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Hidden Valley Models
>|eV dcale is being dark

A

Dark Sector

¢’

High intensity

long-lived signals

6(QSMJDaI‘k Relevant portal: small couplings to keep the valley hidden

1 | |
—QOq\Jpark Irrelevant portal: Hidden behind EFTs

n
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The EW Portal:

C

]V[Q

(iH' D, H) ("))

from Two UV Models

;CUV 2 Qywﬂ c Y2

Heavy fermion doublet model:

a heavy scale above TeV

H-C. Cheng. LL- E-
Salvioni. 2110.10Ek91

Luv D 5MQZ“Z;L

o 90
M?2 néﬂn%,
(H') (0
Z
(1}'> Y

Dark Z' model: a Z'" heavier or lighter(!)
than Z, must have a mass mixing

H-C. Cheng. X. Jianga LL-
E. Salvioni. 2401.08785 3



EWPT

Doublet mediation

W, Z @ W, Z

Leading by EW loops with
MIXING
L. Lavouras J. P. Silva. 19935

C. Anastasiou-. E. Furlanad-.
Santiago- 0901L.2117

2
y2v2(1 + 6log Aj‘fj—%)
T2 M?

B Ncy4v2
- A8m2a M2

S~ —

T

Peskin-. Takeuchia. 1992

[' mediation
YARRAAVAAA
(v
Leading by LEP Z pole
observables defined with:

Ze = 3 9
P— f’V”(T!Lf —8,Q1)fZ,
B. Holdom- 19913 G-
et. al- 1991

4 2 2
g = 2w (CW@X - c%/vf2>

Lzsf=

Altarelli

8 SW

1 o ff M2
11::'82(28pvgtx'+‘§ (:A4%'——Zi))
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sin y

0.10 = —— . . . g
| €=+ Mz =20 GeV |
’ | Low energy
| constriants:
ol le.g. atomic
| parity violation,
| low energy ee,
o | ep scattering
0.00 5
—0.01
| total EWPT (STU+lowen‘(-‘.~rEf§"":-". Altlarelli et al. 1991
-0.05} ' ‘ .
STU
low energy
—0.05 ;
e % TR
-4.0 -3.5 -3.0 -2.5 -2.0 -1.0

logio (5M2/M§)



The Flavor Portal
S GH D, H) (@) =)+

lypical: _
BR(B — ¥ + X,) <1077 BR(K — ¢ +7) < 1071

W. Altmannshofer. A. Crivellina. H. Haigha G- Inguglia and J. Martin Camalich. 2311.14k295 J. Martin Camalich. M.

Pospelova P. N- H. Vuong- R. Ziegler and J- Zupan. 2002.04k235 M. K. Gaillard. M. B. Gavela. R. Houtz-. P. Quilez and R

Del Rey- 1805-0BHES.... LINGFENG LI | EW PORTAL TO THE HIDDEN VALLEY 6



Now | am going to introduce the
(Confining) Dark Force

dDark fermions m JdWelcomed in
form dark 2\ - <) many models
hadrons N \%{FW such as

neutral
naturalness,
/\LJ)’ ......

See e-g- Talks
from Christopher
Verhaaren and
Kathryn Zurek..

*““ ’>‘
dThey are long-livéc
IN general
JdDark matter(?)

JPhenomenolog

A lot of fun from
dark symmetries -

v




Two Flavor, Three Dark Pions
L portal dark pion production

Dark pions rearrange into CP
v elgenstates (like Ks and K| in the SM)

The 11, and 1143 decay via Z portal,
ALP-like (axion-like-particle) with
-+ effective ALP decay constants:

Iportal dark piondecay> \ / )
G —————————— L

The 11, mix with the Higgs since it's g . 34
CP-even, with mixing angle: ~ cemmeeaao Qr

Rl - < 106
LsD smé’svsff,é’smlo _
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Dark Plon Decays (ALP lee)

