Sﬂaﬁd(

G|YIS bollaboratlons



Composite Higgs models

« SM Higgs as a composite particle:

« Solves Electroweak hierarchy problem (= a.k.a. “Higgs
naturalness problem”)

* Higgs = a pseudo-Nambu-Goldstone boson of approximate
global symmetry of strong sector

* |n addition to SUSY, (at the moment) the only compelling
solution (although | hope to be proven wrong)

e Like SUSY, many models and variants
» Realistic models, designed to agree with current data

e Basic prediction:

« Heavy partners of SM particles = “excitations”
« TeV-scale Z'(p°),W'(p™),T", B, ...

Petar Maksimovic, Johns Hopkins Searches for Composite Higgs, t tbar resonances, ... SUSY 2015



Constraints from data

 Many constraints from

« Flavor physics, e.g. BB mixing, angular observables in
B — K*up, BR(Bs — ¢upu), rare B decays, etc.

Z decays (e.qg. its BRs)
Higgs production and decay
Contact interactions (e.g. dijet angular distribution)

Direct searches
 Heavy resonances decaying to fermions
 Heavy resonances decayingto W, Z, or H
 Heavy quark partners

Petar Maksimovic, Johns Hopkins Searches for Composite Higgs, t tbar resonances, ... SUSY 2015



Constraints from data

 Many constraints from

« Flavor physics, e.g. BB rvo\§.g, angular observables in
B — K*up, BR(B. O@@y@, rare B decays, etc.

Z decays (e.g. its BPQ'@Q{(’

Higgs production /’\QO decay

Contact interac <® s (e.g. dijet angular distribution)

Direct searches \ /\Vy‘l‘

 Heavy resonances decaying to fermions

* Heavy quark partners

Petar Maksimovic, Johns Hopkins Searches for Composite Higgs, t tbar resonances, ... SUSY 2015



he layout of this talk

 Too many results to cover

 Focus on recent results, channels with large BR (e.g.
hadronic), new techniques (e.g. substructure)

« 7' > tt

« W' —tb

 Dibosonresonances: Z/ — WW,ZZ, W' —WZ
e ... alsowithHiggs: 2/ — ZH, W' - WH

« H H resonances

* Pair production of Vector-Like Quarks

Petar Maksimovic, Johns Hopkins Searches for Composite Higgs, t tbar resonances, ... SUSY 2015



Final states with boosted top / W/ Z/H

« Above certain p;, daughter quarks merge into a single
large-R (“fat”) jet

o =R R = 0 TATias T &l Dath T ]
o C ATLAS Slmulatlon =90 g 60 ATfAs I:ijets -
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e Discriminants for top-, V-, H-tagging:

groomed jet mass (pruned, trimmed, or filtered)
* removes soft gluon radiation + pile-up

» substructure ( nsubjets, N-subjettiness 7, /Y, etc.)
* subjet b-tagging N ™N = dinT,k min ARy g, ARg k..., ARN &
0%



/' — ttbar

e Three boosted channels:
—> lepton

: w—
* Dileptons lepton | + b iet
e Semileptonic < | merged
P | into a
lepton I : .
+oEmsS 4 = T single

b jet top jet

* All-hadronic i
top jet \Q top jet

* Isolation specially
handled

* Top tagging tools are by now quite mature

Petar Maksimovic, Johns Hopkins Searches for Composite Higgs, t tbar resonances, ... SUSY 2015



Example of a boosted ttbar event

issing E :
hadronic top
candidate

Electron .

ATLAS
i1 EXPERIMENT

Run Mumber: 166658, Event Mumber: 34533931

Date: 2010-10-11 23:57:42 CEST

Petar Maksimovic, Johns Hopkins Searches for Composite Higgs, t tbar resonances, ... SUSY 2015



Events/0.08 TeV

Data/BG

/' — ttbar

arXiv:1505.07018

« Example: [+jets channel from ATLAS

 combination of resolved and boosted
[CMS plots similar]

>
107 ATLAS —»- Data IG—J 10’ ATLAS —»- Data
10° 5=8 TeV, 20.3 fb" %:mﬁw o o 10° 5=8 TeV, 203 fb! %SM t
5 ved I+iet +jets o 5 , SM W+jets
104 resolved I+jets @ Other SM o 1[‘_)4 boosted I+jets @ Other SM
10 g 0.8TeV, 15.3% &L 10 —g 2.0TeV, 15.3%
103 KK (- KK
)
10? (T
10
1
10" |
o | I R |
2 [ ' ' - (ﬂ_’J)
et Lt 222,727 B
1 ' 2900000000 Qﬂ‘h_/‘_//:/;/i////F//////////////// %
. . . . . . . O F , : . . . .
0005 1 15 2 25 3 35 O0v—05 1 15 2 25 3 35

mI'ECO [TeV] mI'ECO [TeV]



6, X BREZ'- ff) [pb]

Gg,, X BR(GKK—> ff) [pb]
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Z' — ttbar [I+jets, ATLAS]

ATLAS ————— (Obs. 95% CL upper limit
V=8 TeV, 20.3 fb! ===="""" Exp. 95% CL upper limit
I Exp. 10 uncertainty

Exp. 2 o uncertainty
----- Leptophobic Z'(1.2%) (LO x 1.3)
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arXiv:1505.0701
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A whole series of models probed!

