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Rotation curve of galaxies

Evidence for dark matter

m Strong astrophysical evidence for the existence of dark matter

m From rotational curves, gravitational lensing/bullet cluster, CMB

power spectrum
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Gravitation Lensing

m Increasing number of observations consistent with DM existence

m No direct observation yet
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Detection Techniques

Assume annihilation of DM particles, eqg.
In the sun. Detect annihilation products.

<

Indirect Detection

Direct Detection

SM DM

Collider

Scattering of DM
particles on nuclei of
detector material;
Detect recoil. For a
glven cross section
sensitivity scales
with detector size.

DM may be pair produced in pp colli3: at the

LHC, with masses <1/2 parton-parton c.o.m.
Yields experimental signature of MET
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Dark Matter search using SM Higgs boson

m Two kind of searches can be performed using SM Higgs
boson

m Invisible Higgs Boson decay (Higgs Portal)
m Invisible Higgs recoiling from Z-boson (ZH production mode)

m Invisible Higgs associated with forward jets (VBF production
mode)

m Higgs recoil from dark matter (Mono-higgs)
m MonoH (bb)
m MonoH(yy)
m MonoH (bb + yy) combination

m Both method require measurement of 125 GeV Higgs boson
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Status of 125 GeV Higgs boson

m Re-discovered the Higgs boson using
Run-II data in both yy and ZZ final
states.

m ATLAS and CMS published combined
results of the Higgs mass
measurement in 2016

m Combined bb+11t gives 5 sigma
observation of fermionic decays

Decay mode Branching fraction [%]

H — bb 575 +£1.9
H— WW 21.6 £0.9
H — gg 8.56 +0.86
H— Tt 6.30 +£0.36
H — cc 290 +£0.35
H—ZZ 2.67 +0.11
H = vy 0.228 +0.011
H — Zy 0.155 £+ 0.014
H— up 0.022 + 0.001
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Status of 125 GeV Higgs boson

CMS-PAS-HIG-16-044
m Further confirmation of the yukawa- o e 359107 (13TeV)
coupling arrives from VH(bb) and £ |[cms s ]
H(tt) Run-II results é P owmnom e
2 150(- s
= VH(bb) Run-II evidence from CMS & ook ;
with 3.3(2.8) ¢ observed(expected) S 0 _
with a signal strength n=1.2+/- 0.4 at *F E
13 TeV. Combined with Run-1 of
measurement the significance R Y.
improves to 3.8(3.8) oo T Tl 20@,. GV
observed(expected) with p= CMS-PAS-HIG-16-043
1.06+0.31-0.29 —— F——
m H(tt) Run-Il evidence with 4.9(4.7) G |Zufeo | ’
observed(expected) at CMS using 5250& g
2016 data (u= 1.06 + 0.25 — 0.24) St | L'Ly
Lo e mfu(Geva;)0 m (GeV)
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Status of 125 GeV Higgs boson

m With Run-I combination results, the indirect searches constrain
the overall branching fraction of the Higgs boson into BSM
decays to be less than 34% at 95% CL.

ATLAS and CMS [Kz, Ky Ky Koy Ky Kg, Ky, B

Indirect searches ]
8- LHC Run 1 o

» Compare visible width to total i ;

Wldth - — Observed .
6F - SM expected A

-21In A

- BRpgm = A5

» No measurement of [y, need
to make an assumption

- Usually assume SM width
» ATLAS+CMS combination 00,05 0.1 015 02 025 03 035 04 045 05

gives an observed (expected) Basw
limit on BRpgym of 0.34 (035)

arXiV:1606.02266
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Invisible Higgs Decays

m Look for associated Higgs boson products plus Missing transverse
energy (MET)

m VBF mode is most sensitive

m Second highest rate and distinctive
topology —

\s= 8 TeV

l LA
(M MGGS XS WG oM

m Cluon fusion has no visible products, 10F

needs ISR
m High rate, but difficult final state

o(pp = H+X) [pb]

10" =
m VH has clean final states but low rate

q

80 100 200 300 400 500 1000
M, [GeV]
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12.9fb' (13 TeV, 2016)
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Challenges with Missing Transverse Energy |'

Spurious detector signals can cause fake
MET signatures that must be identified
and suppressed.

