Physics @ LHC

proton - (anti)proron cross sections

“ LHC opened a new era: i AL B LY R
0 By,
- Tevatron was mega-W Toan | BB
- LHCis ’
//

- G | g a_W : olm';Erld > ‘S'Y'ZO} _.//—/ ; :—f'-,

¢ (nb)
cl-

- Giga-Z ) \
o (E;” > 100 GeV)
i

- Top factory (~giga-top) ik / P
| . ,, / "
- Higgs factory (mega-Higgs) 10 A

10” o _(E, > Vs/a)
10° FCroe (M, =150 GeV] \<

- New physics factory?

10" Fs M, =500Gev] /[ \
lo--‘ L 1 sl 2 a2-2 2 a3 1" 1 3 2 3+ 3101
0.1 1 10

Vs (TeV)

events'ser for L= 10 tm s
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Experimental Searches

By final state, so main questions are

- Does the new physics produce dark matter?
- Something we basically know exists and interacts weakly at best with SM
= Yes: sighatures contain missing transverse energy
= No: MET not generic signature

- Are there new interactions”

= No: we know how to calculate everything

= Yes: strong (resonances) or very weak (long-lived particles) or...”

“ e.9. SUSY is (Yes,No) if R-parity, technicolor (No,Yes)....
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With Dark Matter
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(Super)Symmetry Solution

~AN
Cr\-&— | L/" 1
P =3 r—— : o F
2w 167
H 2V 1
N
7\ 3
H f \ H D
=R _‘| }l_ = = ) . .\ y E
\ ' /4 16T
' \
| 1 .
., » — — AE-
\ Fe | 67T-

 If for every fermion there is a partner
boson and vice-versa

- Loops cancel each other

“* Symmetry cannot be exact (no bosonic
electron observed)

- Symmetry breaking leads to “residual”
HiIggs mass

“ This is supersymmetry
“* With R-parity, get missing Et

- Generic to models with dark matter@LHC
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Canonical SUSY

<« Wide range of signatures

- Strong production... (large cross-section)
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Missing Et

 “Evil” variable: - 2 (everything else)

- Need to understand “everything else”

- Good benchmark: leptonic W boson decays

Early 2010

> - > 1 l T l

D —e— Data 2010 (VE=7TeV) - 81035— —e— Data201045=7TeV) 3
o Jw-er 1 o

; |:|Con ersions u -~

g [ ] Hadrone _ é [

z [ o 1 5107

= Jwoo :

277
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ATLAS 2015-06-03 10:24:52 UTC source:jiveXML_266904_ 15236527 run:266904 ev:15236527 lumiBlock:351 Atlantis
\:O£ wm=® Missing ET= "

="

proton - (ant JProtorn Cross sections

10

1sion
sed L2:falled EF.failed ) "1 ™y T T T T T v T

L1-EtMiss: N/A L1-SumEt N/A

Y (m)

¢ (nb)

 E T > 100 GaV)

-10

10 .
4 / il e JA
|() ')c1|'Fl - =is

-3 »] ! = . eV N “~/
ln 'l_l_‘)-' / 1 1L‘J v o

107 F5 (M. =500 GeV)

Higge e
A 1 ! g peg vl 4 ! L PR Bt 1
L0

0.1 1 10

-10

-20 0 Z(m) 20
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N/
%*

Analyses using MET are particularly sensitive

- Requires the full calorimeter to behave, and calorimeter is generally the
most sensitive subdetector (analog, ~16 bit dynamic range, 12 bit precision)

- Easy: basic DQ (high voltage trip, etc.)

Mlsslng ET in MHT30 skim

- Hard: low frequency

% 10 MET includes cells with E>0 (no CH)
3 [™9] No correction
— Can’t Spot a 10—5 HZ (Once a day) ) S zac.:lrunsw:are removed )
) , , oisy events were remove
effeCt Oﬂ|lﬂe OI’ Iﬂ ﬂrSt paSS DQ 10 |:| Bad cellsitowers were removed
- But can be biggest part of dataset after e
cuts!
10°

0 50 100 150 200 250 300 350 400
Missing ET, GeV
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Entries / 2 GeV

% With “cleaning”, QCD evaluated from data,...

3000

2000

1000F

0

0 10 20 30 40 50 60 70 80 90 100

% Already ~200k clean W —

IIIIIIIIIIIIIIIIIIIIIIIIIIIII

Illl

Q)
+

Billlons now

—+— Data 2010 \s =7 TeV)

QCD (data template)

W - ev + EW +it

j L dt =36 pb’
ATLAS Preliminary

11

|

S NS NN S S S A

ET™* [GeV]

8000
7000
6000
5000
4000

Entries / 2.5 GeV

IIIIIIIIIIIllIII]I_

3000
2000
1000

IIIIII||III|IIII|I‘I

II|IIII|IIII|IIII|IIII

30 40 50 60 70 80 90 100

ATLAS Preliminary

—e— Data 2010 \s =7 TeV)

|:|W—>pv
[ Jaco -
Bz M
C,W—)'cv

.f L dt = 33 pb’

IIIIIIIlIIIIIlIIIIlIIII'IIIIIIlIIlIIII]

ET"* [GeV]

Lv events in 2010
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SUSY as a Benchmark

“ Hadron collider = produce squarks and gluinos decaying to jets + MET

- Optimize jet pt & MET cuts for different scenarios, since gluinos produce more
jets than squarks

> [ 1 I T I I 1 | 1 1 1 1 I T 1 I 1 I 1 I 1 T I 1 I 1 I ]
. . . 8 104‘_ e Data 2010 As=7TeV) ]
- Use Me# to discriminate, measure of event Q2 R T i S L
8 - P [ QCD multijet ]
= w5l [ W+jets 7
> E T T T I T T T T T T T 1. D'até 2610-(\51:17T1ev)| j e 10 E Slgna>| r39-ge|tosns C & D -Z-+je'[S E
8 10% — SM Total e g - (23 jets) [+t and single top ]
o E JL dt ~ 35 F)b'1 [:]QCD multijet E E 102 L. e e SM + SUSY reference poinLE
0 10° E [ W+ijets 5 q c = =
; - Bl Z+jets 3 L - =
9O 10 [(tt and single top = 10 ATLAS —
= g -+ SM + SUSY ref. point 3 N 0 = 3
w 10° v C : ]
3 3 ‘- X1 | ~
Rk ATLAS ] _- | §
10 (2 jers) ] ~~~ -0 ok | Ul E ) -
5 : q X1 = P :
1E - Co o ol ST | | ]

E E % 0 ) TR T A OO T W1 120 OO0 O G, OO 5, . O A5 O .

i | L < 4 g - L A —

................................ B q E " 1E-

e a 0.5 , ‘ P .

