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DISCLAIMER

| will not talk about:

¥ Flavour (e.g. B-anomalies)

¥ Dark Matter in natural models

¥ cosmological solutions to the
hierarchy problem (relaxation)

¥ Models of (EW) Baryogenesis

¥ SUSY theories

see talk by S. Blasi

see talks by M.Ruhdorter
and G. Perez

see talk by G. Perez

see talk by A. Glioti



The SM paradigm

1. Global symmetries are accidental

- Large hierarchy —» (approximate) Ravor, custodial, B and L i symmetries

emerge accidentally in the IR

+ Ayv

~ 1076 GeV

105 TeV

X

~ afew eV

EW scale

Explain proton stability, support
gauge coupling unibcation, possible
explanation of neutrino masses

<— Explain absence of new Ravor-violating effects

<+— EXxplain absence of corrections to EWPT



The SM paradigm

1. Global symmetries are accidental

- Large hierarchy —» (approximate) Ravor, custodial, B and L i symmetries
emerge accidentally in the IR

2. Fermions in complex representations of SU(3)xSU(2).xU(1)y

- Bare masses forbidden. Masses explained in terms of couplings

- Only naturally light fermion belds are observed

3. Apparent gauge coupling unibcation

- Fermions in complete GUT multiples

- Gauge couplings unify with ~20% accuracy at very high scale (~10 16 GeV)



Feature that seems to undermine the SM paradigm:

The SM contains one relevant operator with d=2: the Higgs mass term

|  EW-GUT hierarchy destabilised

| value of EW scale set in by hand (not dynamically generated)

¥ SM successfully reproduces all data from laboratory experiments |

¥ QFT + GR can describe cosmological evolution of the Universe,
but the SM itself fails to explain two basic features: Dark Matter
and Baryogenesis



Extending the SM

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

% gravity
New sector ,\/\/\/\/\/ SM Sector
| | portal
. I . n . - |
Au y y E : Au y ’ H
AVAVAVAVAVAVAVAVAVAV
! SMgauge

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

Postulate a new sector with new dynamics and/or new matter

Requirements: the new sector must

| Stabilise and generate dynamically the EW scale
' Achieve SM precision unibcation

' Explain DM

| Generate baryon asymmetry



Ex. #1: New sector to generate dynamically the EW scale ( 7/echnicolor)

[ Weinberg, Susskind *70 ]

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

TC sector L gravity SM Sector
ANNANAN,, (Higgsless)
TC E 5
AT TS A ML A
. SMgauge
gaugegroup=Gtw gauge group =G su

¥ | 1 vectorlike under Grc, but complex under G tcXGsm

| TC condensate 1@+-1 1¢" not a full GrexGswmsinglet, breaks G sum

Main prediction : heavy and broad composite Higgs boson
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Ex. #2: New sector to generate dynamically the EW scale ( Composite Higgs)

[ Georgi & Kaplan "80 ]

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

CH sector Y gavity | SM Sector
ANNANAN,, (Higgsless)
TC E 5
AT TS A ML A
. SMgauge
" gaugegroup=Gr gauge group =G su

¥ I 1 vectorlike under GtcxGsm

| TC condensate 1@+-1 1¢" can be full G tcxGswmsinglet and preserve G sm



Ex. #2: New sector to generate dynamically the EW scale ( Composite Higgs)

[ Georgi & Kaplan "80 ]

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

CH sector Y gavity | SM Sector
ANNANAN,, (Higgsless)
TC E 5
AT TS A ML A
. SMgauge
gaugegroup=Gtw gauge group =G su

¥ I 1 vectorlike under GtcxGsm

| TC condensate 1@+-1 1¢" can be full G tcxGswmsinglet and preserve G sm

¥ Vacuum misalignment generated by weak pertubations
triggers EWSB. Realistic if NGBs D 212 of SU(2).xU(1)v /

c,\’\)(0
40

\ !

/ ' =0 no EWSB

. Vv . .
Notice: |1 f—" 1 requires tuning




General prediction : /ightand narrow composite Higgs boson with modibed couplings
lglg ! O V2 °

o, .
f21,é' M :|DHH|2+TH2!H(H H)#2+...

