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I'he long dream

Supergravity -> String theory

gauge couplings unity, GUT

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: Feb 2015 Vs=7,8TeV
Model &MY Jets EL™ [Laim™) Mass limit Reference
T T T — T T T —
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 (34 1.7TeV  m(G=m(z) 1405.7875
33, G-at) 0 2-6jets  Yes 203 |é@ 850 GeV m(¥)=0 GeV, m(1* gen. §)=m(2" gen. §) 1405.7875
@ . G—qX') (compressed) 1y O-1jet  Yes 203 |[4& 250 GeV m(g)-m(¥}) = m(c) 1411.1559
S 22 g-qa0 0 26jets  Yes 203 z 1.33 TeV m(¥)=0 GeV 1405.7875
g 38, 3oqq%T Hqu‘/t{{]‘{ 1epu 3-6 J_ets Yes 20 |z 1.2 TeV m(¥1)<300 GeV, m(F*)=0.5(m(¥})+m(z)) 1501.03555
O 28, 8—qq(ll/tv]v)X} 2e,u 0-3 jets - 20 |2 1.32 TeV m(¥})=0GeV 1501.03555
o GMSB (Z NLSP) 127+0-1¢ 02jets Yes 203 z 16TeV  tang>20 1407.0603
‘G GGM (bino NLSP) 2y - Yes 203 |& 1.28 TeV m(¥})>50 GeV ATLAS-CONF-2014-001
% GGM (wino NLSP) Teu+y - Yes 48 |& 619 GeV m(¥})>50 GeV ATLAS-CONF-2012-144.
£ GGM (higgsino-bino NLSP) k4 1b Yes 48 |& 900 GeV m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 03jets  Yes s ¢  690GeV m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 20.3 F'? scale 865 GeV m(G)>1.8 x 107 eV, m(z)=m(7)=1.5TeV 1502.01518
- gobbY) 0 3b Yes 201 |& 1.25 TeV m(¥})<400 GeV 1407.0600
S8 got| 0 7-10jets  Yes 203 |z 1.1 Tev m(E}) <350 GeV 1308.1841
B SO g1 O-1eu 3b Yes  20.1 3 1.34 TeV m(¥1)<400 GeV 1407.0600
Rgl gobit] O-1ep 3b Yes 201 |& 1.3 TeV m(¥)<300 GeV 1407.0600
we bibi, bi—bt) 0 2b Yes 201 |B 100-620 GeV m(¥})<90 GeV 1308.2631
<. bbby 2e,u(SS)  03b Yes 203 |& 275-440 GeV m(¥i)=2 m(¥) 1404.2500
S8 i, fobtf 12ep  12b  Yes 47 |7 ii0S67GEV 230-460 GeV M) = 2m(E}), m(E)=55 GeV 12092102, 1407.0583
&8 7i, i -Whk or i) 2eqp  O2jets  Yes 203 A& 90-191 GeV 215-530 GeV. m(¥))=1GeV 1403.4853, 1412.4742
S8 i, ol O-1eu 1-2b Yes 20 |#& 210-640 GeV m(P})=1GeV 1407.0583,1406.1122
%g Ay, k) 0  mono-jetictag Yes 203 | & 90-240 GeV m(i)-m(t})<85 GeV 1407.0608
?ﬂ % fifi (natural GMSB) 2e,u(2) 1b Yes 203 i 150-580 GeV m(¥})>150 GeV 14083.5222 \ b U d a C e O C O | O U r e d
bi, bl +Z 3ep(2) 1b Yes 203 |&@ 290-600 GeV m(¥})<200 GeV 1403.5222 I I I l
frlLR, [N 2epn 0 Yes 20.3 7 90-325 GeV m(¥})=0 GeV 1403.5294
XXX 0w 2epu 0 Yes 203 |i} 140-465 GeV m(E1)=0 GeV, m(Z. 7)=0.5(m (¥} )+m(¥})) 1403.5294
= 5 XXX St 27 - Yes 203 | Xy 100-350 GeV m(E})=0 GeV, m(7, »)=0.5(m(¥; )}+m(¥})) 1407.0350 M
DS wt i), (i) 3eu 0 Yes 203 |¥EE 700 GeV MTF)=m(T3), m(E})=0, m(Z, )=0.5(m(¥} )+m(})) 1402.7029 !

