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Outline

e Introduction: SMEFT, HEFT and Matching.
* A non-linear framework for matching.

e Matching Higgs Triplet Model to HEFT In
decoupling regime.

 Non-decoupling regime and one-loop
matching.

e Summary.



Why EFT
* In direct search of new particles, we get constraints.
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New Particle is heavy, so it is better to study the indirect effects?

e UV theory is not known, use most general EFT operators to
parameterize NP. (Bottom-up approach).

UV theory is known, integrate out the heavy particles and match
to EFT. (Top-down approach).




Two EFTs: SMEFT and HEFT

Both are invariant under SU(3),. X SU(2); X U(1)y, symmetry and contains SM fields.

e SMEFT, linear realization of the Higgs and Goldstones, canonical dimension
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e HEFT, nonlinear realization, chiral dimension
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Pankaj Agrawal, Debashis Saha, Ling-Xiao Xu,, Jiang-Hao Yu, C.-P. Yuan,1907.02078



A Geometric Picture
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HEFT encompasses SMEFT

You are her R. Alonso, E. Jenkins, A. Manohar [1511.00724,1605.03602]

O(2) fixed point
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Non-decoupling Particles

Decoupling: While the mass of a particle goes infinity, its
contribution vanishes.

1 21042 .
E.g. Zo-oMS-xS|H". g YK /Mg — 0 (if Mg — o0)

* Non-decoupling effects at tree level

Eg. U —evyp, W g3 1
>’W\N\A/\A<N M2 > V2 (If MW —> OO)
%4 EW

Due to Higgs mechanism, My, is not a free parameter.

My, = gVpw/2 — & = 2My /vy




Non-decoupling Particles

® N O n _d eCO u pl i n g eﬁeCtS at O n e_ IOO p |eve| llaria Brivio and Michael Trott, 1706.08945
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As m, = oo, 0or m, — 00, Ap +» (

= VVew/2 — ¥, = m/vgy

BSM non-decoupling effects

Timothy Cohen,Nathaniel Craig, Xiaochuan Lu, and Dave Sutherland, 2008.08597

1. The new particle derive their masses majorly from the Higgs
mechanism. or

2. There are additional sources of electroweak symmetry breaking.

Generally they are more easier to be found in HL-LHC or CEPC.
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Matching UV Models to HEFT

Through matching we would like to study,
e (Could a same UV model match to both SMEFT and HEFT?
When will the HEFT be needed?

e The SMEFT matching is mature at one-loop level
(diagrammatic method and functional method). How to
make the HEFT matching programmable?

Covariant Derivative Expansion (CDE)

How to use the Standard Model effective field theory, Brian Henning, Xiaochuan Lu, and Hitoshi Murayama, 1412.1837

Universal One-loop Action

I'he Universal One-Loop Effective Action, Aleksandra Drozd, John Ellis, J er’emi Quevillon and Tevong You, 1512.03003

Automation

STrEAMIining EFT Matching, Timothy Cohen,: Xiaochuan Lu,:and Zhengkang Zhang, 2012.07851

One-Loop U

V-SMEFT dictionary

From the EFT to the UV: the complete SMEFT one-loop dictionary, Guilherme Guedes, Pablo Olgoso, 2412.14253

Linear Standard Model extensions in the SMEFT at one loop and Tera-Z,

John Gargalionis, Jérémie Quevillon, Pham Ngoc Hoa Vuong, Tevong You, 2412.01759
Q



A non-linear framework of UV models (2412.00355)

Matching Real Triplet Higgs Model to HEFT in the
decoupling regime (2503.00707)

Matching in non-decoupling regime (in progress),

Matching at one-loop (in progress)
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Real Higgs Triplet Extension of the SM (RHTE)

* A singlet extension, a second doublet extension (2HDM),
next is triplet.

[G. Buchala et al, 1608.03564, 2312.13885], [S. Dawson et al, 2305.07689, 2311.16897],[F. Arco et al, 2307.15693]

 The custodial violation appears at tree level with a non-
zero VEV.