ATLAS
¥s=8 TeV, 20.3 fb"'

Obs. 95% CL upper limit
seses-es Exp. 95% CL upper limit

P Exp. 1o uncertainty
Exp. 2 o uncertainty

----- Kaluza-Klein graviton

spin-2 (KK graviton)
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Upper limit on o, x B(Z' — ff) [pb]
2 a2 . 3 & 3
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Z' — ttbar [CMS]

19.7 o' (8 TeV)
? — combination
- CMS (a) —— dilepton
_ Preliminary lepton+jets (threshold)
= 0 = |epton+jets (boosted)
B 9'5A;CL.expected wnn @ll-hadronic (low-mass)
= Z' 1% width .mm all-hadronic (high-mass)
N spin-1 (narrow)
| | Ll | | C
0.5 1 1.5 2 25 3

M,. [TeV]

e CMS: sample limit from

combination of all ﬁ’
channels

arXiv:1506.03062

 Comparison of channels

~— . |+jets the best, but
 all-hadronic very close

* both help combination
o [true for ATLAS too]

i 19.7 fb™ (8 TeV)
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Events /100 GeV

data / fit
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W' — tb

e Semileptonic channel « All-hadronic channel

energetlc energetic
b jet top jet b jetg

lepton + Eriss+ b jet

« Similarto Z' — tt, except only one boosted top

« somewhat tricker (larger QCD background)
_ Eur. Phys. J. C (2015) 75:165

B2G-12-009 . cms F:rellimirllall'y,lsI'I'eV,I19I.7Iﬂ?'1
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PLB 743, 235 (2015)

W' — tb
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JHEP 05 (2014) 108
CMS, L=19.5 fb"' at Vs = 8 TeV
L
——— Theory M(vg) << M(W'))
. e Theory M(vg) > M(W' )
—— 95% CL observed

....... 95% CL expected
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PLB 743, 235 (2015)

o(pp —» W') x BR(W— tb) [pb]
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g  Semileptonic and
10 all-hadronic channels have
1025 comparable sensitivity
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JHEP 05 (2014) 108

CMS, L=19.5fb' at /s = 8 TeV
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Wr and Wi excluded up

* (Generalized couplings too!
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W' — generalized couplings

B2G-12-009

V.,
= z%gwﬁn(l +9°) Hafq,J1 — 7°))Wg + He

CMS Preliminary, 19.7 fb"' at\s = 8 TeV

e Both WI/E{ and Wi 2 11_—' | T | 2200%!
could contribute ! L)
o 112000
e Mass limits can be - =
. 1 41900
interpreted as a >

function of both 1 11800

couplings: ai:, ar, 1700

| 1600

0.2l 1 11500

"Invariant Mass Analysis '
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Ot 1 BELR T30
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X—->VV-—->JJ—(9gq)(qq)

» Fully hadronic decays W — jj and Z — jj

* boosted — merge in a single jet
 QCD background suppressed by \771 — 772| < 1.3

Merged
WIZ et ‘ Merged

W/Z jet

* Each jet is required to pass the "V-tagger

« ATLAS cuts on filtered jet mass + on /¥f + on ngx < 30
« CMS cuts on pruned jet mass + on T2/T1

« Background: smooth falling function (only for bump hunt!)

. N
e.g. ATLAS uses Ocli—g; = pi(1— )PP gPs o = /s

16



X —> VWV —JJ —(qq)(qq) [A

# of charged tracks in

ungroomed jet ni < 30

Cuton /ys prefers

transversely polarized V's
(differences wrt CMS)

Alternative selections for

WW, WZ, Z2Z
(not independent!)
Local significance:
« WZ: 3.40,
« WW : 2.60,
« ZZ:2.90

Global significance:
e« WZ: 250

%mag.‘.‘”.w L T
o E ATLAS —e— Data 3
S 10" =V5=8TeV, 20310’ =
- —— Background model
2 10° —— Significance (stat) =3
o
i 10° -Significance (stat + syst)

No boson tagging

10*

Significance

Events / 100 GeV

Significance

e v v v b by |
1.5 2 25 3 35

mji[TeV]
&
E ATLAS —e—Data E

—— Background model 7;
— 1.5 TeV Bulk G, k/MPI =1 E
2.0 TeV Bulk Ggg, k/M;, =1

LVs=8TeV,20.3 fb

—— Significance (stat)
Il Significance (stat + syst)

WW Selection
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Events / 100 GeV

Significance

Events / 100 GeV

Significance

LAS]

arXiv:1506.0962

1071 |
F ATLAS —o-Data
_ -1 —— Background model
10° fs=8Tev,20307 7 ' Tov Eam W,c=1

20TeVEGMW,c=1
25TeVEGMW,c=1

102 ; —— Significance (stat) ;

g B Significance (stat + syst) E

- WZ Selection .

10 =

= =

107 =
f

—e- Data
—— Background model

— 1.5 TeV Bulk Gpg, k/My, = 1
2.0 TeV Buk Ggg, k/M, =1
—— Significance (stat)

B Significance (stat + syst)

ZZ Selection
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X —->VV —-JJ — (qq)(qq) [ATLAS]

arXiv:1506.0962
= 4 L B L B O B ) L B B L B BB B
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X —-VV - JJ—(qq)(qq) [CMS]

arXiv:1405.1994
e Selection very similar to ATLAS, except 1,k

 Combined significance higher+lower purity at 1.8 TeV = 1.3c

_CMS,L=19.7f", (s=8TeV ___ CMS.L=19.75", [s=8TeV_

O a2l ] <alrrrli ]
% 10 - A High-purity doubly W/Z-tagged data 3 % 10 = ® Low-purity doubly W/Z-tagged data =
- — Fit ] - — Fit ]
ES- 10 ? -- Ggrg —> WW (1.5 TeV) —é % 10 e -- Grg — WW (1.5 TeV) —g
~ Highest purity ] ~ L Lower purity _
E | | E /1,<0.75 -
E 10-1: T2/T1 <05 N E 10-1: 05< T2 T1 . N
® = E o 3 E
© - . © - ]
10%E E 0% E
= 2 ~ H = 2 N E
| © - H : WL ©
8l 8 20 | 813 2F | h
a 1 a 1 15 2 2.5 3
m;. (TeV)