S ni-wi)zy) 23eu  O2jets  Yes 203 |¥EAD 420 GeV m(TF)=m(¥3), m(¥)=0, sleptons decoupled | 1403.5294, 1402.7029 r a r e r S a V O r S | I | a u r e S
T WRRKY hobb/WW/tt)yy €Y 026  Yes 203 |¥5E 250 GeV. M} )=m(F3), m(E)=0, sleptons decoupled 1501.07110 4 y y
O3 vt dep 0 Yes 203 |X3, 620 GeV mEE)=m(e2), m(¥)=0, m(Z, 7)=0.5(m(¥3)+m(¥}) 1405.5086
Direct ¥1¥; prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 |X 270 GeV m(¥)-m(¥)=160 MeV, 7(¥})=0.2 ns 1310.3675 .

B o  Stable, stopped z R-hadron 0 15jets  Yes 279 |& 832 GeV m(¥})=100 GeV, 10 us<7(3)<1000 s 1310.6584

23 Stable g Rhadron trk - - 91 |z 1.27 Tev 14116795

2%  GMSB, stable #. 1} ~#@ pr(e.n) 124 - - 19.1 | & 537 GeV 10<tans<50 1411.6795

S 2 GMSB, ¥-yG, long-lived 1! 2y - Yes 203 |& 435 GeV 2<r(¥)<3 ns, SPS8 model 1409.5542
33, X1 —>qqu (RPV) 1 u, displ. vitx - - 20.3 q 1.0 Tev 1.5 <cT<156 mm, BR()=1, m(¥})=108 GeV | ATLAS-CONF-2013-092

LRV pp—¥r + X, ¥r—e + 2e.p - - 46 |ir 61TV  1,,=0.10, 2132=0.05 1212.1272

LFV pp—¥r + X, ¥r—oe(u) + T lep+t - - 46 |ir 1.1 TeV 25,,=0.10, 41(33=0.05 1212.1272

S~ Bilinear RPV CMSSM 2e,u(SS) 03h Yes 203 |4z 1.35 TeV m(@)=m(@), crzsp<i mm 1404.2500

QP W e, euve dep - Yes 203 | 750 GeV. mEF)>0.2xm(F1), 4121 £0 1405.5086

= T K oW W srtv,,ethe Ben+T - Yes 203 | 450 GeV m(P)>0.2xm(F), 1133#0 1405.5086
&—qq9 0 6-7 jets - 203 |& 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091

g—it, ij—obs 2e,u(SS) 0-3b Yes 20.3 z 850 GeV 1404.250

Other Scalar charm, é—ct} 0 2¢ Yes 203 | 490 GeV | m(E})<200 GeV 1501.01325

R R R o L L L M

Vs =7TeV Vs =8TeV -1
full data - full data 10 ! Mass scale [TeV]

*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.




