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The “Spectacular” Paradigm
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squark gluino production

stop

sbottom

EWK gauginos

slepton

RPV

~ 0

9—aax,

g—bby

~ _0

g—>tt)8

Eatﬁ—»tio)

9 aalx — Wy )
9—b®d —t(x —Wx )

~ _0
t—t
N S0
T—b(y —Wx)
- _0_o0
t—=tby (x =HQG)
~ ~ ~0
t =-(t =t z
L w2
t =-(t =t
2 (1 X1)

g—>q|lv k122
geqllv xm
Ng—>q|lv )\233
E—>qbtu Alza
. g— gbtu 7»'23
g—:qu wna/zzs
g~—> 99 )"“112
g—tbs )““323

1

3

9:’ qgaq A"
g—> qllv A 122
g—» qllv A 128

. q—qllv )\233

5_> abty '231

a- bt 2 Izaa

- A
aqaa A%,

*Observed limits, theory uncertainties not included

Summary of CMS SUSY Results* in SMS framework ICHEP 2014

CMS Preliminary

For decays with intermediate mass,
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NO signs of new physics yet
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95% CL Limit o X BR [pb]

Light bumps are difticult

RPV 1“

trigger is a killer at low mass

cut&count w/sub-structure in ATLAS-CONF-2015-026 12
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Theory Options

more subtle signals = precision



Run?2 = Subtle New Physics



Run2 — Precision PNysICS
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Outline

e Jop quark mass from energy spectra

* Precision top observables and SUSY blind-spots
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Status

measurement at =0.5%! = precision QCD
e precision Is systematics limited (JES, ..., hadronization)

The strength of the future LHC top mass measurement will build on the diversity of methods
= not very useful to talk about “single best measurement’




Each methods based on different assumptions/beliets

e kinematics of the event (going beyond tt— bWbW)

 MC choices (NLO, scales range & functional form ...

.. width treatment, color neutralization, radiation in decays, hadronization)

|deal situation

Have many inherently different methods
possibly based on different experimental objects/quantities

e deal with reconstructed jets
e only-leptons

e only-tracks



Many measurements
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Many measurements

due to different hypothesis, different mass measurement methods can result
in significantly disagreeing measurements: QCD or new physics effect?

The strength of the future LHC top mass measurement will build on the diversity of methods
= not very useful to talk about “single best measurement’




|deal situation
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| ab-frame energy distribution

1209.0772 - Agashe, Franceschini and Kim

also Stecker 1971
for any top boost distribution V\j\ the peak:

® s the same as in the rest frame
1 ] i
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S
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' THE FRANE-DEPE NWENT
| ENERGY DISTRIGUTION ENCODES

THE INMRINT EJ IN A
VERY SIMRE WAY

There is no difference when the b-mass is taken
into account provided Y¢op < 0900



How special Is this invariance”?

1209.0772 - Agashe, Franceschini and Kim

Shape changes, peak doesn't! Shape changes, peak does too
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The sensitivity to the boost distribution is the key



* properties similar to Lorentz invariants

Useful In practice”




b-jet energy woses

100 pseudo- expenments from I\/IadGraDh5+Pvth|a6 4+De|ohes (ATLAS-2012-097)
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2-parameters fit: peak position, width of the distribution

Proof of the concept: 5/ fb LHC 7 TeV
Mtop=173.1 £ 2.5 GeV (stat)

1209.0772 - Agashe Franceschini and Kim

message: LO effects are well under control = CMS at work!



b-jet energy woses

100 pseudo- expenments from I\/IadGraDh5+Pvth|a6 4+De|ohes (ATLAS-2012-097)
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1209.0772 - Agashe Franceschini and Kim

message: LO effects are well under control = CMS at work!