Anomalous high MET can be due to:

* Particles striking sensors in the ECAL
photodetectors

* Beam halo particles

* ECAL dead cells (real energy to have
been missed)

* Noise in photodiode & readout box
electronics in HCAL
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Higgs Invisible : ZH

\. |
interpreted for Higgs+X VH tagged : Z(11)H

m Traditional MET+X searches can be .
ZH + h B (H->i 125 GeV) < 45%
m MET+Z (MonoZ) dark matter 99 d (H->1nv) ( V)

search can be interpreted for ZH CMS-PAS-EXO-16-052
(invisible) o 35.91b" (13 Tev)
m Target Z->I1l final state 2 | e o) CMS Preliminary |
m 2D shape analysis with leading :%51 5_ .-"E;‘%:g}\m - 24+ET 4 < 1 ]et_:
backgrounds estimated using MC é’ (0 B(H — invisibe))io,, < 0.45 (0.44) a1 95% CL |
m MET+jet dark matter search can be £ 1:' |
interpreted for gH (invisible) > . 5:
(eevevevevesy ggH tagged : monojet § TN
” (R“un-Z Ongoing) ik e

— = - 125 200 300 400 600 800 1000

Higgs boson mass (GeV)
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Higgs Invisible : VBF CMS-PAS-HIG-16-009
50 23" (13 TeV)
2
m Events with 2 high-p; forwards jets € f CMS 08D Wos v
Q 501 Preliminary B EWK W= Iv
. . . w B Top
m Special trigger with VBF topology 40 D acD
. _ : : 30 QCD Z
m Levell trigger : ETM trigger with 60 = S
GeV 20 — Signal
m HLT : dijet mass 600 GeV and well 10
separated in An 09500 2000 2500 & 3000 3500 4000
: M; (GeV)
" Offline Cuts Y — 2315 (13 TeV)
| Dl-]et mass > 800 GeV E g CMS l eeee Exp iorS:AH _
= MET > 200 GeV S8 7 Evana e 3
= AN (p,jg) > 3.6 °
5 E
m Observed(expected) limit 4 ‘
s B(H->inv) for m,=125 GeV is 69 (62) % z
1
ol 5
0.0 0.5 10 17
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Higgs Invisible : Combination
m First CMS analysis combining 8 and 13 TeV results

m Limit calculated both by production mode and overall

m gqqH + VH + ggH tagged (using 4.9fb (7 TeV), 19.6fb"! (8TeV) + 2.3 fb-!
(13 TeV)
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Higgs Invisible : Combination

Table 2: Summary of the expected composition of production modes of a Higgs boson with

a mass of 1

production cross sections.

included in the combination. The relative contributions

13
Combined
observed(expected)
limits on B (H->inv) for
my =125 GeV is 20
21)%

Analysis Final state Int. £ (fb7 1Y) Expected signal composition (%)
7TeV  8TeV  13TeV 7 or 8 TeV 13TeV
qqH-tagged VBFjets —  192[17] 23 7X(ggH), 922 (qqH) 9.1 (ggH), 90.9 (qqH)
Z(0Fe7)  49[17] 197 23 100 (ZH)
Z(bb) —  189[17] — 100 (ZH)
VH-tagged
8y i) _ 1o7iel] 23 | 23(esH).51(agH), 387 (ggH), 7.1 (qqH),
) : : 0 (ZH), 46.8 (WH)  21.3 (ZH), 32.9 (WH)
: . . 4 (ggH), 20.4 (qqH), 69.3 (ggH), 21.9 (qqH),
ggHi-tagged  Monojet 197[61] 2'3/’!{%.5 (ZH), 5.7 (WH) 42 (ZH), 4.6 (WH)

SN

35

6 X B(H— inv)/c(SM)

1.5

0.5

-

23" (13 TeV)

95% CL limits

Observed limit

Expected limit

- Expected limit (1c)
Expected limit (20)