The long dream

Supergravity -> String theory

gauae coupnlinas unifv. GUT

Summary of CMS SUSY Results* in SMS framework

ICHEP 2014

c
S
3] o
3 %
8 i
* o, [} =0
ATLAS SUSY Searches” - 95% ( ° u
Status: Feb 2015 = G W) L3520
i [=2] - = =0
Model oIy Jets ET L By
T
MSUGRA/CMSSM ] 2-6jets  Yes g _ _ m— ]
33, G-at) 0 26jets  Yes @ o
8 G—q¥} (compressed) 1y O-1jet  Yes b )
S 839t 0 2-6jets  Yes = L)
I SV Teu  3Bjets  Yes &
D3z goagl/ T 2e 03jets -
gGMSB(ZNLSP) 1-27+0-1¢ 0-2jets  Yes — e e -
3 GGM (bino NLSP) 2y - Yes £
2 GGM (wino NLSP) Teqp+y - Yes 5
£ GGM (higgsino-bino NLSP) ¥ 1h Yes @
GGM (higgsino NLSP) 2e,u(Z) 0-3jets  Yes - B T e —_— o
Gravitino LSP 0 mono-jet  Yes " A20%
o
- =0 C - -
S g—bbX| 0 31‘7 Yes = CMS P I
gg Gorit) 0 7-10jets  Yes E re Imlnary
0
5 gttt 0-1e,pu 3b Yes o ) ) ;
@0 ot 0-1eu 3b  Yes £ For decays with intermediate mass,
o bibi,biobt) 0 2b  Yes + AU Mitermediate = X Myoiner (12X M
E.g byby, by X7 2e,u(SS)  03bh Yes s — -
a_g R, F—obYT 12e,u 126 Yes =
BQ i, Wb or i) 2eu  O2jets  Yes g _ e
&8 7, o) 0leu 126 Yes
%‘g Ay, k) 0  mono-jet/c-tag Yes Ga
?«a% fi7 (natural GMSB) 2e,u(2) 1b Yes Goa
b, h—h +Z Beu(2) 1b Yes G- qbtu [
2e, 0 Yes S,
2 eyZ 0 Yes 0T M
" 9--qqq 1"
23 TRy, Xy —tv(rn) 27 i Yes CR
DS wt i), (i) Ben 0 Yes G amant
S Wi Zh) 23eu  O2jets  Yes Geaiv
T WRRKY hobb/WW/tt)yy €Y 026 Yes 2 Geaw
/\72/?2.)-(2.3 —lrt e 0 Yes o Ga
P - - " Ggbtu A’
Direct X1, prod., long-lived ¥ ~ Disapp. trk 1 jet Yes - 2
° q—qbty '
38 Stable, stopped g R-hadron 0 1-5jets  Yes T —auqat
=2 S Stable g R-hadron trk - - T evt
ST S a 12 - - 7 =
S g GMSB, stoable r,X1—>r(e.y)+nr(e,y) H T —uwtn
8 2 GMSB, #/-yG, long-lived ¥ 2y - Yes T pn
an 0 i - - = L
@, Xi—aqu (RPV) 1. displ. vix Ty ] P IR R B P IR N
LFV pp—r + X, Ve + 4t 2ep - - 0 200 400 600 800 1000 1200 1400 1600 1800
LEV pp=vet Xvimeo+r - epst i - “ rved limits, theory uncertainties not incl
<~  Bilinear RPV CMSSM 2e.4(8S)  03b  Yes Observed nits, theory uncertainties no cluded Mass scales [GeV]
B B oW merenr, A , Yos Only a selection of available mass limits
T e b oW Moy, ey, Bemtt - Yes Probe *up to* the quoted mass limit
&—qq9 0 6-7 jets -
g0t fj—bs 2e,u(SS) 0-3b Yes
I I r
Other Scalarcharm,f-ao?? 0 2c¢ Yes 20.3 3 490 GeV m(¥)<200 GeV 1501.01325
Vs =8TeV 10! 1

*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.

full data Mass scale [TeV]

