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¢ some Exotica and SUSY searches

¢ Searches for the Higgs
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Disclaimer 1 :

Disclaimer 2 :

Disclaimer 3 :

Many introductory and theoretical aspects covered in the other lectures
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For complete list of results: see https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults

Some slides or slide content taken from seminars/lectures/write-ups of other colleagues

or previous lectures of mine
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Some thoughts
about BSM
searches

“LHC is most powerful
street lamp in history” I
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¢ In the following | will not go through the, roughly
infinite, list of models, with how much lumi they can be
detected (or not), what are the ~14356 limits obtained
so far, etc etc

Motivations for why and how of BSM models are given
In other lectures

| rather try to make some “general” observations...

... and talk about “tools”, ie. useful variables and data-
driven background estimates

f\ \
Y,

¢ [ can’t wait for the moment when exclusion plots will
mostly disappear from BSM talks....
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SUSY search Ty e
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The zoo... D

From the Possible to the Unexpected [&}}

Large zoo of models that predict different incarnations of New Physics at the LHC

Contact Interaction New Gauge Bosons? Split Susy?
/Exci'rEd QLIﬂ.r.kS? E TECh"iCﬂlour'? PYTHIA R-hadeon event from ATLSIM
E”' o I ;- ,J | raTev - o 1476V | Tim:mmjln i
P | [=] | —M-5Tev e L ) 4 I|, E‘ _-ﬁ_p:,z;:: [ - :~_-u,-- N ploas © .
Sost w\\\"\_l,/ - . 8 f| :ﬂﬁ:ﬂ i E i
; ] 5 1 1 I
u“'; f g : - i L L‘- i-hatfo
f[ - — E - ———]———f--] J'I
R e AN A ' e el ettt il § ettt
_cushhm & &4 ™0 200 m1mnm11mm:mn hmmw&w =
n_q);a;f;;.“l‘;-‘!....u._l dfia bl . . .
T s oo Little Higgs?  Hidden Valley??

| T—=2Zt =llblv |

§ . ATLAS /
e 3 _ 14Tev
Y 4 E | ! W ! |Ii
é% , i |
PUEAY e
%&%%‘ A B . - .Illnh-rr;:;s[ﬁeh:j —
UNIVERSUM d-brane
5/05/2010 LHCC/A101 O. Buchmiiller (ICL) Non exhaustive Jist (by far) 21
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A fundamental problem: most of the models depend on many (!) parameters,
which influence production and decay modes. Many topologies to look for!

N
©

To make life a bit easier, people chose some benchmark points/models, and
studied those in more detail

()
©

()

However, some “generic features” very often apply
Take example of a “typical” SUSY mode (gluino/squark production and decay):

()
©

¢ Production via strong interactions
le. large cross section

~€c

decay details depend on model
parameters

~€c

However, once the heavy state
IS produced, it will decay to jets,
leptons/photons and MET

Most of the jets and leptons have '\1+
“relatively large pt’, leptons are \ -

Isolated, considerable MET and \ - T q b

large Ht = sum over prs

~€c
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Topologies, another example e

I/
/ E—i—

{ 4th generation
W+ b Heavy quarks
g "“ 7 4 t!

> models

> .
g New vector-like

B quark states, ....

!

- 1 " q
¢ So, while designing a search :

)

¢ focus on robust and “simple” signatures, be “topology-oriented”

€

in this way, hopefully you can cover a wide variety of models/parameters
let the SM backgrounds decide on the feasibility, not the models

€

“€c

if you see “something”, you have the pleasant problem to understand what it is:
the “LHC” inverse problem”

¢ Then data came, and the experiments basically tried to follow this approach....

CTEQ
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Signature class of important issues
g model backgrounds
Resonances .
- _ - Jet Energy Scale and resolution
-di-jets Z' W, falling QCD or ont ' t t
_ . DY spectrum - leptons : alignment, momentum
-di-leptons/photons exmtecljzl:;]uarks P resolution, calorimeter saturation
- data-driven bckg. estimation
SUSY D MET modeli 9 t fluctuatsi
MUIti-jetS + MET New heavy quarkS, ttbar i modeting, jet fuctuations
composite models V+iets - choice of clever variables
J (HT, alphar, Razor, mr2, ... )
- like above
SUSY QCD - jets faking leptons, lepton
leptons + jets + MET | New heavy quarks, ttbar isolation
t, b, .. V+jets - lepton charge mis-ID
(for same-sign lepton searches)
- jets faking photons
photons + MET SUSY QCD J 9P

Extra Dimensions

- MET modeling

G. Dissertori : Results from CMS




Examples of variables D e

slide adapted from M. Dlnser

2 Kind of classical one: HT + MH~

. ion- £ CMS Preliminary
election: 2 L L=4.98fb",Ns=7Tev | >
> #jets >3 with o GeV and |eta| < 2. . : | | e \Tde
HJ _3| d >f?[h ot I, <25 g s backgrounds:
-> Hr = scalar sum of these jets pt's T, +v)+de
T S He > £60 GeV JEB P 51:!*l = eSS -> Z to vv : data-driven estimate
_— \ e tlefu+v)+Jets .
T _5 _ L Bl i -> lost-lepton (W, ttbar) : data-driven
> MHr = negative vectorial sum of jets pr's 102 B , ,
s iet pr > 30 GeV and [eta] < 5.0 : -> hadronic T decays : data validated MC
== e ! e an e a - Ly otal uncertain
JEtpr2>3 > 10 ot ey -> QCD : data-driven

-=> MHT > 200 GeV on measured
-> Ap(jet, MHr) > 0.5 (0.3) for 1, 2, (3.) jet ; background

--> suppresses OCD mis-measure W, [GeV]

bay H; [GeV]
‘m"ﬂa

¢ Others

| Ep?
at = peaksato.sforQCDI] L. ........iiiiiiiiiiiieeean. .
Mr ' : @, @\]:
: MT2 (mC) £ p;(l)_’_prgél)‘l:p‘%niss [max (mT ,mT )}E
| — : | 5 : i > ; \ --E r 000000000000000000000000000000
| Mr = (E ET") = (Z Plx) = (Z P]y) - + in case the mass of the unobserved child m.
ii_ | et et L were known, the endpoint of M2 would
T EEEEEERETT T — correspond to the parent mass mp.
— - T —
5 [EE G+ o) - B @+ ) - .
(S -\/ 2 Most of the experience shows:
| also using other approaches (alphar, MT2, Razor):
Mg = \/(|ﬁj1 |+ 155,12 — (P2 + pi2)? -> Mg ~ scale of the event
-> R very small for QCD, large for signal QCD can be pretty well controlled
--> analysis in Mg vs. R? plane
2 E A lot of work has to go into control of EWK backgrounds
Mg L with real MET
CTEQ |
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Background estimates P sz

* Data driven background estimates. An example. A
Z—"'\"\H'jﬂ'rs A “ p v

— Irreducible background for the fully hadronic 5 P
searches, at any jet multiplicity.

— Use similar signatures to estimate in SM
dominated regions and project in search
region.

— Many possible approaches.

1l

Z—|l+jets Z—|vtjets Pros: large stat, clean at
Pros: Clean and direct Pros: Larger stat high ET
Cons: Low statistics Cons: backgrounds from  cong: hackgrounds at low
, SM and BSM E._, theoretical error
Will pursue them all. Redundancy is good.
17/07/2010 Blois ~ R. Rossin CMS PAS SUS-08-002 | 9

11 | Indeed, most or all of them have been pursued! '



Example of variable : JZB (fully data-driven) p Ll
Search for topologies with jets, MET, Z: -

— 00%’6;
S L e
1 Event selection: y ,

— 23 jets (p; > 30 GeV, central)

— Two p; > 20 GeV, opposite-sign,
same flavor isolated leptons (e or p). X

— Dilepton invariant mass within 20
GeV of nominal Z mass.

