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* Until now, Higgs and nothing in direct search of new

particles.

Supersymmetry Public Results
ATLAS SUSY Searches* - 95% CL Lower Limits
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Next strategy of searching for new physics

. Colliders of higher energy,
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Why EFT

ATLAS Preliminary
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T T 1T T T —

139 |'@ [1x, 8x Degen] 10 1.85 m(i)<400 GeV 2010.14293
36.1 |4 [8xDegen] 0.9 m(g)-mi¥})=5GeV 2102.10874
139 |& 23 m(i1)=0GeV 2010.14293

& 1.15-1.95 m(¥)=1000 GeV 2010.14293
139 |& 22 m(i})<600 GeV 2101.01629
361 | & 12 m()-m(¥})=50 GeV 1805.11381
139 I3 1.97 m(t'}) <600 GeV 2008.06032
139 | & 115 m(E)-m(¥1)=200GeV 1909.08457
798 |#& 225 m(i})<200 GeV ATLAS-CONF-2018-041
139 | 125 m(E)-m(¥})=300 GeV 1909.08457
139 | b 1.255 m(i})<400 GeV 2101.12527

b 0.68 10GeV<Am(h, X)<20 GeV 2101.12527
139 |5, 0.23-1.35 Am(E2,£1)=130 GeV, m(i' 1908.03122
139 | b 0.13-0.85 Am (¥, ¥1)=130 GeV, m(¥})=0 GeV ATLAS-CONF-2020-031
139 |@ 1.25 m(F})=1GeV 2004.14060.2012.03799
139 i 0.65 m(¥|)=500 GeV 2012.03799
139 |7 14 m(#))=800 GeV ATLAS-CONF-2021-008
361 |z 0.85 mt]) 1805.01649
139 | & 055 m(i.&)-mit) 210210874
139 |& 0.067-1.18 m(i5)=500 GeV 2006.05880
139 A 0.86 m(¥1)=360 GeV, m(7,}-m({})= 40 GeV 2006.05880
139 0.96 m(i?)=0, wino-bino 210601676, ATLAS-CONF-2021-022
139 0.205 m(F})-m(i})=5 GeV. wino-bino 1911.12606
139 0.42 m(¥)=0, wino-bino 1908.08215
139 1.06 m(¥})=70 GeV, wino-bino 200410894, ATLAS-CONF-2021-022
139 1.0 S(m(E])em(t))) 1908.08215
139 JRUE 0HE0EI 0.12-0.39 m(F})=0 1911.06660
139 0.7 m(i))=0 1908.08215
139 0.256 m(?)-m(F})=10 GeV 1911.12606
31 | @ 0.13-0.23 0.29-0.88 BR({] — iG] 1806.04030
139 | @ 0.55 BR(Y} — ZG 2103.11684
139 i 0.45-0.93 BR({} — 2G)=1 ATLAS-CONF-2021-022
139 &} 0.66 Pure Wino ATLAS-CONF-2021-015

o 021 Pure higgsino ATLAS-CONF-2021-015
361 |#& 2.0 1902.01636,1808.04095
361 | & [*@=10ns,02ns] e 208 2.4 m(¥})=100 GeV 1710.04901,1808.04095
139 i 0.7 10 =0.1ns 2011.07812

* 034 t#)=0.1ns 2011.07812
139 | ¥{/8} BRZr-1,BRZe-1] 0625 Pure Wino 2011.10543
139 | RAS (a2 0 2 0] _ m(E})=200 GeV 2103.11684
36.1 19 Large ), 1804.03568
36.1 055 m(¥})=200 GeV, bino-tike ATLAS-CONF-2018-003
139 m(i})=500 GeV 2010.01015
367 042 0.61 710.07171
31 |& BR(i, —be/by)>20% 171005544
136 | @ [1e-10< A, <1e-8,3e-10< X, <3e9] BRI, —qu)=100%, cosf),=1 2003.11956
139 X3 0.2-0.32 Pure higgsino ATLAS-CONF-2021-007
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1
10 1 Mass scale [TeV]

.g. muon collider, direct search.
2. Colliders of high luminosity, e.g. CEPC, Indirect effects.
a. Models (Thousands

Add /[dM

b. EFT (Model independent, data-driven
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Matching

hing

UV models

CHD
A2

(HTH) (HTH)+%(DP,HTH)(HTD”H)+-.-

C ior s
gSMEFT:)gSM_FF(HH) +

1. Construct a complete basis.

[H. Sun, M.-L. Xiao, and J.-H. Yu, 2206.07722]