CMS PAS TOP-15-002

my=172.29 = 1.17 (stat.) + 2.66 (syst.) GeV
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leading uncertainty from theory can be reduced

pT(top) reweighting smaller than other methods (Lxy, pT% ...)




pQCD prediction: E(mtop)

1. pick top pole mass

pQCD 2.  pick ren./fact. scales

3.  energy distribution do/dEb
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NLO: production & decay

(MCFM) Agashe, RF, Kim, Schulze



N LO E*(mtop)

Agashe, RF, Kim, Schulze - in preparation

pT;>30 GeV, n;<2.4, 0 T¢>20 GeV, nl<2.4



NLO E*(mtep)

Agashe, RF, Kim, Schulze - in preparation

pT;>30 GeV, n;<2.4, pTL>20 GeV, nt<2.4
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NLO sensitive to the scale choice: =1 GeV on Mtop




NLO E* [Mtop

Agashe, RF, Kim, Schulze - in preparation

pT;>30 GeV, n;<2.4, pTL>20 GeV, nt<2.4
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NLO E* [Mtop

Agashe, RF, Kim, Schulze - in preparation

pT;>30 GeV, n;<2.4, pTL>20 GeV, nt<2.4
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NLO sensitive to the scale choice: =1 GeV on Mtop




Moo related observaples

Distributions used for top mass should be well under control

A 4

Suitable to look for subtle effects
my guess for t— ty°

* max(moemin) (truly?) unaffected

* mm2 larger end-point

e Ep affected by top polarization maybe smay

e D¢, Lxy,S(tt)), affected by top DOOSt maybe smaiy

To know the answer we need to see signal injections



New physics effect on Moz 8N
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New physics effect on meean
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New physms effect on meeand Eo

with G. Polesello

me,my)= (200 150,100)

GRGadiad T,my*, m=(200, 150, 100) @
cuts TOP—14—O14

15% deviations MGS@LO : p

—— tt+SUSY

Ot R 2 . . 1 . . 2 2 1 . . . 2 1 n o . . 0+ — X . X X X X \ X X X X 1 X —
0 50 100 150 200 0 50 100 150
my, [GeV]
100 7 T T T T T T ,eeecdedececececese FT
i s 0.96 F
> 0.95 o o 0.94F °*
2 0.90 ¢ D 092 o*
‘Q E ® v - ; o ¢ 3144
& 085f . & 0.90F o « tt/tt+SUSY
'= 0.80fs AP = 0.88f o
: ¢ 0.86F *
0.75E 0*° . E, . . e
0 50 100 150 200 0 50 100 150
(m- mc,mn)=(200,150,100) (m- mc,my)=(200,150,100)

150

5 ol
- O 100

— wn 3

- 8 [ — it

EB 5 -

- E —— tt+SUSY
5 B

o o

50

1 " 2 " 1 " " " 1 " "

O’ PR TS S TS S S NS S S S S ‘: 0 T T
40 60 80 100 120 140 40 60 80 100 120 140

my, [GeV] Ep [GeV]




A first look at scale uncertainties
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A first look at scale uncertainties
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A first look at scale uncertainties
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on-shell tops

Mbe at NLO
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Subtleties of the subtle effects

Amiops300 MeV despite 5% deviations in the tails
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1/o0:do/10. GeV

Subtleties of the subtle effects

Amtiop=1 GeV and large deviations in the tails
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Subtleties of the subtle effects
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{ t—= ty

Br(t—ty) can be 5% for x=Bino

t—= b ff'y

) stable LSP

softer visible products
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An orthogonal playground
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An orthogonal playground
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lop as a trigger

hadronic stops in RPV SUSY

large QCD cross-section for direct production



lop as a trigger

hadronic stops in RPV SUSY

large QCD cross-section for direct production

larger QCD background!



95% CL Limit o X BR [pb]

Light bumps are difticult

RPV 1“

trigger is a killer at low mass

cut&count w/sub-structure in ATLAS-CONF-2015-026 12
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lop as a trigger

stops from top in RPV SUSY

hadronic stops in RPV SUSY




lop as a trigger

stops from top in RPV SUSY

displaced
| | search
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lop as a trigger

