity ji—y—1 ity

—2iC,* | DD O )6/ CE,) + (DU 0D G )6 )|
#2CHL (U1 DOLDE \/CH,) 6 G + DUV D8 1O 1/, )|

= |G +»)U'DUY + ( —y) (U DU)}| (D™ ¢° — Ds°6™)

> (j+y)(U' DU + (G — y)(U' DU D (6™ - ¢°)

V2
= —ivy |( + y)(U'DU)3 + (j — y)(U' D)} | Dn = —i2yvy(U' DUY3 D°

A
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4_

HEFT Matching =0/ 5=( o, ¥hiio)

vz
General multiplets = 2(/G=9G v+~ - Vi+9)G -y + D¢

VH

The mixing in the singly-charged sector

*in J *eoip _1kning1e- . o J 1kning1- .
U knDUi:D¢ " o ¢ """"" 1Initn41-" +DU kﬂU n¢ in—1knin D¢ """"" 1Jnin41

i—y jty—1 i—y jty—1

——
w«l-2-112...92 #1e-2122...2
SUTYTvHDUE L D¢ ! Pl... 122 2+DU FTRUL L0 2 D$1...112...2

i—y ity— i—v ity—1
i—y—1  jtv i—y—1 ity
i 1 «l-2-122...2 o w«le--112--.2
+ U *DU;._ D¢ ¢1...112...2+ DU YU _ ¢ D¢y...122...2
j—y—1 ity Jj—y—1 ity

—2iC, WDV G, ) N CFL,) + (DUTDRDS" O, )6 12|
+ 250271 1[<U*DU)2(D¢> JJCE /TP + (DUTUR (D /[T, ) (8% cfiy]

=U'DUY [VG+9)G—y+ DDé™¢° - V(i =) +y+ 1)Dg 6"
+UTDUY [VG =G +y+DDé 6" - VG + )G —y+ 1D 6™ ]
S0y /VRUTDUY: [V +9) G~y + D)D" = /(G = ) +y + 1)D¢"]

+0/V2UTDU [VG =) +y T DD =G+ )G — v+ )Ds"]

P20
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HEFT Matching

Complex scalar triplet
Lot (H;, Ayj) D DFHID,H + (D,A*)(DFA) — V(H, A),

LR = 2g02) (U DLUNID*¢™2 - (U D,U)3 D"
+HU'DLU)3(D"¢™ — Do) ),

2UA
X =——¢12=—
UVH

¢+a XO = ——T1A
VH
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HEFT Matching
Quadruplet with Y =3/2
EQuatruplet (H,;, @’ij) 2 DMHTDMH + (Du(_')*ijk)(D”@ijk) T V(H7 @)7
LE™ = 3(¢222>((UTDMU)%DM¢*122 — (U'DLU)3D 122
+ (UTDnU)%(D”(b*mz — D”¢222)),

3vg V3v
X = =2 higp = — 2
VH VH

¢+7 XO — _—@774
VH
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HEFT Matching

Quadruplet withY =1/2
EQuatruplet (Hi7 @’ij) 2 DMHTDMH + (Du@*ijk)(D”@ijk) o V(Ha @)7

& = (¢122>((UTD/JU)%(2D“¢*H2 — D"¢a2) + (U'D,U)3(D*¢**** — 2D¥ ¢115)

+ (U'D,U)3(DH¢*1?? — D”¢5122))=

+ _ \/_U@

X (65 — 267 /V3), x° = ——n4
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HEFT Matching for real scalar triplet

unitary +
V. =UDU — W, Z,

1 1
=5 0uh0"h - —mihz —d1h® — 2 h* + i (203 — dvnsyh + 282R%) V2V
(v} + 4v% + 2 (vgey — dvssy) b+ (c + 4s ) h2] (V,VH)

4
1
[ doh? — zh3 — 2 (vESy +4dvsey — 3syeyh) (VVHF) + (vsey — sycqh) V.!?V?)‘u K

+
+ [(vs — 8,h) V, VI —i(sy + vsey/vg) VP (hD* — D*h)] ¢
+ [(vs — syh) VjVB“ + i (84 + vscy/vH) V‘u1 (hDH — D*h)] ¢2
. K
+5 (K o1 62) X |
P2

