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Outline

e Searches for dark interactions in the decays of
h125

e Mono-X searches



Searching for new physics in h125

decays

" ATLAS and CMS
:—LHC Run 1 Preliminary
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* BR (h125 = BSM) < 34% at 95% CL



Searching for dark interactions in h125
decays

* |t could be h 2> WIMP (invisible/undetected)
* Oritcouldbe

Prompt and non-prompt decays of the intermediate state



LHC Searches

* H->aa—>fermions
4b
2b2t
2b2u
2u2t
4t
 H—2>aa—>4y
* H - aa > 2b+Missing Energy
» H—> Z(Zdark) Zdark = 4l
— Zdark =Z,
« H->invisible
* H - lepton-jets
* H - Long-lived particles = Displaced hadronic jets
s H—> ..

* Mono-X

| will not address the theoretical framework. The earlier
theory talks cover this. | will focus on published Runl and
Run2 searches



Run 1 searches



* Single wand di-u triggers used
* 2signal regions, SRu and SRe
* No significant excess in 3.7 < m,.
(GeV) <50
* Upper bound on h 2 aa production
relative to the SM gg->h production
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Events per category

y

No excess. Limits for SM h = 4y, H94y and Z'-> 3y
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H>ZZ*>4l (SM)

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 m,, (2“‘3I pair
SFOS)

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

ms,, sub-leading pair,
assumed to reconstruct the
Z*

Retain 1 unique quadruplet
with the requirement of m,,
closest to m,: 50 <m,, < 106
GeV

Events /2.5 GeV

Events / 4 GeV
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H > 7Z, > 41— Runl

Phys. Rev. D 92 (2015) 092001

* 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; - 2l, smeared with
detector resolution, and search o
for a narrow peak in the ms, 10 20 30 40 50 60 70 80 90 100

distribution My, [GeV]
* 115<m, <130 GeV ;
6.x 10" .

* Covers the range m,4 < 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 2 Z2Z, > 4l

in 15 <m,, <55 GeV
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Start with the identification of 4leptons as in H 2 ZZ* —4l, and the
formation of 4| quadruplets with SFOS

Select the unique quadruplet by exploiting the mass difference
Am = |m ,-my,| minimal
115 <m, <130 GeV

Apply a Z-veto and J/Psi and Upsilon-Veto Phys. Rev. D 92 (2015) 092001
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H-> 2z, 4l

* No significant excess. 1.70(4e) and 1.76(4u). 0 event in 2e2u
Loose Slgnal Region: 15 <m,, < mH/Z
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¢ from BR (H 2 22, 4l )

measurement

e Use the calculations of curtin et al, arXiv: 1412.0018 to
extract ¢ from the BR (H > sz > 4|) €>>K

1
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95% CL upper limit on ¢
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Upper bound on the Z-Z, massing
mixing parametr 0 from BR (H =2 2Z,—>
4] ) measurement

* One can show that in the limit of m,? << (m,2-m.?):
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Upper bound on Higgs mixing
parameter K fromH =2 72,2, = 4l

* From Curtin et al, arXiv: 1412.0018, one can show that x
relates to our measurement as follows:
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h = invisible



H = invisible Run 1 Results

ZH, Z = |l (I=e, u) and H = invisible

— Phys. Rev. Lett. 112, 201802 (2014)

— Upper bound on BR (H = invisible): Obs (Exp) 0.75 (0.62)
VH, V = 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 0 x BR (H = invisible)

— Not sensitive as BR (H = invisible) measurement
VBF H = invisible

— JHEP 01 (2016) 172, arXiv:1508.07869

— Upper bound on BR (H = invisible): Obs (Exp) 0.29 (0.35)

— Combination of two categories of searches
* VBF combined results. Obs (Exp) 0.28 (0.31)

Grand combination of H = invisible measurements
— JHEP 11 (2015) 206, arXiv:1509.00672
— Combination of Z(=21l), V(—jj), and VBF
— Obs (Exp) 0.25 (0.27)
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VBF H = invisible

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 > WIMPs

* H-> %" wherem ,<m,/2

MET trigger used

Signals

* VBF Higgs production

* Also ggF+2jets (~20%).

