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THE HIERARCHY PROBLEM
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How can the Higgs mass be naturally light?
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How can the Higgs mass be naturally light?

Little Higgs: Make Higgs a Pseudo-Nambu-Goldstone Boson and protect its
mass from loop corrections via "Collective Symmetry Breaking" of 2
groups!
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LITTLEST HIGGS REALISATION

Arkani-Hamed, Cohen, Katz, Nelson, ‘02

Global Symmetry SU(5) breaks to SO0(5) at scale f
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LITTLEST HIGGS REALISATION

Arkani-Hamed, Cohen, Katz, Nelson, ‘02

Global Symmetry SU(5) breaks to S0(5) at scale f
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LITTLEST HIGGS REALISATION

Arkani-Hamed, Cohen, Katz, Nelson, ‘02

Global Symmetry SU(5) breaks to S0(5) at scale f
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Higgs mass corrections suppressed due to the simultaneous breaking of
two gauge groups
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LITTLEST HIGGS PROBLEMS

Hewett/Petriello/Rizzo, ’02; Csédki/Hubisz/Kribs/Meade/Terning, ’03; Kilian/Reuter, ‘03,...

L?H EWPT exclusion contours

ﬁfxﬁr Tree level mixing between heavy
B 9% CL and light gauge bosons yields

large contributions to
electroweak precision
observables

---------------------------------- f > 4.7 Tevags %C.L.

Fine Tuning of <0.1% would
again introduce the hierarchy
problem
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Reuter, Tonini, 1212.5930

May 15, 2018 Daniel Dercks - Littlest Higgs Model @ LHC13 9/47



LITTLEST HIGGS + T-PARITY REALISATION

Cheng,Low, ’03

Global Symmetry SU(5) breaks to S0(5) at scale f
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LHT PARTICLE SPECTRUM

e Standard Model particles are all T-parity even
* Heavy gauge bosons automatically T-parity odd
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LHT PARTICLE SPECTRUM

e Standard Model particles are all T-parity even
* Heavy gauge bosons automatically T-parity odd
* Embed Standard Model Fermions in SU(5) multiplets

* Add additional T-odd fermion multiplets (and "mirror" partners to create mass terms)
* =+ These mix to T-even Standard Model fermions + heavy T-odd partners +

"decoupled rest"

o = VA, f(1- E2)
mWH:mZH:gf7 o 8f2 7
g/f de:\/§ f
”?AH = —=
5 mgH:\@ f
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LHT PARTICLE SPECTRUM

e Standard Model particles are all T-parity even
* Heavy gauge bosons automatically T-parity odd
* Embed Standard Model Fermions in SU(5) multiplets

* Add additional T-odd fermion multiplets (and "mirror" partners to create mass terms)
* =+ These mix to T-even Standard Model fermions + heavy T-odd partners +
"decoupled rest"

* "Collectively" add two vector-like top partners to cancel quadratic
divergence from top-loops
* #+ Mix to a T-even and a T-odd top partner

2 D)
= Vo f(1- 1Y mp = e JVIH R
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LHT PARTICLE SPECTRUM

e Standard Model particles are all T-parity even
* Heavy gauge bosons automatically T-parity odd
* Embed Standard Model Fermions in SU(5) multiplets

* Add additional T-odd fermion multiplets (and "mirror" partners to create mass terms)
* =+ These mix to T-even Standard Model fermions + heavy T-odd partners +

"decoupled rest"
* "Collectively" add two vector-like top partners to cancel quadratic
divergence from top-loops
* #+ Mix to a T-even and a T-odd top partner

4 free parameters: f,r,, s, 1R
2 V1 + R2
My = V20, f 1-—-13i— mr- = ey TV
wH 8 f2)’ v R
Mwy = Mzy = gfa f | RQ
qf My = V2 f My = my, [(1+ R7)
MmaAy = —= v R

= mp_vV 1+ R?
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LITTLE Higgs + T-PArRITY CONSTRAINTS

Hewett/Petriello/Rizzo, ’02; Csédki/Hubisz/Kribs/Meade/Terning, ’03; Kilian/Reuter, ‘03,...

LHT EWPT exclusion contours

Mixing is removed and EWPO
contributions only appear at
loop level

Heavy tops cancel contributions
for R close to 1.

R=1:f>400 GeV@gs %C.L.
mw,, > 270 GeV
mr > 550 GeV

1000 1200 1400 1600
£ [GeV]

Reuter, Tonini, 1212.5930

Model realisations with small
fine tuning still possible!
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LITTLE Higgs + T-PArRITY CONSTRAINTS

Hewett/Petriello/Rizzo, ’02; Csédki/Hubisz/Kribs/Meade/Terning, ’03; Kilian/Reuter, ‘03,...