: 00 500 1000 1500 2000 2500 3000
800 1000
Emiss [GeV] meff [GeV]
-
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“* Leptons in decay chains....

=  ATiAe e Daa2010fs=7TeV)
8 i 04 ATLAS — Standard Model
o DmUI'tIJets T T T T T T T T T T T T T T T T T T T T T T
B .[ Ldt~ 35pb" Rzt o - ' [ ' L | t o
s ~ +ets - - ’
2 10° P =l O q2k S 7 TeV L dt = 34 pb .
QD @@ single top = 2 - =
= @8 Dibosons = = ATLAS Preliminary S
g 102 === MSUGRA m =360 m, ,=280 o - -
1 lepton: e, s 10 ¢ =
> = =
10 L - = ]
I 1 E_ .'-I-l: -E
1 - §
- |
10" 10 E H E
% 2 S 0
5 t 102 |
8 1;‘.'.‘ ++ l l 4 : E.i.-'.-l--: e T M I e e T I (e T e I O : ............ Yuu]
OF ittt } IIIIIIIIIIIIIIIIIIIIIIIIIII 0 20 40 60 80 100 120 140
0 50 100 150 200 250 300 350 400 450 500

p. 2" leading lepton [GeV]
my [GeV] T
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All Praise COM Energy!

400 F

350

300

250

200

150

Tevatron blown away.... 8 (2016) hours of LHC data

MSUGRA/CMSSM: tan3 = 10, AO= 0, u>0

- IA')'L:‘\é Fl’rellir’lnirl]arly T —"-\" = Observed 95% C.L. limit
E antan 20 cobined - === Median expected limit
165pb'Ns=7TeV, )  .-ie CL, Observed 95 % C.L. limit
- —= = Rovacas s CL, Median expected limit
A : % % Reference point

P?O/ —— 2010 data PCL 95% C.L. limit

S CMS 2010 Razor,Jets/MHT
§ (1000) [j LEP 2%;

‘ | D0, § tanp=3, u<0, 2.1 fo*
I CDF g4, tanp=5, u<0, 2 fo!

3 (800) E

 §(600) | =3

I’?‘:?‘\| T R T R R E
1500 2000 2500

m, [GeV]
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But...
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We’ve Found a Higgs!

* |f new scale, these go to the new

1 r// \'. 1 , 3 372 scale...
A\ 62
* To ~cancel these, need to

P porimarily compensate for
s 3 L
o w ;S — | 67c2 gk B Top

H NN H

- W/Z

/ \\ | ’ _ I_l
'; ; > e M

R = Discovery of the light Higgs

refocuses new physics search
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SUSY and the Higgs

 For SUSY, 125 GeV is rather heavy!

- Need light higgsinos, stops, sbottoms... but heavy “light” squarks ok =
“‘natural SUSY”

M
- Stop at the forefront! Com .=
P 8 dof (@,d), Ug, dg,
) @ (67 g)La éRa gR
br
tabr,
t

(Copied from A Weiler)
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Stop Searching Anatomy

T, production,T;— b % /T~ c %, IT>Wb%, /T~ t%,

;‘ 450 [T T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | T T 1 T T 1
8 - ATLAS is=8TeV, 20" =
= L — 1t %Z tOLA1L combined O,
% 400 mmto 1y t2L, SC 9.
- - EETeWbEhirY  wWw E
- T—Wb¥ tiL, toL
350~ “HI~ Wb, ’ Y
: - 11—> c X?’ . tc 0 Z ‘ o
- EEt—ebffy tc, t1L 170 180 190 200 210
300 m; [GeV]
— = Observed limits ==== Expected limits All limits at 95% CL .
250 — -
200 —
150— -
100} .
50 =
L 1 [ -

200 300 400 500 600 700 800
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Stop Searching Anatomy

T, production,T;— b % /T~ c %, IT>Wb%, /T~ t%,

;‘ 450|_ T 1 | 1T T 1 | I T T 1 | 1T 1T 1 | 1T T 1 | 1T 1T 1 T T T ]
8 - ATLAS is=8TeV, 20" = e
=. N e b tOLA1L combined & ;
%W 400 mmi -t z? t2L, SC S 3
S - EmToworniry,  ww .
350/ —-I §—> Wby, :1 L, t2L | :
— —>CYX C P ‘ §
A tc, t1L 0970180 190 200 210
300— m; [GeV]
— = Observed limits
250|—
200{—
150—
100 ngh mass.
50 run out of
0 Cross-section

300

Tiny mass gap: 1
soft decay products
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M_o [GeV]

350

300

250

200

150

100}

Stop Searching Anatomy

tt1productlont—>bffX/t—>cX /t—>be /t
[T T T | T T 1 | I

- ATLAS

BTty
=t be/bff’”o
—.t—>be tL, t2L
-t—>Cx tc

—.t—>bff'~° tc, t1L

170 180 190 200 210
1[GeV]

