Light Scalars in Aligned Two
Doublet Models

59th Rencontres de Moriond 2025
La Thuile, 28th March 2025

Victor Miralles
In collaboration with:

Antonio M. Coutinho, Anirban Karan and Antonio Pich
Based on: JHEP 02 (2025) 057

MANCHESTER

1824
The University of Manchester



Motivation

@ In this work we extend the SM scalar sector with an additional
doublet

@ Richer phenomenology helps with the open problems of the SM

@ Usually these extensions would introduce FCNC highly suppressed
experimentally

@ This is usually solved including a Z, symmetry

@ More general possibility — Imposing alignment in the Yukawa
matrices (flavour-align THDM)
[Look also at M. Valli's talk tomorrow: Charming Higgs|

@ In this talk we will study light scalars within the ATHDM

@ We also studied the heavy case in [A. Karan, VM, A. Pich, PRD109(2024)3]
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https://indico.in2p3.fr/event/35965/contributions/152503/

The ATHDM model
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Scalar potential
@ Higgs basis— Only one scalar acquires VEV# 0

1 V2 Gt 1 [(V2Ht
Oy = — o), Oy = — ).
V2 \v+S5+i6 V2 \S2+i5;
@ Most general Lagrangian
V = ul CDI(Dl —|—‘LL2 ¢£¢2 + |:l,l3 ¢I¢2+h.0.:| +
A2
2
[(l%% O, + A7 dLd, ) (GId,) +h
5 1 2+ A P01+ A7 P, 2)( 192)+ .C.]7

T (@]01)2 + 22 (9102)2 + A3 (D1 )(P5P2) + g (P D2) (G5 1)+

@ Minimisation condition imposes
2_ 2 2us
M A
e 11 d.o.f. from the scalar potential alone: py, v, A1234, |A567| and
the two relative phases between A5 6 7
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Scalar potential

@ Mass terms

S1
1 1
Vi = </,L2+2),3v2> H+H7+§ (51 S 53),// (52) s

S3
v v2Re(Ag —v2Im(A¢)
M= | vRe(A) (t2+ 3v32A3) +3v?(As+Re(As)) —2v2Im(2s)
—v2Im(Ae) —2v2Im(As) (H2 4 3v2A3) + 3v2 (A4 —Re(As))

@ If CP-conservation in the NP — Only the CP-even scalars mix

h\ [ cost sind) (51 _
(H> o <—sin5¢ cosd) <52> » A=S5s
@ We chose to use physical parameters

{Va Mh7 MHiv MH7 MA) &7 l27 2,3, 17}
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Fermionic interaction
@ Yukawa interaction

5 - -
— Py :<1+Vl){ULMuUR-I—dLMddR‘f‘/LMIIR}

1 — _
+t (52+i53){t7L Your+d Yadr+1L Y] /R}

2 _
+%H+{ELVYddR—ER YiVd +v, Y,/R}+h.c.,

@ We impose CP-conservation and alignment: Y}, 4= 6u4/ My 4,

2
~%y D (‘C) H [a{caVMy PR — cuM[V 2.} d+ VM Pl| +he.

97
+Y (y"v) 09 [FMr 7¢f]

yll,":—sind—kgucos&, yf]:cos&—i—gusin&, ylf‘:—igu,
H - ~ h ~ - A .
Yd = —sina+¢Gqcosc, Yd=CosQ+Gq sinc, Yd1=16d1-
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Theory assumptions

and
Observables
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Theoretical considerations [lvanov, PRD75(2007)035001]
[Ivanov, Silva, PRD92(2015)055017]

e Bounded from below: ~ V =—M,r#+ 1A, r; r¥

1 1
My = [—*(u1+uz), —Reps, Imug,—f(m—uz)},
rh = [|012+ |02[2, 2Re(9]05), 2Im(®]02), [0 ~ [0 2]