The Model: the SM plus a real SU(2); triplet with ¥ = 0

Linear form

Gt 1 1 0 I3+
H( >, 22527/0'@_ <UZ+ \/_ ,’1::].,2,3,

\/Li (UH + h + ZGO) - 5 \/52_ —Vy — 30

ZrureH, ) D D,H'D'H + (D XTDFE) — V (H, 3),
V(H,X) = Y/H'H + Z,(H'H)* + YZ(£'E) + Z,(X'2)* + ZZH'H(Z'E) + 2V, H'=H

Z:s are dimensionless, Y;s are dimensional < ... > denotes trace
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Matching RHTE to SMEFT
ZrureH,Z) D DH'D'H + (D Z'D'X) — V(H, 3),
V(H,X) = Y;H'H + Z,(H'H)* + Y(Z'Z) + Z,(Z'Z)* + ZHH(Z'E) + 2Y;H'=H

~mass

FE = lE’T(—D D'—Y2—ZHHZ +Y,% - HoH - 17 (T - 2)?
_ 2 2 3 3 4 2

2

EoM of X:

(-D,D" - Y? - ZZHH)E, = - ;HGH+ Z,(T - =) X,

— |

—

> =-

1 _ _
Y;H*GH + Z(Z,. - T )X,

°  —-D,D¢—-Y}-Z3H*H —D,D¢ — Y3 — Z;H*H

Expansion with 1/Y22

1
Z SMEFT — 7
2

(if Y7 > viy)

YZHT_)H' HT_)H + l(HT—)H)TL(_D D/,{ _ Z HTH)LHT_)H—F L.
Si3H'o o > o 2 p 3 - o

2 2

T. Corbett, A. Helset, A. Martin, M. Trott, [2102.02819]
J. Ellis, K. Mimasu, F. Zamperdri, [2304.06663]
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Matching RHTE to HEFT

hU = 0\ o 5 Lp i — v + BV Fn T U DA
,U=eXP ’ HEFTDEDM D _V( )+TF( ) I'(DMUD U)+
1 272 h h
2 VEW VEW
RHTE in linear form
( ) (
G I v +30 23+ )
H — L h 'GO ’ Z — —ZZGZ —_ — ,l — 1,2,3
72 (VH + N+ ) ) 9) \/52_ e — 30
Vew = Vi + 4vg \ ) \ z /

Gaw | [ cosd —sind G h\ [cosy —siny\ (p0
H+ - sind coso E+ K o Sin}/ COS Yy 20

tan § = 2vy /vy.

1. Solve EoMs of H*, K.

2. Embed Gﬁ:w» GV into an exponential matrix form. ?! It must be
complicated.
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Find a non-linear representation
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1
H = U——| et
V2 \vH+hO

(2V_E¢i
VH

Kinetic mixing cancels

)
D,H'D'H > 2V—Z X V€3 D, D" 1] 2vey)

H
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(Vz+¢0 \/§¢+ \

2 \\/Eqb_ _VZ_¢0)

<DMZTD'MZ> D — v263jkDﬂ¢jDﬂﬂk/VEW

U does not appear in potential, no mass mixing

V(H,X) = Y'H'H + Z,(H'H)* + YZ(Z'E) + Z,(T'E)* + Z,H'H(Z'E) + 2V, H'ZH

U: ey

*
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*
*>
*
*
*

>

A

VEW . € D

Does these two rules suitable for a

general SU(2) representations?
E.g. a quadruplet, a quintet.
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Quadruplet with Y = 3/2

®111 (®3+\ ’ ( )(+ \
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General Scalar Extensions

,7 1---12...2 for positive charge
_ z m o T
1---12-.-2 for negative charge
N e
,,,,, J—y—1 j+y+l1

(D@21 ) (DB 44 i) L2 Neutral

..... Jy Jty

—(Dg*112%804%5) (D i) + (DU DUIR ) in-thninsirt g 0 L
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(4.12)

¢* T — 1km2m+1 Un—1Kkntnt1 ¢ s 1 1 1 imimd
1 Jmbma 1 in—1Jnbni1

> |G +9)UTDUY; + (G~ y)(UTDV)L| D (67 - )

+ v /V2U' DU [V +9) G —y + )D6™ — Vi —9)G +y+ )Dg]

+vs/VAU'DUY [VG =)+ y+ DD ™ = V(G +4)(G —y + Do

2yv
¢ ,,70
VH

> =G+t e VGG —y+ 1)) X =—

VH

In this non-linear representation, U and heavy states are separate.
As HEFT matching is to “integrate out” heavy states and leave

Goldstones in U form, under this representation the matching
become straight and simple, further programmable.



