Dark matter searches:1
MET+X

OLHXIE 5

~
<
A

t@m Phil Harris e
j \\\ \\ ,

—
e




Search for Dark Matter at LHC

e Can split dark matter into two classes of searches

/

Spin 0

Yukawa coupling to quarks
(At the moment no mixing)

T

Spin 1

Flavor universal to quarks
(At the moment no mixing)

All dark matter searches are really
a search for Dark Matter + A mediator
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Experimental Strategy
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The Basic Monojet Search

Escaping detector gives us signatures of MET

Escapes detector
MET




How do we search?
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Events/GeV

How do we search(data)?

monojet category 19.7 fo' (8 TeV)
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Events/GeV

How do we search(data)?

monojet category

19.7 fb' (8 TeV)

CMS + Data
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- W(— v )+jets
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B oo
- Z(— l)+jets
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Its a precision
analysis
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How do we get to this precision?

Events/GeV
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Rely on a series of control regions to correct for the

data/MC agreement CMS-EX0-16-010
CMS-EX0-12-055
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Strategy to fix agreement

Signal Region

I Control Region
MC

MC Propagate scale facto

from a control region
w/similar p_

Data
| r(x) Dr(x)
MET =X | MET = x

Control: another decay of a Z boson
LoW—> LV
Remove

Problem is control regions have less events than signal

o =0.1 o0 —»Statistical precision is 4x worse
M w CMS-EX0-16-010

Not good enough! CMS-EX0-12-055
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* To large extent the y+jets drives the constraint

- However we need need Z—ll to constraint vy
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A mystery? Understanding Z/y p.

Can we really use Photons to model Zs ?
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How do we fix this?
Impact of the electroweak corrections

pp—Z+1j @Q8TeV

pp = v+ 1j @ 8TeV
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A mystery? The Z p_ spectrum

* These results are missing NLO EWK corrections!
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However we still have a problem!

Unc. »EV diz=doV/doz(u)
dp,/ dp;

Process #1 Scale unc.

oun o,

&

Process #2 Scale unc.  Fully correlated
Scale unc.
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Uncertainty on ratio? How is it done?

Scale uncertainty on process #1
/ Scale uncertainty on process #2

\
p

oun o,

Unc. -do¥ /do”_ do¥/do“(p)
dp,/ dp.

doY (+0) doY(uvr /do(p
do4(+o) do4(p“*)/do'(u
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Uncertainty on ratio? How is it done?

Scale uncertainty on process #1
/ Scale uncertainty on process #2

o\°| i I
© Z
Unc. -doY /do” = doY¥/do(y)

dp, de

doY(+0) do¥(u*)/da'(u,)
do4(+0) doz(p“p)/doi(p )
Adjust C until
uncertainty is
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Uncertainty on ratio? How is it done?

Scale uncertainty on process #1
/ Scale uncertainty on process #2

o\°| R I
° Z
Unc. >EY di = dO'V/dO'Z(lJ)

dp,/ dp.

doY (+0) doY(uvr /dcr(p
do4(+o) doz (uUrP)/do'(p

Decorrelate scale unc. until its max of either process

doY/do? (+0) < max. (do'(u“*)/do’(,))
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What is the previous unc?
Can we motivate this?

Unc. -do¥ /do”_ do¥/do“(p)
dp,/ dp.

doY (+0) C\ fdoY(pr)/doi(y,)
do4(+0o) 1 J \do“(u-°)/da'(y,)
p A Makes Little

Sense
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What about the EWK uncertainty?

In light of being conservative : /

Treated_full correction as an uncertainty
More formal way could be with scale
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What about the EWK uncertainty?

NS SR ST ST S .
‘ Y oy oy vy

In light of being conservative : /

Treated_full correction as an uncertainty

Additionally de-correlated this per bin
Avoids low MET to high MET constraints
Not very logical
Other (better) schemes exist
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What do the uncertainties look like?
Scale & PDF EWK Unc

200 300 400 500 600 700 800 900 1000

ET* (GeV)

Updated unc still too large

CMS-EXO-12-055



28

Profiling them in the fit
Constraints after the fit

o
200 300 \ 400 500 600 700 800 900 1000
miss
E. " (GeV)

Limited by Theory unc.

Still systematics limited @low MET
Not systematics limited @ high MET
—> leely will never be CMS-EXO-12-055

oMC/data
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Results

2317 (13 TeV)
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Both 13 TeV and 8 TeV analysis treat:
mono-V and monojet on equal footing

An 1-20 excess is present in both data sets in tail
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Our Current Public Results
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An 1-20 excess Is present in both data sets in tall
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The split in simplified model terms

» With spin 1 can generate other final states :

Flavor changing/'q

vertex o
top
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The split in simplified model terms

» With spin 1 can generate other final states :

\N\QOG’O X
A%
X /

4@ % This is just a monojet

W
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The split in simplified model terms

» With spin 1 can generate other final states :

Flavor changing/'q

vertex o
top
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What differentiates them?
* For both the mono-top and mono-V we tag
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What differentiates them??

* For both the mono-top and mono-V we tag
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What differentiates them??

* For both the mono-top and mono-V we tag
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y+jets

monojet category
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Signal CRs: y+jets  +W+ ...
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Monophoton

 Tag a photon and look for MET

Many challenging experimental backgrounds

231" (13 TeV)
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Monotop
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Mediator Search

* |n addition we can just look for the mediator
u,d q

Yq

u,d q
See Krisztian Peters' talk for more

————
ATLAS

Glimit/ Gtheory
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Putting it all together

DM Simplified Model Exclusions _ ATLAS Preliminary June 2016
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Putting it all together

ATLAS Prelimin

ary June 2016
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Putting it all together

R
Dijet 8 TeV
WARY

ATLAS F"rne.-lin-uin,zaur'[‘!r June 2016
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What can you do with Spin 07

Big Assumption : g F(b)
No mixing w/Higgs

- _Hi_gg_si_n;isi_blg c;r_ -
Scalar w/EWSB
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Our Current Scalar & Psuedo results
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Our Current Scalar & Psuedo results

197" (8 TeV)
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- Scalar and Direct detection are in close comopetition
 Expect LHC to pass LUX this summer
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Heavy Flavor
 Mono-B or B(s)
Require less than 4 jets

Basically the monojet analysis with either 1 or 2 bs
Inject both tt+DM and bb+DM into the analysis
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 Mono-B or B(s)

53

Heavy Flavor Results

- Note that this is only < 4 jets
- Inject both tt+DM and bb+DM into the analysis

o
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Higgs Invisible Interpretation

* Higgs Invisible is scalar model W|th EWSB
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Results

0-2.3fb" (13 TeV) + 18.9-19.7 fb™" (8 TeV) + 0-4.9 fb™ (7 TeV)
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Adding Spin 1 and Spin 0 mediators

h—Dbb bounds drive
mono-Higgs

B-tagging forces ttbar
background to drive
analysis

ATLAS-CONF-2016-019
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57

What about the visible?