* Simulate H = invisible with H 2 ZZ 2 4v
Backgrounds

o Z+jets withZ 2 vv

* WH+jets with W = Iv (undetected lepton)
* Multijets

* ttbar, single top and dibosons

18



Normalized to 1
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VBF H = invisible

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

i
Mo
< > 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
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VBF H = invisible

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

W+jets with W lv background estimated from
— WhH+jets with W—>1v data control region

Multijet background estimated from

— Multijet enriched data control samples by reserving the
requirements of Ad; and Ad; et

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

mr = \/ 2pfrE?i55

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

— A simultaneous fit to the SR and the CRs Zsg ~ (Zsr /Zcr)MC x 8383,
Zsg ~ (Zsr/Wer)ME x W,

Wsr ~ (Wsr/Wcer)ME x wida,

I - cos(Ad, jmis)



Ie Results

VBF H = invisib
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(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(— €év)+jets 235+42 | 1010+ 50 | 225x16
. . : - Multijet 2+ 2 20+ 20 4+ 4
POSt ﬁt d|5tr|bUt|0nS Other backgrounds 1+0.4 64+ 9 19+ 6
; Total background 57762 | 2680+130 | 583+34
an d estimates Data 539 2654 636
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Combined H = invisible Results

L TE — 10 I T I
O :»: = [ ATLAS 7
o . . N . \s=7TeV,4547fb"
L % 8~ 1s=8TeV,203fb"
10 1| Obs.:
E 3 6: — Vis. & inv. decay channels
F T T T T T T T T TR T T F - Inv. decay channels
: ATLAS L ----Vis. decay channels

102k 1s=7TeV, 450"
o 1s=8TeV,20.31b"

Obs.
........... SMexp |
0 e 0T 0 02 0% 03 035 0.4 05
BR,, BRinv
Results Observed —20 —1lo Expected +1lo0 +20
VBF h 0.28 0.16 0.21 0.31 0.41 0.56
Z(—t0)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
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Table 11: Parameters in the Higgs-portal dark-matter model.

Vacuum expectation value

Higgs boson mass

Higgs boson width

Nucleon mass

Higgs—nucleon coupling form factor

v/ V2
Mg
I'n
my

In

174 GeV
125 GeV
4.07 MeV
939 MeV
0.33+0:30
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Lepton jets (LJ) and Long-Lived
Particles (LLPs)



H = lepton-jets + X

) Y 1* Kinetic mixing € between dark photon and SM photon
/\/\/\/\/‘®\/\/\/\/\/\< ) Signature: collimated pairs of leptons (lepton-jets)

E+
v
Parameter of interest:
.+ - Darkphotonmass _ + )
Do e [
- Dark photon ct r
v
Yd
ATLAS, JHEP11(2014)088 Prompt or displaced lepton-jets - U
Falkowski, Ruderman, Volanski and Zupan
http://arxiv.org/abs/1007.3496 FRVZ signal models with ggF Higgs production

lzaguirre, Krnjaic, Shuve LI TYPEO LJ TYPE1 LJ TYPE2
http://arxiv.org/abs/1508.03050 | —frg

g
DM AN S




H = lepton-jets + X

e Run 1 exclusion limits

3

ATLAS

203m" 5=8 TeV

d

BR(H 3 27 +X) = 100%

o)

=

>

.

-

N

T - a
r 1% 5
c n i
(a8] = i
& [ 1
-—

é 1:— FRVZZydmodel 3
=3 C m, =400 MeV :
- [~ expocted + 20 —— observed imit ]
o - B epeckd:w —--— @pociod imt T
§ 1 llllll.l L1 lllllll 1 A1 lllllll L 1 lllllll A1 L1
o 1 10 107 10°

Dark photon ¢t [mm]

10° ATLAS
203" Js=8TeV
10° 959 CL limits my = 125 GeV
—Observed —
) = od nl,u =04 GeV
10 M Expected £ 1o

Expected 2 ¢

10EBR(Higgaa274+x)=100%

:

1 BR(Higgs—,Zyd-rX):iO‘}u

95% CL limiton 6, x BR(H = 2y =2 LJs) [pb]

107" 1 10
Dark photon ct [mm]

10°

Dark photon ¢t [mm]

FRVZ model | Excluded cr [mm]
BR(10%)

H—=2+X no limit
H—-4y+ X 52<cr <85

= 10% prr e

2 F ATLAS i

Q N 203m" f5=8Tev 7

;‘U i m(H—alyn‘X)- 1009% ]

