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the Standard Medel EFT

1 _
Lsm = _ZF2 + i + HYY| + hc.+ |D, H|> + ) H> — A H|* _@
unnaturally:
[ < 10”10 on?
small EDMs: argdetY < 10 ] axion:

tiny vacuum energy: [ A=M Iil.IP J

light EW scale: [ m2 _ MI%P ]
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only known solution: SUSY — A = mgygy

A prefers m, .., as low as possible!

SUSY

The EW hierarchy problem: m? = M2,

possible solutions: SUSY, composite models, extra-dimensions...



ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: ICHEP 2014 [L£dt=(1.0-203) ™!  5=7,8TeV
Model t,y Jets ET™ [raim™] Mass limit Reference
| ' ! ) ' ' L ! ' L
ADD Gkk +g/q - 1-2j Yes 4.7 b 37T n=2 1210.4491
ADD non-resonant ££ 2e,p - - 20.3 n=3HLZ ATLAS-CONF-2014-030
ADD QBH — {q Tepu 1j - 20.3 n==6 1311.2006
ADD QBH - 2j - 20.3 n==6 1o be submitted to PRD
ADD BH high Ny 24 (SS) - - 20.3 n=6, Mp = 1.5 TeV, non-rot BH 1308.4075
ADD BH high ¥, p1 >1leu >2j - 20.3 n=6, Mp = 1.5 TeV, non-rot BH 1405.4254
RS1 Gyi — (€ 2epu - - 20.3 k/Mp =0.1 1405.4123
RS1 Gk = WW — (viy 2epu - Yes 4.7 kfMp = 0.1 1208.2880
Bulk RS Gyx — ZZ — tlqq 2epu 2j/1J - 20.3 k/Mp=1.0 ATLAS-CONF-2014-039
Bulk RS Gxx — HH — bbbb - 4b - 19.5 | Gkk mass 590-710 Gev [l k/Mp =1.0 ATLAS-CONF-2014-005
Bulk RS gkk — tt 1eu =1b,>1J/2) Yes 143 BR =0.925 ATLAS-CONF-2013-052
Sz, ED 2ep - - 5.0 ~ 1209.2535
UED 2y - Yes 4.8 Ce R-! ATLAS-CONF-2012-072
o« SSM Z' — ¢t 2ep - - 20.3 1405.4123
S ssMZ -1 27 - - 195 ATLAS-CONF-2013-066
8  ssMw oty Tepu - Yes 203 ATLAS-CONF-2014-017
'g EGM W' —» WZ - tv '/ e - Yes 203 1406.4456
D  EGM W - WZ - qqtt 2epu 2j/1J - 20.3 ATLAS-CONF-2014-039
8 LRSM W;, — tb 1epu 2b,0-1j Yes 143 ATLAS-CONF-2013-050
LRSM Wf’? — th Oe,u >1b1J - 20.3 to be submitted to EPJC
Cl qqqq - 2j - 4.8 1210.1718
. Cl qqtt 2e,pu - - 20.3 e =-1 ATLAS-CONF-2014-030
Cl uutt 2e,u(SS) 21b,>1j Yes 143 ICl=1 ATLAS-CONF-2013-051
s EFT D5 operator (Dirac) Oe,pu 1-2j Yes 10.5 at 90% CL for m(y) < 80 GeV ATLAS-CONF-2012-147
Q | EFT DY operator (Dirac) Oer 14,<1] Yes 203 at90% GL for m(y) < 100 GeV 1309.4017
Scalar LQ 1%t gen 2e >2j - 1.0 =1 1112.4828
. Scalar LQ 2™ gen 2pu 22j - 1.0 p=1 1203.3172
Scalar LQ 3" gen lep 1t 1b1j - 4.7 B=1 1303.0526
Vector-like quark TT — Ht + X Teu 22b24j Yes 14.3 Tin (T,B) doublet ATLAS-CONF-2013-018
§-$ Vector-like quark TT - Wb+ X 1eu =>1b>3] Yes 143 isospin singlet ATLAS-CONF-2013-060
8 § Vector-like quark TT — Zt + X 2/>3e,u  >2/>1b - 20.3 T in (T,B) doublet ATLAS-CONF-2014-036
T S vectorlkequark BB —» Zb+ X 2/>3eu  »2/>1b - 20.3 Bin (B,Y) doublet ATLAS-CONF-2014-036
Vector-like quark BB —» Wt + X 2e,u(SS) 21b,>1j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051
Excited quark ¢* — gy 1y 1j - 20.3 only u* and d*, A = m(q*) 1309.3230
Excited quark ¢* — gg - 2j - 20.3 only u” and d*, A = m(q") to be submitted to PRD
Excited quark b* — Wt 1or2e,np1b,2jor1j Yes 47 left-handed coupling 1301.1583
Excited lepton £* — £y 2eu 1y - - 13.0 A=22TeV 1308.1364
LSTC a7 — Wy Teuly - Yes 20.3 to be submitted to PLB
LRSM Majorana v 2epu 2j - 241 m(Wg) = 2 TeV, no mixing 1203.5420
oy Type Il Seesaw 2eu - - 5.8 | V|=0.055, | V,|=0.063, | V;|=0 ATLAS-CONF-2013-019
£ Higgs triplet H** — (¢ 2e,u(SS) - - 4.7 DY production, BR(H** — £()=1 1210.5070
6 Multi-charged particles - - - 4.4 DY production, |q| = 4e 1301.5272
Magnetic monopoles - - - 20 DY production, |g| = 1gp 1207.6411
M | L 1 MR R | L 1 MR R | L 1 L