Higgs Coupllng<

- ATLAS and CMS Homo o
" LHCRun 1 z
ol Preliminary

M —68% CL

+ Bestfit ---95% CL
Ll 1 I B
00 020406081121416182

f
Ky
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w ~ 00w

CMS Preliminary <5.1 " (7 TeV) +<19.7 fb' (8 TeV)
T o

A / mod+
- A MSSM m™"* //

m,=124 GeV

- m=123 Ge
- m=122 GeV

clusiom85% CL

il exclusio . C

v (arXiv: 1508067 7,

1 — bb (arXiv:1506

A/H/h — pu (arXiv:1508.

F| A/H/h — 1t (HIG-14-0¢
H — WW/ZZ (arXiv:1504.00936)
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Not yet available

1971 (8 TeV)

00

CMS Preliminary
QDM=9q=1

Median Expected (u  =1)
Qbserved ®
cale Uncertainty
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The simplest DM model

» Lets try to make something super basic

- Basic model

Qs Cq
47 A

QU Cy
41 A

Ls = gy ST SGe,Gom | SFE,, F"
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Re-interpreting the Analysis
e Future plans from LHC—simplified likelihoods
- What is it? => Reduced control fit to 2 objects

MET distribution

ggH-tagged 2.3 b7 (13 TeV)
1 1 1 | 1

CMS

[
—4— Data :
[ Z(—=vv)+ets 2
B W(—/v)+jets ]
[ pibosons E
[] Top quark
B z/y(— ) +jets .
[ Jacp ]

= H, B(H — inv.)=100%

Event_s/GeV
o

600 800 1000 1200

400

Emiss [ G eV]

Bin number

N
N

N
o

—
(0]

16

Toy Bin by bin covariance

I‘I

—0.8

0.04 0.05 0.02 0.10 0.09 0.05 0.03 0.06 0.06 -0.02 0.07 0.07 0.12 0.03 -0.01 0.12 0.02 0.02 0.01 0.03-0.05 1.00
0.05 0.03 0.05 0.06 0.05-0.00 0.03 0.06 0.06 0.08 0.03 0.07 0.04 0.08 0.02 0.00 0.01 0.05 0.010.04 1.00-0.05
0.05 0.03 0.02 0.04 0.010.06 0.03 0.09 0.04 0.07 0.08 0.08 0.05 0.03 -0.01-0.03 0.06 0.02 0.06 1.00 0.04 0.03

0.09 0.07 0.06 0.12 0.12 0.11 0.11 0.10 0.05 0.07 0.09 0.09 0.05 0.02 -0.01 0.05 0.05-0.00 1.00 0.06 0.01 0.01
0.05 0.08 0.07 0.10 0.11 0.13 0.08 0.10 0.08 0.07 0.06 0.06 0.04 0.04 0.07 0.02 0.11 1.00-0.00 0.02 0.05 0.02
0.10 0.11 0.14 0.12 0.13 0.13 0.15 0.11 0.02 0.09 0.11 0.05 0.12 0.07 0.06 0.011.00 0.11 0.05 0.06 0.01 0.02
0.06 0.08 0.07 0.11 0.10 0.08 0.11 0.09 0.08 0.04 0.03 0.09 0.07 0.05 0.07 1.00 0.01 0.02 0.05-0.03 0.00 0.12
0.17 0.20 0.20 0-20 0.14 0.19 0.17 0.17 0.17 0.13 0.12 0.10 0.09 0.10 1.00 0.07 0.06 0.07 -0.01-0.010.02 -0.01
0.16 0-16 0.14 0.15 0.18 0.18 0.17 0-18 0.11 0.13 0.11 0.14 0.17 1.00 0.10 0.05 0.07 0.04 0.02 0.03 0.08 0.03
0.19 0.21 0.19 0.18 0.19 0.19 0.16 0.22/0.14 0.14 0.14 0.14 1.00 0.17 0.09 0.07 0.12 0.04 0.05 0.05 0.04 0.12
0.16 0-18 0-19 0.19 0.19 0.18 0.22 0.19 020 0.16 0.19 1.00 0.14 0.14 0.10 0.09 0.05 0.06 0.09 0.08 0.07 0.07

0.23 0.24 0.24 0.19 1.00 0.20 0.16 0.14 0.13 0.13 0.04 0.09 0.07 0.07 0.07 0.08-0.02
0.23 0.24 .1.00 0.19 0:21 0.20 0.14 0.11 0-17 0.08 0.02 0.08 0.05 0.04 0.06 0.06
1.00 .0.24 0.20 0.19 0.22 0.18 0.17 0.09 0.110.10 0.10 0.09 0.06 0.06

0:24 0.24 0.19 0:22|0.16 0.17 0.17 0.110.15 0.08 0.11 0.03 0.03 0.03

023 0.23 0.20 0.18 0.19 0.18 0-19 0.08 0.13 0.13 0.11 0.06-0.00 0.05

022 0.19 0.19 0.18 0.14 0.10 0.13 0.11 0.12 0.01 0.05 0.09

0-26 0.23 0.22 0.19 0.18 0.15 020 0.110.12 0.10 0.12 0.04 0.06 0.10

0-21 0.19 0-19 0.14 0.20 0.07 0.14 0.07 0.06 0.02 0.05 0.02

0:22/0.18 0.210.16 0.20 0.08 0.11 0.08 0.07 0.03 0.03 0.05

0-21 0.16 0-19 0.16 0.17 0.06 0.10 0.05 0.09 0.05 0.05 0.04

10 12 14 16 18 20 22
Bin number

From this: setup full CI_TS get both expected and observed
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Using the best fit cross section