<

:E 10 E

el - .

e} o i

X _ i

© BRA(H— 47_+X) = 10%

&

= 1| FRVZ 4y_model -

g E m, = 400 MeV =

- | C oxpocted + —— octsorvod ]

o - o:p-:hd:zt: ——— W:: -

a\: A1 lllll‘.l 1 1 lllllll 1 A1 llll‘.ll L1 1 llllll -

o 1 10 10° 10°

JHEP02(2016)062 10°F ~#= mmmm
w 10_3 a, Y
E 10_4 E141
D Orsay
-5
g 10
[4v3 —6
a 10
For BR=10%, 2 7
=
ct<3.2 excluded € 4 0% L
.9 BHzO“/:
-‘g 1079 SN -SQ‘S‘Z.Z“
< 1010 ATLAS
» | I20.3 ' Vs =8 TevI
10~ e e
1073 1072 107" 1

m, [GeV]




Long-lived, weakly-interacting
particles = displaced hadronic jets

PRD 92, 012010 (2015)

e Benchmark models

| f
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Higgs decays Hidden Valley 7’
(a) (b) g ;_ ATLAS Simulation || ~#- me126 Gev, m_ 25 Gev
8 - g :Agm:)ne Fle:/Cluster tri r T Moo aet ml'=50 eV g
LLPs decays to hadronic jets far from the IP o % U E
Search for displaced vertices in the ID and MS 2 ot . 3
0.5 - ¥ =
. . 0.4 Tt =
Muon Rol Cluster Trigger to select hadronic decays 03t o 3
in the outer radius of HCal to middle of MS 02E . S E
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Single jet + Met Trigger also used for the Z’ search rim]



Long-lived, weakly-interacting
particles = displaced hadronic jets

—
IIII|

Limits of H = LLPs signal strength
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TABLE XI. Ranges of m proper decay lengths excluded at
05% CL assuming a 30%. 15%. 5%, or 1% BR for my =

125 GeV.
Mo, Excluded er range [m]
10 no limit 0.24—4.2 0.16—8.1 0.12—11.8 Excluded for BR <=5%
25 1.10-5.35 0.43—18.1 0.28—32.8 0.22—46.7
40 2.82—-7.45 1.04—30.4 0.68—55.5 0.52—-79.2
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Bounds on kinetic mixing

JHEP02(2016)062
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Mono-X



direct detection

Dark Matter Searches at Colliders

* Produce DM in proton-proton collisions

* Search for Mono-X events (X=jets, photon, W/Z, etc)
— DM direct production in association with visible objects

thermal freeze-out (early Univ.)
indirect detection (now)

e —— — . . _
q jet, y. Z, W, Higgs
DM SM
DM SM ~
q X
e

production at colliders
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Effective Field Theories (EFT)

Broad coverage of models by integrating out the details

Model parameters ,
— The suppression scale M* q X
— The DM mass m,,

DM couples to quarks and gluons
— SM particles in the initial state
— Monojet searches

DM couples to bosons

quark - W boson
— SM particle from the main interaction o WIMP
— Mono-photon/W/Z searches .
quark’ S wive
J. Goodman et al. arXiv:1008.1783]
. Bai et al. arXiv:1005.3797]
P Fox et al. arXiv:1109.4398] [A.). Nelson et al. ArXiv:1307.5064]
J. Feng et al arXiv:1102.4331] [N. Lopez et al arXiv:1303.6734]

and many others
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Simplified Models

* Keep information in the

intermediate state q X
— s-channel (Z’ portal, Higgs-portal,
etc)
— t-channel (colored scalars, etc) q .

7 v s-channel mediator / jinnel mediator
q X !