— d4K3 — dgK gt ¢ — 2K — 2 KY — hK gt ¢~ — K26t ¢ — 20 (6797’

—8%2—m?2 —2d3h—22z3h? _ _
(1+3C )(V V”}/2+02V3V” C’YV#}VZ{L+22(C~,—UZS—Y/UH)V£D“ ca,V#fVS“—Qz(C,Y —vgsw/vH)V“lD.u

—(14+4v2 /v ) D2 —m? | —dsh—z6h?
— | &, V3VF —2i(cy—vxs, /o) VZDH ( = 4 VIVHE4+2i(14202 /v, ) V3 DH
X Y"1 ( Y 7/ ) ji —2(1+U%/U%)(V#V“)+VI}V1‘L ©nr2 ( E/ H) m
— (14402 /v?, ) D?—m? , —dsh—zeh?®
ey V3IVE 42i(cy—vnsy /vm)V,; D* V2V —2i(14-203 /v%,)V,2 DH ( =/ H) gt TIOTED

—2(14vd /vl ) (VL VR V2V

y 249



Non-linear Representation of Scalars Huayang Song

IBS-CTPU

HEFT Matching for real scalar triplet

Primary (Pratical) HEFT mii ~ m%r( ~O@rt™), mp~uvg~siny~&~O@EY)

v [(4€7 + )mk (sy + €cy)? i] hsmii s?f(2§c7 + 84)
8(4€* + 1) 2£(4€2 + 1)vy

{ 2,82 [(452 +)m ( 6(26% — 1)ct +7¢2 + 18635, — 4fc,s, — 1)

Lhppr(t™) =

h4
8E2(4€% + 1)2vEmi

42 (9 3662)ch + 3(862 — 3)c2 — 366cds, + 126e,s, — 462) |} + O()

Dymij: (3sy(cy — 28sy) + 4€)
(€2 + yml, | +oum]

2
+3 Lvvmy {—(452 +1)v% — 2hvg (cy — 4€s,) + % [cq,s,v (452 (- 452)53,)

(Vuas) (VFa3) {52?}?{ — 2hévy sy + hs., [sf; — &+

l\:JIn—\

Chppr(®) =

2 2 2 2
. ) ¢i s+(3(86 — 1)cys2 — 16&%¢, + 2£(9s3 — 8)s,) 4
- 255 —1 h
+&(—5s5 +2s5 — 1) + (& T Dk + O(h7)
1 h3m3 (s3 — &c3)
+ = D hD"h + SthH( —&sy)2 = —h2m§+ 2§:;H 1

him2
24€%(4€2 + 1)%vm}5,

+ (4€% 4+ 1)%m [ (38@ 5+ 2587 + 19(62 — 1)s2 + (16 — 416%)s ) 352]
— 20(4¢% + V)mEm3.s? [5%57(7 —9s2) — CT((ﬁf —3)s2 — 452)] } +O(R)

2 Yu O 1
——< —2vyg — 2h
—l—QLU(O yd) QR x 2\/5{ vy Cy

N h2s2[€c2 ((4&* + 1)m3 — ﬁmii) + ey ((462 + 1)m3, — 3m§i]) | 2§mii}
£(4€2 + I)UHmQK

y -

+

{4m¢3T [35,(cy — 265,) + 45}2

+ (’)(hs)} +h.c.
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HEFT Matching for real scalar triplet

