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Introduction

e OIld & compelling idea: the Dark Matter is a weakly interacting massive particle

The “WIMP paradigm,

Ny /S

Thermal freeze-out:

QXhQOCLN_
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" also strong ties to hierarchy problem
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Where have all the WIMPs gone?
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Where have all the WIMPs gone?
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Ways forward

¢ Vanilla WIMPs may be in trouble, but thermal freeze-out remains

powerful guiding principle. Insensitive to initial conditions.

¢ \Within standard cosmology, several possibilities to reconcile

thermal DM with experimental constraints:

v" DM lighter than a few GeV
v~ Structural suppression of elastic scattering on nuclei

v" DM annihilating to a hidden sector
Yy ..
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The role of Higgs naturalness
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The role of Higgs naturalness

e Still a useful motivation. But rather than razor-sharp predictions,

helps to identify broad scenarios, and scales of special interest

® Prominent case are strongly-interacting hidden sectors

e At~ GeV: neutral naturalness models (for example, Twin Higgs)

e At~ TeV: Higgs as a pseudo Nambu-Goldstone boson

e Dark mesons as DM

Broadly inspired by naturalness, but focus on DM problem (and phenomenology)

[Katz, Salvioni, Shakya 2006.xxxxx]

[Balkin, Ruhdorfer, Salvioni, Weiler 2017, 2018]
[Ruhdorfer, Salvioni, Weiler 2019]
[Haisch, Ruhdorfer, Salvioni, Venturini, Weiler, in progress]

[Cheng, Li, Salvioni, Verhaaren 2019 + in progress]
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This talk

* Dark mesons at the strong scale

» Mini-review of SIMP dark matter

» Our setup and cosmology

» Constraints and signatures

e Dark mesons at the weak scale



Dark mesons at the strong scale

e SIMPs (strongly interacting massive particles) as dark matter

Dark mesons at ~ 100 MeV scale, 3 — 2 annihilations set relic density

[Hochberg, Kuflik, Volansky, Wacker 2014]
[Hochberg, Kuflik, Murayama, Volansky, Wacker 2014]

e Minimal setup: hidden copy of QCD with N, =N, =3

New questions: [Katz, Salvioni, Shakya, to appear]
» Some mesons are unstable. Are their decays cosmologically viable?
» If meson mass splittings are sizeable, is SIMP mechanism still effective?

» Requirements for DM stability? Lessons for phenomenology (DM decays)

and model building

also: [Berlin, Blinov, Gori, Schuster, Toro 2018]
[Hochberg, Kuflik, Murayama 2018]
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This talk

* Dark mesons at the strong scale

» Mini-review of SIMP dark matter



A dark copy of QCD

e SU(N,) gauge theory
o N; light quark flavors — Nf2 — 1 (pseudo-) Goldstone bosons

e Can these light mesons be thermal DM?

Need a number-changing interaction to freeze out.

For Nf > 3 Wess-Zumino-Witten action contains o .-
just that: T -

N,
24072 f2

e"’P Ty (H@MH&,H@H&,H) C Lwzw

[Wess, Zumino 1971]
[Witten 1983]

U=l TII=n")\"
SM:eg. KtTK- — ntn— 7"
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WIMP parametrics

Freeze-out happens when:

credit: Eric Kuflik

Fannihilation ~ H

a?T 3TeOl
1ﬂannihilation ~ 3
Mpwm

Ennio Salvioni

1/2
—) ~ a x 10 TeV

weak coupling — weak scale

10



SIMP parametrics

Freeze-out happens when:

Fannihilation ~ H

v

nHM (V)55

' N ;

5 o)
MDMNDM ~ MpNy (0v7)350 ~ —5—

l Mpwm
Nng ~ Sty ~ S
mp

h 043T6Te2q

Fannihilation ~ 7

mpwm
= DM 20)
<xf T
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credit: Eric Kuflik

[Hochberg, Kuflik,
Volansky, Wacker 2014]
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SIMP parametrics

Freeze-out happens when:

credit: Eric Kuflik

Fannihilation ~ H

v

nHM (V)55

' N ;

5 o
MDMNDM ~ MpNp (V)34 ~

l mSDM
Te
Nng ~ Sty ~ S d ﬁ l

mp
’

1\9 = 3 QCD, degenerate mesons:

\/5)5]\76277275T

8t ) flog?

