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What's Next for Particle Physicists,
Post-Higgs”?

* Four years ago, exactly as today,

we were all following an interesting seminar.. §

» Today, exactly as four years ago,

we are sfill trying o answer many questions !!

Dark Matter:

— 5X more prevalent than visible matter

— nature unknown but could be made of
particles
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There is More Than Meets the Eye

v F. Zwicky, 1933: = Hubble Telescope,

+ — Masses of clusters of Galaxies 1990s-Today:
; LA + — Gravitational Lensing

A
E‘ V.Rubin et al., 1970s: « WMAP, 2000-2010:
. — Galaxies Rotation Curves . — CMB

...And many others: Large-Scale Structure Formation, BBN, Baryonic acoustic
oscillation..
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A Natural DM Candidate

* All evidence for dark matter so far is gravitational

— Non-Baryonic — no electromagnetic or stfrong intferaction
— Cold/Non-Relativistic/Massive

« Present day DM density of 23% 7 =2 SIMP
explained assuming weak scale > arxivi1407.0017
annihilation xsec T O

5L neutrino v ADM
— DM as athermal relic: WIMP £ v/ wcunuinoy
© s | . =
N ;s | £

* WIMPs arise ‘naturally” in BSM- = S sy axino & >

theories 25 | ‘atgg%ﬁ?m N
-30 b T —

* WIMP interactions with ordinary b Gavite g,

matter extremely rare I T S A . T
-18-15-12 9 6 -3 0 3 6 9 12 15 18
— Need sensitive detector log g(Mpyyy / GeV)
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When Theory Meets Experiments

Two Questions:

1. What channels should we be looking in”?

Everywhere and with
complementary strategies
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When Theory Meets Experiments

Two Questions:

1. What channels should we be looking in”?

Everywhere and with
complementary strategies

2. How do we interpret the results?

Fit results into theoretical models, and compare
with other types of experimental evidence
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Three Popular Strategies (

 Needs independent verification from non-astrophysical experimenfs

Indirect Direct Colliders
S ST X
54 /? XN A N A
v ?n\ ;Sg N sn 7& iy

« AMS,IceCube e XENON-100, DAMA, CoGeNT e Tevatron, LHC
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Three Popular Strategies

Indirect Direct Colliders

x\ XN A L //X

X SN =\ SY
 Observe annihilation  Dark Matter- * Laboratory
products nucleus production of DM
* Low mass DM particles not scattering particles
accessible  Low mass DM * Sensitive o huge
* Depends on DM density particles not mass range
and annihilation model probed yet. * Both spin-dependent
* Need large and spin-
detector masses independent
couplings
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Describing Natfure with Math
S X
sz A
& i

Effective Field Theories (EFTs) Simplified models
« Largely model-independent * Using explicit mediators
« Easy to compare results with * More model-dependent
those from direct detection
experiments * Valid at all energies

 Suffer from validity issues at LHC
energies

LHC-DM Forum:Use simplified models when possible - still some EFT
results for certaln benchmark models arXiv:1507.00966

-
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What Fermi has Taught Us: EFT

Assumptions:
« DM particle is only new state accessible o the collider
* Mediator is heavy and can be integrated out

— confact interaction

gqu q2<<M2\ ]_ A2 _ M2
g2 — M? A2 9a9x

* Theory valid only if:

Qtransfer < M = \/gxqu < 4rA
q X
— Parameter of interest is the contact interactnion scaie 7\

* Vary Lorentz structure, spin assignments 1o describe scalar,
pseudoscalar, vector, axial vector and tensor interactions

arxiv:1008.1783
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Looking into the Details:
Simplified Models

« Can fruncate the EFT production when >M

transfer

* This requires knowing the masses/couplings
e Turn a 1-D problem info a mulfi-dimensional one:

Axial vector: 90% CL limits |

LHC8 19.5 fb™
| — | — LUX 2013
soof | — Go=gou=]
H — — gq=0.3. gom=1
Tal 3 oo T 9amgom=05
 Minimum 4 parameters: s
=
ED 4001

rnDI\/I’ Mmed’ gq’ gx

, 200_— g
* Need to fix fTwo parameters to - =Y 1 ]
= - B L) | I_
show results % 200 400 600 800 1000 1200
Mmed [GGV]
arxXiv:1407.8257

-
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Probing Dark Matter at the LHC

