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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 on-
shell dark boson Z; via the exotic Higgs decay

Hypercharge Higgs h2Z,Z,22u 2. We are interested in the final state of

portal 2ozl two dimuons, displaced by 1-7500 mm. In this context,
@ @ we inspect the exotic Higgs decay h>Z,Z,>2u* 2 for
Z-Z,kinetic  h-hp equal strength of kinetic and Higgs mixings.
mixing mixing
~ £
;«ffm“r .
E.“"iuz” The two exotic decays, h>Z,Z,2>2u*2u (shown) and
K e - - & , h>h hy24Z,>4p4p (not shown), are induced and
1 about equally possible if Higgs mixing (HM) dominates.
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Feynman diagram for Higgs
1 boson decay via Higgs mixing

mechanism [Ref. 2]
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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 _EZD'UP Z'u %Zﬂpyﬂ —|—§T??DDZ Z.D,L!

Kinetic mixing parameter

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

Renormalizable potential for SM
and dark Higgs fields

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

Higgs mixing parameter
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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 = hj

Dark boson = Z,

Kinetic mixing = KM

Higgs mixing = HM

Dominant = ON

Negligible = OFF
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Scan over equal strength of
kinetic and Higgs mixings
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Scan over kinetic € and Higgs k mixing parameters, € = k
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Is the LHC sensitive to measure Zj for
any equal strength of KM and HM?

my =30 GeV, my, =200 GeV, o(pp —» h) =48 pb

13 TeV

Sensitivity region of LHC

—h-> 27,7,
——h—>Z,Z5 > 2u2pu”

At

€=k=6x10"

IHHHI| \IIHHI| \IHILIJJ II\HLIJJ IIHHH‘ IHIHH‘ HIHHI‘ II\HLIJJ IHHHI‘ I\II'HI‘ HIIHH| I\IHIH‘ LI

10°™1 10°° 1077 10° 1073

€(=K)

107"

Z could have been produced via h=>Z,7,
(black curve) and measured indirectly via
h=>Z,Z,=22u*2u (red curve) at the LHC in
Run 2 only if HM is dominant (e = k 2 6x10%)
where an acceptance of 100% is assumed.

However, changing € from being equal to k
will not change the constraint of k = 6x10.

o(pp=2h) = 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 fbL.
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Scan over kinetic € and Higgs k mixing parameters, € = k

Expected produced events at the LHC in Run 2
as impacted by equal strength of KM and HM

m;_= 30 GeV, m, = 200 GeV, ofpp >h)=48pb 137 fb™! (13 TeV)

6
10 IT IH| T IH\I‘ [T T |H|'|T| I HHIII‘ \ l_H.”‘ I HI-\I| T H|| I HIIIH| TTTI T IHIH‘ T TTIT TTT If 0.1 IS taken aS the hlghest pOSSIbIe
102 SARLL RS value of k and ¢, a large number (up to 105
- 102 | events) could have been produced via
3 O | h=>Z,Z,22u*2u at the LHC in Run 2
< 5 10° . only if HM is dominant (€ = k = 6x104)
L ® 1070 | where an acceptance of 100% is
0 ' assumed.
3 & 10 !
3 & 107® : However, changing € from being equal to k
g T 1022 | will not change the constraint of k = 6x104.
o N !
g 10 ! Sensitivity of the LHC is assumed to be
Q 1 400 : down to 10 events.
o o< 10734 \& |
& |
107 €=x=6x10"
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Which branching fraction impacts the cross section the
most in the scan over equal strength of KM and HM?

m, =30 GeV, m, =200 GeV
D D

I L L A A 2 A A 0 O AN, O R
L | | | | | l l l I | |

B(h=>Z,Z,) varies with k? regardless of €’s
value (however, here € = k) until HM
strength becomes too small to handle the
decay (here, k = 109, then KM takes over
and B(h=>»Z,Z,) starts to vary with €.
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The branching fraction B(Z,=>u* W) is
unchanged for an equal strength of KM and
HM over the range of 10-1>-10-1,

— —
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How will the decay width of SM Higgs
be impacted if it decays to Z,7,?

, Mz,=30GeV, m, =200 GeV
10_ m ‘ ‘ | 2 | ] ‘ ‘ II\HIW II\HIH! \IIHIHJ HIIHH! LU 1T The total decay W|dth Of SM nggs |S

10°° r unchanged for an equal strength of KM and
9 h HM in the range of 1012101,
10 —TI(h—> ZZp) “ @)
10713 ) The partial decay width of h=»Z,Z varies
10717 as k?regardless of €’s value (however, here
€ = k) in the range of 108101 until HM
= 10%! strength becomes too small to handle the
g 1025 decay (here, k = 10?), then KM takes over,
= 20 and partial decay width of h=>»Z,Z starts to
10 vary as €* over the range of 10-12-10°.
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Scan over kinetic € and Higgs k mixing parameters, € = k

How does the SM Higgs lifetime change for
different equal strengths of KM and HM?