LHT (Case A) Higgs + EWPT exclusion contours

5 Exclusi . . _
/ Higgs constraints originate
o EEE from deviations in production

cross sections and branching

ratios

R=1:f>700 GeV@95 %C.L.
mw,, > 470 GeV

Y

mr > 950 GeV

Reuter, Tonini, 1212.5930
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LHT PARTICLE SPECTRUM

e Standard Model particles are all T-parity even
* Heavy gauge bosons automatically T-parity odd
* Embed Standard Model Fermions in SU(5) multiplets

* Add additional T-odd fermion multiplets (and "mirror" partners to create mass terms)
* =+ These mix to T-even Standard Model fermions + heavy T-odd partners +

"decoupled rest"
* "Collectively" add two vector-like top partners to cancel quadratic
divergence from top-loops
* #+ Mix to a T-even and a T-odd top partner

* 4 free parameters: [,/ s, I}
1 2 me,. fV1+ R?
_ _ 8 f2 v R
mWH - mZH — gf? m f(l +R2)
g/f Mmday = \/§ f mp+ = i R /
V5 mey = V2rif = mp_V 1+ R?

* Production of T-parity odd particles only in pairs
* T-parity conservation renders lightest T-odd particle stable
* + Possible Dark Matter candidate, unless T-parity is violated
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T-PARITY VIOLATION

Hill,Hill, ’07 Freitas/Schwaller/Wyler, ‘08

* Wess-Zumino-Witten-anomalies in the UV sector may create AgVV couplings

5

_ Ng \° M} m%( dmyi, '\ 2

DAy = WIW ™) =2'(Ay — Z2 :( ) H 1—- Y .
(H ) (H ) 80\/371'3 f4 Mle

* For masses below 160 GeV, loop decays into fermions may become relevant

Ne s My 4m?g Zm? 4m? 2
(A — (=" 21— 2 (1 1—
(A = 1) < 18T > [C ( M2 G MZ M3
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T-PARITY VIOLATION

Hill,Hill, ’07 Freitas/Schwaller/Wyler, ‘08

* Wess-Zumino-Witten-anomalies in the UV sector may create AgVV couplings

Ay Branching Ratio

5
B Ng' 2M§x m%( 4m? \ 2

DAy - WTW :2FA-+ZZ::( > H 1—- Y .

(A ) (A ) 80+/373 f4 M3,

For masses below 160 GeV, loop decays into fermions may become relevant
1

Ne s My 4mfc Zm? 4m?c 2
(A — = —2H 2 11— 211 1-—
(A = 17) < 487 > ij< iz ) T\ M3

TPV Scenario
1.0 1 W)
| qq
1 A
0.8 vy
bb
1 — U
0.6 1
o These decays may significantly
change the expected collider
0.2 phenomenology!
;:::::§§k_ But: If N=0, T-Parity may still
o be unbroken!
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T-PARITY VIOLATION

Hill,Hill, ’07 Freitas/Schwaller/Wyler, ‘08

* Wess-Zumino-Witten-anomalies in the UV sector may create AgVV couplings
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LHT SCENARIOS

* 4 free parameters: f,r,,

R

* T-Parity may be conserved or broken

1 v? _mt+f\’1+R2
Myy = \/5 f<1_§ﬁ)7 mp- = v R
g'f May = V26 f T = f R
Mma,, = —= /
SN mey, = V25 f o V1T
Sector Model Constraint  Phenomenology
Fermion Universalit Kl =K * mass degeneracy of qp, L
¥ =T e /; production negligible
fi _ e gy decoupled
Heavy qu fig = 3.0 e /y production relevant
. B e (r very light
Light £n fi = 0.2 e iy branching ratios change
T+ Light T* R=10 e T+ are light/accessible
Heavy T R=0.2 e T+ are heavy/inaccessible
A TPC No TPV e Ay is stable and invisible
H
TPV With TPV e Ay is unstable
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EXPECTED LHC TOPOLOGIES

pp — VaVue(€ Wy, Zg, Ax)
Wy/Zyg — Uy — Ay or
Wy — WAL,
Zy — Z/hAg

PP — qHAQH,
qa — qAg or
qg — qWH/ZH — qAH —|—X

pp — quVH,

gy and Vi decaying as above

pp — Ll
(g — (Ay

pp — 7T+
Ti — tAH
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EXPECTED LHC TOPOLOGIES

