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In this talk

1. Search for dark sector states in Higgs boson decay to four-
lepton events

Leptons: electrons or muons
2. Search for Higgs boson decay to invisible (undetected)
particles in events with large missing energy

Weakly Interacting Massive Particle (WIMP), leading to a
momentum imbalance in the detector (missing energy)

3. Interpretations of search results

Constraints on dark sector state model parameters
Comparison to direct dark matter detection experiments

| was involved (first-hand) in the analyses presented in this talk

These analyses took 7 months to 2years+3months to complete
from beginning to publication, and evolved in parallel
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In this talk

* Combined Higgs mass measurements by ATLAS and CMS

LHC Run 1 Total  Stat. Syst.
ATLAS H—-yy p—a——— 126.02 £ 0.51 (£ 0.43 £0.27) GeV
CMS H—yy ——— 124.70 £ 0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ -4l I - i 124.51+£ 0.52 (£ 0.52 £ 0.04) GeV
CMS H—ZZ—4l ——— 125.59 £0.45 (£ 0.42£0.17) GeV

ATLAS+CMS 7y
ATLAS+CMS 41

ATLAS+CMS yy+4l

125.07 + 0.29 (£ 0.25 + 0.14) GeV

125.15 + 0.40 ( + 0.37 + 0.15) GeV

................................... I.-------------------------------------------------

125.09 + 0.24 ( + 0.21+ 0.11) GeV
|

123 K 27 128 29

m,, [GeV]

* We will assume a Higgs boson with mass m, =125 GeV in the
searches presented in this talk
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Motivation

* Dark sector states appear in many extensions to the SM
Curtin et al, arXiv: 1412.0018, arXiv: 1312.4992
Davoudiasl et al, arXiv: 1304.4935, arXiv: 1203.2947

Wells et al, arXiv: 0803.1243, arXiv: 0801.3456
And the references therein

Could provide explanation for

The discrepancy between observation and the SM prediction of the
muon g-2

The astrophysical observations of positron excesses
* Dark Matter may be explained by the existence of WIMP

The discovered Higgs boson might decay to WIMP if kinematically
allowed

Such a decay is referred to as invisible decay of the Higgs boson




1) Search for dark sector states
in Higgs boson to four-lepton
events




Search for dark vector bosons
in H = 4 leptons events

* 2 searches performed: H> 22, > 4landH - Z,Z,~>4l
The final states of 4e, 4u, 2e2u, and their combination

Z
Z Z
H———"7""7 z
€ Z
Z, = Dark Z-boson Zd
= Dark photon 7
Zad
H——————
K S
Zy £

arXiv:1505.07645
Phys. Rev. D 92 (2015) 092001




H>ZZ,> 4landH ezdzdezu
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Is the excess of events in H =2 4l coming from non-

SM intermediate states, e.g. H > Z2Z, = 4l?




Search Strategy

H > Z2Z* - 4l (I=e, or u)
Quadruplets of 41, grouped into
2 pairs of Same Flavor Opposite
Sign(SFOS) leptons

4| ordered with indices 1, 2, 3

and 4 such that m,, (first pair
SFOS) and my, (2" pair SFOS)

m,,, leading pair, assumed to
reconstruct the Z-boson

m;,, sub-leading pair, assumed
to reconstruct the Z*

Retain 1 unique quadruplet with
the requirement of m,, closest
tom,: 50 <m,, <106 GeV
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Search Strategy: H 2 ZZ, =2 41

* Same as in the standard H 2 7Z*
— 4| search until you get to the
m,, distribution

* Z,assumed to be narrow and on-
shell

* Take a model for the signal line
shape Z, - 2I, smeared with
detector resolution, and search o
for a narrow peak in the m;, 4050 60" 70 80 90 100
distribution Mas [GeV]

* 115<m, <130 GeV

* Covers the range m,, < m,-m, ~35
GeV

* However, because of this
requirement on m,,, 50<m,, <106
GeV, the coverage in m,, can be
extended to 55 GeV

* No excess of events seen
consistent with : H > Z2Z, - 4l

in 15 <m,, <55 GeV

T T rrryrrrryrrrTrTTT T T T T T T T T T T
LT ATLAS

Bl H- 77" > 4
zz -4
[ Zijets, t
—&— Data 2012

Events/ 2 GeV
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arXiv:1203.2947

dIF(H - 288 - 20'+270)