- JZB : Jet- Z - Balance - = >

JZB = - U
- MET in Z+jets events: fake, from jet mis-measurements |rr—.§oi| Prl - IpiA)]
- Z+jets bkg on positive JZB: from negative JZB part
- top backg : use opposite-flavour events

C— ‘
CMS, /s =7 TeV, L =4.98 fb™

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
CMS MC Simulation , s =7 TeV, L =2.1fb" 10%E —e— Data E
104 T | T T T | T T T | T T T | T T T | T T T | T T T TOtaI baCkground
E 10 JZB<0 (data) |
pe B E g - Sidebands/eu (data)
210%¢
> - —F
Q102 2
o 2 10
~ 10
(7] E
T F 1
m -
o ¢
- 107
A 2r
10 g :
% -
10-2 ] I : L1 L1 L1 [ JHTHI HHI R "CB‘ E
-400  -200 0 200 400 600 800 o L . . . . . . .
JZB [GeV] 0 50 100 150 200 250 300 350 400

JZB [GeV] arXiv:1204.3774

CTEQ —
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“The Razor” analysis

CMS,fs=7TeV,L=4.73 o'

MT2 analysis

_all hadronic, ar based ' > —
£ T %) -
o !, r 7 TeV ] (O] W W+jets < — i : — _
B B . Data(hadramc sample, n = 0) 7] n . I Z+jets @ - € H CMS Preliminary Vs = 3 Tev
£ 10°L —* — - - M Top o 10° = ' HAD box | Ldt=4.41fb
E ——— s Standard Model = Expected Unc. 3 — e E
g F : =1 L iLMe g EF L ' * Data
L i —— (m 2800 GeV, m _=200GeV) | 5. - data 2 : — SMotal
B gluino = *Mlse = 7 S . . = - . MU-like effective
1025_ e = Lﬂ10 E Lﬁ 10% e _V“‘JBTS"St
- 3 = - ! , tt+jets 1T plus ELE-like effective
i -1 10°F ; I
10 == = E 10 o
- == 108 e g !
e E 1F :
I__ l —— L l - —L l L — l —— L l - — l L — I L |: E 1 1 1 1 ; 1 1 i .-]. L ‘
300 400 500 600 700 800 900 -
H. (GeV) 10 ‘10 600 400 600 800 1000 1200 1400 1600

My [GeV] Mr [GeV

Searches for
Supersymmetry

di-photons + MET > leptontjets+tMET ’,,mm same-sign di-leptons + btag |_, oz
CMS Preliminary .
s - =7 TeV - -
5= BTe\.‘,!Ldt:d.M i’ ) [ = leor ]..I,,E 4 jets, H = 500 GeV % = Same Sign dileptons with btag selection 3
‘g »=1 Jet Requirement 2 e —e— Data 2 900:_ Exclusion O.pr-::-d = GNLO+NLL +106 =
g vy Candidate Sample w Total prediction !3:‘: 800:— —-
(TN] QCD + Electroweak Error § E 102 - e ————— Prediction for taus/dileptons E E E
= = :c::ﬂ(;awk:::msmple} . E s SUSY (LM3) 700 — 0 ] —
o ¥ (1100_720_375] SUSY (LME6) - ad I A 3
£ e ey 3 = oot 9 — it iX 3
3 E 4 500 i =
. 10 - =
10° : f 400E" m(i°) = 150 GeV : E
10° = 008 o mE=s0Gey
5 i . T 200: E
3 14 = = E
P TSR T 108560606700 8066037000
3 3;3 - 100 200 300 400 500 '?l]l] ~
o ] 50 100 150 00 750 ET [GEV] m(9) GeV

CTEQ e
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Example of the CMS strategy s

SSDL |23 leptons 2-phntnns‘ y+lepton ‘
Di-photon + Photon +

‘O-Ieptons ‘ 1-lepton | OSDL
Opposite- | Same-sign | Multi-lepton

Jets + MET Single
lepton + sign di- di-lepton + jet+ MET lepton +
Jets + MET |lepton + jets | jets + MET MET
+ MET

SM backgrou nds Low

sensitivity to
gauge-mediated SUSY

sensmwty to strongly produced SUSY

Focus on signatures (topologies), use different approaches/observables

alpha_T, “Razor”, MT2, HT, MHT, ...

more recently: add b-tags to enhance sensitivity to 3rd gen. squarks, and design
dedicated, “high-precision” 3rd gen. searches

Established many different data-driven techniques to derive backgrounds

jet smearing and re-balancing, ABCD, fakeable-object technique to estimate fake lepton
rates, generic properties of lepton prt spectra, generic properties of falling SM spectra

(@)
&

€«

p—y
b 4

H‘r' \

N/
. 4

Different trigger paths (all hadronic HT-based, leptonic)
Not necessarily optimized for best excl. limits, but sharpened tools for discovery!

"
(&)
-

"
(&)
-

cross check, cross check, cross check....

(@)

14

CTEQ
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Example: same-sign dileptons +MET (] e

¢ Very low SM backgrounds
¢ Name of the game: fake-rate estimates
¢ estimated from data

2 Baseline selection

¢ Define different search regions,
based on lepton pt, HT, MET

CMS \s=7TeV L_ =498 " CMS L, =498f" {s=7TeV
n 70F —~ 1000 —— T T T
T [ ® Data > B tan(B)=10 "@\\ ) % e :
® oF =l [ Charge Mis-i 5 oeoopnyer  wSame-sign .., -
L - 9| R B Prompt-Prompt(irreducible) = m = 173.2 GeV 4 1
Faz| SZ ~ SO0 -
50:__4::_” 3 § ? [__] Nonprompt-Nonprompt = i, ]
[T & 3 B Prompt-Nonprompt < E 700 RRA7 .
i 3 =S m(g)=1500 ]
40F sZ| = a3 600 @ =
2g| O 53
[ T2 g3 To
30} 2% & 5008, »; — w
i 28 3 °
: 55| ¥ < E% 400
20 TS =3 & 2% .
: i cX &3 5& 300F 2T e s
| B % c = o s ;;;;;;;;;;;;
B - = Do = =
10 i TS 200
0 100 e
Region 1: Region 2: Region 3: Region 4: Region 5: 500 1 000 1 500 2000 2500
H,>80GeV| H;>200GeV H; > 450 GeV H; > 450 GeV H; > 450 GeV
ET*>120GeV ET®>120GeV ET**>50GeV ET** > 120 GeV ET* >0 GeV m, (GeV)

arXiv:1205.6615
CTEQ
15
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And the results are... D oz

2 in the context of the cMSSM

CMS Preliminary L =4.98fb"\s=7TeV

~ 800 | I I B | | I I | T 1 1 | T T 1 | O L
= EX tan(p)=10
@ =
G N\ \ Ay,=0GeV
_cl\l u>0
- m, = 173.2 GeV

LEP2 7"

~ =

m(g) = 500

Multi-Lepton

500 1000 1500 2000 2500 3000
m, [GeV]

CTEQ
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Interpretation: Simplified models D =

Models proposed at: http://www.lhchewphysics.org

CMS, Vs =7 TeV, L = 4.73 b’ CMS, (s=7TeV, L_ =4.98 fb’

<1200 — 10 —~
> - PP~ T5.§—ag+% ; m@>>m@) ol S T T TR S
(.2. L M, Analysis ~ ) i PP— 99,9 2j+ Ap Xy ™ z Xy ] &
% 1 OOO__ g (2. 1000 m(ﬁ) >> m(ﬁ), x=0.5 ! @)
@© | —— obs. limit (x1o0 theo.) = 1 — AN C n. =3 - -
£ ~ — - exp. limit (1o expt) .- G I =2
o 800 P- B p ] c < - — gNLO-acD ol 4
dp) B ] - 800— . NLO-QCD | -
1 . s = o ~ - 3xo = =
B - 10_1_§ pad o 1/3 x gNLO-QcD 1 E
600__ § — 600— JZB & — 3 107 o
i _ 2 g | )
i r Qo I |
400 7 B e > i | 7
- T e 1022 400 - O
J O i 0107 o
200|- 2 _ _ 2
- & 200~ = (o)
400 600 800 1000 1200 'O _ S TR, S
0O 200 400 600 800 1000
gluino mass [GeV] gluino mass [GeV]

ie. re-interpret existing searches and provide information to model builders in this generic form

. Watch out regarding (simple) assumptions made, eg. about branching ratios
Aug 12 G. Dissertori : Results from CMS 17



