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Why tt final state?

» Higgs quadratic divergences in the SM is dominated by the top loop
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» New states to regulate quadratic divergence
» SUSY : superpartners of the SM top quark
» Composite PNGB higgs: fermionic partners of the top quark
» The same states interact with the Higgs boson, thus they can at one
loop modify the Higgs couplings to gluons and photons final state is
important

> Generically the states regulating quadratic divergences are appearing
as “top-partners”, which decay predominantly to top final state.
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Supersymmetry

» Extension of the Poincare symmetry which relates the states with
the different statistics. Every bosonic state is accompanied with the
correspondent fermionic states and the vice versa.

» Quadratic divergences by the top quarks are cancelled by the loops
of the scalar top partners -stops.

Smp ~ yimz log A



ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Mass scale [TeV]

Status: Moriond 2014 f[ di=(46-229) b 5=7,8TeV
Model eu Ty Jets EX™ [ranm™) Mass limit Reference
T
MSUGRA/CMSSM 0 2-Bjets  Yes 203 @ 17TeV mig=miz) ATLAS-CONF-2013-047
MSUGRA/CMSSM Tew 3Bl Yes 203 |& 127Te any (@) ATLAS-GONF-2015.062
MSUGRA/CMSSM 0 7-10jets  Yes 203 i 1.1TeV any m(g).
@, -0ty 0 26jels  Yes 203 |a 7 ATLAS-CONF-2013.047
' B 0 26jets  Yes 203 i ATLAS-CONF-2013-047
2, B o Tep  36jels  Yes 203 |E )i ATLAS
U e 2ep  03jets - 203 |& ATLAS-GONF-2015.089
2 Gusaitnse) 2ep  24jts Yes 47 1208.4688
GMSB (¢ NLSP) 127 02l Yes 207 |& ATLAS-GONF-2013.025
E GGM (bino NLSP) 2y - Yes 203 |& ATLAS-CONF-2014-001
£ GGM (wino Teu+ry - Yes 48 ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1h o Yes 48 :
GGM (higgsino NLSP) 2eu(2) O3jets Yes 58 ATLAS-CONF-2012-152
Gravitino LSP 0 no-j Yes 10.5 m(z)>10- eV ATLAS-CONF-2012-147
S5 gl 0 3p  ves 201 | 12TeV m(f})<600GeV ATLAS-CONF-2013.061
S5g ,HM 0 710jets  Yes 203 |& 11TV m(T}) <350GeV 1308.1841
S, Oten  3b  Yes 201 |& 134TeV miE})<400 GeV ATLAS-CONF-2013.061
“ O-1ep 3b Yes 20.1 i 13TeV m(¥1)<300 GeV ATLAS-CONF-2013-061
3 26 Yes 201 |B 100620 GeV. 1308.2631
< 2e,u(S8)  03b Yes 207 by 275-430 GeV ATLAS-CONF-2013-007
I 2eq  12b  Yes 47 @ 110HB7IGEVI 1208.4305, 1209 2102
2eu 0-2jets  Yes 203 o 130-210 GeV' 1403.4853
2ep 2jets Yes 203 i 215-530 GeV' 1403.4853
& 0 2b Yes 20.1 i 150-580 GeV 1308.2631
S5 fii(neaw). i) Tesu 1b Yes 207 & 200610 GeV' ATLAS-CONF-2013.037
8 i (heaw), i—iti 0 25 Yes 205 | 320.660 GoV. ATLAS CONF 2015.024
] L i =k 0 mono-jetic-tag Yes 203 i 90-200 GeV' ATLAS-CONF-2013-068
2e.u(2) 1h Yes 203 i 150-580 GeV
3eu@  1bh  Yes 208 |0 290600 GeV. 14035222
2ep 0 Yes 203 90-325 GeV' 14035294
2ep 0 Yes 203 140-465 GeV 14035294
=8 21 S e 207 180:930 GeV ATLAS.CONF-2013.028
WS F- AL, () 3en 0 Yes 203 700 GeV. 14027029
| 23en 0 203 420GV i) 10, sleplons decoupled | 1403.5294, 14027029
Tidowilat Ten 2h  Yes 203 285GeV. mET)=mi?), me sioptons decoupled | ATLAS-CONF-2013-093
§ @ Direct{if; prod, long-ived f; Disaw. ko tiet  Yes 203 270 GeV 160 MoV, (=02 ns ATLAS-CONF-2013-069
= Stable, stopped ¢ R-hadron 15jets  Yes 229 832 GeV. 3 ATLAS-(
E sMsB stable 7, V7. p)r(enn) 1 zu - S 159 10<tang<50 ATLAS-CONF-2013-058
gg B, ¥ —yG, long-lived 1| 2y Yes 47 04<rii])<2 ns. 1304 6310
%‘qw (RPV) 1 pdispl. vix - - 203 10Tev. 1.5 <cr<156 mm, BR(:)=1, m(¥})=108GeV | ATLAS-CONF-2013-092
LFVI'P"VMX.W"!HA 2en - s 2101 T2z
pp—¥r + X, Vr—e(u) + T Teps - - 486 0, 4120:=0.05 1212.1272
> Bilinear RPV CMSSM Tepu 7jets Yes 47 erisp<t mm ATLAS-CONF-2012-140
& AWK e 4en - Yes 207 |&% 760 GeV/ mmy>zaoesv A>0 ATLAS-CONF-2013-036
oWl Hormers,  3esst - Yes 207 B 350 GeV. m(E})-80GeV, 1,50 ATLAS.CONF-2013.036
&9 0 6-7 jets - 203 ¥ 916 GeV' BR(1}=BRI(b)=BRI(c)=0% ATLAS-CONF-2013-091
g, fi—bs 2e,u(SS)  03b Yes 207 i 880 GeV' ATLAS-CONF-2013-007
g S oon . sguon—g 3 4jets - 46 | sguon 100267 GeV! incl. imit fom 1110.2693 12104826
S Scalar gluon pair, sgluon— 2o 2b e 143 |aun 350800 GeV ATLAS-CONF 2013051
S | Wirp bioachon (05, brac ) et e 108 480GV, Imi cl<687GoV kD8 | ATLAS CONF 2012147
L L

