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O Electroweak symmetry breaking? Naturelness?

O Natureless sum rule in the non-SUSY and SUSY case.
O How to test naturalness at the 100TeV colldier?
O Outlook
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The known “old” phy
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elementary particles



Why God’s particle!

Higgs potentia

1 A

V(h) = §u2h2 + —h*

4

EVVSB
(Higgs mechanism)

(hy=v#0 — mW:gwg

The origin of the
ENS

Gives all particles
mass



Natureless

As a scalar, Higgs has large quantum corrections

2

2 2
Mppys = Mo + A + ...

If no NP particles cancel the quadratic
divergence, there are quadratic quantum
corrections up to the new physics scale.

Big tuning if
\lambda is large

Symmetries could forbid such a quantum
correction, by introducing new particles

Linear divergence of electron mass ~ chiral symmetry  positron




Natureless

BSM guidance “old days”

Non-SUSY
gluon, g no top  top partner,t’
W=, Z
quark VV, rho meson

L (W', 2Z),etc

Standard Model particles superpartners

In the LHC era, we first search for something new, if there is
something, we better check the principle!

Is the new particle cancel the Higgs UV divergence from SM particles!?



Indirect informatio

|. Low, R. Rattazzi, A. Vichi, arxiv: 0907.5413
|. Low, A. Vichi, arxiv: 1010.2753

Ly = a i [ZQb, : log m;(v)| F,,F" .

167 v dlogv

Non-SUSY h is really H HMdag

More natural SUSY R. Dermisek, |. Low,
enhanced hgg arxiv: hep-ph/0701235

also for strongly |st EWPT
has to attach external gauge fields, not
know how precise is the cancellation

suppressed hgg




Resonance discovery

Direct test of naturalness would be the
discovery of new resonances

Previous, all those resonances searches are in the gauge
basis, model dependent, have to know (at least) rough the
model and check the complicated mass matrix.

We better test naturalness in the mass basis
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< Naturalness sum rule in

. the mass eigenstate




Fermion sum rule

LH model, no quadratic div

C.-R. Chen, J. Hajer, T. Liu, I. Low, and H. Zhang, Testing naturalness at 100 TeV, JHEP
09 (2017) 129, |arXiv:1705.0774|.

Tr[Y,,Mp] = 0+ O(v?) No quadratic div

T[Y,n M) = 0+ O(w?/M?) No log div

C. Csaki, T. Ma, J. Shu., Phys.Rev.Lett. 119 (2017) no13, 131803



Fermion sum rule

H

7),

QD in I-loop CW potential V(H) ~ Tr[Mp.M}]A?,

Op sector mass matrix [ERIEERIrEEYl

(')2 : .
IRVl No quadratic potential in the mass term

OTr[Mp. M}

Tl":"

_ (/D) OTMp. Mll, JOUH/f)?  OPTY(Mp. MY
(Zan In= oH/f) T oh "V 202(H/ )

_O(H/1)?

ln=0+ O (v*/f?%))

O2Tr[Mp.M ]
F 2 2




No quadratic diverge

OTr[Mp. M)

T lh=0 = 04+ O(v?/f?).

J

mass basis L'Mg|p-oR = Mp LY S ME)lh=0R = Y1,

OTx[Mp.M )] , .
Tlh:o = Tr[Yar.M}, + Mp.Yy] = 0+ O(*/ f?).

CP conservation Tr[Yp. M} = 0+ O@W?/f?).
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No log divergence

Log divergence Tr[(Mp.M})*]logA?
lgnore high order 52

terms beyond |/fA2 OH?
iTr[ Mp. ML) |h=0
H OTx[(Mp. M), H 2 ()Z'n Mp.M!)2
= (G e TGt nea + G o e o+ 0 (687
O(H O Tr[(Mp.ML)?
- (a{,.f) Ih=0 2(!)2(;1/f)” ]l”=°+ O (v*/f7)
=0+ O(z.’z/f?')

——Tx[(Mp. M) |0 = 0

a(i Tr[(Mp. ML) |heo = 2Te[Yar M, Mp M), + Y} Mp. M}, Mp] = 04 O(v*/f?)

CP conservation Tr[YarMp)] = 0+ O(v*/f?).




Gauge sum rule

No quadratic divergence

Tr[gvva] = 0+ O(v*/ f?).