HEFT Matching of the real Higgs triplet extension
Non-linear representation

| |22t | 1 ve+0° /207
H=U— VH , Zqu)UT,(D:_qﬁlo_lz_ z d) \/_¢
20 2 (V207 g

Lrure(H,¥) D (D, H) (D*H) 4+ (D, XTDHY) — V (H, %),

V (H,%) = Y2H'H + Z,(H'H)? + Y2(2IE) 4+ Z,(2T%)?2 4+ Z;HH(ZTY) + 2Y;H'SH

2

. iy Y
Minimum condition  ¥Yi=-Zyi-Zpi2+Yys, Yi=-Zp"2- 25+ 3:
hy
Theoretical constraints %420 [4l2-2yZ42 1
max(0,Y3) < ¥; < Y5 Yy = e (Zlvfl +2Zvi \/Z%Vﬁ + 47, ZvivE + 16Z122v§>
Experiment constraints Vs
E=—=<0.02(Ap <0.0005) ,vpw = 246 GeV, m, = 125 GeV
VH
Parameter set (21,2, Z3, Y3, Vg ©)
. 1%
Power Counting f=-=
VH

EOMS L= Lkin(¢17 ¢27K7 ha U) - V(ZlaZZ7Z3a Y31U)§; ¢17¢2) K7 h7 U)7
oL oL . )
On [8(6NHG)] ) (K, ¢1,¢2). ¢y =dro+ b +E b+ ...
hr = oo+ Ebry + EPn + ..,
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p4

The HEFT (LO and NLO)

1
Z(E) = : —D, hD*h + — 7 v;‘,z1 hWiZ, — vy Z, — Zh“z1 -7 (vH + 2hvy + h)(V, V¥)

EY;
1 2 3 4
3(5)——4VH( vy + 4 + kv + h?) v = utD,u
% 2 62 2 u 6 2 3.,3
(&) = A WP DAD Vi Zs + ShvQZ, = Z3) + 8hvi(57, = 273)
H

+2h"VE(16Z, — TZ3) + 2h°v(4Z, — 3Z;) — h°Z,
—4 (Vi + 3hvyy + 4h%vg + 3Rvy + h*)(V,V¥)

+2 (viy + 4hv}, + 6h*vE + 4R’y + h?) (V 03)(V”63) } Custodial symmetry breaking

Operator P(h)/ [{3/(}’37)3)]

v 4 Vﬂ = UTDMU
(V,VENV,VY) (h+ v)
(Vuos)(VFEas)(V,VY)  —2(h+v)* .
Vuos)Voos) (VAV?)  2(h -+ v)' ldentities
(VuV,o3)(VFEa3)D’h  —4(h+v)3 2(V, V¥) = (V,0:0(V¥o)),
(ViVoos)(V¥o3) DPh  4(h+ v)° (V,0)(V,0) = (V,oy){(V,05) = = 2i(V,V, )
(V,V*\D,hD"h 4(h + v)? v v
(Vwo3)(VFo3)D,hD"h —4(h + v)? "~ =2U'D,UDU"
(V,V,)DFhDh —8(h +v)?

(V,o3)(Vyo3)DFRDYh  4(h + v)?
DuhD“hD,,hD”h 4
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SMEFT Vs. HEFT

do/dgIEs ™™ (pb)
35.00 - UV Model
S HEFT(£?)
34.98/— - HEFT&)
Y, > 2TeV === SMEFT-6
........ SMEFT-8

34.96 -
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T
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34.90 0.005 0.010

T

0.015

0.020

dor/d6l5"™ (pb)

0.045
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- - -~ HEFTGX

— - HEFTE) N, <. .
0.0441 .. SMEFT-6 S, =,
~
-------- SMEFT-8 AR
\
L ‘&
0.043 /s =800 GeV Y,
: Bo=n/8 A‘X
>
.
0.042f -,
0.005 0.010 0.015 0020 ¢

HEFT converges faster, which is same as in
WW — hh,ZZ — hh process
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Similar results also from 2504.02580,
Yi Liao, Xiao-Dong Ma, Yoshiki Uchida



Where is non-decoupling

ml =2Z\v} — 26wy — 4EVEQ2Z, — Z3) + O(E)

Parameter set 1 (Z,,2,, Z5, Y3, VEws &) 2 = Y;?" +2EY, vy + AEWEQZ, — Zy) + 2602 Z, + O(EY) |
: Vs T
e m2¢=ﬂ+2§Y3VH
Power Counting = oy £ 0 corres'rponds
to a decoupling limit.
2 2 > 37 2 2vi 2 éi
Parameter set (17, n., My, siny, vy, ¢) o+ g
Zy = % (c?ym;?l + sgm%{)
h '\ [ cosy —sinvy h 1 02
(K) B (sinfy COS 7y ) ((bo) 22 = 202 <ngﬁ+cgfm%{ v +H4v§ éi)
1 2vgv
Z3y = 8~C (m%{ mfl) + ke 24
oL oL . VHUS [ 77 vi + 403
6/1 [6(8MH0')] _8Ha' _0? H _(K7¢17¢2)'

— 2 fn2
t = vy /mys,

K=Ky+tK; +t’Ky+---,

1 = d10 + td11 + 2o + - -,
P2 = oo + tdhar + t2oa + -+ -,
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Where is non-decoupling

ml =2Z\v} — 26wy — 4EVEQ2Z, — Z3) + O(E)

Parameter set 1 (21,25, 23, 13, vew, ) 0 2 oy, cagiior, - 20 w222, 0.