1357 911131517192123252729313335
Signal should appear as a narrow peak in m;, distribution My [GeV]




Search Strategy: H 2 Z Z, =2 4l

* Start with the identification of 4leptons as in H 2 ZZ* —4l, and the
formation of quadruplets with SFOS

* Select the unique quadruplet by exploiting the mass difference
Am = |m,,-m;,| minimal

* 115<m, <130 GeV

10— " T 'Finlalls'talte':'21;2';1I S
- -1 i ——— H->Z Z >4l (m_ =20 GeV)
- \s=8Tev,203f0° H->Z_Z >4l (M.°=50 GeV)
10’ =Signal should appear there o zz7 > 4l . —
B H=ZZ*->4l —
[ wWwW,wz _
- — .
104 = [ Zbb, Z+jets —
I I (Z+) quarkonium —

Events /5 GeV

44442« Total background

Significance

T
-4 e e e e e e e e e e oo oo

.................................................




m,, [GeV]

Search Strategy: H 2 Z,Z, =2 41

* Apply Z-veto to suppress H -> ZZ* - 4l, Z+jets and Z+Quarkonia
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Search Strategy: H 2 Z,Z, =2 41

* Loose Signal Region (SR): m;; < m,,/2
* Tight Signal Region: for a tested dark Z mass hypothesis m,,
narrow the search to reduce the backgrounds further

|m,, —m, | <dm && |m,,-m,,| <dm <€ Mass dependent cut
The optimized dm values are 5/3/4.5 for 4e/4u/2e2u
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Events /5 GeV

Significance

H-> 7.7, 4l

107

10°

Loose Signal Region: no mass dependent cut
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H>Z.Z,~> 4l

* No significant excess. 1.70(4e) and 1.70(4u). 0 event in 2e2u
Loose Slgnal Region: 15 < m2| <m,/2
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H - 77, 2 4l Measurements

* The question is: are there some observed H = 4| events
associated to H 2 72z, > 4I?

We assume the production of the H is irrelevant to the question
The issue is in the decay H = 4l. Only H = ZZ* or also H = 7Z,?

We measure the relative branching ratio

P — BR(H — ZZ; — 4¢)
#7  BR(H - 40)
~ BR(H — ZZ; — 4¢)
" BR(H = ZZ; — 4¢) + BR(H = ZZ* — 4¢)

* No excess of events observed consistent with H 2 ZZ, - 4|,
so we proceed to set 95% CL upper bounds on Rg




H - 77, > 4l Measurements

* Background estimations (based of H > ZZ* - 4l search) and

systematics
* .
n(H — 4€) =n(4€) - n(ZZ") - n(tt) - n(Z + jets).
Method Estimated background Systematic Uncertainties (%)
fit: Z+jets contribut 24 (A)h; 06 Soure W de Nl X
myy fit: Z+jets contribution 4050, —
my it Fcontibution 01450035003  Dlectron Identification - %4 87 XM
2 Electron Energy Scale - 04 - 02
myy fit: Z+jets contribution 250506 Muon Identification 08 - 04 07
my fit: ¢ contribution 0.10£0.02 +0.02 Muon Momentum Scale 02 - 01 -
e Luminosity 36 36 36 36
{0 + ¢*¢ relaxed requirements: sum of Z + jets and ff contributions 5.2+ ({)1.4 +0.5 (7 and Z+jets Normalization 250 250 250 250
€ *
{0 + e*¢" relaxed requirements: sum of Z + jets and #F contributions ~ 3.2+0.5+04 - (Q_CD scale) 305050
ZZ" (qg/PDF and es) 40 40 40 40
After all signal region requirements ZZ' (gg/PDF and ay) §0 80 80 380
Channel zz* tt + Z+jets Sum Observed H — 4¢
4u 3100204 06+004+£02 37+004x+0.6 12 83+0.04 06
de 1.3£002+£05 08+007+x04 21x007+09 9 69+007+09
2u2e 1.4+£001+£03 12+0.10x04 26+0.10+06 7 44+010x+06
2e2u 21+002+03 06+004+£02 27+0.10+05 8 53+0.04+05
all 78+x004+12 32+01x+x10 11.1+01x+138 36 249+0.1+18