¥ SM fermion masses generated by higher-dim operators

L! c9 Oy + !L!QLOL'F !R!QROR'F h.c. On ! Yrc! v¢, Or ! Y1c! 1! e



General prediction
lglg ! O V2 °

cy

2i i/ i2_ 2

¥ SM fermion masses generated by higher-dim operators

light and narrow composite Higgs boson with modibed couplings

L (H Y2+

L!(c9 Oy !L!QLOL+!R!gROR+h.C. On ! Yrc! v¢, Or ! Y1c! 1! e
. . dapted f JHEP 1205 (2012) 110
Tension between generating large enough quark masses and adapte il ( ‘ : ‘ :
avoiding the hierarchy problem in theories with bilinear couplings
[Rattazzi, Rychkov, Tonni, Vichi JHEP 0812 (2008) 031] o !
>
é #11
— 21— i — 2.
[OH] = d|-| [OH] = | (dH) im ! =2 E
dg! 1 <§
: dy! 1 : 4
I | #
Moy FT 1 Y w w w
Vv | UV | I #| g #m I

Upper bound on ! (dy )from bootstrap of CFTs gives
lower bound on ! v

Fine! tuning

UV completion required at relatively

low scales, must address flavor
[Poland, Simmons-DufPn, Vichi JHEP 1205 (2012) 110]




General prediction : /ightand narrow composite Higgs boson with modibed couplings
lglg ! O V2 °

o, .
f21,é' M :|DHH|2+TH2!H(H H)%+...

¥ SM fermion masses generated by higher-dim operators

L! c¥W O +@_+ !F@'h-c- On ! Brc! 1, Or ! Brc! 1c! 1c

?

Theories with linear couplings and partial compositeness can have a higher cutoff

d . +dr! 5

1= d - 21 — Mg -
[OI] dl d!“r?/Z[O] 3 Vo I uv

need d; ! 5/2 —» one can safely have [0%] > 4

Prediction : top partners (composite fermions ! ) 10|O; | " # 0
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¥ 4D Composite Higgs Theories with partial compositeness give non-minimal EW cosets.
(ex: SU(4)/Sp(4), SU(5)/SO(5), SU(4)xSU(4)/SU(4) ) Ferretti, Karateev JHEP 03 (2014) 077

Generic prediction: At least one light SM-singlet pPNGB associated to an axial U(1)
and coupled to SM gauge bosons through anomaly (ALP)



¥ 4D Composite Higgs Theories with partial compositeness give non-minimal EW cosets.

(ex: SU(4)/Sp(4), SU(5)/SO(5), SU(4)xSU(4)/SU(4) )

Generic prediction:

Ferretti, Karateev JHEP 03 (2014) 077

At least one light SM-singlet pNGB associated to an axial U(1)

and coupled to SM gauge bosons through anomaly (ALP)

Production at LHC via gluon fusion
Decay to V V,®

— 2jet — WW —— tt@8 TT
—— Zh — ZZ — @8  -—--- Brisy
— yy@8 — Zy tt —— Brhy,,
— Yy ey

[Cacciapaglia et al. Front. Phys. 7 (2019) 22]
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LHC Runl+Run2
10




¥ 4D Composite Higgs Theories with partial compositeness give non-minimal EW cosets.
(ex: SU(4)/Sp(4), SU(5)/SO(5), SU(4)xSU(4)/SU(4) ) Ferretti, Karateev JHEP 03 (2014) 077

Generic prediction: At least one light SM-singlet pPNGB associated to an axial U(1)
and coupled to SM gauge bosons through anomaly (ALP)

LHC Runl+Run2

! Production at LHC via gluon fusion 10
Decay to V V,® —~
)
|_
- T
—— 2jet — Www —— tt@8 TT
— R — @8 - Bricy Y~
— yy@3 — Zy tt — Brgbuu
— YY HH@T

[Cacciapaglia et al. Front. Phys. 1 (2019) 22]

_______________________________________________________________________________________________

Bounds stronger than those from

 EWPT:f ! 08! 1.7TeV

Top partner searches: f | 300 GeV 3

O



11

¥ 4D Composite Higgs Theories with partial compositeness give non-minimal EW cosets.