5(}’1 +A,2)+Af3 Re(?Lg—i-?L-,) Im()\,6+l7) l()tl lz)
AR _ 1] —Re(A6+47) —A4—Rels ImAs —Re(A6 — A7)
v 2 |m(2,6+17) |m7L5 714+Re15 Im(lefb)
—%(},1—2,2) —Re()l,ﬁ—)W) |m(2,6—)~7) —%()Ll —‘r)yz)-i-l?,

Necessary and sufficient conditions:

1. All the eigenvalues (Ag123) of A", are real
2. The "timelike” eigenvalue satisfy Ag >0 and Ag >A123

2
@ Absolute stability: D :Det{mHzi —/\“v}

D >0o0r D<0 wit
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Theoretical considerations [Ginzburg, Ivanov, PRD72(2005)11501]
[Bahl, et al., JHEP03(2023)16]

@ Tree-level perturbative unitarity: ﬁfgs///;ﬁf(s, t)dt

Mo As \\;:Aﬁ
X =A—A X =| AF A l7
(1,0) 3 4 5 (1,1) 2 )

V22 VA Ast e
M A l(, )L6 [ 13111 2&32—14 3%6 3%5
_7L4/12177L7 243+ A 34 3A7 3A5
Xo) A A Az AL | Xoo)=| "33 37 As+2As 3As

e A A 1o | 3% s 3% s+

Eigenvalues of X, p): |ei| <87

Yukawa couplings: v2|g¢|Zf < 1
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Signal Strengths [ATLAS+CMS, JHEP08(2016)045]
[ATLAS, Nature607(2022)7917,52-59]
[CMS, Nature607(2022)7917,60-68]

e
th b
----- H
tb 9
9
w 4 bl ble
SEK
w yz R oo
i o(pp — h)Br(h — XY)
Xy =
[o(pp — h)Br(h— XY)]|sm
ghvv = cos A gy, yL’],d,l = COS U + Gy d,/SiN
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Electroweak precision observables — (Haber, o'Neil, PrRO83(2011)055017]
[Haber, Logan, PRD62(2000)015011]

@ The additional scalars contribute to the oblique parameters (S & T):

bi
V l’ “ V
[aVaVAVAV ] ,\/\/\/\f
A}
. "
o Modifications of Rp = %:
(gu» gd)

(§U7<d)
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Flavour [Misiak, et. al. PRL114(2015)22,221801] [Li, Lu, Pich, JHEP06(2014)022]
[Jung, Pich, Tuzén, JHEP11(2010)003]

o Contribution to flavour loop processes:

b—sy Bs—utu  AMg,

(Sursd)  HE  (Sussd)

e Contribution to tree-level processes:

MK —uv
B—1tv Dy —1v ( Kv)
Mmw— uv)
Jr
c o+ l
B R pe—
S v
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Collider searches

@ Theoretical predictions from:
CERN twiki, HDECAY,
Madgraph and HIGLU

@ Experimental data from: LEP,
ATLAS & CMS

Victor Miralles

| _ATLAS
Vs =13 TeV, 139 fo™
BSM 4tops SSML

=
2

o(pp— ttH/A) x B(H/A— tf) [pb]

H
2

L B I

— T
T
—e— Observed limit

------- Expected limit

s+
[ J+2c

Theory:
tanp=0.5
tanp=1.0

Cowl il

JTi g Yo r————
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Global fits
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The HEPfit code

o Open source written in C++

@ Available under the GPL on
GltHub O: flt home developers physics documentation

https://github.com/
silvest/HEPfit

HEPfit: a Code for the Combination of Indirect and
Direct Constraints on High Energy Physics Models

@ The MCMC sampling based on
BAT [Caldwell, Kollar, Kroninger,
Comput.Phys.Commun.180(2009)2197-

2209] — — — —

Higgs Physics Precision Electroweak Flavour Physics BSM Physics
HEP Electroweak

Juded in HEPE1t HEPEA include
on signal srengs lepon favour dynamics. madels in HEPZ it