H-> 77, 41 Statlstlcal Model
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95% CL upper limit on R ;

H = ZZ, -2 41 Model Results
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H = ZZ, - 41 Model Results
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* 95% CL upper bound on BR (H = ZZ, - 4l) = (1-9) x 10
assuming the SM BR (H = ZZ* - 4l)




H - Z,Z, 2 4l Measurements

* Here, the search is “orthogonal” to the H 2 7Z*/7Z , >4l
searches by the requirement of the Z-veto

* The question is no longer about the fraction of H 2 72,2, = 4l
events in the H = 4l sample since the H = 4l sample is based
on the requirement of m_, being consistent with Z

* Forthe H 2 Z,Z, = 4l , we measure signal strength

_ o xBR(H - Z;Z; — 4f)
" [cxBR(H = ZZ* = 46)]sm

Hd

* The denominator is a constant, just a normalization factor

* Assuming that the discovered Higgs is the SM Higgs boson, u
is a measurement of BR (H 2 Z,Z, = 4l ) relative to fixed SM
BR(H > zZ* > 4l)




H - Z.,Z, 2 4l Measurements

* Situation of zero backgrounds after all the tight signal region (SR)

requirements
> 4 __‘ T T T T T T T T T T T H T T H T T T R T T T -' T T T T — Systematic Uncertainties (%)
& . amas ] e
f 3.5 E_\S =8 TeV, 20.3 fb’ zZ* -> 4l _E Sourm 4# 4e 282#
£ JE mmimcev = :w'v’vz,fv;"" E Electron Identification - 6.7 3.2
@ E B ez S Electron Energy Scale - 0.8 0.3
s=Loose SR 7227 Towl beckarouns 3 Muon Identification 26 - 13
1E- = Muon Momentum Scale 0.1 - 0.1
05E E Luminosity 28 28 28
g T ggF QCD 78 78 1.8
5 O geF PDFs and as 7.5 75 15
@ 80 B0 700 Y0 740160 IS0 300 ZZ* Normalization 50 50 50
1.14
Ti h t SR Nbackground < L X 0 X Neot AcceptancexReconstruction Efficiency, Ae(%), for H — Z;Z; - 4¢
—— g — ™ 5o mz, [GeV]  Ae: de Ae: du Ae: ey
H—ZZ' > 4f (15:03=x02)x10° (1.0x03203)x102 (29=1.0=20)x10" 15 18703 35003 36505
z;W:/ 46 (T1= 3[.)6; 0_15332( 104 (84= 363; 0.150)_>Z< 103 (9.1 36671 oi%)_? 10-3 ) 185403 35.9+05 358+ 05
-z om0 3 0n102 om0 25 19303 38406 34705
oz e <02x 102 <02x 107 <02x 1072 30 20103 38006 35905
an < LA X - < L3 X - < LI X ™
Total background <56x107 <59x10°2 <353x10°2 3 20003 39506 31006
Data 1 0 0 40 26403 3807 316+06
H—>ZZ >4 (12:03:02)x10° (58:202200x10° (2621002107
7Z* >4 (35:20= 0.2)§ 1073 (4.1£27+02) : 103 (20+0.6+0.1) : 102 " 21703 486201 B2:06
WW, WZ <0.7x 1072 <0.7x 1072 <0.7x 1072 50 2303 #4307 39.7+06
F <3.0x 1072 <30% 1072 <3.0% 1072
be,;+jets <02 : 102 <02 : 102 <02 : 102 5 12103 U107 42006
ZJ/ and ZT <23%x1073 <23 %1073 <23% 1073 60 23+03 436+07 40.7+06
Total background <53%x1077 <51x1072 < 64x 1072
Data 0 1 0




H = Z,Z; =2 41 Measurements
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* SM:BR (H = ZZ* - 41) =1.25x 10*
* Our Measurement: BR (H 2> 2,Z, = 41) < 2.5 x10° @ 95% CL




