Scealarporallanunts
connection to Higgs physics

from a theory viewpoint

'\
//é

SANTAC

Stefania Gori
UC Santa Cruz

>

. K"

FIPs 2020 - Feebly Interacting Particles 2020
September 4, 2020



S.Gori

The scalar portal &
open problems in particle physics

§|H|232
2

HIGGS BOSON H

nnnnnnnnnn

gPARTICLEZ 0




The scalar portal &
open problems in particle physics

| Baryon anti-baryon asymmetry| | = | H | s? Origin of neutrino masses;
Electroweak phase 2 Flavor puzzle;
transitions
: R
e .4 Higgs hierarchy problem
- . = SUSY;
L Neutral naturalness;
Origin of DM Relaxion models; ...
Possible existence of a dark sector |
. «d
Dark scalar responsible of DM mass
o

_ A broad topic. Apology for the omissions...
S.Gori



Dark sectors & the Higgs portal
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Not charged under the
SM gauge symmetries

—

“Portals”:

Dark photon eZ“"’A:w

Higgs | w|H|?*|S|?
Neutrino | YHLN

generical

small parameters

The Higgs portal is one of the three renormalizable portals
connecting the SM to the dark sector

S.Gori



Dark sectors & the Higgs portal

N
/ “Portals”:

o Darkptoton | <2 A,

vm@aq“l Higgs | w|H|*|S|7
o v - s Neutrino | YHLN
Not charged under the generi‘c‘ﬁw\

G

mediators SM gauge symmetries small parameters

The Higgs portal is one of the three renormalizable portals
connecting the SM to the dark sector

In this talk, we will discuss the phenomenology of three simplified models:

Minimal model (SM+S): 1) ms< mn/ 2; 2) heavy ms; + more complete
3) Non minimal model (SM+S+DM): ms > 2mpm theories




Simplified models

Minimal model (SM+S): 1) ms< mn/ 2; 2) heavy ms;
3) Non minimal model (SM+S+DM): ms > 2mpm

from symmetry magazine



1)
How to probe the Higgs portal (light mg)?

Higgs portal
Interaction
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1)

Ms< Mph/ 2

How to probe the Higgs portal (light ms)?

@ Direct production: Higgs portal (125 GeV) Higgs decays:
. interaction /s
H 7
e pe | (2) =<
(if s gets a VEV) 2 \S
(same production mechanisms | g —
as for the SM Higgs)
_ Interplay of _
Z> breaking LHC searches Z> conserving
(S —-5) (S —-5)

S.Gori 4



1)

Ms< Mn/ 2

How to probe the Higgs portal (light ms)?

@ Direct production: Higgs portal (125 GeV) Higgs decays:
Interaction — /s
» @ -4
< S |HPs? -1
(if s gets a VEV) NS
It does not depend
on the mixing, Os
~ \T'he Higgs couplings to SM particles The Higgs has some “exotic”
3 are reduced by a factor of cos(6) signatures
1.6 —Ti=12514 GeV, m, = 50.0 GV - 99,79f,c(, ,eo!on 1 |
1.4 GB:S%C.L::gion 0.1; { 0.01
Ft,ot 1.2 - | / 7
r'sM ' ‘? 0.01% / £ =0.005 %
o % 0.001 |
¢=0001 ;
0.8 10—4% / j
0‘6-1 -0.‘95 0.9 -0.65 -0.,8 -0.75 0 | 10 | 20 - 30 4 |
cos(8.) 1312.4992 ™ (Ge")

S.Gori Robens, Stefaniak, 1501.02234 S 4



1)

Ms< Mhp/ 2

How to probe the Higgs portal (light ms)?

Direct production: Higgs portal (125 GeV) Higgs decays:
Interaction — /s
» @ -n”
52 S |HPs? Y
(if s gets a VEV) ™S
It does not dependé
on the mixing, Bs i
—\The Higgs couplings to SM particles | The Higgs has some “exotic”
3 are reduced by a factor of cos(6) signatures
(g Thi=12514 GeV. m, =500 Gev . 99,79f,ci. region lg‘ ,
1.4 68.3%CL. ::2: C 0.01 _
) 0.1 = :
tot 12 0} 0.01. ¢ =0.005
el & / %
T & 0.001 |
| ¢=0.001 ]
08 10—4% / ﬁ
e 0.95 0.9 085 08 -0.75 0 10 20 30 4 |

: m; (GeV)
S.Gori Robens, Stefaniak, 1501.02234 €os(®) i . 13124992 ........................................... 4 -



1)

Ms< Mhp/ 2

Decays of the dark scalar

If the scalar is heavier than ~10 GeV:

w If Bs =0, s is stable
m) S invisible

« If 8.#0, s will decay to SM particles

i} . N_mm?
(s = ff) = sm295§ 3 fﬂ}

Main BRs: bb, 171, cc, ...

