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ATLAS and CMS Fit to Higgs Couplings
Departure from SM predictions of the order of
few tens of percent allowed at this point.
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Correlation between masses and couplings consistent
with the Standard Model expectations
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All these coupling that are constrained at the 10 percent level,
will be constrained at the few percent level at the end of the LHC era



T. Vickey

arXiv:2308.04775

Higgs Boson Mass Combination

* Measurement combines the latest results in the H = ZZ* = 4£ and H — yy decay channels
* Result based on 140 fb-1 of pp collision data collected at a center of mass energy of 13 TeV during Run-2

Full Run-2 result: m; = 125.10 £ 0.09 (stat.) £ 0.07 (syst.) = 125.10 = 0.11 GeV

Run-1 + Run-2 result:l my = 125.11 £ 0.09 (stat.) = 0.06 (syst.) = 125.11 £ 0.11 GeV I

ATLAS le4 Total | Stat. only | Combination

Run1: /s =7-8 TeV, 25 fb~!, Run 2: /s = 13 TeV, 140 fb~!
Total (Stat. only)

Extremely precise

Runi1 H — vy F———e—— 126.02 + 0.51 ( 0.43) GeV

Run 1 H — 4/ | - | 124.51 + 0.52 (+ 0.52) GeV measurement of the
Run2 H — vy 12517 + 0.14 (+ 0.11) GeV Higgs boson mass,
Run2 H — 4/ 124.99 + 0.19 (+ 0.18) GeV with an uncertainty
Run 142 H — 77 125.22 + 0.14 (+ 0.11) GeV of only 110 MeV!

124.94 + 0.18 (+ 0.17) GeV
125.38 + 0.41 (+ 0.37) GeV

Run1+2 H — 4¢
Run 1 Combined
Run 2 Combined
Run 1+2 Combined

125.10 + 0.11 (+ 0.09) GeV
125.11 +£ 0.11 (+ 0.09) GeV

1 | |
128
my [GeV] 16

| | |
127



T. Vickey

arXiv:2304.01532

Determination of the Higgs Boson Width
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T. Vickey

Phys. Lett. B 843 (2023) 13774¢

ATLAS Higgs self-coupling results

* Higgs self-interaction can be measured via HH production Higgs
* 103times more rare than single Higgs processes potentia
» Allows us to probe the shape of the Higgs potential
* Many different channels analyzed
* Sensitivity better than 3x the SM

-
-----

o — L L L L L L AL L
ATLAS — Sbserve: II|m|t £ - ATLAS —— Observed limit (95% CL) 1
Vs=13TeV,126—139 b1 ... xpected limit — i Expected limit 95% CL) | https://physics.aps.org/articles/v8/108
oSM (HH)=32.7 fb (MHH =0 hypothesis) I - Vs=13 :I'eV, 126—1_39 fb-! o == (iuw =0 hypothesis) 7 p phy P g
gar+VBF =3 Expected limit +10 L 10%k HH-bbT* T~ +bbyy+bbbb  E= Expectediimitzic -
[ Expected limit +20 é = [ Expected limit +20 3
> B E== Theory prediction ]
ut Y¢  SM prediction g
=] e
bbyyt } 42 5.7 ~~_ t --=<_
H ~
bbr+T-| * 47 39 g S~ H
102 E
bbbb|- * 5.4 8.1 — bbTtT- .
—— bbbb i
Combined|~ 2.4 2.9 1 01 T R TR [N NN NN SO N N [ I ﬁ (.I\,on.llbm\edl ]
L 1 il 1 1 1 1 L 1 1 1 1 1 1 1 L L 1 1 L I 1 1 1 L —_— —_
0 é 1|0 1|5 2IO 25 30 10 5 0 5 10 15

95% CL upper limit on HH signal strength upy Kx



S. Tkaczyk

Ly

JHEP05(2023)233
. * Similar to H-> vy already reconstructed but rate
q w W reduction in Z-> € € channel
SN w v  Sensitivity to BSM effects at the decay
W
v
; * First example of combined ATLAS and CMS evidence
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Why we should not be surprised

There is a well known, amazing property of the SM as an effective field theory

Take any sector with gauge invariant mass terms, which do not involve the Higgs v.e.v.
L=-mi¢'¢p+ (MgUW¥)

The Appelquist-Carrazonne decoupling theorem says that as we push these gauge invariant
masses up, the low energy effective theory will reduce to the Standard Model !