* We have 3 free couplings :

B gDM’CGG’CW

e Taking the photon best fit can constrain one

SR s E I e —
40 i 'f‘?
15T~ Example Monojet
) bound(35 fb™)

20

10 -

0 2 4 6 8

aaqa
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Considering All Constraints

__For a pseudoscalar___

N=1 TeV 5 " workin progress 13TV (231"}
_ O 18 mp,=1 GeV -~
m_ =370 GeV
M 16 5 | = 95% CL obs (current)u:
IndlreCt bound 14; ------ EIIS%CLexp{current)-E
v - FermILAT 12;' 95% CL exp (10 fb”) 'g
© | 10-:?" ------ 95% CL exp (35 fb“)'f
| | | Using the S|mpI|fed
Photon Line bound | * | likelihood :
| FermiLAT- - 45 s
0.0 0.5 145 0:| i 0% 8 i % Lwa 6 6 | B oed i
0.5 1 15
+ Direct detection not yet sensitive 9.,

 |ndirect detection limits on-shell production

 Photon Line bounds limit photon coupling < 100
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Considering All Constraints

_For a pseudoscalar___

| N=1 TeV ! 3 “F workiin progress 13 TeV (23 ")
: | © 18F] my,=1GeV
| m_ =370 GeV |
16} |
"5__ — (\I —— 95% CL obs (current)
| IndlreCt bOund 1 14 // ------ 95% CL exp (current)
I . 1 : ot i
o I 7 Ferm | LAT 12; QO 95% CL exp (10 fb)
G 10F 95% CL exp (35 fb)
' [ r\Q p
' ' 8 7 0
- \_ Photon Line bound- ol b W
: FermLL/AI, > | 4 | -
0.0 0.5 1.0 15 20 4 i e , 1
_ 9om 0, . 0.5 1 15
* Direct detection not yet sensitive 35

 |ndirect detection limits on-shell production
 Photon Line bounds limit photon coupling < 100
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Hep-ph/1603.08525 66
Hep-ph/1509.02904

ATL-PHYS-PUB-2015-004 O U tl 00 k
* Spin 1:

- Dijet and monojet vg/ill continue to push out the bounds
a.xh

1

0.9

0.8

Mediator mass
Maxes out around
¢ 8-9TeV
| —0.5
Currendx °¢  Smaller for

>* coupling g,<1

0.2

0.7

0.1

\
000 4000 6000 8000 10000 12000 14000

e QoY) Approximate
Approximate region monojet can probe dijet reach



Hep-ph/1603.08525 67
Hep-ph/1509.02904

Fe Outlook
e Spin 0 :
- Yet to truly coalesce in 13 TeV
Q, x h? Current reach for
s mm' Higgs-like Scalar
= oe W/EWSB + no mixing

0.8

o7 Mono-Z : 130 GeV
1o VBF : 250 GeV
os  Mono-V/j: 150 GeV

0.4
s Heavy Flavor :

°z 15 pb/tt+¢@ result
" No exlcusion yet

300

200

100

0 27[) 400 600 800 1000

i s\l

Current monojet Approx future
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Summary

CMS Preliminary Dark Matter Summary* - June 2016
DM + jEtW(cﬁ} T 11 | | T T T T1 | | | T T 11 | | T T T T | I T | I ;DIDJIBICILI EID-16-013
Vector;g_ =g =1 : | 13TeV, 2.3fb™
DM + jetsV(Gd) ATLAS-CONF-201§5-080/he%-ex/1604.0—7—/ 7%]1' 016013
Axial vector; g_ =g =1 | g %%C 131ev, 231
DM + y E | Exo-16-014
Vector; g =1, =0.25 g 9S%CL 13TeV, 2.3fb™
= [hep-ex1604.01306]
DM + v = . | Exo-16-014
Axial vector; g =1, g =0.25 T %O 3rev, 231
DM + t | EXO-16-017
FC Vector; a_=b,=0.1 FaReL 1313, hpeld
DM +jetsV(gd) | e soocy | EXO-12-055
Scalar; g_ =g =1 | 8TeV, 19.7fb™
DM + jets/V(qQ) 'S e, | EXO-12-085
Pseudoscalar; g_ =g, =1 E 8TeV, 19.71b™
DM + bb/tt  arq, =5 | 5 . | B2G-15-007
Scalar; g =g =1 | I 2 %O yatev, 2171
DM + bb/T  olo, =30 o | sc. | B2G-15-007
Pseudoscalar; g =g =1 I ‘ I 3 13TeV, 2.17fb™
1 10 102 10° 10
[[] Mediator exclusion ] DM exclusion Maximal excluded mass [GeV]
DM+A (by Z) ATLAS-CONF-2016-019

Pseudoscalar (g,,,,=9,=1)
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6 X B(® — inv) [pb]

—_
[=]

231 (13 TeV)

w

TTT IIII|IIII|IIII|IIII|IIII|IIII

(@]
S

1]

(@]
w
=
T

CMS 95% CL limits

. —— Observed limit
Preliminary

VBF @ — invisible

------- Expected limit
I Expected limit (10)

Expected limit (20)
% Oygr (SM)

=2

[=]
=y
wn
[=]
[=]
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What are the decays

* We only really have a few decays:

. % ;
D{ Diphoton decays
g ’
h 4

g D__d g Dijet decays
g % & i<1 Monojet decays
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What goes into this?
» To find a signal we look for high MET

U

MET =-2

< All particles Pr

MET(Z—vv)= - Z recoil +

Modeling of production
mode is needed (HO corrections)
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Monojet Extenstion Plane

Jet Mass
= Adding Vector bosons
g| !
@
[0}
3
=1
4 =
)
=
3
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Monojet Extenstion #1 (V—Qqq)
Jet Mass

