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The overview of this talk

The Electroweak Portal... cos

» The legacy of SM as a tool
> “Irrelevant” portal EFT

» EW precision tests 9
» Flavor portal

..to the Hidden Valley ...

» Dark confinement
> Long-lived particles v
» Dark hadrons & symmetry
» Phenomenology

..and Beyaond CENERIC m@

» Composite Dark Matter J
» Cosmological Probes EW
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" Composite Dark Baryons
i DM
wilaad Candidates

Dark Mesons

Dark R-hadrons
Dark Glueballs



Motivation
“Minimal”
Setup (?)

“Baryons” are
Composite

W Model O e

N Dynamics &
Building Phenomena



» Planetary science implications S. Chai. J. Gu. LFL
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SM Legacy as Tools

» SM is “complete” and known with reasonable precision

Standard Model Total Production Cross Section Measurements

Status: October 2023
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The Irrelevant Portal

Standard Model Dark Sector

Elusive (?) signals

EOSM JDark Relevant portal: small couplings to keep the valley hidder
1

AnOSMJDark Irrelevant portal: Hidden behind EFT




The Electroweak Portal
iH' D, H) (57"1))

M2(

EW bosons stand for a scale |

of 246 GeV, close enough
to TeV+

>[eV Scale~Dark Enough



The EW Portal: - (i1l D, 1) (")
from Two UV Setups

EUV D) QYQ?H C Y2

> m~ 2
M? Mg
(H) b

Heavy fermion doublet

mediation

H-C. Cheng- LFL. E.
Salvioni. 2110-10E91

T2 7 7!
Luv D oM EZ‘ZZL e

(H') Y

Dark Z' mediation: a Z’ heavier or
lighter(!) than Z with mass mixing

H-C. Cheng. X. Jiang. LFL. E.
Salvioni. 2401-087485

SeealsoY. ¢. San - M. Perelstein- and P. Tanedo. 2022



Exotic BR of Z

A key phenomenon for EW portal models

As the doublet mediation benchmark: \
_ N,Tr(YY'YY! 1T
BR(Z — ¢/4) ~ 1.8 x 10~ ( d1r( )) ( ev)

3 M
For the Z' mediation :

2
BR(Z - ¢/4') ~ 1.4 x 107 (?) (0.§01) 9D Z(ﬂ?%@ + TF;)

o M?
M2 — M2,

The effective mixing angle € ~

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



EWPT Corrections '

Doublet mediation

W, Z @ W, Z

Leading by EW loops with
MIXINg
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The Flavor Portal
C

M2

(iHTﬁ H) (E Mw) Tree level, meson decay and
u Y

dark shower

. Altmannshofer. A. Crivellina H. Haigha G- Inguglia and J
amalich. 2311-14k295 J. Martin Camalich. M. Pospelova P. N.
. Ziegler and J. Zupan. 2002.04k235 M. K. Gaillard-. M. B-.
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Flavor Portal from EW only

[gx.. are suppressed by (M) in SM.

Inami- Lim 19480 J

Y\ 2 d. qj:w:

X.6. Hes J. Tandean- >%ﬂ~@k<j o u

G. Valencia- 0909.3L38 d | dg
¢ p Y N

The four-fermion EFT respecting MFV
__________________________________________________________________| 2 |
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q € u,ct



Flavor Portal from EW only

Inami- Lim 1980 e
X.6. Hea Jd. Tandean- M u
G- Valencia. 0909.3b38 gy 1 s

In heavy doublet mediation:

/\2
Kq = 3+ 24(log — 75 — 2) rq = m; /Mgy
In Z" mediation (the mZ’ terms cancel out): Typl[:a"y [I("])
A2 —Tx, + a2  dx, —22%+ 23
Ky = xglog—5- + ———L — — 1 ——2log 1,
I'39 Tty (1.14702%) x 1071
" - - . rtnlvr <43 x107°
Does it constrain anything? "« o _
Fﬁgg ?T+If’b’ < 1.4 x 10 5