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o~ theoretical signal cross section uncertainty.



Searches with tt final state

T J
3p  Yes 201 & 12Tev mif})<600GeV ATLAS GONF-2013.061
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teu 1 Yes 207 |@ 200610 GeV. mif})-0 Gov ATLAS-CONF-2013.057
L (heavy). 7 ~iF) 26 Yes 205 |i 320660 GeV. mif4)-0 Gev ATLAS GONF-2013.024
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Natural supersymmetry (Weiler, Pappucci,Ruderman; Katz, Burst,Sundrum)
> bottom up spectrum dicated by the naturalness
V ~ m3H? + AH*
» measure of the finetuning
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> bottom up spectrum dicated by the naturalness
V ~ myH? + \H*
» measure of the finetuning
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» Mass of the higgsinos comes from the superpotential term

W ~ uH,Hy

> 1 term always contributes to the Higgs mass , it cannot be too
heavy=

_1N\ —1/2
my A 1
5 200GeV (3¢ ) (20%)

» Higgsinos must be light



N atura I supersymm et Iy (Weiler, Pappucci,Ruderman; Katz,Burst ,Sundrum)

» Quadratic corrections to the Higgs mass is cut at the stop mass scale
2 _ 3 .2(,2 2 2 A
Smp, = —gayi (M, + mi, + |Adf?) log 72y

> stops must be light

] —1/2 1\ 172
in 8 log A/ TeV m A
m%l + m%z 5 600Gev\;T7Xt2 (gf) (ﬁ) (20%)



N atura I supersymm et Iy (Weiler, Pappucci,Ruderman; Katz,Burst ,Sundrum)