>
X — Vh — (Il,lv,vv)bb 217" (13 TeV)
> [ T | T T T T | T T T T T T T T T T T T | T T T 1
3= T 9 cMs Y E
| S (OD 5 E_ Preliminary \D/i}:t s _E
m "-LE? E 0l, 2 b-tag Top, ST E
2] i i i H ]
~— = 7HlsB i v iHiggsi\HSB Bl VV. VH =
CD o el : ; : Bkg. unc. —f
1 51 =
4 : : =
:527‘ E H ' _
31:{4% E E.. | [ _:
2_—— e Y E 1 —f
15— ' 'l:"'ﬂi-..._ | Y re —E
n: [ : = E I IR ? |h.--_'|-'": L e e :
L 4 7 v T e T T S
> — ! : ! 3
2 Behiebi o LML A
—2F : : : =
—4E o i , , =
)0 50 100 150 200 250 300
2 jet pruned mass (GeV)

\ MET+V(qq),MET+H(bb),
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Beyond Monojet
Jet Mass

X .vv)bb 217" (13 TeV)
> T | T | T T T T | T T T T | T T T T | T T T T
- § °F dus " Data
[ ] CJ Preliminary - Vi J ots
CD Top. ST
/)

MET+fat Jet s still a
monopt

Pulls

2 )0 —E Sb : 100 150 jQ(lOp dfinéo (G \?)OO
Y MET+V(qq),MET+H(bb),
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MET + fat jet

* There is no clean way to separate fat jets form jets

19.7 0™ (8 TeV)

3 Fas SEnRaREE |s there room for
8 350 = Preliminary B Z(w)+ets i ’?
C W+ ]
P ol i Improvement”
S - N Diboson ]
G 250 L e
150~ L - e S
100 — E
50 ;— ]
=
3 10 H ---------- ++++n/‘, N TRATRARTR T e
g 05 i +,“ + +. + ”H“ 1 |l

0 50 100 150 2_00
Pruned Jet Mass [GeV]

Currently require a simple :
jet mass cut + 12/11
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Signal CRs: y+jets  +W+ ...

4 B
2317 (13 TeV) __23Mb (13TeV) ) 237 (13 TeV)
-~ - L e e e L A s | ] I T I 5 ‘ %) 10 LI B s e e LA e e E
S CMS Preliminary o $— Daa i O | CMSPeimnay —*— Daia ]
E 10° E Wb E Post-fit (v + jets) _§ ‘ 0] 10 I Post-fit (W — pv) ‘
E} 102 [ | ‘:::Z:\:(E ] Pre-fit (v + jets) _: E} 10%E — Prefit (W — pv) _;
H D Ziy s I, yajere _§ g ; E
m L [ Joes ] I:’ Other Backgrounds ] ‘ W C I:I Other Backgrounds
10 = = = Hogs huisible m_ - 125 G 5 10 E E
- O ) — ectar M - 15 TeV i El E 3
C 1 ;_ E E ‘ 1 3
O 1w 1 | 10'f Tl
2| . g
E 107¢ 102 o 0eh
3 T T T T T T T . L I
E 1 E + Bac'@round(mﬂltj * Background {pre-it) E 15 I I ! b ‘ -8 15 L ;;_I, I |
— : o o , = - -
g 1 - W‘*‘%’%ﬂ% - v:#_-r--l-- - 1mu++mﬂﬁa+¢ﬂ+q — o ] . , . ++ A=
tﬂu 0.8 M B % 0 5 I : E —¥—‘
200 400 500 800 1000 200 |8 200 200 '5('30' ' 'etlml 000 1200 ‘ e A A R S (N S
ET'® [GeV] ) 200 400 600 800 1000 1200
T .
Recoil [GeV] | Recoil [GeV]

—

2317 (13 TeV) w

A 2317 (13 Tev)
— T T T 2317 (13 TeVv)

T T
| —4&— Data

> | > T I T T ‘ T T T I T T T
L] E T T T | — T T
- . E = I I | @ 102 E
O] CMSPreliminary ~ HEE Z - v 3 © 102 £ CMS Prelimi —— Data E
=~ 4p2 L _ @ " CMSPreimina —$— Dam (;? ; feliminary
10 i
w B wwowezzz 3 - C ) W L Post-fit (W — ev)
E} B 1or Cuace E ® [ Post-fit (W — ev) = 10k -
> > 10 I = — 1, y+ets . ﬂ‘-':} 10 = Prefit (W _ ev) g} 2 —— Prefit (W — ev) 3
1 L aen 3 Ll:j E L L I:’ Other Backgrounds
= === Higgs Invisible, m = 125 GeV p r Other Back d
O 1 Vector, M__ =1.5TeV - __l—‘ I:’ e Backgrouncs 15 =
C ii FVeciorn M__ - 15TV 3 1 = : 8 g
10_1 [— ——— . L l;% [ .
O Wi & 107 - . 1078 * E
2 107 i 5 3
______________________ 102 l - 1072 E |
107° E : i 5
I L | | | 1 1 | 1 | 1 I 1 | 1 Jl I I I I 1 1 ‘ 1 I 1 I 1 I 1
' 2 T T T T T T T
E is I I I [ | i | [ 815 T | L | | o ‘8 1.5 I ! L
% ) ;W * : e — % . Y i % N P =+_
< -O + Backgraound (Pasi-Fitl | —@— Backgraund (Pra-fg ¥ = :*:. T = 0.5 :t:
(=T N T A T Y B o S o ) RS I B g Y- | P B
300 400 500 600 700 800 900 1000 300 400 500 €00 700 800 900 1000 300 400 500 BOO 700 BOD 900 1000

ET' [GeV] Recoil [GeV] Recoil [GeV]
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Beyond Monojet

>

g L HL b ]

Using the 2™ jet or more
can add to discrimination
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Where do we gain from 2™ Jet?