X
.= A
v / < :

— In the limit of heavy mediator mass,
recover EFT

878, 0.<cm, _8r8y 1  [D.Abdallah etal. arXiv:1409.2893]
5 5 2 = a2 [H.Anetal. arXiv:1308.0592]
(O, —my,) m, M,
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Supersymmetry

* Compressed SUSY leads to mono-X signatures
— Squark-LSP mass splitting small
— Jets too soft to be reconstructed
— ISR SM particles

~()
X1

K|

p soft quark

q
~()
1

\\< \

q 9 soft quark
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Mono-photon

* Signature:

— Missing transverse energy (MET) with a
single isolated energetic photon

e Signal region (SR) selection
— MET trigger with a threshold of 80 GeV 4

— Calorimeter based MET > 150 GeV /

* Muons are treated as invisible particle _
e Z(uw)+y is similar to Z(vv)+y in the MET spectrum MEI ® 4

— Photon with E;>150 GeV and |n|<2.37

* Tight identification and isolated in the MET
calorimeter 4

* Away from the MET direction
— Veto other objects jet
* No more than 1 jet with p;>30 GeV

* No electron with p;>7 GeV
* No muon with p;>6 GeV

— Cut-and-count experiment

arXiv:1411.1559 [hep-ex]
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90% CL limit on M. [GeV]

g ' EFT Limit

> 1100%_ ATLAS " bes observed limit (£ 10,.) E
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lower DM masses due to production 300F- i
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constraints on DM-nucleon scattering cross section

1-N cross section [cm?]
o O ©
W W N
(o) N (00]

Y

Q
N
(@)

—

o
IN
IN

Constraints on Direct Detection

* To compare with direct detector experiments, we produce

I lIIIIIII I IIIIIIII I IIIIIIII_

-l DAMA/LIBRA, 3c [l CRESST Il, 26
{1 CoGeNT, 99%CL [l CDMS, 1o -
[ ] CDMS, 26 CDMS, low mass_|
[ —— LUX 2013 90%CL —— Xenon100 90%CL]|

| —e— D5: ATLAS 8TeV g=47 90%CL
[ - ©- D5: ATLAS 8TeV g=1 90%CL
D5: ATLAS 7TeV y(xX)

-]

ATLAS

_II ll ll II II ll

J

lIIIIIIl

—— D9: ATLAS 8TeV g=471 90%CH|
-E4- D9: ATLAS 8TeV g=1 90%CL _|
—— D8: ATLAS 8TeV g=41 90%CL
-/x- D8: ATLAS 8TeV g=1 90%CL |
D9: ATLAS 7TeV y(xX)
D8: ATLAS 7TeV v(xX)

-spin-dependent

— COUPP 90%CL

‘ SIMPLE 90%CL

— PICASSO 90%CL

— Super-K 90%CL
IlceCube W*W™ 90%CL —

Ldt=20.3fb" V\s=8TeV

I IIIIIIII_

LA L

10 10° 10°1
m, [GeV]

—h

10

Complementary to astrophysical experiments

102

10°
m, [GeV]
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Constraint on Indirect Detection

s-channel model with yyy EFT vertex
— k1 and k2 control the relative couplings of the DM
to various pairs of the electro-weak gauge bosons
Constrain effectively the parameter space
— Limit on the mass scale M* in (k1, k2) parameter
space
Good example to cross check astrophysical
excess using collider experiments

— Exclusion line drawn by considering the value of M*
needed to generate the xx =Yy annihilation rate
consistent with the Fermi-LAT y-ray line near 130

a

[A.). Nelson et al. arXiv:1307.5064]

Numbers give 95% CL excluded M, [GeV]

GeV
7 R N
1.4 s-channel EFT model - gf;;’é‘t'eeg it ((f /! get::;) =
1.2 Vs=8TeV JLdt=20.3 fo! /. Excluded region -
1446 44 448 452 454
sl
0.6/
0.5
0.23—2
oL
0
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quark

Mono-W and Mono-Z

If the mediator coupling to “up” and “down”

qguarks are the same
— Mono-jet dominate the mono-X sensitivity
quark’~

 Mono-W
— Constructive interference for vector and axial-vector
u

operators
— Large production rate and the W is strongly boosted

— Mono-W has the best sensitivity

— C(u)=-C(d)
— C(u)=C(d)

M* 1 TeV, m 1GeV
W+

ol

=
o
10

10"

10%
lllllllllllllllll ll—lllllllllllllll L
0 200 400 600 800 1000 1200 1400 1600 1800 2000
E T [GeV]
d X

* Focus on hadronic decays
— Better sensitivity than the leptonic decays

— More challenging to reconstruct the hadronic W/Z
40



Mono-W: DM and Higgs portal DM

Phys. Rev. Lett. 112, 041802 (2014)

