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(). Naturalness: reviefv questions L. Susskind PRD 20 (1979), 2619
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Gih® _ .. 3
ane= 17 10

why SM EW scake M; Mp stable under quantum corrections.

v mz f() 4 fif Mp: tune couplingl : 133(!).

Hierarchy Problem Fine tuning. Unnatural. Ways out?
A physical paramete( ) is naturally v.small ifl ) = O increases the symmetry.

\Naturalness dogma": 't Hooft (1979)

- Solutions:
1. Scale (conformagymmetry. see for example Bardeen 1995; talk by M. Lindner

22SUSY:m2 mZIn =ms, mg TeV... no SUSY seems TeV! backto SM ne-tuning

h

|
- . . 12 4
..... why worryavorse (unrelated?) ne tunings: cosmological const. v (23 10 “Gev)

(1019GeV)4

..... because softly broken TeV-scale SUSY solves h.p.

3. Forget it. Use an EFT approach, enforce consistency at quevelifgiven loop order).
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SUSY models:

V = m%jH]j2+m§LH2jz (Bo oHi Hz+ hic)+ 1=2jHij*+ 272 jHj%+ 3jHj%jHj
|
+  4jH1 Ho%+ 572 Hy Ho)?+ g jH4%(Hy Ho)+ 7 jH2%(H1 Hy)+ hc:

2 2

m mfcos + mssit  Bp osSin2; UV:imi,=mi+ §

S cod + Zsif + F0siP2 +sin2 good + sif

The Problem: scales vs. couplings \tension" (\ ne-tuning"):
vZ= m?=; with v=0(100 GeV) < 1, but myzBgandm O (1TeV)

-mp>mz $ large loop e ect$ largem.p; Bo:::; also a problem of couplingssimall)
) Solution: - increaseby 1.- quantum corrections
2.- (susy) corrections from \new physics" beyond MSSM.
- live with ne-tuning? (cl. nonlinear systems); fundamesrtakept or UV ignorance?



[4]

Questions.....

@nv?
@n 2’

= fmg, M=; o;A0;Bog; v=EW scale

max max 1

) ; .. . " Ellis, Enqvist, Nanopoulos, Zwirner (1986)
a). based on physical intuition. Mathematical support” ey

b). \small* wanted (?); what is \small"? 20? 100

h x i 4

i 1=2

c). what de nition? q= 2 ;also should  y;;y,? see: Anderson, Castano, hep-ph/9409419
Dreiner et al arXiv:1204.4199

Baer et al 2012.
d). di erent de nitions! di erent results?

e). Take: 2 models: A: v.goodndf but large =1000 I model v. likely but...unnatural!
B: goPod ?/ndf but small =10 . I model less likely, but ...natural!
2= (O() O7®2=2  ?ndf L1 Then what model is better?

f). Is the ne-tuning \cost" to xm; related to 2 \cost" to t my regarded as observ&ble
) :tune ;to x EW scalev myz (same for observables |, likelihood related!?
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A closer lookLagrangiah of UV parameters : mg; o; Ag; Bo, M1-;
(9 + ) V2 2, M m3 tan®

+ oo
8 tan? 1 ’

2m3 = (mf+ m3+2 ?)sin2 +

sov=vVv(; ), = o)) mz = mz(; o )). Taylor expansion
mz = mj + @@_r?z _ ol h+ mJ = 91:187 GeV
mz _ i 2. 0. O\y — 0.
) mo gN' —5 + O(( )7 f normal to mz( ; o ) = mz:
|

NX  @nmy 2 01=

@n ; =90

with notation

m—OZ:4:6 10°% (2 );if 4 1000! — 46 108! ;=1TeV! ;=46keV
m

Z [
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(11). Naturalness without prejudice: likelihood and enmengetuning. D.G., G. Ross, arXiv:1208:0837,
arXiv:1304.1193,

- Max of likelihood to t EW observabl@s( ; UV parameters), factorization: arxiv:1302.5262
Y
L(datg i;v; )= L(Gjj i;v; ); i = Mo; M1, Ag; Bo; o5 :2i(SuUsy) ¢ Yo i)
j 1

- Also regardnz as an observabhith m> =91:187GeV.

fi( ;v; )=v ( m*=)=0; fy(i;v; )=tan  tan o )=0

Z
L(datgmzj )= dvdtan ) fi(i;v; ) fo( i;v; ) L(datg i;v; ) (1 mz=md)
h i

= Vo L datg i; vo; f1 i vo;
- = ol i) Vo = 246 GeV
. AN S
= L datg i;vo; o i) 1 Mz "OO( ) : Mz = gV=2
il m3 = gw=2

2— ~2 2
. . . . = +
- Note: factorization assumes no correlations (not true inlgjenera =09
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If all ; xed, except, say,: D.G., G.G. Ross, arXiv:1208:0837.