7
Y VS Lo X
Background Signal

For Vector and Axial mediators not much
Only real difference is mediator mass
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Where do we gain from 2™ Jet?

g g

Background Signal

For Scalar and Pseudoscalar mediators more
Now the production modes are different

In addition to 2" jet can consider a quarkgluon discriminator
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Spectrum of Signal MCs

Vector/ Madgraph Powheg aMC@NLO
Axial MCFM

Scalar/ Powheg VBF@NLO
Pseudoscalar MCFM aMC@NLO
aMC@NLO

aMC@NLO+MG get highest order 1/2 jets merged


mailto:VBF@NLO
mailto:aMC@NLO

o5 (do/d P,)
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Advantage of merged MC

Taking advantage of the new technology

- Can consider exploring new regions of phase space

—

] 1 4 Tev \:I At 712 g.'_ 1 2 [ Scalars (=129
jr_-!:-l . | Scalar+J/JJ Merged (Mmed=125) p@ , Scalaredidd (M. =125)
-1L s calar+J (M, _=525) L= [ ] scalar+y (u_ =525)
10 r . Scalar+J/JJ Merged (M__ =525) %9 107 Scalar+J/JJ (M_ =525)
calar+J (M__ =1000) Scalar+J (M__ =1000)
1 0_2 calar+J/JJ Merged (Mmed=1000) 1 0—2 3 Scalar+JiJ (Mmed=1 000)
3 | 10'3 - [
1 O_ E_ s B Lt
i ] | ; 0_4 E_ :
107 0 200 400 600 800' 1000 1200 1400 50 100 150 /200 250 300 350 400 450 500

P trailing Jet (GeV/c)
Low mass sensitivity enlarﬁanced In the muilti jet flnal state



FYI aMC@NLO
merged 0,1,2jet
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Basic Concept of Gains

pseudoscalar
8 1E
£ o W
: e 7
L Pseudo (J/JJ)
R Vector NLO

102

DL TP ] m

. =400 GeV

500 600 700 800 900

Boson P, (GeV)

Gluon fusion induces
spectrum

Higher p

0.5¢
0.45F
0.4F
0.35;
0.3
0.25"
0.2F
0.15:
0.1F
0.05F
0

--------- Pseudo (JAJJ)
Vector NLO

0 0.5

1 12 2

2.5

jets to be closer

Heavier mediator forces


mailto:aMC@NLO
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How do the single variables perform?

 Comparison of single variables

2 1
U

~ — Elr (BDT) ----J Scalar
09 — m2(BDT
- n“T ( ) — J/JJ Scalar
0.8 razor(BDT)
0.7 - A(i)jj"'l?/T(BDT)
0.6
0.5
04F-  E;>200 GeV
-~ 14 TeV
0.3 2 Scalarm__=1-2 TeV
0.2
0.1
: T B | | | | | | | | | | | | | | | |
0 0.2 0.4 0.6 0.8

S
Gain comes from fact that light mass objects have collinear jets
Using Ag, can bring as much as 20% gain
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Our Current Public Results

CMS Preliminary 2.3 fb" (13 TeV)

900 -------------- Median Expected (8 TeV) 90% CL
-------------- Median Expected (13 TeV) 90% CL
800 e Expected (13 TeV) * 10, oriment
Observed (8 TeV) 90% CL
700 Observed (13 TeV) 90% CL
Observed (13 TeV) + ineory
00 Planck+WMAP Relic

0200 400 600 800 1000120014001600 1800

M, oy [GeV]

1 IIIIII|

10

O

lon

w

D

2

D

o

Q
18
o

,j,a
107"
1072

1000 - CM Preliminary 23" (13 TeV) 10 .
900 f— ------------- Median Expected (8 TeV) 90% CL g
C N ... Median Expected (13 TeV) 90% CL 3
BOUE" o Expected (13 TeV) £ 16, iment 2]
C Observed (8 TeV) 90% CL 7
700 Observed (13 TeV) 90% CL a
= Observed (13 TeV)  10,,0,r, 12
600 — [C50] Planck+WMAP Relic . :'2
= l o
500 4| 5
400 . -
i —1
300 10
200F
100, |
0 i T T |="|||.|‘.'- P : 10—2
200 400 600 800 10001200140016001800

M., [GeV]

Both 13 TeV and 8 TeV analysis treat:
mono-V and monojet on equal footing

An 1-20 excess Is present in both data sets In tall
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Our Current Public Results

CMS Preliminary 237" (13 TeVv) CMS Preliminary 23" (13 TeV)
T T T T T 17T | T T T T T 17 ‘ T T T T T T T - T T T T TTT I T T T T T TTT | T T T T T I:
10734 Vector, DiTac, g,=1.9,,=1 1034 - Axial-vector, Dirac, g, = 1.9,,=1 ]
a5 mmeemeeees Median Expected (8 TeV) 90% CL = ===x=====x  Median Expected (8 TeV) 80% CL 3
1077 el Median Expected (13 TeV) 90% CL as g::;awnj&e;gg g;/jec\lf_) 90% CL -
_36 ——— Observed (8 TeV) 90% CL 10 E e Observed (13 TeV) 90% CL E
10 — Observed (13 TeV) 90% CL - —— rioe 7
1 0—37 —F— LUX 1 0_36 E IceCube t*1° E
———— SuperCDMS = —————— SuperKrt'T =
108 1097 |- E
& § S g E
£ 107 e .f -
5 . TS S, 10 -
— 10 ety o i " — = =
) ) % 10730 L |
© 10% o} = 3
1042 10740 é_ 3 _él
o : i
i E|
1 0-44 E
1 0-45 —;
1 0_46 | 1 | 1111 | I - ‘ IE

1 10 10?

mpy [GeV] My, [GeV]

Translation to direct detection now standardized

An 1-20 excess Is present in both data sets in tall
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Our Current Scalar & Psuedo results

19.7%" (8 TeV)

CMS Preliminary
g_.=g =1

— DM q

200

(GeV)

DM

m

Scalar

== Median Expected ( p =1)
Observed w

— ~————— +/- Scale Uncertainty

Median Expected (Fermion only)
Observed (Fermion
LUX
Planck+WMAP Relic

only)

100 —

AN

1 | I -] I L1
50 100 150 200

250 300

L1 I
350

400

m (GeV)
med

» Currently only have 8TeV exclusion

dn

0.5

0

(GeV)

m

DM

500

400

300

200

100

19.7 6" (8 TeV)

CMS Preliminary
g_. =g =1

DM q

== Median Expected (u =1)
Observed w
+/- Scale Uncertainty

Median Expected (Fermion Only)

Observed (Fermion Only)
FermiLAT
777] Planck+WMAP Relic

100 200 300 400

Pseudoscalar

[

IIIIIIII
800 900 1000

m (GeV)
med

500 600 700

- Black/Red (controversial) : Simplified + EWSB

* Allows us to add Higgsstrahlung

0.5
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e \When the dark matter is not onshell
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Our Current Scalar & Psuedo results

