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ntroduction CFLORIDA TECH

Exotic Higgs Decays with Z-Z5 + h-hy Mixing

Hidden sector’s
interaction with SM Objective:

‘i % The goal of this work is to search for a long-
lived dark vector boson (on-shell) Z via the
Hypercharge Higgs

portal portal exotic Higgs decay h=>Z,Z,=>2u 2. We are
@ @ Interested in the final state of two dimuons,

T Enenel R displaced by 1-7500 mm.

mixing mixing

¥

o
7™~ The two exotic decays, h=>Z,Z,22u* 2

ﬁ ) ﬁg,_g Zp (shown) and h=>h hy=24Z =>4p*4p (not shown),
T T are induced and about equally possible if Higgs
'-"Lf;*: mixing (HM) dominates.

Feynman diagram for Higgs
1 boson decay via Higgs mixing
mechanism [Ref. 2]
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Introduction \FLURlﬂA TECH

Exotic Higgs Decays with Z-Z5 + h-hy Mixing
Vector Portal: Dark boson with broken U(1)" group mixes through

hypercharge portal with photon and Z boson.

Lagrangian with relevant
gauge terms indicated

1 - 3 L1 I 4 S L1 Tz
L C _EB'LW B _EZDFW Z'u %ZDWB —|—§T??DDZ Z;;p'u

Kinetic mixing parameter

Higgs Portal: U(1) is broken by Higgs mechanism where the dark Higgs
mixes with the SM Higgs.

Renormalizable potential for s mixing barameter
SM and dark Higgs fields g9 gp

Vo(H,S) = —p°|H? + A H|* — p3|S|* + As|S|* + @S| HI?
H = SM Higgs real scalar doublet
2 S = dark Higgs real scalar singlet
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ntroduction CFLORIDA TECH

Exotic Higgs Decays with Z-Z5 + h-hy Mixing

The current samples are generated by applying Monte Carlo (MC) simulation
using the framework of MadGraph5 aMC@NLO v2.7.0.

Keys of acronyms used in this presentation:
Standard-Model (SM) Higgs boson = h

Dark Higgs boson = h,

Dark boson = Z,

Kinetic mixing = KM

Higgs mixing = HM

Dominant = ON

Negligible = OFF

Long-Lived Particle = LLP
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Scan over Higgs
mixing parameter k
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(X
Scan over Higgs mixing parameter k “FLORIDA TECH

Is the LHC sensitive to measure Z,
for any expected strength of HM?

€=107, mg = 30 GeV, my, = 200 GeV, o(pp —> h) =48 pb 13 TeV

106 ET IIHHI| I \IW I IHHH‘ I HII‘ I HIH‘ I \IHH| [T T 17T II‘ T IIH| T TTTI \IIHH| TTT H\| TTTT ZD COUId have been produced Vla heZDZD
10° Sensitivity region of LHC (black curve) and measured indirectly via
100 h=>Z,Z,=>2u*2p (red curve) at the LHC in

Run 2 only if HM is dominant (k = 6x104)
10° =, Z.Z, where an acceptance of 100% is assumed.
10° = ——h > Z,Z, - 2p2u”

o(pp=>h) = 48 pb for ggF production channel,

IIIHIH IH[I| IIITI| ““ Ilfq Ilq H“ ‘ITIW IIIIWIIIIII{IHIH IHIH Iﬂlq Hllq HW‘ qu HIIH HIII‘ Hw II\IWII\IW L IWI] IHHI| Ilﬂq IITI| Iﬂlw ”“ Iﬂlq IIWIWIIIHI[HWIIIW L]

I
I
I
-9
10 : calculated to N3LO QCD + NLO EW.
10-12
I - P
1015 | The LHC is assumed to be sensitive down to
| 0.073 fb based on 10 events to be measured
1078 I for L, = 137 fbL.
10721 '
|
1024 KM (e%) / :
10?7 = K=6x10%
10-30 ;?\IIHH” | HILIJJ IIHHH‘ I\HHII‘ | HIH‘ HHIH| \IIHLLﬂ IIHJLIJJ IHIHH| HIHIIHl I\IIHH| IIIHIH| | LI

10713 107" 10°° 1077 10°° 1073 10"

4 K
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Expected produced events of
h— Z,Z5 — 2u2u at LHC

5

(X
Scan over Higgs mixing parameter k FLORIDA TECH

How many produced events are expected at the
LHC in Run 2 as impacted by HM strength?

