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And the Higgs was found...

@ Explained the size of the atom and of all beautiful things
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gives us scale
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This talk is about the EW-SBS sector of particle physics

H:i w1 + w2
V2 \(v + h) +iws

H— h, W ~w, Z; ~ z (Equivalence Theorem)

Lsy = (D,H)'D*H — \(HTH)? — >HTH

V(H)

Felipe J. Llanes-Estrada (fllanesQucm.es) SMEFT vs HEFT 3/35 August 4th 2022 3/35



Higgs self-couplings and couplings to Goldstone bosons

Status of Higgs potential

oo1Lt
(taken from J.J.Sanz-Cillero)
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Mass Gap to any new physics =— EFT

New physics? 600 GeV

Falsifying the SM:

@ Discover new particles, or

GAP

@ Discover new forces

———  H(125.9 GeV, PDG 2013)

W (80.4 GeV), Z (91.2 GeV)
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Mass Gap to any new physics =— EFT

New physics? 600 GeV

Falsifying the SM:
o Discovernew partieles, or

@ Discover new forces

GAP

——  H(125.9 GeV, PDG 2013)

——— W (80.4GeV), Z (91.2 GeV)

Two formulations, SMEFT & HEFT
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SMEFT extension

H:i w1 + iwy
V2 \(v+ h) +iws

Lonierr = [OH? — V(HP) + 3 BIHP)O(HR) + ..
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Linear representation: (SMEFT)

w, and h fit in a left-SU(2) doublet
Higgs always in the combination: (h+ v)

°

°

@ Higher symmetry

@ Natural when h is a fundamental field
°

ET usually based in a cutoff A expansion:
O(d)/N¥=* (d = operator dimension: 4,6,8 ...)

O = (HTH)3, Oup = (H'D,H)*(H'D*H),
Opo = (HTH)O(HTH) .
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Efforts to constrain SMEFT coefficients ongoing

BN prior m reweighted
m pew fit unwelghted

Strategy 1: “No stone left
unturned”, constrain
them all.

Minimization suited for
Artificial Intelligence
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Falsifying a theory

o SM falsified by a nonzero SMEFT Wilson coefficient

o But after that, how do you falsify SMEFT itself?
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HEFT extension

1
v v L= Eauhc’)"h - V(h)+
whd

. HEFT o
= 27000 b2 0)

N
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Non-linear representation: (HEFT)

his a SU(2) singlet and w, are coordinates on a coset:
SU(2), x SU(2)r/SU(2)y ~ SU(2) ~ S3

Lesser symmetry; more independent higher-dimension effective
operators but less model dependent

Derivative expansion

ECLh with F(h) insertions

Typical for composite models of the SBS (h as a GB)
(Strongly interacting and consistent with the presence of the GAP)

Dobado and Espriu, Prog.Part.Nucl.Phys. 115 (2020) 103813
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Cosmetic SMEFT-HEFT difference: Counting organization

e SMEFT by canonical dimension (independently of Njgops)
o HEFT by number of derivatives (independently of Npartices)

Example 1 Example 2
o L‘%/‘W“f ;ﬁr Aﬁ% \\:,\,\[\/
K & B, c . . .
L E %% @ NLO in HEFT (consider immediately

after the SM W, 0°W,)

e Dim. 8 In SMEFT (consider after
Dim. 6 operators worked out)

(same order in HEFT,
but not in SMEFT)
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When SMEFT exists

@ But change coordinates like Cartesian to Spherical ones

@ Use coordinate-independent approach (San Diego)

-+ h=0

W )
N . — _ (h\"
(Goé;lz(t)(l)l:? ‘ (physical vacuum) j—'(h) =1+ Z an <;>
n=1
‘ . - 1 "
h gives the radial “scale

(symmetric point (think of a(t) in a FRW cosmology)
>

h=-v inthe SM)
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Beyond the Higgs potential: flare function F

viH)

The LHC sits here
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If there is new physics

TeV parton-level collisions sit here

Shape
yA !ﬁat matters mp~ my ~ mz K \/g
¢ = V(h)sM—like < V/s
"M
negligible
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F(h) multiplying Goldstone kinetic term wins at high E

2 a, b
L = % <1 —|—2a€ +b <C> ) 0,07 0H 1w <5ab+ %)

435
Opw?® w2 OHwPe” Wb +
Vai

4-34
V4

+ —a ho'h + = £ (9,h0"h)?