» gluino at two loop enters Higgs mass

2 Q
smy, = —§y3|/vl3|2?5 log? A/ TeV
1N —1/2
_ logN/TeV rmyy (A~ !
Ms < 900GeV sin f——L—— (7)
3 < 900GeVsin 8 3 125 <20%

» Natural spectrum :3 ‘ two stops, shottom, gluino, two higgsinos‘




Simplified model: MET +tt final state

T production, f—~ 17
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Gluino pair production, four top final state

G production, - t+7 L™ =20.1 fb", {5=8 TeV
= 1600 T IREmEs T T
3 - "
S ATLAS Preliminary =-=- Expected limit +1c,,,
£71400 [~ 0.and 1 lepton + 3 biets channels = Observed limit + 1 cﬁh“:jy

m( z“’ ) =60 GeV Al limits at 95% CL

m(d,,)>>m(§)

» Due to the quantum numbers gluino o
has large QCD pair production oo
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One loop effects of the superparnters

> loops of the superpartners can modify the higgs couplings to gluons

and photons

> if m; > my we can use the LET (Ellis, Gaillard, Nanopoulos;
Shifman, Vainshtein, Voloshin, Zakharov) to compute the stop loop effects

meX; mg, + m? + 0(g?v?)

2 - < g, + mi + O(g*v?) m Xe )

heg"” N1<mf+m?_m?><3)
SM — 2 2 2 2
hgg 4 m ms, mz m;



Bounds from the higgs couplings

1401.7601
1000 )
7 00 g
800
» Complementary constraints on the
stop masses S w0 /./\.J.Fan, M.Reece
. g S
» Bounds are independent of £ T M 5
. . . Sz 1
higgsino/gluino masses 40 P - /
02 7
. :
» Advantages : we can test to the Zooi /4
compressed region of the spectra |\\_ -
minii-u <1 200 a0 LJGOO 800 1000
¢ m; [GeV]

Figure: 99,95,68% exclusion contours from
the Higgs couplings.



Composite Higgs




Composite pseudo Nambu-Goldstone Higgs

» Models, where Higgs is a composite state give a natural solution to
the hierarchy problem

> Higgs can be made naturally light if it is Pseudo Nambu Goldstone
BOSOH(PNGB) (Georgi, Kaplan)

» This scenario is realized in the warped extra dimensional models
Randall,Sundrum with gauge-higgs unification, the Higgs boson arises as
the 5th component of the 5D gauge field

» The minimal construction with consistent with the constraints from
the Ap parameter is realized in SO( ) — SO( )(Contlno Agashe, Pomarol)



Fermions: partial compositeness (Kaplan)

» SM fermions mix only linearly with

composite fermions » 5D-Randall-Sundrum picture
elementary ~ composite
AL =)Xg0

» Fermion mass generation

H

X X
Sy S Planck (UV) brane TeV (IR) brane
mixing at the low scale
A ) LR A\ TR si,r < f(IR brane)
SLR ™ (Auv) o me (AUV)

Top must mix strongly with the composite sector< top must
localized near the tev brane < large interaction (\;) with the new
resonances



Higgs potential

Mixing with the SM fields violates the PNGB symmetry- Higgs potential
is generated.

» V(h) = asin® 2 4+ Bsin* &,

_ain2 ()
\ / \ / § = sin F _%
. B 'y & N N
t c t 2 2 c tyt\2
U ,\D,\ apRr~ 167T2()‘L,R) ML, B~ 167r2(/\L/\R)
/ \ Quadratic divergences are cut at the scale
! ! of the fermionic top partners M,
o —28c  min OGP ()] V2

t 2£2
QR Mzf

Fermionic top partners M, must be light.



Top quark in Composite Higgs models

» Top quark is mixes strongly with the composite sector, its coplings
are the most sensitive probe of the new physics.