€ =107, m, =30 GeV, m, =200 GeV, ofpp—>h) =48 pb 137 b’ (13 TeV)

106 l \HHH‘ I \HHH‘ I \HHH‘ I HHH\‘ I HIHH‘ I HHIH‘ I \IIHH‘ I HHIH‘ I \HHH‘ I HHIH‘ I \HHH| T TTI T 1T ”: 0 1 |S taken as the hlgheSt pOSS|b|e
10° Sensitivity region of LHC value of k, a large number (up to 10°
. events) could have been produced via
10 | hZ,Z,22u+2 at the LHC in Run 2
103 | only if HM is dominant, i.e., k = 6x104,
| where an acceptance of 100% is
10° | assumed.
10® | o .
' Sensitivity of the LHC is assumed to be
1012 : down to 10 events.
10-15 |
|
10-18 |
|
1072 |
: KM (& !
107 (€) K=6x 10"
10-27 | \HHH‘ | HH\H‘ | \HHH‘ | HHH\‘ | HIHH‘ | HHIH‘ | \IIHH‘ | HHIH‘ | \HHH‘ | \H'IH‘ | \HHH| | HHHI‘ [ LI
10" 10™ 10° 107 10 107 107!

K
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CFLORIDA TECH

Scan over Higgs mixing parameter k

Which branching fraction impacts the cross
section the most as HM strength varies?

€ =107, m, =30 GeV, m, = 200 GeV
0 D D
10 [TT HII! [ IIHHI! [ \HHH! [ TTII T IIHHI! [ \HHH! [ \I\HH! HIHIIE | \Hﬂﬂ‘ | IHHH! [T IHII!/\_U.-HﬂI [ TTIT

102
10
10°®
10°°
10710 ~?\ \\‘\\\2\
10-12
10-14
10-16
10-18
10-20
10-22

1024 —— B(h > Z,Zp)

10726 oo
1028 — B(Zp - p'w)
10-30 KM (64) - BZ(ZD - H+M_)

1032 —— B(h —» ZpZp) BA(Zy — pw)

10-34 IHHII| \IIHHI| HI\HH| [ \IIHHI| HI\HH| HI\HH| HIHII‘ | \HLIJJ IIHHH| HIHII‘ \HLIJJ L
10713 107" 10° 10”7 10° 1073 10"

6 K
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B(h=>Z,Z,) is found to vary with k? until HM
strength becomes too small (here, k = 109)
to handle the decay, then KM takes over
and B(h=>Z,Z,) starts to vary with €.

The branching fraction B(Z,=2»p W) is
unchanged for a range of HM parameter of
10-12-10.

Branching fraction




CFLORIDA TECH

Scan over Higgs mixing parameter k

By what factor will the decay width of
SM Higgs increase If it decays to 2,257

, €= 107, my = 30 GeV, m,, = 200 GeV
10_1 I IHHH‘ I \HIHI| I \IHHW | HHH” I IIHHI| I \IIIH‘ [ TTITm T IIIHH| I \HHII‘ [ IHH\I I \IIIHII I HHWI ITIT The partlal decay Wldth Of hQZDZD VarIeS
10_3 with k? until HM strength becomes too
18_5 _ small (here, k = 10-°) to handle the decay,
h then KM takes over, and the partial decay

7
18_9 Ith = ZpZp) width of h=»Z,Z starts to vary with €*.

10" @) . o
1013 Y\\\\ The total decay width of SM Higgs is

101 unchanged for a range of HM parameter
10-17 of 10'12-101,

10-19
10-21
10-23
10-25
10-27
10-29
10731 KM (%)

10733
10-35 \IHHH‘ IHHHI| HHHH‘ IHHLIJJ IIIHHI| HIIIH‘ L LLLL \IIIHH| HHHII‘ IIHH\| HIIIHI| IHHLIJJ (NI

i3 101 10° 107 10°  10% 10"

7 .
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CFLORIDA TECH

Scan over Higgs mixing parameter k

How can the SM Higgs lifetime change
for different strengths of HM?

h — ZpZp — 2u"2p: my = 30 GeV, m, = 200 GeV

28 ?IHIIH \IHHH‘ IIHIIII‘ T \I\W IIIHHI| I \IHH‘ II\I\W IIIHIH‘ IIHHH| I \HHH‘ IHHHI‘ TTTI T \LLL% Expected new I|fet|me Of SM nggs
2.6 2— —2 decreases only over the dominant values
24 — — of HM (k 2 6x10) and it is unchanged
22 = = otherwise (k < 6x104).
. 2 ? é Expected maximal lifetime of SM Higgs is
g 18 = — found to be higher than the expected
S 16 E -~ minimal lifetime by a factor of ~3 in the
5 - E — scan over a range of HM parameter of
~ - - 1012-101.
[ - -
© - =
1.2 = —=
(= B
:\ IIHIH| I I\IHH‘ | IHIIII‘ | \IHJJJ | IIHHI| [ 1 HH‘ | IHHJJJ | IIHIH‘ | IHHH| | \HHH‘ | HHHI‘ | IHHH| | HII%

10713 107! 1079 1077 10 1073 10

3 »
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Scan over Higgs mixing parameter k “FLORIDA TECH

How is the cross section related to the Z lifetime
In the scan over expected HM strengths?