Petar Maksimovic, Johns Hopkins Searches for Composite Higgs, t tbar resonances, ... SUSY 2015



X—->WV - vld — (v)(qq) [A

20

LAS]

EPJC 75 (2015) 209

 One W — v/{, the other boosted V' — 43
e one side: isolated lepton + missing energy

opposite side: V-tag

Isolated | — — . Merged into a
lepton + R single V jet
EmISS
% E_l—l_l_l_l—rln.l_.lllIII|III|III|III|III
O] - ATLAS —— Data ]
S y°L fs=8TeV, [ Ldt=2031b" WiZsjets ]
ATLAS & F W > v + 21 large-R jet - Hj{;—getop
. . E—’ 10% Diboson
 trigger on high-ptlepton & ¢ ] /2 Uncentainty
. *(1200 GeV)
e veto small-R b-tagged jets 10g o W(1200 GeV)
: : - YV
o W/Z+jets from V-jet 1k :
mass sidebands
+ fit to priss 107 v
AL IRAVIAARARARRPARRRAT AR hun! L AT
(=] 2 /I T T 1 | T T | I |/ /%/f JW
& 180+ Y
e
T old il Ndreqd desiv oo
O 800 1000 1200 1400 1600 1800 2000 2200 2400

m,, [GeV]
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X — WV — vIJ — (vI)(qq) [ATLAS]

EPJC 75 (2015) 209

e (Also include low-pt and high-pt resolved channels)

Exclude

e M(W')upto~1.5TeV

» bulk graviton with M(G*) up to ~ 800 GeV

I I | 1 I I | 1 I I I | I I I I | I I I I E
ATLAS —— Bulk RS G* k/Mg, = 1]
Vs=8TeV ~ — Opserved 95% CL

I Ldt = 20.3fb"
— - Expected 95% CL

||||||,|,| 1 |||||,|,|,|

o(pp—W') x BR(W'-W2Z) [pb]

+ 1o uncertainty

+ 20 uncertainty

— —

1000 1500 2000
mg. [GeV]

2500

N DL L L L L L

102 ATLAS == EGMW'c=1 3

j Vs=8TeV =~ —— Opserved 95% CL 7

Ldt =20.3fb .

108 — - Expected 95% CL 3

’ _ + 1o uncertainty _

+ 26 uncertainty

107 3

1 0'3 : | I 1 1 | 1 | 1 1 1 | I | 1 1 1 I | 1 | :
500 1000 1500 2000 2500

my, [GeV]



Events / 100 GeV

Petar Maksimovic, Johns Hopkins

o WH+jets: from V jet mass sidebands
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X —VV — vl — (vl)(qq) [CMS]

V-tagged jet

electron high purity

CMS L=19.7fb' at Vs =8 TeV

+ CMS Data (ev HP) .W+iets

. WW/IWZ . t
|:| Single t Uncertainty

TGy Mg =1TeV, kMg, = 0.5 (x100)

M 1 ILIIHd 1 IIIIHJ

IR

Lol 1l

e
B
By

I IIHIW 1 ill“Hl I IFPHUL | LR
T
u

| | (Y R | I R IO (S | i | et [ |

1000 1500 2000

2500 3000

My [GeV]

Events / 100 GeV

10°
10*
10

10°?

10

CMS

arXiv:1405.3447

(use substructure for higher/lower purity)

muon high purity

L=19.7fb' at {s =8 TeV

+ CMS Data (uv HP) . W+jets
- B
I:I Single t ' Uncertainty

Uﬂ 1 \IIIHd 1 Illlui__

Searches for Composite Higgs, t tbar resonances, ...

Gy Mo =1 TeV, ki = 0.5 (x100)
E
E
: 1 | I 1 | 1 1 | 1 1 | 1 I | 1 1 |
1000 1500 2000 2500 3000
Myw [GeV]
SUSY 2015



> R e B A o e HE|
(1)) = ATLAS —e— Data =
*g 1 = [Lat= 20'3.fb—1 [ ti+Single Top =
@ = Merged Region zmsz Sys+Stat Uncertainty 3
0 ~ Z — ee, uu Channel B G*, m=1400 GeV -
10_1 E + Onominal % 10.0 3
02k AT
10°
10% =
2 3-
s 20
8 1p .
Og 1000 1500 2000 250 E
m,, [GeV] | =
EPJC 75 (2015) 69 =
. . N
electron high purity N
CMS L=19.71" at Vs = 8[TeV ’[‘
T T T T | T T T T | T T T T I T T T T T T T
® CMS Data (ee HP) I/ *
10 Background estimation g
[ Z+jets e
[ oOther Backgrounds (if, VV) m
1 Gy Mg =1 TeV, k/Mg, = 0.5 (x100) X
> £
S arXiv:1405.3447 O
— 10
L i
c
Q
2 .- =
I 10 ~—
©

500 1000 1500 2000 2500
m, [GeV]

23

X — ZV — IIJ — (I1)(qq)

« ATLAS: resolved (high and low
pt) + boosted channels

« CMS: boosted only, ee, uu,
classify using substructure

« Z+jets: from V sidebands

ATLAS Bulk RS graviton k/Mp, = 1
\s=8TeV ~  -ereeeee Bulk RS graviton k/My, = 0.5
| Ldt=2031" — — Expected 95% CL

— Observed 95% CL

[ + 10 uncertainty

[ 1 +2 o uncertainty

10?