pp — VaVu(e Wy, Zu, An)
WH/ZH — KKH — EEAH or
WH — WAH,

pp — XX (€ X, %5, X9),
/XY = 00— 00x° or
Xi — WX,

g — Z/hA - -
H = Z/hAn X2 — Z/hX3
PP — qHYH, pp — qq,

qu — qAm or G — qX) or

qg = Wu/Zg = qAg + X

q— ao/xT ~> o)+ X

pp — quVH,

gy and Vi decaying as above

pp — GX;
q and y decaying as above

Recasting SUSY
analyses 1is
expected to be very
powerful here

pp — tly pp — 0,
by — LAy ¢ — 039
pp — TETE pp — it
Ti — tAH t~—> t)ZQ
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EXPECTED LHC TOPOLOGIES

pp = VaVu (€ Wy, Zu, Aw)
WH/ZH — KKH — EEAH or

pp — XX (€ X, %5, X9),

/XY = 00— 00x° or

Wa = WAz, - WERS,

Zn = Z/hAn B — Z/hxY
pp — quqH, pp — 44,

qu — qAm or G — qX) or

qg — qWH/ZH — qAH + X

Recasting SUSY

- <0/ 4+ -0
q—axa/xy »axa +X analyses is

»p = qu Vi, pp — 4%, expected to be very
gy and Vg decaying as above ¢ and y decaying as above powerful here

pp = Ll pp — L,
by — (Ag 0 — 0x°

pp — TETE pp — it
T+ = tAg t — tXo

AHAH — ViepVVV(TPV)

T-Parity violation still covered by SUSY

Viep = MET (> 70% of all events) analyses due to leptonic gauge boson

decays
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NUMERICAL ANALYSIS

Use UFO implementation in
MG5, validated with
Whizard

Input Possibility A

- MGS command (s madel + process i
~SHAfle jesssssss=a= 3

-_optionally: cross section or K-factor

»
MG5 aMC@NLO
= Generate events for any maodel implemented in MGE_aMCEMNLO

Input Possibility B Test the following

s]ﬁ::.rl\:cm o | T & " v

— . processes against all

lnput Possibility C ::::::::::: i - Generate SUSY events or shower provided \lhe files . .

T v implemented 8, 13 and high

- optionally: cross sectlon or K-factor Delphes )

— — — lumi 14 TeV results

Input Possibility D [II2III22722018] il encreyimumenton smearigs an resonetced objecs

sy R FPP| e ing enersy (only 13 TeV results discussed
___________ here)

Analysishandler

Input Possibility E [CooIiziiiin

- Apply identification efficiencies for photons and leptons

- Delphes .root files
- Apply uwns efficiencies for b- and 'uu.-jeu
- Checks i

- cToss sections

1. PP — qQHYH,qHJH, JHJH

.--I-l--l----l-.----I.----.-I-l--l-------I--i

r
:
’

@6?%"0 E ditions that are ired for the various analyses

‘\ ,O [l

£ 2 — quV,
Experimental . analys:s i Analyses ’ pp qH H
Publications gt 'ﬁr'oEc'dTJ.Fc's -3 ~perorm overlap removl wigger afclencis Hnemarcal e _
M oW analyses az clogely as possi
“o¢ : wmwzmnhmmuﬂnmwwm 3. pp % EHKH
06‘%,?%:,&0, E AL ULILIL veRe gevents of different signal regions
hg L (summed over all input events)
“‘7@‘_ N _ V v 4. pp — VgV
Output K 4| Evaluation
utpu : — =
-Fo!allslyu.lregim qgcgq_ll;s::_ rmmmwmmm:ummmmm 5- pp % T+T+7T T
tical signal / £l | upper limit 1 signal to experi | observation '
[:Lmisml background, observed) b '
sunefuwsench-dedurl.lud Y " = :I: — :|:
6. pp = 14.q, Ty q, TL W=, T4 W
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RESULTS oF LHC13 REcCAST

Fermion Universality x Heavy T x T-Parity Conserved

CM identifier Final State Designed for Ref.
atlas_conf_2016_096 Er +23¢ R0 [55]
atlas_conf_2016_054 Er + 14+ (b)j q.q [76]
atlas_conf_2017_022 Er +00+ 26 q,9 [7§]
atlas_conf_2017_039 ET L 2-3/ )Zi,)zu,f [56]
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RESULTS oF LHC13 REcCAST

Fermion Universality x Heavy T x T-Parity Conserved

CM identifier

Final State

Designed for

Ref.

atlas_conf_2016_096
atlas_conf_2016_054
atlas_conf_2017_022
atlas_conf_2017_039

Er +23¢
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; :I:’)‘e(]’f~

7

L <

H'Qe @

0

> Qe
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: SN Covered by 8 TeV
E-; 7 Covered by 13 TeV
i B L)
1] I
' = =
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4 -
X2
Y
i:} “--'--_.,_‘___‘_.»“‘_.»_-
—ni A A AN . LS ./‘ . / /
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RESULTS oF LHC13 REcCAST