2) Search for Higgs boson
decay to invisible particles




ATLAS H = invisible Run 1 Results

* ZH, Z - Il (I=e, n) and H = invisible
Phys. Rev. Lett. 112, 201802 (2014)
Upper bound on BR (H = invisible): Obs (Exp) 0.75 (0.62)
VH, V =2 jj and H = invisible
Eur. Phys. J. C75.7 (2015) 337, arXiv: 1504.04324 [hep-ex]
Upper bound on BR ( H = invisible): Obs (Exp) 0.78 (0.86)
Monojet search with H - invisible interpretation
Eur. Phys. J. C75 (2015) no. 7, 299, arXiv:1502.01518
Limit on o x BR (H = invisible)
Not sensitive as BR (H = invisible) measurement
VBF H = invisible
Submitted to JHEP, arXiv:1508.07869
Upper bound on BR (H = invisible): Obs (Exp) 0.29 (0.35) | will focus

Combination of two categories of searches only on these
VBF combined results. Obs (Exp) 0.28 (0.31) 2 in this talk

Grand combination of ATLAS H = invisible measurements
JHEP 11 (2015) 206, arXiv:1509.00672
Combination of Z(=>1l), V(=jj), and VBF { 26 J
Obs (Exp) 0.25 (0.27)




VBF H = invisible in ATLAS

Two forward jets with large rapidity gap
Minimal or no central jet activities

Higgs decaying to undetected particles

(invisible)
Thus expecting large missing energy (MET)
associated to 2 jets with large rapidity gap

e.g. H 2> WIMPs
H =2 %" where m , <m/2
MET trigger used
Signals
VBF Higgs production
Also ggF+2jets (~¥20%).
Simulate H = invisible with H 2 ZZ 2 4v
Backgrounds
Z+jets with Z 2 vv
W+jets with W = Iv (undetected lepton)
Multijets
ttbar, single top and dibosons

Background




VBF H - invisible in ATLAS

o =
o - ——— VBF Signal (m =125 GeV) -
() - H _
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g - — W v ]
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In the central region of the g 203 10", 8 TeV 1
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due to colorless W/Z 0.005; -

exchange S T T

Veto on central jets i



VBF H = invisible in ATLAS

* Three categories of searches based on
The di-jet invariant mass m;
And the rapidity gap between the jets, An);

=
=
<] > 4.8

3.0 —4.8

500 — 1000 > 1000
m ;| GeV]

Most Sensitive: SR1
SR2 was meant as a complement to SR1 to improve sensitivity




VBF H -2 invisible in ATLAS

Table 1: Summary of the main kinematic requirements in the three signal regions.

Requirement SR1 SR2a SR2b
Leading Jet pr >75 GeV >120 GeV >120 GeV
Leading Jet Charge Fraction N/A >10% >10%
Second Jet pr >50 GeV >35 GeV >335 GeV
mj; >1 TeV 0.5<m;; < 1TeV > 1TeV
i1t XN <0
|Anjj| >4.8 >3 3 < |Anjj| <438
lA¢jj| <25 N/A
Third Jet Veto pr Threshold 30 GeV
|A¢j~E_|i_nis| >1.6 for ji, >1 otherwise >0.5
ET™ >150 GeV >200 GeV

SR2 requirements motivated by the dark matter search

in mono-jet+Missing Energy events:
Eur. Phys. J. C75 (2015) no. 7, 299, arXiv:1502.01518




VBF H = invisible in ATLAS

Z+jets with Z-=>vv background estimated from
Z+jets with Z—> 1l data control regions (CR)
And W+jets with W = |v data control regions
W+jets with W—>lv background estimated from
W-+jets with W—>Iv data control region
Multijet background estimated from

Multijet enriched data control samples by reserving
the requirements of A, and A¢; yer

ttbar, single top and di-bosons estimated from
Monte Carlo

Residual background contamination in the Z=>1l CR
subtracted using MC predictions

Multijet background in the W—=>1v CR subtracted by a
fit to the transverse mass distribution

my = \/ 2pLEDSS Il — cos(Ad, pmis)

Unique estimates of Z->vv and W->lv background
obtained from

MC at
A simultaneous fit to the SR and the CRs  ZSR ~ (Zsr/Zcr)™ X Z¢g',
Zsg ~ (Zsg/Wer)ME x wiia,

Wsr ~ (Wsr/Wer)M© x wi,




VBF H -2 invisible Z-> 11 CR

* Require 2 leptons whose invariant mass is consistent with the
Z-boson mass

* Emulate MET by vectorially adding the p- of the leptons
* All other SR requirements applied