10

IIIIIII| | IIIII!I| 1 IilIHIl [

101 EPJC 75 (2015) 69

10'2§—

10—3_‘|.‘.|...|...'“1~... N T T
400 600 800 1000 1200 1400 1600 1800 2000
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095% (pp - Gbulk) [pb]
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Limits on spin-2 WW / ZZ resonances

arXiv:1405.3447
 Run | searches start to be sensitive to gravitons in Bulk

model

» Cross section and width related to coupling parameter k/M pl
* Narrow width for k/M pl < 0.5

* Model-independent limits allow reinterpretation for wide width
resonance and as spin-1 WZ resonance (see later)

CMS (unpublished) L=19.7fb 'at {s=8TeV CMs | L=19.71 '1| at 45 =8 Tev
T T T T | T T T T | T T T T | T T T T | T T T T | \ I I ! !
VvV : - [ Frequentist CL_ obs. (solid) / exp. (dashed) 1 \‘ : : VV : : |
: ) —®— Frequentist CL_ observed =
10 ] —e—— G, — ZZ — ee/up+V-jet u RN N A =T s .
i Gb * — WW/ZZ — V-jet+V-jet n -:K: KJ{M 1 U """" Frequentist CLS expected = 1o 7
...... . bulk - — ‘ ‘n‘ 1 :
...... —_—s— G — WW — ev/pv+V-jet : -8_ L 'i‘.‘ : TTTTTTTT Frequentist CLS expected + 2o ]
....| —e—— Combination u ,-l_-'s: E '°~i_‘ — oy, (PP — G, ), kI, = 0.5
e 3107 S
. 20sd | © '
o
RS-
o -2
=10
()]
©
e m
102 e e e el e R — — .\ ______ — —
600 1000 1500 2000 250 3000 600 1000 1500 2000 2
M, [GeV]

Mg [Ge



X — VH — wlli/vl + 2b [ATLAS]

EPJC 75 (2015) 263
 Resolved analysis:

* 0,1,2leptons + MET + 1,2 b-tagged small-R jets

° + - | bb miss\2 __ ¢ PP miss\?2
MET +2b: use ml, = \J(ED + Epis)2 — (pb? + E™s)
- T I I > L1 L L L - - ET T L L L ?
2 — MWTmZT00Gey 3 2 F Wm0 dev 1 210°F - MWT miC1000 Gev Y
20 wesmgor | 8 f o et 4§ b 74 f
o mm W/Z+jets E wi0’E Multi]jet E WP tt =
Diboson ] E % Diboson 3 E Diboson 3
. SM VH N F S e SM WH ] F SM ZH ]
10 aww Background unc. 73 10E . aaww Background une. | ax Background unc.
E g b E E E|
1 0 lepton 1 b-tag ] - *,. 1lepton1b-tag . - 2 lepton 1 b-tag 3
% 1 E_ ! _E :—[ —
10" - i ' E
10" = 3
102 2[
} :_l_l_l_l_'_l_l_l_'_l_l_I_l_l_l_l_'_l_l_l_l_: > [ ] > -
4] r 3 @ [4}] 3 -
o [ ATLAS 1 Sof ATLAS 4 940l ATLAS i
2 | Jra=203f67 1 2 E et [Lat=203f" 3 £ °F [Ldat=203fb" 3
2 4L [s=8TeV - S s =8 TeV e r Vs =8 TeV i
L 3 3 LU _ * L
F 0 lepton 2 b-tag 1 1§ e R 1 lepton 2 b-tag U3 2 lepton 2b-tag
. ) - t ] N ]
10 10"F « E 107 E
10_2 Lo E 102: I —- 1025_
200 400 600 800 1000 1200 200 400 600 800 1000 1200 200 400 600 800 1000 1200

mlvij [GeV] my; [GeV] my; [GeV]
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X — VH — wlli/vl + 2b [ATLAS]

EPJC 75 (2015) 263

e Consider Minimal Walking Technicolor (MWT) and
Heavy Vector Triplet (HVT) model A

e Limits on neutral and charged resonances ~ 1.4-1.5 TeV

— ZH) x (H — bb) [pb]

0

1

c xBR (R
S

—
o
[~

Petar Maksimovic, Johns Hopkins

l_— T | T T | | T T T | T T T T I :l
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L[ . e a g g mmmmmmae v HVT Benchmark model A gv_1 |
_ 1
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Boosted H — bb tagging
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arXiv:1506.01443

19.7 fb™ (8 TeV)

o 0.4
. . . . — I imulati — - o/g MADGRAPH+PYTHIA
 Discriminants: 8 0351 Pt " o e
: o _ > 03l R e~
- large R jet (ATLAS: anti-k_ R=1.0, s e
'50.25[- T W o
CMS: CA R=0.8) /3/\ A
0.2 ".,j.‘"z
groomed jet mass 015 1 N
(timmed for ATLAS, pruned for CMS) o4 \ RN
o.osi ___\\\ /\
A nd 8 T SN
20 40 60 80 100 120 140 160 180 200
arXiv:1506.01443 m, (GeV)
SUSY 2015

Petar Maksimovic, Johns Hopkins Searches for Composite Higgs, t tbar resonances, ...
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Boosted H — bb tagging

Discriminants:

- large R jet (ATLAS: anti-k_ R=1.0,
CMS: CAR=0.8)

e groomed jet mass

(timmed for ATLAS, pruned for CMS) o4 \ DY /\

* “subjet b tagging”

o track jets R=0.3 for ATLAS
» pruned subjets for CMS

o
o () o
N 3 w

Normalized to unity

o
N
)]