— Opw?otw? L wPowP

+ FauhaﬂhaywaakuV—‘ja“hauhaﬂwa w?,

R. L. Delgado, A. Dobado and FJLE, PRD 91, 075017 2015
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.075017

Zero of F without geometry

Writing SMEFT in HEFT form:

o i < w1 + iwy )
v2 \(v + hsmEFT) + w3

SBIHP)Y@(HP)? —

v2

1
- 7 (hrerr) (D UTD*U) + E(ahHEFT)z

dhagrr = /1 + (v + hsmerT)?B(hsmerT) dhsMEFT
Always possible to find a HEFT corresponding to a given SMEFT
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Zero of F without geometry

Inverse not guaranteed, so HEFT more general (F := F2):

haerr = F ' ((L+ h/v)?)

+ h)?
H2 _ (V
| | 2 ?

GIHPY? = (v+h) (@) = 2|H (9h).

= 2)2
LsmerT = @Iﬂi - ;Ki(pl)/[ 2\H|2/v2]> _ 1](82|\IZ/||2)

=Lsm

=ALpsm
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To guarantee the SMEFT expansion:

oo (n)
¢ n
Lsmerr = Lsu+ Y > WOE J(H)

n=5 |

Convergence of F(h) expansion in h field space

convergence >V

v SMEFT ok too

Rcon\crgcncv<

only HEFT / \
h=-v, / \ h=-v
(symm. (symm.]
point) point)

h=0 h=0
(physical vacuum) (physical vacuum)

Problem: for now we have only the first one or two terms
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San Diego criterion: symmetric point under custodial group

SMEFT is deployable if and only if
(statement about the HEFT Lagrangian)
e dh* where F(h*) =0, and

@ F is analytic between our vacuum h = 0 and h*.
All odd derivatives of F must vanish!

Note: The SM has just such point, h = —v (H = 0), where
F=(1+h/v)2=0

Alonso, Jenkins, Manohar JHEP 08 (2016) 101
Dobado, Espriu Prog.Part.Nucl.Phys. 115 (2020) 103813
Cohen, Craig, Lu, Sutherland JHEP 03 (2021) 237
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Current status: vary a f 1

— T T T T T T T ]
8 [ —
SM-Symmetric point
=-v
o with uncertainty b
> 0.85<a<1.3
sS4l (study hW, W) 1
2 = -
We live here
1 |\ (h\=0)
0—4 -3 -2 -1 0 1 2
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Current status: vary b from a

2

SM-Symmetric point

h=-v

We live her

~ (th)

| L

=

Delgado, Dobado, FLE Phys.Rev.Lett. 114 (2015) 22, 221803
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Current status: vary h* coefficient

— — .

8 [ —
SM-Syn}l1 etric point

6 with uncertainty i

> 5

=

T4 hhhW W i
2 = -

We live here
| |\ (th)

%3 0 I 2
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SMEFT inside HEFT

Predict HEFT F(h) coefficients:

a1=2a=2<1+v26/:’—25> , 32=b=1+4\,2c/';'_25
o Bem 2o
T3 A2 0 T 3A

Eliminating the SMEFT coefficient, or equivalently matching the
expansions of F(h — h,) and F(h), obtain...
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Correlations among HEFT F(h) coefficients

Correlations Correlations
accurate at order A2 accurate at order A—%
Aag = 2A31
2
s=tba | (s-$8a) - 8z -28m) = -} (8a)
ay = %Aal (as — %Aal) =32Aa; — 2Aa + a3

= 8(pay — 20a1) — L (Aar)?

as =0 as = %Aal — %Aaz + a3
= 8(Aap - 20a;) - L (Aa)?
dp = 0 dp = %35

(At order 1/A*, assuming SMEFT perturbativity, can use |Aay| < 5|Aaz])
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With current ATLAS bounds

Consistent SMEFT

Consistent SMEFT

Perturbativity of

range at order A2 range at order A™* A% SMEFT
Aa; € [-0.12,0.36] | ATLAS Aa € [-1.4,1.6] | Aap € [0.3,0.9]
as € [—0.08,0.24] as € [—4.5,4.4] as € [-3.1,1.7]
as € [0.02,0.06] as € [-4.7,4.4] as € [-3.3,1.5]
as =0 as € [—2.2,2.0] as € [—1.5,0.6]
86:0 de = as dp = ds
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Measure F expansion in multiHiggs final states