We can barely see the SM Z a W in bsvv and sdwv Me KBy <16 x 10-5
(f[lr' ﬂl]W...) 589 pvv <30x107°



Want to Kick Things Up?
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Hidden Valley Models

Confining Dark
Sector

¢’

Standard Model

High intensity

long-lived signals

M. Jd. Strassler and K. M. Zurek. 0tO4YZE]
Symmetries Yes



The Dark Force for Confinement
> Neutral naturalness calls
for a non-0CD color

9An

Z. Chackos H.S. Goh- and R. Harnik. 050k25ks By OF figm, ,*‘ﬂ%morﬁm
G- Burdmana. Z. Chacko. H.S. Goh and AN / N
R. Harnik. 0OkD091524 / Y e o
H-C. Cheng. LL- E. Salvioni. and \ K \ /
C. Verhaaren. 1803.035k1 s S orip,,

Y. Hochberg. E. Kufliks
> Makes good dark 4 <>< i e e
. A.Katz- E. Salvionia. and
B
matter candidate

. B- Shakya- 200k-.-151485s
P. Schwaller. D. Stolarski. A-.
Weiler, 1502.054095
CMS- 1810.100L94
S. Knapenis J- Sheltona. D. Xus
cl03.0L2385
S. Borna R. Karura. S. Knapens
J. Shelton. 2303.04Lk75
J. Carroscos J. Zirita. 2307.04a8Yy7?

> Duality ? ALPs ? Baryogenesis? ......

7/

- >Rich LLP

#% phenomenology




The Cartoon of Dark Spectrum

SM mass

QLR

fe Dark Force

=Yg YYo=

GeV



Dark Pions

L nortal dark pion production | |
Dark pions rearrange into CP

v elgenstates (like Ks and K, in the SM)

The 11, and 113 decay via Z portal,
ALP-like (axion-like-particle) with
+  effective ALP decay constants:

JPC — O—-I— Qr (
| Lg D —
vr
L portal dark pion decay f. o
4— a
\.

The 11, mix with the Higgs since it's
CP-even, with mixing angle:

[Es D —sin OSTSff 98 < 10_6] _




Dark Pions

L nortal dark pion production | |
Dark pions rearrange into CP

v elgenstates (like Ks and K, in the SM)

The 11, and 113 decay via Z portal,
ALP-like (axion-like-particle) with
+  effective ALP decay constants:

0,a _
LoD === T fA"f

) EL fCL f
L portal dark pion decay M? |
e fa X 7 Just a trick!

fﬁ. The dark meson decay constant, O(confinement scale)

fa, The effective (composite) ALP decay constant, O(PeV) or above

Convenient for the matching with existing ALP searches



Dark (Flavor) Symmetry

» Dark isospin symmetry: identical mass and couplings =
All dark pions stable, DM?

» Dark U(1) symmetry: mass and charge matrix diagonal =
dark pions carrying non-zero U(1) global charge are
stable, DM?

» Dark CP-symmetry: all entries above are real = No
mixing between CP-odd and —even species



Dark Pion Decays (ALP-Like)

Receﬂt Update: R. Balkina T. Corena. Y. Soreg and
| M. Williams- 250k-15637 ..
—— e sub-——+
: |

np dominance V]

See also:

D. Aloni. Y. Soreq and M. Williams- 1811.0347435 M.
Ovchynnikov and A.~Zaporozhchenko-.2501L.045255 Y. Bain-
T. K- Chena J. Liu and X. Ma. 2505.2482c

. | ]
1~y dominance 1100
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Dedicated LLP detectors at the LHC

Direct detection
Decay products

Forward gL
L*" FLArE
~T¢ > FORMOSA
o(100)m |: | « > FASER/FASER? |
¢ fSND/AdeND
"~..‘FASERV/FASERV2 FACET MATHUSLA

>

< a
>

They are more common and ogom | |+

fundamental than it appears v s womn
o ‘ " " Tra;ped particle
Y ‘ DM 6 P GeV TeV ]
___10% S R
10"