No log divergence

Tr[gyvi M{] = 04 O(v*/f?),
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SUSY Case

Tr[gssn| — 2Tr[YM]WZ) + ]\'IDY]:‘[] + 3Tr[gvvn] = 0,
Tr(gssn| — 4Tr[Yar Mp| + 3Tr[gyvi] = 0.

Quadratic divergence

Top sector/stop sector Gauge/gaugino/Higgs /Higgsino sector

1 Z(y(;'+ conme; +YNiNwmy,) = 3(gw+w-n + 9z2zn)
]

- Z(QH?H?h Y 9utu- n) — 9hhh =0

l




Examples

t = —Alf\iquu:m - )\zf]:"LTn + h.c.,




-/
Examples

01O
® aximally symmetric composite Higgs SO5/SO4

L= qrilDqr + trilDtg + (I_’QiW‘IIQ + Wi Wg

1 _ - -
— \/—§€t\IltRU\IJ+L - €q‘II(ILU\I/+R - A[‘I’_*_LV‘II_{_R <+ h.c,

Before EVWSB

Te[Mp. MEJA2 = (3M2 4+ €2 + & i 52

Tr[(Mp.M))?|logA? = (BM* + ¢, + £ 1 =+ (2e2 + €)M ?)logA®. _




Maximally symmetric composite Higgs SO5/SO4
After EWSB

Te[Yp. M} = Te[Y.(M )| 5=0] =0 Te[Yp.Mp)] = Te[Y.(M}. . Mp.M}) =) = 0
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Collider Test

C.-R. Chen, J. Hajer, T. Liu, I. Low, and H. Zhang, Testing naturalness at 100 TeV, JHEP
09 (2017) 129, [arXiv:1705.0774/|.

Double production: No sign of the couplings

pp — qht'.

single production:
interference

pp — t thh.




Benchmark-LH

LH Model X} =148, Ay = 1.11 and f = 811 GeV.

Mass [GeV] a(ght'), fb | F(qht') | o(t'thh), fb | F(£'thh)

Wh: 50%
t' 1492 tZ: 25%
tH: 25%

Table 1. Top partner parameters at the Benchmark Point in the Little Higgs model.
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Benchmark-MSCH

MSH Model ¢, = 1.15, €, = —1.40, and M Q = 1500 GeV.

Mass [GeV] Decays o(t'thh), fb | F(t'thh)
Zt: 42.92%
Wh: 26.06%
1791 Zra: 12.76% . 14.3 9.9%
tH : 8.3%
tH: 37.51%
Wh: 32.84%
Zt: 18.33%
Wz @ 6.08%
tH: 51.45%
1500 Zt: 32.43% XXX YYY
WWt : 11.81%

Another-way at

Table 2. Top partner parameters at the Benchmark Point in the Maximally Symmetric Higgs
model.




Y
Top partner mass and

L UC Measure precision in percent!

Name Mass my | Br(t' — Zt) | Br(t' — th) | Br(t' — Wb)
T (LHT) 1.2 2.4 2.3 2.4
t, (MSCH) | 0.7 1.4 3.9 8.6
t, (MSCH) | 0.8 0.8 3.9 1.3

Mass reconstruction: both Z’s decays leptonically.

hadronic boosted oBr(tZ) 1 (5N dlog o 5MT)

= D

one of the Higgs bosons decays to v
thth events. - :
Br(T" — th) the other Higgs decays to bb.

both W bosons decay leptonically, resulting in a final state (¢~ + 2b + Frp.



Preliminary

Before the measurements of diagonal t' Higgs Yukawa coupling
have to pin down other unknown particles, details see the paper

Preselection:

Channel Selection Cuts Results
(vy) +2j + X pr(GF) > 400 GeV, k = 1,2; Table 5
pr(7Y) =100 GeV; pr(y?) = 50 GeV
m~~ € [120,130] GeV; mj; € [1.0,2.0] TeV

((re )+ 2+ X Pre-cuts: pr(j*) > 400 GeV, k = 1,2;
mg+e- € [80,100] GeV; pr(Z) > 400 GeV;
1 top-tag, 1 Higgs-tag
Cut L: m(j,0*0) € [1.0,2.0] TeV
(vy) +3j+ X | pr(j*) =400 GeV, k =1...3; m,, € [115,135] GeV; | Table 7
i,k € {1,2,3} : m(jijr) € [1.0,2.0] TeV

Table 4. Summary of selection cuts used for each of the three channels analyzed in this section.
See text for more details.




