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@ The 95 GeV Excess

Motivation
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(a) [CMS, 2023] (b) [LEP, 2003] (c) [CMS, 2022]

Local significance and signal strength at 95.4 GeV [T. Biekétter et al., 2023]:
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Experimental Value of ;.,, went down over time

Motivation
[CMS-HIG-17-013]
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(a) [Thomas Biekotter, 2023] (b) [ATLAS, 2023]
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@ Recent ATLAS Results

Motivation
+ The “model-dependent” analysis of the full Run 2 data of ATLAS found an excess at:
[ATLAS, 2023]

95.4GeV with: 1.70
+ This leads to a signal strength of [T. Biekétter et al., 2023]:
ATLAS _ a®P (pp — ¢ — 77)

WA = STy SHL Sy~ 18 E 010
withmyo = 95.4GeV.
MAZ;LAS and ,uCMS can be combined [T. Biekétter et al., 2023];
‘UeXp* IUATLASJrCMS —0. 24+8 82

+ This corresponds to an excess at:

95.4GeV with: 3.10
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Definition of 2HDMS
2HDMS

+ Two Higgs Doublet Model with a complex Singlet:

+ + ;
X1 X2 ps + ins
1 <V1 + u:;;) 2 (Vz—l— LTLZ%Z) Vst V2

+ We define:

246.22
tan(ﬁ)::—j Vit vi=v= 7 GeV

+ Voupms obeys the symmetries Zy and Zs:
Zo : b, — Dy Py — —Dy S§—S

o, 1 ®,
Zg : @2 — ei27r/3 '1)2
S e—i27r/3 S

Revisiting the Yukawa Type | for the 2HDMS With a 95 GeV Higgs Boson Including the Recent ATLAS Results | Dominik Heintz | Hamburg 16.05.2024



Basis Change
2HDMS

Voupms :m’ﬁ (‘I>I<I>1) + m§2 (<PI<I>2) + % (<I>I<I>1)Z + % (<I>I<I>2)z + A3 (<I>I<I>1) (<I>I<I>2) + A\ (<I>I<I>2) (<I>I<I>1)

+mg (sTs) + 1 (s7s) (@@1) + 2 (sTs) (2]@,) + ATQ (s’fs)2 + ( m2y @ @y + B3 4 puypsi @y + h.c.)

Interaction Basis: Mass Basis:
tan (B) * tan (B)
)\1234 - Scalar Higgs hq, hy, h3: my, < mp, < my,
1
1 2523 — + Pseudo scalar Higgs ai, as: mg, < mg,
m12 . +.
+ Charged Higgs H*: my«
M1y 12
ve + Mixing angles: c1,9.3,4

+ Vacuum expectation value of S: v,
= 12 degrees of freedom
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Couplings
2HDMS

—Ly = Z iYuOLUﬂI’,’uR + Z YdOLCDde + Z YliL‘I)klR + h.c

up-type down-type leptons

To determine the couplings, the Yukawa Lagrangian is investigated. We differentiate 4 Yukawa

Types:
Typel Typell Typelll TypelV
Up-type ®; (o2} b, (o2} (o2}
Down-type ®; P, P, Py (o2}
Lepton (bk (I)Q ‘I>1 (I)l (I)Q
In Type | we have:
Chiff = Ihgy = Chitt = Chibb = Chyr7
9H;
Ih;
Chvv = = Chzz = Chww
GHg, VV
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Comparison to 2HDMS Type lI
2HDMS

+ In Type Il we found the approximate
correlation [Li, 2023]:

ﬂtheo |Ch1ff|2
vy |Ch1bb|2

© InType I: chyee = Chybb = Chyfy

— Itis harder to achieve high p¢°
— However: We were able to f|nd other
possibilities to achieve high /fhe"

2HDMS (tanf =1 - 10)

0.30
0.25 08
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0.6
&
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Figure: 2HDMS Type Il [Li, 2023]:

Red ellipse 1 o range of old:

pMS = 0.6 £ 0.2[CMS, 2017],

Green ellipse 1 0 range of new:

ps® = 0.2415 00T, Biekotter et al., 2023]
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@ Alignment Limit
2HDMS
Alignment Limit

The Alignment Limit is when hy couples like the SM Higgs:
Chop — 1
chyv — 1
For the 2HDMS this is for [Li, 2023]:
sin?(ag) — 1
sin (8 — a1 — sgn(ag)as)| — 1
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Constraints
Implementation

Theoretical Constraints:

+ Tree-Level perturbative unitarity
+ Boundedness from below

+ Vacuum stability
— m3, > 0 [Barroso et al., 2013]

Experimental Constraints:

+ STU-Parameters
- Flavor constraints

+ HiggsTools [Bahl et al., 2023]

HiggsTools:

HiggsBounds: [P. Bechtle et al., 2010]

+ Compares the Model against a large number of
experimental results, including the latest ATLAS
results

HiggsSignals: [Philip Bechtle et al., 2014]

- Compares the Model against properties of the
125 GeV Higgs

* Returns x?,:
— Allowed if X%, is in 95% CL interval of SM
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Overview Software Implementation

Implementation

generate write SPheno import SPheno
random point input file SARAH: output write output
2HDMS Model ’

SPheno: [Porod, 2003; Porod et al., 2012] SARAH: [F. Staub, 2012; Florian Staub, 2014]
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Flavor Constraints

Implementation

Two-Higgs Doublet Model, Type | Two-Higgs Doublet Model, Type Il
w4y e e e @ R
c c
g 45 95% CL excluded regions g 95% CL excluded regions
) e - x e Xy
WY o
3 I8~ 8B~ m
e -
25 . 000000 B = 8gE s e Dy
“““ o B(K ~ W)/ B (I~ !
2
15
1=
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Figure: [Haller et al., 2018]

= Type | allows much smaller my+ than Type Il
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HiggsSignals 1.
Implementation

+ Implementation Type II:

— HiggsSignals calculates SM branching ratios: = X§ZSSM

— HiggsSignals calculates 2HDMS BRs based on SPheno output: =y,
— Point is allowed by HiggsSignals, if x3,5 is within the 95% C.L. interval of X§255M

M
Axgs = X35 — Xios < 5.99

+ Problem in Type I: Because of small my+, HT has influence on BR(hy — v7):

5 L AAAAAAA T
t HE 7
A
hy ------- t hy ------- 4: :Hi
N |
N |
t H* ]
vy A~ Y

+ This is not considered by HiggsSignals, if only given the SPheno output
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HiggsSignals 2.
Implementation

+ Not possible: SPheno calculates 2HDMS and HiggsSignals calculates SM BRs
+ Solution: Use SPheno to calculate SM and 2HDMS branching ratios:

SARAH Model: IS use SPheno BRs
S \
SARAH Model: il 83 use SPheno BRs
2HDMS

* Upside: Good comparability between x3,5 and x3,s

2 _ .2 2 M
AXias = X125 — X125

SM

- Downside: HiggsSignals is more accurate in calculating the SM properties
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Fitting the 95 GeV Excesses

Implementation
+ Theoretical signal strengths calculated using the narrow width approximation with

My, = Mp, [Li, 2023]:

theo

|2 BRompms (h1 — v7)

= ¢
o = lemg BRsu (Hgy — 77)
theo _ |, 12 BRompms (h1 — 77)
Hre mif BRSM (HgM — TT)
theo » BRampus (h1 — bb)
Hop - = |enyvv

BRSM (HgM — bB)
X3 is given by:

2 2 2
theo exp theo _ | LEP theo CMS
2 | Byy T By Hpp Hyp Hrr — Prr
W=\ T an ) T\ ae ) T A
e uigr uos

vy

+ “Best-Fit” Point has minimal 2, [Li, 2023]:

2 2 2
Xtot = X95 T X125
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Selected Parameter Space
Parameter Space
With my,, < mp, < mp,, Mg,, Mg, and m,, < mg, the parameter space is:

mp, € (94,97) GeV  my,= 125.09 GeV Mq, , Ma,, My, € (130, 1700) GeV

sin (8 — a1 — sgn(aa)az)€ £(0.95,1) as€ +(0.65,2.52) my+ € (120, 1700) GeV
o € (—m,m) o €% (% 3%) vs € (40,2000) GeV

Table: tan(g) intervals

tan(3) € (1,3)
tan(s) € (3, 10)
tan(f) € (10, 20)

= In this talk, focus on: tan(8) € (10, 20),
because tan(8) € (10, 20) has overall Best-Fit point
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@ Singlet/Doublet Like h;

Parameter Space
hy singlet/doublet

1.00

T ay singlet contr.

" ay doublet contr.

=
=
ot

g not in Parameter Scan

hy contribution
(=]
T
(=]

<
o
St

0.00
3m

(=}
ISE)
rols

+ Range of ay is chosen:

— To make h; mostly singlet-like
— Also allow h; weakly doublet-like

e 2HDMS With a 95 GeV Higgs Boson Including the Recent ATLAS Results | Dominik Heintz | Hamburg 16.05.2024
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2HDMS Type I, tan(3) € (10,20), x3s