The speed of decoupling depends on how these sector couple to the SM. In general, for a
coupling K to the Higgs, decoupling occurs when

k2 - 1
Miew VU

Obviously decoupling doesn’t occur if the masses are proportional to the v.e.v.

These properties are behind the EFT program.



Why we should be surprised

The Higgs potential suffers from a problem of stability under ultraviolet corrections,
namely, given any sector that couples to the Higgs sector with gauge invariant
masses, the Higgs mass parameter will be affected

28 k2Ng 2
1672 "W

These are physical corrections, regularization independent and shows that unless the
new physics is lighter than the few TeV scale of very weakly coupled to the Higgs
sector, the presence of particles with masses much larger than the weak scale mass
parameter is hard to understand.

Am?; oc (—1)

This is particularly true in models that try to connect the Higgs with the ultraviolet
physics, like Grand Unified Theories.

In such a case, we need a delicate cancellation of corrections, that only an extension
like Supersymmetry can provide.



Hints of New Scalars ? S. Tkaczyk

=2 7Y

CMS-PAS-HIG-020-002

Search for additional light H - yy decays below H(125)
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ATLAS results not inconsistent with the CMS excess, arXiv:2306.03889
KOTLARSKI, BANK



S. Tkaczyk

| higgs ¢

JHEPO07(2023)073

¢ = 11 in lepton or hadron decays
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Limits set [60 - 3500 GeV] ranging from 10pb to 0.3fb
e.g. two excesses in ggd at 0.1 and 1.2 TeV with ~3c

In MSSM scenarios My12> & M, 112> additional Higgs bosons with masses below 350 GeV excluded




Resonant Di-Hiogs Production

Local Excess at 1.1—1.2 TeV
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Other Interesting Excesses : A (650 GeV) -> H (450 GeV) Z

A(650 GeV) ->h (95 GeV) Z

H,A (400 GeV) —> t tbar, tau tau

A(610 GeV) —> H(290 GeV) Z
arXiv:2302.13697



Simple Framework for analysis of coupling deviations
2HDM : General Potential

General, renormalizable potential has seven quartic couplings, with three of them,
given in the last line, may be complex.

V= mflqﬂ;@l + mgz@;(% - (m%z@J{CI)g + h.c.)
)\1 )\2

+ 5 (R01)° + T (DhR2)” + Aa( @] 1) (@1Ps) + Aa(@]D2)(21Py)

A
+ ?5((1)];@2)2 + Ao (R11) (B1 Do) + A7 (L0s) (D] D3) + hc. |

In general, it is assumed that lambda 6 and 7 are zero, since this condition appears
naturally in models with flavor conservation. However, this condition is basis
dependent and it is not necessary.

We will therefore concentrate on the general 2HDM, with all quartic couplings
different from zero. As it is well known an important parameter in these models is

v
tan 8 = -2
U1



Zo syminetric case : Motivation

In 2HDM, one can define independent Yukawa couplings for each charge
eigenstate fermion sector

YIWY Hyl, + Yy W Hyphy + hec.
Here the Yukawas are 3x3 matrices in flavor space

This leads to a mass matrix

M:ylﬂ+y2v_2

V2 TV2

The problem is that, contrary to the SM, diagonalization of this mass matrix does
not lead to diagonal terms for the Yukawa interactions and there is in general
dangerous flavor violation interactions the Higgs sector.

This may be avoided by a simple parity symmetry, where for instance

H1—>H1, H2—>—H2, L—>L, R— +R

This marries even scalar fields with even fermion fields and odd with odd and
kills the flavor violating interactions while keeping

A =A7 =0

However, in a complete theory these couplings could be generated at the loop
level, and it is interesting to consider the general case.



Higgs Basis

An interesting basis for the phenomenological analyses of these models is the
nggs basis Hl = (I)l COS 6 + (I)Q Siﬂﬁ
Hy = ®sinf — $ycos 3

o+ H+
Hy = (%(v + ¢ + iGO))  Ha = (%(QS(Q) + ia0)>

The field qb(f is therefore associated with the field direction that acquires a

vacuum expectation value and acts as a SM-like Higgs

The behavior of the neutral mass eigenstates depend on the projection on
the fields in this basis.

Typically, it is the lightest neutral Higgs boson that behaves like the SM-like
Higgs. The case in which one can identify the state qbl with the mass
eigenstate is called alignment.