VZ 2 ’??H

VH

2 2 "
v + 402

2 . Ys
Zy = 1 (c2m,21 + szm%()

Parameter set (1, mq%i, Mg, SIN Y, vy, &)
ZU%,

h _ [ cosy — sin 7y h 51 i ) v
K siny cos~y @° 27 22 \° M+ ey v+ 42
1

Z3 — S [S,YC.Y (m%{ — m%)

[S. Dawson et al, 2311.16897],

Scaling:

if m’.~ 0", mi~0¢"), siny~ 0@, &~ O()
Decoupling

if mq%irv@(t‘l), mK 6(t™") Non- -decoupling
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Power Counting == s £ 0 corres'rponds
to a decoupling limit.

m,+
2 ¢
'UH + 4’U



HEFT in non-decoupling regime
vi [(4€% + mi (sy +&cy)? — €°m3]  hPmlsd(26cy +s5)
8(4£2 + 1) 2£(4€2% + 1)y

h4
- SaaE pn L ™% (€8 + Dmic (626" — 1) + 76 + 18658, — dteysy — 1)

Lt =

. 2(3 26s.,) + 4€
L) = 5 Whos) (V¥ {1, [y + SN T 3] g, + 207

2
h2 [mgSW(cﬂ,(3(8§2 —1)s2 — 16€2) + 2£(9s2 — 8)s,)
: (462 + 1)mi

+E(=5s) + 285 — 1)| - 2hom(e, — 4€sy) — (46> + l)v’%’}

+ 30 +00,(4€ + (1 - 4€%)s2)

L(tl) Op: (V.VH) (V,V7)

vir(4€ey + 54)°
8m?,
_ hvp(4cy + s4)
8£(4€2 + 1)m7,

+ 28eysy[(27c2 — 16)mf — 2(4€% + 1)(5¢5 — 4)mi] + 2¢5m7 [3(4€% — 1)cs, — 8% + 3]}

{82 [c2(4(16€" — 1)m} +3(1 — 1662)m3) + 16¢%m?]

The comparison between HEFTs and SMEFT is progress.
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HEFT at 1-loop

528 | | |
= (1+268%)(DU' D*U) 656 (& — y) + (U' DuUoi) (U DU a3) 69 (2 — y) — (U DLU)?) 6,6 (@ — )

00i(x)d9;(y)

+1 (UfD“UO’O (E(,‘j + 26261363,']‘)[)“5(4)(1‘ — y)
— (1+4£%)8;;D% Y (z — y) — iD* [<U*Donl> (€15 + 262813 35) 6 (z — y)]

V. =(U'D,U0;)
Universal One'IOOp ACtion Brian Henning, Xiaochuan Lu, and Hitoshi Murayama, 1412.1837

3212 ALio0P -
M? V,=U'D,U - WE, Z
> — h(2a(V,V*) — bV, VI —bV2V}") dlog 7 g WY Tgauge Yp o 4p
+ o 0uhDH 20 (V,VY) = b(V, VY + VIVY) ] + 9°d ., B .
6M ’ W) P BT Heavy-particle only

b ) - 1. Heavy-light mixing contribution?
¢ 2. How to deal with Goldstones?
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HEFT at 1-loop

WH s WHE+WH B BC+BF H—- H+H, U—UU,

Stueckelberg Transformation (get unitary gauge)
We o OWHOt + —oorot WH— UWHDT,
g2

T 1 72

U=1+i— — + O(n°), = =m0,
VEwW 2‘%W
1 A\ A\ 1 Vo Va\
T 2
tI'(DMU D'MU) — =4 tr {71' (ED,MDIM gzﬁCﬂC/") 71'}
W VH Vi 1 /!
C — W101 + W202 + _Z 03
Cw

In progress
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Summary

HEFT is more general than SMEFT. To study non-decoupling
effects we need develop HEFT tools.

We get a non-linear framework of UV models (with general scalar
extension) which encapsulate the Goldstones in its exponential
form. Under this framework, matching UV models to HEFT become
straightforward.

We match the triplet Higgs model to HEFT in the decoupling
regime by functional method and show its numerical results.

For non-decoupling regime, we get the HEFTs by scaling method.

For one-loop matching, we are trying to embed non-linear
Goldstones into the universal one-loop actions (developed in
SMEFT matching).
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Thanks for your attention!