Interpretation: Simplified models (P s

example of a 3rd generation search, for direct stop / sbottom production

T2tt - Di-stop production resulting in 2 top quarks + MET final states T2bb - Di-sbottom production resulting in 2 b quarks + MET final states

pp— T I—>t+7% pp—>Bb,b—b+%

— T T T T [ T T T [ T T T [ T T T T T T T T T T T T T T

1000 ;_ CMS Preliminary Razor Inclusive = 1 b-tag E ~, — CMS Preliminary Razor Inclusive = 1 b-tag _ ~,
= T B —
900 \f§=7Tevadt=4.7fb“ = (j 1000~ \l§=7Tevf1.dt=4.7ﬂa’l N 1 S)
800 E— — observed limit (6™ = "> %P) - -’é ~ —observed limit (0" = o™ ¥P) = g
- -- observed limit = 1 o (th.) ~ 800 __ = = observed limit = 1o (th.) ’ =
& 700 == median expected limit 10'1 ) R | == median expected limit =| 2
8 - = = expected limit = 1 G (exp.) 8 Q - = = expected limit = 1 o (exp.) o
> 6001 3 > i o 2
- 600 —=
O 500F = © — =
[RaN = % =X B )
400 e B =
£ 400 02 & & 400F 5
- B 2
300 > E 102 5
- W L) ()
2008 8 200 X %
= A Y (@) = 1 (@)}
100 | \ [ I |
1 ENY N L i
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CTEQ CMS-SUS-11-024
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Slmpl iflied models P e

CMS Preliminary -
m(mother)—m(¥") =200 GeV -

T1: g—qqX’ |1.1 fb!, gluino -

T1tttt: g—¢t%] (4.98 fb!, gluino

T2: 3—qX’ (1.1 b, squark -

T3w: §—qq(W)X’ [4.98 fb! gIF
T3Lh: g—qqx5 /X" |4.98 fb!, gluino -

T5zz: g—qqXy |4.98 fb!, gluino -

T5Lnu: g—qqx™ (4.98 fb!, gl_

TChiSlep: X3,.x = —=UIX"X" |4.98 fb!, neLIaIino/chargino

0 200 400 600 800 1000
Mass scales [GeV]

Note the fine print: Limits

For limits on m(g).m(q) > >m(g) (and vice versa). g™ =g™=" """, get weaker and weaker {
o~ o ~ 0y _m(7) +m(x°) for heavier neutralinos
m(x " )mlxy) =——— (less mass splitting, less

| . . ) | o MET). Also, 100% BR
m(Y") is varied from 0 GeV /c* (dark blue) to m(g)—200 GeV/c® (light blue) ) ° \

X . / Y. .- ' assumed!
CTEQ , , | mm—
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And finally, not to forget... D e

*Decays highly suppressed in SM
*Forbidden at tree level
*b—s(d) FCNC transition only through
penguin and box diagrams
*Helicity suppressed by factors of (m/ b
mg)?

eStandard Model Predictions s(d)
*Bs—pp = (3.2+0.2) 10°
eBd—pp = (1.0£0.1) 10-1°

*Sensitivity to New Physics
*BR in MSSM proportional to tanf3®

Wien
261141

glandi@ecern.ch CMS Status and Physics

CTEQ
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A very rare decay P s

March 2012 )
T T T T 1! T I T T - SCYM{Sx’xSTb:T B w\fSX??;R?V m .
- 5 7 Y
DO 6 fb (O] r Barrel ‘ iLum\sectlon 382
PLB 693 (2010) 539 Q f o 1 .
1 S 4 — B8 signal window |
" ( EDF 7 fb > +--+ B signal window |
PRL 107 (2011) 191801 g 4 h
, DF 10 fb” - ]
) www-cdf.fnal.gov/physics/new/bottom/120209.bmumu10fb/ 2r 1 5
ATLAS 2.4 fb™ : ]
ATLAS-CONF-2012-010 1 i 5
: CMS 4.9 fb m s 1| R
M PAS BPH-1-020 552 54 56 53
) LHCD 1 fh1 m,, [GeV] 7.7e9 at95%CL
. LHCb-PAPER-2012-007 6.4e-9 at90%CL
SM Prediction -0 e
(68% CL region) . ! . I . il / adapted from Straub, Moriond EWK: _i
0 20 40 U
+, .- 9 ' P 32
BF(B_—u*u)x 10° @ 95% | | / - 3
& C X & 9 :
o~ D o = .
N S & > .
T o a
v 10 | 1O O o ® :
) ' 2 @ N o :
x - & N S :
vy — 1
0
n n n - X w L
Examples of implications: x 1R 2 S fal s _
i W
s =t CDF 10fb"! 95%.Iiouble sided MSSM-AC
U.U—“ﬁi;%_'ﬂ"'__"""""!""
0 10 20 30 40 50
10° x BR(B: — ptp™)
CTEQ C— ————
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"\ ETH Institute for
y Particle Physics

¢ CMSSM is being cornered

N
. 4

@)
- 4

€

very much so, also because of recent Higgs results

“Vanilla SUSY searches” at the LHC exclude gluinos and light squarks at and beyond
O(1) TeV by now, much weaker limits for all other parts of the SUSY spectrum, eqg.

« 3rd gen. squarks below ~300-400 GeV
« “EWKIinos”, eg. from direct chargino-neutralino production: ~ O(100) GeV

In developing data-driven methods, actually there are often interesting side-products,
in terms of probing SM processes in challenging regions, eg. gamma+njets/Z+njets

¢ Naturalness to be given up? R

¢ However, remember:

-l
. 4

O
- 4

-l
. 4

-l
. 4

€

CTEQ
Aug 12

Q1,2

in the beginning we have been running for the low-lying fruits

they are not hanging where we hoped for

Ll
T

=

b

Only “simple” SUSY models being squeezed

Now, a lot of effort going into searches for “light” 3rd generation partners
(eg. previous searches plus b-tags),
first results on stop and bottom searches appearing....

and thinking how to tackle difficult phase space regions,
eg. with (close to) degenerate states

G. Dissertori : Results from CMS 22



CTEQ
Aug 12

S CMS Experiment at LHC, CERN
\, | Data recorded: Tue Oct 26 14:34:18 2010 CEST
{ X
QPP venk: 145003 246002429 o A 15
p Data recorded: Mon Oct 25 05:47:22 2010 CDT

Run/Event: 148864 / 592760996
Lumj section: 520
Orbit/Brossing: 136152948 / 1594

A Black Hole?

Ignatures

ETH Institute for
Particle Physics

CMS Experiment at LHC, CERN < \

Data recorded: Thu Oct 28 07:07:39 2010 CEST
"\ Run/Event: 149181/ 1189919527 \
A Lumi section: 1209 \
< \ \
\
\
y
\
T

-

2 Leptoquarks? @/ |

. > A

Run : 142528
Event : 201376378

CMS Experiment at LHC, CERN

CMS,
g \ Run/Event: 149011 / 485253944
Lumi section: 322

, ' K. Jet A N
y 4 p 505 Ge\j:/
N | /\,“;‘»'_ .
(4

&

Muon | A J A
111 GeV/c 3N/

g \ / Muon ) y
\ \ // 450 GeV/c ) &

A gq* decay in qZ7?

. A Di-jet Resonance?