€= 107, m, = 30 GeV, m, =200 GeV, ofpp > h)=48pb 13 TeV

6
10 T T A K': e N Lifetime of Z is unchanged for all expected
10% = Sensitivity region of LHC K= 10", K= 1072 production/total cross sections in the scan
100 k=107, k=107 over HM parameter in the range of 10-1°-101.
k=107, k=107
10° -——mh > 7,7, K= 10‘:‘, K= 10‘2 LHC is sensitive to the indirect measurement
106 E—@—h > ZyZy — 2u*2u K= 1“_'(, K= 10_7 of Z, with a decay length controlled by the
N x=107, o= 107 KM strength and the Z, mass only if HM is
Y k=107, =10 dominant (k = 6x104).
Q 10-12 x=10
© 10-15 o(pp=>h) = 48 pb for ggF production channel,
calculated to N3LO QCD + NLO EW.
10—18
1021 The LHC is assumed to be sensitive down to
M 0.073 fb based on 10 events to be measured
10 !K'= 10_12_10_9 fOI’ Lint= 137 fb-l.
10?7 K= 10"2-10"°
10-30 | | | ‘ L | | | ‘ | | | | L
31 32 33 34 35 36 37 38 39
5 Ctz, [mm]
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Scan over kinetic
mixing parameter €
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CFLORIDA TECH

Scan over kinetic mixing parameter €

How sensitive is the LHC to measure h=»Z,Z,=22p*2 if the KM
IS OFF? In other words, can KM handle the decay if HM is OFF?

my = 62 GeV, m, = 200 GeV, a(pp — h) =48 pb 13 TeV

105 E LTI TTTIm T I\Ifﬂ} IHIHH| [ Hﬂ” T HH| \IHII‘ I\IIHH| \I\Hﬂ” TTTTI TTT II‘ I\IIIH| T |ndll’eCt measurement sz Vla.
a 2 = D
= 1151 E Sensitivity region of LHC h=>Z,Z,=>2u*2p requires HM to be ON
o d % i
i 10-;1 = 10" (HM ON) e where an acceptance of 100% is assumed.
10° - - = -20 s
) 10710 =10 (HM OFF) e The total cross section is highly impacted by
N 1013 L7 the KM (it varies as €*) only if HM is OFF.
ca‘]’ 10716 e However, KM is incapable, even with its
-~ 10719 e maximal strength, to induce this decay mode
N 1072 &7 at the LHC in Run 2.
N 102 o
e
T 10'2:" e o(pp=>h) = 48 pb for ggF production channel,
% 10'34 e calculated to N3LO QCD + NLO EW.
10
= 10% 7 . "
* 1040 e The LHC is assumed to be sensitive down to
a 1043 PR 0.073 fb based on 10 events to be measured
% 10_45 s for Lint =137 fbl.
10-49 L LI IHIHH| | IHLIJJ IHIHH| Ll HLIJJ |1 HH| \IHHI‘ I\IIHH| \I\HLIJJ I\HIJH‘ 1 IHHI‘ I\IHIH| L1

10713 10 10°° 1077 107 1073 10"

10 E
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Scan over kinetic mixing parameter € “FLORIDA TECH

How many produced events are expected at the
LHC in Run 2 for h=a»Z,Z,22p 2 if HM is OFF?

m; = 62 GeV, m, =200 GeV, o{pp —>h)=48pb 137 fb" (13 TeV)

108 HHHI‘ I IHHH‘ I \HHH‘ I HHIH‘ I \HHH‘ I IHHH| I \HHH‘ I HHHI‘ I \HHH‘ I \HHH‘ I \HHH‘ I \HHH‘ I TTIE A Iarge number Of produced events
10° Sensitivity region of LHC via 3273217211 is expected in
) e Run 2 data of the LHC only if HM is
S o 10 — x=10" (HM ON) . ON where an acceptance of 100% is
Id
235 4 — — k=102 (HM OFF) - assumed.
O
> (@ Ve
o 10712 L7 If HM is OFF, the number of expected
D N7 7 produced events at LHC in Run 2
O 10 .
=y Y varies as €*.
© N \& '
o 4 107 '
& o L7 10 events are assumed to be the
:aog ", 10 7 least number for a resonance to be
o N e - measured at the LHC.
Id
-3 /
w <= 10% e
7
1042 e
10-47 HHHI‘ | IHHH‘ | \HHH‘ | HHIH‘ | \HHH‘ | IHHH| | \HHH‘ | HHHI‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | | [TFH