@ Sampling likelihoods with

HEPfit webpage [J. de Blas et al., 1910.14012]
MCMC

o Parallelised with MPI
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https://github.com/silvest/HEPfit
https://github.com/silvest/HEPfit
https://hepfit.roma1.infn.it/

Fit setup

o The fit contains 10 parameters My= 1y 4, @, A237, & Gu.d./

Priors
My, € [10 GeV, My My, € [My, 00 GeV]
As € [—1, 10] | A3 € [—1, 10] v € [-3.5, 3.5]
ael-02, 02 ‘ Gu € [~0.5, 0.5] ‘ G € [~10, 10] ‘ G € [~100, 100]

@ We study seven possible scenarios:
* 3 cases with only one BSM scalar light
* 3 cases with two BSM scalar light
* 1 case with all BSM scalars light

Victor Miralles
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Masses
0 My < M, < {1"\1/4. ]\"I[]+} | {A]n, I‘WA} < M) < Mp= == {A[4, A’[”Jr} < My < My
{My, My} < My < My {My, My, M=} < M,

B M, < M, < {My, M=}
BN My: < M), < {]\'{]l, 1”1} m .
fit
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300 — <
=3 = =
Q (5} O
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= . < <
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o Rl - LY Ennaay
60, g
80 100 200 300 400 600 80 100 200 300 400 600 60 80100 200 300 400 600
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My — My (GeV)
Moriond EW 2025

Victor Miralles

13 /17



Yukawas

0 My < My < {My, My:}
0 My< M, < {MH7 MHt}
NS My= < My, < {My, Ma}

(| {MH, MA} < M), < My+
{MH, Myt} < M), < My

{My, My} < M, < My
{MH, MA, MHi} < M)]

7.5
5.0
2.5
F 0.0

-25

[HEPIR
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—04 -=0.2
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Mixing angle and Yukawa
| MH<M11<{MA, Myt} | {MH, MA}<Mh<MH>t | {MA, Myt}<Mh<MH
| MA < Mh < {MH, Myt} {MH, MHi} < Mh < MA = {1\4[17 MA, Myk} < Mh

N\ MHt<Mh<{MH, MA} mfit
0.4 7.5 100
5.0
0.2 50
L |25
- —-2.5
—0.2 —50
—=5.0
—0.4 R —100
0.4 100
021 A ‘ 50
S 0.0 G 0 .l
02 N —50 /
R |

b5 01005 0 0.05 01 015 T 0100 0 0.05 01 015 10 5000 0 0.05 01015
« « «
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Muon anomalous magnetic moment
w/og—2 w BMW g —2 ] wWPg—2

T
F o r—r— \€§

o Light charged scalar

50 \
—100 I = =
90 95 100 105 110 115 120 125

B wjog—2 [0 wWPg—2

o Light pseudoscalar
IC=—2log.Z +405, o

AIC ~ 40 when adding
the WP (g —2),
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Final remarks
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Summary

Neutral scalars masses as low as 60 GeV and charged scalar masses
of 95 GeV seem feasible

Masses below these ranges are completely forbidden by direct
searches

For these low masses values to be compatible with (specially) flavour
data relatively small values of ¢, < 0.3 and ¢4 < 6 are needed

The coupling to leptons could reach quite high values

The constraints from (g —2), also do not help

This model with a light pseudoscalar would also not be a good
solution for the discrepancy on the (g —2), from the White Paper

(anyway the new lattice and data driven calculations are compatible
with the measurements)
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Thanks for your attention!
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Back up
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Outlook

@ The ATHDM is a more general than the usual THDM with Z;,
symmetries

@ We can recover them by imposing

Uz =2As =A7 =0
1

Type I: Gy = cg= ¢ = coth, Typell: Gu= —— = — - = cotp,
Sd 9]