(ex: SU(4)/Sp(4), SU(5)/SO(5), SU(4)xSU(4)/SU(4) )  Ferretti, Karateev JHEP 03 (2014) 077

Generic prediction: At least one light SM-singlet pPNGB associated to an axial U(1)
and coupled to SM gauge bosons through anomaly (ALP)

LHC Runl+Run2

! Production at LHC via gluon fusion 10
Decay to V V,® —~
)
=
—— 2jet — WW —— tt@8 TT
—— Zh — ZZ — UU@B  ----- Brisy Y~
— yy@3 — Zy tt E— Brgbuu
— Yy ey
[Cacciapaglia et al. Front. Phys. 7 (2019) 22]
Bounds stronger than those from i _
: . Mass window 14 GeV! m,! 65GeV
EWPT: f ! 0.8! 1.7TeV . poorly constrained by current searches :
. Top partner searches: f | 300 GeV gi e
: ! '
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¥ 4D Composite Higgs Theories with partial compositeness give non-minimal EW cosets.
(ex: SU(4)/Sp(4), SU(5)/SO(5), SU(4)xSU(4)/SU(4) ) Ferretti, Karateev JHEP 03 (2014) 077

Generic prediction: At least one light SM-singlet pPNGB associated to an axial U(1)
and coupled to SM gauge bosons through anomaly (ALP)

projections for HL-LHC

| Pproduction at LHC via gluon fusion 10
Decay to V V,® N
)
I_
- Tl
— tt — WW — 1T — 3/ab
— et — yy — bbb 300/ ™
Zh  —— boosted TT __ Bl ~ 10%

[Cacciapaglia et al. Front. Phys. 7 (2019) 22]
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¥ 4D Composite Higgs Theories with partial compositeness give non-minimal EW cosets.

(ex: SU(4)/Sp(4), SU(5)/SO(5), SU(4)xSU(4)/SU(4) )  Ferretti, Karateev JHEP 03 (2014) 077

Generic prediction: At least one light SM-singlet pPNGB associated to an axial U(1)
and coupled to SM gauge bosons through anomaly (ALP)

projections for HL-LHC

| Pproduction at LHC via gluon fusion 10
Decay to V V,® ;‘
)
_ =
— tt — WW — 1T — 3/ab
— et — yy — bbb 300/ ™
Zh ~ — boosted T Brlcy ~10%

[Cacciapaglia et al. Front. Phys. 7 (2019) 22]

. Proposed searches:

al 11 (€"9(u"'9 (boosted+ISR)
[Cacciapaglia et al. Eur.Phys.J. C78 (2018) 724 ]

.at I (differential)
. [Mariotti et al. PLB 783 (2018) 13]
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¥ 4D Composite Higgs Theories with partial compositeness give non-minimal EW cosets.
(ex: SU(4)/Sp(4), SU(5)/SO(5), SU(4)xSU(4)/SU(4) ) Ferretti, Karateev JHEP 03 (2014) 077

Generic prediction: At least one light SM-singlet pPNGB associated to an axial U(1)
and coupled to SM gauge bosons through anomaly (ALP)

projections for HL-LHC

| Pproduction at LHC via gluon fusion 10
Decay to V V,9 N
)
I_
- Tl
— tt — WW — 1T — 3/ab
— et — yy — bbb 300/ ™
Zh  —— boosted TT __ Bl ~ 10%

[Cacciapaglia et al. Front. Phys. 7 (2019) 22]

Warning: Only top/bottom are partial composite, lighter SM fermions must
have bilinear couplings (cannot have too many new fermions
since the theory has to conbPne)

Cutoff below 10°TeV, UV completion must address 3avor
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¥ Holographic Composite Higgs theories have partial compositeness built-in,
minimal coset SO(5)/SO(4) and no ALPs. Cutoff can be at Planck scale.