loured
ignatures,
3ined



energy [ ne long dream

Supergravity -

Higgs Mass vs. Fine Tuning

T T - ' T ! T ' 1 v "
3000 : R
L / \
/ \
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! \
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/ \
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< ( I / \
4 7 | ! \
' Suspect
» / Suspect \
' / FeynHi \
Summary of CMS I ;. Feynriggs \
s m(mother)-m(LSP)=200 GeV | 2000 - ] \
B /
S SUS 13-019 L=19.5 /fb 1 L / _—~a
8 SUS-14-011 SUS-13-019 L=19.319.5/fb | - N
* o, S SUS-13-007 SUS-13-013L=19.419.5/b | [ 1 L \
ATLAS SUSY Searches™ - 95% ( 2 SUS-13-008 SUS-13-013 L=19.5 /fb | 100 \
Status: Feb 2015 ES SUS-13-013 L=19.5 /fb 1 - 7 \
Model Ty Jots EMS 7 i) SUSTI00BSUSISOIBLTSS B () i / \
5 019 L= / 77N
MSUGRA/CMSSM 0 26jets  Yes 3 _ _ SUS13-019 L=19.5 /b ¢ ) 1 500 | 1000 y; , N *
a2, 34t} 0 26jets  Yes ? e —_— s 7 75|
§ 0. g4k (compresseq) 1y Oliet  ves Too —wi) | SUS-18:011 L=19.5/fb — -7 ’ \
S gl 0 26jets  Yes S SUTSL LS ’ s ’ \
S 2 a-ah —qgW=i} Teu  3Bjets  Yes @ P SUS-13-024 SUS-13-004 L=19.5 /tb 1 = 4 /Iy Ny
D3z goagl/ T 2eu  O3jets - SUS-13-024 SUS-13-004 L=19.5 /fb | E !z P \
©  GMSB (7 NLSP) 1-2740-1¢ 0-2jets  Yes e — — — — — — — — — — — - !/ 7 // \\ \
G GGM (bino NLSP) 2y - Yes s SUS-13-018 L=19.4 /fb | / ’ \ N
S  GGM (wino NLSP) Tepu+y - Yes E SUS-13-008 SUS-13-013 L=19.5 /fb 1 I / 2 \ \
£ GGM (higgsino-bino NLSP) b 1b Yes 3 SUS-13-008 L=19.5 /fb | / 50 \
GGM (higgsino NLSP) 2eu(Z) 0-3jets Yes — — — — —_ —_ —_ — —_- = = - / , \
Gravitino LSP 0 mono-jet  Yes " SUS-13-006 L=19.5 /fb 1 | , \ N
R o oh ves e SUS-13-006 L=19.5 /fb [ ] JRe / - ~C .
88 ot 0 740jets  Yes 2 A ’ v 7y -
oL oy : 3 SUS-13-006 L=19.5/fb [ , /7 7, PR
] g—tiX) O-1en 3b Yes o e 25
O N 0-1e.p 3b Yes § I 200 7 7 // ®
- 7 7 \
o Db, biobt) 0 2b  Yes o — L 2,0 /I \
E.g biby, by —1X7 2e,u(SS)  03b  Yes S ’,’ 7 // /’ p
S Andioot T2en  12h  Yes 3 1.3’ | SUS-13-006 L=19.5 /b - 72" .
88 nn, i—WbE or i) 2ep 0-2jets  Yes g e - - =T - - _ s 7
&8 7, o) 0-1e.p 126 Yes Feaw " e PR L smh
%g i, fioel) 0 mono-etic-tag Yes G - _ -
R % 171 (natural GMSB) 2e,u(2) 1b Yes Gl - - -
@ b, h-h +Z 3eu(2) 1b Yes Gt 2 - —_ -
o Y g—qbtu 2’ —
OLRlLR, (o) 2ep 0 Yes Feam -
XU, X =Ty 2e.p 0 Yes PR
=5 XXy, X —tva) 27 - Yes Gotos 10 . . . 1 : . 1 . .
DS wt i), (i) 3eu 0 Yes G amant
B ril-wize) 23eu  O2jets  Yes G —_ 4 —_ 2 0
TGO SWHRE, hsbb/WWTelyy MY 026  Yes z G
)?2)?‘2,)223 -0t 4epu 0 Yes o Goai h
Ggbtu A’
Direct X1 prod., long-lived ¥ ~ Disapp. trk 1 jet Yes A apt
E % Stable, stopped g R-hadron 0 1-5jets  Yes 9 qﬂ :qq‘:: :"m t IIl‘f
$ o Stable g R-hadron trk - - et 3
2E  GMSB, stable 7, V) —#@.arien) 124 - - T pwvt -~
Sa GMSOB,/\.,/?*W/G.’, long-lived ¥} 2y - Yes Tt l
a2 ¥1—qqu (RPY) T displ vix - - Ty, [ I E R R P R
LV e X Vr*?(; g 2o - - 0 200 400 600 800 1000 1200 1400 1600 1800
pp—¥r + X, Vr—e() + T epu+T - - * imi At i
< Biinear RPY CMSSM 2¢.u(SS)  03b  Yes Observed limits, theory uncertainties not included Mass scales [GeV]
& T, oW P oeer, e deu , Yos Only a selection of available mass limits
& oW S ey, BeptT - Yes Probe *up to* the quoted mass limit
&—qq9 0 6-7 jets -
g0, i —bs 2¢,4(SS)  03b  Yes . . -
Other Scalar charm, ek 0 2c¢ Yes 203 |& 490 GeV m(¥})<200 GeV 1501.01325
Vs =8TeV —1
N s o ! Mass scale [TeV]

*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.




energy [ Ne long dream

Supergravity -> String theory

gauge couplings unity, GUT

< 1% tuning In
simplest models

§ insensitivity to UV scales

< leV scale
supersymmetry

MHiggs




energy [ Ne long dream

Supergravity -> String theg

< 1% tuning In
simplest models

!4‘ .
_PeV scale
supersymmetry

MHiggs




% o)

=~ WHERE IS EVERYBODY?

LHC run1: We have discovered
the Higgs, nothing else.

We know that a SM-like Higgs
IS responsible for EW symmetry
breaking.

Is the EW scale natural?