197" (8 TeV)

IIIIII|| T IIIIIII| T TTTI

.
CMS Preliminary @ ---a- Median Expected
gDM=gq=1 — Observed
— Monojet
Scalar — V-tagged
Fermion Only
m— | UX

Annihilation Cross Section (cm %/s)

m_, (GeV)

=Y

=3
N
(41

10—26

10—27

10728

-29

10

10

19.7f " (8 TeV)

-30 L1

CMS Preliminary
9., 9 q=1

Pseudoscalar

s eaen Median Expected

— Observed

I FermilAT Best Fit ()
I FermilAT Best Fit (gg)
I FermilAT Best Fit (bb)

10

1 I
10
m_ (GeV)
DM

- Scalar and Direct detection are in close comopetition

e Expect LHC to pass LUX this summer winter!
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To break or not to break?
« EWK symmetry breaking adds lots of mono-V

- Contribution can be very significant if pseudoscalar
* There are models that do that (e.g. 2HDM...)

- Need physics at a higher scale (dim-7 operator)

“00000)

- han MIXINGI?
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Extending Our results

E : 10
a3 I' Iom
© B M., =1 GeV 1
3_— i
I —§1'0"1
Ué‘??.lm....l....I....I....I....I....I
500 1000 1500 2000 2500 3000 35n'l':llaED : égg;]
s it time to consider varying the couplings?

1
Laxial O 5MyenZ, 2™ — gomZixV"1°x = Y 98 Zar" g

q



0.9}
0.8}
0.7}
0.6}

]

o 'do/dA¢ (0.1' rad)

Bkgs

Higgs(WBF)
—— ggH+2j (o = 0.0)
—— ggH+2j (o = 0.6)

—— ggH+2j (0. =1.2)

T T

MEikered —

IVIPruned '"*'
SDB=-1f+

MTrimmed —L
SDB=0|-

Variable Appended to MVA
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Building a V-tagger

e Evolution of effects

At low p_ “resolve” two jets : resolved tag
Focus on identifying two jets like a W

At high p_ we obtain one big jet
Focus on identifying one jet like a W
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Resolved Tagger
. For low p_objects focus on di-jet properties

_Pr,

1 Jet Quark Modifie
Color Flow +  Gluon likelihood + Mass drop

19.7 fb (BTeV) 19.7 b (8 TeV)
g 0. 08 T T T I ; Ngooooz_ ONS T T T T =
o CMS 4 18000 Preliminary —*—data —
= 0. 07| - Preliminary +e(t11J2) datai :_ﬁ - [ signal s _
s | e MC | B =g () i (=AR,,-max(m,, m.)/m.
5 006 — 160 GEV(pJ_Jr¢:200 GeV +e(t1 BZ) datad g 14000 [~ B bkg (non-if) A 12 ]1 12 ”
S - 1’ 1 ] - ]
L 005:_ ———-e(t1,B1) MC _: :izzzz_ 4
0.042— + —f 30005
0.03 - +,$++++ ‘H#ﬂ 4 . 6000 F
Fblen o e bbite D bkt 40 4] 4000
AR 2020 FUIGY o To gt TR S
0.02] 4 ﬁ;i’ '**? i ﬂgﬁ%ﬂ*ﬁfﬁ 2000
ﬁ‘*ﬁ‘ + ¥ — el
0.01f" ki o ' AR ITNC
N ] % 0 POPTIN L4 ] OAC‘¢Q. ’00 o ‘n‘ *
0.00b b & L et

0.0 0.2 0.4 0.6 0.8 1.0

CMS-JME-14-002 O QaL arXiv:1407.7037
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Boosted Tagger

» For low p_objects focus on di-jet properties

1 19.7 b (8 TeV)
Lr) r~ 7 rr—r—r T ] >
y 105 - CmMSs —— data ] ©
o E  Preliminary B Z(vv)tjets E o
> o I W-jets °
2 4 Bl Top 2
§ 10 E [ Diboson 3 GC) =
T = I Other bkgs. ] > B Other bkgs. .
10° L VH, s —inv. L VH, s —inv.
10% £
10 E
1 - p
S) 1.5 = o =
g' 1.0 ’ g +
E . e g + ................. ‘..'..‘..‘.....D..;..g ..... .‘..... ................... —] E .
c IR 2
T o5tk . . . . = T o5t .
0.2 04 0.6 0.8 1.0 0 50 100 150 200

Likelihood for 2 prongs + Jet Mass

CMS-JME-13-006 arXiv:1407.7037

Pruned Jet Mass [GeV]
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One Big Analysis
“Its all just jets and MET"

Single Jet
Vector boson

Di-Jet Vector boson

One or two jets + MET
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Di-jet
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Single jet
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Single “Boosted” jet Two "Resolved” jets

boosted catego 19.7 b (8 TeV resolved category 19.7 o' (8 TeV)
gory 02
% : _+_ Data % = —+— Data
O CcMms O E CMS .
2 Preliminary — R 2 - Preliminary (I— Zvviders
g 10 = - W(— v )+jets g — - W(— Iv)+jets
L s - G o - -
_____ [ bibosons = [ oivosons
B N oo B oo
l conves | Ea | B - e
TE T PN L Vector Mediator, m___=1 TeV, m_, =10 GeV 1 Vector Mediator, m__=1 TeV, m_, =10 GeV
E - ...... VBF+gg H — inv, m =125 GeV VBF+gg H — inv, m =125 GeV
: VH — inv, m_=125 GeV VH — inv, m =125 GeV
-1
10" | I, 10
B -
102
ol P T T MR IR T T TR e L .. ___________ __ __ __ ____ __ ____ __ __ __ ____ _ ______
15— 15—
—
1 —0—0—=é_ I 1
- 0.5 .
0.5 — - f t
Background-only fit 3aCk | -
300 400 — 500 600 700 800 900 0 500 600 700 800 900 1000

1000

E_rll_"liss (G eV) EEP ss (GeV)

Observe a small excess in resolved MET tail (10)

CMS-EX0O-12-055
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2 Jets @ Vector/Axial Simplified Model