[ Agashe, RC, Pomarol (2005); RC, Da Rold, Pomarol (2007) ]

Main prediction: top partners (vectorlike fermions)
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¥ Holographic Composite Higgs theories have partial compositeness built-in,
minimal coset SO(5)/SO(4) and no ALPs. Cutoff can be at Planck scale.

[ Agashe, RC, Pomarol (2005); RC, Da Rold, Pomarol (2007) ]

Main prediction: top partners (vectorlike fermions)

= AR RN IS RN RN RN LR LR <
T ATLAS B 1420 >
T 09 /s =13 TeV, 36.1 fo! E -
E, 0.8 _ VLQ combination _; 1400 g
m 0.7 A Observed limit _; @
0.6 51380 £
o Y¢ SU(2) doublet -
0.5 O SU(@2) singlet 181360 3
0.4 IR E o
0.3 {1340
0.2 =
3 1320 .
0.1 | | 3 I ATLAS and CMS searches with 36fb-1 at 13TeV
0 0. 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1 1300
BR(T — Wb)
) 1K IIII'IA:’J[;AéuulHIHH'HHI“I: 1400;‘ ! Lower bounds MT,MB ! 1-1! 1'3Tev
T - )
r 09 Vs =13 TeV, 36.1 fb” 1350 %
o 0.8 VLQ combination = €
0.7 Observed limit = 1300 * A . d b .
U (T8 dowiet 1050 & ssoclate ne tunlng
0.6 FSU() (BY) doublet E
— 1200 O . 5
E 2 2 2
s 8 ET | 3yt \V/ I M _h
oo " A2m2  0.45TeV
4 {1050
' x> 11000

0 0.10.20.304 0.5 0.6 0.7 0.8 0.9
BR(B — Wt)



Ex. #3: New charged sector to give accidentally-stable DM candidate

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

Dark Sector L gravity SM Sector
D 5 E |
Aoto v, et
. SMgauge
gaugegoup=Go gauge group = G sw

[k o
¥ | p= (rp.rsm)! (8,8, ) vectorlike under GpxGsm
1

¥ Unbroken accidental symmetry ~ Ggopal ! [U(l)v]k! Lo U(1)ps
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species numbers



Ex. #3: New charged sector to give accidentally-stable DM candidate

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

Dark Sector L gravity SM Sector
D 5 E |
Aoto v, et
. SMgauge
“gaugegrowp=Go gauge group = G sw

[k o
¥ | p= (rp.rsm)! (8,8, ) vectorlike under GpxGsm
1

¥ Unbroken accidental symmetry Ggylobal !..

T ¢

species numbers  dark baryon number
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Ex. #3: New charged sector to give accidentally-stable DM candidate

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

Dark Sector L gravity SM Sector
D 5 E |
Aoto v, et
. SMgauge
gaugegoup=Go gauge group = G sw

Lk o
¥ | p= (rp.rsm)! (8,8, ) vectorlike under GpxGsm
1

¥ Unbroken accidental symmetry Ggylobal !..

T ¢

species numbers  dark baryon number

DM = Bound state stable due to an accidental symmetry

| Analogy: proton stable due to accidental baryon number
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¥ Various types of accidental DM candidates

Dark baryons

see recent classibcation in:
Antipin, Redi, Strumia and Vigiani JHEP 1507 (2015) 039

Dark mesons (pions and quarkonia) Mitridate, Redi, Smirnov, Strumia, JHEP 1710 (2017) 210

Gluequarks (Qg bound states with adjoint dark quarks)

Dark nuclei

R.C., Mitridate, Podo, Redi JHEP 1902 (2019) 187
Falkowski, Juknevich, Shelton arXiv:0908.1790

see for ex: Detmold, McCullough, Pochinsky PRD 90 (2014) 115013
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¥ Various types of accidental DM candidates
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Dark nuclei  see for ex: Detmold, McCullough, Pochinsky PRD 90 (2014) 115013

Gluequarks (Qg bound states with adjoint dark quarks)