G. Dissertori : Results from CMS

Data recorded: Tue Oct 26 16:46:33 2010 CEST

Dimuon Mass: 88.5 Gt

. Dimuon P;: 555.2 Gei

P - i ¥
¥ E - o - -
. f?.l o r - ’
P o L F II
> ... H-H-H"‘"H- . ]
el 1
i = ‘. ---\1'
] * 'i

A graviton de€ay in yy?
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= Leptons (+ ETmiss)

ETH Institute for
Particle Physics

I/P

Search for heavy resonances decaying to lepton pairs

e
e

Events / GeV

¢ Z with SM-like couplings < 2590 GeV

CTEQ
Aug 12

Bump hunt in M(ee, yu) spectrum
no deviations observed
105 E T T T T T T T T | g
= . -1 3
10* ;? CMS Preliminary, \s = 8 TeV fL dt=4.11b E;
0 E - om ]
S Cvz—w'w -
102 [ i + other prompt leptons E
10 [ Jiets _é'
1 =
107 E =
107 =
10° =
10 S . . -
80 100 200 300 1000 2000

m(un’) [GeV]
T eeee— E—

CMS-PAS-EXO-12-015
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Bump hunt in Mt(lv) spectrum
no deviations observed

% 100k  cus 2012 Prleli_|111ilnall'y | i IDiLolsoln B
A 10° det=3.67fb B DY > co
8 108 \s =8 TeV —
~ 10 W —ev B it + single top
-UE) 102 B acp
o 10 E=wsev
Lﬁ 10* * Data
10° —— W' — ev M=1.3 TeV
10° & — W' — ev M=2.3 TeV
10 £
1 5
10" E
10 ,°

107
1 (| L =
500 1000 1500 2000 2500
M; [GeV]
S — e

CMS-PAS-EXO-12-010

W’ with SM-like couplings < 2.85 TeV
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Photons and Tops in the final state (D =

Virtual
graviton
exchange

y ¢ Search for massive neutral bosons
¢  Bump hunt in M(ttbar) spectrum

Search for LED via ¢ Reconstructing boosted tops

Y €  No bumps seen so far...
q
> 11|1l2.l016|88l(lhlerl)-le)l()lllll|lll|lll|lll|lll|llg CMS,L=5fb'1,@=7TeV Type 1+2
3 >N LA B B LA B B R B AL NURLELL
8 10 CMS \ O-bserved : 3 10 = e Observed 3 $<
-1 [ | Diphoton 3 pt - Non-top multijet 1 Z
8 ) 22fb" at7 TeV ot 7 © o B if simulation 4 3
S 10 ] v+ie ~ - ---- 2TV o=10pb | D
+5 Dijet 3 ) S N R L ELLD Z'(1.5TeV/c®)0=0.18pb T O
c L] ] S EfEm 0 Yh, e Z'(2TeV/c)c=006pb o =
°>J 10 Systematic Uncertainty_; L% - (2 TeVie) e P 1 N
L ---- K=005,M =1.75TeV : o | &
....... Ngp=6M=3TeV - S 5
1 — "% ]
3 i -
Ten E
10" 3 :
i o 4 =
t 83 2 E
-2 : gle =
10 L :
o -2 —
] I e e e B e e
1 0'3 a 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
1 I 11 I L1 1 I L1 1 tfmass (GeV/CZ)
200 400 600 800 1000 1200 1400 1600 1800 2000
MYY [GeV] - CMS,L=5b"atNs=7Tev___10% Width Assumption
=3 E Observed (95% CL) 3
Photons in ECAL barrel, Er> 70 GeV % ok R
:.2 QY . [ = 2s.d. Expected ]
. . g -------------- Z',10.0% width, Harris et al5
Upper limit on oxBRxA < 3 fb for Myy>900 GeV RS - e E
- S 10 — :
lower limits on eff. Planck scale of 2.3 - 3.8 TeV ! - T .
s L e I S Y
t Invariant Mass (TeV/c?)
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Complementarity is always nice P e

¢ Interesting complementarity of collider exps and direct DM detection

N

¢ monojets, photons+MET

()

728 o st -
E 10 % (:lMS | I%;—wv | 3
e 106?\@=7T9V -ﬁ_' _§
N jL dt=5.0f5" [ Jaco .
; 1055— 0 z-r =
X E 4§ + E::ar\=599GeV m=1GeV ;
g 10 E ADDMD=2TeV,’5=3 E
m o ',
10°¢ "L .
1028 E
105 P E
Ll Lol Rl =k
200 400 600 800 1000
E™S [GeV]
arXiv:1204.0821
(r| 1031 1 1 IIIIII' T III IIII| I 1 LI
e -a- CMS MonoJet CMS
. O ——
At colliders we probe parton-DM = qoR e T TR ororheton (5=7Tev
. . . o J.Ldt=5.0 fio'
couplings, whereas in DDM it is the S 109 XENON-100
) CoGeNT 2011
coherent nucleon-DM scattering. ) 2 CDMSII 2011
T CDMSII 2010 —

e — — — —
—— — — —

Collider exps can cover much lower

masses and also very high cross sections

not accessible by underground direct DM
(DDM) detectors.

a) Spin Independent T e
1 oo . il I T .
1 0-1 1 10 1 02 1 03

M, [GeV/c?]
CTEQ
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And many, many more... (D

Z'SSM I

Z' SSM tau tau

Z', ttbar, hadronic, width=1.2%
Z', dijet

Z', ttbar, lep+jet, width=1.2%
Z'SSM Il (fbb=0.2)

G, dijet

G, ttbar, hadronic

G jet+MET k/'M = 0.2
Gyyk/M=0.1

G, Z(IhZ(gqg), k/M=0.1

W' Iv

W' dijet

W' — td

W= WZ(leptonic)

WR' = tb

WR, MNR=MWR/2

WKK p =10 TeV

pTC, nTC > 700 GeV

String Ball M, MD=2.1, Ms=1.7, gs=0.4
String Resonances (qg)

s8 Resonance (gg)

s8 Resonance (gg/bb), fob=1
E6 diquarks (qq)
Axigluon/Coloron (ggbar)
gluino, 3jet, RPV

g (ag), dijet
q* (qW)

q” (ad)
q”, dijet pair
q*, boosted Z
e, A=2TeV
U, A=2TeV

CTEQ
Aug 12

b’ = tW, (3, 2I) + b-jet
g’, b'/t’ degenerate, Vtb=1

b’ = tW, I+jets 4 1_h

B’ = bZ (100%) .
2 (100%) Generation

t' = bW (100%), l+jets
t' = bW (100%), I+l

Resonances

gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB
hyper-K, hyper-p=1.2 TeV
fractional charge, g=2/3e
fractional charge, g=1/3e
multiple charge, g=2e
multiple charge, g=3e
neutralino, ctau=25cm, ECAL time

LQ1, B=0.5
3 4 5 6 LQ1, B=1.0
LQ2, B=0.5

LQ2, B=1.0

LQ3, (bbnunu) Br(LQ — bvt) = 1
LQ3, (btau) B=1.0

stop (btau)

Compositeness

3 4 5 6
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Grand Summary of Searches e

¢ In (too?) simple terms:

I—

LHC Search Summary -

No signatures for new physics yet
— Simple Summary (LP11: H. Bachacou)

-12TeV

Gauge bosons (SSM) 2-3 'IE__}

ICIEEETE R - -V

A. de Roeck, Sepll

CTEQ
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& [Cwraimmy T [momee— fermiophobic R e MSSM H—1t
< [ \s= o c 5 reliminary '
B Ns=7TeV . B Expected (68%) H ggS © 45 fb" 5=7 TeV
S 10 E L=46-48t'" | Expected (95%) . + 60 w -channel
E | 3 50F
- 3 . E
@) [
3 40F
3 :
o :
30
i 20F 95% CL excluded regions
] p [ CcMS Observed
- ] - . —— CMS Expected
| 1 11 I 1 1 1 1 1111 I 1 1 11 I 1 1 1 1 | 1111 I 1 1 11 - MSSM mmax Scenarlo
110115 120 125 130 135 140 145 10: N 3 +10 Expected
FP Higgs boson mass (GeV) 0 e :“2", E"."efte‘f .

100 200 300 400

searches

BR(®** — p*pu®) = 100%
CMS Preliminary /s =7 TeV, [ £ = 4.6 fb~!