« Can probe a wide range of DM/SM interaction types in a wide

energy range
’)( « Both direct and cascade production
% depending on the partonic energy

i \J< « DM particles stable and weakly
‘( interacting— escape detection
5 -+
72 < Mo Y e How to “see” DM particles? —
i V5 / looking for "missing energy” and
additional SM radiation
2mg,, — » Generic signature:
| pp— Er+ X
c.m.e. (GeV)
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LHC Mono-X Searches

* A wide range of final states can be investigated exploiting the
full potential of LHC experiments:
afs|v/H

pp—>ET+@ \< s ¢T

 Any SM particlelll
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LHC Mono-X Searches

* A wide range of final states can be investigated using full
potential of LHC experiments:

Mono-Photon

Mono-b (b) q

Leptons
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LHC Mono-X Searches

* A wide range of final stafes can be investigated using

potential of LHC experiments:

Bottom quarks
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Multipurpose Detectors

Calorimeters

ATLAS

Tracking Detectors

 Measure all possible properties of all
collision products

« Combination of different detector types
for momentum, energy, origin, type, ...

» Several subdetectors arranged like
shells of an onion

Momentum Energy Particle ID
Tracking Calorimeter Muon
Detector electromagnetic hadronic Detector

Photon

Electron/Positron
Muon

Neutrino

Neutron

Collision Products

Pion, Proton

“Inside” “Outside”

Livia Soffi
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Measuring the Invisible

 MET caused by particles escaping detection and detector effects:
noise, dead/hot cells

« MET —» energy imbalance in the plane transverse to the colliding
beams

23" (13 TeV)

MET = E,)? B2 LA T
=V (L) + (L By S T e e
> i b
LLJ
+
\ - H
LY N 102: I |
N\ » ma;_ i
E (GeV) {r | l
ET™ (GeV)
* SM process have  MET tail excess as
no MET ' hint of new -physics

\
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Mono-Photon Search

Signature: X
One high-P. photon and large

missing energy balanced in the N
transversal plan R/ A

CMS-PAS-EXO-16-014
arXiv:1604.01306

-—

Livia Soffi Chasing Dark Matter at the LHC 18




Photon Reconstruction and ID

« Reconstruction from clusters of energy deposits
iNn the electfromagnetic calorimeter

« Data/MC energy correction obtained
calibrating the detector w/ Z—= ee events

/—_:\

/—."\
,.:L Isolated

|dentification based on:

; : _ Y
~ Isolation - Shape ‘!‘
Isolated deposit with no Narrow circular 2Pk ~ "i"'i. . Fq.ke Y
track associated in the energy deposit S~ — (jel)
fracker 2Eem, ~——

clus. shqpeb
ATLAS LAr: :Longitudinal segmentation > Ehag '

— Good Photon Trajectory Measurement Eroo/E
CMS ECAL: Homogenous Calorimeter had/ Le

— Good Energy Resolution

\
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Background Contributions

» All backgrounds extrapolated from orthogonal data samples.

 Normalization obtained via a simultaneous likelihood fit to the observed

Yields

e Z(vV)/W(lv) +
Y=~ 75%

* Y +jets/ « Z/W+ jets
Multi-jet

%} LuA

e Non-collision
background

®

5

W
N
Reduced by:
- AO(MET, jef) - Lepton Veto  — time of cluster
&& MET cut && Photon ID  /trajectory
Livia Soffi Chasing Dark Matter at the LHC 20



Mono-Photon Energy Spectra

ki
Q

8 VFamas  sommgon %0
« Cut and count analysis in one R e WO
SR bin: 264 events observed vs & ]
295+/- 34 background events el
expected N
- ICM_SP.:*e.T:‘r.:‘.u‘na:ry_ . 2|.31k.)'1(1_3T|eV}
» Shape analysis in multi bin SR:~ Grop =gt ™ i
77 events observed vs 76+/- 8 g [ s 0™
background events expected §1 ..
107

—

—
Q
%]
| T T TTTIT

o
[
[T T
—e— 5
T
L
T
5y
[ \II\\]\\ R TIT B ARR AT RNEN RRTITT BN IRRITT M

Data/SM
o o MW

500 300 400 500 600 700 800 & 900 1000
E; [GeV]
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Models Interpretation for
Mono-Photon Search

« Simplied model w/ fermion DM produced
via s-channel mediator
- My, M . 9,9Nd g, med

* A dimension-/ EFT benchmark with direct ' 1

couplings between DM and electroweak X
bosons !