The naturalness strategy Is not a
no-lose theorem, but has been
successful in the past.
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Example: Pion mass

2o~ — A< (M2 —mi0)exp ~ (4MeV)?

s s

Naturalness suggests — A < 850 MeV
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Example: Pion mass

Naturalness suggests — A < 850 MeV

‘New physics’: comes in at m, = 770 MeV



Example: Pion mass

Naturalness suggests — A < 850 MeV

‘New physics’: comes in at m, = 770 MeV

2.2 2
2 2 BQem MMy, 1 My,
mﬂ':l: o mwo — Og | —

2 _ 2 2
A ms

(Mgt — My )| TH = 5.8 MeV '



Bottom-up naturalness

New physics cuts off guantum
corrections above eV

* Supersymmetry

_ * Composite Higgs
§ insensitivity to UV scales * Extra-dimensions

* Technicolor (RIP)

== natural new physics

MHiggs



Naturalness under attack

* LHC direct bounds
IggsS Mass

Iggs couplings
-lavor & CP
-\W precision tests

* ¥

*

*



Strong dynamics

< ! \Ifj >= A? O;; =P
L*R QCD Yy SU(Q)L—|—R

— L=f2Tr[0,U0"U"]

Spontaneous breaking of G — H
QCD breaks EW symmetry, fr < v



Technicolor

SM € G/H

No need for a Higgs scalar, completely natural.

In trouble before LHC, now dead.



Composite HIggs

Georgi, Kaplan 80’s; Agashe, Contino, Pomarol ‘04

Higgs as an approximate pseudo Goldstone boson.

e.g. SO(5)/SO(4) atscale f
— 4 GB



Composite HIggs

Higgs as an approximate pseudo Golstone boson.

Fermi-scale v < f from vacuum-misalignment



Composite HIggs

Higgs as an approximate pseudo Golstone boson.

Fermi-scale v < f from vacuum-misalignment



Next-to-minimal composite HIggs

G
Larger cosets with more scalars possible 9
G H Ng  NGBs rep.[H| = rep.[SU(2) x SU(2)]
80(5) SO( 4) 4 4 — (2’ 2) [Agashe, Contino, Pomarol,...]
SO(S) SO(E)) 5 = ( 1 ]_) -+ ( 2, 2) [Gripaios, Pomarol, Riva, Serra 0902.1485]
SO(6) SO(4) x SO(2) 8 4,0+4 5 =2x(2,2) {j‘vf’;‘f’zﬁ";ﬁ)‘;’_’zrgg]’?attazz" Red, Serra,
SO(7) SO(6) 6 6=2X (1 1)+ (2,2)
SO(7) GQ 7 7 — (1 3) (2 2) [Chala 1210.6208]
SO(7) SO(5) x SO(2) 10 100 = (3,1) + (1,3) + (2,2)
SO(7) [SO(3)]? 12 (2,2,3) =3 x(2,2)
Sp(6) Sp(4) x SU(2) 8 (4,2) =2x(2,2),(2,2) +2 X (2,1) kag Sorma wirker 1105 5703
SU(5) SU(4) x U(1) 8 4_5+4,5=2x(2,2)
SU(5) SO(5) 14 14 = (3,3) + (2,2) + (1,1)




Higgs couplings

Low energy Higgs physics from symmetries

—f27;“_1 2 922.2h 2|1 0
L = Zdudz‘ = 5(0h)" + =~ f"sin 7 (|W\ | 2612UZ )
’ w2, (h)
QHVVZing\A_g GEF:SIHQT
Fermion couplings are less sharply predicted
_1-2¢
MCHM5 C = m
h Ny
T =t MCHM, c¢=+1-¢

MCHM;,



HIgQQgsS couplings

CMS Preliminary s« 7TeV,L<51f' ys«8TeV,L<196M"
J 2.0 L B B B L B A L |
: Ky K, -
1.5}
1.0 -
0.5} :
0.0 -
-0.5
-1.0f :
1.5} =
_2.OF Ll L e 1 1 | 1 1
0.0 0.5 1.0 1.5
Ky

W
’

1 e e | d
- ATLAS Preliminary + SM .
3 \s=7TeV,|Ldt=464.8f" x Bestfit MCHM4 1
" \s=8TeV,|Ldt=13-20.7f' — 68%CL MCHMS5 -
- ---- 95% CL -
21 -
N N Q‘-‘" Q‘} Q,\ ___________ i
BN . 4 A .
11// R N 2 K( ) ‘."/)_—
of ~
1 S U k
:1 | I P | | R S T R | :
0.7 0.8 0.9 1 1.1 12 1.3

~
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INdirect measurements

Collider Energy Luminosity ¢ [10]
LHC 14 TeV 300 fb " 6.6 — 11.4 x 102
LHC 14 TeV 3ab " 4—10 x 102
= = —1
ILC 250 GeV 250 fb_1 1878 x10-3
+ 500 GeV 500 fb
CLIC 350 GeV | 500fb~"
+14TeV | 1.5ab ! 2.2 x107°
+ 3.0TeV 2ab~ !
—1
TLEP 240 GeV 10 ab By 9 %103
+ 350 GeV 2.6 ab

[CMS-NOTE-2012-006]
[ATL-PHYS-PUB-2013-014]
[Dawson et. al. 1310.8361]
[CLIC 1307.5288]



Flavour

Csaki, Falkowski, Weiler, '08, Neubert et.al, Buras et al

Linear mixing (partial compositeness)

Loix = AL qLO% + AR tROE + h.c. + gA’uj”

ALAR

H

| AR Yt ~ = €LERGY .