10

10-%

107 107% l 107 M (GeV)



«suss neutral

HSCP displaced B BSM
m— charged dilepton M lepton
== any charge / M quark

2 photon
\_\ W anything
\\
disappearing ¢ displaced
track 0.4 lepton
(l SEnmmngn
\ ./ ‘.\ i |
W' g '/ S Y/
o® “ @ |a X/ ol 4
P X '. “ \‘\\ r .0
/// .' . 'l \\\ ..0
. o s “ N ”, .
displaced - N v, displaced
dijet - X %% photon
b E " \.\\
P. Schwaller. D. Stolarskiu/ . - \\\

Weiler. 1502.054093 /

CMS- 1810.100kL93 . v not pictured:

S. Knapena J. Shelton. D. Xu- dlSplaCCd displaced out-of-time decays

2103.012384 vertex .

S. Born. R. Karur. S. Knapenns SERIEEESSOR

J. Shelton. 2303.041k73

J. Carrosco- J. Zirita-, 2307.04847




Dark Shower & Emerging Jets

energy outside the iInnermost detector

M. Jd. Strassler and K. M. Zurek. 0LO42EL
P. Schwaller. D. Stolarski and A. Weiler, 1502.05409
T. Cohena M. Lisanti and H. K. Lou- 1503. 00009

s ?
: ’)
Prnmpt detection

If any dark pion is a LLP — emerging \&/

Dimuon displaced
vertexes (DV) are
sharp signals

Fully inclusive
searches rely on
multiplicity of
LLP tracks.
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d » 5-10 times larger BR
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LLP Phenomenology

&y M Signal: Muon rich jet-like structure
Dﬂl"k ShﬂWEl" S L sM  with long-lived tracks + MET

w\\\\\l LA
LU UL

.l

g 1 { 2//// ""|'m' 'r

BR < 10 v)  Searching for displaced dimuon resonances (one or more)
~ & LHCb~- 2007.039235 CMS- 2112-.137k9

DD

copex-b IMFurr A @

L - s Belle IT
o [/1PeV\? ¢
BR =~ 10 8( 7 ) F E[:ﬂys



LLP at LHC @
Detectors

@ Detector
o[l (Macroscopic)

Also D and B...

Interaction Paoint
(UV SEH‘E) statistics limited

We expect a lot of background,



LHCb Vertex Locator (VELD)




Matching with multiple
ways to calibrate the
projection

m(X)[GeV]

: “Trigger-free” Searches

See LHCb- 2007.03923

"Z — DS, LHCb: 5.1 fb™!

—— 300 MeV |
—— 650 MeV |
900 MeV |
—— 15GeV ]
— 2.0GeV |

Candidates / a[m(ptp~)]/ 2

cT [em]

gt bnlie 1y T

A L
0.5 1

3
m(ptp”) [GeV]




BR(Z — ) x [BR(% — p*pu7)]"

105\
)

W

» Extended to the HL-LHC
era, improve by ~ O(102)

5.1 b1, 650 MeV
51 b !, 2 GeV

300 b~ ', 650 MeV
——— 300 fb™!, 2 GeV

-
______
_____
- -
- —-

FCNC, LHCh

- HL-2D i vsooe
Z- DS HLLHOb: 300%™ |
cT [em] N v
+:i. 1076
)
it_:/ 1077
» Also sensitive to FCNC, =
X 10
unsuppressed B £
production in the forward + |
. D:l 10710 ¢
region =

| ! Lol
0.10 1 100

1000



fa [PeV]

107

7" mediation, LHCh,
Mz = 20 GOV, fﬁ- = 1 GeV

ifetime reach
limits the f, reach

10

1]

N |
v 0.5 1.0 1.5 2.0
Higgs portal results not m (GeV]

shown here



Events / 0.01 GeV

Events

CMS: Dimuon Scouting ... ...

