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The State of SUSY
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The Naturalness Strategy

Param UV sensitivity Natural if NP Scale Natural?
“me” &2\ N =5 MeV Positron 511 keV v
Mn.? - 3a N\ = 850
—A
Mro? . MeV Rho 770 MeV v
Szf%(mKo
MKL-MKS 247T%4LA2 N =2 GeV Charm 1.2 GeV v
6y N\ = 500
MmHy?2 T =L GeV ? ? ?

Naturalness / “hierarchy problem?” is a strateqy for finding new physics
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What do we know??

Pre-L

C priors: naturalness, unification, DM

Higgs mass: mn= 125 GeV

SM-like Higgs boson @ ~10% level

No direct evidence for sparticles thus far

No generic new flavor / CP violation

Possible hints of NP in muon g-2, LFUV?
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CMS

Run 1:5.1fb" (7 TeVv) + 19.7 fb" (8 TeV)
2016:35.9 fb' (13 TeV)

Run 1 H-yy —_—

Run 1 Combined ——

2016 H—-yy

2016 H— ZZ— 4l

= Total Stat. Only

Total (Stat. Only)

125.07 + 0.28 ( + 0.26) GeV

[ |
124.70 + 0.34 ( + 0.31) GeV
Run 1 H— ZZ— 4l —— 12559+ 0.46 ( + 0.42) GeV I

—_— 125.78 £ 0.26 ( + 0.18) GeV

125.26 £ 0.21 (£ 0.19) GeV

= . .
p__ mesoscomon In MSSM: tension with naturalness,
T

Run 1 + 2016 125.38 + 0.14 (£ 0.11) GeV . . .
but consistent w/ current limits.
122 123 124 125 126 127 128 129
m,, (GeV)
FeynHiggs, tanfg = 20 FeynHiggs, M} = 125.1 GeV
140 o ' ' oo T ] 105_ T T T T T
135 - ] tanpB =5
130 - X;/Ms =6
18 :_ATLAS/CMS +1o
-
O
©. 120
=

103 ] ] ] ] ]

103

104 -3 -2 —1 0 1 2 3
Mg [GeV] X /Ms

[Slavich, Heinemeyer, et al. 2012.15629]
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CMS

Run 1:5.1 fb™ (7 TeV) + 19.7 o (8 TeV)

2016:35.9 fb' (13 TeV)
Run 1 H-yy
Run 1 H— ZZ- 4l
Run 1 Combined
2016 H—yy
2016 H— ZZ— 4l
2016 Combined

Run 1+ 2016

1 I 11 1 1 I 11 1 1 I L1

P

By
——
by
|

= Total Stat. Only

Total (Stat. Only)
124.70 +£ 0.34 ( + 0.31) GeV

125.59 + 0.46 ( + 0.42) GeV
125.07 + 0.28 ( + 0.26) GeV
125.78 + 0.26 ( + 0.18) GeV
125.26 + 0.21 ( + 0.19) GeV
125.46 + 0.16 ( + 0.13) GeV

125.38 + 0.14 ( + 0.11) GeV

IlIIIIIllllIII

122 123 124

F-term (new singlet)

125 126

[Drechsel, Galeta, Heinemeyer, Weiglein ‘16]

127 128 129
m,, (GeV)

T'he HIggs Mass

Preserve naturalness by going
beyond MSSM — Higgs properties

D-term (new U(1))

[Staub ‘16]
140. ()0 T T T I T T T I I T I
OF \ \ Vo \ X
: 40
120 ! l\ \\ \\ \\ \\ \\ -
01l l \ \ \\ \\ \\ 3@
100; —0. | \ \
____________________ || \\ \\ \\\ \\\ \\\
[ \
> 80 S, my, o 020 \\ o o
% 60l — 2-loop g \1 \ \ \\ 20|\
—03r VL Vo ]
a0l — 1-loop ‘\\ \ ) \ \\
\
20! — - tree 04 \ N[
15 2\
o 125 GeV I — %2
' ' ' ' ' IR 11| A
0.10 0.15 0.20 0.25 0.30 0 2 gx 0 0.8 o
A

Finite decoupling; Higgs coupling measurements
constraining (or alignment — light states).