—— QObserved limits ==== Expected limits All Ilmlts at 95% CL

20 300 400 500 600 700 800

500

400

300

200

100

tt production, t—>bff' /t—>cx /t—>be /t—>tx Status: May 2017

i | T I I I I i I 11 g =L | | [ A AL | L I 4
| ATLAS Preliminary —
[ Bt /iowby oL 36.1 fo  J@ONF-2017-020] _
[ I tE /T Wb /o bifE 1L 36.1 fo' [CONF-2017-037] 7
— Bl /io Wby /isbiry 2L 36.1 fb” [CONF-2017-034] ]
: iy Monojet 3.2 fb™ [1604.07773] .
[ —— \s=8TeV,20fb" Run 1 [1506.08616] .
[~ =—— Observed limits ===- Expecte% limits All limits at 95% CL ]
- A S 1
B |
B L 2
[ biry ¢
v b
]_l 4 I | | I [ I I 3 O ]| I | B EE | I | Iil I LU B S | | 1 ll | \l—
200 300 400 500 600 700 800 900 1000
m; [GeV]
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Same-Sign Leptons

At hadron colliders, leptons signify something

interesting happened o
- E.g. Z production Z

“ Same-sign leptons even more interesting? Lower
background? 3

- W= W= = ‘Zl
- but also B/D meson oscillations b W
10"

- mostly low pr =

10"

- and wrong charge measurement i
“ With lower background, access to smaller cross- o
. o™
sections, smaller mass gaps 3

- At the cost of small branching ratio

proton - (anti)proton cross sections

T"‘V'I’Y—T—'Y—T"‘-"Tm‘—"r_' "'T“"VTYT[

4]
|

o (E,” > 100 GeV)

] |
Hgee

% e

r 12t

L BN B

o
‘o

Tevatron

JE." >Vsl20)

7

./ =

25 A
o, // / E: //

F jel wneds X //
o (ES > Vs/4) ,

‘/ /.
M, =150 GeV) //
J
/
M, =500GeV) / e
' /

f
PEPIPETY BN A 3.-g

/

0.1

1
Vs (TeV)

eventsser for L= 10"

cm s
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It certainly looks like multiple analyses looking at same sign leptons and b-jets see excesses!

ame Sign Lepton Excesses

Vs=8

TeV, L, =19.5 b SR1b 1pin

[7X] Total bkg uncertainty 10

CMS ls=8TeV,L =19.51b" CMS
C F . . . " c
5 18:— ngh-pT signal regions with = 2 b-tags ol 18
nler ¢ Data 16
C14F [ ]Rare SM processes € 14
Q Charge misID o
m1 2? Non-prompt e/u 12

NN

SR21 SR22 SR23 SR24 SR25 SR26 SR27 SR28

CMS (SUSY), http://arxiv.org/abs/1311.6736

CMS (s=7TeV, 5.0-5.1 fb"; (s = 8 TeV, 19.3-19.7 i
VY ——
bb — ——
Thth [— L
4 ——
3l ——
Same-Sign 2| — —_—— )
Combination — —i—

Best fit o/og, at m,, = 125.6 GeV

CMS (ttH), http://arxiv.org/abs/1408.1682

ignal regiol

v
A
77

N0

SR21 SR22 SR23 SR24 SR25 SR26 SR27 SR28

(24 signal regions in paper)

Rare SM processes
Charge misID
Non-prompt e/u
Total bkg uncertainty

/1o

ee e

fp

ns with = 2 b-tags
Observed events / 10 \

6 4

0

Total expected background eventsl AT+21 \ 14408 21+1.1 12404

Components of the background

ttV, ttH, tZ and tttt 25+1.7 06+£03 1.2£1.0 0.7£0.3
Dibosons and tribosons 094+0.4 (¢.104+0.04 034+0.1 0.5+0.3
,,,,,,,,, Fake leptons 0.8752 04757 04752 <0.1
Charge-flip electrons 0.5+0.1 0.3+0.1 0.3+0.1 -
p(s = 0) \ 0.07/ 0.01 0.18 0.50

ATLAS (SUSY), http://arxiv.org/abs/1404.2500

(5 signal regions in paper)

T
—e— Data

Significance

—twz — tot.
=3 QMis-d — stat Vs =8TeV, 203"
10° ﬁ =8 TeV, 20.3 fb-1 [ ] F_Zke/non-prompt leptons -
200757 @ 28 7 (19
3¢ . 28 % (39
2010 H—— 0.9 33 (39
4ty Hre—— 1852
102734 t { 9.6 57 (13
Combinedt |—o—H PRIERR
SRVLQO0 SRvVLQ1 10 -8 6 4 =2 0 2 4 6 8 10 12

ATLAS |

eetetatl]

SR4t0

ATLAS (TT),

SRVLQ2 SRVLQ3 SRVLQ4 SRVLQ5 SRVLQ6 SRVLQ7
SRat1 SR4t2 SR4t3 SR4t4

http://arxiv.org/abs/1504.04605

Best fit u(ttH) = 0/og) for my =125 GeV

Could it be SUSY? Eg. tr —t+ B —t+ (WE+WT)

Huang et al, http://arxiv.org/abs/1507.01601

14

ATLAS (ttH), http://arxiv.org/abs/1506.05988
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Same Sign Lepton Excesses

(s=8TeV,L =195 fb!

CMS ls=8TeV,L =19.51b" CcMS
c : . . " C
o 18 ngh-pT signal regions with = 2 b-tags ‘5 18
(\016 ¢ Data ;16
c 14 [ ] Rare SM processes € 14
o Charge misID 0
mi2 Non-prompt e/u 12
106 [7X] Total bkg uncertainty 10
SR21 SR22 SR23 SR24 SR25 SR26 SR27 SR28
CMS (SUSY), http://arxiv.org/abs/1311.6736
CMS (s=7TeV, 5.0-5.1 f6"; (s = 8 TeV, 19.3-19.7 fb"
YY — ——
bb [~ —a—
Thth [— L
4 ——
3 —l—
Same-Sign 2| — e m— )
Combination — —i—
s b b b b b b e e
-10 -8 -6 -4 -2 0 2 4 6 8 10

Best fit o/og, at m,, = 125.6 GeV
CMS (ttH), http://arxiv.org/abs/1408.1682

AN

Events

Significance

ATLAS (TT), http://arxiv.org/abs/1504.04605

3
2
1
0
-1
-2
-3

ignal regions with = 2 b-tags

[\ ] Rare SM processes
Charge misID
Non-prompt e/u

7)) Total bkg uncertainty

SR21 SR22 SR23 SR24 SR25 SR26 SR27 SR28

(24 signal regions in paper)

