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@ Is the particle discovered in 2012 the Standard Model (SM) Higgs boson
or is it something else?

@ Use Effective Field Theory (EFT) framework to parameterize the indirect
effects of new physics: electroweak chiral Lagrangian (HEFT)

@ Take well-known extension of Higgs sector, the Two-Higgs doublet model
(2HDM) in the non-decoupling limit, and examine how HEFT is realized
as the low-energy EFT

@ Use functional methods
@ Non-decoupling effects could be relevant for h — yy (and h — yZ)
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(Real) Two-Higgs Doublet Model (2HDM)

Loripm = (qu’n)T (Dt ) — Vorpw, n=1,2

=] F = E DA
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(Real) Two-Higgs Doublet Model (2HDM)

Lotiom = (Du®n)" (D*®p) = Vorpw, n=1,2

Varion = M2, 1 dy + m2, 0} 0, — 2, [cbfcbz T ¢;¢1}
+ %/11 (¢I¢1)2 + %AQ (¢;¢2)2 + (®]01) (0f02)

+ A4 (cbjcbg) (cb;cm) + %),5 [(cbjcbz)z + (¢;¢1)2]
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(Real) Two-Higgs Doublet Model (2HDM)

Lotiom = (Du®n)" (D*®p) = Vorpw, n=1,2

Variow =, ®] 01 + mE, 010, — m2, [ ], + 050
+ %/11 (¢I¢1)2 + %AQ (¢;¢2)2 + s (¢I¢1) (<b;¢2)
+ 2 (0]02) (0501 ) + %/15 [(qajcbz)z + (¢;¢1)2]
Polar coordinate representation of S, = (&y,®, ) [Dittmaler and Rzehak 2022]

1 ) .
S,=UR,, R,= 75 [(Vo+ hn)14iCr0apa], U=exp(i®0a4/v)
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(Real) Two-Higgs Doublet Model (2HDM)

Lotiom = (Du®n)" (D*®p) = Vorpw, n=1,2

Varpu = M2, & & + mB, )b, — m?, [cbjcbz + ¢;¢1]
+ %/11 (¢I¢1)2 + %AQ (¢;¢2)2 + (®]01) (0f02)
4 (¢j¢2) (¢;¢1) + 15),5 [(qﬂcbz)z n (¢;¢1)2]
Polar coordinate representation of S, = (&y,®, ) [Dittmaler and Rzehak 2022]

1 . .
Sn=UR,, Rp= 7 [(Vo+ hn)14iCr0apa], U=exp(i®0a4/v)

Physical Parameters
2., .2 ve o My
V=1/Vi+Vs, tB =—s CB—ar Mh, Mo, Ma, My, m" =
V4 Sﬁ Cﬁ




Non-decoupling limit

Phenomenological requirement:
@ Ms ~ My, My, Ma > mp ~ v (new scalars are heavy!)
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Non-decoupling limit

Phenomenological requirement:

@ Ms ~ My, My, Ma > mp ~ v (new scalars are heavy!)
Decoupling regime (weak coupling): SMEFT scenario

l,':ﬁ(‘l), mp~v&mn~ Mg, Cﬁ,a<<1

Non-decoupling regime (strong coupling): HEFT scenario

1< A S167%, my~v~m<Ms, Cp_o=0(1)

@ Phenomenologically we know: cg_, <1 (h couplings to gauge bosons
are close to SM values)
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Tree-Level Matching

Integrate out heavy scalars at tree-level
Solve their equations of motion (EOM) and insert the solution back into . J
m? M?
V=—hp420 ° HE+ MEHTH + AA2 dyh® — doh? Hy — dshHZ

2
—dyHS — d5hH+H* — dghA2 — dyHT H™ Hy — dgHoAZ — zh* +
Non-decoupling limit: v dj, v? z; ~ &/(M3)
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Tree-Level Matching

Integrate out heavy scalars at tree-level
Solve their equations of motion (EOM) and insert the solution back into . J
m? Mz
V=-—tp4+0 ° HE+ MEHTH + AA2 dyh® — doh? Hy — dshHZ