I 2 23(f12p3—1) z13(z13—1)
Teow— hhh - 55<al {4'{1{3 (f3(13—2f1z23)+f222 A 2hnsths ) T

23 —2f 23 213—2f1 213 _
+2f (fl (—2f1f3223+f2z2+f313 T oRRmathathzn A3 T 23) +3(z —2)) +

2f) frz19(2f (fpz190 —1) —2f+1)
R G —2heo)the 4 2R (fzio + 32 — 6) + 6frzy — 12f + 9] +

a 72 (221(— 20215 +f3(213+23) —3)—4h210(f3 (213 +223) —2)+377 )
& alaz[ Mz~ Az —ha +

21 fy(—2f 210 (20 +1)+20 (3 (213 +223)+321 —3)+212)+3F5 25
* 2hhz—Hz1—h2 226+~ 1) —

21 f32p3(2f3(f1 zp3—1)—20+1) _ 2f1f3213(2f1 (f3213—1)—2f+1) _ 5 ] 24
- — a .
f3(z3—2f123)+ 2 f1(z1—2R213) 17323 323] + 2423

(f: = 1511/ /5 zi(w1, hy) = 25in?(8;/2); z;j(h;, hj) = 25sin?(6;/2))
(JHEP 12 (2021) 003 by Cohen, Craig, Lu and Sutherland addresses the contact terms: we provide all tree-level amplitudes)
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Ratio of cross-sections independent of SMEFT coefficient

o(ww — nh)

o(ww — mh)

= constant wrt cyn
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Ratio of cross-sections independent of SMEFT coefficient

o(ww — nh)

—— = = constant wrt ¢
o(ww — mh) Ho

h
h2

~ s% Higgsflare...
hn

To all orders:
produce a Higgs gas in ultrahigh energy collisions, such as RHIC for pions
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V/(h) correlations: low-y/s, no need for equiv. theorem

Vs = %(V3 - 1) AV5 = %AVQ,
Ve = %(Vg, —1) Avg = %AV3

(Preliminary!)
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Conclusion: mass gap to new physics

@ Use EFT tools
@ SMEFT popular; HEFT a bit more general

@ This allows to falsify SMEFT in experiment
even without new particles

@ We have presented the correlations of HEFT coefficients
whose violation falsifies SMEFT

Felipe J. Llanes-Estrada (fllanesQucm.es) SMEFT vs HEFT 31/35 August 4th 2022 31/35



Funding acknowledgments

Supported by spanish MICINN PID2019-108655GB-100 grant, and
Universidad Complutense de Madrid under research group 910309 and the
IPARCOS institute; ERC Starting Grant REINVENT-714788; UCM
CT42/18-CT43/18; the Fondazione Cariplo and Regione Lombardia, grant
2017-2070.

GOBIERNO MINISTERIO
DE ESPANA DE CIENCIA |
E INNOVACION

S
b1l ?

Felipe J. Llanes-Estrada (fllanesQucm.es) SMEFT vs HEFT 32/35 August 4th 2022 32/35



HEFT Lagrangian for electroweak symmetry breaking

Compact, seven-number version of agnostic TeV-scale new physics

1 h h\? ab
£ =3 (1 +2a= + b (;) ) I <5ab + “’V“ )

4a 4a
4 58 W2 w?d,wPd WP

+ —8 W20, *wPO WP +

+ —8 ho*h + = (8 h@“h)
2d

4 —8 h@“h&,wa(‘?”wa+ (’9 hd” hoHw?d,we.

R. L. Delgado, A. Dobado and FJLE, PRD 91, 075017 2015
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.075017

Derivative expansion (~ ChPT)

1 h h\? ab
£ o= 5(1“"’;*"(;) >[ o |(ow+ <5

4a5
v

4a4

+ — 0w 29,w?OMwbHY WP + Opw?otw? Wb wb ]

4 —a ho"h+ £ (a haﬂh)
2d
+ Z0 h@“h@,,w"’@”wa+ = 0,,h0” h?D,u°.

R. L. Delgado, A. Dobado and FJLE, PRD 91, 075017 2015
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Special cases

S+ ky

=

Halyo, Goldberber, Grinstein

Courtesy of A. Dobado
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