-

o
;]
1

—

o
[3,]
1

CMS Supplementary 101 fb™! (13 TeV)

lxy [cm]
1 00-02
Al 02-1.0
| 2 10-24
YO 24 -3
\ 1 31-70
\l:l 7.0 —11.0

"~

10
10?-;
106é
105—;

104-§

100 | | 101
Dimuon mass [GeV]

CMS Supplementary 101 fb~' (13 TeV)

[ Before material veto
1 After material veto

0
Iy [cm]

» Drop-out detailed info to boost

dimuon trigger rate, useful for
low mass resonances

» Not bkg free

107

10°

108

101

CMS { Data
Bl hp = 90X (2 GeV, cTtp=1 mm) [x100]
| . lxy € [1,2.4] cm -
1 g pr(kp) < 25 GeV
- - 2 isolated n
’\

N B

» Applies to Dark shower
or FCNC



CMS: Model-Independent Limits

» Current limit with <11 cm

T\ 0001; L T T T Tl T “‘IH‘;
+1 \ Z — DS, CMS: 101 fb~* |
3 I |
T 10k

=

o I

m 5

% 107 3

g i

= I

T 10-5;

N i

D: _77 Ll L Ll 1l Ll L L
m 100_01 0.10 1 10 100 1000

cT [em]

» At HL-LHC, high efficiency
to do 2DV search: two
dimuon DV with the same
mass

BR(Z — ) x [BR(& — p"p7)]"

transverse displacement

» 30 times luminosity,

detector/algorithm upgrades:

4 HL-LHC limits

\e\\:\%\
N 1DV: 650 MeV
108 N, 4
- 1DV: 2.0 GeV
D P e TP 2DV: 650 MeV |
'''''' » ~==== 2DV:20GeV
Z — DS, HL-LHC: 3000 fb
! I B | ! Lol 1 (| 1 L1l
0.01 0.10 1 10 100 1000

1
107 -
[ ]

cT [em]



Auxiliary Detector
Targeting LLPs

Shielding ®
i Dist
@ istance ®
R
o Q

.Detectors

ir LLP

UV Physics ~ LHE Detectors




Lentral (Jn| < a) Region:

Multi-layer tracker

Surface

Double layer tracker
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of ATLAS l«— ___ 4%0m J




BR(B — K#)

Auxiliary LLP Detectors
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Z'" mediation, Auxiliary,

Z+7'-DS, MATHUSLA, 3 ab™!

myg = 20 GeV, fi = 1 GeV

fo [PeV]

0.5 0

15

Corresponding . range increase up to 0(100) PeV

2.0




RarelPremsmnllntensﬂy Frontier

107
: —— 650 MeV
| 900 MeV -
10_ - I
5 —— 1.5 GeV
—— 2 GeV
1078

Belle II, 2 Tracks
----- Belle II, 7t a7~
s‘~::‘.-~.-.- Charm, ptp=-""

- - ™ -
= e T s i e e i ol W

BR(B — K#) x BR(% = Xy

Rare & Precision Frontier, FCNC

1072 0.1 1 10 102 10° 10
ct |cm)]



fa [PeV]
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0.1

|

Tah — 10m /
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Z - DS, Tera—Z
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1.0

ms [GeV]

7" mediation, Other Experiments,

my = 20 GGV, fﬁ- = 1 GeV

1.5

—

2.0




Prompt Dark Vector from DS

10

BR(H — aa — VVVV)

< » Exotic Higgs or Z decays
1 » Recast from ATLAS Z->4(6)
T lepton exotic searches
T
= ATLAS 230L-07413
m,, =50 GeV T e
é 10 115 r2T$V [Geéf?l 3I0 3I5 4:0 — 101 -
= mg = 50 GeV
f =
> —1
f i -10
foo
foS
T N
f = L
f 1
=y
: f =0
J. Chengs R. Husain- 5 107