Higgs couplings, heavy
vector bosons at LHC13/14
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[Falkowski ‘15]
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Embracing Naturalness

- R Assume Higgs mass given by non-
“Natural SUSY” decoupling effects, superpartner mass
hierarchy inversely proportional to
o TeV contribution to Higgs potential
~ 5 2 2 : :
W m; o< W (higgsinos)
~ 3y2
2 t ~ 2 2/ ~ 2
J M ~ 55 log(A~°/m?)
~ o~ (everything else)
L~ 1R
bL _ . 2
_ Quantify tuning _ 20y
h (as you like) - ms
N [Dimopoulos, Giudice ‘95; Cohen, Kaplan, Nelson '96; Papucci,

\_ ) Ruderman, Weiler ’11; Brust, Katz, Lawrence, Sundrum '11]
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Where we are now: HIggsIiNosS

“Natural SUSY”
5 TeV

W
9

~

TLN IR

|

( A

See talk by Shah

| ots of searches...

1o 137 b (13 TeV)
—_— I T T T ‘ T T ‘ T ‘ T T T ‘ T T T I E
= CMS 0207 70770 a0 3
— —= XK + X .« — HHGG + X s
c 10°}  Preliminary™" % 2% Haki + Poon = L soft
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E .t O 102 = W el |:|:2 0'experiment =
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...and finally “irreducible” limits

June 2021
;‘ 40 I T T T T T T T 'L} l T T T T I
Chal’ inO' [} i ATLAS Preliminary
g . ) 20 [ VS=13TeV, 136 - 139 fb"
neutralino = 10 PP — {3 XX, 447 i Y (Higgsino)
_ . i - Tl All limits at 95% CL B
S p | Ittl n g I n - C N —— Observed limits ]
T| — 5 a ) - = Expected limits N
pure s ’
higgsino d ol
multiplet:
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Where we are now: Stops

- N
“Natural SUSY”

5 TeV

W

= 900
)
G,800

3

5777%[ ~ ——y?(még + mig + \At\Q) log(A/TeV)

872

March 2021

{s=8,13TeV, 20.3-139 fb

| | | | L L L ] w— Observed limits
C ) 70 ] - = Expected limits
- ATLAS Preliminary 80 K ]
- tt, production ig ,' 4 i Data 1518, ¥ = 13 TeV, 139 b '
—~ - 5 . ~0
S - - Limits at 95% CL 30 A ] B rmonojett,ury
= 700 — y ] [2102.10874)
— - 1 . - 0, -0~ -0
e - p ] S 0L T, /T, - bW, /T, = bl
Y ]
600 - ", 18 201 220 ] [2004.14060)
- 7/ b e [ S A 7 A e
- : N [2012.03798)
500 A -2 — i NI N
- 4 , =%, L, 1 bty
C - [2102.01444]
400: Data 1516, Y6 = 13 !
C =1 s owy
300 C [1709.04183, 1711.1
C 1708.08247, 1711
200 . .
- [1903.07570)
1 00 T Dat VE.8TeV
C - /1, - bWi

: /L‘Aﬂ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 I 1 :
200 400 600 800 1000 1200
m(t,) [GeV]

Generic limit > 1.3 TeV

pp —tt, t =tX} Moriond 2021
T | T T T | T T T | T T T | T T T ‘ T T ‘ T T |

L CMS Prefiminary 137 b (13 TeV) |

1000~ _sus-20-002, 0-, 1- and 2-lep combination

I 1711.00752, 0-, 1- and 2-lep (stop), 36 fb™'
=-=2103.01290, O-lep (stop)

—1912.08887, 1-lep (stop)
800 —2008.05936, 2-lep (stop) _

--:Expected i
=—QObserved

Mg [GeV]

600

400

200 —

0 —._‘ I I l 11 l 1 1 1 l 1 1 1 l | :: i él l ]
200 400 600 800 1000 1200 1400

m; [GeV]

Compressed limit

— A~70 (1-2% tuning) > (600 GeV. 500 GeV)

(2 stops, A = 100 TeV)
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Where we are now: Gluinos

—
“Natural SUSY”

5 TeV

\

W

L L \ [ L
% 3500#& ?,( 0 lep. [2010.14293] ATLAS Prellmlnary
O, - bB7. 23 biets [CONF-2018-041]
— L G 17 23bijets+ 2 2lep. SS [CONF-2018-041, 1706.03731]
?3_{3000_9_» G@W3 0 lep. + 1 lep. [2010.14293, 2101.01629)] _:
L 27-12jets+ 1 lep. + 22 lep. SS
C [2008.06032, 1708.08232, 1909.08457] 1
25005 aaliv)i via 1 2lep. OS SF + =3 lep. [1805.11381, 1706.037311
> 117[1808.06358]
2000 > 1y [1802.03158]

om3, ~

L eads to

\(_ 13 TeV 361 139 fb1 March 2021

- Colours indicate different models
[ Observed limits at 95% CL

)H.