CMS

Preliminary

Combined VBF

Z(Ily
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0-2.3fb" (13 TeV) + 18.9-19.7 fb™ (8 TeV) + 0-4.9fb™' (7 Te

CMS

Preliminary

= 2rC
2 95%CL limits
D 18
© Observed limit
] Expected limit
1 14 [ Expected limit (10)
C L
o 12 Expected limit (2c)
X
b 1f
08
06—
04—
0.2

VBF-tagged

Combined

VH-tagged

ggH-tagged
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Higgs Recoil from Dark Matter

m Higgs decays in association with dark matter

m Higgs ISR is Yukawa suppressed, instead H can be emitted by the
mediator

m Direct test of the SM-DM coupling structure

m Any Higgs final state can be probed
= bb+MET, yy+MET, 1t1+MET, WW+MET, ZZ+MET
m [ will present results from bb+MET and yy+MET final state
m bb+MET : largest branching fraction (~58%), but poor mass resolution
m yy+MET : Small branching fraction (~0.2%), but resolution of ~1-2%

m Rest of the analysis are not yet approved

m Different final states allow for different trigger strategies as some final
states can probe lower MET ranges than others.
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Higgs Recoil from Dark Matter

[z Type-II 2HD

X
produced via ggF (

2Zmh <mH < thop

q [Z’ Baryonic ]h

| q

S-channel vector g Heavy S(J’;ala_r] h ‘
medi ’ ] !

1.ator Z’ radiates N 0.2 TeV <mZ' <3TeV
off Higgs boson and / 0.3 TeV <mA < 0.8 TeV
decays to DM — @_ - x mx=100GeV, tanp=1,

H . gZ'=0.8,
\\ BR(A->xx)=100%
\
g X

arXiVv:1507.00966

- . arXiVv:1706.03948
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35.9 b (13 TeV)

+ %1 03 | CMS Il’rlellin;ir;alryl —+-Data -DY|+ jets
O] @ vh Oy +tt, W, Z
~ 02 E h — yy (ggF,VBF,tth) E QCD, y +jets

" ZZ,ZW, it +

H(yy)+MET : 2016 2 Szt W

- 2HDM, m, = 600 GeV, m, = 300 GeV
PECHET Baryonic, m, = 10 GeV, m = 1 GeV

m 2HDM and Z’ Baryonic models 1

considered 10
. —2
m yy good at probing low pT,_;.. 10
final state, use di-photon trigger 1073
) ) 0 2 é_l 1T | L | L | L Ié hIACI uacén'l(s;a‘i I_é
= no MET trigger required % 1-51; et +++ ++ + [ -
S0.5F o e
. . . . D OE—I 11 1 I I 11| | 111 1 | I - | | | I 111 I—:
m Higgs SM contribution includes 0O 50 100 150 200 250 300
meSS [GeV]
as resonant background T
. . |OW MET(meiss) h|gh MET(meiss)
m 2 categories are considered : 31" (13TeY) 1" (13TeY)
(?3104 CMS Preliminary ;'3:" ' '=$“"~I'mz 3103 - CMS Preliminary ;lxn T I=$Y{|:‘L.z ;
= Low MET :50-130 GeV o S poreem Qoo § o S, o oo - m
. S0’ S S I e e
= High MET :>130 GeV . el B - e o v
L%' : @ 10 §
1

Signal extraction by

fitting analytic function to ' 10"

g 2 I IIII+0IIII4.4’Il”IIII“IM:CII"I\OiﬂI«i“‘I;liiL g 2 |.|. -0
y y y RN TOPRAE R £ TRRRT NT N GRR O Al 1
m(yy) distribution R e ik v I
Q Og:llllllllllIllll‘llllllllllllllIll:l.lli O 0 AIATAIIIIV‘ ' L L ll Vlvl. F
110 120 130 140 150 160 170 180 110 120 130 140 150 160 170 180
m,, [GeV] m,, [GeV]
Bhawna Gomber, Dark Matter Recoiling from Higgs boson 12/11/11