10" 10" 10° 10" 10°* 10° 107

11 ;
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Scan over kinetic mixing parameter €

What causes the total cross section to
be highly impacted by KM if HM is OFF?

m, =62 GeV, m, =200 GeV
D D

103 T HIHHI| I \I\HH| T IIHI| T H\HH| I HIHH‘ T IH‘ [ TTII T IIIHH| I \HIH| T HIH| HIIHH‘ T The branChlng fraCtIOﬂ B(heZDZD) |S
1072 maximized and unchanged in the scan over
5 ——x=10" (HM ON) 7 KM parameter in the range of 10-12-101 if
10 ~ — k=102 (HM OFF) I HM is ON.
10712 e
s If HM is OFF, B(h=>ZZ.) is “drastically”
17 , : oD :
- 10 7 impacted ny KM (it varies as €*), while
Eo 10722 e B(Zpy=2>»*W) is not impacted (not shown).
\
&\
_i 10727 N\ B(h=Z,Z,) is responsible for the large
@ 1032 e change of the production and total cross
P section of Z if HM is OFF.
10-37 s
Fd
7
1042 e
7
1047 e
10-52 L1 IIHHI| | \I\HH| I IIHI| | \I\HH| I \IIHH‘ (Al IH‘ [ A IIHIH| | \HIH| L1 HIH| | \IIHH‘ [

10713 10 10°° 107 10° 107 10

12 ‘
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CFLORIDA TECH

Scan over kinetic mixing parameter €

How long can SM Higgs live if it is found to decay to Z,Z,?

g N ZoZp 20727, my = 62 GeV, m, = 200 GeV

g\ HHHI‘ T IHHH‘ T HIHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T IHHH‘ I \HHH‘ T HHIH‘ T HH% The HM lelng haS a neg“glble ImpaCt,
27 = = while the KM has no impact, on the
TE - lifetime of SM Higgs.
26 - I |
= - Literature predicts the known decay
95 = = length cr of SM Higgs of ~4.68x10-1 mm
FoR = = versus less than half of this value from
(S 54 - =10 (HM ON) - the current simulation (black curve) if SM
- TS =102 (HM OFF) = Higgs is found to decay to two Z's.
= - -
— 23 - =
(9 - -
© = =
22 — =
21 — =
2 E\ HHHI‘ | IHHH‘ | HIHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | IHHH‘ | \HHH‘ | HHIH‘ | HH%

10713 107" 10°° 107 107 107 107

13 E
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Scan over kinetic mixing parameter € “FLORIDA TECH

How long can Z, live if produced at the LHC?

h - ZpZp —> 25207, my = 62 GeV, m;, = 200 GeV

01 HIHIH| HIHHW IHIIIH‘ IIH\ﬂT| HIHHI| HIH\HI IHIHH‘ IHHIII HHHI‘ IHHHT| IIHHHI HIIHH‘ AL

Lifetime of Z is varies inversely as €2,

10" — K= 10';O(HM ON) while it is not impacted by HM at all

10° — =10 (HM OFF) = (curves of having HM ON and OFF are
107 identical).

10° Prompt (defined here as <1 mm) and LLP
103 (1—7500 mm) regions of interest at the

LLP region of interest at LHC LHC are shown on the plot.

10"
1073
107
107
10°°

107"
10-13 \IIHIH| \IIIHH‘ IHIILIJJ II\HLIJJ \IIHHI| HI\HHl IHIHH‘ IIHHII| IHIHII‘ II\HLIJJ IIIHIH| I\IIHH‘ LI

10713 10 10°° 10”7 10° 1073 10"

14 E
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Scan over kinetic mixing parameter €

CFLORIDA TECH

How do the expected lifetime and cross section
change with each other if HM is ON?

10", m,_= 62 GeV, m,, =200 GeV, o{pp — h) =48 pb

13 TeV

107 a0 T T TN TR AT
= |
= Sensitivity region of LHC R
10 ; —&—h—> 7,7, Lo ;
- —E—hZ 7,5 2u2p) 6 L E
- S % ]
C S ® B
10° 2 ° 8 -
E_I o 5 =
- ® =4 .