q

 ADD model of LED; stable gravitons would
e invisible to the detector and could be
produced in association with a photon

q Y
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Mono-Photon Search —
Simplified Model

CMS Preliminary Vs =13 TeV, 2.3 fb™
;‘ 400_ LI I L ] TTr 1 | LI | LI L | LI I T 1T I TT1 T B b O ’Y
3 - Auxal vector, Dirac, g, =0.25,g_ =1 i | g
= 350 Observed 95% GL 5 102 7
= 410 2 q X
=} [ o Thearetical uncertainty J[ie= 8.
E 300k Median expected 95% CL &
L ... Expec[ed +1o ~| aq
B I
25 | m__ <600 GeV = | P
- med | = 10 a"
200+ i = med
150 i
- 1 X
100 q X
50—
; : | < 10*' cm?form,,, ~ 150 GeV
100 200 300 400 500 600 700 800
M, ., [GeV]
:? :' L LR U LS E F A e LS E N BT TR PR S L | ': & ..I.........I i T T T |
3. asof. ATLAS — Observed 95% CL ] E10%E | ATLAS
g 3005_ {s=13 TeV, 3.2 - gﬁ:&g ;51;:?[? _g f_} 1073 ' {5=13 TeV, 3.2 1o
E  Avinl : I Expected £ 1o = S 10 t s
250:_ Axial-vector mediator ™ Relic density = § 10 \ 90% CL limits
- Dirac DM Perturbative limit 1 § 10°% Y e B
200 9.m__ <710 GeV E Al ™ B
150:_ = & % 107 e . o :
- - 5 i xial-vactor mediator
100F = & 10 Dirac DM, g_=0.25, g =1
- . 1074 o XEMNON100
50:— = 10742 LUX
e Y P PP PO Lol _4n === PICO-2L
100 200 300 400 500 600 700 800 10 — Sewrmm 03 i
10 10 i 10
Mineq [GeV] m [Ge\l
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Mono-Photon Search- EFT

%
5
q X
CMS Preliminary Is=13TeV,231b"

;1000__' T T IIIIII| T T T IIIIII T T T IIIII| B

C 7 = LR | : rr =N N e : T e e
& 900 = E 9001 ATLAS —=— observed limit =
-z- 800 E— E = goof EWEFTmodel . expected limit -
- ?005 3 é ?DDE 5=13TeV.32f" BN expected + 1o =
o = = o = expected £ 20 =
= 6005 £ T 600F —— truncated limits -
= 500 = & 500 -
o ] 3 E :
= 400 = S 400 E:
(@) = o =
— 300F o 300F

200;_ """ 95% CL Exp. Limit 95% CL Obs. Limit iﬁ 20 ':'i__
100 . Exp. Limit 1o Exp. Limit +2c = 100F
‘:| L el Lol L |||||||E . el el : —
1 10 10° 10° T 10 10° 10°

MoulGeVl M+ 2 550 GeV

» Upper limits placed on the production cross section, then translated
info the lower limits on the suppression Mass scale
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Mono-Photon Search - ADD

G
Y
CMS Preliminary

= 4.5 | | | | ] = 32— . . .
o [ 1 = - ATLAS =
=, 4fF ADD ' 3 =, 3 e
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P il 1 § 28F -
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L oo 1 © 18fF _|—'—'—|_ =
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Higgs Portal to Dark Mafter

58% 1)
Signature: ”j e
Large missing /'/'\KH -1 F T . i
energy and a SM ® = g T W
Higgs Boson = bb:
c o 1%
balanced in the S 1 1l 7z
2.6% 10
transversal plan ' -
m
4---%02 .
///;'Z -
/ ,'
€ - 107
0.22% J.O-gc;' A Teo 180200
= g . M, [GeV]
SN; / CMS-PAS-EX0-16-011
»{“ CMS-PAS-EXO-16-012
y;f"ﬁ ATLAS-CONF-2016-011
ATLAS-CONF-2016-019
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Higgs Portal to Dark Matter

‘--‘--‘--

Signal Over Background Ratio

- om om wewm omomm e mm

Branching Fraction

58% Wh

2.6%

Livia Soffi

\~§
& 1
Q -
: -
s |
©
2107k
+
c
(4]
-
102
I
10°
-
10%0
/l

1 | 1 | a4 1 | 1 | | | 1 1 | 1 | 1
100 120, 140 160 180 200
- M, [GeV]
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Mono-Higgs to bbb