o1 = (

[Hochberg, Kuflik, Murayama

(Volansky, Wacker 2014]
Lio /
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The need for a mediator

¢ Hidden pions with SM-like mass (~ 100 MeV) obtain relic density

through freeze out of 3 — 2 annihilations

e However, if hidden sector is isolated the DM stays too warm

Too high T during structure formation, ruled out

[Carlson, Machacek, Hall 1992 ]
[de Laix, Scherrer, Schaefer 1995]

¢ Need mediation mechanism

Ennio Salvioni

T
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SN

SM

SM
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e N

—

keeps hidden & SM sectors
in kinetic equilibrium until freezeout

[Hochberg, Kuflik,
Volansky, Wacker 2014]
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Simplest mediator: dark photon

¢ Introduce dark electromagnetism, kinetically mixed with SM hypercharge

1 2 2 2 E ~ v
Lo omyAA + DF B,

¢ Physical dark photon couples to SM EM current, sechffy“’fA’M

Scattering on light (abundant) SM fermions keeps

My
kinetic equilibrium down to 1%, ~ 20 ~ few MeV

6 .
A/ '
[Lee, Seo 2015]

€ c o [Hochberg, Kuflik,
/ \ lower bound on  — Murayama 2015]
m4,
e e

¢ Bonus: annihilation is p-wave, CMB bounds are very weak
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Simplest me%tor: dark photon

/
7T A

| mar 2 2my
(from gauged WZW action)

R ———

T —

Scattering on light (abundant) SM fermions keeps

My
kinetic equilibrium down to 1%, ~ 20 ~ few MeV

é .-
A/ '
[Hochberg, Kuflik,

~ Murayama 2015]

& € e
/ \ lower bound on 5
(& (&

m45y,

¢ Bonus: annihilation is p-wave, CMB bounds are very weak
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Dark matter self-interactions

e Mesons undergo 2 — 2 scattering in DM halos

2
Z”Tr[(DMU)TD“U] ~ — cabed o7l me ot

e (Cross section

g _
M

m

™~ 1672

2412

~ (0.1-10)

cm?
g

Interesting order of magnitude for small-scale structure

“‘puzzles”

Maybe baryonic effects?

Veir (km/s)

Dark Matter Density (Molkpcs)

e Bullet cluster and halo shape constraints
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Not-so-light pPNGBs

adapted from: [Hochberg, Kuflik,

Murayama, Volansky, Wacker 2014] ( colors: different choices of N )
) C
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Not-so-light pPNGBs

adapted from: [Hochberg, Kuflik,

Murayama, Volansky, Wacker 2014] ( colors: different choices of N )
) C

SU(Nf)XSU(Nf)/SU(Nf), Nf=3

10 107
o 4
+10
6-
M | Oscatter [C Q/g]
2f7‘r al \\\\\\ X Moy
relic density ~ self-scattering
N <107
n & 1

Viable parameter space has heavy pNGBs, .,/ f, ~ 8—10

Expect important corrections to chiral perturbation theory
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This talk

* Dark mesons at the strong scale

» Our setup and cosmology



A minimal SIMP model

SU(N,) confining gauge theory, 3 light flavors (u, d, s) — octet of GBs

e EM is gauged by dark photon

M = dlag (mu7 md, ms)
Explicit breaking parametrized by <

Q = diag (2/3,—1/3,—1/3)

Stability of DM mesons? Which spectra allow viable cosmology?

Ennio Salvioni
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A minimal SIMP model

SU(N,) confining gauge theory, 3 light flavors (u, d, s) — octet of GBs

e EM is gauged by dark photon

M = dlag (mU7 md, ms)
Explicit breaking parametrized by <

Q = diag (2/3,—1/3,—1/3)

Stability of DM mesons? Which spectra allow viable cosmology?

Minimal choice: ™M, > mg = my
singlet is unstable

exact SUQ2)y xU(1)g /
/! "
“U-spin” in the SM 19
241 (7T:|: Ki) ‘the U-symmetric
’ Standard Model”
30
(0, KO, K")

Ennio Salvioni
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Questions

i
1o
Mg = Ms = 1M 241 (7%, KF)
m, = m+ Am 7
30 0 770 779
(m°, K°, K")

* How suppressed must singlet density be, for viable cosmology?

e DM is light triplet of neutral pion + kaons. Does 3 — 2 still work?