5 5
=, 104 - oOp—8—8—= == @ = = = = =m
b =2 E
0° & w w w w ow wo oW woowowoow o=
Sv v v v v v b w v ow w w o
R Ep————
101 L L0000 ‘ I 1/ | HHJ ||L|_L||} L0 |H\.||||| il | H.l.llﬂl 000 HlHH‘ il HlHHI IILLMJ_LLLLM [ \J

10" 10" 107 10* 10" 10° 10° 10%® 10™
¢z [mm]

=
O1

Prompt/long-lived Z, could have been produced
via h=>Z,7, and measured indirectly via
h=>Z,Z,=22p 2p at the LHC in Run 2 if HM is
ON.

CT,p IS inversely proportional to €2, while
production cross section of Z, is unchanged with
the variation of € if HM is ON.

o(pp=>h) = 48 pb for ggF production channel,
calculated to N3LO QCD + NLO EW.

The LHC is assumed to be sensitive down to
0.073 fb based on 10 events to be measured for
L= 137 fb-l.
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Scan over kinetic mixing parameter €

How do the expected lifetime and cross section
change with each other if HM is OFF?

s K= 10%°, m, =62 GeV, m, =200 GeV, o(pp >h)=48pb 13 TeV
10 =] III| HIHH‘ IIHIII| HIIH‘ IIH?| HIIIII| HIIH‘ IIHII| HIIH‘ IHHI]DHIHW IHHII'|THTM IIHI| \Fﬂ” HHII| \Fﬂ” IHII| \Fﬂ” IHII‘ IIIH| HHIII Il\ﬂl HHI‘ JLLLL

10"

o _ For HM being OFF, although prompt Z, could
Sensitivity region of LHC have been produced via h=Z,Z for € 2 0.06,

10 :‘ the LHC in Run 2 is insensitive to the indirect
S measurement of Z via h=>Z,Z,=»2pu*2u for
10°° L,J €<0.1.
10-14 . . :
5 CT,p IS inversely proportional to €2, while
= 10" £ T production/total cross section of Z is directly
N 02 E ® proportional to e* if HM is OFF, which causes
15 that production/total cross section of Z is
1072° 5 inversely proportional to c7?,, if HM is OFF.
10% £ 8 5 T 7 :
o c = o(pp=>h) = 48 pb for ggF production channel,
10739 e = ho2.7, q%, g " calculated to N3LO QCD + NLO EW.
- O
10 —% hoZpZp o2 % = . The LHC is assumed to be sensitive down to

10749 = il L | = (.073 fb based on 10 events to be measured
10" 10" 107 10* 10" 102 105 108 10"  forlp=137fb.

1 6 Ccrz [mm]
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Scan over Z; mass
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Scan over dark vector boson Zy mass

Is the LHC sensitive to measure Z, with any expected mass?

105 k=107, my, = 200 GeV, o(pp > h) =48 pb 13 TeV
-rroorrprrr e Pt e T T T 7o could have been produced via h=»Z,Z, and
- Sensitivity region of LHC ~ measured indirectly via h-)ZDZD-)2p+2Dp'D
10% B ﬁ | during Run 2 of the LHC with any expected
- - mass in the range of 1 — <62.5 GeV where an
- - acceptance of 100% is assumed.
10° - N =
= - Away from the threshold of 62.5 GeV,
= B ﬁ | production and total cross sections of Z, are
= 102 o -~ not impacted by its mass except for a little
© = ~ impact on the total cross section over the
1 a - range of m,; < 4 GeV.
10" = —
- - Abrupt decrease of production and total cross
o | - sections of Z; by about two orders of
100 = ——h->2% = magnitude is seen in the vicinity of the
- ——h->Z 7,5 202 : - threshold of 62.5 GeV.
10-1 v P P v e b b gy

| o(pp=>h) = 48 pb for ggF production channel,
l calculated to N3LO QCD + NLO EW.

m,, [GeV] 62.49999

0 10 20 30 40 50 60

17
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Scan over dark vector boson Zy mass

How many produced events are expected Iin
Run 2 of the LHC in a scan over Z, mass?

=
1

10°

10", my, = 200 GeV, o(pp — h) = 48 pb 137 fo' (13 TeV)
I o rpr ettt Alarge number (up to 10° events) could have
been produced and measured indirectly in
Run 2 of the LHC for any expected mass of
Zy in the range of 1 — <62.5 GeV where an

acceptance of 100% is assumed.

Sensitivity region of LHC

10°

104 ﬁ

:

The expected number of events is shown to
decrease abruptly near the threshold of 62.5
GeV.

—
o
w
T
!

o(pp=>h) = 48 pb for ggF production channel,
calculated to N°LO QCD + NLO EW.