Fermion Universality x Heavy T x T-Parity Conserved

CM identifier

Final State
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RESULTS oF LHC13 REcCAST

Fermion Universality x Heavy T x T-Parity Conserved

CM identifier Final State Designed for Ref.
atlas_conf_2016_096 Er +23¢ R0 [55]
atlas_conf_2016_054 Er + 14+ (b)j q.q [76]
atlas_conf_2017_022 Er +00+ 26 q,9 [7§]
atlas_conf_2017_039 ET + 237 )Zi, )EO,E [56]

T ]
SN Covered by 8 TeV \ o Covered by "atlas_conf_2017_022'
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fin GeV
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my,, = 600 GeV R Mgy 22 TeV  my, = V2ur search
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RESULTS oF LHC13 REcCAST

Fermion Universality x Light T x T-Parity Conserved

CM identifier Final State Designed for Ref.
atlas_conf_2016_096 Er +23¢ R0 [55]
atlas_conf_2016_054 Ep + 10+ (b)-j q,d [76]
atlas_conf_2017_022 Er +00+ 26 q,9 [7§]
atlas_conf_2017_039 ET L 2-3/ )Zi,)zo,f [56]
l_: ! : I '-: \
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mop— Z 1.3 TeV Mgy Z 2 TeV (Most recent SUSY stop search wasn’t impl. yet)

May 15, 2018 Daniel Dercks - Littlest Higgs Model @ LHC13 42/47
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RESULTS oF LHC13 REcCAST

Heavy q, x Light T x T-Parity Conserved

CM identifier

Final State Designed for Ref.
atlas_conf_2016_096 Er +23¢ R0 [55]
atlas_conf_2016_054 Ep + 10+ (b)-j q,d [76]
atlas_conf_2017_022 Er +00+ 26] q,g [78]
atlas_conf_2017_039 ET + 237 )Zi, )EO,E [56]
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RESULTS oF LHC13 REcCAST

Light 1 x Light T x T-Parity Conserved

5 T
1—_ |
=
31
T
_\.
"-’.a
Zh
E/
1] =

4 / Covered by 'atlas_conf 2017 _022'

N Coverepl by ‘atlas_conf 2017039
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atlas_conf_2016_096 Er +23¢ R0 [55]
atlas_conf_2016_054 Ep + 10+ (b)-j q,d [76]
atlas_conf_2017_022 Er +00+ 26 q,9 [7§]
atlas_conf_2017_039 ET L 2-3/ )Zi,)zo,f [56]
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RESULTS oF LHC13 REcCAST

Fermion Universality x Heavy T x T-Parity Violated

CM identifier Final State Designed for Ref.
atlas_conf_2016_096 Er +23¢ R0 [55]
atlas_conf_2016_054 Er + 14+ (b)j q. g [76]
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COMBINE WITH EWPO + HIiggs

LHT (Case A) Higgs + EWPT exclusion contours

Exclusions Here: R-vs-f favours R=1 to
| oesecL |

W 999 CL achieve cancellation effects of
' | heavy top and SM top sector

____________________________________________________

Kappa-dependence not shown

Interestingly, heavy fermions
contributions (box diagrams)
do not decouple at high

mass values!

—— L o . b L 2 2
. K | i | K
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AT, 4. = — E .
ot 192720, f2
i L QHal
1800 2000
Aol R Al U2
_ § : QH 2
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qu,lH

Strong complementarity to LHC expected!
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COMBINED RESULTS

Fermion Universality
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COMBINED RESULTS

Fermion Universality
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COMBINED RESULTS
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Fermion Universality Light T
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CONCLUSIONS

e Little Higgs theories provide interesting solution to hierarchy problem
and predict global symmetry broken at scale f.

e Littlest Higgs + T-Parity weakly constrained by EWPO + Higgs constraints

* Collider phenomenology shares many similarities with Supersymmetry

* Bounds on parameters strongly dependent on details of heavy fermion and
heavy top sector but complementary to EWPO + Higgs

e Combination yields "model-independent" bound of f > 1.3 TeV and requires
sub-percent fine-tuning, hence weakening the motivation for the Littlest
Higgs as a solution to the hierarchy problem

May 15, 2018 Daniel Dercks - Littlest Higgs Model @ LHC13 50/47



LHC RuUNZ2 PrRODUCTION CROSS SECTIONS
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Cross Section in fb (fory/s = 13 TeV)

LHC RuUNZ2 PrRODUCTION CROSS SECTIONS
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£y Branching Ratio

RELEVANT DECAYS
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Zy; Branching Ratio

RELEVANT DECAYS
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Zg Branching Ratio

RELEVANT DECAYS
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T+ Branching Ratio

RELEVANT DECAYS
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