Higgs

60 {s=7TeV L=23fb" CMS 10
IIIllllllllll[]lllllll[||lll||lr

[ t>H'b, H' >ty
L 1. *jets, et,, ue, and ey final states

50l MSSM m7™

doubly charged Higgs

tan 3

L BH'>w)=1 3
C piZO:tGVgV = h f II = . g IEEE
sl i in the following: : BN
: : n n [
: { concentrating on SM Higgs, 2
30 _ — £ 107!
o O : low mass range, 5
L it i o
|t _ Egm =]
------ _ most sensitive channels g, . |
----- Observed+1c (th) 2 —
10 Ex::ld:d t - % - ; il gang [
555 Expected mediant1c - T “|1 ATLAS exclusion (1.6fb~!) |
------ Expected mediant2 ¢ | s\ Tevatron exclusion i
I AT I AT AT B - - Expected limit (combined)
Chal’ged nggS 130 140 1(5((5) \})60 1073 sl — Obzent,ed Ilmltt(camblned)?
—' m . (Ge 150 200 25 30 400 450 500
CTEQ H Mass of 3= [GeV]
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Exe C u t I Ve S u m m a ry at the time of Moriond 2012 D rartice Physics

G. Altarelli

I The Higgs
g T ATLAS Prellmmary 2011 Data
E 10 _O'bs. 14— % 10t CMmS Preliminary i IODEEWGG
5 F - Exp. Ldi=46-491fb 3 Ns =7 TeV { B8 Expected (68%)
1| ET piped () IS S e
o L
Q L i
~0 . .
2 L 1 Tf‘ » /_:\_..L indicated by bands): what
Cls Limits
10-1|||l||r|| il losaslsvaslonss il 'IU' : : : '
110 115 120 125 130 135 140 145 1&0 116“i1‘54fé0‘1é‘5h1é6ié5‘i3-6-145
o m [CeV] Higgs boson mass (GeV)
TH"IWH Run IIF're{lmnu'y Lsiom™!
T = =] T [EE |
10 g mm et amasens-———— 9500 exclusion
) i -
= i -; ATLAS:
i—5 » ~ 110-117.5, 118.5-122.5, 129-539 GeV
. i
1 e ——==— 127.5- 600 GeV
::::g:gga;:-s = All experiments see some excess
100 110 ‘!120 130 140 150 ‘IGD 170 180 190 Zﬂﬂ at ot ]22 - ]28 Gev
my (GeVic’)

S

¢ after March analyses were blinded
¢ re-optimization only using simulation

¢ analyses validated in control regions
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dashed line (plus errors,

you'd expect in the
case of background only

see R. Lopez de Sa, Moriond QCD

<)
> —
® 80.46 [ ] Not excluded at 95% CL.
Chachiinn M,, prior to Feb/2012, m Tevatron
P -
g 80.44 ~ — M,, new world average, m Tevatron
€ T
g -
S80.42/-
- :
- 68% :
= 80'4— (by area) :
80.36
80.34[
: 0]
80'32__ ) Refse{ne::::i:ction: PhysRev.D69:053006,2004
- Top Mass: 173.2+0.9 GeV (arXiv:1107.5255)
—III|IIII|IIII|IIII| ||II
80.3

165 170 175 180 185 190
Top quark mass (GeV)

New (preliminary) indirect Higgs mass determination
My = 9412) GeV (was My = 92735 GeV before)
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The statistics behind all this (D e

€ oh boy....
¢ something for the discussion session ;-)

L(data|y .
(data | 4 8(9)+b(§))=P(datalﬂ-s(9)+b(9))-z9(9' |

+46)) - p(8e)

L(data | u-s(6,) + b(6,) )l,
E[data\ﬁ-s(§)+b(§ ) |

_.__.___—-———-d

g, = —2In

=

2= P (50> gge &)
=7

P ("fhi > iy | V'SM)‘\

f(a,l0) measurement 1

—

Clg+v  — obs \ b}
Cly =~ ?(q“ Z ——— CL < CL

Sl !
/ — be}
CTEQ 3
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Higgs production (P s

Higgs Strahlung FTH

CTEQ
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Production and Decay P e

T T T T T T T T § 100 T I ———3
Vs=7TeV ¢ ' WW :
=L 2z -
| R
e _5 10 "o, g tt
’ E / 5
— L 40 2 : ! —
- o '. I 3
_ c . | .
| = ¥ | ]
- ) 3 ' —
_— E 10 "“ ) -~ : E
; m ‘~\:\ N
: 4 '~.... | \s\‘\~ ]
10 é-_ N ".T_+_T | ~“-~_§
; U -
- S~ 1 Ttee... -
10 5 \M\TT‘I\ I L1 .I..l..l"1'-1-.
L 100 200 300 400 500 600

100 200

300 400 500 " 1000

My (GeV/c?)
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Signatures/Channels D e

@ 2-photon final states
¢ excellent detector / mass resolution (1-3 %), isolation, background fit

¢ lepton final states ( y, e ortau )
¢ isolation, momentum resolution, tau identification
¢ for electrons and muons: excellent mass resolution (1-2 %) at low mass

¢ lepton + neutrino final states
¢ lepton identification, WW, tt and W+jets bkg rejection, MET resolution

¢ associated Higgs production (VHbb, ttH)

¢ b-tagging, jet resolution and energy scale, V+c,b and ttjj backgrounds

¢ Higgs production via Vector Boson Fusion
¢ very forward jet tagging

34
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Classes of Final States D e

@ Mass can be fully reconstructed (yy, 4 leptons, bb)

¢ background from sidebands and/or fits, on data
¢ for hadronic final state: need excellent jet Et resolution

¢ Neutrinos in final state,
no exact mass reconstruction possible

eg. H->WW-hkhN or H/A— 1T

¢ Jacobian peaks
¢ background from ‘sidebands’ if possible
¢ background from MC

¢ extrapolation of background from non-signal region using data and MC
(shape)

¢ extrapolation of background using data and theory
(ratio of cross sections)

35
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Overview and expected sensitivity P s

slide adapted from P. Meridiani

o from CMS-HIG-12-020
¥ main CMS search strategy (main channels)

LR I LR I | L I I L I | S NS S S S S S S S S S S —

= Expected limits N
= [ CMS Preliminary i e
[ ~— Combine .
. Mass | N events © L \s=7TeV,L=5.11b" -
mode signature S/B . . | Good For ~ | g H— bb |
Resol. | in 10fb S \s=8TeV,L=531b G
. - - ]
b-jets, Z or W I ~10° : . s
H—’bb two -Jets, or 7 ow 10% N c?;:)r:rog:sto O H s {Y
bb inv. mass 0(0.1) 30 (sel) = 10k — H— WW n
- — H— 22 .
low ~10* couplings to } . g . — .
H—tT had tau, leptons, MET 15% : —_ i _
0(0.1) ~20 (sel) fermions i
v —
twoleptons with | . ~103 o R O i i
—) opposite charge - cross section, BR,
H WW 0(1) ~60 (sen couplingsto V O\o
MET W m
H—} two photons IOW 2% 400 H mass, couplings m 1
YY peak in inv. mass 0(0.1) ~200 (sel) | CvCr discovery '
four leptons with right high 20 \’
H—}ZZ charge peaks in inv. 1-2% N H mass, discovery | -
mass (Z: and Higgs) >1 6 (sel) 1}
R Re—— '—-—-—-—d
10-1 IR I A A A AN AR AN BN A AR A AN

(“-5 120 125 130 135 140 145
Higgs boson mass (GeV)

& at 125 GeV, all analyses show good expected sensitivity
¢ redundant measurements, addressing different production and decay modes
¢ excellent mass range for studying Higgs properties

¢ Side remark: Always look at expected sensitivities, when judging performance of an experiment!!

CTEQ
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¥

H—Dbb

¢ in associated production mode (VH)

¢ two b-jets with high pt

¢ Analysis improvements wrt 2011: ~50% in sensitivity

¢ Result: broad excess compatible with presence of 1xSM Higgs boson

O. [ T T T T | T T T T | T T T T | T T T T | T T T T ]
w180~ CMS Preliminary ® Data —
Y ~ (s=7TeV,L=5.01b" — VH(125GeV) .
l R vV _ |
% 160 (5= BJeVQ%_ =5.1 fb" B VH(125 GeV) .
C pp—V+ Cw ]
o 140 [ 1z+bb —
— [ Z + udscg —
120 0 W+ bb ]
C B W + udscg ]
u [ Single t N
100 — — - timg P -
C i’:xxx 20 MC uncert. (stat.) ]
60 —
40— —
20— n
oF
O 2
=15F
] .E
s 1
Qos5E
0 50 100 150 200 550
M. [GeV]
L — E—
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95% CL Limit on o/og,

CMS-HIG-12-019 D

ETH Institute for
Particle Physics

see also arXiv:1207.7235

reduced background when asking for a W or Z (with leptonic and invisible decays)

G. Dissertori : Results from CMS
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- CMS -
[ {s=7+8TeV,L=5.0+ 5.11fb" N

S VH(bb), combined i
n —e— CL  Observed i
_ --e-- CLg Expected ]

41— | CLgExpected =10
B CL  Expected = 2o
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dN/dm_, [1/GeV]
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= H—TT

Channels used: e-mu, e-had, mu-had, mu-mu
VBF / boosted / O-jet
Backgrounds: top, EWK, DY (irreducible)