T T | T T T | T T T | T T T | T T T | T |
ATLAS Simulation Preliminary ]
Vs = 8 TeV, kiM, = 1.0 DMRSG=1.0TeV ]

[ IMege=15Tev ]

e ATL-PHYS-PUB-2014-013

ARy,

arXiv:1506.01443
o 0.4 19.7 b (8 TeV)
C_B © CMS Simulation " a/g MADGRAPH+PYTHIA
8 0_35:— Preliminary —t—Wb—qqb
- - H— bb
E 0.3 ---- H— WW* —4q
: “o 2ol
._E 0.25 PR W - qq
1~ F =
< 0.2 ><
C ¢ i | CA pruned R=0.8
£ A Do
0.150 1\ . H

0o\ Y
0.05F N i LN

e N ‘e F
v

i ~Ls___ AT
}?}?Tﬁ-#%m‘#m%‘kﬁaﬂm
GO 20 40 60 80 100 120 140 160 180 200

arXiv:1506.01443 m, (GeV)

Large R=1.0 jet

R=0.5 trackjets
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Boosted H - WW* — 4q tagging

« BR(H — WW?) second highest after

BR(H — bb)

e Discriminating variables:
« Same mass window as H — bb — —

e T42 = 74/72

« H—> WW™* decays are 4-prong
 discriminate against g/q/W/Z/H(bb)

(1- or 2-prong)

o 0.4r
‘@ | CMS Simulation — ~ %@ MADGRAPH+PYTHIA
8 0.35} Preliminary —  {—Wb— cﬁb
S e H— bb
E 0-3} ----H_,ww*_)4q
-Ib E / -_ \' """ Z—qq
©0.25- Do W
< ./ i A
0.2
~t ; , i CA pruned R=0.8
— 015/ i H
o f 2t o KA
_I I; H lI |I '::, A
,:'V/d\
- |

o.sé— .

0 0.1 0.2

arXiv:1506.01443

19.7 fb™' (8 TeV)

m, (GeV)

%103

I CMS Simulation \

L Preliminary / \ H 9 b b
F —— H—bb I

E —— H—-WW* - 4q /

\

ceveee H s T /

"""" H—gg <

[ ===-- H— 1t

F 110< m < 135 GeV

- H>WW,

d_uﬁ.ﬁiv:l'-;';'r =11 'r-v [ N
03 04 05 0.6 0.7 08 09 1

N-subjettiness ratio t,,
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Boosted H - WW* — 4q tagging

arXiv:1506.01443

19.7 fb™' (8 TeV)

. 2 f PH+PYTHIA
* BR(H — WWF?) second highest after g, - sussimuaton —~ 220050
BR(H — bb) > 03 R e g
Y _ '_Eo.zsi— == wai?
* Discriminating variables: < IS

CA pruned R=0.8

- 9
N
TTTT } TT

e Same mass window as H — bb

° T42 = ’T4/ T2
« H—> WW™* decays are 4-prong

 discriminate against g/q/W/Z/H(bb) m; (GeV)
(1 - or 2'pr0ng) 8 4?2;3 Simulation \
< g /\ H>bb
e Complication: X 5 —wowwos |
| - N
* Fraction of H—bb events failing b- z 1 e &
tagging, pu_t passing 742 selection M o<m<isscey
non-negligible G
* Must consider all possible Higgs 05}
decays simultaneously o1

jettiness ratio t,,
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X — VH — JJ [CMS]

arXiv:1506.01443

« Same search technique as X - VV — JJ — (qq)(qq)

e exceptuse H— bb and H - WW* — 4q taggers

» |lower backgrounds due to better background rejection of
H(bb)-tagger (compared to V-tagger)

Highest purity Lower purity

N DL L LI LR |19|7fb1\(8Te|V) A I A B I |19|7fb1|(8Te|V)

10° CMS -®- Data 3 10° CMS -®- Data E

- Preliminary =~ — Background fit . % - Preliminary = — Background fit ]

- e Z' - HZ (1.0, 1.5, 2.0 TeV) (O] F e Z' - HZ (1.0, 1.5,2.0 TeV)

10 --- W'— HW (1.0, 1.5 2.0 TeV) 3 - 1035 ---W'— HW (1.0, 1.5 2.0 TeV) 3

. 7)) - .

- — ﬂ f— —

— r— : = -

1 % VHPbe § g 1 E VLPbe %

A _: W ol ]

107 = v 105 |

L S E 0% E

oF E il o 2 -

of % &
-2 wlo -2
o




X — VH — JJ [CMS]

VH with H - WW* — 4q is an exclusive channel:

= use only events that fail H(bb) tagger

Adds ~ 10% to combination with H(bb)

"y
o
N

< Events / GeV >
5 9 =

Data-Fit
0Data
NDoN

-
o

T I LI ‘ LI LI | T T | T T 1 | \1 |9|'|7 If\b-l‘| ‘(I8 \-Il-elvl
= CMS A Data
- Preliminary = — Background fit

---Z' = HZ (1.0, 1.5, 2.0 TeV)
— W' = HW (1.0, 1.5 2.0 TeV)

3 VR, E
A .
T :
[ ]
A E
F il i
= l'\\ ------ E
= T
— 5 3 55

m;; (TeV)
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arXiv:1506.01443



Limits on Spin-1 VV / VH resonances [CMS]

-1
+ Heavy Vector CMS Profiminary 197 107 (B TeV)
Trlplet model B I ............................... ...... e (EXO12025) :

X — WV — gqqq (EXO-12-024)

X — WV — Ivqq (EXO-13-009)
— X = WZ — qqgll (EXO-13-009)
----- X — WH — Ivbb (EX0-14-010)
—— X — VH — qqgurt (EXO-13-007)
--------- X — VH — qgbb,6q (EXO-14-009)
=== oplpp — X+)+0TH(pp — X)+oq(pp = x)

X=X/X",V=W/Z

i

(composite Higgs-
like model)

* m(W)=m(Z’)
excluded up to
1.8 TeV

.................................................