1000 1200 1400 1600 1800 2000 2200 2400
m(g) [GeV]

Generic Iimit > 2.2 TeV
— A~35 (3% tuning)
(A =100 TeV)
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pp =G0, G —=>ttX?  Moriond 2021

T | T T I LI I T T | T | T ‘ T TT T 1T | T n
-CMS 137 b1 (13 TeV) -
~ —1908.04722, O-lep (Hf"™) ]
—1909.03460, 0-lep (M;,) +~Expected -
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1710.11188, 0-lep (stop), 36 fb‘

—QObserved

| N II A
800 1000 1200 1400 1600 1800 2000 2200 2400

my [GeV]

ol b by

Compressed limit

> (1.3 TeV, 1.3 TeV)
— A~220 (0.5% tuning)



Stop mass [GeV]

Fine-tuning estimates

I:I n e P rl nt are leading-logarithm

[Casas, Moreno, Robles, Rolbieki, Zaldivar '14]
[Buckley, Monteux, Shih "17]

[Buckley, Monteux, Shih '17]

3.5 2.5,

5. Pole masses (1G,2G=10TeV)

5. Pole masses (1G,2G=5TeV) -

—
. =

5. Pole masses (1G,2G=3G) IOV I

.. 4@ 2.0F

\::5* s
4. Two-loop thresholds EO15p

E
&

3. IR Running masses 7&
0.0—

Stops: Full results / LL

—
)

. 00l
2. Resummed two-loop RGE 104 10° 105 101 102 10" 10' 10* 10° 108 10 102 10 10

A [GeV] A [GeV]

[Buckley Monteux, Shih '17] A=100 TeV

Accounting for all these effects
gives factor-of-2 improvement.
UV correlations could give
further improvement

000 2000 3000 4000 5000 Of course, fine-tuning not quantitative
Gluino mass [GeV ] 17



Removing the Logs

Logarithms from the UV play a key role in tuning (~factor of 5 for stops)
Situation more favorable if only IR contributions considered
(e.g. [Baer, Barger, Mickelson 1309.2984] et seq.) See talk by Baer

A simple model: [Cohen, NC, Koren, McCullough, Tooby-Smith 2002.12630]
(see also [Dermisek 1606.09031]). Sharp prediction: more stops.

AUV 2 2
- 3 3 M
! L 5M2 ~ Tt ﬁl2 — 4 10 -
| . Hu 872 2 5\ 2
I < -
21| e - UV-conspiracy
n | — 1 B .
o 5 T = Tuning Improvement
R M @ E %. _ i Ay =30TeV |
: = & ] A U N _10l5 )
i m, »n i - Threshold effects - Agy =107 GeV |
I : 8t
- IR-calculable 3 |
My ] £
= |
[
W)\:)\tHuQUC+)\tHuQIU,c 4l
’ =7 rc5=5/c |
WM:M(QQ+U U) |
~2 ~ 2 ~ 2 ~ 2 ~ 2 ............................... ]
Vaort = M (‘Q‘ s ‘UC‘ — ‘Q” _ ’U’C‘ > 600 800 1000 izoo 1400 1600 1800 200
18 m |GeV]



Breaking the Spectrum

Bring in new charged states at the TeV scale.

4 Supersoft Dirac N
gauginos
[Fox, Nelson, Weiner ‘02]
mg 7# Ms/2
SUSY broken by a D-term

D = %<D2D2V’> > 0

W/ WA D

6] 7 ¥ R

W D Vi > L D M)\a
Scalar masses radiative

Qg

2~ S log (m?/mb)

Minimally — ™gq ~ 2mp
so my ~ Ms/5

Decouple gluinos! Predict

new adjoint scalars
N /

4 Global symmetry )
for Higgsinos

[Birkedal, Chacko, Gaillard
'04; Chankowski, Falkowski,
Pokorski, Wagner ‘04]

2 2
mi #
SUSY Higgs is a pNGB

associated w/ spontaneously
broken global symmetry

g—H

U term an invariant of

g

doesn’t contribute to Higgs potential

No problem w/ higgsinos @ TeV,
but predict new states associated

k w/ global symmetry. /

/ No local 4D SUSY \

[Antoniadis, Dimopoulos,
Pomarol, Quiros '98; Delgado,
Pomarol, Quiros ‘98]

* E.g. 5D SUSY on Si/Zo,
SUSY broken by BCs.

e Spectrum finite, no large
logs. (Often) dirac gauginos.