% """""""""" UL BB 'g
V) ]
SR1 Z Control Regions 8 I Other Backgrounds |
Background Z(— ee)tjets  Z(— pp)+jets g 10 —+— Data 3
QCDZ — ¢¢ 10415  140x15 2 ATLAS :
EW Z - ¢ 7408 82208 1 20317,8TeV
Other Backgrounds | 0.3 +0.2 0.2+0.1 :
Total 81+1.7  224<1] ]
Data 22 25 10°
g
3
Uncertainties are statistical only ©

TSRS R 32
Z-11 CR lack sufficient statistics so 0 20 %0 %0 %0 %0 - ERGeV] J
we combine with W->lv CR



VBF H 9 1nv151ble W= ev CR

>10* - 3

g _gé?f\:és g Tev :\,"v‘i'ite";ts _ * Built from 1 isolated

g"’ - Conro Region = e = electron

B S = * Similar MET emulation as
o T 1 forthez->IICR

* Exploit the W*/W- charge

0 asymmetry at the LHC
s 1.
E .....
a o. 3
O 20 20 60 80 100 120 140 160 180 200
my[GeV]
% = L L L L B L B L BN BN AL BRI
G10° - ATLAS Multijets —
S [ 20.3fb",8TeV Wajets 3
@ | SR1W-ev ] -
€ [ Control Region -(z)t_;‘ i .
2 er -
'310 — ¢ —e— Data &
. — -
Data/MC agreement in the i
10 =

W - ev control region

9] i 3
S 1.5 =
8 1 =
A 0.5F =
O 50 40 60 80 100 120 140 160 780 200
m,[GeV]



VBF H - invisible W-> uv CR

3 [ amas o Multjets _ ,

10° £ 20.3 1, 8 TeV Wajets * Built from 1 isolated muon
@& [ SR1TW'>puv P ANT o ]
§102;C°”"°' fegon M Other  Similar MET emulation as

for the Z= 1l CR

* Exploit the W*/W- charge
asymmetry at the LHC

*— —e— Data E

20 40 60 80 100 120 140 160 180 200

m,[GeV]
> N L L L L L L A R A A B
810" = ATLAS Multijets E
S [ 203fb",8TeV Wijets -
@&  SRIW-pv Bz N
€ 402 - Control Region N Other _
g = —e— Data =
L ——e—*""— =
Data/MC agreement in the 10 E

_+
+
+

W -> uv control region

20 40 60 80 100 120 140 160 180 200
m;[GeV]




VBF H - invisible Systematic

Uncertainty VBF ggF ZorW Zsr/Wcr or Wsr/Wer
Jet enerov scale 16 43 17-33 3-5
&y 9 12 0-11 14
. Negligible | Negligible | Negligible Negligible
et energy resolution | ~ 75 32 | 0276 05538
Luminosity 2.8 2.8 2.8 Irrelevant
5-36 7.8-12
QCD scale 0.2 1.8 75.91 12
2.3 3-5
PDF 2.8 7> 0.1-2.6 -2
Parton shower 9-10 5
41
44 79
Veto on third jet Negligible Negligible
Higgs boson pr Negligible 9.7 Irrelevant Irrelevant
- 2 46 2.3-6.4
MC statistics 0.6 13 0.8.45 3.3-6.6




VBF H - 1nv151ble Results

3 e ;a;:ag-lun“_:zsew ﬂklm .! e VBF Signal (m =125 GeV, BR=100%)
3 — 2 p — 2o
F I Orther Backgrounds 10° ] o_:,:wm
: == : —
w w 10°
ATLAS ATLAS
20.3 fb™, 8 TeV 10 20.3 fb™, 8 TeV
SR1 SR1
1
< -
: : |
- . 0452253 35 4 ﬁnws
(a) EF™ distribution (b) m; distribution
Signal region SR1 SR2a SR2b
Process
ggF signal 20+ 15 58+ 22 19+ 8
No excess VBEF signal 286+57 | 182+ 19 | 10515
Z(— vv)+jets 339+37 | 1580+ 90 | 335+23
W(— £v)+jets 235+42 | 1010+ 50 | 225+x16
. : : . Multijet 2+ 2 20+ 20 4+ 4
POSt ﬁt dlSt“bUhOnS Other backgrounds 1+0.4 64+ 9 19+ 6
; Total background 57762 | 2680+130 | 583+34
C nd estimates Data 539 2654 636
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Combined H = invisible Results