* WV(lvqq),

VV(qqqq) and S
VH (q g b b) have / HVT Model B (@,=3) : ‘x
best SenSItIVIty at 10-2 — BR(X—>W2Z) ~BR(X—=>WH) oo N e r— s P

_ -~ BR(X—WW) = BR(X—>ZH) fff?ffffffffifffffiffffi?fijifffEEffffEEfffffEf?ffff?"?fffEfffffff:i:fffEEffffiE_?fffE
hlgh MasSses P IR NI MY SAATA SRR M M
1 1.5 2 2.5 3

Resonance mass [TeV]

Petar Maksimovic, Johns Hopkins Searches for Composite Higgs, t tbar resonances, ... SUSY 2015



Events / 20 GeV

Data / Bkgd

X — HH — (bb)(bb) [ATLAS] )

arXiv:1506.00285
 Resolved analysis  Boosted analysis

* 4 b-tagged R=0.4 jets o 2 fat' trimmed jets
e group in close pairs W% e each with 2 b-tagged R=0.3
e ttbar veto A tracking Jets T

| 4
p )4

Normalize QCD and ttbar in Mjead control region /

- e e e L s e s S B S L A B - s 1277 7 T " 1 T T T T ]
16— ATLAS Signal Regiol a3 & - ATLAS Signal Region .
- Vs =8 TeV ¢ Data 1 g 10 Vs =8 TeV ¢ Data —
14E f Ldt=19.5 fo' [ Muntijet =4 3 F Ldt = 19.5 fo'' 1 Multijet .
12— [ ]t — = 8 [t —
- I Syst+Stat Uncertainty — 14 ~ I Syst+Stat Uncertainty ]
0= & e G*(700), k/M,, = 1.0 = s G*(1000), K/M,, = 1.0, x 2_—
s &=, e G*(1000), k/M;, = 1.0, x 3 3 G*(1500), kM, = 1.0, x 15
== * - 4 —
4 [ — 3
= i), = 2 ]
2 i — ]
= . s 4 T T el I e S s e T LT L D B ]
5 T T ] 5 ------- __
4 : | — -8) 4= —
3 a4 F 3E 3
2 —] = 2
1 (3] 1
0 1 1 1 1 "CB‘ 0 | 1 1 1
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X — HH — (bb)(bb) [ATLAS]

arXiv:1506.00285

> F amnas o
L§ I~ Vs=8TeV det =1095fb" Boosted: Expected Limit (95% CL) |
= —— e E
Tr .
b 105> E
Resolved T <—=____ Boosted
analysis : L N analysis
g 1_55_ Ratio of Expected Limits _E
8 M TN =
% 0.5F =
8 07500 800 1000 1200 1400 1600 1800 2000
T T I T T T I T T T ] T T T | mi T T I T T T I T T T | T T T I mG*KK [GeV]
- ATLAS 1 cB)qu RS, k/M,, =(1 .0 o _
B _ — - ——e—= (Observed Limit (95% CL T .
Vs=8TeV Ldt=19.51" . Expected Limit (95% CL) 4 ° Complementa rlty
| BN Expected 1o | between regimes
— Expected +2¢ 3
- 1« Combination

PR R
600

1 I 1
800

1 1 | 1 1 1 1 1 I 1 1 1 1 1
1000 1200 1400 1600

1 | 1
1800

mG*K

L
2000
) [GeV]

reaching O(fb)
sensitivity in 1 TeV
range



10 CMS Preliminary 19.7 qu (8 TBV)
§ Signal for Ag = 3 TeV Jet: (Jetz) with HP (HP)
Cl—-My=15TeVx1 A Data
Fl--- M, =20TeVx5 — Bk Fit

1 E I:l Bekg Uncertainty

> R X — HH - bbbb
g [
~ 10" i i
5 10 Highest purity
c
[¢5)
>
L

102

10°=
g i
[=] L
o
EE o.si. B e
8 SeE II -l- —
" A0
a 155

1000 1200 1400 1600 1800 2000 2200
M, [GeV]

CMS-PAS-EXO-12-053

 use substructure for higher/lower purity

X — HH — (bb)(bb) [CMS]

CMS-PAS-EXO-12-053
« >3 b-tagged subjets; if AR(subjets)<0.3, b-tag fat jet instead

* bkg from combination of

» shape from sideband of (pruned) jet mass

« normalization from fit to HH data without signal mass window

Events / [GeV]

Data - Backg

C MS Freliminary

19.7 fo™ (8 TeV)

10

Signal for A, =3 TeV
— - My =15TeV x 1

—e- M =20TeV x5

10

102

Jet (Jetz) with LP (HP)
—— Data

— Bcekg Fit

I:l Bckg Uncertainty

X — HH — bbbb

1t jet lower purity

Events / [GeV]

102

Data - Backg
ﬁData

o
=
w
>
:
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19.7 fo™! (8 TeV)

Signal for A, =3 TeV
— - M, =15TeVx1

-- M, =20TeVx5

10"

4t

Jeti (Jetz) with HP (LP)
—&— Data

— Bckg Fit

l:l Bckg Uncertainty

X — HH — bbbb

2nd jet lower purity

-05
-1.0
-15
1200 1400 1800 2000 2200
M, [GeV]



o x BR (X — H(bb)H(bb)) (fb)