ALP with arbitrary 1%
flavor diagonal 0.100, /1

couplings 4
Y. Soreq and M. /T i
Williams- P
18411L-03u47y Vs

m,< m,.: dimuon
mode dominates

myo

10-5 =20 N N W B AN Y| LA AR L.
0.0 0.5 1.0 1.5 2.0 2.9 3.0

me [GeV]
M, > m,. : PPP modes SM isospin suppressed modes

mostl
( y ) M2 mZmZ’

B R ey 5

. LINGFENG LI | EW PORTAL TO THE HIDDEN
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LHC Phenomenology

Dﬂl"k ShﬂWEF Az . 2 Signal: Muon rich jet-like structure
......... L sM with long-lived tracks &MET
A T3
LHCDb ° o™
BR < 10_4 Searching for displaced dimuon resonances (one or more)
Y,

LHCb- 2007.039235 CMS- 2112.137k9

MESA

CODEX- b

Q]J
o AR T

~ _8 1P€V)
Urvard lysics oy P10 ( fa FENE DEBﬂ
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Model- Independent Limits

£ ! T
AN Tl = A Z bosor
[ oy < Initiated

: -t T 10°
T s " s dark
<= =
= & shower
x o limits at
N 1DV: 650 MeV
T B g V0 BeY &8 0 0L ——— 2DV: 650 MeV |
N “erle e 000 il -2 I B 2DV: 2.0 GeV
= L e 2DV: 2.0 GeV Z — DS, HL-LHCb: 300 fb™!

Z — DS, HL-LHC: 3000 f" M il v k| RO 0y
m . Ll R T WA | L 0.01 0.10 1 10 100 1000

0.01 010 1 10 100 1000
cT [cm]
cT [cm]