» The Higgs potential is generated by the top quark and top quark
mixing parameters are strongly constrained by the Higgs mass

» v < f and the light Higgs prefer light fermionic top partners (

Agashe et al;Pomarol et al;Panico et al;Marzocca et al; Redi et al;)



MCHM 5 model

» Minimal model based on the SO(5)/SO(4) coset where composite
fermions appear as a multiplet of 5

» SM mass generation

(tb),—>— (T.B)

/< -
T ~ XK=
. _ 1 2/3 . -
5 . Q — \/i < 871/3 T2//3 ) @ T2/3 t 75 T
AL =X PaU(m)Q+ AP U(T)Q + My Q1 Q1 + My Q4 Q4
2,U(h) Uh*A, e
(M471’M1'1) = mt ~ ;M’:



Properties of top partners

Ta3 =
5: =1 T
Q= ( Bois Ty ) ® T

field production decay
Xs/3 QCD, association with top Br(X — tW) = 100%
T2’/3 QCD, association with top Br(T2’/3 — Zt, ht) ~ 50%
T3 QCD, association with top Br(T,/3 — Zt, ht) ~ 50%
B_i,3 | QCD, association with top Br(B — Wt) ~ 100%
T | QCD, association with t & b | Br(T — Zt, ht) ~ 3 Br(Wb) ~ 25%

(De Simone,Matsedonskyi, Rattazzi, Wulzer) the typical spectra

MX5/3 SMr . S MT2/3 S M371/3

2/3

Xs/3 is the lightest field, and from the charge conservation
Br(X — tW) = 100%



Bounds on 5/3 field

» top parners are charged under QCD

SU(3) CMS L=195f" s=8TeV
= T T T Tl
1 =3 15 —e— Observed Limit |
> are pair prOduced < \ ——————— Expected Limit ]
+ [ Expected Limit = 1o ]
Ho [ Expected Limit = 20 +
Pp — XX, X — tW H1T 10,1 L —— Signal Cross Section _
; BF(T,,— tW*) = 100%
1
3
=,
':,m
G 10° ¢ ™
x E
o)

el b by b b by \é
400 500 600 700 80O 900 1000
Ty mass (GeV)

Figure: CmS-B2G-12-012

ms )3 = 800 GeV



Bounds on the 5/3 field

0.35 e =7
030 '
» single production of top partners can 0.25]
be very important 0201
( De Simone, Matsedonskyi, Rattazzi, Wulzer) gf)
» are pair produced 0.15¢
. ; ¢ 0.10
2v
% X 0.05}
9x
g ’?FO‘OT@’(YO?JQ t 0.00

700 750 800 850 900
> ~ gXX:rE/?,W_t mXSB(GeV)

Figure: recast of CMS-PAS-B2G-12-012 A.A.
M.Son, M. Salvarezza,M.Spannowsky

m5/3 Z 800 GeV



Charge 2/3 partners production at LHC

» Pair production due to the QCD

» Three decay modes are open by
charge conjugation T — tz,
T— bW, T —th

my3 > 600 — 800 GeV

1

BR(tZ)

CMS preliminary {s=8TeV 19.6 fb"
BR(bW)
1

I800

1

BR(tH)

Figure: CMS PAS B2G-12-015
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Charge 8/3 fields

» More exotic models based on the 14
multiplet, under

50(5)/5U(2)L X SU(2)R
14=(3,3)+(2,2)+1

L[fb™]

LHC @ 8 TeV

(3, 3) contains charge 8/3 fields == o )
My [GeV]

pp — Xg/3Xg/3,
Figure: Expected exclusion constraints
Ry g P :
Xe/3 = tWTW (Matsedonskyi, Riva,Vantalon)

M3/3 z 940 GeV




Vector resonances

» Models based on the partial compositeness necessary contain color
octet vector resonance -p- composite/KK gluon

» Flavor bounds are strong Mkx = 15 TeV (Csaki et al;Agashe et al...)

o

Sh

d, R

> Looks hopeless for the LHC, however the bound appears in the
“anarchic models” accepting some mild tuning...