10*

10°

10°

10
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X — HH — (bb)(bb) [CMS]

19.7 6" (8 TeV

T T T T | T T T T ‘ T T T T I T T T T } T

[
CMS

Preliminary

Observed
— — Expected

T T TTTTIT
Ly~

Expected + 1o
Expected + 2 ¢
Radion (A; =1 TeV)

CMS-PAS-EXO-12-053

e Extra dimension spin-0 radion
(/\R =1 TeV) excluded

_/

. — — Radion (A; =3 TeV) :
N :
: 1 g
i - ] T
T BT T T
1 15 2 25 3 n
Resonance Mass (TeV) £
>
1
: : o)
CMS combination of HH 5
searches /'féf
£
O
&

— — —

o o o

N w [$)]
T T TTT

-
o

up to 1.5 TeV

(NB: model at edge of validity of

narrow width approximation)

9.7 fb™ (8 TeV)
1 1 —

CMS-PAS-HIG-13-032 (yvbb)

CMS arXiv:1503.04114 (bbbb) - spin-0

CMS Phys. Rev. D 90 (2014) 112013 (I and ¥)
CMS bbrr low mass (CMS-PAS-HIG-14-034)
CMS bbbb (CMS-PAS-EXO-12-053)

S — Observed _§
— ---Expected -
- (Boosted) -
=  (Resolved) = ... .3
_ I | 1 1 ] 1 | I I I | I I ) [ — 1 1 1 [ T

500 1000 1500 2000 2500

myP"0(GeV)
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Vector-Like Quarks (VLQ)

arXiv:1505.04306

* Vector-like coupling to weak currents
 singlet / doublet / triplet SU(2) representations possible
 production: pair (QCD) or single (EW)
« decay: heavy quark and W/Z/H boson

g b
T -
N W~ H,Z
T
: g b,t.%
e Searches: 12

* heavy VQL — boosted signature
« top tagging, V tagging, H-tagging (with subjet b-tagging)

« All-had, |+jets, SS leptons, multilepton



Events / 150 GeV

Data / Bkg

arXiv:1505.04306
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VLQ reconstruction

19.7 b (8 TeV)

. v 1 I [ l I 1 I 1 I I LILIL I LI l I I LI l 1 I | I
« Example 1: ATLAS l+jets S  4CMS —$— Data _
[(}] - QCD (from data) .
e reconstruct W + b + anything £ _.[ t .
i _.g 0.8 N TT—tHtH (500 GeVIcz) i
-+ resolved W — jj and I % ---------- T s |
o osL B o eV/c?) x100]
bOOSted W — J : ' :§ Multiple H tag category 7
- discriminant: m(bW) 04l . 1
: ' JHEP 06 (2015) 080
70—ATLAS ——Data 0.2 n ]
203107, 1s=8 Tev B TT->WbWb (600) C PO
ECT T T T e TT (600) singlet i N ———
60— [t
C [ Non-it (@)
50 :_ 2., Total Bkg unc. E
- Wb+X, tight &
40 [

. C_1 | 11 I 1 | | 1 I 1 11 | I | I T I 1 I I I | L I_:
0 500 1000 1500 2000 2500 3000

H, (GeVrc)
10%_ « Example 2: CMS all-hadronic

N RN POUPTUD T IOO s vsese « Top-tag + Higgs-tag

2 L e

v T Discriminant Hr

0 500 400 600 800 1000

M., [GeV]



VLQ: limits for different BRs

40

arXiv:1505.04306

 Complementary searches used to cover the whole plane

BR(T' — Wb) vs BR(T' — Ht)

BR(T — Ht)

0 0102030405060.70809 1

ATLAS

850 o cmmm e
0.4

Vs=8TeV, 20.3fb" Summary results:

Same-Sign dil.
arXiv:1504.04605

Zb/t + X
JHEP11(2014)104

Ht+X,Wb+X comb.
arXiv:1505.04306

\ -~

BR(T — Wb)

[similarly for CMS]

950
900
850
800
750
700
650
600
550
500

Observed 95% CL mass limit [GeV]



VLQ TT — Ht+ X 1eu
VLQYY - Wb+ X 1eu
VLQ BB - Hb+ X 1epu
VLQ BB - Zb+ X 2/>3 e, u
T5'{3—>Wt 16.#

« Alarge variety of e

searches have been

performed
\

Run 1 limits:

 Exclude 600 — 900 GeV,

depending on BR

41

VLQ: status

>2b,23j Yes
>1b.23] Yas
>2b,>23] Yes
>2/>1b -
>1b,>25] Yes

Q'—=gqW(semilep+M)
T'(5/3)(dilep,ss)

T'—=tZ(semilep+lep)

T'—=bW/(semilep+M)

T'—bW/(hadronic)

B'—bZ(multilep)

B'—bH({multilep)

B'—tW(ss-dilep)

B'—+bZ(dilep)
B'—bZ(semilep)
B'—bH(semilep)
B'—tW(semilep)

B'—bH(hadronic)

T'—tH(semilep+lep)

T'—=bW(semilep+lep)

T —tH(H—=yv)

T'—tH(hadronic)

B'—tW(multilep)

20.3
20.3
20.3
20.3
20.3

AL 1 1 L I I 1 1 1 I I

Vector-like T

cms

Vector-like B'

Illilllilllll

(0] 0.2 04 0.6 0.8 1 1.2 1.4
Fyvcchidad Masse (TaJy)
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Conclusions

 LHC has a broad program of searches for VV, VH, HH, ¢,
and tb resonances, as well as heavy top partners

« Covers most of the composite Higgs phenomenology

 We are getting quite good at dealing with boosted objects
(both ATLAS and CMS deploying increasingly sophisticated
techniques)

 Run 2 is starting

» hopefully will shed some light on the interesting excesses in
Run 1 data

Petar Maksimovic, Johns Hopkins Searches for Composite Higgs, t tbar resonances, ... SUSY 2015
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BACKUP MATERIAL

Petar Maksimovic, Johns Hopkins Searches for Composite Higgs, t tbar resonances, ... SUSY 2015
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Substructure data/MC scale factor

e Study performance of W-tagging in data

» derive data/MC scale factor (SF)
 error on this “substructure SF” — systematics on the signal!