 Exclusive B FCNC

limits at various
auxiliary LLP
detectors, even
more when

Include more final

states

_.-* FCNC, Codex-b & FASER: 300 fb~*

MATHUSLA & FASER 1I: 3000 fb~*

—~~

I

b ]
+

3

&
=4

M

X
—~

<=

T FASER II: 650 MeV

10-10 - -

Q FASER II: 2 GeV
S—r

[ Codex-b: 650 MeV

M | === Codex-b: 2.0 GeV

~~~~~~~~ MATHUSLA: 650 MeV
-------- MATHUSLA: 2.0 GeV
1 1 IIIIII‘ 1 1 II\II]{ 1 1 \;'Ivlj\'l""fll“:"‘!"r‘.l‘:I:J:;‘l"‘-l‘.l 1 [III\I‘ 1 1 | T
1 10 100 1000 104 10° 108
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fa [PeV]

Model Benchmarks

Benchmark: Z’ mediation,
, GeV,f =1GeV —
Current LHC limits

max [GeV]
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f a [PGV]

10

HL-LHC Projections

D

— "

Decays

bl | 1.5
m; [GeV]
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Ja [PeV]

Ja [PeV]

10?

A Lot More...

1km

102

Z' mediation, CMS Scouting,
o 3 _ 1km
mz = 20 GV, fi = 1GeV

10

o [PeV]

0.1

103

100km

Z' mediation, LHCb,
mz = 20 GeV, fr = 1 GeV

B (V) 300

[7772'>DS (1DV), 5.1

1.0 i 15 2.0
ms [GeV]

. Y 10%
Z' mediation, Auxiliary,
mz = 20 GoV, fi = 1 GeV 1km

Z+Z'>DS, MATHUSLA|

Z - DS, Tera-Z

Ja [PeV]

Z' mediation, Other Experiments,

mg = 20 GeV, fi = 1GeV

ms [GeV]



Summary

» EW portal to the dark is a generic feature we can
and should search for now

» Two classes of underlying theories: doublet
fermion and light Z' portal

» Dark pions make LLP, generated by dark shower

» A lot of limits are casted for now and future

» FCNC decays offer complementary probes, good
target for future LLP detectors

LINGFENG LI | Z PORTAL DARK PIONS 15
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The Dark Force for Confinement
"f:- »Neutral naturalness calls

‘NL X \% f -0C0
"J ﬁ? dAn
> \ Z. Chacko- H--S. Goh. and R. Harnik- DSDEESE1 F,. oF g Uy or @y,
/7 gl_; G. Burdman. Z. Chacko. H.S. Goh and L - é %
't{ A=\ R. Harnik- DLO9152; K N ] \*_+__
N 8 Il H-C. Cheng- LL- E. Salvioni. and \ | \ y
x| J il ¢- Verhaaren. 1.803.035k1 __:h“,:L__ ‘\ﬂ_@%nmﬁBm

. Hochberg-. E. Kuflikh-

Y
H. M ~ T. Vol Ky
»Makes good dark 4 <>< L e, e
A.Katz- E. Salvioni. and
" B. B. Shakya. 200Ek-151485
H=-
E.

matter candidate ¢ nnakyan Bl e

Salvionia In Prep.
P. Schwaller. D. Stolarskia. A.
Weiler. 1502.054093%
CMS. 1810.100L95

S. K . J. Sheltona D- Xu~  2Ay >R|E|- [:DHIEIE-'
2103. 01238+ S ! f}§-

S. Borna R. K . S. K - X

J. Sagrllton-. egg;fnulh?anapen phEﬂJmEDn[‘gy

J. Carrosco. J. Zirita. 2307.04847
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Indirect/Precision Constraints

: LT (YYTY YD) 2
/7 NaN\1/2 5 ot mmere ] SN
A[ROWEVY% é) Mkﬁ4kv( T
From EW oblique parameter T < O(10-3) From Higgs invisible decay BR < 13%

NdN)1/4

A[zaamvy(G

M > 15 TeV YY

From Z invisible decay width <~2 MeV From electron EDM
LINGFENG LI | EW PoRTAL To THE HItibER vanietated maximally 18



Dark Photon Mode of Production

1'X10-5. :-..,_
5. x 106 \LHCB

1.x 1078}
5 x10°7 E.FASERZ

- —
—
S -

- -~
——

__________
s
~

1.x1077 =
- Existing

-8 L
3.x10 : Bounds

-——

1.x1078
01

1 Jay _y A \Y? my \V2 [(2TeV :
i~y Loy~ 381
et ™ 5 o €2~ 38 x 10 (lGeV) (ZGeV) M
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Phenomenology (Original TT)