No significant excess wrt SM background

¢ with very broad excess expected

ETH Institute for
D Particle Physics
CMS-HIG-12-018

see also arXiv:1207.7235

Sensitivity close to 1xSM Higgs (improved by ~70% wrt 2011)
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¢ Signature
¢ 2 opposite charged leptons
(leptons only e, u)
¢ 2 neutrinos == missing
transverse energy (MET)

¢ no Higgs mass peak

¢ enhance sensitivity by subdividing
into + (0,1,2) jets

¢ Kinematic variables to reject
backgrounds: most discriminant:
delta-phi and inv. mass of the two

leptons
¢ Analysis challenges
@ Higgs is scalar ¢ understand backgrounds
' leptons are close ¢ normalize to control regions

¢ backgrounds: WW, top, W+jets, DY
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CMS-HIG-12-017

see also arXiv:1207.7235

¢ 2011 analysis had BDT and cut-and-count approaches

¢ in 2012: so far only the cut-and count results available

¢ Result: broad excess compatible with presence of 1xSM Higgs
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The 4-lepton channel : The golden mode D s

W(Z,) pr: 43 GeV ¢ 4 isolated high pT leptons
¢ consistent with Z decays
¢ from same vertex

¢ fit mass peak with resolution: 2-3
GeV

little background, main comes
from non-resonant ZZ
production, irreducible

4-lepton Mass : 126.9 GeV

€

W(Z,) pr: 24 GeV

Data recorded. Mon May 26 01-35:47 2012 CEST ¢ also Zbb and top (212nu2b)
Run/Event: 195099 / 137440354
Lumi section: 115

2 Modes: eeee, eemumu, 4mu

Distribution of the MELA KD in the four-lepton reconstructed mass range [121-131] GeV. The points representing the
individual events. The histograms represent the signal and background expectations.

¢ >20% improvement wrt. 2011 analysis o B S
, . . . . . F=CAT . Laatade ]
@ New: inclusion of angular information using a > S ey coma
matrix-element likelihood analysis (MELA) 5 | = A
N 0.1 E
T _
§008~ll E e eonm e o i
O -
< 0.06|-
0.04|-
0.02
o:.]J.|....|..[.|..,[|..[.|..\.1H.Jl....l..]m‘.”
-1 0 010.2030405060.70809 1

P (mi, ma, 01,02, P, 0%, O1|myy)
Pig(my, ma, 01,05, @, 0%, & 1myy)

MELA = {1 + MELA
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CMS-HIG-12-016

see also arXiv:1207.7235

¢ Normalization and background shape ok
Remember: ZZ xsec in agreement with NLO pred.

¢ Result: excess at ~125 GeV

CMS Preliminary fs=7TeV,L=5.05f";ys=8TeV,L=5261fb"
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; | < 1uOzyzz a4 ]
i 7 ] w m =125 GeV T 3f N
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HZZ: results

e Excess at ~125.6 GeV

- observed 3.2¢, expected 3.80

CMS-HIG-12-016 P

see also arXiv:1207.7235

e Resulting strength at 125.6 GeV: n =o/osm ~ 0.7

e /Z alone excludes almost full mass region
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It's (almost) all about mass resolution!
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Expected signal and estimated background
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CMS-HIG-12-015 D

The di-photon channel

see also arXiv:1207.7235

CMS Experiment at the LHC, CERN
' / Data recorded: 2012-May-13 20:08:14.621490 GMT
L | Run/Event: 194108 / 564224000
hé =

SM Higgs boson expected signal (im3=125 GeV Background
Event classes 886 P gn ;e;\f{ FWHNE 7235 =g125 GeV
Total | ggH VBF VH ttH /(GeV) \ (GeV) (ev./GeV)

T | Untagged 0 32| 61% 17% 19% 3% |[f 1.21 | 1.14 33 x£04
f Untagged 1 163 | 8% 6% 6% 1% |[ 126 1.08 375 +£13
15 | Untagged?2 || 215 | 91% 4% 4% - 1.59 1.32 748 =19
E) Untagged3 || 32.8 | 91% 4% 4% -4 247 2.07 193.6 +£3.0
N Dijet tag 29 | 27% 73% 1% -4 173 1.37 1.7 +£0.2
_. | Untagged 0 6.1 | 68% 12% 16% 4% § 1.38 1.23 74 =06
Le Untagged 1 210 | 88% 6% 6% 1% f§ 153 1.31 547 +£15
@ | Untagged2 || 302 | 92% 4% 3% - 1§ 194 1.55 1152 +£23
> Untagged 3 || 40.0 | 92% 4% 4% - |y 2.86 2.35 2565 +34
; Dijet tight 26 | 23% 77% - - | % 2.06 1.57 1.3 +£0.2
Dijet loose 30 | 53% 45% 2% 1.48 37 £04
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Analysis very advanced: makes use of several multivariate techniques to

enhance the small S/B signal

The di-photon channel

CMS-HIG-12-015 l

slide adapted from P. Meridiani

STEP

CRITICAL ISSUES

1) two isolated photons with

Iarge transverse momentum

e jsolation to reject y+jet and
QCD background

2) di-photon mass

reconstruction
m2, = 2F1 E5(1 — cosh)

* vertex determination in presence
of multiple interactions pile-up
(PU)

* energy scale and resolution

3) signal extraction

e event categories to maximize
sensitivity: MVA categories + di-jet
(VBF enriched)

e background shape

CTEQ

Aug 12 G. Dissertori : Results from CMS
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== |ne di-photon channel ....... D=

slide adapted from P. Meridiani

¢ Result:

e 4.1 0 excess af 125 GeV
* Very consistent between 2011 and 2012

* Cross-checked with two alternative analyses (including fully cut based).
Compatible results

see also arXiv:1207.7235

events weighted by expected S/(S+B)
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Results - all combined P e
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were used in the combination

Decay Prod. Topology Luminosity Now, for the paper: Decay ~ Production No. of my range Int. Lum. (qu)
H—bb WH, 7H 545 fb at 7 +8 TeV mOde tagglng SU_bChannelS (GeV) 7 TeV 8 TeV }

Hobb  ttH 5 at fb' at 7 Tev oy ;}Ltf(g{?éﬁ) . fr , 110150 51 53
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AT | Nhdah2dn ST EG 1R bb  lepton, EF (VH) 10 110-135 50 51 i
H—ZZ Inclusive 5+5 fb at 7+8 TeV e
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Questions on the excess:

s it statistically significant?
Is it a boson?
What is its mass?

Is it "the” SM Higgs boson?
Is it "a” Higgs boson?



Results - all combined ..., D=

slide adapted from P. Meridiani

¢ Evolution of p-values, adding modes (ICHEP combination):
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Results - all combined

¢ Combination as shown in the paper:
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arXiv:1207.7235
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Results are presented from searches for the standard model Higgs boson in proton- ‘
proton collisions at /s = 7 and 8TeV in the CMS experiment at the LHC, using

data samples corresponding to integrated luminosities of up to 5.1fb ™"

at 7TeV and

/—20

5.3fb arch is performed in five decay modes: vy, ZZ, WW, tt1~, |
served above the expected background, a local signif-

Jt a mass near 125 GeV, signalling the production
Pagarticle. adSignificance for a standard model Higgs boson of |
that mass is 5.0 Stndard deviations. The excess is most significant in the two decay
modes with the best mass resolution, vy and ZZ; a fit to these signals gives a mass of
125.3 4+ 0.4 (stat.) = 0.5 (syst.) GeV. The decay to two photons indicates that the new
particle is a boson with spin different from one.
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Compatibility with SM Higgs

8 ETH Institute for
Particle Physics
arXiv:1207.7235
slide adapted from P. Meridiani

* Best fit SM strength at 125GeV: u = 6/osm =0.87 £ 0.23

* Good agreement among modes
— exceptions: Tt (small), vy (large, about 1.6xSM)

CMS Vs=7TeV,L=5.1fb" Vs=8TeV,L=5.310"
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First measured property: Mass

slide adapted from P. Meridiani

arXiv:1207.7235

* Mass derived from most sensitive channels (best resolution)
- H—oyy

) . 6 CMS ls=7TeV,L= 5.1 flb'1l EI=IB'II'E.:"J.I LI=I5|.3lfb:1
— H—yy dijet (VBF enriched) t:;% T H—wlﬁr ” H_l - T ]
- H—/L. < - + H—yy (untagged)
o) 5| 4+ H-yy (VBFtag) |
e Likelihood scan (mass vs o) i + H—>Z7Z
e Systematics mainly from ECAL 4 -
energy scale - .
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2 -
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m = 125.3 + 0.4 (stat) £0.5 (syst) GeV
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s it the SM Higgs? oo D) SRS

slide adapted from P. Meridiani

Ratio sensitive to coupling to W % 1: ouS Prlmina R
and Z bosons (gnww/gHzz) . i -aTohL-238 ;
. 6
protfected by gauge custodial symmeiry 5 E
= E
+ 1.1 3
Rwz = pww/pzz = 0.9 _ 4% i f
1t
% 1 2 3 4

Another exercise: group couplings in
H H . o - relimina
fermionic and vectorial ones (Cr, Cv) 8l e

\s=8TeV,L=531b’

e Use LO prediction for loops in H—=yy and H—gg
couplings

Il
il
e 1}
| [ 1

* |n agreement with SM within 95% CL

e Some tension to be studied with more

exclusive channels and data
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What next?