In the alignment limit the tree-level couplings agree with the SM ones. Large
departures from the alignment limit are heavily restricted by LHC
measurements.



Mass Matrix in the Higgs Basis

The neutral Higgs mass matrix takes a particularly simple form in the Higgs
basis (Zi are the quartic couplings)
Z1 Zé% —Zé
M2
M2 =0 | Zf =+ H(Zy+ ZE) —2Z3
M2
~Zs —3%; 4=+ 52— Z30)
Two things are obvious from here. First, in the CP-conserving case, the
condition of alignment, Zs << 1 implying small mixing between the lightest
and heavier eigenstates is given by
Z6’02 . 2 2
cos(f —a) = —— 5 Decoupling :  Zgv* < my
Second, while in the alignment limit the real part of Z5 contributes to the

splitting of the two heavier mass eigenstates, its imaginary part contributes to
the splitting and their mixing.

1
Ml33,h2 — MI2{i + 5(24 + |Z5|>’U2 .

mi = Z,v?, myp = 125 GeV



Ivanov, Ferreira

Symmetries of the SU(2)xU(1) 2HDM

B ZZZ <I>1—><I>1 \ (I)Q—)—(I’Q
Higgs-Family J U@1): ®1 =@ , P2 — e'? dy 6+ 10, 7}
Symmetries:
. P4 T Py

CPl: &y — &7 , Py — D3

Generalized CP 4 CP2: &) — &5 | &9 — — P]

Transformations:
¢ cosf) sind o+
CP3: 1 :
- <‘I’2) — (—siné) cos()) (‘I’E) 0<6<m/2

New symmetries arise when g1 =0, 13 in total Pfilatsis




Symmetries of the 2HDM

Each symmetry has a different impact on the scalar potential, originating
models with different phenomenologies and a different number N of
independent parameters:

Symmetry m?l -mg.z 771%2 A A2 A3 A4 A5 A6 A | N
CP1 real real real real | 9
Z9 0 0 0 7
U(1) 0 0 0 0 6
CP2 m2, 0 A1 -X6 | D
CP3 '771,-:‘1)1 0 A1 A1 — A3 — N\ 0 0 4
SO(3) m2, 0 A1 A1 — A3 0 0 0 | 3
TABLE 1

Some of these symmetries have phenomenologically viable extensions to the
Yukawa sector, thus becoming symmetries of the whole lagrangian, not simply
of the potential (Z,, U(1), CP1, CP2, CP3).

These symmetries may appear differently depending on the choice of basis for
the 2HDM.




Ferreira

New 2HDM symmetries

Combining the new relations between couplings (“r,-symmetry”)

9 2
mi; +mso =0 . A = Ao
11 22

A6 = —A7)

with the other six symmetries, we obtain new 2HDM models, with new
coupling relationships which are RG invariant to all orders.

We will designate the new symmetries with the prefix “0”, so for
instance, “0CP1” will refer to the application of the r; and CP1 symmetries,
and “0Z,” refers to the application of r; and Z,.

Symmetry | m2, m3, mi, | A A A3 A4 A5 e A7
o —m3 A -6
0CP1 —-m'fl real A1 real real —M\g
072 —m3, 0 A\ 0 0
0U(1) -m3, 0 A1 0 0 0
0CP2 0 0 0 A -6
0CP3 0 0 0 A1 Al — A3 — A\ 0 0
0S0(3) 0 0 0 A1 Al — A3 0 0 0
TABLE 2
No clear which symmetry transformations behind this relations !
OGREID

All Higgs masses proportional to the Higgs vey, therefore testable in the near future.



3HDMSs

Talks by Ivanov, Keus and Rebello

Extended Symmetries

Possibility of incorporating CP Violation and Dark Matter



Rebello

S3 = Permutation Symmetry Group

1 1
hi AN
3 I Rl B
hs A V3 VB 3
doublet and singlet: ( Z; >, hs of S3

Vo = pghlhs + pi (hlhy + hihs),
Vi =M (A Ay + hlha)? + Xa(hlhg — hEha)? + As[(hlhy — hihe)? + (Rl ho + hihe)?]
+ { A\ | (Bhha) (Wl ho + Biha) + (hEho)(Blha — hho)| +hec.}
+ As(hlhs) (Al by + hEha) + e[ (hhha ) (Bl hs) + (hhho) (Bihs)]
+ {7 [(hhha) (hEha) + (Rl ho) (hhho) | + e} + As(hlhs)?. Das and Dey, 2014

