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Top: Past, Present, and
Future

Top Matters - the effect of virtual top loops
Top Couplings - theory and measurement
Naturalness and the Hierarchy Problem

Top as a Signal - new states coupling to top



Top Matters:

Large Mass -
Enhanced Coupling to EWSB Sector
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Top Matters:

Electroweak Corrections

Parameter Input value _ch Fit Result #0 ExP- input M
in fit in line H

M [Gev]®) 12514+ 024 yes 125.14 + 0.24 93137 T‘”
My [GeV] 80.385+0.015 - 80.364 4 0.007 80.358 4 0.008 Mw
Tw [GeV] 2.085 + 0.042 = 2.001 + 0.001 2.001+0.001 F:
Mz [GeV] 01.1875£0.0021  yes 911880400021  91.20040.011 o0
'z [GeV] 2.4952 + 0.0023 - 2.4950 +0.0014  2.4946 £ 0.0016 e
ol [nb] 41.540 +0.037 - 41.484 4 0.015 41.475 4 0.016 -
R 20.767 £ 0.025 - 20.743 +0.017 20.722 4 0.026 Arg
At 0.0171 £ 0.0010 —~  0.01626+£00001  0.016254 0.0001 A(LEP)
A 0.1499 £0.0018 -  0.14724+0.0005  0.147240.0005 A,(SLD)
sinfe (Qre) 0.2324 +0.0012 —  0.2315040.00006 0.23149 4+ 0.00007 sinz@:;ft(QFB)
A, 0.670 £ 0.027 —  0.6680+0.00022  0.6680+0.00022 A%
Ap 0.923 + 0.020 —  0.93463+0.00004  0.93463 =+ 0.00004 AP
Ade 0.0707 £ 0.0035 - 0.0738 £ 0.0003  0.0738£0.0003 ;B
A 0.0092 +0.0016 = 0.1032+0.0004  0.1034+0.0004 A°
R" 0.1721 £ 0.0030 - 0.17226 7500008 0.17226 %+ 0.00008 °
R! 0.21620£0.00066 -  0.21578+£0.00011 0.2157740.00011 R;
. [GeV] 1.2730:97 yes 1.27350:97 - ;b
g +0.17 yes 4.20 07 - _

17334 £ 076 Yyes  173.81+£085(%) 1770453 '::’

yes

- yes

2756 + 10
0.1196 4+ 0.0030

2723 £ 44
0.1196 £ 0.0030

(°) Average of the ATLAS and CMS measurements assuming no correlation of the systematic uncertainties

(*) Average of the LEP and SLD A, measurements, used as two measurements in the fit.
(V) The theoretical top mass uncertainty of 0.5 GeV is excluded.

(1'In units of 1075,

(&)Rescaled due to . dependence.

Eur. Phys. J. C 74, 3046 (2014)
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http://dx.doi.org/10.1140/epjc/s10052-014-3046-5

Top Matters:
Electroweak Corrections
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Top Matters:
FIavor-Changlng Neutral Currents
Example: B, — B;

ARGUS (1987):
~17% of B4 mix before decaying
Am~0.5 ps’
First indication of a heavy top!

m; > 50 GeV /c?
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Top Matters:
Higgs Production
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Top Matters:

Higgs Potentia
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Top Couplings - Color

Inclusive tt cross section [pb]
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B Tevatron combined 1.96 TeV (L<8.8fb ™) _— m
CMS dilepton, I+jets® 5.02 TeV (L=27.4pb") CMS Preliminary HEF20LT |

CMSeu7TeV(L=5f"

CMS l+jets 7TeV (L=2.3 ")

CMS all-jets 7 TeV (L = 3. 54 fo)

CMSeu8TeV(L=19.7f")

CMS l+jets 8 TeV (L= 19.6 fb" )

CMS all-jets 8 TeV (L = 18. 4 fo)

CMS eu13TeV (L=43 pb 50 ns)

CMSeu13TeV(L=221fb" )

CMS l+jets* 13 TeV (L= 42 Fb , 50 ns)

CMS l+jets 13 TeV (L=2.21b

CMS all-jets* 13 TeV (L =2.53 fb )

* Preliminary
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Top Electroweak Couplings:
Top Decay