107! 1

*Only a selection of the available mass limits on new states or phenomena is shown.

10 Mass scale [TeV]



the “SM” Higgs:

19.7 fo (8 TeV) + 5.1 fb' (7 TeV)
Comtiined . - 125 GeV
H—> bb (VH tag) | CMS S
H —> bb (ttH tag) Preliminary __g
H — vy (untagged) 'L
H— vy (VBF tag) i
H — vy (VH tag) —a—
H — yy (ttH tag) =
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag) -
H— 1t (0/1 jet)
H— tt (VBF tag)
H — 1t (VH tag)

H — 1t (ttH tag) =
H— ZZ (0/1 jet)
H % ZZ (2 jEtE} 1 1 1 | 1 1 | | 1 1 | 1 1 1 | 1 1 1

4 -2 0 2 4
Best fit crf'crs

6
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Compatible/Expected from indirect searches:

Flavor: > 10° TeV
EDMs: > 100 TeV
LEP2: > 20 TeV

EWPT: > few TeV

(assuming O(1) couplings)
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Flavor: > 10° TeV
EDMs: > 100 TeV
LEP2: > 20 TeV

EWPT: > few TeV

(assuming O(1) couplings)

[ What about SUSY? J







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

Status: Feb 2015 Vs=7,8TeV
Model &M TY Jets ET™ [Laif™] Mass limit Reference
MSUGHA/CMSSM 0 26jets Yes 203 @E 1.7TeV. m(@=m(2) 1405.7875
. Gqt) L 0 2-6jets  Yes 203 |d 850 GeV m(¥})=0 GeV, m(1* gen. §)=m(2" gen. §) 1405.7875
8 qwm (compressed) 1y O-1jet  Yes 203 |@ 250 GeV m(@)-m(¥}) = m(c) 1411.1559
-§ 28, gaqq/\/l . 0 26 J:ets Yes 20.3 ‘:g 1.33 TeV m(¥))=0 GeV 1405.7875
§ & F-q%0 aqu*)( Teu 3-6 jets  Yes 20 g 1.2 Tev mpf‘,’)<3oo GeV, m(¥*)=0.5(m(¥)+m(z)) 1501.03555
[} 28, gaqq((,’é’/fv/vv)/\/l 2e.p 0-3 jets - 20 g 1.32 TeV m(¥))=0 GeV 1501.03555
©  GMSB(ZNLSP) 1-27+01¢ O2jets Yes 203 |% 1.6TeV  tang>20 1407.0603
‘s GGM (bino NLSP) 2y - Yes 203 |2 1.28 TeV m(E))>50 GeV ATLAS-GONF-2014-001
% GGM (wino NLSP) lepu+y - Yes 4.8 m(¥)>50 GeV ATLAS-CONF-2012-144
£ GGM (higgsino-bino NLSP) ¥ 1h  Yes 48 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets  Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 20.3 F'2 scale 865 GeV m(G)>1.8 x 107 eV, m(z)=m(g)=1.5TeV 1502.01518
- gabl-z);()ll) 0 3b Yes 201 |2 1.25 TeV mm )<400 GeV 1407.0600
QO gk 0 7-10jets Yes 203 |& 1.1 TeV m(t)) <350 GeV 1308.1841
= EQ gt O-1eu 3b Yes  20.1 z 1.34 TeV m(¥))<400 GeV 1407.0600
) bty 0-1eu 3b Yes  20.1 z 1.3 TeV m(¥})<300 GeV 1407.0600
we bbb ﬁb)zl 0 2h Yes  20.1 B 100-620 GeV m(¥))<90 GeV 1308.2631
= S bbb am 2e¢,u(SS) 0-3bh Yes 20.3 b 275-440 GeV m(s)=2 m(¥}) 1404.2500