Z, 7 .+ +Quirky bound states

b . de-excite and annihilate e

W+

Iv or ll) [fb]

The two leading channels are just 5t
dilepton (Z'- like) and lepton+MET >
(W' -like). ~
3> 1
Strong constraints (~700 GeV) on W g’t 0.5
°
0800 800 1000 1200 1400 1600 1800 2000

2w [GeV]
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Phenomenology (Original TT)

Neutral sfermion:

(superpartner, SU(2) singlet,

mass~A.

Pair produced (as bound states)
from fermion pair decays when

A<w

104

100} i e L ADL

0.01}

Overall Sibling Production o x BR [fb]
(-

A = 300 GeV

—al
L 300 400 500 600 700 800 900 1000
w [GeV]
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Exotic BR of Z

As a vector, Z couple to both LL and RR, but RR dominates
for larger mixing:

2

gz  m; - |

: Doyt

> W2+ 2 VBRY VBRZ,
- T

9Z . 2,5 T
? sin“ O ¥ gy "C«"—f’BRZ;—t- =

JIntroduces exotic BR(Z) that's controlled by M only (PS not included)

_ N, g2 B m? 4m?
I'(Z — Ygyp) ~ 49z T mz( ——3)\/1— ;b

96w (M2 + m?)?

2TeV>4

BR(Z — 9 ~2.2x107°

.Exotic BR of h is not large (<~O(10)), the constraints are weaker
than those from Z decays (~10° more Z than h at LHC)

LINGFENG LI | EW PORTAL TO THE
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A Cartoon of Revised TT Model:

The not So Interesting Case

It could be just like this (when A < w):

M i

TAsU A

~c -~ {-‘
LS‘ 3 I) B

.‘;:‘,_\, bb’

EW Pair produced &
Annihilate

Nothing (very) interesting happens

The constraints are similar to the previous case, too weak in general

LINGFENG LI | EW PORTAL TO THE

HIDDEN VALLEY
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Soft SUSY Breaking Terms

2
2 2 2 2 2
m;; = Mp, + m?j o B Z T‘Tk (mPk + m?k)
k

2 ~—2 ~2

mp Mp Mp

|

Qa

vl

= a0 =0

zs £)
\ m+
o~
mes
) =g
s

(

~9 ~9 ~9
Mp Mp Mp

Up c

\

\
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Soft SUSY Breaking Terms

~ 9 .4 ~‘__~ _~2__
mo, . = Mp+Mp—Mp —Mp = 0,
. )
ms — ms
T2 = d — i — ol — il = P
Up,c P Py ‘P 2""Py P 3
me — e
= R - g’fff— B l'fr'z; - Mmp, —Mp,
Qauy — P P2 P 3 P2 i = 3
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Hidden Glueballs

> Ag/c 2 5 GeV = lightest hidden glueball (07F) mass 2 35 GeV.

» 0T hidden glueball’s decay is similar to fraternal twin Higgs
(FTH) or Folded SUSY, via mixing with the SM Higgs.

Long-Lived Compared to Similar Models

» Suppressed h — hidden glueball branching ratio.

LINGFENG LI | EW PORTAL TO THE
HIDDEN VALLEY
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Higgs Potential

N y?h? , , A? A* M?
Vi = — 8”’3 [— (M? — A*)In (1 — \12) - Ly
" T ~ w? In M? /(16112)
. w(M? — A?) In 1\[2 h A 0
(M2 — ) (2 — A7) when A —
N.y?h? w? M? At M? 5 5
) — - f = [ q
82 A2l w2_A2hlA2+A +O([ )
Nyyiht (3 2w?(M? — A?)(M2A?% — w?) M? A=
Vipa = — I In(1—-—
" 1672 |2 (M? — w?)?(w? — A?)? o yfh, o M?
A4(A? — 3w?)  M? ww? —3M?)  wi(w? —3A2) M?
+— —In — — + , — | In —
(w2 — A2)3 A2 (M2 — w2)3 (w2 — A2)3 i
N.yth* (3 22 A2 M? AYA? —-3w?), M?

1672 {

w(w

+ In - —~ In

In

M*

(w2 — A2)3

w?

9 T (w? — A2)2 y2h? (W2 — A2)3 A2
2 _3A2)

: }+O(M 2~ (4.5 m*3 In w?/m?2)/(161T2)

when A — 0
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Hidden Quark Mixing Angles