Results tan ()
Results

2 SM

(10, 20)

s = = 15775

= 15775

5, 2HDMS Type L tan(f) € (10,20), xty

0.12 % Best-Fit 5
O fyymax 0.5
0.10 —— 1o new 4
— loold
0.08 7 3 04 %  Best-Fit
N 2 B + O flyymax
=0.06 5 308 — 10 new
1
0.04 28 . 0.2
0.02 1 0.1
0.00 = —2 0.0
0.0 02 04 06 0.0
Hoy
Best-Fit point: Red ellipse 10 of old pSY®
mp+ = 170.6 GeV uS =0.6 £0.2
Hp? =0.117 £ 0.057
u™M =12+ 0.5

Axtys

2HDMS Typel, tan(B) € (10,20), xfﬁ*“ — 15775

5
0.5
4
0.4 3
‘ *  Best-Fit -
fos3 O Yy 2
< 4
—— 1o new 1
0.2
g 0
0.1 . : 1
0.0 -2
0.00 0.05 0.10 0.15 0.20

Hoh

Green ellipse 1o of new u®P

exp ATLAS+CMS __ +0.09
vy THyy =0.2474 08
gt =0.117 £ 0.057

pf‘ﬁs =1.2+0.5
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theo
theo

High 155
BRoupms (h1 — 77) )
e = |ong? with: mgo = mp,

BRsm (H9y — 77)
Increasing p.,, by increasing:

* lengl®

* BRompms (h1 — 77)
But,

cnyr|? and BRompwms (h1 — ) have a convoluted interdependency.
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Small my-

High e
071 2HDMS Type, tan(#) € (10.20)
“ Best-Fit
067- - . O fyymax ] 0.8
0.5 1
0.6 &
&
S
=
0.4 S
0.2

= Small my= increases BR (hy — y7) = pe

Revisiting the Yukawa Type | fo

Best-Fit tan(8) € (10,20), vary my= € [100, 1500] GeV

2HDMS Type I, tan(8) g = 10.49, mys g = 170.56 GeV

121 (o
1.0 maepr o
=
0.81 42
- [

=

=06 b L
0.4 255

021 ¥ by

0.0 , . . . . —+o

200 400 600 800 1000 1200 1400
myx [GeV]
vy RV V]

" HE -

hy------- t hy------- <
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ch,fr and BR(hy — v7y) 1.
High ;t‘ffo

len, 2 < 0.05 and BR(hy — v7) < 0.4

theo BRoupms (h1—77)

. _ 2 _
My = |Chllj°| BRsM(H‘s’M—W'y) s My = My, 0.40 2HDMS Type I, tan(5) € (10,20)
b % Best-Fit 0.6
0.35% ]
3 O fhyymax
h Chyy 0.30 0.5
Lo
£0.25 04
0 .
5 - 020 3
b g 03~
. . theo ..+ £ 015
* To further investigate p27° with: 0.2
0.10 '
, sin(ay)cos(ag)
c = 0.05 0.1
[eng sin(8) :
0.00
= Vary a; and as 0.00 0.01 002 003 004 00500

len g sl?
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ch,fr and BR(hy — v7y) 2.

High Hi?j"
= For Best-Fit point vary a; € [—m, 7] (left) and ay € [—, 7] (right)
Best-Fit tan(8) € (10, 20), vary oy € [—7, 7] Best-Fit tan(8) € (10, 20), vary oy € [—7, 7]
2HDMS Type I, tan(8)pr = 10.49, a1 pp = —2.83 ) 2HDMS Type I, tan(8)pr = 10.49, as pr = —2.16
0.6 2.00 2.00
0.5 farpr F1.75 ><-|.,,,
f\ \ /\ 08 A N\ S
0.4 V EREE \ M s
<03 \ \ £06
ST ANEIWAN -
7\:0 9 EO 4
S e .
0.2
01 0.5 \/ \/ k025
0.0 - W\ﬂ - W\S\ 0.00 0.04—5 £ ; ; + 1 tooo
T T A S U S S RCEEE S R AL SR S I
[e%1 5]

theo [ not in Parameter Scan

= pios’ (a1, a2) has maxima
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Direct charged Higgs Production 1.

theo

High p~5

 If mgx < my, H* can be produced directly:
t — Hb [Philip Bechtle et al., 2020]

« HY — 7T v, has been found to be the dominant Gl
decay channel
— HiggsBounds has limits on H decays ,
* cg+gp is identical for 2HDM and 2HDMS H+
— For the 2HDM there is [Gunion et al., 2000]: t Caty vy
Catg o cot 3 )

+ For small tan(83): my= is constrained,
due to direct H* production
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@ Direct charged Higgs Production 2.