N\

Sin(6,) = O(10°) Sin(B,) = 0O(10”)
S decays promptly S has displaced

y f decays
S
-%—<

f

S.Gori 5



1)

Ms< Mhp/ 2

Decays of the dark scalar

If the scalar is heavier than ~10 GeV:

w If 95 =0, s is stable
m) S invisible

« If 8.#0, s will decay to SM particles

i} . N_mm?
(s = ff) = s1n295§ 3 fﬂ}

Main BRs: bb, 171, cc, ...

N\

Sin(6,) = O(10°) Sin(B,) = 0O(10”)
S decays promptly S has displaced

y f decays
S
-%—<

f

S.Gori

If the scalar is lighter than ~10 GeV:

The calculation of the widths has
large theory uncertainties

Several different theoretical methods

in the literature.
Winkler, 1809.01876

au
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— 99

.
e
" .

mg [GeV]

Particularly relevant for
long-lived scalars g



1)

Ms< Mph/ 2

@ Direct production of a new scalar (LHC)

The production cross section s = production_sm Higgs“Sin2(6s)
Same production modes as for the SM Higgs

Only a few LHC searches have been performed.
Examples are bbS, S —uu
ggS, S — U, (also searched for by LHCb)

ggs, S vy
bbS, S —tautau

S.Gori 6



1)

1 _ .t | _ i Ms< Mn/ 2
O Direct production of a new scalar (LHC)
The production cross section s = production_sm Higgs*sin?(6s)
Same production modes as for the SM Higgs
o0 M I T
Only a few LHC searches have been performed. o 0% cL ppertimte :
Examples are bbS, S = pup ésoof— -------- Median expected :
9gS, S —~uu, (also searched for by LHCb) £, M - e :

ggs, S vy
bbS, S —tautau

CMS preliminary 35.9 b (13 TeV m, (GeV)

8 02FH- —Observed 1 :
& 1Y serve ] 10° CMS 19.7 6™ (8 TeV)
'E T T T T T L L B .| 1 — - T T ]
T = 50.18 ¥ Expected + 10 T F
&1 1600 ATLAS Preliminary f" dt=39pb" N3 b 2 f ety KT, e —— Observed
z \Ns=7TeV ] 8o 4 T Expected = 26 7] = [ - "o Expected
-1400 = — — .. xBR ] T“ . ° [ 1+ 10 Expected
é 1200 3 ;— . M < i o .|:| + 20 Expected
) —— Observed limit 7 5 '§ 102 . a
1000 g Expected limit E:, 0.1 I F 10
= o 2 <
@ s §
x 3 5 8
@) o
R
8 10 3
L Cl 1 . e== Wrong-signYukawa coupling ]
7 8 9 10 SM-like Yukawa coupling 1
70 75 80 85 90 95 100 105 110 1 4'0 6|0 80
. m,, (GeV)
H
S.Gori m, [GeV] 6



1)

Ms< Mph/ 2

®Direct production of a new scalar (low energy)

In addition to the LHC, high intensity (low energy experiments) can produce
the dark scalar through its mixing with the Higgs.
e.g. B decays, Kaon decays, Bremsstrahlung, gluon fusion, ...

Evans, SG, Shelton, 1712.03974

1; IIHerler >
10-1;—
10-2;—
10-3;; ;
Sing | SHIP |
1074 CODEX-b 1
. MATHUSLA |
10_5;
10_6;
10_7;1 M | . Lol g [ P | s bl [ E
10° 102 10" 1 10 100 1000

ms (GeV)

S.Gori 7



1)

Ms< Mph/ 2

®Direct production of a new scalar (low energy)

In addition to the LHC, high intensity (low energy experiments) can produce

the dark scalar through its mixing with the Higgs.
e.g. B decays, Kaon decays, Bremsstrahlung, gluon fusion, ...