ML based multi-variab
VDOC

We proposed 14 variables in this analysis: m,, HT, MET, ny;, n;, leading boosted

jet PT PT,, next leading boosted jet PT PT\, ny, PT}, my, leading boosted jet light
boosted jet probability PJO, P?, le, P}!. We already have a lot of data so we do not

Single channel:

Sign determinations

RF: Random
Forest
methods

Simplified seven parameters: no much difference



Three channels

Process Pre-cuts | RF1 | RFII | o | Sign o
LH: ghT — (vy) +2j + ... | 28 x 103 | 1540 | 744
i v
hjj 1'.2 X 10" 550 | 1766 19 L5
tth 6.3 x 107 | 507 | 1273
Yjj 4.8 x 10% | 344 | 2069

Table 5. First three columns: Signal and background event numbers in the 4+ + 25 + X channel in

Pre-cuts RF I RF 11
2234 1232 366

1.4 x 10% 64 431

5.6 x 104 211 1431

263 /70, 86/429

Process
LH: qhT — qhyZt,
tqtqug
Zpejj
MSCH: qht{; — (Jhbefftq 086

Table 6. First four columns: Signal and background event numbers in the (£€) + 25 + X channel



Y -
Three channels

Process Pre-cuts RF

LH: Tthh — (vy) + 777 + ... 148 126
ttjh 183 48 14 2.4

ttVh 5.6 1.6

MSCH: ththh — (vy) +jjj+ ... | 487 | 467/83 | 34 | 8.5

Table 7. First two columns: Signal and background event numbers in the (yv) + 37 + X channel

LH: Yukawa 3% level Sign significances are all good
ty, the best channel is ththh — () + 35 + X, see Table T;
t,,, the best channel is ght, — ghZt, see Table 6.

top partner Yukawa is about 7% for both ¢, and .

Systematic errors may decrease those a few percent



O There is a very nice model independent
naturalness sum rule in mass eigenstate

(O Can be tested in 100TeV, 30ab”-| with
signs in LH & MSCHM

O Can extend to SUSY and other cases
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VIR XIS

TopsfBEIN: & BIEZLIEE
M) ~sin (2] (1 5 sin? (/) (13(0) - 150)

83T MEmt, tth, tthh, etc ] LAFRIE P 2 7 490
RMEMBRS, MEERIIER

Tr[Y,,Mp] = 0 + O(v?) ISR R lEN 7=
KNS eI Eexotic charge (5/3)




Spin /2 Resonances

There are many ways to generate the fermion ma
Bilinear £ = Agq(¥7¥)

Here we only consider the “partial compositeness”™

techicolor, conformal techicolor, etc

Linear mixing: Loie = MG;O;
: Good for
O; ~ UV, Composite operators flavor physics
g Composite fer!'nlons sit in the MEsdelly SUprese
“ representation of SO(4) the FCNC by the

Q; bi-doublet Si Singlet Sl (SR (s



Higgsi =4 =T
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Top FBEFHIFIX

CMS fs=8TeV 19.5 b
BR(bW)
1

T 09 ATLAS (s=8TeV,20.3 b’

900
Ht+X, Wb+X combination

=
o ~ o

0 0.10.20304 0506070809 1
BR(T — Wb)

[A3D)] yuy ssew srenb |, paasasqQ

BR(# — th) ~ BR( — t2) ~ BR(t' — bW)/2 ~ 0.25 BLEGAILEHA U a0 [)[€{Y



Top FPBEFHIFIX

5+5 singlet
£=0.1 : D. Matsedonskyi, G. Panico, A.
[5=13TeV Wulzer, JHEP, 1604, (2016) 003.

L£=20,100 fb "