2. Data analysis: simulation and fitting.

3. Matching: relate the Wilson
coefficients to the masses and
couplings of UV models.

== HL-LHC + FCC-ee =®— HL-LHC + CEPC

From Jaco ter Hoeve, ICHEP 2024



Two EFTs: SMEFT and HEFT

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

SMEFT, linear realization of the Higgs and Goldstones, canonical dimension

1 G+ 1 m? Cy
H=— . & > —D H'D)H +—H'H - JHTH? + —=(H'H)? +
<v +h+ iG°> SMEFT =5 ™ 2 HH) + 5 HH)

2

e HEFT, nonlinear realization, chiral dimension

1 2
h, U = exp < i ) FLO_ 5 —D D — V(h) + 2% F(h)Tr(D,UTDU) + -
VEW 2 4

1 h h
V(h) = —m;h*[1+ (1 + Ay)— + |, F(h) =1 +2(1 + Aa)— + -
2 VEW VEW

[H. Sun, M.-L. Xiao, and J.-H. Yu, 2206.07722]

PT)

HEFT is similar to chiral perturbation theory ( ¥ In scalar sector.

© Goldstones are embedded in the U matrix.

< Power counting use chiral dimension. e.g. pz,p4.
© However, Higgs is a general scalar, not necessarily composite.



A Geometric Picture

SM doublet (1)
He_ <¢1 * i¢2> —  § = % ¢ — O¢,where O € 0(4) > SUQ) x U(1)
V2 \#3t+idy ¢s | ,
)

—

Lowmrr = 5 AW@ - 9)(06-96) + 5B (6-3) (6-09) ~ vV (6-6) +0 (")

O(2) sym. axis

You are her
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HEFT encompasses SMEFT

| R. Alonso, E. Jenkins, A. Manohar [1511.00724,1605.03602]

from N. Craig, HEFT2021

only HEFT



Matching a UV Model to HEFT

Through matching we would like to study,
e (Could a same UV model match to two EFTs,

A. if possible, which EFT is better?

B. if only HEFT works, why?

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

simply and programmable?

SMEFT matching procedure (Covariant Derivative Expansion)

UV Lagrangian Fluctuation Operator

Functional 5
methods o2 Uv

ZLyy [’711 '7L] — dn; o

Tree-level matching
EOM — 7,

EFT Lagrangian EFT Lagrangian
(partially simplified) (minimal basis)

Identification and Reduction of

evaluation of redundant operators
(1) (1)
[’7L] > [’7L]

supertraces (CDE) IbP, Fierz identities,
Field redefinitions, ...

SuperTracer



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, 2205.01561, 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(l >, 22527/0'@_ <UZ+ \/_ ),’1:].,2,3,

72 (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



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]



Matchlng RHTE to HEFT

1
h, U = exp , LHeer D > DD = V() + TF(h)Tr(D UTDﬂU) + -

h
Fthy=1+2(1+ Aa)—/ + --
VEwW

h
1+ (1 4+ Akg)— + -

1
V(h) = —m}%h2
2 VEW

RHTE in linear form

Gt 1 1 (o + 320 V2t
H = - 9 2= =20 = = 7.:172737
(V% (UH—l—h—I—ZGO)> 2171 = 5 ( V2s- g —x0 )

GEW ~ [ coso —sino Gt h\ (cosy — siny ;0
HT ~ |\ sinéd cosé ¥t K - S1n Y COSY ZO
tan d = 2vy /vy.

1. Solve EoMs of H*, K.

2. Embed Gﬁ—LW, GV into an exponential matrix form. ?! It must be
complicated.

10



Find a non-linear representation of the UV model for
HEFT matching

11



Non-linear Form

T 0 LTT0; 1 1 »0  /oxt
H=U— . U=z=exp | - N S = 1,2
\/5 <VH + h0> P < VH 1 > QZZJZ 2 < \/523_ —Uy — >0 ! 23,

The mass mixing between Goldstones 7+ and X7 still exists.

12



Non-linear Form

|
H=U—

V2

(

vH+hO

LTT:0; 0 +
, U=exp| — zzlgigizl UEJF% V2% .
vy 2 2\ V25T —un — 3%

The mass mixing between Goldstones 7+ and X7 still exists.