Primary (Pratical) HEFT mii ~m%i ~ O, mp~ovg ~sing ~ €~ O

Operators WCs (Lhgpr(th)) WCs (L4Y5pp(t?)) siny ~ € ~ O(t))
——t—h®mis.(4c, + s
25(4541);1;{ ) el ) ! ""2) L 1 | Zema hmhsy (46 + 5,)
(VMVP:> X {2& [CT((4E + 1)mK — 3m¢i) + m¢:|:] * 2 2
0 0 ) X [2mg (€ + sy) — my (4€ + 3sy)]
+ ::.Ys,), [224{ —|2— )my — 3my. |}
- (4=‘fz+1}m‘§<h Y MhSy — L hPmis,
(Vuos) (VFas) | x {26[c2((4€% + 1)m¥k — 3m2:) +m2:] TE 5
0 X ) X [2mi (€ + sy) — My (4€ + 3sy)]
+ ¢y8,[2(46° + 1)my — 3my. |}
Operators WCs (LYppr(th)) WCs (Lppr(t?))
(VuV#) (Vi V") v (4€cy + 57)°/8mi Vi (4 + 1) /8mi
(Vo) (VFas) (V, V") —fqv%(élé‘% + 57)/2m%( —f'U?H-(f-'lf + sT)/2m%(
(Vuos) (Voas) (VFVY) v} /(46° + )m} gy /m?.
(Vuos) (VFas) (Vyos) (VVas) beuy | o - m} €203 (m2. — m)/2mym’.
(VuVyo3) (VHas) DVh v (€ey + s4) /(462 + 1) mi Aévy (€ + s,,,)/mii
(VuVi) D*hD"h —4(§ey + 57)2/(4‘52 +1)m —4(£ + 5’}‘)2/méi
(Vuos) (Voos) DFhD"h 2(€cy + 5,)/(4€° + 1) m ¢i 2(€ + 54)%/m3.

c 27422
(Vuos) (VFas) DD h ey, (5[ (468+ Dmic = 3mg. ] Sy (M (€ + 5) —mGs (46 + 35,)]
+ €5, [2((462 + 1)m¥ — 6m2:) +2m2.] } My
55 21 (42 2 2 2
D. hD*hD. LD h 252(462_{_;)21%”1?{ {fC,Y [(45 + l)mK - E'mqﬁi] 5,%, [m%((f + S’F) — mii (45 -+ 35”}
N v
+ cy54[(4€2 + 1)ymY — 3mii] + 2§m§i }2 262vFmY;

Y208
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HEFT Matching for real scalar triplet

Primary (Pratical) HEFT mii ~mi ~ O, mp~uvg ~singy ~ €~ O

Operator Wislon coefficients
(QLUQR) (V,V#) + h.c. 3 (Yo + ya) 7 2;;{”*
(QLUG3QR) (ViV*) + hic. 30— ya) 5
(QLUQR) (Vius) (Vo) +hee. 3w+ va) (- 5522)
m BeLy
(QLU03QR) (Vios) (VFos) + he. 5(yu —ya)(— %@:%;{1) = 3 — va) [4{‘{_{1}:‘“3
(QLUIV,0s]QR) (VHos) +he. (3 + a) it
@
(QLUV,QR) (Vias) +hc. (Vo — ) o
~ 29m?, |3s, 26(2-3s2 4624 1)e,m2, (Eco +5y
(QLUQR) DuhD*h+ hic. (g + ) A [gcfkizm;ﬂnim;)cm“g =),
K
s?,{m2+ [33.,:: +2-§f2—:i3'—§.)] —(4£2+1)c.,m'f{f€<:.r+s.,J}
(QuU03Qr) DuhDFh + he. 2(yu - - VEIEMEE ) vpmi,
22 :
(QUUWVioslQr) Dkt he. 3o —va) R ™
_ IV (E ey +8y
(QLUV,.Qgr) D*h + hec. (yu+1sl'd}(T£§:§1)—mJ:l
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HEFT Matching for real scalar triplet

Y3 =39.75GeV,Z2=1and 23 =0.759

dor/dal;2;™" (pb) dor/déls,™ (pb)
35.10| UV Model UV Model
leeees HEFTIS) 2200, ... HEFTI®) ; d
|— - HEFTi&") — - HEFT(&") /
BO0F. ... SMEFT-6 2181 ... SMEFT-6 B , d
SMEFT-# ' SMEFT-#
_ 2.16| d
35.00 |
. -~ 214, T ——
| /s =300 GeV o F /s =500 GeV e,
r— o [ By=n/8 [Fe=~
34.93] 212
z_m:L
0005 0010 0015  o0o20 - 0005 0010 0015  o0o20
HEFT converges faster Both EFTs break down

near the resonance
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HEFT Matching for real scalar triplet

Y3 =24.65GeV,72=1,73=10 After a second expansion with 1/m¢+, 1/m,2<
dor/défz2 ™ (pb) dor/défz2 ™ (pb)

