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SM/SMEFT

Linear realization

Sl iy
V2 \v+h+iGY)°

Operators built from Higgs doublet H
G“ and h are symmetry partners
G“G” and G*h amplitudes can be correlated

Leading E” growth doublet correlation
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SM/SMEFT HEFT

Linear realization Non-linear realization

H = i ~V2iG? ioln!(z)
V2 \w+h+iGY)’ U(z) = eXP( N ) ,  h singlet
Operators built from Higgs doublet H » Goldstones live in U(x)

G and h are symmetry partners * Motivated by strong coupling scenario

. e Higgs Iinteraction enter through generic function:
G“G” and G*h amplitudes can be correlated 99 9N 9

h h?
Leading E? growth doublet correlation Fi(h) = (1 + 2K, . 4+ ng)

| O(h3)>

V2

.+ G“G” and G%h amplitudes can vary independently
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EW Restoration

* We are probing energy far above the electroweak symmetry breaking scale
E>v>~246GeV .

- We start probing the limit my,, m,, m;, — (. Massive amplitudes start
converging to the massless amplitude predicted by SM

- Goldstone Boson Equivalence predicts W;, Z;, — Goldstones up to

O(my/E).

Wi ) O X (14 O(m3,/E?))

Cornwall, Levin, Tiktopoulos (1974), Lee, Quigg, Thacker (1977), Chanowitz, Gaillard
(1985), Bagger, Schmidt (1990), Cuomo, Vecchi, Wulzer (2020) ...
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Correlation among di-boson production?

q «Gi/GO q\\ E G::/GO
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—/ \‘G:F h, - \\\ -

q / / - G__/h

qq —» W W[, qf' = W>Z,, q@' — W h, q§ — Z, h

Goldstone equivalence at high energy

Werd el eell e e e
W W~ «+«— GtG~ Zih «— G°h

The question is not just “is there energy growth?” but “which channels grow together?”
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Literature Review

* Restoration via test of Goldstone Boson Equivalence Huang, Largb;)wis and Liu

Take the zero-vev theory and compare to the SM in high-p; for Vi channel

* Restoration test via Radiation Zero Capdevilla, Han (2024)

Transverse sector — restoration of gauge symmetry. EW restoration shows up as a
characteristic radiation-zero in the amplitude.

: : : - Franceschini, Panico, Pomarol,
» Correlation among di-boson production in SMEFT Riva, Wulzer (2017)
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Dimension-six SMEFT

m GO
q\\ /Gi/GO q\ ,/, ) /
Q'vvvvvvvvvv.::, .:\\\
/ Wz . / i
q S GF/h 7 i s )

qq — W," W, q¢' - W2, q@' — W;"h, q4 — Z, h

They contribute to quadratic energy growth

C.
| M |* ~ —E?
Az

1
Qly =

ngl = We only keep upto interference term:

M? = |M5|\/|‘2 -+ QReMsmMESM + | S
N
ocAL2 /C\_i

QH'u,d —
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Dimension-six SMEFT

m GO
q\ /Gi/GO q\\ ,/, ) /
Q'vvvvvvvvvv.::, .:\\\
/ Wz . / i
q S GF/h 7 i s )

qG — W W, q3’ — WEZ,, q3 — WiEh, q§ — Zih

These operators are built out of

/v Triplet curret:
JI{I,M — HTUIi?qu Jé?,u — QL’YMO-IQL

I,p 71
JQ" JH

Singlet curret:

<—> B —
Ju, = H'% 0 ,H Jou = @r'qr, Jou= Q" QL

JeJu, T4 Ju,
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SMEFT Correlation

To O(m?/s) SM SMEFT
M(Q—qil- — WI:JEZL) 11 41
M(q-q, = Wi h)
M(q-G+ = Zrh) = M(g-q+ = WIWL) ||, o T
- T 3 3
V2M(q-q,. — Wih)
M(qrq- — W W) ] .
M(q+q- — Zrh)
Mg+ — Wi Z1) _ -1
M(q+q- — Wi h)
_ 3
M(q-G+ — Zrh) — M(q-q+ = W W) 9°Ty o4 Cér;
M(q-G+ — Zih) + M(q-gq+ —» Wi W;)|| — ¢%Y] e

If these predictions are not confirmed, one of our assumptions must have been
wrong:

1. & not part of a doublet.
2. Scale of new physics not very high and dimension 8 operators cannot be ignored
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HEFT upto NLO operators

q - G/GO q \ .- G=/G°
\\"\A/\MMMN‘::, .::
/ W/Z T / -

q ~GT/h q "~ GF/h

g — WW,, q§ — WrZ,, q — WEh, qG — Zih

They contribute to quadratic energy growth

We only keep upto interference term

Higgs interaction enter through generic function:

=1 QrY'TV,T Qr Fr(h), )
i h (2) h
= i Qry*UTV, TU Qg Fs(h) Fi(h) = | 1+ 2k; " + K,
i

T 4n

| (’)(h3))

V2

Tr(Wu [VH,V]) Fa(h).
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HEFT Decorrelation