T

) = - ATLAS
A N—— o \s=7TeV, 4547 fb"
8~ \s=8TeV,203fb" B
10’ 3 Direct searches I Obi:\/is. & inv. decay channels
———————————— 6 - - Inv. decay channels .
. ATLAS . i - ----Vis. decay channels i
02k 18=7TeV, 451" B 5 7
© \s=8TeV, 203" ] ~ From coupling fits /
. Obs. | : 2 -
........... SM exp v - 1
0%~ ="G05 01 015 02 02 03 0 0 — e 05 64 os
BR, BF{inv
Results Observed —20 —10 Expected +1lo +20
VBF h 0.28 0.16 0.21 0.31 0.41 0.56
Z(— £6)h 0.75 0.33 0.45 0.62 0.86 1.19
V(- jj)h 0.78 0.46 0.62 0.86 1.19 1.60
Combined Results 0.25 0.13 0.18 0.27 0.35 0.47

ATLAS VBF H = invisible: best direct search result at the LHC .



3) Interpretations of search
results




Hidden Sector

* Spontaneously broken “dark” gauge symmetry, U(1)d, mediated by
a dark gauge boson Z,

* Z, interacts with the SM thru kinetic mixing with hypercharge gauge
boson

Kinetic mixing parameter ¢

* Also, a dark Higgs mechanism could spontaneously break the U(1)d
gauge symmetry
Mixing between the SM-Higgs and dark Higgs boson, mixing
parameter K
* The U(1)d kinetic mixing scenario could be generalized to include to
a mixing between the SM-Z and the Z,

Mixing parameter 0

1 - A ],A ~
EC _ZB[LVBPV_ZZD#VZ}_‘)V_F_

Vo(H,S) = —p®|H|? + N H|* — p2|S|? + As|S|* + &|S|?|H|?.




Search for Hidden Sector at
LHC

*pp =2 Z, 2|l

To measure ¢
*H—> 27z, 4l

To measure € and 0
*H—>2.2,-> 4l

To measure K

Zy

H——e———
K S




BR(Z, = 1) and Z; decay length

* Z, could be long-lived depending of kinetic mixing parameter ¢

T 7™ edzsnio) 10 '
: | —— Br(Zp - py) [R(s) data & QCD 3-ioop)
[ | — Br{Zp - ee) [R(s) data & QCD 3-loop]
0.50F s .
i 10t
s |
7 A =
T
= 10}
N °
@
0.10 ' 7 10-9 L
| | 14 -
. . . 04 | | -
0.1 1 10 100 0.1 1 10 100 { 41 J
mz, (GeV) mz, (GeV)

BR (Z, =2 ll) is independent of ¢ under the assumption that Z j/dark Sector States




Bounds on kinetic mixing
parameter €

0.030 L) T T L) l L) T T L) ] T T T L) ] T T L) L) ] T T L) L) l T L) L) L) l T L) L) T l T L)

0.025f

- »
0.020} iz,
0.010 - -,

g eaaes = 7TeVLHC .-

— \—— - — - ‘-/.‘.‘ |8 . PR - - .
0.005} oo @ g~ T 8TeVIHC 4

. 'thapT‘““"Cut 14 TeV 3000 fblg -~

CE— - - - - ---"- - . .. i
O_OOO....|....1....1....,_...11...11....|..

20 30 40 50 60 70 80
M (GeV)

1408.1075v2



Bounds on Kinetic mixing
parameter € * ATLAS, JHEP11(2014)088

_2 = | | 1 1 | S W || 1 rm 1 111 | 1 1 | | I L — |
10 = B ' ' HADES KloE | ' =
Peceaccoccccc et S22 3 J BaBar ]
sl Il Buzgfavoured I Al Y
W 10 gE B E774 APEX Eg
— Al E141 90% CL _
o 107 WERaos O
D — Orsay [ BR 20% -
— BR 10%% ]
E 1 0_5 _E uzo [""BR 5%
= =
S 10°
=k -