150 UV Model 5 : 80| UV Model

|----- HEFTi&%) : ’. [«==== HEFT{) /

l— - HEFT(&) : ' api— = HEFT)

feiee SMEFT-6 0 [eie e SMEFT-8(%)
100 it f |

SMEFT-§ + SMEFT-8¢")
: 60|

| \5=300GeV i

s fo=mid 501 /s =300 GeV
._-__,_'_.,.:..- -r...-. N T Y gL NEES— Hﬂ_}ﬂd
40! P
| I— i i i : i i i PR I L e l o o i
0.005 0010 0.01% 0.020 & 0.005 0010 “--EI.DIE- 0.020 &
Power counting,
. 2 :

SMEFT: 1/Y; ~1/9 The SMEFT’s regular part is
HEFT: ¢ or l/mg. consistent with the HEFT’s
The breakdown of SMEFT is due to the presence of V2= —Zp32 + m¢+ + O(&)

another source of EW symmetry breaking, which is
noted by (T. Cohen, Nathaniel Craig, Xiaochuan Lu,
Dave Sutherland 2008.08597).

Amplitudes can be parametrized by different
forms of operators (SMEFT and HEFT operators)
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HEFT Matching for real scalar triplet

§=0.02, mg =800 GeV, my+ = 799 GeV, 0 = /4, Vs = 300 GeV

5x10° -

4x10° -

2x10°% -
\ 1%10% -
¥

\

S,

-0.2 -0.1

L |

| |

‘. |
1!- 3x108 - ’ :
| j

L J

/

----- pHEFT O(t™")

- pHEFT O(°)

-------- dHEFT O(t")
----- - dHEFT O(?)

Z,HEFT O(f°)
Z,HEFT O(t")
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400 |

200

IBS-CTPU

0.05
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Summary

 We build a non-linear representation of general scalar extensions of the
SM, in which the would-be Goldstones are explicitly factored out.

 Such a representation is suitable for HEFT matching.

Wefirstly perform the tree-level matching between the real Higgs
triplet model and HEFT beyond the leading order. (One-loop results and
HEFT matchings for other scalar models are under checking and will be
published soon.)

« We study the hh, WW,ZZ — hh scattering in the real Higgs triplet
model within the framework of the HEFT and SMEFT, and re-discover
the failure of the SMEFT due to the existence of further contributions to
the EW symmetry breaking.
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Thanks for your
attention!
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HEFT Matching

Can we do more?
e Recall 2HDM

Huayang Song IBS-CTPU

e, = (q)%v q)n) — % [(Un + "777,)]l + 21¢n], o, = —¢n;aj

\ non-linearize

1 .
b, = U(C) (I)glu)’ (I)gl) — % [(’Un + hn)]l + lcnjO'jpj] ansatz

Apart from the physical CP-even neutral fields h,, some dependence on three

further real physical Higgs fields p; (j = 1, 2, 3) remains, which correspond to one
CP-odd neutral and two charged Higgs bosons.

The coefficients ¢, ; (n=1,2;j=1, 2, 3) are real constants, which can be

determined upon requiring canonical field normalization (no mixing between
the free scalar fields {j, p;, hy).

()

2 . U1 /
Clj=—?5_51n)8’ 023‘:;5(305/69 v = U%+U%'

P>-N%



Non-linear Representation of Scalars Huayang Song IBS-CTPU

HEFT Matching

Can we do more?
e Recall 2HDM

This is clearer in the following parametrization

P12 = ( b1 P2 ) P21 = ( $2 ) Do =12 P77

Under a SUL(2) x U(1) transformation, ®;; — exp[iT - @]|®;; exp[—its - B3]
the larger group SUL(2) x SUR(2), ®,; — exp[iT - @]®;; exp[—iT - J]

Though one can not decompose the Goldstone matrix in the form of

®1o =UH12» U=exp(if/v)exp(iTG/v) H,, =cl+7T-y

P10 = UMi3 M, is not necessarily hermitian
TL _ TR
3 3 GO

0 = 1 +4TL - & +iTRe =1 +iTLG, +iTEG_ +i >

o
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Non-linear Representation of Scalars