To O(m?/s) SM SMEFT HEFT
M(q-G, — WEZ1) » " _ cag — 8w (nf’ 4+ n7)
M(q-q,. — lefh) o - 8 (mni’2 — mn?)
M(q_c7+ — ZLh) . M(q_cj+ — WE_WL_) 2Tq 2Tq 87!'(1 — I$5)TL5Q -+ Tg (C3g — &7 [(1 + m)n? -+ (Kﬂ — 3)?’&?])
3 3

V2M(q-q, — With)
M(g+q- = WW,)
M(q+qG- — Zrh)

87 (k1ns — k7n?)
. . ng + T3 (ng +ng)
mgng + Tg(mzan + ngng)

M(q+q- — Wi Zy) B 1 _ n?—ngF2in?
M(q+3_ > Wih) 3 — Kang - ;

KoMy — KgNg F 21 Kan,

01(5?3 8m(1 — Iﬁ:s)n? + T3 (c;;g — 8 [ (1 + K,l)n? + (k7 — 3)n$ )

CS; 8m(1 + /s:5)n5Q + T3 (c;;g — 8m [ (1 — m)nf2 — (k7 + 3)n§2 )

M(q-q4+ — Zrh) — M(g-q+ = W7 W) g°T4
M(q-q+ = Zrh) + M(q—-q4+ - W W) g'?Y/
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WTZ/W™h

W*Z/W*h (Longitudinal) W*Z/W*h (Helicity Summed)
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Tagging gauge boson polarizations and comparing W*Z/W™h at high energies
probe linear vs. non-linear realizations of the EW symmetry
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WTW=/W™h

W*W~/W™h (Longitudinal) W*W~/W™h (Helicity Summed)
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SMEFT/HEFT seperation not clear when comparing
neutral current and charged current final states
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Zh/W'h (Helicity Summed)
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SMEFT/HEFT seperation not clear when comparing
neutral current and charged current final states
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Phenomenological Observable

Define binned longitudinal ratio:

Lt do(pp — W::Z)/dp:,W
Zh = do(pp — W=h)/dp}

Small HEFT coefficient can produce large deviation at high-p

o W]j—LZL has already been observed through joint longitudinal polarization measurements.

G. Aad et al. (ATLAS)
(2025)

» W*h provides proming HL-LHC target

approximately 10% in W*h - *v Y44 Colyer, Duda (2029)
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Pr < 1TeV, HEFT
deviation can be

14 TeV LHC

significant
W+Z/W*h (Longitudinal)
— SM
SMEFT: cugz=1/(15 TeV)? cup=1/(5 TeV)?
HEFT: n;=1/15000, «k;=1 ¢3=1/1000

linear == == quadratic

- -
Y70/ "Zhsm
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Projected Sensitivity

SMEFT

1.0 : - - . T
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ny

Significant reduced sensitivity comparing WZ-only vs
ratio analysis in SMEFT

In HEFT, n€ has improved sensitivity in ratio analysis
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Summary of Results

» V;V, and V, h are correlated in SMEFT

o(pp = W Z;)
o(pp — W;-h)

 Observable:

Provides a probe to study deviation from SM/SMEFT pattern.

Ratios of longitudinal dibosons provides probes of the Higgs symmetry structure.

THANK YOU!
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HEFT Lagrangian

SU(2), x SU(2)g — SU(2)y

ac =1+ Aac, bc =1+ Abc,

1 o o v 1 a a pv 1 v
[,0: —ZGW/G & _ZWMVW g ——BMVB’M

h h?
Fc(h):1+2acz+bcﬁ+---,

4 Vv, = (DU, T = UsyU"

2

;@Mha“h U Tx(V,V*) Fo(h) — V (h)

V, — gLVug;r-J, i gLTg}L-J.

+iQ QL +iQrPQr+ i LLPLy +i LrIDLp
\?/’5 (QLU Yy(h) Qg + h.c.) \% CLUYi(h)Lr+he) o (1) e SU);
1g:r2 As vaéauu. gy () = eXP(’iOfY(iU)U:s/Q) c U(1)y

U(z) = exp(ig ”I(”")) H(z)
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To O(m?/s) SM SMEFT HEFT
—/ 4+
M(q_qi_ — W ZL) 11 N _c3g — 81 (n¥® + n?)
M(q-q, — W h) = N
- 3 87 (kin% — k7ns)
— + — (1) 3
MAi(](_qt/—) WML/E;L ) |_v3 (Tg shy Yf) Clig +2T5C, | 57 ng + T§ (cag — 87 (ng — 3n7))
MQ—q+ — Wi h) ZCW (1)\/5 % . 87 (kang — fs7n7 2)
— q q
peszan | e [GL] et
— L ‘w 2Cy kany — Krng
q 1 717
M(q+q— = W;W;) sty Y Crygq 8 (ng + TI(nS +n?))
M(q_qs — WIW:) 2 T9 1 2 v (1) 2 ~(3) ] 5
LW wis ' w¥r Cho+2T4Cy, 8mng + T4 (csg — 8 (nf — 3ns))
= q
ﬁég#{;_ : gL;g g,;q - CHgq : kend + Td(kons + K)g’ns <)
— - - (Ijr) gz Cy) —2TiCY) ksng + Tg (kin? + k7n?)
7 =W, 7z (*)