stops from top in RPV SUSY

rre, in progress

4 displaced
| | search
hadronic stops in RPV SUSY %

resonance
search

would appear Iin top properties measurements



lop as a trigger

Ferretti, RF, Petersson, Torre, in progress

stops from top in RPV SUSY

4 displaced
search

hadronic stops in RPV SUSY X

resonance
search

would appear Iin top properties measurements

CMS “BR” measurement 1506.05074
CMS “Vib” measurement 1404.2292



lop as a trigger

stops from top in RPV SUSY

hadronic stops in RPV SUSY

RPV A
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lop as a trigger

stops from top in RPV SUSY
hadronic stops in RPV SUSY Bolih o top
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would appear In top properties measurements



lop as a trigger

Ferretti, RF, Petersson, Torre, in progress

stops from top in RPV SUSY

hadronic stops in RPV SUSY BSM hadronic top
RPV A"

displaced
search

would appear In top properties measurements

CMS “BR” measurement 1506.05074
CMS “Vib” measurement 1404.2292




Conclusions

Run2: more emphasis on precision in SM and BSM

Many new observables for precision SM
measurements (exciting new results from CMS ror-
PAS-15-002)

Rich playground for precision studies to uncover
direct effects of new physics

Indirect effects can be probed as well



More to discuss ...



Thank you!



B hadron observables

B physics In the top sample

Fragmentation: the b quark energy peak Is

translated into a (broader) B hadron energy peak

e more exclusive final states

e non-JES uncertainties

e hadronization uncertainties




More (B hadron) peak observables

The strength of the future LHC top mass measurement will build on the diversity of methods
= not very useful to talk about “single best measurement’

mean decay path peak
discussions with

J. Incandela
- P Bs €
TRACK — ?.;%0\%:@M PR
? REST OF THE @RNT
L had

collaboration with
M. Schulze

exclusive B decays in the top sample



Thank you! (again)



—— ATLAS monojet (1407.0608)
—— ATLAS 1L (1407.0583)

—— ATLAS 1L (1407.0583)

—— ATLAS 1L (1407.0583)

—— ATLAS 2L (1403.4853)

—— ATLAS WW (1506.08616)
—— LEP (hep-ex/0204036)

ATLAS+CMS Ty

t-bff’ y / bWy / ty

CMS soft leptons (SUS-14-021)

----- m-~=m;+m
¢ X
----- m;:mb+mw+mx

----- m-=2 GeV+m,
t

t-bff’ ¥ | bWy [ ty

300}

100}

50}

So5=26B

6B/B=n-(6B/B)aTLAS

100 150

200 250 300 350
m- [GeV]

— ATLAS monojet (1407.0608)
—— ATLAS 1L (1407.0583)
— ATLAS 1L (1407.0583)
— ATLAS 1L (1407.0583)
— ATLAS 2L (1403.4853)
— LEP (hep-ex/0204036)

-------- m‘; =mb+m“’+mx
........ m- =20 GeV+m,

........ m-~=2GeV+m,
{

M1+b Monojet (Error 1.6x)
----- M1+b Monojet (Error 2x)
M1+b Monojet (Error 2.4x)



ATLAS-CONF-2015-026

t-t production, t — bs (A,,#0)

|IIII|IIII|IIII|IIIIIIIIIIIIIIIII

ATLAS Preliminary 3
Vs=8 TeV, 17.4 fb’

L
L7
L3
,,,,
Lo
L)
1
v,

]
N
ey
1y,

14y
,,,,,
nnnnn
L
.

------------------------ Expected limit
107 — Observed 95% CL limit
+1 ¢ expected limit
+2 ¢ expected limit

1072 t-t cross-section (NLO+NLL)
_l I 1 1 1 | I 1 1 1 | | I I | | 1 1 1 1 | I I I | | I T | | |

100 150 200 250 300 350 400
m- [GeV]

H




A simple, yet subtle, invariance
of the two body decay

ini and Kim



Event-by-event we cannot tell anything



Fixed top boost decay " )

®

Massless b-quark (for now)
*
B = EL(K + Y c»s&’)

unpolarized top sample =—» co0sB Is flat




Summing over the top boosts

7y %) THE ENERGY DISTRVUTION IN THE LAR
- < THE & OF AL THE RECTANGLES




| ab-frame energy distribution

1209.0772 - Agashe, Franceschini and Kim

also Stecker 1971
for any top boost distribution V\j\ the peak:

® s the same as in the rest frame
1 ] i
. . M - m + mb
® ecncodes invariant el = Ridd SR S 4
& IM

S
d

' THE FRANE-DEPE NWENT
| ENERGY DISTRIGUTION ENCODES

THE INMRINT EJ IN A
VERY SIMRE WAY

There is no difference when the b-mass is taken
into account provided Y¢op < 0900



variations around Lorentz Invariance

needs two
particles needs just one particle

(combinations)

radiation in decays radiation in decays
breaks true-L| due to breaks pheno-LI
reconstruction due to 3-body

end-point is safe w.r.t exclusiveness
radiation in decay breaks pheno-L|

In practice we need the
tail, which is sensitive to
radiation

what is the “small parameter”™ At
that “breaks” (true or eftective) LI?
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NLO: production & decay ms

(MCFM)
p&d-NLO (fit range: 30-140 GeV) R=1. b
T T T T T T T T T T T T T T T T T T
| ¢ - t—é:‘% O ~az~1/p
t Ijzmtlz . w
180 | ¢ i
z H=mt
! H=2m;
' p&d-NLO (fit range: 30-140 GeV) R=1
B .
! SENNON |
- - [a] (]
% 175 15l i
— Q .
i 2 '
8 L 4o} i
g 1 £ | -
S O .
170 ™ - E [ ) @
o . .
o 05}
Q.
a .
|
00 1 " PR S S T ST S S S S S S T R T_— N N 17
171 172 173 174 e
165 | Miop (MC) [GeV]
proimian |
1 1 1 M n n I

165 170 175 180
Miop (MC) [GeV]

decay NLO sensitive to the scale choice: £1 GeV on Miop



NLO: production & decay =0
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NLO: production

(MCFM)
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NLO: production
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NLO: production & decay

(MCEM) Agashe, Franceschini, Kim, Schulze
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NLO: production & decay
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Mild corrections from NLO

Agashe, Franceschini, Kim, Schulze - in preparation
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Miop(Fit) [GeV]

Miop(Fit) [GeV]

Inclusive MSTWO08

V'S =14 TeV MSTWOSNLO
p&d-NLO (fit range: 45-160 GeV) R=0.5 pp=m; cuts:inclusive

PDF set and scale function

. B sensitivity subdominant w.r.t scale variation
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Cuts MSTWO0O8

pT;>30 GeV, n;<2.4, pTE>20 GeV, nk<2.4

VS =14 TeV MSTWOSNLO
p&d-NLO (fit range: 45-160 GeV) R=0.5 pp=m; cuts:cut1

184@ ' : PDF set and scale function
_ Il sensitivity subdominant w.r.t scale variation
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O 180
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Myop(Fit) [GeV]

Myop(Fit) [GeV]

p&d-NLO (fit

176

174

172

170

168

166

174

172

170

168

166

T T T T T T T T T T T T T T T
". i
176 EXP "‘ i
" -

.
‘-’ “
¢'. "'
- a” -
- -
e’ e
v F g
" '.
- "
- -’
.

INnclusive CT10

VS =14 TeV CT10
range: 45-160 GeV) R=0.5 pp=m; cuts:inclusive
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Miop(Fit) [GeV]

Miop(Fit) [GeV]

Cuts CT10

pT;>30 GeV, n;<2.4, pTL>20 GeV, nt<2.4

VS=14 TeV CT10
p&d-NLO (fit range: 45-160 GeV) R=0.5 pp=m; cuts:cut1

184 QCD

PDF set and scale function

sensitivity subdominant w.r.t scale variation
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Exclusive Decay

(Fully reconstructible with tracks)

J/psi modes il hd v SR

B 5 J/¢ — u ptKTK™ 10408
BY J/¢ Kg s ,LL_,LL+7T+7T_ 1104.2892
BY o IR -t K
Ay — J/YAN — T u pr~ 1205.0594

J/psi but no need to require leptonic W decay

_ _ — 0_ — _ _
B — Dt — Ko~ 7™t B- — D10 — K rntn
3:1073 102 5103 4102
BY v Drxt s K—nata— ot B~ — DV~ — K7 (892) T - — Kdn~ntn~
5-10~ 2.10~
3-10-3 102 _ 0. — 0.0 —
B — Dnt — Kortp— gt B __>3D L~ Kgp™m
5105 51022 S 5-10 6-10