= 1 O’ = E137 =
-é — LSND =
o 10°E =
— — —
D ol SN -
£ 10°F =
e — =
10 '° ATLAS =
= 20.3fb' Vs =8 TeV 3

10—11 Lol 1 1 L 1ol 1 1 Lol

-3 - -
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¢ from BR (H =2 ZZ,—> 41)

measurement

* Use the calculations of Curtin et al, arXiv: 1412.0018 to extract ¢
from the BR (H 2 ZZd 2 4l). e >>«

w 11:' N L 'I""I""I""I""I"":l
§ —  ATLAS ——— Observed .
K= = T Expected ]
= - \s=8TeV, 20.7 fb ——— i
=1 i [ J+2c 1
>
O
-1
= 107¢
m | —
> -
| EWPTs H - zz,- 4l gives weaker bound but |
Complementary to the DY process
10'2 I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
15 20 25 30 35 40 45 50 55

m, [GeV]

4]




5 from BR (H > ZZ,~> 41)

measurement

* One can show that in the limit of m,* << (m*>-m.?):

~ 0P T T T
QA - -
Davoudiasl et al, T, [ ATLAS —gbseftveg
e N[ s8Tev2o7! xpecte
arXiv: 1304.4935, T 10% B:io
. o C \:i2
arXiv: 1203.2947 " ’
@]
] E 10"
B Y -
R - 0“x BR(Zg - 20) x §
BRZ 220 flm) 5 10°F
BRH-ZZ' - 40" Ty = ¢
2 _ 2\ &
flmz,) = B ’ L R S
167 vszi




BR(H-> Z.Z,)

* Our upper bound on the signal md of H 2> Z,Z, = 4l can be

Upper Boundon BR (H —ZZ)

transformed into up bound on BR (H = Z,Z,). But you need a model

for BR (z, =2 )
* Use the calculations of BR (Z, = ) from of Curtin et al, arXiv:

1412.

1.0 £

0.9
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0.6
0.5
0.4
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0.2
0.1

0.0
1

0018

<107

- Final State: 4e+2e2u+4u ATLAS
= 95% CL \s = 8TeV, 20.3 fb'

—— Observed
---- Expected
[+ 10o
[(]+x20c

11 1 1 l 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 1 1 1 1 I 11 1

0

20 25 30 35 40 45 50 55

m, [GeV
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K fromH =2 Z,Z, = 41

* From Curtin et al, arXiv: 1412.0018, one can show that k
relates to our measurement as follows:

_20><1O'3

E F ATLAS  Final State: des2eDuedy -
_ Ty BR(H- ZiZy) 10 | et
f(mz,) 1 - BR(H - ZiZy) EoF \s=8TeV, 20.3f6" 95% CL :
c 16 — Observed o

'8 - ----Expected
) dm? c l4r W+io i
_ ! L 3 - +2 -
f(mz“)'nzrm,,x I'EX @ 12 2o _:
0] - _
2 a2V efnd 2.0 & oL 7
(i +2m5 ) = 8o = Jm - 2 10 ]
2 ' — ]
- ) . ]
06F .
0.4 lIIIIIllllllllllllllllllllllllIIII|IIII|IIII:
K>>¢ 15 20 25 30 35 40 45 50 55 60

m, [GeV]
m¢ > m,/2 g .



Higgs Portal Dark Matter

* The upper bound on the BR (H = invisible) can be used to
constrain WIMP-Nucleon scattering cross section and
compare to Direct Dark Mark Matter Detection Experiments