SR1b 1pin eu o
Observed events / 10 \ 6 4 0
Total expected background eventsl AT+21 \ 14408 21+1.1 12404
Components of the background

ttV, ttH, tZ and tttt 25+1.7 06+£03 1.2£1.0 0.7£0.3
Dibosons and tribosons 094+0.4 (¢.104+0.04 034+0.1 0.5+0.3
Fake leptons 0.8%5% 04707 04703 <0.1
Charge-flip electrons 0.5+0.1 0.3+0.1 0.3+0.1 -
p(s = 0) \ 0.07/ 0.01 0.18 0.50

ATLAS (SUSY), http://arxiv.org/abs/1404.2500

T T T T

ATLAS
Vs=8TeV, 20.3 b

(5 signal regions in paper)

T
—e— Data

—————l
———

o wz — tot. ATLAS
I Q Mis-id — stat. Vs =8TeV,20.3fb!
@ Fake/non-prompt leptons oty
= fH
2[07‘113(1 r (-’-H 2.8 *21 ((+11 155))
3} boeo 26 %3 (791
vvvvvv 20174t p—o——y 0.9 37 (3§
act Ho————— 18 %3y
10274 : | 9.6 5% (33
Combined} | | 21 43¢
M08 6 420 2 4 g d0 12

SRVLQO SRVLQ1 SRVLQ2 SRVLQ3 SRVLQ4 SRVLQ5 SRVLQ6 SRVLQ7

SR4t0 SRat1

SR4t2 SR4t3 SR4t4

Best fit u(ttH) = 0/og) for my =125 GeV

The ATLAS analyses are correlated, and same for CMS
So, ~2 analyses and excesses are < 3 O...
Worth keeping an eye on? Sure.

14

ATLAS (ttH), http://arxiv.org/abs/1506.05988
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Anecdotes From the Field (lI)

% ttbar charge asymmetry at the Tevatron

- At Feynman diagram level, NLO effect (Tevatron is proton-anti-proton collider)

Forward-Backward Top Asymmetry, %

q Q
000

00000601
g Q

Production Level
CDF, 5.3fb™ 15.8+7.2+1.7
D@, 5.4fb™ 19.646.0/5¢
S.Frixione and B.R. Webber,
JHEP 06, 029 (2002)
L l 1 L L 1 l L L L L l 1 L 1 1
0 10 20 3(

——fTOOTE00y—>—

A A

—<—=0000000 93—
(c) double virtual gluon exchange

(a) Final state gluon bremsstrahlung FSR

http://arxiv.org/abs/1 107.4995

Ca. 2010, big fuss: much larger than SM!

Te0>
GGGG0G0

>CCO”’"CG"‘<

(d) Born diagram

Forward-Backward Top Asymmetry, %

Reconstruction Level

(b) Initial state gluon bremsstrahlung ISR

mg < 450 GeV
——
Dg, 5.41b 7.8+4.8
—e—

CDF, 5.3fb™ -2.2+4.3

m; > 450 GeV

} & !
D@, 5.4fb 11.5+6.0
@

CDF, 5.3fb™ 26.6+6.2

S. Frixione and B.R.Webber,
JHEP 06, 029 (2002)

I 1 1 1 1 | 1 1 | | | | | | 1 | 1 1 | | | 1

-10 0 10 20 30
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Anecdotes From the Field (ll)

 ttbar charge asymmetry at the Tevatron

- At Feynman diagram level, NLO effect (Tevatron is proton-anti-proton collider)

- Butin real life, already exists at ~LO!

- Shown it is there in Pythia: parton shower, recoils!  http://arxiv.org/abs/1205.1466

http://arxiv.org/abs/| 405.042 I

°sF DG, 9.7fb" no BSM physics here:

°-45" I *Pﬁ ; -real life is not LO or NLO but NNN...LO
i ' -many scales at work and this measurement
o woonio | crucially depends on multiple very different
b —PRD 86, 034026 ¢ CDF Data scales

IIIIIIIII IllllllllllllllllllllllIlIIlIlIl‘l.ll Ll 1
300 350 400 450 500 550 600 650 700 750 -

m . [GeV]
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Not SUSY?

“ SUSY theories (and others with full or partial set of SM-
partners) have a number of attractive features

- “Explanation” for low Higgs mass (and sometimes EWGSB)

MSSM: Allanach et al.,

- Gauge coupling unification (often) hep-ph/0407067

T T 1] | T
LHC &
LC/GigaZ

- Dark matter candidate (if introduce a new
parity, natural in UED, ~ad-hoc in SUSY)

- No new interactions (often) 25 :

“ But answering those questions comes at a large cost |

- Many new particles, with masses and mixing angles 24 A

1015 1016
- Need to explain why mass scale is so low (or high), spin? a1cevl
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Not SUSY?

“ SUSY theories (and others with full or partial set of SM-
partners) have a number of attractive features

- “Explanation” for low Higgs mass (and somejg

MSSM: Allanach et al.,

- Gauge coupling unification (often) y hep-ph/0407067

T T 1] | T
LHC &
LC/GigaZ

 But answert Blions comes at a large cost |

- Many new pal P> with masses and mixing angles 24

1015
- Need to explain why mass scale is so low (or high), spin? a1cevl
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“We had a solution to the
hierarchy problem, and it failed”

(Guido Altarelli, 2013)




Less Ambitious
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Giving up on Dark Matter

* Electroweak-scale WIMPs fit the data well

- But maybe hard/impossible to produce at colliders

* Or dark matter not WIMPs at all

» Back to problem #1:

= [op partner!
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Singlets, Doublets, ...

“* Vector-like top partners (still fermions) less constrained by flavor....