See ex:
¥ Colliders probes: production of dark resonances (pions, rho’s, C. Kilic. T. Okui. R. Sundrum.
baryons,..) through their SM quantum numbers JHEP 1002 (2010) 018
and anoma/y COU,O//HQS Antipin, Redi, Strumia and Vigiani

JHEP 1507 (2015) 039



16

¥ Various types of accidental DM candidates

Dark baryons see recent classibcation in:
Antipin, Redi, Strumia and Vigiani JHEP 1507 (2015) 039
Dark mesons (pions and quarkonia) Mitridate, Redi, Smirnov, Strumia, JHEP 1710 (2017) 210

R.C., Mitridate, Podo, Redi JHEP 1902 (2019) 187
Falkowski, Juknevich, Shelton arXiv:0908.1790

Dark nuclei  see for ex: Detmold, McCullough, Pochinsky PRD 90 (2014) 115013

Gluequarks (Qg bound states with adjoint dark quarks)

See ex:
¥ Colliders probes: production of dark resonances (pions, rho’s, C. Kilic. T. Okui. R. Sundrum.
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Generic problem : unbroken species number may imply stability of
unwanted dark pions (ex: charged under hypercharge)

| Yukawas between Higgs and dark quarks needed to
break unwanted species numbers
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¥ Various types of accidental DM candidates

Dark baryons see recent classibcation in:
Antipin, Redi, Strumia and Vigiani JHEP 1507 (2015) 039
Dark mesons (pions and quarkonia) Mitridate, Redi, Smirnov, Strumia, JHEP 1710 (2017) 210

R.C., Mitridate, Podo, Redi JHEP 1902 (2019) 187
Falkowski, Juknevich, Shelton arXiv:0908.1790

Dark nuclei  see for ex: Detmold, McCullough, Pochinsky PRD 90 (2014) 115013

Gluequarks (Qg bound states with adjoint dark quarks)

See ex:
¥ Colliders probes: production of dark resonances (pions, rho’s, C. Kilic. T. Okui. R. Sundrum.
baryons,..) through their SM quantum numbers JHEP 1002 (2010) 018
and anoma/y COU,O//HQS Antipin, Redi, Strumia and Vigiani

JHEP 1507 (2015) 039

Generic problem : unbroken species number may imply stability of
unwanted dark pions (ex: charged under hypercharge)

| Yukawas between Higgs and dark quarks needed to
break unwanted species numbers

After dark conbPnement, mixing between

Wyl pH ——
D* D elementary H and dark pion (¥%p! p)

Partial Higgs Compositeness

Georgi and Kaplan, Phys. Lett. 136B (1984) 183
Antipin and Redi, JHEP 1512 (2015) 031
Agugliaro et al. PRD 95 (2017) 035019
Galloway, Kagan, Martin PRD 95 (2017) 035038
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Example:

[ Antipin and Redi, JHEP 1512 (2015) 031]

SU(N)p  SU@2)L U(@)y

! 2 +1/2
1% g 1 1/2
! 1 0
[ 1 0

(ML), (BN)=21,+2 15
(MN),(BL)=14+3g

Dynamical symmetry breaking:

SURB)L! SURBR " SUE)v 8 NGBs

Lvuk = ONH + MLH ¢+ h.c.
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Example: [ Antipin and Redi, JHEP 1512 (2015) 031]

SU(N)p  SU@2)L U(@)y

! 2 +1/2
1% ) | 1/2
! 1 0
[ 1 0

N | (I\@L),(I?,N)<—

(WN), (L) =10+30

Dynamical symmetry breaking:

SURB)L! SURBR " SUE)v 8 NGBs

Lvuk = ONH + MLH ¢+ h.c.

stable w/o Yukawas due to N-species number
severely constrained by direct detection exp.



17

Example:
SUNN)p SU@2). U@1Q)y
L ! 2 +1/2
@ 2 g U2
N ! 1 C
Y 12 1 0

N | (I\@L),(I?,N)<—

(WN), (L) =10+30

(H!) m§
yf !
Induced EWSB:  det(M?) < 0

[ Antipin and Redi, JHEP 1512 (2015) 031]

Dynamical symmetry breaking:

SU(3).! SU@B)R "

SUQR)y 8 NGBs

Lvuk = ONH + MLH ¢+ h.c.

for

stable w/o Yukawas due to N-species number
severely constrained by direct detection exp.