Expected produced events of
h—Z,Z,— 2u2u at LHC

10 events are assumed to be the least
number for a resonance to be measured at
the LHC.

|
101 | | \ I R L I
|
0 10 20 30 40 50 60,

my_ [GeV]

=
@0
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Scan over dark vector boson Z, mass “FLORIDA TECH

How branching fractions change with the Z, mass?

x=10", m, =200 GeV

100 gl‘IHII\III‘\IH‘IIH|IHI[\H|HII|HIW\IH|II\|HIIIHI|HII‘% B(hezDZD)Isunchangedfora"expected
c 7 masses of Z, and decreases abruptly in
Lo~ | the vicinity of the threshold of 62.5 Ge\V.
10" = =
c E -1 B(Zp=2u*w) is unchanged for all expected
i) C \ | masses of Z, except for the range of m,
S 102 L | <4 GeV where it decreases slightly with
= g ﬁ 7 the increase of m,.
> :
< L i
e 493
g 107 - E
m - ——B(h—>Z7p) ]
104 - BZpo ) N
- ——B(Zp o) -
- ——B(h > ZyZp) BAZp - p'w) :
7\I\‘I\\I|\III‘\II\‘II\I|IHI‘H\|HII|\II\‘\IH|II\|HIIIHI|I\=Illr

0O 5 10 15 20 25 30 35 40 45 50 55 60:65
62.49999
m,_[GeV]

=
O
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1073

I'[GeV]

10

10°°

20

Scan over dark vector boson Zy mass

CFLORIDA TECH

By what factor will the current decay width of SM
Higgs increase if it is found to decay to Z,Z2,?

k=107, m,, =200 GeV

T 11 \H| I I\HIIW

I [I\HH|

[CTTTT

— rh
——T'(h > ZpZp)

II|IHI|\HI|\HI|HII‘IHI|I \I|HII|HII‘ | I‘H\I|HII|HII|HII‘H:

—

L \H| | I\HIII{

H‘

0O 5 10 15 20

25 30 35 40 45 50 55 60 65
m, [GeV]

The total and partial (i.e., h=>Z,Z) decay
widths of SM Higgs are inversely proportional
to the mass of Z,.

The total decay width of SM Higgs is
expected to increase by about one order of
magnitude if it is found to decay to Z,Z.

The partial decay width ['(h=»Z,Z) of SM
Higgs decreases abruptly in the vicinity of the
threshold of 62.5 GeV.
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Scan over dark vector boson Zy mass

What is the expected new lifetime of SM
Higgs if it is found to decay to 2,257

h— ZpZp — 2u72p™ k= 107, m, = 200 GeV

‘[I\|\I‘I[[|\I1‘I\I\\I\I\

w
I

Expected new lifetime of SM Higgs
increases with the increase of the expected

2.5 mass of Zp,.

2 Expected maximal lifetime of SM Higgs is
found to be higher than the expected
minimal lifetime by a factor of ~5 in the scan

15 over a range of Z; mass of 1 — <62.5 GeV.

cr, [107"" mm]

L1 I | III\II\‘\IIJ IH‘III \HIJ\IIIIHI|I

0 10 20 30 40 50 60

2 1 mz. [GeV]
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Scan over dark vector boson Zy mass

What is the contribution of the partial decay width
of Z;=2u*u to the total decay width of Z,?

h - ZpZp — 2020 k= 107, €= 107, m,, = 200 GeV

-12
10 ; I | T IZ ‘ 11 ‘ T ‘ T | 1T ‘ T ‘ I ; The partlal decay W'dth Of ZD9“+H- |S
- i . - lower by about one order of magnitude
r [(Zp - p'w) ] )
than the total decay width of Z,.
10713

SRl oz al Referring to Slide 9, the value of € = 107

Is selected to produce Z, of measurable
1014 decay length within the geometrical size
of the CMS detector.

I [GeV]

1010

10716

1 HHII‘
[ HHII‘

10—17||\||\|\\\|\\\|\\|\||\\|\\||\
0 10 20 30 40 50 60

2 2 my_ [GeV]
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Scan over dark vector boson Zy mass

How is the Z; lifetime impacted by its mass?

. h—ZyZy — 2u2u™: k=101, e =107, mj, = 200 GeV
10" gryrrryrrr Z, is expected to be an excellent LLP
C - candidate if HM is ON, and KM is selected
B - carefully (See Slide 9) for any expected
i ' mass of Z, in the range of
10° - — 1-<62.5GeV.
_ - - Referring to Slide 9, the value of
S B - €=10"7is selected to produce long-lived Z
E 102 — — of measurable decay length (here, it gives
o = - 11-2000 mm) within the geometrical size of
© N - the CMS detector.
10" - =
: LLP region of interest at LHC -
100 | I [ ‘ I l I — | I | I — [ ‘ I

0 10 20 30 40 50 60

2 3 my, [GeV]
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Scan over dark vector boson Zy mass

How Is the cross section related to the Z; lifetime?