« Geography/localization can
distinguish generations.

e /Zero modes not
supersymmetric (“hard
breaking” for higgsino).

e Scaleis 1/R ~ 5 TeV

k- Analogous models in 4D /

Look for the new stuff. Often large cross sections or resonantly produced.
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Breaking the Signal

Erase MET by RPV or stealth (new sector with small non-SUSY splitting,
[Fan, Reece, Ruderman ‘11; Fan, Krall, Pinner, Reece, Ruderman '15])

Trade MET for
additional soft event

RPV Stealth

P, y q ) . gct|V|ty, m|grqte
. X1 P, b signals to exotics;
——————— N sometimes you win,

0g <l 0R

sometimes you lose.

See talk by Dreiner

q
, 137 b (13 TeV) ) 137 b (13 TeV)
B‘ 10 :EI:I | T TTT | T T TT T TTT T T TT | T T TT |;I'::,L| T T TT |OI T I(I)l T T TT | IjE: B 10 :Etl | T TTT | T TT | T 1T ILI'::’LI | T I,LI | : TT | I: T | T TTT | IjE:
Z £ CMS pp—~ttt—ty%, X, =i 3 & [ CMS pp >ttt —>1Sg, S - SG, S —gg 1
O‘%Z 1oL E 68% expected ] O‘%Z 1oL B 68% expected B
- =Nl e 95% expected [ = AN\l e 95% expected E
o N —e— Observed limit _ o N —e— Observed limit N CD
= 1 L 5. — = 1 5. =
> £ = o (NNLO+NNLL) 3 E 5 0. (NNLO+NNLL) =
D_ g)_ 107! f— —f g). 107" f_ _f g
o s 1 3 -
[~ ] C ~ ’ —
— B —J f — =
O 102 LI 4 Oz =9 =10 =l
32 = By, —~1i)=1.0 R - B(S — SG) =1.0, B(S - gg) =1.0 ]
X 10_3;_m%o=100GeV _ . 10_3;_m§=100GeV, m. =1GeV, mg =90 GeV i
'_|' | 111 | 111 | 111 | | I | | 111 | 111 | 11 | 1 | 1_' '_I' | 111 | 1111 | 111 | 111 | 111 | 11 | 1 1_'

II|IIII 111 1 I|IIII 1 1 1 1 II|IIII III|I
1000 1100 120 300 400 500 600 700 800 900 1000 1100 1200
m-[GeV] ) m-[GeV]

300 400 500 600 700 800 900
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Simple Frameworks

e.g. minimal gauge mediation

mES mQ1 2 mU1 2 mD1 2 mL1 2 mE1 2

[Pardo Vega, Villadoro 1504.05200]



Particle Masses [TeV]

SImp

e Frameworks

SUSY SU(5) GUT

" [Bagnaschi et al. 1610.10084] |

Mho ]\4-1-10A]M;LX[)-Z\JHi mX(f ng mX:(s) mex) me ,)n)(zi Me;, Meg M, Mg mz Mz, My, m’;u mi, m&R My Mg, My, mp, My, My

10-39

1070}
10 ¢
10-42 [

Lo | 10'43 -

[}

£ 10%}
Ig, 10—45 [
mb& 10746 |
10-47 [
108}
1090}

10—50

* — — SU(5): best fit, 10, 20

10°

Minimal Anomaly Mediation

Narrow region of viable thermal cosmology w/ higgsino or wino LSP

Higgsino LSP DM, u>0

Wino LSP DM, p>0

- < . N N
10.0¢ | ©10.0t —— — || -
g
0
©
1.0r — —— = 1.0
@
L
h=
©
0.1 [Bagnaschi et al. 1612.05210]{ ™ oy — [Bagnaschi et al. 1612.05210]!
‘]Mh" LMHU ‘]WAO ‘AIH N ‘mxlo "rrLXf ‘mx,ﬁ’ ‘mxf "lei ‘mxf‘ ‘méL ‘m(;R ‘mﬂL ‘mﬁR ‘m%1 ‘m%2 ‘ ‘m{»IL ‘m(»]n ‘mzl ‘mzz ‘mgl ‘m,;z = mg ‘ l]wh” ‘MHO ‘]MA“ ‘]WH:‘ lmx:’ lmxi‘ lmx}’ lmxj‘ ‘let lmxfl lmay, ‘maR lmm lmﬂn lm;l lm%z . lmtj,, lm[]n lmz, lm?_, .ml;l lmgz - i .