Evans, SG, Shelton, 1712.03974 Batell, Evans, SG, Rai, 2008.08108

e

15

10_1 E

102 3
10 k E ?
Sing | SHIP | @ ]
107¢ CODEX-b 1 E
» MATHUSLA |
10_5; -
» - DarkQuest Phase 1
0% 0 NdJ 0 Sniviia 4 0 ee—-- DarkQuest Phase 11
F = 10—7 | | | 1 L]
i | 107! 1
10_7 .l | I ! h [ Lol Lol ] E G V
10° 102 107" 1 10 100 1000 ms [GeV]
ms (GeV) Upgrade of the SeaQuest experiment at Fermilab

(see talks by T.Nelson & J.C.Swallow)

The entire region of parameter space is STV S
well motivated by thermal secluded DM models.
s.Gori 1he requirement of thermalization leads to Sin@ >~10-7 UL B S, v




1)

Ms< Mph/ 2

@ A program for searches for h — ss

The scalar can decay thanks to
75 its mixing with the Higgs

H /
N . —— f
-(\\s _S |:|< Note: the BR(h) does not depend on
f

the mixing! We are probing a different
parameter, if compared to pp—s

S.Gori 8



1)

Ms< Mph/ 2

@ A program for searches for h — ss

The scalar can decay thanks to
75 its mixing with the Higgs

/
__H_.( f
N s s. H
N '*'< Many possible signatures to look for
f

gg ®> h—=ss —4b
gg @ h = ss = 4y
gg ®> h = ss = 2b2u
gg = h = ss = 2y2
gg 2 h = ss — 4pu
gg — h = ss — 2tau 2.

both prompt & displaced (or invisible)

+ sub-leading production modes of
the Higgs boson

e.g. qq — Zh — Z(ss) — Z(4b) ...

see talks by
S.Gori V. Martinez Outschoorn, M. Cepeda 8



@ A program for searches for h — ss

The scalar can decay thanks to

¥ //s its mixing with the Higgs
L f
N s s H
\ —s-
f
Tcg‘ =
3
L
m N
°I|b% , e
g {
S
/ﬂ‘r -------- ek
107"
1072
107
4 . ATLAS
e 1 10 60
m, [GeV]

S.Gori

Broader mass range?

1)

Ms< Mph/ 2

Many possible signatures to look for

gg ?> h—=ss—=4b

gg — h = ss = 2b 2u
gg = h = ss = 2y2]
gg = h = ss = 4u

gg — h = ss = 2tau 2

both prompt & displaced (or invisible)

+ sub-leading production modes of
the Higgs boson

e.g. qq — Zh — Z(ss) — Z(4b) ...

see talks by
V. Martinez Outschoorn, M. Cepeda

8




2)

Ms > Mh

How to probe the Higgs portal (heavy ms)?

@ Direct production: Higgs portal Di-Higgs production
: interaction — y
s @,
VA —|H|*s S .
>(if s gets a VEV) A R . y NEW
(same production mechanisms | g — X
as for the SM Higgs) -
_ Interplay of Z> breaking
Z> breaking LHC searches (S —-S)
(S =-5) The SM di-Higgs

production cross section

—\ Higas couplin is rather small at the LHC:
@ 99 PR ~37 fb (@14 TeV)
measurements
g ~T1-"~h g -k
- ty A t _z__<:\
Z> breaking g N R Z:}> / ~h
(S —=-5)

Large enhancements are
possible in Higgs portal

S.Gori models. 9



2)

Ms > Mh

O Di-Higgs production & the Higgs portal

— §in’0=0.12| _
~ §in°6=0.05
== §in’0=0.01

| Constraint from the present
ATLAS & CMS

| resonant di-Higgs
. production searches

800 1000

0(pp—>h2)BR(h2—>h1h1) / OSM(pp—>h1h l)

Lewis, Sullivan, 1701.08774

Dawson, Lewis, 1508.05397
Note: Carena, Liu, Riembau, 1801.00794

to obtain a more precise bound, one should consider interference effects

between the resonant decay and the SM diagrams |
S.Gori 10



3)
Extended Higgs portal simplified models

DM models can have the DM state lighter than the scalar mediator, ms > 2mpm.
If so, the dark scalar can be produced through the Higgs portal and decay
invisibly to DM. |:>Different signatures at high energy and high intensity

2 different parameters for production and decay

S.Gori 11



3)

Extended Higgs portal simplified models

DM models can have the DM state lighter than the scalar mediator, ms > 2mpwm.
If so, the dark scalar can be produced through the Higgs portal and decay

iInvisibly to

107
lo—lO,
10~l| L
lo—|2,

107"

Yy = (g,\/ge)z(’771/’77¢>)4

]0—2|

10—22 (

1072
10724

1014k
10-15¢
10—16_
10-17}
10-18}
10—I9,
10-201

1 Allllill L N IR I ' 1 | I I N . L ) I S I I
1073 1072 107! 1 10

DM.