CMS-PAS-EXO0O-16-054



+
H(yy)+MET : 2016

m Diphoton invariant mass distribution of the background processes
modelled as a smooth function of m(yy) and fitted directly in data

m Resonant backgrounds from decays of the SM Higgs boson to 2
photons

m Estimated from MC simulation

m Non-resonant background due to QCD and EWK contributions
N
m Diphoton mass spectrum in data is fit with a power law function P()= ;ﬁix“""

35.9fb™ (13 TeV) 35.9 fo'' (13 TeV)
> . Sl .
® | CMS Preliminary ¢+ Data ®© [ CMS Preliminary + Data
O (O
o [ DM+HEY) e Non-Res Background Pdf oL4EDMHHYyY) e Non-Res Background Pdf
~100}-50 GeV < p™* <130 GeV ~ [ Pr>130GeV
% T B - 1 std. dev. %12 = P - 1 std. dev.
> + 2 std. dev. > + 2 std. dev.
L L 1o}

——— SM Higgs Contribution ——— SM Higgs Contribution

Total Background Pdf

Total Background Pdf

50

0 L Lo ded. I 1 L
Bh 110 120 130 140 150 160 170 180 110 120 130 140 150 160 170 180
a

m, [GeV] m, [GeV] 12/11/17
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H(YY) +MET :2016 Dominated by statistical uncertainties

Sample Low-pT™** Yield High-pT"** Yield
SM h— 7 (Vh) 3.2 + 0.1(stat) + 0.2(syst) | 1.41 =+ 0.10(stat) + 0.09(syst)
SM h— 7 (ggFEtth,VBF) 5.7 £ 0.3(stat 0Ol(stat) £ 0.01(syst)
Non-resonant Background W %
Data 190 6
; :
2 Baryonic | |z’ Type-1I 2HDM
CMS Preliminary 35.9 (13 TeV) CMS Preliminary 35.9 (13 TeV)
===== Z'baryonic: g =0.25, m =1 GeV D 2HDM: g, = 0.8, m,=300
10% e L Expected limit 10 o e Expected limit
+1 std. dev. —— + 1 std. dev.
10° P +25std. dev. [ B f2std. dev.

——— Observed limit

¥

Observed limit

10

R

95% C.L. o(pp— Z’BH -yxyy ) (fb)

95% C.L. o(pp— Z‘—)AOH —-xyy ) (fb)

__l'l'g'lq T |u||'l|'|

10" 3
odel is excluded for Z’ masses below 800 GeV
‘\_ 10-1 i 4 i 1 \A
10-2 3 TSN | 1 4 2 4 3341 18 A4 1 111 6)(102 103 &103
2 P p M,. (GeV
10 2030  10*2x10 10720, (Ge,\})04 2HDM signal with mA=300 GeV ara 2 (G€V)

excluded with Z’ mass below 900
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2.3 (13 TeV)

m Two categories are considered s "o mp=1000 GeV
m Resolved : H decays to 2 distinct reconstructed b jets ‘ :

m  Merged : H is reconstructed asfatjet/' 20 7 ..........................................................
1 O T,.,,.,..,.,..u

m For Resolved category ]
m pT>30GeV, |n| <2.4, MET>170Gev  EESS. ‘

> T T T T ]

() CcMs eData [@Z .

+ O O0FZ = DM+h(ob) mW -tcip 7]
~ SR(resolved) mVvVv — Post-fit ]

H(bb)+MET : 2015 2 S

. c 40 m,=300 GeV 7

o : -imem M,=600 GeV ]

L === m,=800 GeV ]

m aK4 jets with R=0.4, used for MZ’ < 1000 GeV Q. % T e uhc'e}tkstét;'s;st)'@Mb'u'néen'('st;ti_'
E 1 RS g
©
" For Merged category 508 e | fore 3

= pT >200 GeV, |n| <2.4, MET > 200 GeV 200 300 400 500 600 700 802,83?861\200
m Fatjets with R T 0.8, user for MZ’>1000 GeV Py

2.3 1" (13 TeV)