w — M mixing g yh M

u U; u$ U¢ cosf sinf
Bl o R 7, 1 5 Rrop) | P, RO =
tp Tg 14 T —sinf cosf

Left/ Right handed components gets very different mixing angle:

Fermion mass matrix: — (UfB tB) M| 7 M = ( )

My . 9 wyh 0 yih
Ssimnvp =~ - g Sinvp =~ ‘
M M?2 + yZh? /M2 + y2h?

sinf; =

Both L/R component get EW interaction via mixing with M states

Will introduce substantial difference between h and Z decay

LINGFENG LI | EW PORTAL TO THE
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Exotic BR of h

.The scalar higgs couple to LR, therefore decay suppressed by
the small sin@,:

Ye . = Yt Kth =
E sinfy, cosOr h g =~ G (M2+m%)3/2 hypyp

-Relatively unimportant due to the suppression and rate
(~10° times more Z than h @14TeV)

]def Cu'z 77’1?1\-[ 2 ( B 4’”%‘)

3/2

T(h = Duthe) ~ — M
( l L‘ Bl, B) 167-[- (j\[?' + 7715)3 4 'Tn-,%

Vgl N2 (2TeV*
BR(h’%(Lt;'B.C‘JLf”B,C‘)%l.G><10_6( - ) ( e>

0.5 GeV M
| 2 (2TeV\"* /c\2

BR(h — g5.cg5.c) ~ 18 x 107 (L) (5)
(h = 98.c98.0) . 0.17 M 4

LINGFENG LI | EW PORTAL TO THE
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4771? 1/2
= mf m3/|’lf)(0)|2 (1 - om? ) [?‘2(1 n ‘Bm?,) —I—(l2 (1 B 4nlfc):|
L GrrmE m(q_m)T LT TR
002 10 GeV\? /5 GeV\°’ / M \*
Clae 5 1), min
v My A 2 TeV
(M2 +m2)2 T mi m?
|<5z'f\2
167 my,
- 5GeV\® (AN / M \*
CTa ~ U. 111 —
N A k 2 TeV
LINGFENG LI | EW PORTAL TO THE

Meson Decay Lifetime
F(V%.f‘f):Nngﬂaz /
F(P — ff_) = NdN((f) 271-(122 TTl? a2 ui‘nl% |w(0)|2 (1 - 47—;(2/?) 1/2
Tp ~ 0.3 ( P )2 5GeV\” A 2/ a7 \4
CTp 3mm 7555 N = M
o sin* Or Ny k7
HIDDEN VALLEY “



2 Body Limit

Leading BR: Z — PS: G272,(S0*P — P omS)

Cirgpy9ziy Z VS (P)

A 2 2 : ?
¢y gz(my, /mz) €7 Z,V,0,V,

Subleading BR: Z — VS, VP, VV

Suppressed by ~ meson mass/m,
Define f,, = BR(Z/h—XY)/BR(Z/h—yy)< 1

See also : [J. Liu, L.-T. Wang, X.-P. Wang, and W. Xue, 1712.07237]

.Since we focus mostly on LHC, need leptons (from V decay) as the trigger.
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events / 5 GeV

10 2.0 .
| ) m(f’, \(, §)=20 20, 30 GeV » () (ﬁ' 0, §):20, 20, 30 GeV
0.8} (I m(P, V, S) = 30, 30, 45 GeV _ S () m(P, V, §) = 30, 30, 45 GeV
5! ;
Q
O
0.6} <
=~ 1.0}
0.4} @
c
2
0.2} D ] o 0-5¢
‘ — ] 1 .
60 80 100 120 140 160 180 0.0
GeV] 0 20 40 60 80
m e
SbH mp, [GeV]

Z — (P — ) (S = VIf = uuff)

The analysis is similar to h—aa—bbup
with similar cuts.
[CMS Collaboration, 1812.06359]

(I) M >1.1,14,2.0TeV (f%)

(II) M >1.0,1.3, 1.7 TeV (%)

Correspond to 35.9, 300, 3000 fb
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HIDDEN VALLEY

32



events /0.5 GeV

Prompt L|m|t — Z—>4 Iep+(X)

Z— (VoS = VIf—=00ff)

I) M >1.5,20,32TeV (%)

(II) M >1.5,2.1, 3.2 TeV (%)

HIDDEN VALLEY

50
m(P, U, S‘ = 20, 20, 30 GeV [x100] m(P, V 8) = 20, 20 30 GeV
40! (||) m(P, V, 8) = 30, 30, 45 GeV [x100] ||) m(P, ¥, 8) = 30, 30, 45 GeV
our background % 0.6 our background
5| CMS background 8 1 1
CMS Z—4y search: S 04}
20t [1803.03684] 2
S
@ 0.2
10}
:"'.r""'-""- [ rinn
0 N P [h e
60 70 80 90 100 0 10 20 30 40
my, [GeV] average m, ,; [GeV]

Z — (V= )V — ')

N\ /A
(I) MZ16,22,33TeV (Jgf_f)

‘(II) M >1.6,2.1, 3.1 TeV (

Jov

0.1

)1/4‘

Correspond to 77.3, 300, 3000 fb’
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2 Body Limit:
Displaced S decays

HL-LHC: ~1.8 x 1011 Log,, [BR(Z-> g cWec)]

Z produced
1
Tera-Z: 10127
0.100
i
The hidden <» 0.010M .
hadronization «~ E m;‘, = m\“, =20 GeV
fraction i " solid: m. = 30 GeV: dashed: m. = 25 GeV
0.001 H /, S S i
o V4 ]
1 v 4
i S HL-LHC, rpy € [1,30]U[200,750] cm, €py = 20%
L—=NS— 10_4?“ / 5 7
Ty TeraZ, rpy € [0.1,30]U[200,750] cm, €py = 20% |
uu+DV(ff V) —=pu+DV(HE £y ¢ o T
5 10 15 20 25
Di-muon triggering with DV M [TeV]
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Prospects @ Z Factories

Z factories can provide 10° (Giga Z) — 10'? (Tera Z) clean Z at Z pole:
Can probe exotic BR(Z) down to O(10-°) (Giga Z) and O(10"%) (Tera 2)

0.30

() m(P, V, 8) = 20, 20, 30 GeV .Better resolution

0.25; () m(P, V, 8) = 30, 30, 45 GeV |
3 0.20 RS , .Better b tagging
§ 0.15 ] .Lower jet threshold
é 0.10 _:_;_‘_I__L__i
" o8 _,—_,_,_ '"FL-CI‘_
I — e il | -

. \ i 1 | Y-
50 60 70 80 90 100
mppy [GeV]

In terms of M: constrain M >~ 5 TeV @ Giga Z

For Tera Z: Need to consider displaced effects
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Manybody Limit — Emerging Jets

16.1 o' (13 TeV)

— 10° —-
[P. Schwaller, D. Stolarski and A. Weiler, 1502.05409] & . — Observed limit
- —— Expected limit
X my - -5 G ==== Expected limit+ 1 ¢
‘::D
2
&

10?

10 &

95% CL upper limit on cross section [fb]

400 600 800 1000 1200 1400 1600 1800 2000
m, [GeV]

[CMS Collaboration, 1810.10069]

Displaced Di-Jet Emerging Jet
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Further Opportumtles @

-~

[CMS: CMS-PAS-EXO-20-014]

[ATLAS: 1909.01246]

LHC

h — == === h
N CMS Prskntiney 101 fb' (13 Tev)
- — . . .
?— gg — h 7.7, - 2u 2X (c1: -100 mm! Observed limit (95% CL) ; ;
P ' | [ 0 N Median expected limit E
N = i !
oq s I I 68% expected ] h
3 10 Bl
N‘: E 95% expected E: E Ny T
N = = = —
T B 7] E
4

% 10 ? E- n

= 5 10-7 | B(H) = 20 % FRVZ Model

" FH BH) =10% 90% CL exclusions
10 E- W B(H) =5% L=36.1f"1t
E — :::;-i:%ﬂ n-1 prompt My =125 Gey
B [ — - un-
10 - == B(H) = 10 % Run-1 displaced H*ZIY‘”'X
] ; i : ., . . . . i ; ; 10-e Ll - Ty
0.7 1 2 3 4 5 6 7 8910 20 30 40 50 0.2 0.3 0‘ °5 05 0709091

m;, [GeV]

Dark Photon Mass [GeV]

The dark pion searches at ATLAS/CMS benefit from larger luminosities and decay volume.
Reprojection are non-trivial. LLP oriented triggers? [v. Gershtein and S. Knapen, 1907.00007]

Emerging jet
efficiencies for the

one-flavor case
[H-C. Cheng, LL, E.
Salvioni and C.

Verhaaren,
1905.03772]

! ¢ty [em]
L
400 600 800 1000 1200 1400 1600 1800 2000 Y
[CMS, 1810.10069] my , [GeV] to h'éﬁ?)?gf“c}’é’rk"ﬁlons.

10° 16.1 10" (13 TeV) 1
S e G5 — Observed limit g i
.§. M a .'._ —Ez:::;::ﬂ 10° 8 0.1
x EEE R { o =
[=] d =
5 ¢ 2 0.01
© c
)]
10 25
1005 2 10
5 @ ——
3= 1074 e
E ———— 1
10 110 E 1 0~5 e
f Q
Q
3
-
(©)
32

02 05 10 20 50 100 200

GRERG Iy FMM PRI AATOrEiEg jet search will be sensitive
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Emerging Jet Discrimination

5000
10000}

=
=
£ 4000 S
g 2 1000|
> E
=1 w
3 3000 2
2 S
: :
Z 2000/ 5 100
# z
= >
1000 2
000 ol
0.

~a _3 2 ~1 0 1 0.0
Log,,<IP; p>[cm ]
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Off-Topic Thoughts About Exotic