High pe
2HDMS Type I, tan(3) € (3,10) 2HDMS Type I, tan(3) € (10, 20)
16007. . Best-Fit 1 0.30 1600 . Best-Fit 1 0.6
1400 .. ’ . . ’ ’ O O Hrmax
s * 0.25 0.5
0.20 0.4
c S
= =
0.15 0.3
0.10 0.2
0.05 0.1
0.0

Excluded, due to direct charged Higgs production
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Modified Parameter Space
High p%° Parameter Space

my € (94,97)GeV  my,= 125.09GeV 1, . m,,. my, < (130, 600) GeV

sin (8 — a1 — sgn(az)asz)€ £(0.95,1) my+ € (120,600) GeV
a1 € (—m,m) as € £ (% %) vs € (40,2000) GeV
100 hy singlet/doublet
Additionally: ' —
_— hy singlet contr.
* ay € £(0.65,0.92) U £(2.19,2.52) 075 — by doublet contr.

B not in
Parameter Scan

* tan(f) € (10, 20)

hy contribution
o
o
=

+ Not possible to be close to maxima of

e (ay) and e (arp) simultaneously: 09
— singlet contribution of hy would be
too big = excluded by HiggsSignals R . S T S
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Result

High p<° Parameter Space

2HDMS Type I, tan(B) € (10,20), x3,™ = 157.75 06 2HDMS Type I, tan(B) € (10,20), x3,™ = 157.75 06 2HDMS Type I, tan(8) € (10,20), y; ™ = 157.75
0.12 *  Best-Fit 5 5
Oy max 05
0.10 —— 1o new 4 4
— loold 3 3 04
1 t-Fi
0.08 ; o Berti ‘ % Best-Fit
5 2 &F oy 2 a8 s
=0.06 5 e 5 503 O Hyymax
3 ! — loold 1 0 — lonew
0.04 . 0 0 . .
0.02 . 21 0.1 . o
. v C
. L 2o
0.00 -2 o T -2 0.0 e’ :
0.0 0.4 0.6 0.00 0.05 0.10 0.15 0.20

Hap

. . . . th .
Comparable amount of points with high p27°, but much smaller scan:

811 points in comparison to 4874 for previous scan
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Comparison to old Parameter Scan

High p%° Parameter Space

2HDMS Type I, tan(3) € (10,20), a, € +(0.65,2.52) 2.50 06 2HDMS Type I, tan() € (10,20), o € +(0.65,2.52) 2.50 06 2HDMS Type I, tan(8) € (10,20), ay € +(0.65,2.52) 2.50
e o
Best-Fit 295 2.25 225
O Jyymax 0.5 05
— 1o new 2.00 2.00 2.00
— loold 04 04
% Best-Fi
LT ‘ N Best-Fit 1755 ‘ % Best-Fit L5
2 flyy,max 8
g = 103 fome = f03 O flyymax =
. 150 g B8 — 1lo new 150°g = 1o new 1.50 g
- —— loold - -
1.25 1.25 1.25
1.00 1.00 1.00
0.00 . . T T 0.75 X et tap 0.75 T 0.75
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.15 0.20
Jioy Hoy i

+ Yellow to light-blue points are missing in modified Parameter Space
+ Modified Parameter Space behaves as expected

- Possibilities to increase /,Ltheo will be rated as successful
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Summary & Outlook

Summary:

theo

- Itis possible to reach the necessary pf<° and ia® with a 2HDMS Type |
- The excesses in the vy, bb and 77~ -Channel can not be fitted with a 2HDMS Type | simultaneously
(similar to 2HDMS Type I1)

+ In contrast to our first assumptions, it is possible to reach high u%" with a 2HDMS Type I. The
easiest ways to increase pl<° are:
— Small mg+
— Find maximum of |ep,|? - BRogpms (h1 — 77)
— Large tan(p)
Outlook:
+ Implement vacuum stability and flavor constraints more accurately
+ Perform the same analysis for the 2HDMS Type Ill and N2HDM Type I/l (Next to Two Higgs Doublet
Model: 2 Doublets, 1 real Singlet)
- Different HiggsSignals implementation: Let HiggsSignals calculate SM and 2HDMS branching ratios,
explicitly pass underestimated BRs from SPheno
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Thank you!
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Flavor Constraints

Appendix

Two-Higgs Doublet Model, lepton specific Two-Higgs Doublet Model!, flipped
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Figure: [Haller et al., 2018]
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Results tan(/5) € (10, 20)

Appendix
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2HDMS Type I, tan(8) € (10,20), x2,,™" = 157.75

2HDMS Type L, tan(3) € (10,20), x3,>" = 157.75

2HDMS Type I, tan(B) € (10,20), x5, = 157.75
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Best-Fit Point tan(5)) € (10, 20)

Appendix
Parameter | mp, My, My, Mgy Mg, my 4 Vs
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Results tan(f) € (1,3)

Appendix
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Results tan(5) € (3, 10)

Appendix
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myg+-Constraints
Appendix
Best-Fit, vary my+ € [100, 1500] GeV
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hy singlet contribution
Appendix
Also points forbidden by:
HiggsTools and Vacuum stability Only allowed points
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