1
1mz():m§:@g?12():01 = o;
If all ; vary:
h1 mz( i ol ) _ 1 hnj (1 _J')i- "X @nmz(i o) 2
my q c Qi) | =i

) L(datamgzj ?) = iL(data]' i;Vo, ol 1))

= 0
q =

) Emergent ne-tuning ¢, as part of total likelihooghot put in by hand!).) answers a), c), f).
) maximize the ratio in the rhs!

) answers e): how to compare (likely but unnatural) and (uhiikenatural) models!

Bayesian case: see Casas et al 2008, Allanach et al 2007, Fogget 2012, D.G., H.M. Lee, M. Park 2012

[IT1I- H

i
(f(2) = TR Az 2); n= s
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With 2= 2InL: D.G., G.G. Ross, arXiv:1208:0837.
h i
2 — 2
2( )= ()+2In o)
| _{Z_} f1=0;f>=0
2
) total 2/ndf 1) Naturalness bound/limit: o< exp(ndf2) 100 (answers b)

) Possible corrections: from correlations among observables amdi$y (symmetries, etc)

Correlations e ects: ! [detM detd "M 1J) 1:2, Jij = %‘;‘]Oji, M cov. matrix. D.G. et al.

) Implications for SUSY models:
q¢ 10)  “=ndf 4:6=9

g 100)  “=ndf 9:2=9
q¢ 500) “=ndf 125=9

what is the value of ; In SUSY models?
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(111). Numerical results for in SUSY models: D.G., H. M. Lee, M. Park, arXiv:1203:0569

1) CMSSM (constrained MSSM) = fmg; o, M1=; Ag; Bog
2) NUHM1 (non universal Higgs Mass) = fmo; oMy, = MY Mi=; Ag; Bogd
3) NUHM2 (non universal Higgs Mass) = fmo; o, MY, MY Ma=2; Ao; Bog
4) NUGM (non universal gaugino masses) =fmo; o;mM 1,5 Ao Bod

Experimental Constraints:

- SUSY masses: micrOmegas 2.4.5,\MSSM/masslim.c"
- muon magnetic moment: a =255 2 8) 10%at2

-b! s 3:03< 10! Br(b! s )< 407at2
“B! * Br(Bs! * )< 108 10%at?2

- -parameter 0:0007/< < 00033at 2

- dark matter h?=0:1099 3 0:0062at 3

- ATLAS/CMS:m, 126GeV anda not imposed.

Tools: micrOMEGAs 2.4.5, SoftSUSY 3.2.4. Random)scag, max at 2-loop LL.
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Impact ofmp, a on 4 [2-loop, alf ; tan g all values] D.G., H. M. Lee, M. Park, arXiv:1203:0569
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Impact ofm,, @ on . [2-loop, alf ; tan g all values]. b.c. H. M. Lee, M. Park, arXiv:1203:0569
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Impact ofmy,, dark matter on 4 [2-loop,f ; tan g all values]. p.c. H. M. Lee, M. Park, arxiv:1203:0569

- v 5a) CMSSM v ~ 6a) NUHM1
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blue: consistent withh?; Red: saturate h? within3 . Grey areas ruled out by data.
) max (Not shown) nearly identical plots tg, (marginally smaller for same Higgs mass).
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SUSY searches from ATLAS and impact on parameter space (CM§SM on

ATLAS-2013
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D.G., Hyun Min Lee, Myeonghun Park (2012)
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Stop vs Gluino with largest, and min 4. [f ; tan g all values)p.c., H. M. Lee, M. Park, arXiv:1203:0569

) constraints omy, strongly reduce the viable regions.
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Other models (beyond MSSM): NMSSM, GNMSSM, ...