¢ By the end of this year’s run:
¢ might have collected 20-30/fb
¢ further input for the big questions mentioned before,

e.g.
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¢ So many things | couldn’t cover :(
* Heavy lon results (extremely rich!)

lot’s of low-pT physics

forward physics, diffraction

more BPH, QCD, EWK, TOP results

* many, many search results

¢ my god, too much...

¢ Note: CMS has already produced ~155 papers,
on collision data!
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¢ | guess, by now you must be pretty tired
¢lam...

¢ But there is a good reason for that ;-)

¥ In these two years only, CMS has produced such
a wealth of high-quality results, that it is just mind-
boggling when scanning through all of it

¢ And now, we have this new boson!!!

¢ So the best is only to come!

thus, this is not the
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Higgs couplings (P e

¢ parametrizations

Production Decay LO SM
VH  H-obh |~ X ~ C2
C2 X C2 2
ttH H — bb ~ % ~ Up
T fF T
VBF  H—rr |~ Sk ~C2
2 o
ooH H — 717 ~ C’Fgfﬁ' ~ f_‘;
T F .
ooH H— 27 |~ %5 ~C2
T .‘F 3
ooH H—WW | ~SE55Y ~C2
F
VBF  H - WW | ~ SvX Cl/C?
— ~ ez ~ Cy, /C
12 Y ¥ 2
g‘%]:_I H - ":f";.‘ -~ CF){(S.E)C&@;—I.SCF) ~ CE;
2 E N2
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Is it a SM Higgs boson?

* Test compatibility w.r.t SM predictions by
introducing two parameters (cy, ¢;) modifying the
expected signal yields in each mode through

| Production Decay LO SM
' : Cy xCg 2
F
CLxC? 0 A
ttH H—bb | ~EE ~ C}
~2 ~2 ) C
VBF H— 77 ~ = (x{ ~ C? F
N - C2 X C2 3
;J,}.’,H H — 71 ~ ﬁ{r_ ~ C P
CLxC?, 9
ggH H— 27 | ~~5 ~ C?
T (d 'E- *( ‘E- 2
ooH H—-WW | ~ c? ~ C5, c >
P V
——— . CE xC 4 112
CLx(8.6Cy —1.8Cp)? .
geH H — vy ~ ZEXEITY Y
F
y . C% x(8.6Cy —1.8CF)? 4 12
-‘l"l BF H _}' ] 1] it (,112:‘ e Cll.-", /CF
LHC2TSP -13 Jul 21 G. Petrucciani (UCSD, CMS) 45
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Is it a SM Higgs boson?

* Test compatibility w.r.t SM predictions by
introducing two parameters (cy, ¢;) modifying the
expected signal yields in each mode through

| Production Decay LO SM
' , Cy xCh 2
F
(-_-2 X{f_f-z . A
ttH H — bb ~ g E ~ Cf
* - (_---'2, {-.'2 c
VBEF H— 71 ~ : ~ C% ]
2 xr} i 2
ggH H— 17 ~ ZEE ~ C%
'F
CZxC2
goH H— ZZ ~ Y N(’E-
. . (lﬂ XI‘; 1'2- — -——12-
ggH H—WW | ~ %EX ~C2 o
F_. Vv
mE T T C% xC3% 4 112
C%%x(8.6Cy —1.8Cp)*° ‘
ggH H — 7 ~ CEXEEN LR (N O3
F
o C% x(8.6Cyv —1.8Cp)? 4 /2
‘f‘l BF H _}' ] ] ol (1.112? o Cll.-", /CF
LHC2TSP-13 Jul 21 G. Petrucciani (UCSD, CMS) 46
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Is it a SM Higgs boson?
* Test compatibility w.r.t SM predictions by
introducing two parameters (¢, ¢;) modifying the
expected signal yields in each mode through
Production Decay - LO SM
VH H-obh |~ “—j}{—F ~C2
ttH H — bb ~ #‘ﬁ ~ C¢
VBF  H-—71r |~ S ~C32
2 F v2
ggH H—7r | ~S0E ~ C}
eeH  H— 27 | ~ Xy ~C?
3 £ V2
ggH H—WW | ~ SERCY ~C} >
VBF  H—WW | ~ SuxCv ~ /2
ool H — ~~ Ok XJT[H.H((-':,%‘—I.H(-'F}E - (?
VBF H v - C-'ffK{H,(i(é:é—l.ﬁf-'}?]'ﬂ g (wil fcj% )
LHC2TSP -13 Jul 21 G. Petrucciani (UCSD, CMS) 47
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Is it a SM Higgs boson?
* CMS data compatible . 20 20 _,
1 141 CMS Preliminary !
;T;g;‘g Fredlctlon 1.8} \s-7Tev.L=5.115" 18 :i
° el 16 ¥'5=8TeV,L=5_.3ﬂ:51 16 o
* Best fit ¢, driven to low 4
values by VBF yy excess s
and Tt deficit. ‘
1.0
* More data needed
to draw any definite 0.8
conclusion. 0.6
e LHC Cross Section WG 0.4
also converging on an 0.2
improved models for 085
these kindS Of ﬁtS. . solid contour: 68% CL CV.
dashed contour: 95% CL
LHC2TSP - 13 Jul 21 G. Petrucciani (UCSD, CMS) 48
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Higgs couplings (P e

¢ parametrizations

Production Decay LO SM
VH  H-obh |~ X ~ C2
C2 X C2 2
ttH H — bb ~ % ~ Up
T fF T
VBF  H—rr |~ Sk ~C2
2 o
ooH H — 717 ~ C’Fgfﬁ' ~ f_‘;
T F .
ooH H— 27 |~ %5 ~C2
T .‘F 3
ooH H—WW | ~SE55Y ~C2
F
VBF  H - WW | ~ SvX Cl/C?
— ~ ez ~ Cy, /C
12 Y ¥ 2
g‘%]:_I H - ":f";.‘ -~ CF){(S.E)C&@;—I.SCF) ~ CE;
2 E N2
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An extrapolation

CMS/|

v

=
UCSD
The road goes ever on...

Naive rescaling of uncertainties on ¢ BR with V(o L),
NOT AN OFFICIAL CMS PROJECTION

60fb- 300fb! S 1.2F i e e
Decay Prodd @8TeV (@14 TeV f
Hobb  VH 30% . fo@8
Hobb  ttH 60% :
H— Tt ggH 40% 1.0 _
H— tT qqH 40% 3005@ ” '
H—ovyy  ggH 20% 0.9}
H—vyy 40% _
H—>WW  geH ez R Y R ¥ E—
H—>WW  qqH 6o% 68% CL contours, assuming 100% Cv
H— ZZ gegH 16% signal purity and no correlations
LHC2TSP - 13 Jul 21 G. Petrucciani (UCSD, CMS) 53
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Resolution, E-scale P s

Electron energy scale: golden barrel

CMS Preliminary

ys=8TeV. L=5.1 fb"’

> : T I T I I I I I I I I I 1 T I I I T I | T I T T I T :
8 6000 s MC ; DATA ]
~— - | AmYs = 0.13 +/- 0.02 Amgg =-0.104 +/- 0.04) -
o 5000 oMC = 1.26 +/- 0.02 | | g = 1.22 +/- 0.04 ]
—-— H ] ]
- - .
D 4000F -
L] - Z —>c'e -
3000 :— golden electrons —:

— in ECAL barrel N

2000 |— —

1000 — —
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slide adapted from M. Donega

Playing with Poisson: (s = #expected signal; b= #expected background events)

b _, PRSI AYY
P(HH)) — —¢€ F P{'”‘};—I—h) — (H+ })

—(s+b)
, ¢
n!

n!