Different signatures at high energy and high intensity

2 different parameters for production and decay

Invisibly Decaying Scalar Mediator, Dirac DM, g, = 1, my =3 m,

%
o

N.gmodel dep.

LHC I'(h > xY)

.......................................................................................................

Super—CDMS
SNOLAB

___________________________

m, [GeV]

S.Gori

Krnjaic, 1512.04119

B*- K*xyy -naw*

LHC mono-X
searches

DM SM

DM SM

11



(More complete) models:

%k Twin Higgs models
3% Models for electroweak phase transitions

Tt wob oty ¥
Higgs field Hiat

A




Twin Higgs models & the hierarchy problem

SMa x SMg x Z>

Global symmetry of the scalar potential (e.g. SU(4))
» The SM Higgs is a (massless) Nambu-Goldstone boson

H ~SM Higgs doublet
H—| "4 J9 V(H) = —m?H'H + A(H' H)?
Hpg Twin Higgs doublet

S.Gori

12



Twin Higgs models & the hierarchy problem

SMa x SMg x Z>

Global symmetry of the scalar potential (e.g. SU(4))
» The SM Higgs is a (massless) Nambu-Goldstone boson

H ~SM Higgs doublet
H—| "4 J9 V(H) = —m?H'H + A(H' H)?
Hpg Twin Higgs doublet

‘ ' 3
Loop corrections to the Higgs mass: —A (yAHJr H, + yBHT Hpg)

top twm top
Zo = Yya = YB

Loop corrections to mass are SU(4) symmetric

-} no quadratically divergent corrections!

S.Gori
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Twin Higgs models & the hierarchy problem

SMa x SMg x Z>

Global symmetry of the scalar potential (e.g. SU(4))
» The SM Higgs is a (massless) Nambu-Goldstone boson

H ~SM Higgs doublet
gH=| " V(H) = —m*H'H + \(H'H)?
Hpg Twin Higgs doublet

‘ ' 3
Loop corrections to the Higgs mass: —A (yAHJr H, + yBHT Hpg)

SU(4) and Z; are (softly) broken: ""Q--- ----O---

VA # UB top twin-top
(f* = v +vp > 246 GeV) Zy = Ya = YB

0 v mixing between the
SIY™ "% SM and the twin Higgs

-} no quadratically divergent corrections!

S.Gori

Loop corrections to mass are SU(4) symmetric

12



Phenomenology of the twin Higgs

A typical spectrum:

Htwin «

Twin tops

Twin W, Z

SM Higgs

Twin bottoms

Twin taus

S.Gori 13



Phenomenology of the twin Higgs

1. Production of the twin Higgs
The twin Higgs will mix with the 125 GeV Higgs with a mixing angle ~v/f
Because of this mixing, it can be produced as a SM Higgs boson (reduced rates!)

A typical spectrum:

Htwin «

Twin tops

Twin W, Z

SM Higgs

Twin bottoms

Twin taus

S.Gori 13



Phenomenology of the twin Higgs

1. Production of the twin Higgs
The twin Higgs will mix with the 125 GeV Higgs with a mixing angle ~v/f
Because of this mixing, it can be produced as a SM Higgs boson (reduced rates!)

2. Decay of the twin Higgs A typical spectrum:

O.SOT‘ HtWin «
0207~ ~ Twin tops
! Twin W, Z
% 005
' SM Higags
002" gd
001 B n Twin bottoms
300 500 700 1000 1500 2000 Twin taus

Twin Higgs mass [GeV]

N Crare / Glueballs <(mm

Twin particles undertake cascade decays s
to (typically) long lived glue-balls

S.Gori 13




Long -lived signatures from twin Higgs decays

b
, Craig et al., / 5
' 1501.05310 5
, o)

g
' Ht

S.Gori

Glue-ball.
O+ mixes with the 125 GeV Higgs
and decays typically displaced.

S (B) ~(B)H
3 [M2] |H | GWG

Signature: Ht — >= 2 displaced

14



Long -lived signatures from twin Higgs decays

--------------------------------------------------------------------------------------------------------------------------

b
, Craig et al., / 5 Glue-ball.
(1901.05310 - @ O+ mixes with the 125 GeV Higgs
______ | : and decays typically displaced.

a; [y 2 ~(B) ~(B)1
S, Mz, 37'(' [M2] |H’ G,EI,I/)G( )

Signature: Ht — >= 2 displaced

\ 125 GeV Higgs coupling

10 7 25 3.0
o measurements
Twin nggs 7ma$s [TeV]