= Tﬂ\'ll__Top15|é fE+=
X IE N RA
18 S Higgst= BY




ATLAS Exotics Searches* - 95% CL Exclusion

ATLAS Prreliminary

10° 1

10 Mass scale [TeV]

Status: August 2016 IL dt = (3.2-20.3) b~ Vs=8,13TeV
Model Gy Jetst ET™ [ram) Limit Reference
Ty v v
ADO Gux + 8/q - 1) You 32 p=2 160400773
ADO non-resonant ¢4 2o - - 2043 o= 3HLZ 1407 2410
ADO CBM - ¢q feu ;: - 23 a6 1311 2008
ADO Q8K - - 157 nub ATLASCONF 2016008
ADO BH high X pr zlep 22) - 32 mw Mo o« 3 %N rot N 1606 02265
ADO BH multjet - 23 - 36 B Mg w3 %N rot N 1612.02688
gi Guw — & 2e.u - - 203 h/-g. =01 146412
1 Gyx = vy 2y - - 32 AiMpy =03 1606 (0 X)
Bul BS Gux —+ WW - qqfv LN W Yos 132 Ay w10 ATLAS CONF 2046082
Buk BS Guw —+ HH —+ bhbb - ab - 133 kMg =10 ATLAS CONF-2016-040
Bulk RS gyx — 1t few 210202 You 243 BA « 0.026 1508.07018
2UED/ APP e 22b x4 Yos 32 Thee (1,10, BRGAIY) <o pth w1 ATLAS CONF 2016043
SSM 2" 2epn - 1343 ATLAS CONF 2046045
S55M 7' s 1r 2r - 195 15020177
Loptophobic 7' — bé - 2b - 32 1600 00 ray
SEM W' ety fen - Yo 133 ATLAS CONF 2046081
HVT W o WZ < qgwwmodel A Oe.u 1) Yos 132 v =1 ATLAS CONF 2016082
HVT W' s WZ — qogq mode! B - 2J - 155 & =3 ATLASCONE 2016088
HVT V' o WH/ZH model 8 mudti charre! 32 sy =13 1607.08624
LASM W}, < th tenw 2601 Yoes 203 14104100
LRSM W), — th Cew 21b1J - 203 .
Cl 9aqq - 2) - 57 /A TRy - ATLASCONF 2016008
Cltigy 2eu - - a2 W= =1 1607 (663
1 uute 255)23 e 2tb 2| Yos 204 |Cawl = 3 160404605
Axialvoctor medanr (Dkac DM) Do, u 21) You 32 £~025, g,#1.0, #(y) < 250 Ga¥ 160407772
Axialvoctor medanr (Dkac OM) Dep, 'y 1 Yos 32 £e=025, g, =10, m{y) < 150 GaV 1604.04308
ZZyy EFT |Dirac DM) Deu 1.1 Yes 32 sly) « 150 GaV ATLAS-CONF 2015000
Scalr LQ 1 gen Z2e 22j - 32 pet 1605.08035
Scaar LQ 2% gen 2u 22 - 32 LS| 160800035
Scalr LQ 3 gon fenw 21023) Yes 243 A=0 1500.04 725
VIQTT < M+ X few 22623 You 23 T 0 (T.8) doubiot 1508049006
VIO YY -« Wb+ X fep 21023 Yesu 203 ¥in (B.Y) coulat 1505049008
VLQ B8 » Mb+ X e 22023 s 203 Isospin mnglet 1505.04308
VIQBA « Zh+ X 233ep 22210 - 23 B in (B.Y) coudkat 1400 5500
VLQ QQ — WgWy fen z4) You 203 1508 04261
VLA Ton Ton — Wave 288 23 ep 2t b 2t|  Yos 32 ATLAS CONF 2046002
Excitod quark ¢* — gy iy 4 B 32 ony u* and d*, A = m{q") 191208010
Excited quark ¢* — ag - 2j - 157 ony u* and d*, A = m{q") ATLAS CONF 2016080
Excitod quark &° —» bg - 1t - 88 ATLAS CONF 2016060
Excitod quark &° — Wt 1or2ep 10,20, You 2023 Le=fhi=fe=1 1510 026064
Excitod lopton ¢ Jep - - 23 A=30Tav 1411 2024
Excited lopton +* Jeur - - 203 As18Tev 1411 2921
tg;gm.wr 1 ;.ﬂ. L 4 2-| Yos 23 1407 8150
na v o - 204 ol W) = 2.4 TaV, no mixieg 150800020
Higgs triplet H** - we 2e0(55) - - 139 OY production, BRIH)' < eele! | ATLAS CONF 2016081
Higgs triplot M** - ¢r Jeur - - 23 OY producticn, BIH* < fr)e1 1411 2024
zm (nee-res prod) teu b Yos 203 A = 02 1410 5404
ulti-charged paricles - - - 2043 OY production, |g = Se 160404183
Magretc monopoles - - 70 OY productien, lg| = 150, spk 112 1509.08059
" A A A l Y ' 'y 4 4 l 'y " 'y 3
‘Only

a selection of the availlable mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.




ttbar Higgs

. ~ Summary of the ttH signal strength measurements (left) and upper limits (right).
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