No symmetry for the interchange of Ay and hs

A4 plays a special role



Rebello

Complex vacua, Spontaneous CP Violation

Table 1: Spontaneous CP violation

Vacuum | Ay | SCPV || Vacuum | A\, | SCPV || Vacuum | A\, | SCPV
C-I-a X no C-IlI-f,g | 0 no C-IV-c | X | yes
C-IlI-a | X | yes C-III-h | X | yes C-IV-d | 0 no
C-III-b | 0 no C-III-1 | X no C-IV-e | O no
C-III-c | 0 no C-IV-a | 0 no C-IV-t | X | yes
C-III-de | X no C-IV-b | O no C-V 0 no

C-III-a (0, W2€'2, Wg);

C-III-h (v/312e72, £19€'72, g):;

C-IV-c (V1 4 2cos2 o919, Wee'’2, @s);

(V3
(
CIVf<\/2+

cos(o1—202)

COS 01

w ewl wgew? w5>
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Z>-symmetric 3HDM with dark CPV

Keus

DM is protected by a Z symmetry (—, —, +):
b1 — —b1,  bo — —d», SM fields — SM fields, ¢3 — o3

Z> symmetry respected by the vacuum (0,0, v):

Hy Hy G*
le = Hqi+iAq ) ¢2 — Hy+iAs ) ¢3 — v+h+iG°
V2 V2 V2

Only ¢3 can couple to fermions ¢, = ¢y = ¢ = ¢3 and h; = h

~/ - * /
_»CYukawa — Yu QL’0-2¢U Ur RN

+YsQ, Pudr ! [

_ [ ——> —e—> [
+Y.L;$.erp + h.c. %

No contributions to electric dipole moments (EDMs)

Observable heavy scalar DM V. Keus, [Phys. Rev. D 101, 073007 (2020)]

Venus Keus (DIAS)

= = = =) E= wac

Exotic DM 13.09.2023 23/32




Z>-symmetric 3HDM with dark CPV

DM is protected by a Z, symmetry (—, —, +):
le — _¢17

by — —do,  SM fields — SM fields,
Z> symmetry respected by the vacuum (0,0, v):
Hy Hyf
D1 = | Hyi1iA ) : P2 = ( Hy+i Ao ) : P3 =
V2 V2
S1

V., V* S
\\AA/&N\/< \\ h i,
S1 f ‘% P

V,V*

000000000

Keus

®3 — ¢3

Vv, v*

G+
v+h+iGO
V3
DM candidate: the lightest CP-mixed state S; 234 (mixtures of Hj 2, A1 2)
5
\‘\___h__< )

co-annihilations and CP-violation!

V. Keus, S. F. King, S. Moretti, D. Sokolowska, et al., [JHEP 12, 014 (2016)]
Venus Keus (DIAS)

Exotic DM

O

S
Tension released: the extended dark sector allows for annihilations,

13.09.2023

24/32




N H D M S de Medeiros Varzielas

£ == {Q% (Vi Hidg + Y3 Hy )

SO
N (1 4 _> (dLTnddR 4+ urm,ur + lL'mJePR)
1
v

=1
L EL e H el 4 h.c.} .

Hii=— [ Y25
v+ S5 +4GP . \/' S0+ iP?

Higgs Alignment

N
> (SR +iPY) (dLYildr + arYi'ug + LY er (-(,\j(

\/5 & + [ - d = u,t — e
= ZS’» (uLVkaR—uRYk VdL-i-I/LYkeR)



de Medeiros Varzielas
Y;f{ g TAYAATL ; A LB/\,\IN«\r

Y11 ellau—B)y, ella—m)y, . Y1 Yaa Yag
ei(‘Bl_Cll)Ygl }/22 61.('8‘—7’)Y23 = Y2l Y22 Y:Z3

eln—a) vy, etn—B)ys, Y33 Y31 Y32 Yi3

A, Sa, Ds4) E(3¢)

Vo = —m® (¢l + dla + ¢ls) + Vi, Leads automatically to Higgs Alignment

A / /\I Vev Alignmments B, (
2

my . = 2002 = 2m?, m;?LSM = 2(A1 + A3)v? = 2m?,
1 1
Mpge = 5/\21)2 (double degenerate) , W = 5()\2 —3X3)v*  (double degenerate),
1 |
mi: = 5/\302 (double degenerate) , i = —5)\31)2 (double degenerate) ,
3 3
m%y = 3m; = 5/\3'02 (double degenerate) . my = 3mi = —5)\31)2 (double degenerate)

No  SCpv

Viors = mb 1661 + miphdn + misdlos + (mdy 6162 +m3; olgs +md, olon + huc.)