Mh, [GGV]

NMSSM: W =Wy + SHH, + S3 200
GNMSSM: W = Wypssm + M5,S + M3S? + manH (Ho:
from underlyingZ} symmetry
W=Wy+( + S)HH,+ M S?+ S3
< 30 for my 126GeV:

G.G. Ross et al, arXiv:1205.1509, 1102.3595
U. Ellwanger et al arXiv:1107.2472

GNMSSM: limit of decoupling BISSM + (d=5 operator)

=
|

= Wy+( + S)H;H,+ M S?
) W = Wy+ HHy+ (HiHp)% =M
< 30 for m, 126GeV:

S. Cassel, D.G., G.G. Ross, NPB 825(2010)

) massive singlg¢t reduces considerably. usuallyg(mp) exp( Mnp=cev) o(Mn)jcmssm
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(IV) Conclusions:

) g emerges from the total likelihood to t the data (includiag
which thus accounts for naturalnesgnot a fundamental concept?.
) largeL(dataymzj ) = L(datg )= 4required (or smallz= 2+2In ).
total 2/ndf 1 model independent boundy < exp(ndf2) 100
) not considered (!): corrections from correlations of observaMsalations among

Numerical results:
) q In CMSSM, NUHM1,2, NUGM: of all data, strongest constraint.
) 9 max expMm,=Gey 500 1000inthese models, fan, 126GeV.
) GNMSSM 4= O(10).
4 can be reduced ©(10)in MSSM + singlet, U(®)etc (using MSSM+e ective operators).
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Naturalness in the Bayesian approach. p(ajb) p(b)=p(a\ b)=p(bha)p(a)
Bayes theorem: [initial belief+datd updated belief].
Thomas Bayes (1761), Laplace (1812)
Z
: L (datg :
p( jdatg = 28I P e = L(datd )p()d;  fmamis oA Boye Ve o

p(datg

- p(datg): \evidence". Model§, 2. p(datg=p,(datg. p( )=priors.
- EW constraintsf( ;v; )=1f2( ;v; )=0, ) v(;::);tan o :0).

Z
p(datg = d p()dvdtan ) (mz md) fi( ;v; ) fo( ;v; ) L(datg ; ;v);
g L (datg ) X = Y
= ds ——=-"p(); q © o d di; p( )= p( a0
f15=0 ol ) i

D.G., H. M. Lee, M. Park, arXiv:1203:0569

) qdueto xing EW scale, in addition to/independent of poorg largeL= 4 needed.

answers e)?

[ ;

1
h(zy; 00 z0) (0(z1; 00 20)) dzgiiiidz, = dS, 1h(zi;::zn) - =
RN Sho1 Jr z g
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Reducing 4 by physics beyond MSSM higgs sector: MSSM + d=6 operators

Z Z
O = _d* Z; (H'eMH)% (=12 Oz= d* Z3(HYe"Hy) (HYe2H))
Z Z
O, = d* Z4(HaH1) (HoHY); Ok= d* Zy (Hle%Hy)HH + hic; k=s)
O; = & Z;TrW, Wi (HoH,)+ hic;;
Wherer(S;Sy): jot j18+ j15y+ jzm%SSy; ik 1:|\/|2; S=mg

O1.2.3: generated by massive T, U(1,4: singlet, T. Osg: 2 D, singlet.

(2 0 0)2 ve v2 cot
2 >t — 2
my Mz my Mz

(26 370mimz (2 e+ 7)Mz +O 1=5(M?tan’ )

4ami § (2 so+ 60)

2= 2v® (30% 40 §  20m3

) jo (choice?)) increaseny, reduce ne-tuning by:
D.G. et al, NPB 848(2011), NPB 831(2010),
M. Carena et al, PRD 85(2012), PRD 81, 82(2010) almp)  exp( Mp=cey) o(Mh) ~yisan
F. Boudjema et al, PRD 85 (2012)
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Corrections tan,, from CMSSM + d=6 operators b.c., I. Antoniadis, E. Dudas, P. Tziveloglu, NPB B848(2011

O1 O34
05 O6
mp= mZ+ mi = mn me 2-loopiLemssmw M =8 TeV. take: o 1=4

) topcurve: <200 mp<122GeV, mp<6GeV. 1GeV(my) $ 1TeV (M ).
) largestmy: Og, O.. ((128Geyy e © 4(128GeVcussm= O(10).