5-meson interaction requiresa # b #c #d # e a
7Tb * p4
e How accurate does SU(2);; need to be? e

Introduce explicit breaking, study quantitatively

Ennio Salvioni
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Singlet 77 decays

A e
e Decay through chiral anomaly, Tr (Q?A") # 0 ¢
e
2048 /8V3N.Q 1, Qf,\2e*a2a’cl, (m,,/2)1 A e
D(n—4f) = = ( ) R
6301 9 8m(4m)t  f2mS,
(anomaly) 10N\ 7a\?( ma \®200MeV\? /10 2
n—>de € &) \0.4 GeV my my/ fr
(FeynRules+MG5)
100 , , , . . ; , , -
Comparable to timescale of recombination: | /f;f”
. s . . . . 2 //7
EM injection impacts CMB anisotropies, o y /4
10731 /4
strongly constrained 10-4| . Y 4
1075} //f;/
. . . 10-6 //7/
density of decaying species | n“ /f;/
norm. to CDM 1075} \ y /4
\_
10-101 \\\iii;;
~ 107 H ek e
10-12| Planck constraints - e* injection ]
3 Planck constraints - -y injection —— u-FIRAS
10771 On-the-spot with fegr =~ f(2(Te)) ——— JFIRAS |
O iF 1 o0 107 107 o6 1F 107 107 107 10
Poulin, Serpico 2016
[ " ] T[seconds]
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Cosmological history

20% mass splitting > Tfi"z ~ m, /20 . Realized for m ~ 2m

Mgy . = 150, 180, 189 MeV
Moo/ fno = 8.5

10-6
YDM ----------------------------------------------------------- |
10-11| o
Y =n/s
10-16
T,
10~21 > | n
10 50 100 500 1000
r =mgo/T
n
1o
241 (%, K¥)
30 —
(% K° K")
"Ennio Salvioni —
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Cosmological history/1

20% mass splitting > Tfi"z ~ m,/20 . Realized for m ~ 2my

/

3 — 2 annihilations freeze out at

_ eq\2 2
10-6 (TLW%) <O'U >3_>2 ~ H
YDM ----------------------------------------------------------- |
10-1 | Tl
Y =n/s
10—16
TT,
10—21 > n
10 50 100 500 1000
r =mgo/T
n
1o 000 o+ — i i
5 Aslongas 7KK~ — n™ ™ is kinem. open,
+1 + +
mt, K . ..
(7, K) 3 — 2 freeze-out remains efficient
30 —
(% K° K")
"Ennio Salvioni -
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10-6

Ypum

10—11 -

Y =n/s

10-16

10-21

1o
24 (%, K¥)

30
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Cosmological history/2

10 50 100

r =mgo/T

500

1000

2 — 2 scattering, e.g. 777~ — 7°2°, keeps heavier

multiplet on

yed Y7r0 -

Tt eq —
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70 €XP ( —

m+

T
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10-6

Ypum

10—11 -
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10-16
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n

1o
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30
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Cosmological history/3

TTo
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50 100 500 1000

r =mgo/T

0_0

ntn~ — 7z’ and nry — ntx” become inefficient

atn~ — n ' makes 1 density increase
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Cosmological history/4

106
Ybum -
10_11 -
Y =n/s
10-16
10-21
10 50 100 500 [ 1000
r =mgo/T
n
1o n and 7" densities settle on
24 (1%, K*)
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Ennio Salvioni

CMB constraints on 77 decay

e 77 lifetime + relic density — exclusion on parameter space

5/

5.x1075 | My, = 150 MeV, mq,/fr = 8.5 1
An =1 AW/S ]
‘|.><1O_5_"d1:0-1 .
5.x1076 F
| anomaly /
1.x1076 | y
-7F ; ——
5. x10 no thermalization -
102 10-4 0.001 0.010 0.100
max maxg
A, = + 0
M,

no bounds for
splitting = 10-20%
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Breaking isospin
Introduce small breaking of isospin SU(2) by m, = m; + dm
DM triplet (70, Ko, Ko)

decays by mixing with #

¢

planonaly) _y 125 (107 27107\ a2/ ma \*[/200MeV\? [/ 10 2
) ~ 1. S ~
mo—4de b) e 1% 0.4 GeV Mxy /”'L’/T()/fﬂ

Constraints/ future reach on o ?