ATLAS+CMS Preliminary LHCIOPWG May 2017 L magm|
otal sia
Theory (NNLO QCD)
PRD 81 (2010) 111503 (R) FR FL Fo
—&—8—— [Data (FR/FL/FO)
ATLAS 2010 single lepton, {s=7 TeV, L_=35 pb’ ! H—e— H—a— ———a——H
ATLAS-CONF-2011-037
ATLAS 2011 single lepton and dilepton, Ys=7 TeV, L =1.04 fo!  HH HiH H-asH
JHEP 1206 (2012) 088
CMS 2011 single lepton, {s=7 TeV, L =2.2fb"* b HeH H——H
CMS-PAS-TOP-11-020
LHC combination, {s=7 TeV e+ H=H
ATLAS-CONF-2013-033, CMS-PAS-TOP-12-025
ATLAS 2012 single lepton, Ys=8 TeV, L _=20.2 fo el s
EPJC 77 (2017) 264
CMS 2011 single lepton, Vs=7 TeV, L _=5.0 fb’ 1 i
JHEP 10 (2013) 167
CMS 2012 single top, {s=8 TeV, L _=19.7 fb’ Ha-
JHEP 01 (2015) 053
CMS 2012 single lepton, Vs=8 TeV, L =19.8 fo' o
PLB 762 (2016) 512
CMS 2012 dilepton, s=8 TeV, L _=19.7 fo! HH =
CMS-PAS-TOP-14-017
* superseded by published result | | | | | | |
0 0.5

W boson helicity fractions

W-boson
couplings
consistent

with
“\V-A”



Top
Electroweak
Couplings:
Single Top
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ATLAS+CMS Preliminary LHCtopWG

Omeas . .
If Vol = \| 5 from single top quark production
theo

: NLO+NNLL MSTW2008nnlo
PRD 83 (2011) 091503, PRD 82 (2010) 054018,
PRD 81 (2010) 054028

Ay scale ® PDF
My, = 172.5 GeV

0theo

t-channel:

ATLAS 7 TeV' 1
PRD 90 (2014) 112006 (4.59 fb™")

ATLAS 8 TeV * 1
arXiv:1702.02859 (20.2fb™")

CMS 7 TeV
JHEP 12 (2012) 035 (1.17-1.56fb™")

CMS 8 TeV 1
JHEP 06 (2014) 090 (19.7 fb™)

CMS combined 7+8 TeV o
JHEP 06 (2014) 090

CMS 13 TeV?
arXiv:1610.00678 (2.3fb™")

ATLAS 13 TeV: 1
JHEP 04 (2017) 086 (3.2b™")

Wi:

ATLAS 7 TeV 1 ; -t
PLB 716 (2012) 142 (2.05fb ') :

PRL 110 (2013) 022003 (4.9 fb™")

ATLAS 8 TeV 1
JHEP 01 (2016) 064 (20.3fb ")

CMS 8 TeV' —— ot

PRL 112 (2014) 231802 (12.2f™")
LHC combined 8 TeV "’
ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019

May 2017

1
total theo

If,, V! = (meas) = (theo)

1.02 £ 0.06 = 0.02
1.028 + 0.042 = 0.024
1.020 = 0.046 + 0.017
0.979 = 0.045 = 0.016
0.998 + 0.038 = 0.016
1.03 = 0.07 = 0.02

1.07 = 0.09 = 0.02

1.03707° £ 0.03

+0.16 +0.03
1.01 -0.13 -0.04

1.01+£0.10 = 0.03
1.03 £ 0.12 =+ 0.04

1.02 = 0.08 = 0.04

ATLAS 13 Tev: :
arXiv:1612.07231 (3.2fb™")

s-channel:

ATLAS 8 TeV’ o e
PLB 756 (2016) 228 (20.3fb™")

| 1.14 + 0.24 + 0.04

0.93 %018+ 0.04

T -0.2

! including top-quark mass uncertainty
? Ojpee: NLO PDF4LHC11

NPPS205 (2010) 10, CPC191 (2015) 74
including beam energy uncertainty

1.4 1.6 1.8




Top Width

oM = 1.322GeV

129" (13 TeV)
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Top Quark nggs Coupllng

€|> 1 ATLAS and CMS

vy - LHC Run 1
B 107" =
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c >
MLL
102F E
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Top: Flavor-Changing Decays

No signs of
flavor physics
associated
with top!

t—Hc
t—Hu
t—=ycC
t—yu
t—>gc
t—gu
t—=Zc

t—Zu

ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS

LHCtopWG
November 2016

Each limit assumes that
all other processes are zero

[1] JHEP 12 (2015) 061
[3] JHEP 04 (2016) 035
[5] arXiv:1610.03545 subm. to JHEP

[7] CMS-PAS-TOP-12-039

Theory predictions
from arXiv:1311.2028

[2] arXiv:1610.04857 subm. to JHEP
[4] EPJC 76 (2016), 55
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Naturalness and the
Hierarchy Problem




The “Little” Hierarchy Problem

The top-quark is not a small perturbation to
the EVVSB sector!

dm3; < my; = A <1—2TeV

Where is the new physics!?
(Is there something wrong with this argument?)