- Opens up decay modes g T
> 0.9 e
. % - Singlet Doublet ]
- Top partner partners: ; ) g oo —Tow e
0.7 ..—T—aHt ----- T — Ht -
- T5/3 - 06‘_ ................... _E
< Rich set of signatures E e E
b.t, T & 5
- Just no huge MET "B E
0.1 Ex
- Atleast not systematically bbb

m, [GeV]
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W’s Can Be Light

* T->Wb with mt ~600 GeV

= \W will be boosted, and if decays hadronically — single jet

Events / 10 GeV

Data / BG

3000/~ _¢- pata (s = 8 TeV) ATLAS Preliminary E 4000/
- (i [Lat=1431" o
- [ INon-tt 7 2 3500
2500: Total BG uncert. % g
[~ TT (600) Chiral x 50 ® 3000
2000 , =
: 2500
1500/—
L 66 ®0 99 2000
: Dijet W
X 1500
1000
A 1000
500
- ) 500
o ﬁ .
1.52— o 15
WWW% 5
0.5¢ T 05
0 2'0 100 120 140 160

W;y;’j ! candldate mass [GeV]

I.IIIIIIII|IIII|IIIIIIIIIIIIIIlIIIIIl

- ATLAS Prehmmary —4— Data (\s =8 TeV)

Ldt=14.3fb" (i
7 [ Non-tt
% Totr;l BG uncert.
% ------ TT (600) Chiral x 50
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« T—=Wb yields the same final state as t—=Wb

Events / 150 GeV

Data / Bkg

Wb versus Ht

Need to discriminate, e.g. reconstruct mr

http://arxiv.org/abs/1505.04306
220 ATLAS ——Data
20.3fb™, 1s=8TeV B TT->WbWb (600)

[t

180 [ Non-tt

160}
140%
120747
1oo
80
60
40
20

...... TT (600) singlet

%/, Total Bkg unc.

Wb+X, loose

0 lll]llllIIlllllllllllllIlIlllllllllllllllllllllll

15E

0.5f

Gustaaf Brooijmans

ICTP-SAIFR School 2018

121



Wb versus Ht

« T—=Wb yields the same final state as t—=Wb

- Need to discriminate, e.q. reconstruct mr

 T—Ht: ttHH, so WWbbbb

http://arxiv.org/abs/1505.04306
>
© 220 -ATLAS ~o-Dala > -
o 20.3 0", 1s=8TeV R TT->WbWb (600) 8 ag[ ATHAS == D
8 200 e TT (600) singlet o - 20.3fb", \s=8 TeV T smglet (600)
] Ctt =
P 180 [ Non-tt =
§ 1601 %/ Total Bkg unc. *QEJ‘
[ >
- 140F Wb+X, loose w
1202284
7
100 Vel /. Total Bkg unc.

80 4 , - Ht+X

& T — Wb T — Ht

40 7

20 s

0:1lI]llllIllllllllllllllllIlllllllllllllllllllllll _||| LB | - L - —"—**-‘-
2 150 =
© 1:W/WW 5
o 0.5F £
(] E . 3
0 200 400 600 00 vy 't
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Wb versus Ht

« T—=Wb yields the same final state as t—=Wb

 T—Ht: ttHH, so WWbbbb

http://arxiv.org/abs/1505.04306

Need to discriminate, e.g. reconstruct mr

- = - - ——r — 3 ATLAS
© 200-ATLAS ~—Data =~ : _ S _ :
O] 0 203 1" |s=8TeV @ TT->W bW b (600) = 0.8F w T3 Gev—:ﬁ- -, Tr=d0n Gev_: Vs=8TeV, 203 fo'
8 ¥ BSUSAESN R TT (600) singlet T 0.65—* i '.,0/70 ——* o ’-.0/)0 q WbX
: [t ) |:/ 0_45_ : ..'?{’6‘/&, * E ."?{’0/&, 3 95% CL observed exclusion
0 180 E Non-tt % g . ° .'o?{ _ i "~?{ 1 -aeee 95% CL expected exclusion
s 160} 777, Total Bkg unc. %2 . i, T [ e, ] % suRdowblet @ SUE singlet
4 ’ - t - -+ S - + t nea e o T T T T
L 140 Wb+X, loose o8f e my = 450 GeV_:E_ - my = 500 GeV 1 . my = 550 GeV ;
= 3 . & I 0 e G Ix ., G 4
12002277 08R 0wy 3 ndp  F 3 by
// 7 04F wy ¥ o Gy ¥ P ey
100F ﬁ 0'25_ . ’.... __ '~... __ . b2 - _
- o VAt E e ) 0 N,
o T —> 0 85_' ‘my = 600 GeV} my = 650 GeV my = 700 GeV ]
SeE" - Wb ospx i, i Dy r Dy ;
- C . Ky I sy, I sy 1
40 04F o O I 6 v i o ¥ 7
20 » S @ . s
0__1||1|11|||11|1[11|||11||||1||ln|11|111||111|||111 E' 'mT=.750'GeV | mr;ébélGev\} | m‘-:lSSOGeVI
2 150 o 4 i 4 7
3 3 | 0.6 2 T N * s
© 1:/// e ///‘/%////W 0.4F Yoy 4 oy Yy
8 05 ;_ 0 2:_ [ ] A J [ ] [
D = L . y : C :....
[ 1 L " L | 1 1 1 1 1 1 1 1 1 I
0 200 400 600 00 02 04 06 08 0 02 04 06 08 0 02 04 06 0.8 1
BR(T — Wb)
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Wb versus Ht

« T—=Wb yields the same final state as t—=Wb

Need to discriminate, e.g. reconstruct mr

 T—Ht: ttHH, so WWbbbb
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Systematic Uncertainties

“ Statistical uncertainties are easy: with limited number of events (and
experiments), precision on a measurement is limited

% Systematic uncertainties vastly more complex

- Example: measure a cross-section: o Nevents
LAe
- L is the integrated luminosity, A the acceptance, € the efticiency

- Statistical uncertainty comes from Nevents
- Systematic uncertainties arise from limited knowledge of L, A and ¢
» L is estimated from Van der Meer scans