A
« High-p, bl system with either a pair of small radius -, W}
jets, or a single large-radius jet with substructure Vj& =
 No idenfified, isolated muons or electrons /,;Em.y_ g
e . e/ /- =
 Classification in tferms of # b-tagged jets
, 3 10 ATiAs | T islistev s ]
* SlgnGI Enhanced by: = 10°FPreliminary = L=321" 1 ¢+ single top E
0 2 405L 2 b-tags - ] bivoson
A¢<MET, H) > ]20 % . Resolved * Merged [ standard Model VH
(]>) 10 E ;g:cl:tllg:ound Uncertalntyf
03 + T mono-H vesor Mediator 3
102 ; M2 =2TeV,M =1GeV

* Two kinematic regions:

MET < 500 GeV |
— Resolved: Two small jets 1122 et
21.5
MET > 500 GeV % ot

- Merged: One “fat” jet Z0.5

L 0 =T
200 400 600 800 1000 120

ET® [GeV1 ‘
Chasing Dark Matter at the LHC
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Mono- H|ggs to bbb Mass SpeCTrO

> 200_| T ‘ T L ‘ T L ‘ T L ‘ L | Data | ]
8 180;ATLAS Preliminary 1 Z+jets E
o = Vs=13TeV [Ldt=32fb" [ tt + Single top .
~ {B(Q—Resolved : 0 lepton = W+jets =
[ 200 GeV<ET™ <350Gev gll\ﬁslfn ]
c ~ 2b- | i
o 1401 2b-tags @ Multijet 3
Lﬁ — =z Background Uncertainty _|
120 Pre-fit Background
C =« mono-H Vector Mediator ]
100 M, =2TeV,M =1GeV —
80 — GSignaI =0.1 pb * n
60— [ TLL =
40 -
20
0 -
©
o 1.
| —
a
S
CDUOSI\I‘\\\‘\\\‘\\\‘\I\l\l\‘\l\l\l\ll\l‘l\l

80 100 120 140 160 180 200 220 240 260 280

« Dominant backgrounds:

—_-

— 1 45-80%
=>CR in data w/ #1/#2 leptons

15-65%

Events/ 20 GeV

Data/Pred

12—

,ATLAS Prehmmary
 Vs=13TeV [Ldt=3.21b"

10 | Merged : 0 lepton

L ET™ > 500 GeV
- 2 b-tags

—— Data

[ Z+jets

[ tt + Single top

[ W+jets
[ Diboson
[ SM Vh

=% Background Uncertainty

----- Pre-fit Background

— - mono-H Vector Mediator |
M, =2 TeV, M =1GeV —

Osign ,-01pb

-80 100 120 140 160 1

N , Vh,

« Other backgrounds:

=> Simulation

: < 15%

— Mulfi-jet: < 2% (resolved)

=> CR in data inverting min
| AO(MET, jet) | cut

Livia Soffi
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Mono-Higgs to bbb Results

» Simplified model with a Z° » Two-Higgs-doublet
gauge boson mediating the model
SM-DM interaction

; :| T T T \-\ I.II‘ T T T T \\I‘ T ] ‘. T : ';‘ 800 :I L ‘ T 1T ‘l\ I‘\ T ‘ T 17 T 17 | T 17 | I.\ ‘I T | LI |:
3 " ATLAS Preliminary — Observed Limits ] & 750 EATLAS Preliminary — gfsgé‘t’gé’ Limits E
= 10t Vs=13Tev, 321" == = = Expected Limits - = “Vs=13TeV, 321" Eem Expected +16 E
E'\é F Vector Mediator [ Expected £1o 3 E‘[ 700 EZ'-2HDM Simplified Model 1 Expected +2¢ —
L sin(9)=0.3, g =1, g =1/3 _m,, [ Expected +2¢ ] Ctan(@) =1, m =100 GeV == Run 1 Observed 3

L =t.2, =1 gq— 97,2 &« Generated Signal Points | 650 = Ty T *  Generated Signal Pointsg

= = * — E E

= 3 600 — * * * =

* ] C 1

- i 550 = =

* - —— —— — —

3 E 500 & * X - —

= = g = -

- ] 450 = ot E

- ~ 400 ’; _____________ é

= . 350 = 7 e . E

:1‘. N ‘ L ‘7 300 IR R f‘l [ B AR S R SRR S |“i| [T |:

10° 600 700 800 900 1000 1100 1200 1300 1400
m,. [GeV]
m,. [GeV]