» The only clean sample of merged hadronic W's is t¢

component of £+ jets
Cambridge Aachen R=0.8

* where top enough SO 0.16
boosted that W' — qq § [ omewenar 0.14
merges into one jet g O comminas i 012

=

* but not too boosted so 8 0

that b-jet merges as well \ I " et s

-
-
=
- - - -
=== - n
4 = =
- 1= L = = 0

800 1000 1200 1400
Jetp_(GeVic)

(plot stolem from
Petar Maksimovic, Johns Hopkins Snowmass study)
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Substructure data/MC scale factor

« Anatomy of the W-peak: Merged W — qq

This is what we want

W — qg from tt_ CMS Preliminary, 19.5 fb 1 at \E=BTEV/W—> ev HP

which did not merge. 400 T T T I T T I T T e

« “combinatorial —
background” %
O

* T2 / T1cut causes % 200
it to peak broadly %
@
- needs to be sub- LI

tracted away
(done in the fit) >0

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIII

— — — —— = ———T1

Pruned jet mass (GeV)

Petar Maksimovic, Johns Hopkins o vows 2015
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Substructure data/MC scale factor

CMS Preliminary Simulation,
rrrryrrrrprrrrprrrr [ rrr1T

JME-13-006

Vs=8TeV, it
[Trrrrorr7

= oo T +' e ] ¢ Shape of non-merged
o 350- unmatched - hadronic W — qq decays
= 2ooF = —— from simulation
T 200F E « Match W-jet to generator-
150 : level W — qq
100£° 4~ 200 ey ST ST 1B S P TN
50 |_| = % - pass .
%:....|....|....|..|....|....|....|....|....: 01000__ matched _|
0O 50 60 7 80 90 100110120 130 n L i
m, (GeV) —_ L -
1} @ 800F -
. R S B -
. g/lodel jet mass_lcrll tt T 00 =
y narrow + wide I ]
components > 400~ B
200 -
: Ll | | | -

Petar Maksimovic, Johns Hopkins

IIIII (| | 11 1 1 1 1 11 1 | Ll L |
QO 50 60 70 80 90 100110120 130
Searches for ! m, (GeV)



CMS Prellmmary 19.5fb " at\s=8 Tev W—> uv

——~ BOOF T T
Substructure SF 3 | B« Single Top
JME-13-006 © ool -WVY/WZ/ZZ -w+jets E
= - ° dat*a Ty Wc fit .
« Simultaneous fit to L‘%’ oo cetafit B } b
events that pass . : | | Events
: pas 5 | - that PASS
and fail W-tagging, 2001 | | W-taggin
in i+ jets and e + jets ging
100~

* High and low purity:
SFwtag = 0.93 £ 0.08

e ammme

4050 60 70 80 90 100 110 120 130
pruned jet mass (GeV)

CMS Prellmlnary 19 5 fb at Vs =8 TeV, W— p,v
SFWtag — 1.10 :|: 0.30 % 300; o | - I__LISmgleTop
o 250 Bl wwwzzz [ w+iets
« Use MC to extrapolate 2 200F o data me i
to higher pr(jet) & | T data Events
150 that FAIL

W -tagging

40 50 60 70 80 90 100 110 120 130
Petar Maksimovic, Johns Hopkins Searches for pruned jet mass (GeV)
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Analysis flow for X - VV /VH / HH

Pruned jet mass

Trigger event
l CAS8 clustering
Reconstruct two bosons

W(lv), Z(II), H(TT) —
W(qq), Z(qq), H(bb), HWW->qqqq) — N-subjettiness T/1,

v
Reconstruct VV/VH/HH invariant mass - wogp7i—~—r—+—7++—++7++— :
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Bkg for X —» VV — vlJ — (vl)(qq) [CMS]

arXiv:1405.3447

Assumption: Observable in signal-depleted
sideband closely related to signal region
Background rate+shape estimated from data in
sideband extrapolated to signal region using
simulation

Advantages:

« Limited use of background simulation

» Can search for enhancements in tails,
not only bumps

Disadvantages:
« Uncertainties associated to extrapolation
to signal region sometimes arbitrary

Checks:
* Closure test in simulation and/or other
data sideband
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Boosted H — bb tagging

e Discriminants:
. large R jet (ATLAS: anti-k_R=1.0, CMS: CA R=0.8)
groomed jet mass (trimmed for ATLAS, pruned for CMS)

e “subjet b tagging”
o track jets R=0.3 for ATLAS

CMS-PAS-BTV-13-001
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* pruned subjets for CMS 8 - CAR=0.8, 300<p <500 GeV/c :
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H — 1t tagging

. . . . R BR |%
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X — HH: motivation

 SM: pair HH production — direct test of Higgs potential

« BSM: e A - !
 modified HHH coupling (non-res) , S

 new heavy X — HH: g = — —gi
KK Gravitons, 2HDM, t | 1
new scalar in Higgs portal, etc. g ) o2 4
 Focus on H — bb channel __)E__,:’
* largest BR (33%) o o

 heavy X — boosted H

e combine substructre and
b tagging
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