Vector resonances

» p interacts with the light quarks with the
2

T T T
5=8TeV ——— Obs. 95% CL upper limit

- goco g imit 3
strength g,pgq, gx ~ Z—*— (analog of the CIL T o s oL uperit
photon rho mixing) R Katoon ki gaomo)

q ¢ ﬂ; ) ATLAS Preliminary 3
Dﬁ
q t
» tt is the main decay channel, if the decays into 1005 ; 5 5 35

top partners are kinematically not allowed 8o a8 (1211



Vector resonances

1205.2378
T 10000
i Anarchy
2 MFV
1000
» If the decay to two top partners
becomes open p becomes very wide, 0 )
narrow resonance techniques are not e
appllcable any more"' m.’\ﬁ;l 1000 1500 2000 2500 3000
Mg [GeV]
N At
. Z h L e a0
7 =
q .
L t [
0001 -
500 1000 1500 2000 2500

2000
Mg [GeV]



Higgs physics in the composite models

» How loop of the composite resonances affect hgg, hy~y?



Higgs physics in the composite models

» How loop of the composite resonances affect hgg, hyy?

» Higgs LET+linear mixing between elementary and composite
fermions leads to the (1110.5646)

¢

B0000000

.

7 F(f)se = 5

The modification of the top loop due to the different Yukawa
coupling is canceled exactly against the loop of new resonances.

» The lightest charge 5/3 fields do not contribute to the single Higgs

production

» We still have modification of the top Yukawa coupling, is important
to have an independent measurement of the Yukawa coupling



Prospects for high luminosity LHC: direct measurement of
the tth coupling

ATLAS Preliminary (Simulation)
Vs =14 TeV: [Ldt=300 ib” ; fLdt=3000 b
Juses00 o oxtapolate tom 78 Tov » ~ 20% uncerainty on the signal rate = ~ 10%

o i he top Yuk I
HH, Hp uncertainty on the top Yukawa coupling
VBRH-m g > Maltoni, Rainwater, Willenbrock; S. Biswas, E. Gabrielli and B. Mele; S.
H—> 2z
- Biswas, E. Gabrielli, F. Margaroli and B. Mele ; Curtin, Galloway, Wacker;
VBFH-> WW
Ho WW Farina, Grojean, Maltoni, Salvioni, Thamm; Craig, Park, Shelton; Onyisi,
VH,H-yy Kehoe, Rodriguez , lichenko; Agrawal, Bandyopadhyay, Das...
ttH,H—yy g t
vantn 000000 ——
Hosyy (+) | _ _h
H—yy
L
0 02 04 06 08 @gdm t

Ap
™



Accessing the Yukawa couplings

Indirect: Higgs production at high p;
(1308.4771, 1309.5273, 1312.3317, 1405.4295,
1406.6338)

0000000 ——{000000

000000/ t--

» LET at high pt are not applicable any
more — we can differentiate the
contributions of the top quark loop
and new physics.

> ¢t = ].ig%?l at 95% CL from
arXiv:1405.4295 Schlaffer et al.



Accessing the Yukawa couplings

Indirect: Higgs production at high p;
(1308.4771, 1309.5273, 1312.3317, 1405.4295,

1406.6338)
Similar effect in the off-shell Higgs

T 000000 production ( 1405.0285, 1406.1757, 1406.6338)

CI z

200000, t-- g
m‘__i z

g

» LET at high pt are not applicable any
more — we can differentiate the > ¢, = 1+0.25 with 14 TeV 3 ab~!
contributions of the top quark loop with the simple counting analysis
and new physics.

> ¢t = lig%?l at 95% CL from
arXiv:1405.4295 Schlaffer et al.




Outlook

» Many motivated New Physics models which address the naturalness
problem lead ot the %t final state: Natural SUSY , Composite Higgs.

» Higgs quadratic divergences is usually cured by the “top-partners”
which predominantly decay to the tt final state.

» New states interact with the Higgs boson leading to the
modifications of its coupling.

» Indirect searches are often complementary to the direct searches.
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