Traditional Approach:
New Colored States

e |ntroduce a symmetry which ensures cancellation of
offending divergences: if [Gsym,Gsm]=0, need colored

states corresponding to the top. ) {:}
o SUSY: Top squarks, scalar partners oy
\ l‘\ /)"



t searches ...

CMS Freliminary 35.9 fo™' (13 TeV)
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\s=13 TeV
0L 36.1 b [CONF-2017-020]
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B(T — Ht)

and vector T searches

reachlng the TeV scale!

| | | ] 2.3/2.5/2.6 b (13 TeV)

ATLAS = [ —950
— S
(s =13 TeV, 36.1 fb S 0 CMS 3
Zt+X 114+ET™ 4 o890 900 900 E
+ SU@2)singlet T ; \ 0
e SU(2) doublet i 0.6~ 870 870 880 (850 E
5
o', ‘ | E
NG 800
2 >
l' - §
750 ©
—
o
890 2
L0 N L . 3

02 04 06 08 1 0 02 04 06 08 i 700

B(tH)
B(T — Wb)

CMS arXiv:1706.03408

ATLAS arXiv:1705.10751



Neutral Naturalness:
Colorless Top Partners?

Introduce a symmetry which ensures cancellation of offending
divergences: if [Gsym,Gsm]#0, with colorless states corresponding to
the top. No large cross sections at LHC! /

SOSIING
h. < h

Models (Twin Higgs, Folded SUSY, etb.) have partners charged under
a new SU(3)’, instead, which get mass proportional to a new
composite Higgs scale f.

New sector may, or may not, have electroweak couplings - may only
have couplings via Higgs! (Higgs portal...)

Could give rise to long-lived particles, exotic signals. May require
post-LHC colliders (lepton and hadron) for discovery...



Top as a Signal



ttH | H

ATLAS Preliminary tfH (bb), \s =13 TeV, 13.2 fb™ 11.4-12.9fb" (13 TeV)
SN IR DL L B L IR L L B B

— Tot. CMS Preliminary
Stat. .

Tot. ( Stat. Syst. ) o tot. stat. syst

+1.50 +1.05 +1.01
-1.39 -0.96 -1.06

| +29 , +14 +26 Dilepton —+—m—+ -0.04
Dilepton —_— o — 4.6 -2.3( -1.3 -1.9) P i

Single Lepton| @ 1.6 +H ( tg.g t:):g ) |Lepton+jets R -0.43 *105 ez “oer
Combined P 2.1 +;g ( +8g +83 ) . +0.80 +0.45 +0.66
-0. : : Combined o 019 Togr ous oes
e by v by by b e Py v by v b Py by by |||||||i|||||||11]1
0 2 4 6 8 10 12 14 16 18 R e e R
Best fit u = cstm/csg'l\j| form, =125 GeV Best fit u = o/c_ at m, =125 GeV

ATLAS-CONF-2016-080 CMS-PAS-HIG-16-038
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SUSY Decays to top

CMS Freliminary 35.9 fb™' (13 TeV)
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B - > 3b jets expected
‘_‘3 TLAj Preliminary > 3b jets observed
[ gty \s = 13 TeV

SS leptons expected ]
— SS leptons observed_]
Run 1 expected

Run 1 observed
> 3b jets: ATLAS-CONF-2017-021

SS leptons: ATLAS-CONF-2017-0304
+ Run 1: arXiv:1507.05525
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tt/tb Resonance Searches
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1072

22fb'+26f" (13 TeV)
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E_ " Exp. 106 uncertainty _E TII 102 ;_ - s 4 _;
E Exp. 2 ¢ uncertainty E ’; E o expecte %
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- ", e, 1 .« —— W, signal(M_>M,)
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= 3 © - -
B 1 E | .F .

; ...... N 10 E_
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ATLAS-CONF-2016-014 CMS-B2E-16-016



Top: What do we know?

* To a very good approximation, top:

e isa(3,2),1 (left) and (3,1),2/3 (right) under SU(3)c x SU(2)w x U(1)y under the
electroweak gauge interactions,

 has V=1, |Vis|=0.04, and |Vi4|=0.009,
e and Yukawa coupling y; =2 my/v = 1.
® Jop couples strongly to the EWSB sector, and many BSM theories imply

® additional particles coupling to top - e.q. vector or fermonic partners, new gauge
bosons or scalars,

?}2

® Deviations in top couplings - v O(10%) = A > 1TeV

® Hierarchy & Naturalness: We are probing interesting energy scales!
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Top casts a
long shadow...

... Studies
check standard model
and constrain BSM