» Atypically depends on parton distribution functions

» efficiency is a convolution of many experimental uncertainties
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Example

> e : : :
& 3oL ATLAS —4-Data % Hr is the sum of scalar energies of jets, leptons,...
= - 20.3fb", \s=8 TeV B TT singlet (600)
- = - [ Jtt+light-jets - If the jet energy scale is different between data and
~ - >6j,>4b, MR 5 100 GeV o , ,
g B, L bb [ Jtteet MC, comparison is wrong
= - re-fit I tt+bb
i 50l ) v - If the jet energy scale dependence on jet energy is
- e » BH wrong, distort shape
; V%% B Nore
15 = / - % 7. Total Bkg unc. - etc.
: LTy . .
10 %% T  But how do | determine the jet energy scale
= /|
- uncertainty?
5 . .
B - testbeams (single pions)
op ==l BT el - dijet balance
2 1250 |
= 1E - y/Z+]jet balance
£ 0750
(] 05: e TR Y A/ -
0 500 1000 1500 2000
H; [GeV]
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Systematics Profiling

% Systematic uncertainties are propagated through the full analysis chain to
the discriminating distribution

- E.g. we repeat the analysis with jet energy scale shifted up & down by 10

- Some systematic uncertainties affect shape (jet/lepton/photon reconstruction
efficiency, energy scale and resolution, pr distributions, background models),
others only normalization (lepton reconstruction efficiencies and momentum
calibration, background normalizations, theoretical cross-sections and luminosity)

- Systematic uncertainties are treated as nuisance parameters when fitting
signal+background to the data

- |.e. modify signal and background shape

- Can be fixed, or allowed to change
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Systematics Profiling

“* Nuisance parameters tend to be correlated, but not 100%, among
backgrounds

- Can affect rates, shapes, or both (in any distribution), and often asymmetric
and non-gaussian

0
.é * Dat
3 [ B signal
S0~ [[] Background 1
- [ ]Background 2 .
s Toy Example (WV. Fisher)
30
20—
- signal Shape Systematic o Bkgd 2 Shape Systematic
10— ] —Positive | & T — Positive
E I . ﬁd :_ .
_I 111 I 1 11 1 I 11 11 I 1 11 1 I 11 11 I 1111 I 1111 I 111 1 l 1111 I 111 1 I —NegatNe g ~ _Negatlve

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Final Variable

w
0
02 __\_\_HL\_

Final Variable Final Variable
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“ Generate pseudo-experiments (events in bins according to poisson), then
for each experiment vary nuisance parameters

- Variations in background (& S+B) prediction

- Compare results to data using log-likelihood ratio

“ We can maximize likelihood ratio as a function of nuisance parameters —
constrain them

- |.e. use full shape of distribution(s) to see which background uncertainties are
over/underestimated

- Of course limited to size of statistical fluctuations

- Can remove bins with large S/B if needed

- Mostly important if uncertainties lead to similar shape distortions

- Want enough background-rich phase space in fit!

- Even include control regions

Gustaaf Brooijmans ICTP-SAIFR School 2018 129



% Test example:

- Data constructed to disagree with background-only hypothesis (wrong
estimates for background uncertainties)

- But to agree with background-only better than signal+ background

- Improvement quite spectacular (by construction in example)

ATLAS ttH search: arXiv:1503.05066

[ Systematic Uncertainties Per Bin (%) |

—
o
o
o
—
o
o
o

— ATLAS —e— Data — ATLAS —e— Data

> >
) D, ) D,
g 18 G " Vs=8TeV,20.3 1" J EH| (1h2t5) G " Vs=8TeV, 203" [ EHI (1h2t5)
~ : S - Dilepton % tticltg S - Dilepton % tticlg
= 16 > 800_— =4j, 2b mm ti+bb > 800_— =4j, 2b mm ti+bb
3 £ - Prefity, o th+V 2 " Post-fi otV
S 14 = No Fit o - 1 non-tt o - = —Jnon-tt
O oo 4 s, Total unc. W oo . Total unc.
12 ~ Bkgd-Only Fit B
10 e Signal+Bkgd Fit 400 400
8 i i
200 200
6 — - :
! —T 3 1 22 3 1 25(: |
2 —_— o 1%}7%}%%%% o 1%7%%@ S 71*'“%‘///1%;/ fn}e
E g 075 g 075F |
©  0.5°F ©  0.5°F
0 L L R 1 1 (@) 200 400 600 8 1 000 1 200 [ 200 400 600 800 1 000 1 200

Bin Index H; [GeV] H; [GeV]
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Fit Results

“* Need to compare starting point

and results

ATLAS ttH search: arXiv:1503.05066 Ap

ti+bb normalisation

jet energy scale 1

tf+cT normalisation

tt+bb renormalisation

=1 -0.5 0 0.5 1

ATLAS \s=8TeV,20.3fb", m =125 GeV

N ==
=

scale choice m,

- PathOlOgieS due tO |aCk Of MC tt+V cross section
stats in some areas, strong
correlations, ...

ti+bb shower recoil scheme

jet energy scale 2

Bt

“ Crucial to design analysis with R f/j// .
good control regions the fit can Empgmiblg) é///:
use to address least || B
understood systematics ﬁ .
B T T
—e— Ful @ - 0,)/A8

Pre-fit Impact on p

// / / // Post-fit Impact on p
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All Together Now