B™ — D'~ — K atp’n~
5.10—3 5-10—3



Mean decay length invariance

vy = E/m

* A peak in the energy distribution of the b quark
implies a peak in the boost factor distribution

* Not so interesting because the boost is not measured

directly
However ... b i
T’ (lab)=yt distributions
are the same up

A=cpt’(lab)=ct E/m e o

up to m?/E= eftects the mean decay length of the b quark has a
peak at the top rest frame value



How to get the distribution
of A from the observed L7

~L
S (o N @ BN )

For now we just predicted the mode of pdf(A)

.0772 - Agashe, Franceschini and Kim
from MC:
exponential ansatz work well




How to get the distribution
of A from the observed L7

A - (7 e pg o)

For now we just predicted the mode of pdf(A)



Global picture of top decay

1506.05074
(BR measurement)
Measured SM LEP
(top quark) (W)
o7 | 178 &3 (stat.) & 16 (syst.) £3 (lumi.) pb | 177.3 £9.075¢ pb
B, 66.5+ 0.4 (stat.) £ 1.3 (syst.) 67.51+0.07 67.48+0.28
B 13.3+ 0.4 (stat.) £ 0.5 (syst.) 12.72+0.01 12.7040.20
B, 13.4 + 0.3 (stat.) 0.5 (syst.) 12.72+0.01 12.6040.18
B; 7.0 4 0.3 (stat.) £+ 0.5 (syst.) 7.0540.01 7.2040.13

precise test of SM

clearly a test for BSM (e.g. t— b t mET)

iInteresting to see Interpretation in new physics scenarios
= DemEl A emEEE S Bl mERE




e lo>“ ny decay length cms-pas-Top-12-030

e B-hadron life-time - |_xy hep-ex/0501043
m=1735x+15,,+1.3,.* 2.6, ,GeV

larger top mass =
= large B hadron momentum =

= larger lab-frame life-time

dependence on the dynamics (e.g. production of top at LHC)



e lo>“ ny decay length cms-pas-Top-12-030
. /

e B-hadron life-time - |_xy hep-ex/0501043

m=1735x+15,,+1.3,.* 2.6, ,GeV

larger top mass =
= large B hadron momentum =

= larger lab-frame life-time

larger top momentum =

= large B hadron momentum =

= |arger lab-frame life-time

, CMS Preliminary, 12.2 f5" at (s = 8 TeV
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dependence on the dynamics (e.g. production of top at LHC)



CERN-STUDENTS-Note-2015-120

0 m; [GeV]
P,(IT) P,(IT17) M) E(IT)+E(1™) P(IN)+P(17)
QCD Scale Up -1.05 = 0.54 -1.70 £ 042 -0.44 £ 0.77 -0.35 £ 0.74 -1.14 4+ 0.37
Down 1.09 £ 0.58 2.85 £+ 0.24 2.82 £+ 1.68 2.29 £+ 2.02 1.35 £ 0.37
ME/PS Up 0.55 £+ 0.66 -0.87 £ 0.6 0.81 4+ 1.06 0.22 + 0.68 -0.94 £+ 047
Down 2.01 £ 1.02 2.26 £ 0.96 3.32 £ 1.16 2.42 + 2.71 1.98 £+ 1.03
Pile Up 0.30 0.14 0.35 0.15 0.26
Down -0.23 -0.14 -0.32 -0.18 -0.23
Lepton Sel. Up | -0.04 -0.02 -0.05 -0.33 -0.03
Down 0.04 0.03 0.05 0.34 0.04
Top Pt -5.09 -0.67 -8.53 -5.55 -4.79
LES Up 0.12 0.47 0.70 0.54 0.39
Down -0.21 -0.45 -0.71 -0.55 -0.38
Total syst. +2.37 +3.67 +5.60 +3.40 +2.44
—5.21 —2.08 —4.50 —8.57 —5.03