Ut
}_l
o
F—J-
U]
()
o
()
U

LFL- M. Strasslera
2412.14452 + in prep-. my [GeV]



Time to Find out THE
Dark but Colorful

GENERICYV
RIC NES V



Back in the SM

“Stable” due to SL(2)

Isospin symmetry

--------- “Stable” due to
strange number
conservation

No protection,
unstable

'~
.~
I~
-y

49



Thermal Mechanisms

The messenger: heavy meson that decays,
contact with the SM

The DM meson, non-interacting

The intermediate, exists in many models

Y. Hochberg. E-
Kuflik. H-
Murayama. T-
Volansky. J.
Wackera. 1L411.37275
A. Katz- E.
Salvioni. and B-.

Shakyaa

200k -15L48.... SIMP |||(E PﬂlFW|SE S[:ElttEl‘Ing

50



The Model
Gauge group: SO(N.) N, > 4
U(3)/S0(3) = 5 Goldstone
bosons
Two «, two K and one 7

0 &@¢

m, = (1+A ) m, > mg= (1+A) m_ >

51



Leading ChPT Lagrangian (Low Temp)

E.QD

1 2022 | ogr 4 : : . 2 2\ [8 4 | an2p :
2112 {mﬁ- [770 + 27 T+ 2K+1/2K—1/2} +2(my —mz) b“ﬂo + 3K 12K 10

_ \/;(nOKil/QW_ _|_ nOK31/2W+) + QK_Q‘_I/ZKEI/Q —|— 2K+1/2K_1/27T+7T_} }
1

5172 {4(8@)%3 + 475 (07 )? =8OR 1 0F &t + (0K 12)° K21 )y + K3 0 (0K _1)2)°

— 26K+1/2K+1/28K 1/2K 1/2 + 8K+1/2(3K 1/271'_1_671' + 88K_|_1/2K 1/2(37T_|_7T_
— 4K_|_1/2K 1/287T_|_87T_ — 4K+1/28K 1/267T_|_7T_ — 48K_|_1/2K 1/27T+87T_
- 43K+1/28K—1/27T+7T— - 67703K+1/23K—1/2 - 6(3770) K+1/2K—1/2

+ 67708"703K+1/2K—1/2 + 6ﬁ03ﬁ0K+1/28K—1/2 + 2\/6[37705K_1/2K—1/27%+

+ 0M0OK 41 /9K 41 jof— — 3"70K+1/237T— — 5”70K31/237AT+ — 0(OK _1)2) 74

Mass & 4-point

— 10 (OK 11 /2)* A + NoOK _1 Ky ;9074 + ﬁOaf(-Q—l/Qf(—i—lﬂaﬁ-—} } : i i
Interaction terms

52



Forbidden Composite DM

The “excited state”,
heavier and interacting

with the SM

Only energetic particle can go through
the mass gap, exponential sensitivity

R-T. D*Agnolo and J-T. Ruderman. 1505.07L075 LFL- Y. Tsaia
F. Kahlhoefer. M. Kramer and P. Tunney. 1907.0434k....

1901 .09935 E. Bernreuthera
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Important Alternative Processes

To SM
o
. =
- 0_0:
Q e he
K assisted conversion, low K annihilation, gives indirect
Boltzmann suppression detection signals

54



Large Decay Width Limit:

Freezeout Controlled by Conversmn

()OOIj Ay =0.34, I' 1—-1CH17nW—-ﬁT—]_G€V

1078}
wn

\ B
8 I
ﬁ 10_13j
g [

10—18i

10—23i

20 40 60 80
r=ms/T



Small Decay Width Limit:

Freezeout Controlled by the Decay

Ay=022, T7"=30m, ms = fr =1 GeV

20 40 60

r=ms/T

80

56



Decay at
Human/Lab
Length Scales

_ 10%

&
=3
T
-

107

10-

10° g

. Sensitive to width

N
N

N
N

Large width Phase-. |
Yield independent of width |
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Extended
Phases