= 15 . T ———
L o8 m, = 800 GeV 1 : ATLAS Preliminary
T 0.6 i /s =13 TeV, 3.2-36.1 fb"
P =
» = E T .« Exp. limit [ Obs. limit
! . e ATLAS Preliminary oc 0.4 EY
= f[= m; = 350 GeV NS m; = 400 GeV AN 450 GeV Status: March 2015 - it )
T osfy % ool N, T oof| NG, T T IR M 4oF T Wb-+X - 36.1 fb
- Yz o Yoz ¥ <7 —een - C i [EXOT-2016-14]
T 0.6 C o" 0.6 C o" 0.6 o,, - -95% CL exp. excl.  —— 95% CL obs. excl. B T Ht X 13 2 fb‘1
; g C I — AA-13.
t 04l 3 04l : 04l N [ Hux | (ATL;flS-CONF-2015-012] E 5[ 950 Gev [CONF-2016-104]
m L r [:] Same-Sign Il [Preliminary] 0‘8 o - 1
m 02 02 02 [ ] zoux [JHEP11 (2014) 104) u T Z(VV)t-l-X - 36.1 fb
ok . . ! ! ol s . N ol ! s NN WbiX  [ATLAS-CONF-2015-012] 0.6 =it [arxiv:1705.10751]
0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 1 ) C ac . R
¥ SU(2) (T,B)doub. @ SU(2) singlet 0 4__ e Same-3|gn -32ft
1= 1= T 1S C I [CONF-2016-032)
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08§ 'Zoék’ 08§ "r\",o,,*e 08 N {29,,*& 08§ <L + "-,. M SU(2) doublet = SU(2) singlet
o.e:—‘r’ .“\ /"‘9 06 [ ' %, 0.6 ¥ [\\],‘"’/ 06 ¢ - ST A e e
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[ LN il 0.8 T " T o E
021 02| N 02 ' 0.2 Y = Cs T s ' - §
C ¥ | \ NV r ' < C & T! et < .
o N g R . Lot — 1N L 0.6 i T % L 2, E
®0 "0z 04 06 08 0 0 o4 06 o8 70 ""02 04 06 08 0 02 04 06 08 1 C : I .’-"(s-,c-, :-. ' é"\s',é
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5 s, Vs, C Yy, r Fs, C .‘..:: .‘n : : : ' .‘n o
0.6 ¥ Yy 06 F R4 06y - R 06| R r — = T L i
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: : . . ; . 0.8 . I . ¥ . i
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Choosing a Topic

TS ' ' a L e e A B I I I L R
% Scalar and fermionic top partner searches s poamas o EBTer
. - TN | s e
have very similar high mass sensitivity 5 e
a [ ] Expected +2¢
- Not surprising: cross-section higher for fermions, ®w L
but mass limit only moderately sensitive to that oL E
- Low background at high mass - arWo) -1
10500600 700800 900" 1000 1100 1200 1300 1400
< What about overlaps? i (e

- Turns out SUSY searches have good sensitivity to
vector-like quarks!

- SUSY large MET requirement mapstoe.g. Z = w
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arXiv:1608.01312 TTK-16

Complementarity of Resonant Scalar, Vector-Like Quark and Superpartner
Searches in Elucidating New Phenomena

‘ ""I""l""é
* SC Anke Biekotter,! JoAnne L. Hewett,? Jong Soo Kim,® Michael Kriamer,! LT
ha Thomas G. Rizzo,? Krzysztof Rolbiecki,* Jamie Tattersall,! and Torsten Weber! peded i
Institut fiir Theoretische Teilchenphysik und Kosmologie, RWTH Aachen, Germany ey
- N 26LAC National Accelerator Laboratory, Menlo Park 94025, CA, USA -
3 Instituto de Fisica Teorica UAM/CSIC, Madrid, Spain :
o] * Instytut Fizyki Teoretycznej, Uniwersytet Warszawski, Warsaw, Poland
(Dated: August 30, 2016)
o
¢ WI' The elucidation of the nature of new phenomena requires a multi-pronged approach to

AT IS
)0 1200 1300 1400

understand the essential physics that underlies it. As an example, we study the simplified m; [GeV]
- Tt model containing a new scalar singlet accompanied by vector-like quarks, as motivated by
Ve the recent diphoton excess at the LHC. To be specific, we investigate three models with

SU(2) L-doublet, vector-like quarks with Yukawa couplings to a new scalar singlet and which
also couple off-diagonally to corresponding Standard Model fermions of the first or third
generation through the usual Higgs boson. We demonstrate that three classes of searches
can play important and complementary roles in constraining this model. In particular, we
find that missing energy searches designed for superparticle production, supply superior
sensitivity for vector-like quarks than the dedicated new quark searches themselves.

N
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Parity
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V-A is The Problem!

 Violation of parity in weak interactions is The Problem

- What, really, is (weak iso)spin?

“* What if the fermion mass scale ~ parity restoration scale? (and the Higgs
mass flows from that)

- Can we then, as a next step, hope to understand relative fermion masses?

- BTW, did you notice that inside a generation, the more a fermion interacts the
heavier it is?

- Eek! (The whole point of the Higgs mechanism is to decouple masses from interactions!)

- But even the Higgs wants W/Z partners!

| 3.9
_ e e )
s DL A v 167T-

H LA i
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Parity Restoration: Signals
“* Primary signals are (right-handed) W’ (+ Z2’)

- Dilepton resonances (Z') offer clean signals, well-understood backgrounds

- At LHC, some concern about extrapolation of calibration from Z to very high energies

- Electron/muon resolution improves/degrades with pr
- tt decays visible
- VR IS presumably heavy, W’ may not decay to leptons

- Only dijet or diboson

- If vr lighter than W'/Z’, vr decays become important
% Note: many kinds of Z’ - review by Langacker  arxiv:0801.1345

- W'/Z" would also require new fermions...
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Z’ Production and Decay

Z'15Tev T. Rizzo, hep-ph/0610104
< Production from u, d quarks is dominant wl =
at LHC : .
107 D
- Couplings vary by model i
- E.g. for LR symmetric models, K = gr/gL : e 5
drives production cross-section (convolute 1oL PWLJW”]
Wlth PDFS) and branching ratiOS 1000 1200 1400 1600 1800 2000 fﬁm
“ Decays somewhat similar to Z (but almost
no BR to light neutrinos, decays to top
open up), plot assumes vr heavier

ATL-PHYS-PUB-2005-010
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Z — ee/up

< Most promising channels:

- Backgrounds very low!