M(‘I+ N ) 0* CH&C; _87rn2Q — ns + (— )27/”4
(g - W (+)ZL) 2C 1, C3g — 877(”1 + n?)
M<q+ -~ W, <+>h) . Chind kang — keng + (—)2i kang

M(q-q, — W, "h) 2 CS’ZI k1nS — krn?
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SMEFT Amplitude

MSMEFT(C] q, — M/ iZ[) — + \/§C( ) S Sin9 + W [CHD -+ 4 C(H) 2 | + 4\/5 GF] Sin 9 -+ O — (5&)

Msmerr (q-G4 — WiWy) = — (cg; + 2T§c§§’;)s sin 6 — [—Q Crpmiy + CG)m% +2TIC) (4m3, — mzz)] sin

2
— 2V2m%Gr (c3,Td + s3, Y ) sinf + O (m_) :

2
MsmerT (4+3- = W W) = Chgs sinf + [-Q Cupmiyy + Crgmy| sinf +2v2mZGrsyy Y sin6 + O(m_) ,
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SMEFT Amplitude

—Cyp +4V2Gr + 4

miy

2v/2

MSMEFT(q_cﬂ_ — W;Jt h) = /2 C};’g s sin 6 4

—/ + }k{ud : (zm%/V . m%,) * .
MSMEFT(q+q_ — W/ h) = /3 s sin @ 7/ Ciryg Sin0 + O
. 2 2 2
MSMEFT(Q+(§'_ — W h) — C\%d s sin ¢ ( mwﬁ urd CHud sin 0 + (9(

CHa

(3) 2m%,V —m

2
h

m

S

m

S

2
myy,

sin@—l—@(

). 6
(58)
()

MSMEFT (q_(j+ — ZLh) = —(ng — 2T§C§2) s sin 6 + [Q CHDm‘Z/V — (C'g; — 2T§C’S’;) (2m2Z — m%)] sin 0

2
L 2vamE G g%isind + o(m_) |

2

MsMEFT (q+cj_ — ZLh) = CHq 8 sinf — [Q C’HDm%V — Chyq (2 mQZ —my

2
— 2v2m%Grgs? sinf + O (m—) .
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HEFT Amplitude

MHugrT (q_(jg_—>WEEZL) = +sin6 % S (47r('n§2 ne) — %c;;) erF gc;g (m%, — 2m3y,)
i P
+ 4G pmEn® + 4Gp(2m%, + mE)nS + 2m¥, Gr | + 0(?) , (9a)
2
MHEFT(q+cj’_—>WIJiZL) = (4Gp(n2Q — nSQ T Zinf)s sinf + 4G m% (an — ng T Zinf) sin 9) + O(m?) :
(9b)
MHEFT(q_(j+ — W;WE) = v2Gp s sinf [4n5Q + T4 (% C3 — 4(77,? — 3n$))] (9¢c)

+vV2GF sinf [i ((SQ — 2THm3y, + 3m% (T — Q))Cg + 4T [(mQZ — 4AmZ,)n% + (Am?, + m%) n?] +4m3, n?]

27

2
— 2V2m%Gr (ciyTi + siy Y ) sinf + O (m?) :
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HEFT Amplitude

MHEFT(q+(j_ — WELWE) = —V2Gr sin9<4 (ng2 — Tg(nQQ + ng)) (s + mZZ) + Q(m%v — mZZ) [2 + g—ic;:,] ) + (’)(m?Q) :
(9d)
MHUEFT (q_cjg_—>WLih) —4GF sinf (nln? — mn?) [s —m3 + m%v] +2Grmiy, sinf (2n§2 — 2n7Q + 1) + (’)(m;) :
(9e)
MUgrT (q+(j’_ —>th) = —4Gp sinf (Iig’ng? — K,gnSQ T 2ifs:4nff) [s — m% + m%v]
—4Gpm%,vsin9(n?—né2 IZz’n?)—I—O(m;), (9f)

Mugrr(9-G+ — Zrh) = V2GR Sin9[4 (n5n5Q T3 (mn%2 K,7’n$)) [s —m; mQZ] 4m?, (n5Q T3 (ng2 n?))]

2
+2V2Grm?% g7 %sinf 4+ O (m_) : (9g)

S

Mugrr(g+G- — Zh) = —4V2Gp siné’[ (nﬁng + T (kanS + nsng)) [3 —mj, + m2z] +m3 (ng? + T3 (ng + n?)) ]

2
— 2V2GFrm% g}Z{q sinf + O (m_) : (9h)

S
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Restoration via Radiation Zero
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Capdevilla, Han (2024)
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* [ransverse sector — restoration of gauge symmetry. EW restoration shows up as a

characteristic radiation-zero in the amplitude.

* Near radiation zero, one can isolate longitudinal contribution

. Mahbub
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