Events / GeV

“oms T evaa @ms 3
Phup | R EL CMS CMS
oo " 4 Signal (resolved) (boosted)
oo S . -=+= mz=1000 GeV ] . o
! ---m=ta0Gev 4 extraction is
-imis Mp=2000 GeV .
1 performed in
| 1 pins of MET Z*jets Mass sideband
P E .by
simultaneou W 0i C
-------- e ——— . +jiets 1/4+0i CR
Q  ZFTTT T ES e e ) 23 MG sly fitting the - ) 11 CR
3 1 == 4 SR and CR i
808? —+— Pre-fit —¢—Postf|t g Top 1|+1J CR
500 300 400 500 600 700 800 900 10005 boson L4/ 11711

oSS [GeV] CMS-PAS-EXO-16-012



H(bb)+MET : 2HDM Limits =

m Limits are put on 2HDM model

600

m Combined MonoH (bb) and
MonoH(yy) on 2015 data

m Exclusion is driven by bb final state

500

400 | 9.20

m Inclusion of yy improves the low pT,_ ;. 300

(0) 1
resu]'ts up to 2 O A) 600 800 1000 1200 1400 1700 2000 2500 0
m,. [GeV]

2.3 (13 TeV)

T 1 T I 1 T T 1 I T 1 T T | T

< ' ] 5 2.3 (13 TeV
- CMS _ L= 10 E T T T T T T T T T T T T T T T %
° ,| Z— DMsh(@HDM)  -e-observed +mA:§00 gex i S E omws | | ! E
102 | h—bb +h-yy -o expected —+m,=700 Ge = = [ 7'~ DM+h(2HDM) ]
o - 9,=08 Q -+ m,=600 GeV A T§< = m, =300 GeV, m =100 GeV =
§ i \ -+m,=500 GeV ] ?1'5 - ——=&—— CL Observed 3
© i : mA:ggg ggg 1 Ry 10° = CLg Expected + 1 st. dev. E
n A o © - [EEEE CL Expected £ 2st. dev. :
10 = E SRR c,,0,=0.8 E|
- . ; ________ ne 9 y [ m2-m2 ;
i ] 10k O 9z cose,xsin’p Mz _
| i E h_)YY 3
U3 E e ]

- . 107 E e
! : Foo e :
1 0_1 L 10_3 - L | | | B
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==
Summary

m No dark matter found yet!

m Still looking
m Continue Higgs measurements and indirect searches
m Exploring the invisible Higgs decays using full 2016 data

m Higgs+Dark matter results are on-going using full 2016 data for
different final states

m Stay tuned!
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Backup
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Run 1 CMS direct searches - Combination

» Combine by production mode as well as full combination
- ggH-tagged is monojet, VH-tagged is Z(£¢)H+Z(bb)H+V(had)H,
VBF-tagged is VBF

» Obs. (exp.) limit on B(H — inv.) at my =125 GeV is 36 (30)%

18.9-19.7 fb" (8 TeV) + 0-4.9fb" (7 TeV)

o 9
£ CMS 18.9-19.7 b (8 TeV) + 0-4.9 fo ™' (7 TeV)
q . . ——
preliminary ; = 25— 95% CL limits
D 7 = Combination of all % ©  —— Observed limit Pr‘ellc"s
6 H—nnvd\annels E 2{_ ...... Expected limit ——
‘ 1 & [ Expected limit (1)
5 s, Expected limit (20)
4 ° |
3 ":
2 (:isb
1 1
0 - Combaned
0.0 0.2 04 0.6 0.8

CMS-PAS-HIG-15-012
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m Events with 2 high-pT forwards jets

m Special trigger with VBF topology

m Levell trigger : ETM trigger with 60
GeV

m HLT : dijet mass 600 GeV and well
separated in DR

m Offline Cuts
m Di-jet mass > 800 GeV
m MET > 200 GeV
= AN (1.J2) > 3.6

Bhawna Gomber, Dark Matter Recoiling from Higgs boson
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Higgs Invisible : VBF Mode CMS-PAG-HIG-16-009 I.
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Table 4: Efficiency times acceptance and statistical uncertainty for the 2HDM in both the low-
and high-pT"*° categories. Samples that have negligible efficiencies in the low-pT"*® category

MonoHiggs (gg)

are shown with a dash (/).