At least 3 extra
dynamic phases
recognized

0.1}

m;= fr,=1GeV

& &
RN
& o Heavy K
A
A decoupled
01 02 03 04 05 06
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Examining

001 Wy + w = 0.112
Conversion M= fy = 1 GeV
0.5¢
Rates:
KConv = ()l_
— 0.4" ———————
|
§ KConv :._._701
ﬁ\ 03t /;éonv—oxx\ o
- R et
- &
*
: - 0.2} ’
No conversion limit,
\ \:\’\\\
K as secondary DM &7 m?
0.1 ¢ (ov) ~ K
32w f2
o1 02 03 04 05 06




Full zZK—nK
dominance

0.6}

B wrt+wg=0112
my= f, = 1 GeV

KPair = KConv = 1

0.1 0.2 0.3 0.4 0.5 0.6



LHC Combined
HL-LHC Combined -
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Direct Detection Prospects

The leading Z exchange between DM and SM are forbidden by
the same symmetry that stabilizes the DM, the remaining Higgs
exchange:

LD4B ?@yl mom_|H|*,

Q1

Nucleon

B 2 f 2 ylgl 2 TeV 2
. 5 x 1074 262( TN ) ( ) ( ) ( )
scattering Xsee:o X cm my+my/ \GeV/ \1072/ \ Mg,

When m > 8 GeV, could be above the neutrino fog




Indirect Detection Prospects

» As forbidden dark matter, usually -
free from indirect detection -
sﬂ
» The remaining secondary Kaon DM »
can annihilate to SM, strongly
depending on how many K remain

The most stringent CMB spectral distortion limit
constraints the highly degenerate case (A < %)

Recent progress: freeze-in of a composite
dark sector |FL- Sida Lu- In preparation



EW
Summary EWPTDa rke-.

» EW portal to the darkisa |1:iAAA
generic feature to be

searched Dark Plon

» Dark confinement gives \ I—I— Rare Frontler
rise to LLP with good '
motivations

4

» At GeV scale, current and e T/

' > oy
({0
W

future limits are projected

» May lead to composite DM
and non-trivial cosmology




Backup Slides



Lagrangian (Z’ Mediation)

SiﬂX L/ =2 r2 Al Tk
Loix = — Z,B" + M2 Z, — k" OHTH
A,u. 1 {1;: 1 —Cy sin & tan y —Cy cos & tan y
Zy | = L~ Zy|l L =0 cosé+ Spsinftany —siné + &y cos & tan y
ZL ZL 0 sin &/ cos y cos &/ cosy
N —ZCOH)\(OUZJr 1[‘3911 sin y)
tan 26 =

1[‘3 — Uz cos? y + U . sin’ x+201[26n sin y



Lagrangian (Fermion Mediation)

— Luv = Q; YVrH + @Rlﬂ}fgz’;LH +Q; MQRr + YV wig + h.c.

1 —
Lpr = 5 GpY TM2Y [|H\QUD + -z'q/“HTDHH} YR + h.c.

1 — ~ 9 . L ,
+ 35 U YTMTY [|H\231D + w*‘H‘LDgH} Y1, + h.c.

~Tpwir + 0L Y IM T Y R HP 4 hic. |



Z Pole EWPT (Z’ Mediation)

Ze -
Lyrp= fA (T = s:Q5)f 2,
I swew bR
_ ol Qo S 5 5
Z =1 52 = st - (— — scT)
9 * |4 C{Q{ _ 512{ A WH=W
dsiy ( ciy 2 2
S = {y —
@ SW
Mz,
1 =— (23W\ftx + 52( % — ))
M2
Asiy o o
U=—"=cw¢



Flashback I: Accidental SUSY
with Neutral Naturalness

W, = p(QuHul + QeHufy + QoHug) + w(upufy + vgug) + M(QeQl + Qo)

V= m*(|Qal” + a4]") — m*(1Qs) + Q)