Indirect detection bounds are relatively weak for mp,; ~ 100 MeV
“MeV gap” of gamma-ray astronomy

[Bartels, Gaggero, Weniger 2017]
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This talk

* Dark mesons at the strong scale

» Constraints and signatures
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Building the full picture T
P

0.100 L annihilationto SM .-~ _:
- still active at e :
freezeout ..~

0.010 c
: —5— = constant
m,

0.001 F
kinetic equilibrium
lost before freezeout

10_42. (DM heats up) :

1075} Mg = 150, 180, 189 MeV
05 1 5 10 —
[Hochberg, Kuflik,
mas [GGV] Murayama 2015]
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0.100 |
0.010
0.001 F

10~4

1024

Building the full picture

T

if mesons were more degenerate

T T T L — v"o T T T T T L
.

Mgy = 150,180, 189 MeV |

Ming/ fr = 8.5, &= 1/(4)

0.5 1 5 10

m A/ [GGV]

_ would be ruled out by CMB anisotropies,
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Dark matter decays

Y n 2
. (anomaly) __ 25 ( ) ( ) < A )
~ 1.6 x 10 — —
5 A 3 7-7TO—>4€ s > 5 g 0.3 GGV

~ 1/3 of DM in Milky Way halo decays. Final state radiation produces gamma rays

¢—e*e”+FSR il
§ 1073
1025 E
© 104 SPI EGRET
Ty 1024; ; N
2 i \ g%
1023 —HEAO-1 | 5 100 AMEGO Fermi-LAT
; = INTEGRAL |’ £
. == COMPTEL § 107
10-=: = EGRET =
t // = FERMI UZ NuSTAR
. 5 e E— » 107 -2 EY ) 3 2 3 2 5 6
1 10 102 10° 10* T n 0 / v Energl;)(MeV) N '\1: . v - 120019
ccenery et al.
[Essig, Kuflik, McDermott, ~ M¢ [MeV] e [ y ‘—]
Volansky, Zurek 2013] l
R — ——
COMPTEL on Compton Observatory (1990s) Proposed new obsewatow

Improve sensitivity to MeV gammas by factor 20-50
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AI

Q]

Dark matter decays

(anomaly)
wo—4e

zlﬁx]ﬂ%s(

DM indirect detection (gammas)

0.100 }

0.010

107°

104§

106
5

) (

107°
)

) (

ma

8
m)

0.001¢

T

T

My s = 150,180,189 MeV' |
Mo/ fr =85, & =1/(47), § =10"° -

AMEGO
(our estimate)

[Katz, Salvioni, Shakya, to appear]
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Dark matter decays/2

e (anomaly) __ 25 ( ) ( ) < A >
~ 1.6 x 10
5 A 3 T7TO—>4€ > 6 g 0.3 GGV

o e with sub-GeV energies are shielded by solar magnetic field,
do not reach observatories orbiting Earth

* However, Voyager1 (launched 1977!)
is traveling in interstellar space
since 2012

m) complementary probe, subject to
very different systematic uncertainties
(CR propagation)

[Boudaud, Lavalle, Salati 2016] NASA
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Dark matter decays/2

7TO /’7 A (j
- -- e 10762 /1075\4, ma \3
e (anomaly) ~ 16 1025 ( ) ( ) ( A )
5 A 3 TWO_>46 X > ) £ 0.3 GeV
DM indirect detection (electrons/positrons)
Voyager1
0.100 £
0.010+
8 0001 g_::'
1074}
1 O_Si Moo = 150,180, 189 MeV _;
. Miry/ fr = 8.5, &=1/(d4m), § 21070

0.5 1 S) 10

™m A [GeV]

Ennio Salvioni



Dark photon at lab experiments

e Dark photon has & coupling to SM electromagnetic current, 5€Cwaf”)/MfA'L
e Dominant decay mode is invisible (dark quarks/hadrons, & > ae?)
e Mass range 100 MeV < my < 100 GeV

Monophoton @ ete™ colliders (BaBar, Belle Il, LEP) —, ———(VVVVW\ Y

Electroweak precision tests

Monojet @ hadron colliders
Fixed-target experiments (NA64, LDMX)

™~

[Izaguirre et al., Essig et al. 2013]
[Fox, Harnik, Kopp, Tsai 2011]
[Shoemaker, Vecchi 2011]
[Curtin, Essig, Gori, Shelton 2014]
[LDMX 2018]
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[Katz, Salvioni, Shakya, to appear] S u mm a ry