>7i_172737

1
H=U—

V2

(

vH+hO

_ LTT;0; 1 1
, U=exp 2= UOU', @ =—go; =

VH

V2o

V2+¢O

\/ng_ —vs — ¢°

|

Bad news: a term of kinetic mixing appears.

<Dﬂ2TD'MZ> D - v2€3jkD,u¢jDﬂﬂk

13

2Y,H'TH
Good news: U disappears in potential, the mass mixing disappears.




Non-linear Form

1 1 < 0 ) _ 17,0, 1 1 (v +320 Voxt
- H=U— , U=ex IV — 2 —
\/5 vy + h° P vy > 22’“7@ 2\ V22~ —ouy — X0 1=1,23

The mass mixing between Goldstones 7+ and X7 still exists.

VH + hO VH 5

\/E \/545_ —vs — "

2. H=U—< ) UEeXp<m’a’1 Z=UCDUT,CI)=%¢Z'O7=1[VZ+¢ V2 ]

2Y,H'TH
Good news: U disappears in potential, the mass mixing disappears.

Bad news: a term of kinetic mixing appears.
(D, Z'D*E) D — vse3; D, D" 1 vy

|

1 * 70, 1 1 vy +9° 2¢%
3. H={— )(O » ,UEeXP LTT,0; Y — U(DUT, (D=—¢i6i=— )Y ¢ \/_¢
\/5 vg+h'+iy VEW 2 2 \/545‘ —vy = ¢°
+ Vs 4
X = 2E¢_,)(0 =0 DMHTD'MH D) VH€3]]€DM)(]D”7T]€/(2VEW)

Both mass mixing and kinetic mixing disappear!

The U matrix is separated from heavy states, to “integrate out” heavy states and leave U in HEFT
become straightforward.
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A Diagrammatic View: Find the Correct U

( + )

X iTT.0; + Vs 4

— — haddads t=2Z2p* V=0
H=U l(vH+hO+i)(O) ,U_exp<VEW> X O x

| V2 J

0 + . 0 + 0
2 = U(I)UT, (I)=l¢l-al.=l SR \/ng (ﬂls’h ’¢ 9¢ )
2 2(V2p= —vg— ¢

e Use “rotated” scalars.
e (Cancel out kinetic mixing.

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+\ ’ ( )(+ \
V301, Ol Hi = g,,l,,f),’ b= (VH +h0 + iy )
e+ \\/_ )
V301, . l

(Pr22) = (p™27) = V®/\/_ Im(¢222) ’74/\/5945122 = ¢+/\/§
VH/\/§

gmm <[)2/>( UD U)2D,uf)*l (U'D U);Dﬂf,l +(UTD U)3(D*™ — Dﬂf)z))

G 3<¢%> ((UTDﬂU)%Dﬂqb*122 — (U'D,U)3D ¢y, + (UTD,U)3D* ™ — D”q§222)>,

v@/\/z

3vg \/gv@ 3vg
)(+=——¢122—— ¢+, )(O=——’74
VH VHa Vi
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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
(U*zn DU]nD¢*...in—1knin+1--.¢ i vy _I_DU*zn U]n¢* ‘in—1Kknin41- D¢---in—1jnin+1---)

n?»n

+ (U*g DU DU U™ + DU U™ U DUI™)

(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 (RHTE)

18



The HEFT (£3)

Operators P(h)/ €%/ (Y3v®)] /(421 — Zs)

(V,VH) —2hv® — 10h%v* — 22h3v3 —23h*? — 11h%Y — 2R°
(Vuos){(VFas)  2hv° + 9h2v? + 16h303 + 14h*w? + 6h%v + h°
D, hD#h 20h?v? + 24h3v + 8h*

h2v8(4Z1 — Z3)+ h3v5(1621 — 5Z3) + +h*v* (6021 — 41Z3)
V(h) —h5v3(4Zy + 1125 — h5v%(24Z, + 13Z3) — 2h (32, + Z3)

—1h8(42) + Z3) + (—4h%v* — 10h3v3 — 8h%v? — 2h5v)YE/(42) — Zs)

Operator P(h)/ [53/(Y3v3)]
V,VEYV,V?) (h+ v)4

Vuos) (VEash(V,V?)  —2(h+ v)*
Vuo3) (Vo) (VEVYY  2(h+ v)*
V.\V,o3)(VFo3)D"h —4(h + v)3
VuV,03)(VY03)DFh  4(h+ v)3

V,.V"D,hD"h 4(h+v)?
V,03)(VFa3)D,hD"h  —4(h+ v)?
V,.\V,)DFhD" h —8(h + v)?