N. Coyle, D. Rocha, C.W. * 23

General expression for neutral Higgs couplings in 2HDM

il — A 3
Lpo = _mj {sm(ﬁ —a) — C?if Ajé) (tan anﬂ)] K fifi
Re(i7¥ y Im(3% =i i
+ (gé cos(F = 0)(1 = )+ 12202 cos(3 - a>> WFL fi 4 hc
om, | cos(f — «) 1 ~
- (- o)+ e (i~ Aveans) | 7S
Re(7 g Tm (7" o
u (% cos(B — a)(1 — §9) + Z% cos(f — oz)) h fi ft + h.c.
My = U, MU} Gi = ULy:U}
_ Re(%) AL
AZ Re(g?) tanﬁ i — Az

Higgs FCNC demands flavor as well as Higgs misalignment !



Non-SM Higgs Coupling
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Jsin(s - )| 75

_|_

Re(i7Y o Im(gd) i g
(\/gigfs)ﬂ(l —0Y)sin(B — ) + Z\/r;i%s)ﬂ sin(f — oz)) hofr fh + h.c.

B _ﬁ ij B B 1 B Aitanﬁ ‘I B 0F ¢
Ly = U(S [cos(ﬁ ) <tanﬁ(1—|—Ai) (1+Ai)>8 (8 a)] hafifi

Re (7Y . Tm (7% o
<\/§(S:?111)5(1 —0)sin(B —a) 1 (yl )ﬁ sin(f — oz)) hgfzf}% + h.c.

Higgs alignment, of course, does not ensure flavor alignment in

the non-standard Higgs sector




We will keep in mind that the LHC favors and SM-like Higgs boson

LHC constraints on Higgs alignment in the 2HDM

ATLAS Preliminary - ATLAS Preliminary oM
Vs =13TeV, 36.1- 139 fb~1 ---- Expected 95%CL Vs =13TeV, 36.1- 139 fo~* ---- Expected 95%CL
my = 125.09 GeV, |yn| < 2.5 — Observed 95%CL my = 125.09 GeV, |yn| < 2.5 — Observed 95%CL
2HDM Type-| 2HDM Type-lI

Q 101 T T T Q 101 :'a K

C C 1 3

s ke i N

100 100
10—1 L L L L L L 10—1 L L L : L L L
-1.00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00 -1.00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00
cos(B —a) cos(B — )

Regions excluded by fits to the measured rates of the productions and decay of the Higgs boson
(assumed to be h of the 2HDM). Contours at 95% CL. ATLAS-CONF-2021-053

by = sin(6 — ) + “E 0 ky = sin(8 — ) — cos(8 — a) tan 3
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Possible flavor violation in Higgs decays
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No hint from CMS, though :  BR(H — 7p,e) < 0.15%



Carena

Entanglement Suppression and Alighment

Amplitude for @}®) — ®:) in the broken phase

dF ot (I);_ (132_ CIDjL_ q)j ot o+ . .
¢ ‘ ¢ ¢« Tree level contributions
Pi; P « Gauge coupling turned off
P ; ’ « Yukawa couplings do not
0 0 1 1
oY o0 B 9 P} DY oY ) contribute at this order

(a) (b) © (4)

We shall perform the calculation in the Higgs basis: such U(2) rotation - no mixing
between ®%and ®+ - corresponds to a single-qubit operation and does not change

the entanglement power of the S-Matrix

From the scalar potential the Feyman rules follow

+ ot or
H, Hy ¢ ¢ 71 Zs Zo Zs
. Ze L3 Ly 2L
w (41 Z . — 6 43 44 47
HY =7 <Z; Zﬁ) HO _n (Zl 226) >< ' (26 2y Zs 27)
ab V2 \2%s Z5 ), Zs Zn Zr Z2) gy eq
HF Hy
20 1
3 -2 (Zi Zi) 1 V2 (234:)24 327 4) , .0 10
ab @ HO_H5M+ZG HO_HNSM+ZA
- HO 1= = 2= =
5 b V2 V2