2 2 —- :
rnH<mcrit - !
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Example: [ Antipin and Redi, JHEP 1512 (2015) 031]

SUNN)o SU@)L Uy | |
Dynamical symmetry breaking:

L ! 2 +1/2
SURB)L! SURBR " SUE)v 8 NGBs
2 [ g U2
N ! 10 Lyu = BNH + MLH ¢+ h.c.
\7 2 1 0

: (¥L), (BN ) stable w/o Yukawas due to N-species number
I o severely constrained by direct detection exp.

(MN),(BL)=19+3g

from Yukawas

(H!) mj ®/H
m; !

yf !

nduced EWSB:  det(M?) < 0 for mf <mf; = = ——1 16 *f 7
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Example: [ Antipin and Redi, JHEP 1512 (2015) 031]

SUNN)o SU@)L Uy | |
Dynamical symmetry breaking:

L ! 2 +1/2 .
2 . U SU(3)|_| SU(3)R SU(B)\/ 8 NGBs
! g -
|
N 10 Lyuc = BNH + MLH €+ h.c.
\4 2 1 0
: (I\@L), (I?, N ) - stable w/o Yukawas due tp N-specie§ number
I @ a severely constrained by direct detection exp.
(MN),(EL) =10 +30
/ from Yukawas
(H1) mi (yft ) H
/ 2
from radiative corrections m¢ ! 16 5! 2
2§ 2y 2 2
induced EWSB:  dettM2) < 0 for m% <m2, =Y 1 16 ZfZZ—Z
I



¥ Higgs compositeness controlled by the mixing
Energy cartoon

fl
| 1 y_2 A
m; |
1 loop
. T I
1
. Vo IMgrit YOI
h —
My 7

[ Antipin and Redi, JHEP 1512 (2015) 031 ]
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¥ Higgs compositeness controlled by the mixing

Energy cartoon

- yf !
S
1 loop
¥ Corrections to EWPO suppressed for small mixing:
. V2 . m?2 !
P 14 g W2
f2 m¢
IMp
My

[ Antipin and Redi, JHEP 1512 (2015) 031 ]

A

[

Merit ! Y I
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¥ Higgs compositeness controlled by the mixing

”yf!

¥ Corrections to EWPO suppressed for small mixing:

. . m\ZN 5
P! 77 Q! m,2!

¥ Modibed Higgs couplings (as in Type-l1 2HDM)

. "mj
mixing between neutral states: tan2! ! R
me = my

24

Onhv v y my

=cos!! 1
OV 2(mi " mg)?
G _ COSE" 1)

"22mZmé " 3m¢
goM cos! 2 (mé" mg¢)?

[ Antipin and Redi, JHEP 1512 (2015) 031 ]

Energy cartoon

A

1 loop

+ 111

Mcrit !
[Mp

My

'
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EXx. #4: New neutral sector coupled through portal interactions

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

Dark Sector L gravity SM Sector
D : :
AD 1 g Al H
portal

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

¥ Assumption: Dark sector characterized by a mass gap ! |r and a cutoff ! jy |
no other parametric energy scales

— ) dark sector approximatively conformal for! g ! E! ! yy

¥ Goal: Set general bounds on this scenario without specifying the details of
the dark dynamics

[ work in progress with K. Max and R. Mishra ]

- R
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¥ Minimal set of lowest-dimensional operator characterising the dark CFT:

Tp! energy-momentum tensor [Tu! ] =4

O  scalar operator generatingthe  [O] =41 |
h/'erarchy! uv ] IR

Minimal portal interactions:

T T OH H 00
Lportal ' 9 Ox lJ!l 4 =L+ O Oy | do" 2 t 00z | disM
VY, 1 3% | do
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¥ Minimal set of lowest-dimensional operator characterising the dark CFT:

Tp! energy-momentum tensor [Tu! ] =4

O  scalar operator generatingthe  [O] =41 |
h/'erarchy! uv ] IR

Minimal portal interactions:

TSMTI“
Lportal ! O Ox “ll 4CFT + 009
LUV

T

Higgs portal



¥ Minimal set of lowest-dimensional operator characterising the dark CFT:

Tp! energy-momentum tensor [Tu! ] =4

O  scalar operator generatingthe  [O] =41 |
h/'erarchy! uv ] IR

Minimal portal interactions:

TSMTH! OO
Loortal ! O Ox “!l y “T +g9 9 9z — dgsm
" UV " UV

T

Higgs portal =~ = » Ssee also talk by G. Perez
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¥ Minimal set of lowest-dimensional operator characterising the dark CFT:

Tp! energy-momentum tensor [Tu! ] =4

O  scalar operator generatingthe  [O] =41 |
h/'erarchy! uv ] IR

.. . , any dim-4 operator in
Minimal portal interactions: the SM Lagrangian

/

T Teer @
Loortal ! O Ox “'l y + 00 99z — 5
" UV " UV
Higgs portal = » see also talk by G. Perez
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¥ Minimal set of lowest-dimensional operator characterising the dark CFT:

Tp! energy-momentum tensor [Tu! ] =4

O  scalar operator generatingthe  [O] =41 |
h/'erarchy! uv ] IR

.. . , any dim-4 operator in
Minimal portal interactions: the SM Lagrangian

/

T Teer @
Loortal ! O Ox “'l y + 00 99z — 5
" UV " UV
Higgs portal = » see also talk by G. Perez

Examples: € pure Yang-Mills gauge theory

& Randall-Sundrum with only gravity + Goldberger-Wise scalar in the bulk

& free fermion
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¥ Setting constraints:

I (high-energy) collider searches
I (low-energy) precision tests
| astrophysical (stars, supernovae)

I cosmological



21

¥ Setting constraints:

I (low-energy) precision tests
| astrophysical (stars, supernovae)

I cosmological

Let’s focus on these

Strategy:

1. Compute rates conservatively by
including only regime ! |2R I ! | 6\,

(where dark sector ~ CFT)

2. Focus on region where decay of dark
states occurs outside the detector



¥ Setting constraints:

I (low-energy) precision tests

| astrophysical (stars, supernovae)

I cosmological

€ Bounds on dim-8 TSMTEL, operator

1. Mono-X searches:

Ex: e'e | 1+'p atLEP2

e CFT € CFT
e’ ! et I

Events / 4 GeV

Let’s focus on these
Strategy:

1. Compute rates conservatively by
including only regime ! |2R I ! | 6\,

(where dark sector ~ CFT)

2. Focus on region where decay of dark
states occurs outside the detector

1000~

LEP data
10+

0.1001

0.001-

105+ — RS: ! | =5GeV 5 o 3 -
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¥ Setting constraints:

I (low-energy) precision tests
| astrophysical (stars, supernovae)

I cosmological

€ Bounds on dim-8 TSMTEL, operator

1. Mono-X searches:

Ex: e'e | 1+'p atLEP2

e CFT € CFT
e+ j' e+ |
2. Fixed-target experiments:

Ex: e +(AZ)!

Events / 4 GeV

e +(AZ)+ E at NA64

Let’s focus on these
Strategy:

1. Compute rates conservatively by
including only regime ! |2R I ! | 6\,

(where dark sector ~ CFT)

2. Focus on region where decay of dark
states occurs outside the detector

1000~

LEP data
10+

0.1001

0.001-

105+ — RS: ! | =5GeV 5 o 3 -
--= CFT CrOx O =10 |
107+ — FF: m =5GeV 2 2 —
Cr =8
G Ox O
109 ' ‘ ‘ ‘ ‘ ‘ ‘ ‘ : ‘ ‘ ‘ ‘ :
0 50 100 150

Recoil mass(GeV)

CFT
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& Bounds ondim-6 OH H operator