« At higher Vs multi-jet final states predominant
* |n light of building on new ideas

qY
- g g
. ‘.%n_\
NLO V+jets taken into account in Powheg
Now available in Madgraph as well
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(Pseudo)Scalar Simplified Model

* Requires finite top mass at 2 jets order

- Available now in now with Madgraph
- Also can do some hacky procedure

X
LQQQQ N
T P
F o
X

3999, < LQQngte top mas
g q q = LQHQQQ

MCFM gluon fusion + 1 jet  VBF@NLO gluon fusion + 2 jet

One caveat : On-shell production is only available for 2 jet final state
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Advantage of merged MC

Taking advantage of the new technology

- Can consider exploring new regions of phase space

—

] 1 4 Tev \:I At 712 g.'_ 1 2 [ Scalars (=129
jr_-!:-l . | Scalar+J/JJ Merged (Mmed=125) p@ , Scalaredidd (M. =125)
-1L s calar+J (M, _=525) L= [ ] scalar+y (u_ =525)
10 r . Scalar+J/JJ Merged (M__ =525) %9 107 Scalar+J/JJ (M_ =525)
calar+J (M__ =1000) Scalar+J (M__ =1000)
1 0_2 calar+J/JJ Merged (Mmed=1000) 1 0—2 3 Scalar+JiJ (Mmed=1 000)
3 | 10'3 - [
1 O_ E_ s B Lt
i ] | ; 0_4 E_ :
107 0 200 400 600 800' 1000 1200 1400 50 100 150 /200 250 300 350 400 450 500

P trailing Jet (GeV/c)
Low mass sensitivity enlarﬁanced In the muilti jet flnal state
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Question #2 : Advantage of MC

» With 2 jet MC : can now probe multijet final states
 Two questions can be answered :

- Which variables are most sensitive with 2 jet MC?
- Which variables are sensitive at 100 TeV?

» Considered a number of multi-jet variables :

- M.?: SUSY like variable obtained for pairwise sparticles
- Razor variables : M , R : Related SUSY variables

- MET : standard
- Ag, :angle between the two jets
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Whats the maximum gain?

* Making an MVA combining all information

1

- m—— 02 z

- —— m2+EL+h+n_(BDT J Scalar -
0-9: i) % il ]et( ) L m2+E.+h +n (BDT) J Scalar g

- — JIJJ Scalar 18— T Hh N i
0.8 —— A¢ +E+h (BDT) - — JJScalar 7 S

- 7 161 —— A0.+5;+h,(BDT)
0.7 1/2 Jet :

- +A¢ +E4+n_ (BDT a5

= pT q)jj %’ jet ( ) 14— plm JEI+A¢”-+%+njet (BDT)
0.6 = i

- — A¢+5(BDT) 12 —— 20.+E((BDT) '
0.5 i

= 01}—
0.4—  E;>200 GeV 08~  Ey>200 GeV

- 14 TeV - 14Tev
0.3 E_ Scalar mmed=1 -2 TeV 06 - Scalar mmed=1 -2 TeV
0.2 04}
e 02[-

E e “’I‘ | I | l : | | i | i 0_ LT "'f“‘;_" L1 14 L1 11 PR TR S T N SO S S

0 0.2 0d 0.6 0.8 - 1 0 0.05 0.1 0.15 0.2 ef,.fS

ig

Background drops by a factor of 2
Can maximize sensitivity by an additional sqrt(2)

The only other way to gain is to reduce the systematics
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Strategy to fix agreement

10x less Z—puu than Z—vv

Z—u+Jets prediction uncertainty

AN

200 300 400 500 600 700 800 | 900 1000
- | ET - (GeV)
Statistical uncertainty too large

CMS-EXO-12-055
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Strategy to fix agreement

5x More y+Jets than Z—vv

R
‘911——
S ,,,”||+|++|+* | ‘!
51
=
09—

200 300 400 500 600 700 800 | 900 1000
- | ET - (GeV)
Statistical uncertainty small

....However CMS-EXO-12-055
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A mystery? Understanding Z/y p.

Can we really use Photons to model Zs ?

U
T
© ©°
o ©
5 O
g O

dc/dpi / do/dp
©
o
S

0.035

0.005

100

*See backup

19.7 fb' (8 TeV)
| I I | | I I | I

UL L L L L L _]
- CMS -
E_|yV|<1.4 _E
2 B . :
nl o A i
= \K N N
- L -
-. e Data -
'%'\\ Stat.+syst. _E
--------- BlackHat
—— MadGraph g

500 300 400 500 600 700 800
(MET proxy)* pfy [GeV]

CMS-SMP-14-005
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A mystery? The Z p_ spectrum

* These results are missing NLO EWK corrections!

19.7 b (8 TeV)
| I I | | I I

- +— 0.050 | I v
Q- —
:g _
§ 0.045 2
NJF 0.040 § :
® 0035 Q.\\\\ NS
° \\\\\\\\\
0.030 \ \
0.025 A\ N
0.020 e Data _f
0.015 Stat.+syst. —f
--------- BlackHat
Nnn1iNn =
o T AR ] — MadGraph .
120 |- —— :Q?o : L l
+ S F'NGLB -Ph/0508253 -7 00" 500" 600 27/3 ?Ge\%)o
T e +hep-ph/1511.08692 ; P

200 400 600 800 1000 1200 1400 1600 1800 2000 CMS_SM P_1 4_055
rT [GeV]
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How do we fix this?

do' and do?

dp, dp,
Before : 0,_=0,,,(0,1jet)
After :o0_=0,,,(0,1,2))(1+0_,,. ) (added)

Energy leakage outside of photon which biases MET

\ This was the harder one



do/dpr 7 [fb/GeV]

do/doged

10° ¢
10% |
10!
10° |
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1072 ¢

103

1.1

0.9

0.8
0.7
0.6
0.5
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How do we fix this”?
Impact of the electroweak corrections

pp—Z+1j @Q8TeV

preliminary

10° ¢

pp > v+ 1) @Q8TeV

102 |

LO

g NLO QCD
| mm== NLO QCD+EW

preliminary

A¢(j1,J2) < 2.5

—— NLO QCDxEW

Ad(j1,72) < 2.5 % 10" |
S 100
E 1071

cl
S 102

o
103
1.1
1
o]a 0.9

i
g 08

o
s 0.7
- 0.6
. 0.5

250 500 750 1000 1250 1500
pr,z [GeV]

200

1000 1500

PTy [GeV]
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Strategy to fix agreement

Z—UU+Jets prediction

uncertainty\

200 300 400 500 600 700 800 900 1000

ET (GeV)

CMS-EXO-12-055
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Strategy to fix agreement

Scale & PDF EWK Unc

Unc \ \

200 300 400 500 600 700 800 | 900 1000
ET™° (GeV)
Updated unc still too large

CMS-EXO-12-055
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What is the previous unc?