(Vuo3)(V,o3)DPRDh  4(h + v)?
D, hD*hD,hD"h 4
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Numerical Results (When Y; is Large)
V(H,X) = YiH'H + Z,(H'H)* + YZ(Z'E) + Z,(X'Z)* + ZH'H(Z'E) + 2Y;H'ZH

Th-e' bare mass term of 2

hh—hh hh—hh
do/dblg2s ™ (pb) do/d6]y25™" (pb)
35.00 UV Model 0.045 UV Model
______ HEFT(fz) (== HEF%zf N
34.98/— - HEFT() — - HEFTE) S ..
------ SMEFT—6 0.044r .. SMEFT-6
,
-------- SMEFT-8 ... SMEFT-8 S,
Y, > 2TeV 3496
L - ‘g
: 0.043 /s =800 GeV %,
34.94 \[s =300 GeV | Oo=n/8 ",
" Op=n/4 “'§
34.92 0.042r
34.901 0.005 0.010 0.015 0.020 & | 0.005 0.010 0.015 0.020 3

HEFT converges faster, which is same as in
WW — hh,ZZ — hh process

2504.02580, Yi Liao, Xiao-Dong Ma, Yoshiki Uchida
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While Y2 ~ 0

do/délyes™ (pb . .
7/CClo=a, " (P) After a second expansion with 1/m?2,
150 UV Model ~; do/delfts™ (pb)
: """ HEF T(fzz-) :: 80/ UV Model |
— - HEFT®) =<~ HEFT() 2
_ S 70/— - HEFT@) Al
----- - SMEFT=6 ;i -
100 - : g === SMEFT-6(£%) .__-/
------- SMEFT-8 ! ... SMEFT-8(£) /
f: 60 ;
F _ 7
\s=300 GeV ¥ 50 /5 =300 GeV J
50 - 90=7l'/4 :: Oo=r/4 -
; """ 0.00‘5“ 0.010 0.015 0.I02-0- §
Y; = 24.65 Gev Z,=1,2;=10 dor/dofZg; ™" (pb)
— — | - ¢
1 2 y .
0005 0010 0015 0029 The SMEFT’s regular part is
Power counting, consistent with the HEFT’s
SMEFT: 1/Y;
- )
HEFT: ¢ or 1/my. Y2 = — Zyv2 /2 + m2. + O(&)
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Next Plan

Y.V
) 3VH
ms, = + 2EY vy
P* 2E ¥

Parameter set 1 (41,%,,Z3, Y5, vgw, S)
Decoupling case

Parameter set 2 My, My, My, SN, Ve, €)

While m?.. approaches infinity, & could be kept as a
constant, the real model triplet model will not decouple to

the SM.
Non-decoupling case

22



Next Plan

(K )

1
1-loop Z'RHTE 2 5 (K &1 &)X ZZI
\"2)

( —8%—m?2 —2d3h—2z3h>
—(143c2 (VL VH) /242 V3V

X — 07V5V1u—2’l:(ny—’Uzs,7/'UH)VI3DlJ'

\cfy V3V +2i(cy—vssy /ve)V, D¥

cy Vi Vi +2i(cy—vss, /vg)V,2DH
—(1+4v3 /v}; ) D*—m? ;. —dsh—26h?
—2(1+v v} (VL V)4 VIV

V2V —2i(14-2v% /v, )V, DH

07V3V3“—2i(c,,—'v237/vH)Vu1D“ \

ViV +2i(14203 /v3;,) V2 D*

—(1—{—4’0%/’0%,)D2—m§)£E —dsh—zgh?
—2(1+v /v ) (VL V) +V 2V

(B.5)
D:; = 8“52'3' — g'B“eij, with 2,5 € 1,2 (BG)
Vi =(U'D,Uo;) (B.7)
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Summary

HEFT encompasses SMEFT. Through matching a UV
model to both HEFT and SMEFT, we study their distinction.

We build a non-linear representation of general scalar
extensions of the SM, which is great for HEFT matching in
functional method. The key point is that by using “rotated”

scalars, we separate the Goldstones’ U matrix and heavy
states in the UV model.

We match the real Higgs triplet extension (RHTE) to both
HEFT and SMEFT in the decoupling scenario.

Further research about non-decoupling effects and 1-loop
matching is underway.
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Thank you for your
attention!