Inclusive Jet Cross Section Measurements

Incl. jet R=0.6, |y| < 3.0
-1yl <0.5,0.1 <pr <2TeV
-05<|y|<1.0,0.1 <pr<2TeV
-10<|y|] <1501 <pr<2TeV
-15<|y|<2.0,0.1 <pr<2TeV
-20<|y]<25,0.1 <pr<0.9TeV
-25<]y|<3.0,0.1 <pr <0.5TeV

Incl. jet R=0.4, |y|] < 3.0
-1yl <0.5,0.1 <pr <2TeV
-05<|y|<1.0,0.1 <pr<2TeV
-10<|y|] <1501 <pr<2TeV
-15<|y|<2.0,0.1 <pr<2TeV
-20<]y]<25,01 <pr<0.9TeV
-25<]y|<3.0,0.1 <pr <0.5TeV

Dijet R=0.6, |y| < 3.0, y* < 3.0

-y*<0.5,03 <m;<43TeV
-05<y*<1.0,03 <m; <43TeV
-1.0<y* <1505 <m;<4.6TeV
-15<y*<2.00.8<m;<4.6TeV
-20<y* <2513 <m;<5TeV
-25<y*<3.0,2<mjj<5TeV

Dijet R=0.4, ly| < 3.0, y* < 3.0

-y* <0503 <m;<43TeV
-05<y*<1.0,03 <m; <43TeV
-1.0<y* <1505 <m;<4.6TeV
-15<y*<2.00.8<m;<4.6TeV
-20<y* <2513 <m;<5TeV
-25<y*<3.0,2<mjj<5TeV

Status: March 2015

o =7123 1! 1.9+ 79.9 — 76.0 nb (data)
o =187.0+0.9 + 15.1 — 15.0 nb (data)
o =172.7+0.9 + 15.9 — 14.3 nb (data)
o =139.8+0.9 + 16.5 — 16.2 nb (data)
0 =105.5+0.7 + 16.0 — 15.2 nb (data)
o =169.7+0.6+ 13.5-12.7 nb (data)

o =2375+0.449.4-38.4nb (data)

o =0563.9+1.5+55.4-51.4nb (data)
o =145.1+£0.8 +10.7 — 10.6 nb (data)
o =136.9 £ 0.8 + 10.9 — 10.5 nb (data)
o =112.2+0.7 +11.0 - 10.2 nb (data)
0 =2835+0.6+11.1-9.7 nb (data)

o =57.1+0.4+10.4-9.1nb (data)

0 =29.13+0.31+47.5-6.38 nb (data)
0 =119.0+0.4 +10.9 — 10.3 nb (data)
o =48.21 +£0.23 + 4.03 — 3.8 nb (data)
0 =51.47 £0.32 4 4.76 — 4.44 nb (data)
o =13.82+0.11 + 1.44 — 1.42 nb (data)
o =4.93+0.06 + 0.69 — 0.65 nb (data)
o =505.0 £ 15.1 + 102.4 — 92.4 pb (data)
o=269+4247.7-6.4pb (data)

o =86.87 £0.26 4+ 7.56 — 7.2 nb (data)
o =35.47 £ 0.15 4 2.79 — 2.66 nb (data)
o =37.33+0.2+ 3.25 - 3.03 nb (data)
o =10.12 £ 0.07 + 1.02 — 1.03 nb (data)
o =3.57 +0.04 + 0.51 — 0.49 nb (data)
o =2371.0+£9.7+81.5-72.1 pb (data)

0 =16.0+2.0+5.4—-4.3 pb (data)
| L |

0.4 0.6

LHC pp s =7TeV

Theory NLOJet++, CT10
Observed 4.5 fb~!

stat

stat+syst

Incl. jet: arXiv:1410.8857 [hep-ex]
Dijet: JHEP 05, 059 (2014)

ATLAS Preliminary
Runi1 +s=7TeV

0.8 1.0 1.2 1.4 1.6
observed/theory
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Best-fit broken power law
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o VERITAS (Acciari et al. 2009)
& MAGIC (Albert et al. 20088

* AGILE (Tavani et al. 2010)
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