Alipour-Fard, Craig, SG, Koren, Redigolo, 1812.09315
S.Gori 14




Long -lived signatures from twin Higgs decays

b
, Craig et al., / 5 Glue-ball.
(1901.05310 - @ O+ mixes with the 125 GeV Higgs
______ | : and decays typically displaced.
,o® TWin Higgs 2 o [y H2 GBGBM
Hr 3 | M2 p

Signature: Ht — >= 2 displaced

Twin Higgs — glue-balls:
(long lived)
CMS inner tracker analysis;
CMS beam pipe analysis;
-~ ATLAS muon spectrometer analysis

2l ‘ The relative strength depends
3\ S : on other parameters of the theory

BIVANGNS, | spmps 125 GeV Higgs coupling
0.5 1.0 15 2.0 2.5 3.0'\\
measurements
Twin Higgs mass [TeV] .

Alipour-Fard, Craig, SG, Koren, Redigolo, 1812.09315
S.Gori 14




Long -lived signatures from twin Higgs decays

b
, Craig et al., / 5 Glue-ball.
(1901.05310 - @ O+ mixes with the 125 GeV Higgs
______ | : and decays typically displaced.
,o® TWin Higgs o [y H2 GBGBM
Hr 31 | M2 p

Signature: Ht — >= 2 displaced

Many additional opportunities!

- study the pheno of the heavier
glue-balls (some mix with the
pseudo scalar Higgs)

- displaced + invisible signatures

- sub-leading twin Higgs production
mechanisms?

S » _ =, = Even more rich pheno in SUSY

Twin nggs mass rI'eV] twin Higgs models

Alipour-Fard, Craig, SG, Koren, Redigolo, 1812.09315
S.Gori 14




Effects on the 125 GeV Higgs pheno

The 125 GeV Higgs will mix with the twin Higgs with a mixing angle ~ v/f

% The Higgs couplings to the SM particles will be reduced
%k The Higgs will decay to light twin states

S.Gori

15



Effects on the 125 GeV Higgs pheno

The 125 GeV Higgs will mix with the twin Higgs with a mixing angle ~ v/f

% The Higgs couplings to the SM particles will be reduced
%k The Higgs will decay to light twin states

30% 20% 10% % Amount of
1.0 ’ ° > 1.0 fine tuning
" ]
oxI’ 1 ]
081 Y ioz\-ﬁggs rates into
' SM particles
0.6 PEWS5 40.6
0.4 10.4
PEW] ]
: Width into
0.2+ 40.2 _
- . ; the twin-sector
ool . D e L i) | 1, % (either invisible or
' 200 400 600 800 1000 displaced signatures)
my GeV 4 ~- Mass of the top-partner

Burdman et al, 1411.3310
S.Gori



Higgs portal and electroweak phase transitions

Light new physics weakly coupled to the Higgs can induce a strong

first-order electroweak phase transition
Analysis of the

To have a strong first order phase transition (ve/Tc >= 1), finite-’.cemperatu.re
one needs a sizable value for the hSS coupling. effective potential
In particular: of SM+S

S.Gori
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Higgs portal and electroweak phase transitions

Light new physics weakly coupled to the Higgs can induce a strong

first-order electroweak phase transition
Analysis of the

To have a strong first order phase transition (ve/Tc >= 1), finite-’.cemperatu.re
one needs a sizable value for the hSS coupling. effective potential
In particular: of SM+S

Higgs exotic decays can probe 2
most of the region cos @] = 0.01

|cos@| =0.01 0
100 e T T T [ T T T T [T T T T [T T T T [ T T T T3 10

107 L ] Elo10h
: < S :
1 - :
g 107 S E’ 107 g
& - ]
/M _ i
-3 | X -3 |- -7
10 E 5 10 . :
a S2|H[2/2 ] 72— e =

10—4 PR R T R N N R SR PR R S N TR TR T T NN T N N 10"4 PR I T T N N T TN T N T T T AN N T T N T W TN

10 20 30 40 50 60 10 20 30 40 50 60
m; [GeV] m; [GeV]

Kozaczuk, Ramsey-Musolf, Shelton, 1911.10210
S.Gori See also Curtin, Meade, Yu, 1409.0005
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Conclusions and outlook

Complementarity of...

%k Higgs coupling measurements
%k Higgs exotic decays
%k Direct production of new scalars (LHC & high intensity experiments)

* Di-Higgs searches ...in probing the Higgs portal

§|H|282
2

Many future experimental opportunities

An (incomplete set of) theory targets:

%k Thermal Dark sector (lower bound on Sin8) for secluded DM models
%k Thermal line for non-secluded DM models

%k Strong first order electroweak phase transition

S.Gori 17