¢ K= 10", e=107, my, = 200 GeV, o(pp — h) =48 pb 13 TeV
107 e oo oot - Itis shown how the decay length and
- —®h- 2y, e - production/total cross section of Z are
105 - W hoZpZp o 2020 . expected to change with each other if HM is
- - ON.
104 __§|:J = = = u __ . . .. "
— r- - If kinetic mixing parameter is fixed at € = 10,
-3 - crof Z, can change slightly based on its
— 10 . O __ mass, but it will still be LLP.
2, - £ |my=10-575GeV 5
© ] 3 T Al decay lengths of Z, correspond to a
> [ e > > o o D _ :
10° = S W m,=60Gev & 8 B = = measurable total cross section of Zy in Run 2
-9 N " ¥ - of the LHC (an acceptance of 100% is
- n m, =62 GeV ~ g N g
o %0 e, & g assumed).
10" -4 ¥ N
= - g =
C | o(pp=>h) = 48 pb for ggF production channel,
100 - = calculated to N°LO QCD + NLO EW.
~ mm,=6249990 GeV | 3
| | | I I | L1 11
10’ 10? 10°
crz [mm]
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Future Perspectives

Perform an inspection of cross section and lifetime of Z for the exotic Higgs decay modes:
h=>hhy=24Z,=2>4p*4p for dominant HM
h=>Z7Z,=>2u* 2y for dominant KM

Investigate kinematics of the final states of displaced dimuons for fully reconstructed
samples for the three exotic Higgs decay modes:

h=>Z,Z,=>2p*2u for dominant HM

h=>hphy=24Z,=>4p*4p for dominant HM

h=>77Z,=22p 2y for dominant KM

25
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Conclusion

(1) For Z, to be measured via the exotic decay h=>Z,Z,=22u* 2y at the LHC in Run 2, HM has to be
dominant (k =2 6x10#) [See Slide 9], and for Z; to be long-lived with ct =1 mm, KM must be negligible
(e <5x107) [See Slide 15]. However, the smaller KM strength is, the longer-lived Z is produced.

(2) Assuming an acceptance of 100%, the LHC in Run 2 is sensitive to measure Z, with any mass in
the range of 1 — <62.5 GeV (We did not scan masses of Z, < 1 GeV) and with any expected lifetime
(i.e., prompt or long-lived) based on the value of kinetic mixing parameter and its mass.

(3) The predicted lifetime of SM Higgs is seen to be slightly impacted by the masses of hy and Z, and
unchanged with the change of KM and HM strengths.

(4) If Z, is to be measured indirectly via h=>Z,Z,=22u*2pr, the lifetime of SM Higgs is predicted to be
decreased to about half of the current known predicted value.

(5) Lifetime of Z, is tuned mainly by the KM strength and slightly by Z, mass.
(6) The branching fraction B(h=>»Z,Z) is largely impacted by the scan over the entire range of HM

parameter and slightly impacted by the scan over m,; in the vicinity of the threshold of 62.5 GeV,
while B(Z,=>»p*) is unchanged in all scans.
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Backup Slides
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Scan over hy mass
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Is the LHC sensitive to measure
Z for any expected mass of hy?

x=10", m, = 30 GeV, a(pp — h) =48 pb 13 TeV
10" T \‘D\\\I|III\‘\III‘\\\\ [TTTT[TTITT[TT] ZDcouIdhavebeenproducedandmeasured
10° Sensitivity region of LHC indirectly via h=»Z,Z,=»2u*2u- at the LHC for
Jﬁ1 ; any expected mass of h in the range of 1—
100 200 GeV where an acceptance of 100% is
0 — hsz7, assumed.
1010 —ho> ZpZp > 2n72p The mass of hy, has a negligible impact on
— production and total cross sections of Z,
2, 1015 except for the mass of 125 GeV where the
o total cross section shows an abrupt major
10% dip.
10-25 . ir s
hp is found to decay only to Z,Z;, if its mass
10730 Is 125 GeV.
10% a(pp=>h) = 48 pb for ggF production channel,
calculated to N3LO QCD + NLO EW.
10-40 1111 | 1] ‘ L1 | [ ‘ [ ‘ [ ‘ | L1 | [ ‘ [ | [

0 2 50 75 100 125 150 475200 10 events are assumed to be the least
m;,_[GeV] number for a resonance to be measured at

28 the LHC.
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How many produced events are expected In
Run 2 of the LHC as impacted by h, mass?