Largely inaccessible to LHC, better for indirect detection

/
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More on DM: see talk by Godbole
Unitication & Dark Matter

[Arvanitaki, NC, Dimopoulos, Villadoro ‘12]
9
{

Relaxing naturalness pressure on scalars, still
8\ pressure from unification & DM to keep
A il higgsinos & gauginos beneath ~10 TeV

3] . “Split / mini-split”

> anp=?
= 4}
50
. Di Iity: h for | lived glui
3 iscovery opportunity: search for long-lived gluinos.
=4
2 t‘aﬂﬁ
=50 5 > ny
| v tanf . g (R-hadron) — qq %, ; m(%;) = 100 GeV March 2021
> | @ RPCOL2-6jets arxiv:1712.02332 (Ys=13 TeV, 36 fb™) ATLAS Prelimina
Vs © 3000 ; . ry
| —@— RPC 0L 2-6 jets ATLAS-CONF-2018-003 (Ys=13 TeV, 36 fb™)
Of // o, —— Displaced vertices arxiv:1710.04901 (Ys=13 TeV, 33 fb™) - - Expected
‘ o) i Pixel dE/dx arXiv:1808.04095 (Vs=13 TeV, 36 fb™) -o— Observed
0 1 2 3 4 5 6 7 8 9 ‘é’ - ——@— Stable charged arxiv:1902.01636 (Ys=13 TeV, 36 fb™) . o
my = B Stopped gluino arxiv: 2104.03050 (Ys=13 TeV, 103 fb™) 95% CL limits
LOglo(m) f__’ 500 _ ' 1o
= | : :
5 = - : Do ;
[} L ! v :
= P ; : :
2000 : ' JJ :
3L BN Yea
% 4. Prompt Gluino Decays i , , , :
2 2 ! (i
o= 1500 — : : : -
7 - : : :
S 3 - ! N
> - i i )= /
(o) o : : F
= 1000 (£ ! P 2
= | O: 1 1 " :®©
™= 2} i : : B :
O | D--lIIIIlII 1 IIIlIIIIi | IllIllII | lilllllll il lilllllll 1 lIlIIllI | llllllll 1 Ilm
C"“édl"f_‘smbl"’ — 102 10} 1 10i ;i 12 10°  10* {[ng]
uinos 1 : : Do
i (r for n=0, py=1) Beampipe !Inner Detector Calo MS
11 ' ' ' ' 2 ' ' ' 3 I I I I 5I I I I I 6 III L1 IIIIII| 1 IiIIlIIII L1 lIIIIIIi 11 IiIIIII L1 IIIIIII L1 IIIIII| 11 IIIIIII

Scalar Mass in L my 10° 102 10" 1 10 10? 10° 10*
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tang

HIgQgs still plays a role

E.g. [Wells, Zhang 1711.04774]

dkp enforcing b — 7 unification

‘Mg‘ = 5TeV

-V6 <x;<0

0.5 1 2 4

Mo | TeV

M| = 10TeV

O<m<J€

tang

0.5 1 2 4

My | TeV
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Hints from g-2 / LFUV?

Very long history of SUSY
explanations for possible
muon g-2 discrepancy

“ LHC 13TeV™-._

[/#9G1 901 ¢ NX ‘1u0S ‘Ae(]

Mass [GeV]

Light Spectrum Heavy Spectrum
B Aa, (Not Allowed) (Not Allowed)
Em Adh? (Allowed) 17541 mm A B (Allowed)

2000

15.0
1500 1 12.5
=z
E 100
1000 -
wn
S
= 751
_ ‘ ‘ " '
P
O -
’J ~|:|: pe) ~
X(l) X1 0, lr

v, T1 T2

[°N
<
(=]

Hr

[Aboubrahim, Klasen, Nath, Syed 2107.06021]

Recent suggestions of lepton flavor
universality violation not well-fit by vanilla
supersymmetry, but RPV explanations
plausible. E.g. 2nd & 3rd-generation QLD +
LLE RPV [Dev, Soni, Xu 2106.15647, ...]

26



Where does this |leave us”?

(a fairly personal perspective)

Naturalness is a strategy for finding new physics (as are unification and
dark matter, of course). | still very much believe in this strategy, broadly.

But it no longer seems to me that the “most natural” versions of SUSY
fulfill the naturalness strategy, in the sense of providing compelling
guidance based on the evidence at hand.

SUSY still a compelling framework for naturalness, unification, and dark
matter. But Higgs mass, null results, and lack of generic flavor/CP
violation suggest colored sparticles are decoupled. My eyes, at least, are
mainly on electroweak physics in Run 3.

This leaves many interesting directions (especially it anomalies persist),
though perhaps not the ones most emphasized over the last decade.

For me, the main lesson of the decade has been that experimentalists are
extraordinary.

27 Thank you!