(\g 10739 M
C 5 1041 |
- BF(H — invisible) = E— =
rlm = - . . x rH, g 10 i SRt BN —
H = 1 _BF(H — invisible) g L R
S 107 et —
2 S sz ) = s=7TeV, 4.5-4. T
l—~inv _ AHS S UZB S % 107 a - ”_...o' :s - 173 193. ;oés‘:b?"b N
H—-SS - 64 4 = _ao|  _csEime Vis. & inv. Higgs boson decay channels
mH a 10 T [Kwws Kz, Kiy Kp, Kz, Ky Kgy Ky» Kzyo BR_] —
= T we Rz, R Dr Frr Bue Ry By Zy» inv —
2 2 3 2 4 § 1 0751 ': No xy ~ asiumptlon: BR_ <0.22at90% CL |
riav Ty b (4" 4 pT - = gTAeTOD musamian -
HoVV 1 B o L e s I =
256y Mao Mh sof . SSthmOBECY, T Vel e
2 2 3 ORIl xRN wa ch .
inv iy muBy (Lo S s P S
—l > 1 10 1 02 1 03
H-ff 327A2 WIMP mass [GeV]
2 4 2
P, Aniss my fy Table 11: Parameters in the Higgs-portal dark-matter model.
SN 167m?, (ms + my)?
12 m* f2 Vacuum expectation value v/ V2 | 174 GeV
O.Sl HVV NJ/N .
VN 7y —— Higgs boson mass mg 125 GeV
v +my . .
) 4 20 Higgs boson width Iy | 407 MeV
I Agpp  Mym ffN Nucleon mass my | 939 MeV
= ’ . . +0.30
fN 4xA2m}, (ms +my)?"  Higgs—nucleon coupling form factor | fy | 0.33%57; .




Entries / 5 GeV

Significance

Conclusions

* In the LHC Run 2

We continue the searches for H = invisible

We push the H 2 Z,Z, 2 4l searches to low mass, below 15 GeV
We will see whether our current excesses get stronger or disappear

I
" ATLAS
6 (5-0Tev, 203"

T I T T T

M =125 GeV

T T T T i T T
1 Final 8416 des4y+262u

{—#— Data 2012
[z >4

i - H>ZZ'>4
i[:]\mmwz
0t

i- Zbb, Z+jets

' I (2+) quarkonium
+ 4444 Total background

pO local values

10°
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.............................................................................................................................

== 0 dbserved |
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............................................................................................................................................

H > 7z, > 4l

10-4 IIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiIIII

10 15 20 25 30 35 40

45 50 5



20d Dark
nteractions
Workshop

Here at BNL on 4-7
October 2016

https://www.bnl.gov

di2016/

Second Biennial Workshop on

Perspectives from Theory
and Experiment

https.//www.bnl.gov/di2016/

-
- Theoretice! Motivetion for Dark Séctors % Ketevi A Assamagen [Cheir, BNL]
- Experimentsl Constraints from High Oliver Keith Baker [Yale University]
Energy Coliders _° - Mazry Bishai [BNL)
-.Conztreints from non-Collider 3 John Paul Chou [Rutgers University)
Experiments o O : Hooman Davoudizz! [BNL)

- Cozmological Canstreints Rouven Essig [Stony Brook University)
- Implications for Derk Matter Tobizz Golling [Universizé-de Genéve)
- Prospects for LHC Bur 2 end future, Christopher S. Hill [Ohio State University)

Inzénaity. Frontier Experimentz, 0 _William Marcizno [BNL)
' Stephane Willocg [University of
Mazsachusetts]

Stany Brook 0
|t Sany Sroo e Ome STATE 5, UNIVERS|TE

University UsIvERSITY f v
- BE GENRVE Linda Fsierabend, BNL

-y +1831.344 4687
Yale University RUTGERS  BROOKARVEN foiaraboBbnlgov

ABORATORY




Additional Slides




Events / 40 GeV

Data - fitted background

Search for 2-photon resonance

T T T ' T g T T g

ATLAS Preliminary = o LA LA LA B LR BN NN BLRL R ™
e Data - = 1’;: =
10° — ('U - 00'_ 3
= Background-only fit E ? o .
- Q - 1o i -

2| _ 1 _ —

10 Vs =13 TeV, 3.2 b —51 8 10 1E_ =
- 3 E ]

10k — - 20 .
] 10%F =

1 = E 3
10" 107 E i E
15E- E £ ATLAS Preliminary =
= e 3 - 3
E u | ++ E — Vs=13TeV, 321" -
3 , Lo E 104 E

oE — *_‘_'.&‘_‘.‘_A—ﬁ_‘_t_: E 3
~10;— ® —; C ]
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* Signal Model

m,, [GeV]

m, [GeV]

Narrow Width Approximation. Using Double Sided Crystal Ball
(DSCB) function. 3.60 local excess. 2.00 with Look-Elsewhere
Effect (LEE)

Large Natural Width. Using DSCB fitted with simulated samples
with different widths up to 25% of the resonance mass. 3.90 local ( 52 J
excess, 2.30 excess with LEE included