 Higgs decay to invisible

 VH production

—
<
o)

x-N cross-section [cnf]

—_
—
A~
S
T

—
= '
W
[e°]
T

—_
S
S~
o
T

— Same signature
 Use mono-V(jj) to constraint V(jj)H
— Not fully optimized for Higgs portal

model

I
| D5(u=-d):obs
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Search for DM in events with heavy
. quarks and MET g b

arXiv:1410.4031v1 [hep-ex] x
* Search for events with at least 1 high p; jet and large MET b
categorized into 4 signal regions (SR) g b,
— SR1: DM with 1 b-jet
— SR2: DM with 2 b-jets X
X

— SR3: DM with ttbar (both tops decay hadronically)
— SR4 DM with ttbar (one top leptonically, other hadronically)

g b,t
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Compressed Supersymmetry (SUSY)

Small mass splitting between squark and

LSP q
Consider the first 2 generation squarks 7
generation (degenerate) )
Quarks are too soft to be reconstructed as ({O
jets (f N X1
ISR photons give mono-photon signature
— Complementary to SUSY 0-lepton search
| . SUSY 0 Lepton Search
ATLAS \s=8TeV,J-Ldt=20.3fb T B qqlplfoduct'on%ﬁpllmlmllll S
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For very compressed spectra, exclude m;[GeV]

C | tary to SUSY OL Search
squark mass up to 250 GeV omplementary 1o earc



Search DM in Events with Z (= 1I) and MET

Phys. Rev. D. 90, 012004 (2014)

A
e Z I (l=e, W+MET 7
— m, consistent with m, 7/
 Dominant backgrounds .
— Z(I)+vv and WW(Ivlv)
4 different signal regions considered
with different MET thresholds

<

X
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Search DM in Events with Z

E1™ threshold [GeV]
150 250 350 450

Fiducial cross section [fb]
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Events / 50 GeV

Data / SM

P

Run 2 mono-jet results
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Run 2 mono-jet results

~~ . ~ ~0
qq production, g— ax.
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Conclusions

* Many Run 1 searches for dark interactions at LHC
— Dark vector bosons in H = 4l events
— H = invisible particles
— H = lepton-jets
— H - LLPs
— H = aa =2 fermions, photons
— Mono-X
* No excess found

* Run 2 might yield exciting discoveries
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strength of scalar (D1), vector (D5), axial-

EFT

* Example of DM y interactions with SM
particles where 7 is assumed to a Dirac
fermion. A parameterizes the coupling

vector (D8) and tensor (D9) interactions
between x and the SM particle

Scalar

Vector

Axial-Vector
Tensor

1 !

We throw away
events where the EFT

is invalid because
the momentum
transfer surpasses

the scale of the contact interaction

[L. carpenter et al. arXiv arXiv 1212.3352]

=

Name Operator Coefficient
D1 XXaq me /M3
D2 X7Y°xqq img /M3
D3 XXa7>q img /M3
D4 XY>XTYq Mg /M 3
D5 X7 XqVnq 1/M2
D6 | XY XT7uq 1/M?
D7 | XY*X@V.7"q 1/M?
D8 |x7*v°x@yuv'a| 1/M2
Do XM XQO 10, q 1 /.-’\13

D10 £0W7‘5X'Q'005q i/M2

D11 XX G G*Y g /AM3
D12 | xvV°xGu G* | ics/AMZ
D13 | ¥xGuG*" | ics/AM2
D14 | xv°xGu G* | as/aM32

Kruger 2014

my
3
AD 1

99 XX +

A2

2
ADS

avY"q XYux +

aY*vsq XYuYsX

Name Operator Coefficient
C1 x"xaq mg/M?32
C2 x'xav°q img/M2
C3 | x"8uxar"q 1/M?2
C4 |x"9uxaqv*v°q| 1/M?
C5 )('T,\"'Gu,,G‘”’ 0'3/4.-7\1;2
C6 | xIxGL.G"™ | iag/aM?
R1 x2aq meg/2M 2
R2 xX2qv3q img/2M 2
R3 x2G ., G*Y g /8M2
R4 | x2G.G" | ics/SM?2

[J. Goodman et al. arXiv 1008.1783v2]
D: WIMPS that are Dirac Fermions

C: WIMPS that are Complex Scalars
R: WIMPS that are real Scalars
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