A%&ﬁ""(‘jDF monojet
O EWPT

0.100 F

EWPT after LHC

”’

BaBar 2017

0.010 ¢

0.001 = ' :

Mimg.my . = 150,180, 189 MV
My [ fr = 8.5, & = 1/(47), anomaly, § = 107°

S S S S | 1 1

0.5 1 S} 10

m a/ [GEV]
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[Katz, Salvioni, Shakya, to appear]

0.100

0.010 ¢

0.001

Ennio Salvioni

Summary

mi/ = S — 2\/§E:;
Vs ~10 GeV,E 2 1.8 GeV

A )

3 " CDF monojet s
a LHCh
& EWPT i
—————————— e o o e

EWPT after LHC

”

BaBar 2017

m

1

|

mﬂ-o yTT+57]

— 150,180, 189 MeV |

, anomaly, 6 = 107°

1

7ro/fw =8.5, & = 1/(471')
m 4 |GeV]

10
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[Katz, Salvioni, Shakya, to appear] S u mm a ry

fixed-target experiments

4

T | L S = T T
0.100 ¢ K A%&ﬁ"’CDFmonojet
: . & EWPT

EWPT after LHC

”’

-7 BaBar 2017

|
-~

0.010 ¢

0.001 = ' :

Mimg.my . = 150,180, 189 MV
My [ fr = 8.5, & = 1/(47), anomaly, § = 107°

S S S S | 1 1

0.5 1 S} 10

m A [GEV]
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[Katz, Salvioni, Shakya, to appear] S u mm a ry

Z-pole observables m% ~ méo(l + £?sin? 0,)

I
]
]
L]
]

: ] T T [[DELPHI

0.100 g )Lgﬁh CDF monojet ¢ — C Z _

: & EWPT ¥ e

e o o o et o e : -
EWPT after LHC

”’

0.010¢ _
- “  BaBar 2017

0.001 =

10-4

My sy = 150,180,189 MV |
M, | fr = 8.5, & = 1/(4r), anomaly, 6 = 107

S S S S | l . s s

0.5 1 S} 10

m A [GEV]
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[Katz, Salvioni, Shakya, to appear] S u m m a ry q 7]

Al
_ searches for visible decays
current ATLAS/CMS monojet bounds @ hadron colliders ~ #
are weaker than CDF s 9
' <«
b M ' S — T DELPHI '
0.100 ¢ ¥-** CDF monojet CMS iy~
: )r.c‘l : '] LHCb pup Y /
gt EWPT |
e e o et o e z .
EWPT after LHC
0.010 ¢ R E
- < BaBar 2017

Mimgms = 150,180, 189 MV |
My [ fr = 8.5, & = 1/(47), anomaly, § = 107°

| T S SR R | | |

0.5 1 S} 10

m A/ [GGV]
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e DM self-scattering

DM self-interactions

m2 c2 —+ 7“2/9 D — Kinetic term

T

O average — 256]% 2N7%

[Hochberg, Kuflik, Murayama
Volansky, Wacker 2014]

» O average ~ 49 cm? (200 MGV)3 (mwo/fw )4

m7T() g mﬂ'o 95

e For our parameters, 2 to 6 cm2/g

Right size for “puzzles” on small scales (e.g. dwarf galaxies)

[Randall et al. 2007]
[Rocha et al. 2012]
[Peter, Rocha, Bullock,
Kaplinghat 2012]

¢ In some tension with limits from Bullet cluster/halo shapes, O(1) cm2/g

o If 7y and K, masses are split by Ax 2 vg, dark matter is only made of x;

& cross section ~ 8 times smaller

But here requires § > 1072, ruled out by DM decay. Open question

Ennio Salvioni
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Wrap up
e DM as a triplet of dark mesons, with mass ~ SM pions

® One heavier meson is unstable, but cosmologically viable

for sizable mass splittings. 3 — 2 freezeout remains effective
* Phenomenology: no DM direct or indirect detection,
but plenty of astrophysical and laboratory probes.