M, <900 GeV M,. < 1400 GeV m, < 500 GeV
« Results from CMS not yet public but similar analysis strategy and sensitivity
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Mono-Higgs 1o vy

« Select the highest-pT diphoton pair in the
event

* Signal Region defined as: {S_,w
— High MET and m_ around 125 GeV e

 Signal Enhanced requiring Met and H to be b2b & [,tT
-» A®(MET, H) > 2.7 rad

2.2 (13 TeV)
T 3 MBS S shd Gy
9'0007"'\-._f"l"'\"'I"‘I'"\"‘I"'\"'I"f,‘::i %T; 102— o ggFHHay'p _%:?ggoeégv 3
© C Meany 57 {-I—wnr( gH) —— m; =1200 GeV
0] " — b+ 7+ e —— my = 1400 GeV
— 800— —tl+‘x(+.lets —— my = 1700 GeV
- Yo+ -1V _mre=250[)GeV
w £ oE o |lmecal 1043 107 =— +Z >l — Dfell-Yan —
= E EJCD ¥ + Jets
800 —Y+Y
700 = oa 10 = —=
600 - ]
500~ e E
400 - — = -
L —10.2 = 3
300 __} -
200 - 1 3
C 04
100~ B
0:|||‘1|\|\||‘||||||\||||‘||\|\||‘||||\|| 0 |_I_| 1 II|IIII_
100 120 140 160 180 200 220 240 280 280 300 25 3 3.5 4
m,, (GeV) |AG(yy, MET)|
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Mono-Higgs 1o vy

 ATLAS and CMS follow two different analysis

stfrateqies: <
T
MET 4 W
[GeV] " 3

— CMS: Cut and Count
approach using a 2-D ABCD
method w/ MET and m,, (not

105

yet public)
> ] R i B oo m e
& 70 ATLAS Preliminary —e— Data 3
— ATLAS: Categorize events in R e N i
Tel’mS Of pT vy Gnd MET Gnd D 50 --- Non-resonantbkg

perform shape analysis fitffing
directly data w/ a
signal+background model

[ I T R

I "N T T TN N (NN N TN TR MY NS NS A TN T NN T i 1
110 120 130 140 150 160

m,., [GeV]
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Mono-Higgs 1o vy

* ATLAS results on DM+ H-Yyy presented in terms of EFT and
simplified model

I 500

Q

95% CL Limit on o(pp— H) x BR [fb]

160}
140/
1200
1001
80~

ATLAS Preliminary
H—=hyxx, h— vy
Vs=13TeV,3.21b"'
m, = 50 GeV

| Excluded cross-secti

ons X BR < 5-25 fb

=== Observed
---- Expected

B:ic ]

+ 20

270

T PATETETN INACREr RN SrArS W
280 290 300 310

U R NS SN RN W T N R Y 1
320 330 340 350
my, [GeV]

c (pp = hx %) x BR{h—= vy) [fl

ATLAS Preliminary
h— vy

Vvs=13TeV,3.2fb"

Vector mediator
Dirac DM, My, = 1 GeV

g=113, g, =1

40
35
30
251
20
15
10

wu Theory

~-Observed 95% CL 3
.--+ Expected 95% CL

[ Expecied + 1o
Expected + 20

L b b e Ty e s e ot b i
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Mg [GEV]

« CMS results under approval process this week. Only simplified
model. Roughly 10% better.

Livia Soffi
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This is not the Full Picture...

* Investigate all the DM-SM particles interactions fundamental to
elucidate the nature of DM particle and its properties

» Collider searches provide complementary information on DM to
be infegrated with results from direct and indirect experiments

 Non hadronic channels benefit from clean signatures but suffer
from relatively small stafistics

 Mono-Jet/Mono-V signals: statistic enhanced from strong
couplings — large discovery power

* Not only mono-X signatures can be interpreted in ferms of DM
results...

Livia Soffi Chasing Dark Maftter at the LHC
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This is not the Full Picture...

* Investigate all the DM-SM particles interactions fundamental to
elucidate the nature of DM particle and its properties

» Collider searches provide complementary information on DM to
be infegrated with results from direct and indirect experiments

 Non hadronic channels benefit from clean signatures but suffer
from relatively small stafistics

 Mono-Jet/Mono-V signals: statistic enhanced from strong
couplings — large discovery power

* Not only mono-X signatures can be interpreted in ferms of DM
results...

... Many other new LHC results to be discussed in the next 30
with Valerio :)
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