HEFT Matching

Can we do more?
e Recall 2HDM

Making an infinitesimal gauge transformation specialized to the broken generators
-~ TE — TR
0 =1+iTT - &b +iTRR =1 +4TLG, +iTEG_ +i=2 > 3 Go

Acting with such a transformation on the vacuum configuration

y v1 y V2
v1 + G~ V2G4 .
Z\/§G_ Tfu—l Vo — iGo 1;)—2
Goldstone bosons and massive excitations must be orthonormal for the kinetic

terms to be diagonal.
o ( Relao] +i(Go + Ag%2)  VE(HL % +iGy ) )
12 —

0e ®12 =

VR(H-% +iG_%)  Relfo] +i(~Go% + Ap%)
G -7, [ Relag] +iApg*%2 V2H, 2
P15 = expli ] .
v V2H_%  Re[fo] +ido%

hep-ph/9612383 A
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Non-linear Representation of Scalars Huayang Song

HEFT Matching

Can we do more?
e Recall 2HDM

Making an infinitesimal gauge transformation specialized to the broken generators

_ TL_TR
0 =1+iTT - &b +iTRR =1 +4TLG, +iTEG_ +i=2 > 3 Go

Acting with such a transformation on the vacuum configuration

v1 + ZG()T;—l Z\/§G+ %
Z\/§G_ Tfu—l Vo — iGo 1;)—2
Goldstone bosons and massive excitations must be orthonormal for the kinetic
terms to be diagonal.
G-T Relap] +iAp%2 \/§H+”71

A2 2 Re[Bo] +ido%

1 _ _
5 0uGOMGTx((Miz) (Miz)") + Te(8, M120" M},)

0e ®12 =

P19 = expli
v

T = STe(D,, (UM2)(Du(UMi2))']

4
V1U2

hep-ph/9612383 A = 21}—2”_&(6,,,@%8%40) =0

%Tr(’?au@((Mlz)a“Msz — 0" Myp(Mi2)'))
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HEFT Matching

Scalar triplet

L% = %D“hD“h + iv‘lzl — h2?Z, — Rz, — z11h4zl — i (v? + 2hv + B?) (V,V#)
L(¢Y) = % (—v4 + 4h%v? + 4h3v + h4) (4.6)
2
L(E%) = yoe) {8h2D,hD*h +v°Z5 + 8h*v* (271 — Z3) + 8h*v* (521 — 223)
+2r40% (162, — 7Z3) + 2h°v(42, — 3Z3) — h®Z3
—4 (v + 3hv® + 4h2v? + 3h%v + ) (V,VH)
2 (v + 4hv® + 6h%0? + 4h3v + h?) (V,o3) (VH
F2 (074 dho" + 6h°07 4 db% + 1) (Vo) (Vo)) Operator P(h)/ [€3/(Ysv®)]
Operators P(h)/ [53/()’31)3)} (V,VEXV,VY) (h +v)*
(VHV“> —2hv5(421 — Z3) — 1Oh2v4(4Z1 — Z3) VHU3)<V”03><VVVU) —2(h + '2))4

(Vyos)(VFEas)  2nv°(4Zy — Z3) + 9h*v* (42, — Z3)

Vuos)(Vuos) (VEVY)  2(h+ v)*

D, hD*h

20h20v%(4Z1 — Z3) + 24h3v(4Z1 — Z3) V.Voos)(VHa3)D'h  —4(h+v)?

1

+h3v? [v2(4Z1 — Z5) (1621 — 523) — 10Y7] V,V#YD,hD"h 4(h + v)?

(

(

(
h2vt [v2 (42, — Z3)? — 4Y{] (VaVoos)(V¥o3)DFh 4(h +v)?

(
+3h*? [v2(42) — Z3)(60Z; — 4173) — 32Y] (V,os)(VFEa3)D,hDYh  —4(h + v)?
(

—hPv [v*(421 — Z3) (421 + 11Z3) + 2Y7] V,V,)DERD"h, —8(h + v)?
—3h8 [v* (421 — Z3) (2421 + 13Z3))] (V,o3)(Vyo3) D*RDVh  4(h + v)?
D,hDFhD,hDh 4

£
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