Low-p7"ss Efficiencies [%]

my [GeV] 300 400 500 600 700 800
mz: [GEV]
600 29+20 | 11.3+37 - - - -
800 04+07 | 0710 | 2016 | 7.2£3.0 - -
1000 01+£04 | 0205 | 03+06 | 0609 | 1.7£15 | 47+£25
1200 / / 01+04 | 0.1+04 | 02X£0.6 | 0509
1400 / / / / 01+03 | 0104
1700 / / / / / /
2000 / / / / / /
2500 / / / / / /
| High-pT* Efficiencies [%] |
my [GeV] 300 400 500 600 700 800
Mz [GeV]
600 289 +54 | 14942 - - - -
800 388458 | 37.0£5.7 | 324 £5.5 | 23.0£5.0 - -
1000 426 58 | 41.6 £58 | 404 £58 | 384 £5.7 | 35.0 5.6 | 293 £54
1200 452 +59 | 44859 | 435+59 | 431+£59 | 41858 | 39.6 5.8
1400 46.6 =59 | 46559 | 458 £59 | 459 £59 | 446 =59 | 439+ 59
1700 48.0£59 | 482+59 | 47859 | 47759 | 472 £59 | 470+ 5.9
2000 474159 | 477 £59 | 47559 | 477 £59 | 479 £59 | 485+ 5.9
2500 459 +£59 | 458 +£59 | 45959 | 465159 | 469 £59 | 46.7 £5.9
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MonoHiggs (gg)

|

Table 5: Efficiency times acceptance and statistical uncertainty for the Baryonic Z' model in
both the low- and high-pT"** categories. Efficiencies are calculated for several Z’ mass points

for a fixed m, = 1 GeV.

mz [GeV] | Low-p1"* Efficiencies [%]

High-p7"*® Efficiencies [%]

10

50
100
200
500
1000
2000
10000

6.6 =29
6.0 2.8
64 +29
6.1 28
75+3.1
54127
31+21
10+£12

70=x3.0
56 £27
59+28
71+3.0
12.6 = 3.9
22.6 4.9
32.0 £5.5
40.1 =5.8

Bhawna Gomber, Dark Matter Recoiling from Higgs boson
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MonoHiggs (gg)

CMS Preliminary 35.9fb" (13 TeV)
[ |

600

500

400

300

600 800 1000 1200 1400 1700 2000 2500
m,. [GeV]

Figure 6: The observed (expected) 95% CL limits on the signal strength (09secr./0w,) for all
2HDM mass points shown in a grid of m 4 and my/. The theoretical cross section for each point
is calculated assuming g7 = 0.8.
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MonoHiggs

13 TeV
g 0.3 B UL l L l UL L l L I T T T 0 0 |
§ - CMS 25 m, =300 GeV |
>0.25 [ Z'— Ah — DM+h g%g m =500 GeV |
S "=~ m, =1200 GeV s mA =700 GeV |
= - _ ]
o) 0.2 n i ]
S . B
< i . i ]
0.15} Ei Eﬂ: s
B o siicsie [ iiee ]
5 i [ ]
ot . B
: it 5 A

00 100 200 300 400 500 600 700
sts [GeV]

Figure 2: Distribution of p%‘iss at generator level for Z’ — A h — DM+h with mp =300, 500, and
700 GeV with mz = 1200 GeV. All other parameters of the model are fixed, as mentioned in the
text.
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MonoHiggs |I
0.8

The signal cross section is calculated for two assumptions on gz: (i) a fixed value of g7 = 0.8,
as considered in Ref. [9] and recommended in Ref. [11], and (ii) using the maximum value from
electroweak global fits and constraints from dijet searches [7]:

g7 =003 —SW__ i (1)
cos By sin“ B mg

yielding gz = 0.485 for mz = 1TeV, and gz = 0.974 for mz = 2TeV. It can be seen from
Eq. 1/that gz = 0.8 is the maximum allowed value of g7 for tanf = 1 and mzy = 1.7TeV
(the best reach of LHC as estimated by Ref. [7]). Note that this analysis does not consider the

contribution of another decay that gives a similar mono-h signature: Z' — Zh where Z — vv.
The ratio of branching fractions, B(Z' — Zh,Z — vv)/B(Z' — Ah, A — xX), is a function of
tan B and m» and does not depend on ¢, since the value of ¢ cancels in the ratio.
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How To Translate (Vector)