Carena

S-Matrix Minimal Entanglement and Emerging Symmetry

Full amplitude: M abca = MaviMeg; 5 M pcq = MadiMey,;
2 M! = RiiMayjc(RirM, )* + h.c.
. . (% i ab,cd i ajc\ /i VLdEkb,0 )
ZMab,cd = ZM(c)Lb,cd - 7 g g Mz‘rab,cd Pr,i j,zk

1 r=s,t,u

rotation matrix in the neutral sector

4-point contact interaction ‘ '
Pt,i - Z/(t o m%,z) and PT,i - Z/(’l“ o m%—,i)) r o= Ssu.

moi = {mn,mu,0,ma} and m4; = {mg=+,0}

Every term should satisfy the conditions: A A

Mi111 + Mag 22 = My 12 + Moy 21 Z; =0, 1#£1,2,3
M2 = Migo1 = Ma112 = M2211 =0 = V=Y, =Y = —Z0?%/2 = ;=0
Mi112 = Mo122 , Mi121 = Mi2 22 - Vs =0 Alignment

This leads to the scalar potential with maximal SO(8) symmetry:

V =Y (HH, + HIH,) + g(H}le + H]H,)? Acting on the 8 real components
) of the two doublets
Z _ 0P This is then broken spontaneously
== HY P+ Gt H H™ — — .
> (;2 PTG 3 ) to SO(7) by the Higgs vev

MC, Low, Wagner, Xiao [2307.08112]



Topology type

Feynman diagrams Amplitude

Modified Higgs trilinear coupling

Ai x Khhh

gosont,b J ,h
t._b>—-l-o\
(/R 1.1 gl ) ~h

Ly L

One modified Yukawa coupling

Modified Higgs trilinear coupling
and modified Yukawa coupling

Two modified Yukawa couplings

Bubble and triangle
with hit couplings

g t p, Loh9ovT [ g-- -h
:::Z]>.""\ t t Ai X Kntt
) t ‘}I,g,ooo --=h
t
9T, ,+h
i > - .\ -Ai X KhhhEhit
g voey” | “h
g o1 )
t t Ai x 'ilzm
g ooo ; -==h
g L hy i .
™ N m 1 i
Z} ..’7-..< i} .-]’-4‘ Ai < Ky
g Yt ) g vwEe” f “h

This class of topologies involves only diagonal couplings between the Higgs and the squarks,
due to the absence of FCNCs in strong interactions and the presence of one htt coupling.

Modified Higgs trilinear coupling

+
Bubble and triangle

with hit coupling

[4
g S~ Lo oh g vy L 7 B
:?’l O--. £t :.-]‘-.\ Ai X KnhnKys;
g ;— “h gy i *h

Only diagonal couplings between the Higgs and the squarks due to the strong interaction.

Triangle and box
with two hit couplings

£ t;
(lfmm-—»-o---h (qum-»-o---h.
f % ;f IL]/ \7‘
qw-«-o---hyw-«o---h A 2
t; t; ,oc|l<ch“|

Gy I @I
e,
g L ®---h

Bubble and triangle
with hhtt coupling

S

g ;= _chgwwes i -k .
. /.‘~ tit @ Ai < Ky
g '/:-' ‘hgw'{ “~h
1

Only diagonal couplings between the Higgs and the squarks due to the strong interaction.

Moretti

di-Higgs

Production

Huang, Joglekar, Li, C.W.
arXiv:1711.05743



The excess Is larger than PDF and scale uncertainties

SM + Signal (o x BR=23.953 fb)
103+ SM (0 x BR = 19.243 fb)
mg, =600 GeV
. mz, = 1300 GeV
r—ll - Khhh = 3.341e-03
o) = Kntt = -1.681e-03
Y= 11
o 102_ = Kpi = -6.690
2 K2 =7.228
Il K25 =8.519
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Cinderella shoe plots: high mass enhancement separates from SM background (LO
here, ME@NLO analysis in progress) while low mass effect needs better systematics



Santos

Dark Stops

Single vs. di-Higgs (n=1 and n=2)

0y, and 6;,;, as a function of the averaged coupling ( 2 /Ik>/n for n=1and n=2 and for a mass of 1 TeV. For

this plot we have taken —47 < 4, < 4.

n=1, my, =1TeV n=2, my, =1 TeV
307 : : : e <
20; — 6 — Op 60; — O — Op
i 40t
— 10 —_ [
B i X 20¢
he] oF he] [
i 0
~10¢ ] _20-
Y o R S S S S ] T S R SR S SR S
-10 -5 0 5 10 -10 -5 0 5 10

2Ailn

The complementarity between the dependence of &, and &, w.r.t. the coupling A is very clear.