Inert: Cu=64=¢ =0,

1 1
Type X: gu:gd:—g:cotﬁ, and Type Y: gu:—g—:g,:cotﬁ.
/ d

@ We are working on including perturbative unitarity at NLO to study
each particular scenario
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Mixing angle and Yukawa vs Masses
B My < My < {Ma, My} 0 My, Ma} < My < My B3 {Ma, My} < My < My
B My < My < {My, My=} {My, Mys} < My < My B3 { My, Ma, M=} < My
B My < My < {My, Ma}

—0.2 —0.1 0.0 0.1 0.2 —0.2 0.0 0.2 =5 0 5
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G/ Vs MH:t
00 My < My < {My, Mp=} {Mpg, Mp=} < My, < My
0 My < My < {My, Mp=} 0 {My, My} < M, < My
[N\ MH1<Mh<{MH, MA} == {MH, My, MH1}<Mh
0 {My, Ma} < My, < My

100

HEP[

50 *

—50

Sl
fen)

~ 10045750 100

200 300 400 500 600
M H* (GGV)
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Potential parameters

0 My < My < {My, My=} 0 {My, Ma} < My < M= EE {My, My} < My, < My

My < My, < {My, My} {My, My} < My < My =0 {My, My, M=} < M, Eﬁif't
BN My= < M), < {My, Ma} 1
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Marginalised one dimensional results

Marginalised Individual Results
§ IC: 84.06 65 < My < My, 168 < My < 496 196 < Mp= < 500
\Q A2 1 4.969 £ 1.925 ‘ Az @ 3.854 £2.067 | A7 :0.005 £ 0.382
= a: (0.8+34.0) x 1073 G 0.001£0.073 Gq:0.017£1.716 g+ —0.325 £ 20.100
2—: IC: 83.74 182 < My < 500 69 < My < My 196 < Mpy=+ < 500
\2 A2 4.609 +1.891 ‘ Azt 3.817+£1.973 | A7 0.006 + 1.164
. G:(—0.84£425)x 1072 | ¢, :0.003 £ 0.106 Gq : 0.008 £ 1.348 ¢+ 0.105 £ 15.380
S IC: 88.48 My, < My <500 My, < My <440 97 < My+ < M,
\g Az 0 4.342 £2.185 l Az 0.280 £0.214 | A7:0.004 £0.873
= G (—1.7£41.9) x 1072 | ¢, : 0.0006 £ 0.0364 S : 0.004 £ 0.706 6+ 0.528 & 34.450

Victor Miralles
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Marginalised one dimensional results

= IC: 89.48 89 < My < M, 78 < My < M, 154 < My+ < 226

VI

< Ao ¢ 4.890 & 2.166 | A3: 1.042 +0.5718 ’ A7 1 0.002 = 0.362

=]

= s (—0.6+47.4) x 1073 | ¢, : 0.002 % 0.082 G4 ¢ 0.007 +1.620 | G :0.370 £ 9.574

=

= IC: 89.51 85 < My < M, My, < My < 534 95 < My < 120

VI

A A2 ¢ 4.639 & 2.208 | A3 @ 0.254 £0.191 ‘ A7 1 0.002 £ 0.453

&

S| a:(024382) x 1073 | ¢ 1 —0.0004 +0.0400 | ¢4 : —0.010 +0.656 | o : —0.603 + 41.45
M, < My < 163

= . / /

s IC: 89.35 U211 < My < 553 85 < My < M, 95 < M+ < 120

VI

# Aot 4.082+2.157 | A3 @ 0.246 % 0.192 ‘ A7+ —0.005 % 0.993

<

= | a:(-09+41.0)x 103 | Gu  —0.0004 £ 0.0402 ‘ ¢4 0.001 +0.779 ‘ G+ 0.261 £ 31.090

3

a IC: 89.22 91 < My < M, 83 < My < M, 95 < Mys < 122

) Aot 4.740 £ 2.232 | A3 @ 0.275 4 0.201 ‘ A7+ —0.002 % 0.463

<

S| @:(04+383)x 107 | 0 —0.001£0.043 | ¢5: —0.005+0.613 | g : —0.560 + 41.890
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