Unc. ~do¥ /do’_ doY/do“(u) * .
dp; dp; On the ratio

doY (+0) do¥(u*)/da'(u,)
do4(+o) doz (M*P)/do'(u,)
Adjust C until
uncertainty is

doY/do? (+0) < max. (do'(u“*)/do’(,))
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What is the previous unc?

Unc. - do" dGZ—dGV/dUZ(H) * .
dp; dp; On the ratio
doY (+0) C\ fdoY(u)/doi(u
do4(+0o) 1 J \do4(u*r)/do'(u
\ Makes No

Sense
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What about the EWK uncertainty?

NS SR ST ST S .
‘ Y oy oy vy

In light of being conservative :
Treated full correction as an uncertainty

Additionally de-correlated this per bin
Avoids low MET to high MET constraints
Not very logical
Other (better) schemes exist
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Data

u+Jets recoll
Control Region

MC
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Strategy to fix agreement

A YtJets recoll

Control Region
MC

Data

r(x) / N L
MET?A-- MET = x
Signal Region _
MC Use both regions

Data

simultaneously

20
>

MET =x

CMS-EXO-12-055
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Strategy to fix agreement
. o

Coffee ? or Tea?

S—

\

Answer : Yes Please CMS-EXO-12-055

—
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Strategy to fix agreement
. =

Coffee? =+ or Tea?

—

A A —
Control Region Control Region
MC _ MC :
Y+Jets recoil Z—>pp+JetS recoll
Data Data
& %)
MET =>x v E?>r(x)
=X w OF
o i
,JS*&C#w,:
e g
?‘ §
t o and Donuts §z -*_¢3;J
Signal Regio ot enouah V\ﬂ,, w'e
g o / ' -
nal NeterL O QGRS
$ 1.20
Data g 122
5§ o090 |
Dr(x) oo [\
> 0.70 |- i
MET — x 200 400 600 800 plTO?geV]].ZOO 1400 1600 1800 2000
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Strategy to fix agreement

. | —
Coffee? = or Tea?
Scale & PDF EWK Unc
Unc \ \
i \ + N
S 1
=
0.9—
....................... | 55500
ET - (GeV)

CMS-EXO-12-055
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Strategy to fix agreement
. o

Coffee ? or Tea?

S—

—

A Constrained from the Iit
=
09—

200 '36% 500 600 700 800 900 1000

e — miss
g.wjg.‘.: \ E- " (GeV)
e

R CMS-EXO-12-055
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19.7 fb (8 TeV

CMS
Preliminary

Events/GeV
3,

Y
o
M

10

+ Data
: Z(— vv )+ets
- W(— v )+ets

top
Dibosons

QcD

Jil0

Z(— l)+jets

VBF+gg H — inv,

VH — inv, mH=‘l 25 GeV

Vector Mediator, m_ =1 TeV, m_ =10 GeV
med DM

| The Result

Small excess
(1-20)
125 oy in MET talil

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

With new method
Still systematics
limited
EWK uncertainty
dominates
—900 1000
ET* (GeV)

CMS-EXO-12-055
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How do we do the fit?

The updated version of this search fits the
W,Z,y p, simultaneously

Simultaneously profile the shapes of the p.. spectra

Q
/ Boson p.
Nuisance #1 Nuisance #2

Can we bound our uncertainties into a class of shapes?



123

We are Stuck!

We are relying on
doY/do? (+0) < max. (doi(pr)/dai(y,))

For the uncertainty on
dov /do?

dp,/ dp;

We need a better a approach
|deally one that we can embed to the likelihood(L)

Log(L)=Log(LO)+(doV/d}ZiQ)-dGV/doZ(po))/o2

Profiled nuisance
Improved knowledge of high p. spectrum drives search
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oMC/dat
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Can we improve?

Monojet search will not improve quickly in the future

—
—
_._

200 '36% 500 600 700 800 900 1000
miss
E- " (GeV)

Driven by our NLO+EWK

uncertainties
CMS-EX0-12-055



Towards a complete

statement on
Dark Matter



Analyses presented -

e Mono Jet:

Scalar Axial Higgs
Jets [Inclusive| Vtag | Top |[btag [ Higgs

(.|
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_ Extending to improve scalar
 Mono Everything: at 100 TeV

Scalar Axial Higgs
Jets [Inclusive| Vtag | Top |[btag [ Higgs

(.|

—
-
-




Extending models to cover

 Mono Everything:

Scalar Axial Higgs

Jets [Inclusive| Vtag | Top

=

1

2

3

n

leptons

Y
X—-YY

‘\
)

I | - -

b tag

s

-
-

modified simplified models

Higgs

128
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. Extending models to cover
* Mono Everything: modified simplified models

Scalar Axial Higgs
Jets |Inclusive| Vtag [ Top | b tag

1 B
> | I | —
| |- .
i I
Ieptons
A I
X—-YY -

Higgs

Presented
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Extending models to cover

* Mono Everything: modified simplified models

Scalar Axial Higgs
Inclusive Vta Top b tag

. C
I | -
B ..
<
-- Requires High p. V/t-tag
leptons -E] Experimentally difficult
I

At extreme p_
,
=l 1L —

Jets

1

Higgs

2

3

n
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. Extending models to cover
* Mono Everything: modified simplified models

Scalar Axial Higgs
Inclusive| Vtag | Top | btag

L1 I
IZD -
- .

VBF final state
Very useful in higgs
portal models

Very challenging
experimentally

Higgs

Jets

1

XYY -
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. Extending models to cover
* Mono Everything: modified simplified models

Scalar Axial Higgs
Jets [Inclusive| Vtag | Top |[btag [ Higgs

- Compliments
V=)

O tt
' Both very powerful
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