h— ZpZp — 2p472p7: m; = 30 GeV, m,, = 200 GeV

28 ?IIHHI| I IIHH\| I \IHH‘ [ TTT IH‘ I I\Hﬂq I HHI| I HI| I \IIIHI| I HIH| I II\HH‘ I \IIIHI| [T T Uig Expected neW Ilfetlme Of SM nggs
2.6 ? é decreases by the increase of an equal
2.4 - = strength of KM and HM over the range of
22 é € = k 2 6x10“ and is unchanged otherwise
o £ 5 (i.e., e=k<6x107).
€ 18 ? é The minor impact of HM on lifetime of the
_E 16 E = SM Higgs makes sense since greater HV
5 = - means it is more likely for SM Higgs to
= 14 = —| decay to two Z'’s, which implies a larger
& B -| decay width, and in turn a shorter lifetime, of
© 1.2 | the SM Higgs.
1 = 3
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Scan over kinetic € and Higgs k mixing parameters, € = k

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

L N> ZpZp - 2p72p7: m; =30 GeV, m,, =200 GeV
10 I IIHIH| T IIIHHl I HIHH‘ I IH\ITW I I\HI'IT| T IHHH‘ I IH\ITq I IHHH| T IIIHH| T \IHHI‘ I \IIHH| I \IIHH‘ TTTT The partlal decay Wldth of ZD9u+u-
107 Prompt region at LHC Is lower by one order of magnitude

1075 —T, than the total decay width of Z for
107 1“(.;_ ) an equal strength of KM and HM in
o B the range of 10-12-101.

107

107" Although € = k in this study, the total
> 013 decay width of Z;, and the partial
8 , , decay width of Zy=>p*u- vary with €2
: 10715 LLP region of interest at LHC regardless of k’s value.

10—17

107°

10-21

10—23

10—25

10-27 IIHIIH| \IHHH‘ IHIHH‘ II\HLIJJ II\HLIJJ \IHHH‘ II\HLIJJ IIHH\| \III\H| HIHHI‘ \IHH| I\IIHH‘ L L

10713 1071 107° 10”7 107° 1073 10"

9 (=)

Tamer Elkafrawy — LLP9 Workshop — May 27, 2021



CFLORIDA TECH

Scan over kinetic € and Higgs k mixing parameters, € = k

Is Z lifetime impacted by HM Strength?

o 12220 2u*2u™: m, = 30 GeV, m, = 200 GeV

?HH\IW I HIIITW [ HHHI| TTTIT T IHHTW [ HIHH‘ T TTI T \IIHH| T HIHH| I IIHIH| I I\HW TTTT III (AL Although €= k |n thlS Study the I|fet|me
10" & of Z,, varies inversely with €2 regardless
10° & of k’s value over the range of 10-1-10-1.
107 ¢ -
s Prompt (defined here as <1 mm) and
10 = LLP (1-7500 mm) regions of interest at
— 10° = the LHC are shown on the plot.
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How is the cross section related to the Z lifetime
In the scan over equal strength of KM and HM?

. my =30 GeV, m, =200 GeV, ofpp — h) = 48 pb 13 TeV
107 g L QUL Z If kinetic and Higgs mixings are equal by
10° = Sensitivity region of LHC nature, the constraint of € = k =2 6x10* must
10" T :‘ ~ be ve.r_ified SO th.at t_he LHC in Run 2 can be
10 " = = sensitive to the indirect measurement of Zp,
Q o B via h=>Z,Z,=22p" 2.
10-9 T'_, i ! 1 2 © |
1013 g w1 ff I % E oV If nature imposes an equal strength of
— 17 ED w ||¥ W = kinetic and Higgs mixings, only a prompt
= 10 = w o <M (and not long-lived) Z,, can be measured at
o 107 EE B the LHC in Run 2.
10% =% v
102 5 %’
107 S
10-37 —8—h > ZDZD ?-) -'g
104 B h—>Zplp > 2072 5 £
10-45 =l HHHH‘ HHHH‘ HLLIM I HHHI HHHI [l n I

10"%0"110° 107 10° 10 10" 10" 10 10° 107 10° 10!

1 1 cr, [mm]

Tamer Elkafrawy — LLP9 Workshop — May 27, 2021



CFLORIDA TECH

Summary

If kinetic and Higgs mixings are equal by nature, the constraint of € = k = 6x104 must be
verified so that the LHC in Run 2 can be sensitive to the indirect measurement of Z, via
h=>Z,Z,=22u*2.

If nature imposes an equal strength of kinetic and Higgs mixings, only a prompt (< 10 mm)
(and not long-lived) Z, can be measured at the LHC in Run 2.
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~uture Perspectives

Perform an inspection of cross section and lifetime of Z, for the exotic Higgs decay modes:
h=>hyhy2>4Z,24u*4p for dominant HM
h>ZZ,2>2p*2p 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,2>2u* 2y for dominant HM

h=2>hphy24Z,2>4u*4p for dominant HM

h=>ZZ,>2p*2p for dominant KM

13
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