ATLAS, Phys. Rev. D. 90, 052005 (2014)

- “Selt-calibrating”

% 10:§ | A.I’.LASI II°Dat*a\2012 | I§

i S 10 7 ee Oz~ =

- In ee, at high masses, energy Yok [ta=20m’ éw =
resolution dominated by constant emeTey Czsswosten 3

10° & ' —

term b E
10% ¢ é

- 10 GeV for 1.5 TeV electron B :
10‘1ig é

- Could measure width! . B S E
*é 1'.;_;: | }||"<~_~0 :

» LHC extended Tevatron reach L T oo 1
= Mee [TEV]

iImmediately!

- Limits now hitting 4+ TeV
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evs |

Q T ] T T T T T T T T ] T T T T Q T ‘ T T T T T T T T I T T T T
g 10 ATLAS L e s ATLAS ¢ Data
Yo \s = 13 TeV, 36.1 fb" E s — W {s = 13 TeV, 36.1 fb" O zy
Dielectron Search Selection O Dit? EHE = Dimuon Search Selection [l Top Quarks
5 5 .
10 [ Multi-Jet & W+Jets 10 [ Diboson
10 — Z:x (83 TeV) 10° —Z, (3 TeV)
—_ Z’X (4 TeV —Z, (4 Te\,
1035 —2Z, (6T 103= —Z, (5T
102 ;E— 10° é_
10 ¢ + 10
1% e
107 10
102 102k
E 1 1 E I 1 1 1 1 1 1 I | I
o 1.4 d 3 4 o 14
5 12 @ 12
£ 08 & 08
O 0.6 \ , O 06
2o 14 " D14
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S8 1 1 E g8 ;
% & 0.8 f = % & 0.8
O 06 | I | | | | | I I + * | | | | | B O 06 . N
100 200 300 1000 2000 100 200 300 1000
Dielectron Invariant Mass [GeV] Dimuon Invariant Mass [GeV]
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“Look Elsewhere” Effect

CDF Run II Preliminary

L =2.5f"
——data
[ ]Drell-Yan

“ |f search is done by counting experiment
in a shifting mass window, need to factor
in “look elsewhere” effect (« # of

windows)

N QCD
T [l Other SM
) +

Everta}10 GeVig}
e m o R 2

- Always an excess if look at enough
dlStrlbUtlonS 100 200 300 400 500 600 700 800 900 1000

Mee) (GeVic")
Probability of the Background Fluctuatingto> N, .

< Global fit to the (DY) spectrum is another s jcorruni preiginary
approach
- Letfit find the mass
- Shape analysis more sensitive gw*;
: 3.0 evidence leve
< Run pseudo-experiments! S frasrae

-6 1111 1 1 1 1 1 1 1 1 1 1 1 1 1111
1 01 50 200 250 300 350 400 450 500 '2550
Di-Electron Mass (GeV/c’)
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Model Determination

“* Angular distribution gives
excellent handle on gv, ga for

On-peak A*>"™ and o™°, 1 TeV

LA BRI LB (I N LR B L LR
various fermions LRM SHER AT
- Charm may be possible ;‘f SSM l
s L I RS0 T _
% This will come after an initial 8| v i
determination of branching ratios § [ | Sl i
(obviously) 5 ] (] N _
. o g | x L IHIEE
- Complementary information in e N
determining nature of resonance ALRM Y 1HEE
I ETTRE | SRR | i B P B

06 -04 -02 0 02 04 0.6
CMS Note 2005/022
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Dijet
“ SM Background obviously much larger

- But single source

- And opens the door to strongly interacting objects

. 12.9fb" (13 TeV) )
> 10 CMS + Data 12.9 fo (13 TeV)
Q) ; " '_|1O lllllllllllll]llllllllllllllllll
S 10° — Fit Q_ 3 Low ! Hi H ----- String
= fF he 0 = gg (2.0 TeV) —10 ma 1SS | mas — - - Excited quark
— 10 --qg (4.0 TeV) B 7 3 \ ; CMS --------------- Axiguon/coloron
-g 10 L -+-qq (6.0 TeV) X10° & — — Scalar diquark i
5 M | \ i YR Color-octet scalar (kZ = 1/2)
° x 10°E\ \5 P W
---- b l:\ l.‘ \\\ T z
1088, Q. . - DM mediator
R "\%\ -~ RS graviton
Wide PF-jets CMS 1 \'ﬂ-‘:»;ﬂ -
1 Phys. Lett. B 769 (2017) 520 NPT, "
m; > 1.06 TeV 1 0—1 1 gg 5 NG -
1 il < 2.5, |An]| < 1.3 e e T o, Nl L
4 | —D Nl :"- \ Sy
" 10 AN
i _3F 95% CL limits AN e
& 10 "5 —— gluon-gluon BRI g, :
a 104k — quark-gluon R
—— quark-quark T
- - - L i — _5|IllllllllllllllllllIIIIll1I\;llIlI
2 3 4 5 6 7 8 1075 5 3 4 5 B 7

Dijet mass [TeV]
Resonance mass [TeV]
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Scouting

“ Dijet resonances at moderate masses are tough

- Unprescaled single jet trigger thresholds now > 400 GeV — below m = 1 TeV no sensitivity!

< Both experiments now implement “data scouting”

- Only keep jet information in high level trigger to make events small

18.8 fb™' (8 TeV) 19.7 b (8 TeV

; T T T I T T T I T T T ] T T T I T T T I T T T [ T T T l />—\ 10% | T TT | |||||||||||||||| | LU | T T 1T | LI | LI E:

8 102 CMS —4— Data ) 1 L CMS —e— Data -

] g Background fit % = it 5

.3,— 10 ===+ Z (M =700 GeV, g, = 0.37) 2 o L % QcCD MC -

- - -~ 2% (M=1200 GeV, g_ = 0.84) = = E

'g 1 ° % & 102 B JES uncertainty B

S s YF E

F o) S 3

= A T 10 W9TE Wide jets (R=1.1) S

10°2 104 i <25 &lan] <1.3 -

103 _ 10° ;E \‘\ q* (3.6 TeV) 3;

) . . '\‘\ iy ‘-\\ =l 10'6 _g ’’’’’’ E_
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