Interesting “holes” in coverage exist

® Theory: new insight on viable spectra and required accuracy

of symmetry stabilizing DM

Ennio Salvioni
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This talk

e Dark mesons at the weak scale



Vanilla WIMP

2
e The tension with WIMPs, gom-sm(E)
in a nutshell
dedtieriggn annihilation LHC
A

= E
—g¢% <100 MeV my ~ 100 GeV TeV

“Higgs portal dark matter”

. SM
s~ h
A SM

Ennio Salvioni »
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Pseudo-Goldstone WIMP

e The tension with WIMPs,
in a nutshell

[Frigerio, Pomarol, Riva, Urbano 2012]
[Bruggisser, Urbano, Riva 2016]

Goldstone shift symmetry

X — X T €

Ennio Salvioni

2
9pm-—sm (E) 9?
f2
direct et s
. annihilation LHC ¢
detection ’
X4
X4
X
- ¥
— - - A
-- =
W

/=2 <100 MeV m, ~ 100 GeV ~ TeV E

leading coupling L > #(%]HPaM‘X‘Q

. SM
N h
,0-2---<
x* o p_ SM
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PNGB Dark Matter

e Scalar DM candidate X

Lesm = |0 X[ + 70ul X2 HI? —mi|x|* = AXRIH]? + ...

Ennio Salvioni
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PNGB Dark Matter

e Scalar DM candidate X

Losn = [0, + 0l P07 HI2 — m2|x|? — ARRH? + ...

* Freeze-out reproduces relic density for f ~ TeV and m, ~ my,

[Balkin, Ruhdorfer, Salvioni, Weiler 2018]

2 ' s ;
m 4
<O_U> = 7T ﬁ //
24
. f - full Boltzmann solution
[TeV]

my,  \1/2
f=11TeV (130 Ge\/)

approximate

0.5+

100 200 500 1000 2000
m, [GeV]
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PNGB Dark Matter

e Scalar DM candidate X

Lesm = |0 X [ + 70ul X2 HI? —mi|x|* = AXRIH]> + ...

e Direct detection extremely suppressed (below “neutrino floor”)

X

~2 -

Pin " @ 2 2
! (pin_pout)2 _ ﬁ m, Vpm 10—8
: X f2 — f2 ~ 72 ~

q

(UDM ~ 10_3)

Ennio Salvioni
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PNGB Dark Matter

e This picture can arise if both Higgs and DM
are composite pNGBs,
with decay constant f ~ TeV

2

9pm—sm(E) 9?2
£2

i ¢

H.x st annihilation LHC ¢
2 .
| .
L 4
o 4

- = - )\

T~ (TGV)_l R E
v/ —q% <100 MeV m, ~ 100 GeV ~ TeV

* Appealing solution to Higgs naturalness problem

Dark matter stabilized by discrete or continuous symmetry

Naturally light (and weakly coupled) at low energies

[Frigerio, Pomarol, Riva, Urbano 2012]
[Balkin, Ruhdorfer, Salvioni, Weiler 2017]
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PNGB Dark Matter

e This picture can arise if both Higgs and DM
are composite pNGBs,
with decay constant f ~ TeV

2

Iom-_sm(E) 8?2
f2

H X direct —_ LHC Vs

’ detection anniniatuon "
@ :
@ .
.
,°

- = - )\

r o~ (T@V)_l . T E
v/—¢% <100 MeV my, ~ 100 GeV ~ TeV

‘%

e )\ is dangerous even @1 loop. Generate ™, without spoiling picture?

* Which other probes? Reach at colliders?

. _— [Balkin, Ruhdorfer, Salvioni, Weiler 2017, 2018]
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Origin of dark matter mass

e Higgs doublet + complex scalar DM as pNGBs of SO(7)/SO(6)

e DM mass arises from largest breaking of its shift symmetry

v Top quark couplings: already ruled out by XENON1T

v Bottom quark couplings: signal @LZ (next generation direct detection)

X . . X
~s~~ ',” N . A . ,
b b

v Dark sector couplings: gauge U(1) symmetry that stabilizes X,

YD

my = 354_7? m, ~ 100 GeV (1%—1—)3>1/2 (5?&)

)\’H‘Q |X|2 @2 loops, below neutrino floor

[Balkin, Ruhdorfer, Salvioni, Weiler 2018]
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Indirect & laboratory probes

¢ |ndirect detection similar to “vanilla” WIMPs (s-wave annihilation)

e Collider sensitivity is being explored

Vector boson fusion

Off-shell Higgs production

[Haisch, Ruhdorfer, Salvioni,
Venturini, Weiler, in progress]

Ennio Salvioni

f

2500

2000}

1500 +

0, x[?0" HP

[Ruhdorfer, Salvioni, Weiler 2019]
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