L —— o—@—o——— i I Flavor constraint €z
qi qd;

m, > 10 — 30 TeV

o g
~ et kel P

dk q



Flavour

Csaki, Falkowski, Weiler, '08, Neubert et.al, Buras et al

Linear mixing (' Mry, “al compositeness)

£mix — )\L QL(

>

h
0=
® >

=y
S
oy

qr —

q; q;

¢
< o
Ys,,

2
: g
~ e kel qé Keed’lflx.
M

dk q



Implications of mp= 125 GeV

Potential Is fully radiatively generated

Agashe et. al
Vyauge(h) = g / (;};4 log (Ho(p) - %h Hl(p)> sn = sinh/f
[o(p) = a +10.(p) ,  Th(p) = 2|Ta(p) — Ma(p)]

g2



Implications of mp= 125 GeV

P al 1s full diativel ted
otential Is Tully radiatively generate cashe et a
V — ) d'p 4 Sh = sin h
gauge(h) 5 /(27‘_)4 lOg (HO (p) A Hl(p)) Sh /f

[ d*pILi(p)/Hy(p) < o0 Higgs dependent term
UV finite



Implications of mp= 125 GeV

Potential Is fully radiatively generated

Agashe et. al
Vyauge(h) = g / (;iﬂz; log (Ho(p) - %h H1(p)> sn = sinh/f
o(p) = 5—2 +1(p),  Th(p) = 2Ta(p) — a(p)]

[ d*pILi(p)/Hy(p) < o0 Higgs dependent term
UV finite

— ‘Weinberg sum rules

lim II;(p) =0, lim p*II;(p) =0

p?—00 p?—00




UV finiteness requires at least two resonances

Frmzm?

P
(p* +m2)(p* +m2))

H1(p) — spin |



UV finiteness requires at least two resonances

fomzm?

(p* +m2)(p* +m2))

H1(p) — spin |

Similarly for SO(5) fermionic contribution

Pomarol et al: Marzocca

T 5 2 9 2\ |
Ne |mi mg,mg, my,
—2 log

2
m, =
2 2 02 2
T | 17 mg, —mg, Mo,
similar result in deconstruction:
Matsedonskyi et al; Redi et al

>5=4+ 1  with EM charges 5/3, 2/3,-1/3
Q4+ Q

— solve for mp = 125 GeV



Light Higgs implies light fermionic top partners

m

2
h

Y

2 2 2
Ne | my Mg, mg,
7T2 2

P, —m

Q4

log (

2
ma,

2
ma, )

Pomarol et al: Marzocca



mo, (GGV)

Light Higgs implies light fermionic top partners

2000"
1500 -
1000 -

500

2
N. | m;
2

2 2
_f meg, — mQ4

2 2 2
™ T T
Qa1 Q1
> log ( ; )

mQ4
Pomarol et al: Marzocca

5=4+ |

Qs Q)

£=1000 GeV
f=500 GeV |
0 500 1000 1500 200
mg,(GeV)

with EM charges 5/3,2/3,-1/3

Contino et al: Pomarol, Riva;
Matsedonskyi,Panico,Wulzer; Red, Tes;
Marzocca,Serone, Shu:



Scan over composite Higgs parameter space

§=0.2 from 1204.6333
4
3 mH>130—f
Q=2/3 , _
1 L |
0
0 3 4 5 6

Q=5/3
myg =115 ... | 30 GeV

see e.g. ATLAS-CONF-2013-051



Top partners

expect new vector-like fermions at the TeV scale

minimal case: top-like state and heavy charge 5/3 coloured state

non-minimal cases: top-, bottom-like states, charge -4/3,5/3,8/3

either pair production, or single production in association with a b or t

400 ' 600 | 800 1000 1200
M [GeV]

[De Simone, Matsedonskyi, Rattazzi, Wulzer 1211.5663]




| HC8 limits

CMS preliminary Vs=8TeV 19.6 fb'!