Bound States

Spectrum of the revised TT model:

| tAauA

Yo, ¥_ S, BC'

Remember?
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Time Resolution: A Complementary?

TT ayer Interesting topic for the future and
may work as extra discriminator for
emerging jets.

L,

[J. Liu, Z. Liu and L.Wang, 1805.05957)

Due to SM backgrounds and time resolution, a At =
O(1) ns is required.

= A not very boosted hidden meson (y~2-3) shall travel
O(100) cm before its decay.
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Exotic Bound States

Extra Hidden

Showering
/ Effective Lightest
3 SUSY Particle (ELSP)

Mesino
Annihilate to light hidden
mesons — SM efficiently.
nggs/Z \ Seems OK as relic density

much smaller than O(10-?)

Collider Pheno: Open question

Hidden meson/jet

LINGFENG LI | EW PORTAL TO THE
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dYy
ax

dY
ax

Thermal History

S| (van) YE = (02 V]
—{(o_pv) YaYi 4 (o4nv) Y/
(T pp—sM) 5 v . (T gp—sM) T Y,fq(T)_ |
S S
—1 ds| 2 5 _

(0—2nV) Y — (042nV) Y]

3H(x) dx |

+(0_hv) YaYi = (o4nv) Y|
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m,, = 10 mwd = 12 GeV CT(wd) = 1 cm

Thermal History

- Kinematically Decouple //
From SM

Sensitive to:

.Decay length [
(Kinematic
decoupling time)

i—wg Freeze Out

W -N, Mass
difference Am
(when freeze out
happens).

The analytical
form is not always

5 10

LlNGFg\pG Li| E\%iomm_ $9 i) [€ cise

= fld / TgMDDEN VALLEY 43



Thermal History

my =10, my, =12 GeV, ct¢), =1 cm.

N G B §YGQ(T)
: E AmT gec mp
10-7 :\ ‘?g X exp ( 3 ) exp (— T)
o 107? 2 ;
= B w 3
A 5 Sensitive to h decay
10—11 ) ]
K length [ (related to
g : | Tyeo) @nd Am (related
s, (S 1 Nito freeze out
5 10 15 20 25 30
x = my/ Tox temperature).
Vilan 2 10~ (moomg ) = m ) Reasonable
EEN MpT 1 LINGFENG LI |pE PORTALTAQE form bUt not

HIDDEN VALLEY

always precise 44



10-6
107
168
16~2
10-10
10-11
10-12
10-13
10-14
10-15
10-16
10-17

M,.Y, (GeV)

BBN Constraint

10

Taken from [1/709.01211]
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[T T 7 10-6 10-6
10-7 10-7
10=8 10-8
107# . 102
1Q-1e = JQ-10
\ 10—11 E:.)/ 10—11
D/H »
excluced 1012 :>|.:o 10-12
. a = \ Dy 3He/D
el;(ls{lll)ded 107 : 1071 \ ]c)xi]luccd g excluded
— 10~ 10-14 |
95%C.L. 10-15 10-15 95%C.L.
7=(6.11+0.04)x10-10 10-16 10-16 7=(6.11+0.04)x10-10
l | 1 1 | I 1 1 | | I | 10—17 10—17 1 I 1 1 1 | I | 1 1 I
0 o 10 0 3] 10
LOglO(TX/SeC) Log1o(Tx/SeC)

10-¢6
107
108
108
10-10
10-11
10-12
10-13
10-14
10-15
10-16
10-17
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Energy Frontier: Intensity Frontier:

Advanced Triggering (Theme of 27t!) Synergies w/ flavor physics (Belle |l etc.)

Time/HGCAL/tracking info (See Jia & Synergies w/ neutrino physics (DUNE etc.
Marat’s talk) [Gouvea et. al. 1809.06388])

Full potential of various LLP detectors Full potential of future lepton colliders

Cosmic Frontier: Other Frontiers:

Cosmological constraints from Qpy, and  |attice QCD results

BBN ([LL, Y. Tsai 1901.09936], Sam’s & _ | |
Patrick’s talks) Machine Learning for detection

With more than 2 flavor;: WZW Unexpected new ideas
Interaction -> SIMPs?
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