1. Mono-X searches (CFT-SM coupling through the Higgs)

h
Ex. pp! j+Er atthe LHC e T



22

Bounds on dim-6 OH H operator

1. Mono-X searches (CFT-SM coupling through the Higgs)

h
Ex. pp! j+ Et atthe LHC =

2. Modibcation of the Higgs propagator

2q2
it () = vELPL  d*x % "O(x)O(0)?
uv




Bounds on dim-6 OH H operator

1. Mono-X searches (CFT-SM coupling through the Higgs)

h
Ex. pp! j+ Et atthe LHC =

Modified Higgs couplings

2. Modibcation of the Higgs propagator
ggs propag 7 =1+ quRe(l (q)) -

OHiggs ! ZgHiggs

2q2
it () = vELPL  d*x % "O(x)O(0)?
uv




22

Bounds on dim-6 OH H operator

1. Mono-X searches (CFT-SM coupling through the Higgs)

Ex: pp! |+ Et attheLHC

2. Modibcation of the Higgs propagator

h—-: CFT

Modified Higgs couplings

Z=1+ SoRel (@) g

OHiggs ! ZgHiggs

A m2+®

/

2q2
it () = vELPL  d*x % "O(x)O(0)?
uv

"4
Higgs decay to CFT (for mp>1 g )

Lht cr7 = | %Im(" (m?))




Mono-X Searches

ee ! 1+p
LEP2 ,
ee ! Z+p

Terrestrial + Astrophysical Bounds

—pp! jet+ Er 107 X 2
pp! '+ Et Q\e >
8+13TeV : K
_pp! Z+ Et 7 \é
LT R 117-Y: 1 B

reciion fests 7 W LEP DD

Hydrogen energy levels % _
Electron (g-2) g . SN1987A,,,,
Positronium decay >
EWPT (LEP+SLD) * ol Ps
Higgs couplings (LHC)
10! 5
| crddt " gl " 10°
Fixed-target
NA64 e +(AZ)! e +(AZ)+E
1 19 : : ; | ‘ ‘ ‘ | : ‘ ‘ ! ! ; i
010!9 10'° 0.1 1000 107
Astrophysical AR 'GeV"

Supernova SN1987A n+ n! n+ n+ Xp

4
For free CFTs: cCr =16ny +8ng + éns



Mono-X Searches

ee ! 1+p
LEP2 ,
ee ! Z+p

Terrestrial + Astrophysical Bounds
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LHC I 14
g+13Tey | PPY I Er
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1 000

Precision Tests

Hydrogen energy levels %
Electron (g-2) ) o1l SN1987A
Positronium decay 3
EWPT (LEP+SLD) * o! Ps
Higgs couplings (LHC)
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| crdid’ " codydt " 10"
Fixed-target
NA64 e +(AZ)! e +(AZ)+E
19 ‘ ‘ ‘ ! ‘ ‘ ‘ ! : : ‘ ! ! ! !
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For free CFTs: c¢r =16ny +8ng + éns



Cosmological Bounds
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Relic density of a stable LDP (!ipp >10"s)

Decay of the LDP

1s< lipp < 10%s  agpundance of light elements

10'%s < 7. pp < 3x10%%s  diffuse y-ray spectrum

Number relativistic dof (at BBN, at time of
last scattering)

LDP = Lightest Dark Particle




Conclusions
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“ The Standard Model is successful to reproduce laboratory data, but fails in describing
basics features of our Universe
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Conclusions

The Standard Model is successful to reproduce laboratory data, but fails in describing
basics features of our Universe

Most efforts to go beyond the SM so far aimed at building natural models of EWSB.
Naturalness is under stress but itOs important to continue searches

- Top partners (squarks / heavy vector-like fermions T, B)

- Additional motivated light states (ex: ALPs in 4D composite Higgs models)

Alternative strategy: accept unnaturalness and try to explain DM and baryogenesis

from new sector by using the OSM paradigmO4rge gap, accidental symmetries,
unification) as a guiding principle

The Higgs can play a key role as a portal to new physics even if this is unnatural

Example: theories with accidental (composite) Dark Matter