S8 an, vt 1-2epn 12b  Yes 4.7 | & IH105167.Gev m(E}) = 2m(¥}), m(¥})=55 GeV 1209.2102, 1407.0583
8?, iy, iy *)Wb/\/l or i) 2e,u O-2jets  Yes 203 A 90-191 GeV 215-530 GeV mi)=1Gev 1403.4853, 1412.4742
S & ik —)pkl 0-1 ¢, 1-2h  Yes 20 |7 210-640 GeV m(E)=1GeV 1407.0583,1406.1122
%g R, o) 0 monodetctag Yes 203 | 90-240 GeV m(@)-m(E))<85 GeV 1407.0608
‘;i, % 7171 (natural GMSB) 2e,u(2) 1b Yes  20.3 A 150-580 GeV m(i})>150 GeV 1403.5222
hh, hof +Z 3eu(2) 1b Yes 203 |h 290-600 GeV m(¥})<200 GeV 1403.5222
[N 2e,p 0 Yes 203 |# 90-325 GeV m(E})=0 GeV 14035294
XY, X - B(ew) 2ep 0 Yes 203 | &7 140-465 GeV m(¥})=0 GeV, m(Z, »)=0.5(m(¥} )+m(¥1)) 1403.5294
= )‘(1)?[ X1 >#v(r7) 27 - Yes 203 |X 100-350 GeV m(¥})=0 GeV, m(#, #)=0.5(m(¥} }+m(¥})) 1407.0350
,_,g_, 2 )(1)(2—>€| v{l é’(w),iv{. ) Sepu 0 Yes 203 |#L0 700 GeV mEF)=m(¥3), m(¥)=0, m(Z, #=0.5(m(¥} )+m(El)) 1402.7029
© )(|)(2~>WX1 Z)(l 23eu 0-2jets  Yes 20.3 )712,/?'; 420 GeV m(¥7)=m(¥3), m(¥})=0, sleptons decoupled 1403.5294, 1402.7029
x.x7—>wx, W, hobb/WW/tt/yy &MY 0-2h Yes 203 | 250 GeV m(',ﬂ:mazg), m(¥})=0, sleptons decoupled 1501.07110
)(2)(3,)(23 —IRC dep 0 Yes 203 ¥a 620 GeV m(E3)=m(3), m(})=0, m(Z, #)=0.5(m(¥3)+m(¥})) 1405.5086
Direct ¥1¥7 prod., long-lived ¥7 ~ Disapp. trk 1 jet Yes 203 |# 270 GeV m(¥;)-m(¥))=160 MeV, 7(¥;)=0.2 ns 1310.3675
e @ Stable, stopped g R-hadron 0 1-5jets  Yes 279 |Z 832 GeV m(¥})=100 GeV, 10 us<r()<1000 s 1310.6584
$ T Stable g R-hadron trk - - 191 |& 1.27 TeV 1411.6795
5 GMSB, stable 7, ¥} -7 p+r(e. ) 124 - - 194 | & 537 GeV 10<tanB<50 14116795
S 9 GMSB, #1—/G, long-lived ¥} 2y - Yes 203 |® 435 GeV 2<7(¥))<3 ns, SPS8 model 14095542
33, ¥)—qqu (RPV) 1, displ. vix - - 203 |d 1.0 TeV 1.5 <cr<156 mm, BR(u)=1, m({))=108 GeV | ATLAS-CONF-2013-092
LFV pp—vr + X, Ve + 2e,u - - 4.6 /13“—0 10, 1;3,=0.05 1212.1272
>~ Bilinear RPV CMSSM 2e,u(SS) 0-3b Yes 20.3 .8 1.35 TeV m(§)=m(§), ctigp<i mm 1404.2500
O W —een,, euv, dep - Yes 203 | & 750 GeV MEE)>0.2XM(EF), 11210 1405.5086
5 X0 K- Wi B rtve,etvy Bep+T - Yes 203 | & 450 GeV m(E})>0.2xm(¥}), A;3320 1405.5086
&—qqq 0 6-7 jets - 203 z 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g-oit, fi—bs 2e,u(SS) 0-3bh Yes 20.3 Z 850 GeV 1404.250
Other Scalar charm, é—cf} 0 2¢ Yes 203 |& 490 GeV | m(¥)<200 GeV 1501.01325
L L L L L L L P