BR(bW)
1

/

o T T T | T T T | T T T | T T T | T T T

1
BR(tZ)

I800

=750

—700
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 Symmetry commutes with §
tcolor: will be produced |
icopiously at the LHC!  §
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Twin Higgs

/>
Standard ’ ) bisbnsie
Model lIsboM

SU(2)L SU (2)twin

Higgs is a pseudoGoldstone boson of SU(4), top
partner states are neutral under SM.

LD yHatata+yHptptp

N hIZ\ _
= yrthtata + y (f ‘2f>tBtB‘|‘-.-\
\'4
N :
O
A// \\A




(Evil) Twin consequences

Higgs Is protected by a symmetry.
All new particles below cut-off are SM singlets!

Craig,Knapen, Longhi 14, Geller,Telem, ’14; Tesi et.al, 15, Barbieri, et. al ’15
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What's the phenomenology?
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HC finds Higgs and nothing else (check!)

iggs is pNGB: Higgs couplings cos(v/ f)

* Br(h — bewinbiwin) = Br(h — inv.) = sin”(v/f)
* Can have displaced Higgs decays

Juknevich, Melnikov, Strassler;

Craig, Katz, Strassler, Sundrum



(Evil) Twin consequences

Higgs Is protected by a symmetry.
All new particles below cut-off are SM singlets!

Craig,Knapen, Longhi 14, Geller,Telem, ’14; Tesi et.al, 15, Barbieri, et. al ’15

What's the phenomenology?

* LHC finds Higgs and nothing else (check!)

* Higgs is pNGB: Higgs couplings  cos(v/ f)
* Br(h — biwinbiwin) = Br(h — inv.) = sin®(v/f)
* Can have displaced Higgs decays

Juknevich, Melnikov, Strassler;

Craig, Katz, Strassler, Sundrum

No meaningful constraints yet.
Naturalness potentially probed to ~20% level by end of LHC.




Twin Higgs and composite
HIQQS

UV theory ~ 5-10 TeV

effective cut-off for
top loops by
“mirror top partners”

effective cut-off for
top loops by
‘top partners”

mirror top
mirror gauge

fa/u

U, T, Mtop




UV completion

* Holographic dual, 5D theory in AdS

Higgs is fifth component
of the G/H gauge field

G H 2 Z e ga
A5(Z) — EﬁTG/hh

UV IR
brane brane



Gauge higgs unification

 The Gauge-Higgs vev enters the fermion EOMs:

Y, (z,v) = Q(z,v)¥,(2) Q(z) = e'9s J 45 _The wilson line

* Coleman-Weinberg potential for Higgs potential

N
V(h) = (417)2 f dpp? log(p[—pz])



Holograpnic twins

Geller, Telem: Csaki, Geller, Telem, AW

sunre gange | G2 SO(8) x Ul)x x U)R x Zy | H:SO(7) x U(1)x
= XU(l)g} X ZQ
SAY; IR

SO(8) — SU((2), x SU(2)g x SU(2)T" x SU(2)%



lTop quark

bulk Z,, 7 of SU(7) bk

uv Z,

A
Y
o~

IR Z,, 7 of SU(7)

s0(8) | SUB). | Uy
Y, | 8 3 2/3
W, 1 3 2/3
UVb.c.(+): sy(2), [su@), | Uy
) 2 3 1/6
tR 1 3 2/3
IR b.c. (+):
SO(7)  |SUB). | Uy
Wi, War | 71 3 2/3
Wer | 1 3 23
IR masses: m; Wy, Wer

-~ m 1im
» W ,‘PqL

q
m
LPtR

so(8)  |SURZ | UMY
8 3 2/3
1 3 2/3
SU2), |SUB). | Uy
2 3 1/6
1 3 2/3
SO(7)  |SUMB)E | UMY
7,1 3 2/3
1 3 2/3

IR masses: m{ W Wig




HIgQgs potential

84

V(h) ~ —agsin?(h/f) + 5 sin*(h/f) — as cos®(h/f) + %6084(h/f) = asin?(h/f) cos*(h/f) + ¢

top + gauge mirror top + gauge




HIgQgs potential

84

V(h) ~ —agsin®(h/f) + 2 sin®*(h/f) — as cos®(h/f) + %6084(h/f) = asin?(h/f) cos*(h/f) + ¢

top + gauge mirror top + gauge




HIgQgs potential

V(h) =~ —agsin®(h/f) + %Sin4(h/f) _— asin®(h/f) cos*(h/f) + ¢
N _/
top + gauge mirror top + gauge




HIgQgs potential
V(h) ~ —apsethTT) + 5 sin' (/) -— asin®(h/f) cos®(h/f) + c

top + gauge mirror top + gauge
3
Ay ~ g dif KK
3 .. 2Mgy
a ~

1




HIgQgs potential

Naturalness without Top-partners

%k KK tops do not enter tuning
%k Tuning scales as f2/v2, Higgs data
%k Mkk can be as high as 4x f

Need Z: breaking

% Higgs potential —Bsin*(h/v)
sk U(1)xand mirror U(1)x mismatch
B — (g — g2)g f!