We have n events for which we measure all sorts of variables x.
We can write the likelihoods for Hp and H1.

h” T _
background onl Ly = "TT 7(xi|b) s = s/(s+b)
J d "ol H. ' Mo = b/(s+b)
. T, . (H —|_ h G b) - b)
signal + background s+b = H s f(Xis f(xi[b)

see also, eg.:

Tom Junk at ETH Pauli lectures 2012, http://www-cdf.fnal.gov/~trj/

Glen Cowan: CERN academic lectures on statistics 2012 https://indico.cern.ch/
conferenceDisplay.py?confld=173726
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slide adapted from M. Donega

Typically (for numerical reasons take the In, the -2 is conventional)
one defines a test statistics Q as: -2 In converges to a x2 for large samples

n R X |--
—8 + ]ll(l —|—— )
\Z} !‘ X_,“l'

constant it shifts the distributions but it doesn't affect the separation, so you usually drop it

Q= —2In =

Neyman-Person Lemma tells the LR is the best test statistics in the bkg only hp
and has the biggest power relative to the S+B hp (you have both hp in the defintion)

To compute the p-value (for HO reject the bkg only or H1 reject a signal model) We
need the pdf for Q under the different hp: f(Q|b) and f(Q|s+b)

You do it with MC (toy). You build f(Q|b) generating pseudo-data on
the background only hp and for each pseudo-experiment you compute
Q. (same with s+b).
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Take e.g. b =100, s = 20. Suppose in real experiment
0 1s observed here.
S(Qlb)
J(Qls*b)
p-value of p-value of s+b
b only

yellow = pp if pp <2.9 107 reject the bkg only hp @ 50 (discovery)
green =ps+ if ps+b< @ then reject that specific model at 1-a CL
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slide adapted from M. Donega

Take e.g. b =100, s = 20. Suppose in real experiment
0 1s observed here.
S(Qlb)
J(Qls*b)
p-value of p-value of s+b
b only

yellow = pp if pp <2.9 107 reject the bkg only hp @ 50 (discovery)
green =ps+ if ps+b< @ then reject that specific model at 1-a CL

CTEQ
Aug 12 G. Dissertori : Results from CMS 71



S ETH Institute for
A O I I l e a Particle Physics
e i u

slide adapted from M. Donega

L(data|u-s(6)+b(0)) =P (data|u-s(0)+b(8)) - p(8]0)

The profile likelihood ratio p

"0 double hat” means given the u you are testing you
maximize the likelihood wrt to all nuisance parameters.

o . A
Likelihood ratio: It means B are functions of y !
depends only on u
The numerator is what we call the PROFILE LIKELIHOOD,

. “‘we profile away” the nuisance parameters
float to maximize L

\ . Profiling is a way of measuring the nuisance parameters from
L ( /1 . )ﬂ data at each toy => systematic become statistic uncertainty

A) = ~
(f ) L };} 9) At depumin tor you maximize the likelihood wrt to
% both y and

float to maximize L

A(p) is the ratio of the profile likelihood and
the maximum of the likelihood

Notes: A(4) € [0,1] it reflects the Ievelﬂnf agreement between the hp and the data
—1 if the tested p is close to y (fit on data) and so also the Ruisance parameters fit on

N
data 6 are close the the ones that maximize the numerator 6
—0 if the tested p is way off the {) (fit on data)
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Test statistics for discovery (i.e. test the u = 0 hp: Ho is bkg onlay )e yeics

—21n A(0) (>0
q0 =
() fL<0

Ap)e[0,1] = qo=-2InA(u)e[0,~)

u = 0 (bkg only hp): -2 In A(0) — large values bad agreement
— small values

We set qo =0 for negative ﬂ because we only look at upward fluctuations as
evidence of signal against the bkg only hp

Careful with y and ﬂ !

2 IS the physical quantity: the signal strengthis p =20
p is fit on data and can be positive or negative (it can fluctuate up or down)

In the large sample approximation the distribution of p becomes gaussian !
(and as usual this brings some simplifications)
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Measured p-value

test statistics —21n A(0) >0
Jo —
() <0

large go means bad compatibility

flq,l0) measurement

59
=| Utl‘.,.,.-""'f
Po = / f(qo]0) dgqg \ h
| f”/ . —

pdf of qo under the hp of no signal - /

%

«— good compatibility
bad compatibility —
(and as usual the p-value can be converted in o)
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CLs procedure aka: "modified frequentist construction”
To cope with low sensitivity the CLs procedure corrects the p-value
by a number that is smaller than 1. L f(QIb)
Cl 04
CL. sib :
| (.:T.-}] 0.3
. Ps+b P Pt
[ — py :
A. Read definition S u

CLs+b: probability to get a result which is less compatible with a signal when the signal hypothesis is true
CLb: probability to get a result less compatible with the B only hypothesis than the observed one

If the two distributions are very well separated than po will be very small = 1-po~1 and
CLs ~ CLs+p Which is just the ordinary p-value of the s+b hypothesis

If the two distributions are very close than pp will be large = 1-pp, small ! So that the
CLs is prevented to become very small !

The rejection now is decided on the corrected p-value and so CLs < a and this prevents you
to reject ho where you have little sensitivity !
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Brazilian Flag plot

Expected: for each mass point you calculate the CLs upper limit on p () in the
background only hp (u=0). The dashed line is the median of the pup distribution. (each toy
has the equivalent integrated luminosity -number of events- as in data)

Observed: all data are used at each single mass hp point (x-axis). For each mass hp you
calculate the CLs upper limit on g (Hup).

4r
- Observed CLs Limit
* +e-eee-- Median Expected CLs Limit CMS preliminary 4
3.5/~ [ ] +10Expected CLs Vs=7TeVL=476f"
- [ =20 Expected CLs j
----- Median Expected (HIG-11-033)

'''''

1x Ogm

; B [l i i I ! 1 i [l I [l i [l i | 1 | [ i | i [l 1l | | i 1 i [l I [l i | 1 | 1 i 1 [l
q‘lﬂ 115 120 125 130 135 140 145 150
m,, (GeV/c?)

If the observed limit is larger that the expected it means you have observed some excess of
candidates in that region.
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Best fit plot

The best fit value of p (i.e. i) vs the hypothesis mass.
The green band (usually it's blue, but in CMS we have a lot of fantasy) iS defined as:

—2InA(p) = —2In(L(p)/L(f1)) < 1ie., InL(p) > InL(f) — %

no
n

11111111111111 '|11.11'|1111'|1111 the‘1u‘inthegaussian

- CMS, Vs = 7 TeV 1 ] |
i ' 68% CL band | -
L -46481 g | (parabaolic) case

Best fit o/o,,
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o
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L
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—
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p-value plot ikt )

The local p-value is calculated at each mass hp in the background only hp. (the probability

to have a fluctuation of the background as large or larger than the one observed)
Local pp means that it has not been corrected for any look-elsewhere-effect (see next)

The blue dashed line is the signal expected giving the median po under the assumption of
the Standard Model cross section p=1 at each mass point (red dashed line is when you
inject a signal at 125 GeV).

Local p-value is related to (equivalent gaussian) significance Z as: p-value = erf(Z/sqrt(2))

- Interpretation Requires LEE Cms l"""‘I M
1 .

p-value

bkg+1SM o 10
[ 20 (see next)
data : //

T e (bsmrved E nsembie
i momms JrSMHigges Madian Expacted

] : i == == TxEM Highgs 125 GaV —3"3
lJ.I.II.I.JI.]JLJL 1|.11|11-1[11.- i i | g 4 &

i il i
110 115 120 125 130 135 140 145 150
m, (GeV/c?)

A very small p-value means you're excluding the background only hp at a particular mass

point, hence you might have signal
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