=

=10, m, = 30 GeV, o{pp — h) = 48 pb 137 fb! (13 TeV)
R LR ‘S;n‘si[(ivi't‘ ||"e‘ 'i(‘)n '0|f L‘H'C‘\ TS Allarge number (up to 105 events) could have
S been produced for indirect measurement of

10°
fﬁ rﬁ Zp at the LHC during Run 2 for any expected

10" =

g %:) 100 = mass of hy in the range of 1-200 GeV except
c o = for the mass of 125 GeV where an
3 © 10° = acceptance of 100% is assumed.
| =

B S o0 £
o % 1077 = o(pp=>h) = 48 pb for ggF production channel,
g ‘; 0 = calculated to N3LO QCD + NLO EW.
BN o2 = Sensitivity of the LHC is assumed to be down
o N = to 10 events.
8 T -25 é?_
5

10%

10-35 é?I_\It‘ltJI‘I\I\\I\|JI\I‘I\I|\I\‘I\II|[JI\|\I[

0 25 50 75 100 125 150 175 200
m,_ [GeV]
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Scan over dark Higgs hp mass

Which branching fraction impacts the cross
section the most in the scan over hy mass?

xk=10", m, = 30 GeV
D

The branching fraction B(h=>Z,Z,)

10" I I l:
— — — =1 shows a major dip at a mass of h, of
10 — — 125 GeV.
— ——B(h—Z,Zp) - _ _ _
_ 01— B(Zy > i) — The branching fraction B(Zy=2>p*W) is
S — 2 .- — unchanged for all expected masses of
5 — 5% > i) ~  h, in the range of
-16 [ 2 + = ] D
g 10 = B(h —» Z,Z,) B5(Zy — p'p) 12200 GeV.
)] — -
€ 102" | = . . _
'_g — — Itis very unlikely that SM Higgs decays
S 102 B —| toZpZyif hy has a mass of 125 GeV,
o4 — — and in substitution hy in this case
109 — M — decays only to ZyZp,
10% - =
10-41 :I | ‘ L1 11 | [ | [ | ‘ I ‘ [ ‘ [ | [ | [ ‘ [ I:

0 25 50 75 100 125 150 175 200

3 O my,_ [GeV]
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By what factor will the decay width of SM
Higgs increase if it is found to decay to Z,Z2,?

x=10" m, =30 GeV
D

~—

— l—'h
——T(h— ZyZp)

L ]

CLL ]

0 25 50 75 100 125 150 175 200
m,,_[GeV]

Total decay width of SM Higgs is higher by
about one order of magnitude for hy
masses <65 GeV compared to hy masses
>65 GeV.

Total decay width of SM Higgs is expected
to increase by about one order of
magnitude than the partial decay width of
h=>Z,Z,for hy masses <65 GeV, while they
are almost equal for h; masses >65 GeV.

Partial decay width of h=>Z,Z, shows a
major dip at hy mass of 125 GeV.
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Scan over dark Higgs hp mass

How can the SM Higgs lifetime
change with the scan over hy mass?

h— ZpZp - 2u72p" k= 107, m, = 30 GeV

T T ‘ T T | T T | T TT | T 1T ‘ T 1T | IFTTT | T TT T T T T Expected neW Ilfetlme Of SM nggs
- -| varies within one order of
n magnitude for the hy mass range of
B 1 1-200 GeV.
10-11 L |
=3 i i
E i |
W L i
(&)
10-12 LIl ‘ L | [ | [ | [ ‘ Lt | L1 | [ | [ I [ 1]

0 25 50 75 100 125 150 175 200

3 2 m,_[GeV]
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Scan over dark Higgs hp mass

How do cross section and decay length of Z, change
against each other in the scan over hy mass?

o7 ET 107, € =107, m; = 30 GeV, o(pp — h) = 48 pb 13 Tev
. | | | | | Lifetime of Z is unchanged for all expected
10 Sensitivity region of LHC ' m,_=1-200 GeV production and total cross sections for any
10" mass of h in the range of 1-200 GeV.
102 = —m—h-27,7, . " :
105 5 —e hosZ.Z 2020 The LHC is sensitive to the production of Z
109 oo for any mass of hy in the range of 1-200
o GeV.
£, 1o The LHC is sensitive to the indirect
© 10717 measurement of a long-lived Z, with a decay
1020 length of ~100 m any mass of hy in the range
s of 1-200 GeV except for the mass of 125
10 GeV.
10-26
10720 o(pp=>h) = 48 pb for ggF production channel,
1032 ® m, =125GeV calculated to N3LO QCD + NLO EW.
10-35 | | |

The LHC is assumed to be sensitive down to
0.073 fb based on 10 events to be measured
Ctz [mm] for L, = 137 fbL.

16 18
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