(mass)2 A=M?>—m?>—0 w — 0

QA Uy SM top sector - e
P T SN
\
F: X6, Mo | |
QB,('J = ~ 2 1/2 N Higgs potential left
bp.c NG invariant
\
Ry
ug/c ~ lo ta,u$ Onc
/ .  yih? - Ug/c
»Only compatible with
the LHC If dark color A B/C
exIsts

H-C. Cheng. LL. E. Salvioni and C. Verhaaren., 1905.02198



Flashback Il: Composite DM

m,, =10, m,, = 12 GeV, cr(w,) = 1 cm LL. Y. Tsail- 1901.0993L

; 8 2 m,“ =10, m,,, —12 Ad_ [GeV]
N R/
1 E A /
i P w
- 10—7_ i : év.-: {10’ \ // LT((UI.-)—IITI
3 i b
>1 EQ = _
T 107 i%(/%
= S 03
= Ha) =
;510‘”- E%,EE
S £ w
10713 s
=
1 0
LS I
10-15! = 1074} 107"
5 10 15 20 25 30
x=m,,/Tsm LHC Tracker
E. Bernreuther. F. Kahlhoefera . M. LHCb VELO
Kramer and P. Tunney. 1907.0434L5 S.
Koren and R. McGehee-. 1908.035593 Y. 107E, VA - e
Hochberg~ E. Kuflik. T. Volansky and J- 100 1000
G- Wacker. 1402.51435 Y. Hochberg. E. mgz, [GeV]

Kuflik and H. Murayama. 1512-07917



Displaced Vertex Efficiency
for (HL-)LHC

Current CMS:

0-0.2

0.2-1.04

0.

0-0.2 - NP

1.0-24+

0.2-1.0 - g NP
2.4-3.1

2

_\.

-.,|‘|
]

D =

o o © © (
o W Y Y -

o o

~
j

8- 10 15 >15 GeV 40-90 cm 0006? 0.038 | 0.038 | 0.034

Minimum muon pT [GeV] ~10  10-15 >15 GeV



Extended Higgs Sector

H ~ 21/270 , H, ~ 21/2,:1:@ 9 D ~ ]‘Oax@

2 2
A m4y, Ay
vV — mH h? 4 THM n 2H n? 4+ Tﬂfz’4 —mge® + Ao’ — phh'p




In large width and f/m = | limit



CMS: Results on a Light 2’

Efficiency drop due to soft muons (can't reach the
muon chamber of pT<3 GeV)

1DV: 650 MeV

0.01

Still probing an effective

mixing of 10-3 -10-4

cT |cm]

Seea-¥T 0 . 1DV: 2.0 GeV
----- 2DV: 650 MeV -
- mEme=- 2DV: 2.0 GeV
Z' — DS, HL-LHC: 3000 fb~' ©
I [ N | I [ N | I [ N B | I |
0.10 1 10 100 1000



Dark Plon Decays (ALP lee)

Applies to arbitrary EE }

- I KK 7+ K K .
flavor couplings 0100l N —
See also: : " A .

D. Aloni. Y- Soreq and M. /
Williams- 1811.0347y 0010 f
Al a— vy ? T /
A2 a—-nta S )/ i

/ (2.1 unaccounted for
A 3 T 0 & 0.001F -
1: .t (1 %‘ woTm T 1
1%..‘]: (1 %‘ J.n"iU ‘10_4- X
A5 a— 7, 7nta /
A6 a— ?TD’FU.?]’ Y ot B HA I N S vl N

— 0.0 0.5 1.0
A7 a— nnm )
2
A8 a %f&“h 0 1! N ~ 45 cm ( Ja ) (1 GeV) M
~ . T—pTp=) . 2 2

A9 a— KtTK—#Y ( ) 1 PeV ma mz — 4mg,

A10a — KJFFGT— K- K%+
All a — ww, oo, K*FK*— KR 5 s 2 2
Al2a— nmnw - - -
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