For n = 1 the 3, and 3y, values are lines while for n = 2 there is an allowed region for 8,, due to the additional
dependence on 3, A?,.
If single Higgs is very close to the SM value constraining 3 A./n to small values, any significant excess of di-Higgs
production would provide a strong indication that n > 2.



Gravitational Waves from Cosmological Phase Transitions

Lewicki

@ Latent heat
T OAV
AV — 155

o=
PR

L AV =V -V
T=T

e Average size of bubbles upon collision (Characteristic scale)
~1
L ([ f
HR, = 3| =
R, = (8m)3 ( H)

e collisions of bubble walls Qo] X (Féco] (H R*)2

Kamionkowski ‘93, Konstandin ‘08 ’17, Hindmarsh ‘18 ‘20, I ) €20 22,



Temperature of the Universe
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The currently favored interpretation is in terms of

a population of supermassive black hole mergers.

Still, the amplitude is on the low side and the spectrum seems a
bit steep.
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Konstandin

No anisotropies have been found so far.
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SMBH binaries a =338 (BIC = 57.3)
fret = 12 nHz
Cosmic (super)strings Gp=2x10"12 -4.3
(CS) p=63x10"3 (2.5)
Phase transition Ty = 0.24 GeV -8.9
(PT) B/H = 6.0 (-1.0)
Domain walls Tann = 0.79 GeV -8.8
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Scalar-induced GWs k. = 1076 /Mpc -5.4
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fa = 0.87 Mp (0.7)

Lewicki



Deconfined Confined Quiros

phase phase
1
B Event B, Event B B, Event
horizon horizon horizon

kr, ~ —log(nT/k)

¢ A complete theory could be one with an intermediate
brane at the TeV, where the SM is localized, and thus
providing an explanation of the hierarchy problem

* The comparison with PTA data is the same as it only

depends on the &, brane

UV (Planck)
Intermediate (TeV)

IR (GeV)

S.J. Lee et al., 2109.10938
ggo E. Megias, G. Nardini, M.Q., 2306.17071
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CP conservation at T=0

CP violation at the phase transition
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PBH from 1st OEWPT

K. Hashino, SK, T. Takahashi, 2021

K. Hashino, SK, T. Takahashi, M. Tanaka 2023 10°
Mass of PBH from EWPT is determined by tpgn 1011

4T _
Mppn ~ ?H }(tppn)pe = 4TH ' (tppn)

fesn = QpeH/QpM
2

Microlensing observations
Subaru HSC https://hsc.mtk.nao.ac.jp/ssp

OGLE http://ogle.astrouw.edu.pl/ 101%'_12

Future observations

1073 3

First order EWPT
can be tested by
PBH observations

Kanemura
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PRIME 2023~  http://www-ir.ess.sci.osaka-u.ac.jp/prime/index.html

Roman 2026~ https://roman.gsfc.nasa.gov
fopp iS constrained by 10~

Using far infrared rays:
sensitive to the microlensing
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Strongly 15t OPT
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Conclusions

Precision Higgs measurement show a good agreement of all couplings with
respect to the SM expectations, including a single scalar Higgs boson.

Extra Higgs Doublet/Singlet Models and extensions provide a good effective
field theory to the study of LHC data.

Light non-standard Higgs bosons demand alignment in field space of the mass
eigenstates with the directions acquiring vev’s. Some flavor alignment also
required.

New scalars may have an impact on the Standard Higgs phenomenology, and
open the window for a discovery at the LHC.

They can also be relevant in cosmological phase transitions, which may be
probed by the search for new physics, the analysis of the Higgs potential, the
detection of gravitational waves and primordial black holes.

Overall, extra scalars provide a plethora of new phenomena that may be
probed in the near future and remains as one of the most exciting
phenomena in physics in the years to come.



Pilaftsis Theorem : No matter what you did,

Apostolos did it first
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Pilaftsis Theorem : No matter what you did,

Apostolos did it first. And better.
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