In general, the SI DM-nucleon scattering cross section takes the form
_ f2(QQ)g%)M/I‘721x
™2 .

where pny = mpmpm/(mn+mpy) is the DM-nucleon reduced mass with m, ~ 0.939 GeV

oS (4.1)

For the vector mediator,
f(9q) = 394,
and hence

4
- —41 .2 (9q9pM\2 (1TeV A%
os1 = 6.9 x 107 em ( 0.25 ) (Mmed (1GeV) '
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+
Direct detection

dR _ Po 2 o [vese f(v,t) 5
g B = g o0 AP F /vmm D2 di, (13)

with ves. the escape velocity (see section 3.4) and the minimal velocity defined as

Vrniey = LE"""‘. (14)
2p%

The parameter Fy;, describes the energy threshold of the detector and pa is the reduced
mass of the WIMP-nucleus system. The left plot in figure 6 shows a generic limit (open
black curve) on the dark matter cross-section with respect to the dark matter mass which
can be calculated with equation 13. At low WIMP masses the sensitivity is reduced
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T .
Couplings

Most prominent couplings 1 _ _
XY X Gilivudi

1
Spin-dependent axial-vector coupling (AV) FX’Y’WSX C,-q,-'y},ff’q,-

Spin-independent vector coupling (V)

Name Type Operator Coefficient
D1 scalar (qq) Xqq my/M?
D5 vector XYX TV 1/M?2
D8 | axial-vector | \v*v°xqv.7°¢q 1/M?2
D9 tensor oM XGO G 1/M?

D11 | scalar (gg) XG0 GHY g /AM?
C1 scalar X" xaqq my/M?

According to [J. Goodman et al., Phys. Rev D 82, 116010 (2010)]
The masses of strange and charm quarks are relevant for
the cross sections of the D1 operator and they are set to
0.1 GeV and 1.42 GeV, respectively.
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==
Higgs Modes : CMS VBF

Depending on its nature, DM will couple to theHiggs in various ways.
Assuming a Higgs -> Invisible branching, one can search in several

channels.
q Z-> fermions % 104L CMS —8— Observed
p (D E ] ____ VBFmy=125GeV,
O . \s=8TeV,L=19.5fb B(H->inv) = 100%
N 10°E vBE H(inv) (] veies
; N - tt, tW, DY(ll)+jets, VV
i
c
[0)
>
L

150 200 250 300 350 400 450 500
EMS [GeV]
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==
Validity of the EFT

m EFT is strictly valid when gq? << M? and M > m,

Busoni, De Simone,
Morgante, Riotto,
arXiv: 1307.2253

m For the theory to be calculable, one further needs g,, g, < 4n,

which implies : A > m, /47w

m Further, from kinematics of the s-channel exchange, g2 > (ZmX)2

m Now since 2m, <q <M, implies A >m, /2n

m This is important condition to keep in mind
m This is the ATLAS monojet limit; it applies

for m, <~ 1 TeV
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Relativistic World

m Mass-energy equivalence — a grand idea!

Einstein’s famous equation: E=M
The collision energy can manifest as mass!

For particles in motion: E2-P2-P2-P2
Energy-Momentum is conserved in collisions
Low mass, but energetic particles create high mass ones

Relativity and Natural Measurement Units
Speed of light,c =1
Instead of using kg, kilo-watt-hour ...
we can use a common unit for mass, energy and momentum
called eV
A common AA battery cell accelerates electrons to 1.5 eV
LHC accelerates protons (938 million eV mass) to 6.5 trillion eV
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+ . . 36
Light Mediator Case
m The most tricky case is that of light mediator

m First step : put in a mediating particle ( e.g s-channel Z2’) and

look at limits vs m,
19.7 b (8 TeV)
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