2
—dyHS — d5hH+H* — dghA2 — dyHT H™ Hy — dgHoAZ — zh* +

Non-decoupling limit: v dj, v? z; ~ &/(M3)
Solution to &'(M3) EOM

Ho(h) = i h,  HE(h)=0, Ay(h)=0

All tree-level effects vanish for cg_, = 0!
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Tree-Level Matching: HEFT

Effective theory takes the form of an electroweak chiral Lagrangian (at chiral
dimension 2):

2

%
4

= h n
- [a/_ (J//u-i- Y M <;> > UP.qr
n=1
_ = (n) h n
+G, | Aa+ Y, 2, " UP_gg
n=1

- > h\"
+1 <//19+ Y a? <;) ) UP_Ig+ h.c.
n=1

Lina =" (DU D U) (1 + Fu(h) + 5 3uhd¥ h— V(h)
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Tree-Level Matching: HEFT

Effective theory takes the form of an electroweak chiral Lagrangian (at chiral
dimension 2):

2

%
4

oo h n
- |f7L (%u+ Z «%Lsn) <V> > UP+qF;
n=1
— SYPLTIAY
+G, | Aa+ Y, 2, " UP_qgg
n=1
- o "
+1 <//19+ Y <v> ) UP_lg+h.c.
n=1

Tree level matching gives anomalous Higgs couplings e.g.:

h Soet o % 453, , h\?3
Fu(h) =2sg_4— 1—— — | —=57C3_4S8—a | —
u(h) =2sp av+< Szﬁco‘)(v 3sgy P \v !
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One-Loop Matching

H* loops induce h — vy (and h — yZ) transitions! [Arco et al. 2023]

//(\/vvvv\,'}/ H:i: Y
//v : //>\\
h----- < Hty h---+ ‘
v ! NP

A VaVAVAVAVAY j/ f{zt 7/

Integrating out the heavy charged scalar H* gives local Higgs-photon

operators!
e? 1— s h
— uv w uv o

“ = fow (F‘WF swew M8 ) X <V>

Effects survive in the alignment limit (cg_o = 0)!
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One-Loop Matching: Functional approach
Use functional methods [Fuentes-Martin, Portoles, and Ruiz-Femenia 2016] to
integrate out H*:

L) =H AHY, A=—-D*—Mi—Y(hH(h)), Y=~O(M?)
One loop EFT contribution (assuming [Y, Fv] = 0)

1

1672 Z ( 11:2):;+1 [(W)DF“VFW}

1L

Result:

h Sg—a h 1 > Soar o h 2 3
Fx | — - — — — — O(h 1
X <V> 6 v 12 (Sﬁ—a+ S2p Cﬁ—a) (V * ( ) M
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Phenomenology

Focus on 2 HEFT couplings

h
C')/FuVFuV;

h
% 2cy my, WS wH=
HEFT D 2Cy my W, v+167r2

Global HEFT fit (68% CL) [Blas, Eberhardt, and Krause 2018]

cy =1.01+0.06, ¢,=0.05+0.20

Results from 2HDM matching:

cv =Sp o 2 0.95

Sp_
B-2 0.16

C'J/z

Compatible with present data!
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Summary

[ (H)EFT matching calculations using functional methods are very efficient!
[] Non-decoupling effects are possible in the 2HDM!

L1 Non-decoupling effects for h — yy (and h — yZ) are still compatible with
present data and could be confirmed or ruled out in the future!
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Thank you for your attention!
Questions?
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Backup: Custodial Symmetry Breaking

Scalar potential contains custodial-symmetry violating term:
AViss = (As — Aa) (SIS T5)?
Integrating out the heavy scalars this generates the two-derivative operator:
L3, = Biv*(U' D, UT;)?
However, this is not a leading order effect, since [Branco et al. 2012]

Aa—As  M3— M

B~
1672 1672 v2
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