~ 12872

TR “wstmmmotll




Flavour twist

Csaki, Geller, Telem, AW, in prep.

RS-GIM suppresses flavor violation

Qi qj Flavor constraint ¢K
2 ~ 2
Ol o e B LE TG g2 > 106 TeV
My gi v my
dk qi
EDM of neutron
; a0 e,
RN 167T2f2md Lom SR
,I/ \\l ]_ (Y T _I_ i 9 B m_czl
> > g > > c 21 2 [fQ(Yde + YUYU)Ydf_d] 2 (V=) = 5
Y 2f

—_— > 729 TeV
mgq



Flavour twist

Csaki, Geller, Telem, AW, in prep.

RS-GIM suppresses flavor violation

Qi qj Flavor constraint ¢K
2 ~ 2
O L o B LE TG g2 iy > 106 TeV
My gi v my
dk qi
EDM of neutron
; a0 e,
REGRR 167T2f2md Lo CE R
,I/ \\l ]_ (Y T _I_ i 9 B m_czl
> > g > > c 21 2 [fQ(Yde + YUYU)Ydf_d] 2 (V=) = 5
Y 2f

—_— > 729 TeV
mgq



Flavour twist

Csaki, Geller, Telem, AW, in prep.

RS-GIM suppresses flavor violation

Qi qj Flavor constraint ¢K
2 ~ 2
O L o B LE TG g2 iy > 106 TeV
My gi v my
dk qi
EDM of neutron
; a0 e,
REGRR 167T2f2md Lo CE R
,I/ \\l ]_ (v T _I_ i 9 B m_czl
> > g > > c 21 2 [fQ(Yde + YUYU)Ydf_d] 2 (V=) = 5
Y 2f

—_— > 729 TeV
mMq



Flavour twist

Csaki, Geller, Telem, AW, in prep.
RS-GIM suppresses flavor violation

Qi qj Flavor constraint ¢K

2 ~ 2
Cr L g5 S1mam, 1+ my g> frng > 106 TeV

- Mgy 92 2 m;
4k qi
EDM of neutron
A C E g g*f = 196 TeV
> 1672 f2 AT CHu iR
,// \\| 1 v ; ; i o m_?l
- § e e L VXIS~ 0 = 5
Y 2f

— > 7.29 TeV
mq



Flavour twist

Csaki, Geller, Telem, AW, in prep.

The two most stringent bounds combined

g« f > 19.6 TeV

We can live with large coupling without paying the
price of tuning (twin protection)

At the limit of perturbative control
gy ~4m — f > 1.5TeV

which allows anarchic flavour with O(%) tuning.



G. Giudice

“Is neutral naturalness the beautiful

reason we haven't seen ar

last desperate hope of

ything, or the

‘heorists?”



Run 2 projections

Nsignal—events (Ml;figha 14 T@V, Luml)
Nsignal—events (Ml%)w 9 3 Teva 19tb : )

——

=1

Coupling constants & other prefactors mostly cancel in
the ratio.

Dependence on M and on /s mostly comes about

through parton distribution functions (PDFs) & simple
dimensions.

G. Salam, AW cern.ch/collider-reach



http://cern.ch/collider-reach

Z' reach [TeV]

Z’ exclusion reach v. lumi

G. Salam & AW

cern.ch/collider-reach 2035‘
[preliminary plot]

By the end of the

2023 o year, most searches
zoy ik will beat 8 TeV
end 2015 results

[Some, e.g.excited
quarks, will surpass 8
TeV with just 0.2 fb™!]

0.1 1 10 100 1000 10000
integrated lumi [fb'1]



reach for my [TeV]

reach for 2mg [TeV]

Post/pre-dictions for excited quark exclusion reach

Post/pre-dictions for squark exclusion reach
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reach for myy [TeV]
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Post/pre-dictions for sequential Z' exclusion reach
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Conclusions

Run1i left the most motivated natural models in a
somewhat bruised state

Run2 will be a big jump In sensitivity

Direct searches will take over in the exploration of
compositeness

Twin models still natural, hard to find, can explain
flavour
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