=8 TeV -
- - ‘{m dat: 107" 1 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.



SUSY 1s tuned!
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Weaker hint:
Gauge Coupling Unification
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| SUSY breaking scale?




In SUSY the Higgs mass 1s calculable:

ATLAS + CMS m; P = 125.09 + 0.24 GeV
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In SUSY the Higgs mass 1s calculable:

exp

ATLAS + CMS m; P = 125.09 + 0.24 GeV
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only Jlog-dependence on new physics scale
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In SUSY the Higgs mass 1s calculable:

exp

ATLAS + CMS m; P = 125.09 + 0.24 GeV
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only Jlog-dependence on new physics scale
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= high precision to get reliable constraints



In SUSY the Higgs mass 1s calculable:

exp

ATLAS + CMS m; P = 125.09 + 0.24 GeV
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In SUSY the Higgs mass 1s calculable:

ATLAS + CMS m; P = 125.09 + 0.24 GeV

3 4 - 4 m% N X?
m; ~ m7 cos” 23 + my sin_f llog—;—l—Xf (1—_t

w2 w? m;

—— e ———————————
125% = 902 + 902
= om, ~ oIn,

mMS(M,) = 173.34 — 8.00 — 1.90 — 0.59 — 0.21 GeV
1loop 2loop 3loop 4 loop



Exploiting the Hierarchy Problem:

the EFT technique
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Exploiting the Hierarchy Problem:

the EFT technique

match EFT with SUSY
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Exploiting the Hierarchy Problem:

SUS the EFT technique
)¢ = full 1 loop SUSY thresholds
A thhMWlth SY + leadlng 2 IOOPS
gl 2 gz b g3 9
yt b yb b yr 9
)'H
g ﬁ@ full SM 3 loops

SM > = full 2-loops SM matching



Susy[z[»]

www.lictp.it/~susyhd

n[1- << SUSYHD"

nzl- mh := MHiggs[{tb, m0, At}]
Amh := AMHiggs[{tb, m0, At}]

- tb 1= 20;
m0 := 2000;
At :=5000;
mh // Timing
Amh // Timing

owr {0.006999, [125.033)

ouel= {0.039994, 1.30843}

neg- RegionPlot[125 - Amh < mh < 125 + Amh, {tb, 4, 30}, {m0, 6000, 50000}

50000 N

40000 N

300001 b

20000 B

10000+ b




Estimate of the Uncertainties:

Xi | msysy tan(gB)
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9
E_,: N
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Mmsusy (GeV)



Am,, (GeV)

Estimate of the Uncertainties:

X: | msysy
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Estimate of the Uncertainties:

Xg / Msgysy tan(ﬁ)
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2.0 |
; ~ - ‘ |
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Am,, (GeV)

Estimate of the Uncertainties:

X / Msysy tan(ﬁ)
2.4 2.4 1.5 1.0 020 4.4 z 2.1 1.7 1.5 12
2.5 Y
N mMsusy=1 TeV, tanB=20
2; \\J;/O% Xe= —‘\/G—mSUSY
2.0 ! o
L —_— r ~
. o [CIN O(ayas+a;”) \__\ o mmmmmmmmmmmm=—
g ~ |
ER A < —1; ,,,, Py ‘\mas\ \\\\ - ]
1.0; _25
e —— 35 1
05 Q/ msysy
SUSY
0'03 I__.ﬂ_l_. 4 4—‘-'.5-- IS I?’ 8 _9--_10
10 5x10 10 2x10 10 10 10 10 10 10

Mmsusy (GeV)

msusy (GeV)




Am,, (GeV)

Estimate of the Uncertainties:

X: | msysy tan(B)
2.4 2.4 1.5 1.0 020 44 2.7 2.1 1.7 15 1.2
tanB=20 J—
______________________________________________________ ool
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Estimate of the [ Incertainties:

PHYSICAL REVIEW LETTERS

week ending
10 APRIL 2015

PRL 114, 142002 (2015)

Quark Mass Relations to Four-Loop Order in Perturbative QCD 1.2
Peter l\_/larquarcl,l Alexander V. Smirnov,2 Viadimir A. Smirnov,3 and Matthias Steinhauser i
mMS(M,) = 173.34 — 8.00 — 1.90[- 0.59}— 0.21 GeV
lloop _2loop 3 Toop 4 loop

Q ‘.p‘.
S ’
P total
S ]
<]

[ - Yt ds

L T =, 3 4 4

N

D
Msusy (GeV) Thresholds: O(Oétag é\\




Am,, (GeV)

Fetimate nf the IITncertaintiec:

Four-loop Standard Model effective potential at leading order in QCD

Stephen PP. Martin
1 Department of Physics, Northern Illinois Universily, DeKalb IL 60115, 15 1.2
2.0 Fermi National Accelerator Laboratory, P.O. Box 500, Batavia IL 60510 ..--"‘""-"
The leading QCD part of the four-loop contribution to the effective potential for the

2( Standard Model Iiggs field is found. As a byproduct, I also find the corresponding
1 contribution to the four-loop beta function of the Higgs self-interaction coupling.

total

0'%3 ‘F‘éxloa‘" RGEs: O(atai’)r/ O(ofsl)u/ o)/

A
Msusy (GeV) Thresholds: O(Oftag)'é\\ré O(ag)/



Estimate of the Uncertainties:
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Estimate of the Uncertainties:

Xt I msysy tan(B)

2.4 2.4 1.5 1.0 020 4.0 2.6 2.0 1.6 1.4 1.1
2:5 |S usyY|gl® tanB=20 e ]
200 e eesesesesese———— .

’ ;20 exp.uncert.
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Where 1s SUSY ?

@ tanf =20, w/ degenerate spectrum m m

SUSY ~ " stop

\ \ | | I S \ \ \ \
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Susy
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Comparison with fixed order comp.: FeynHiggs

no EFT approx.

but missing corrections:

e.g. O(0gy) + O(0,”) corrections to y, |

Xt/mSUSY=O, tanB=20

5

10
Msysy (TeV)

50 100

140}

S

Xi{/mgysy=max, tanf=20

10
Msysy (TeV)

50 100



Comparison with fixed order comp.: FeynHiggs

FH 2.11.3 now includes
O(0.,”) corrections to y,

145,

110 Xt/mSUSY=O, tanﬁ=20 Xt/mSUSY=maX, tanB=20

: ! 12: ‘ e ‘
1 5 10 50 100 O1 5 10 50 100
Msysy (TeV) Msusy (TeV)
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Comparison with fixed order comp.: FeynHiggs

towards implementing all higher order corrections in FH...

from Henning Bahl talk @ KUTS'16 - 21/01/2016
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Where is the Simplest SUSY?
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The Simplest SUSY

(m,,A)
SM + SUSY + SBSY¥Y + Mess.
\ g ~ _J
MSSM (u) (F) (M)

u, A=F/M ftixed by m,, m,
weak dependence on log(M)
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Dine, Nir, Shirman

Minimal Gauge Mediation  ravi suia 9

spectrum mostly fixed by usual GM relations

. Qs ~ Q5 . .
gauginos M; = N ﬁA scalars m; = 2V N C'ij ﬁf\ higgsinos U

<&

no flavor problems (MFV)
A<m, — no maximal mixing
B, <m? — tan(f)~30-60

no CP phases — no EDMs



Predicting the MGM spectrum

20

15

10

TeV

ﬂ".\'Es ﬂ']'Q‘1 2 rﬂu‘1 2 ﬂ')D‘1 2 m;_1 2 ﬂ']'E‘1 2



20

15

10

TeV

from varying

b

4
=1, M=10""Tev
=3, M=10%TeV

M=10"TeV

and M

Predicting the MGM spectrum

ﬂ']'Q‘1 2

rﬂu‘1 2

ﬂ')D‘1 2

m;_m

ﬂ']'E‘1 2




Predicting the MGM spectrum
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Predicting the MGM spectrum

CMS preliminary Vs =8TeV L, , =19.7fb ' >ty, 22 jets
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Predicting the MGM spectrum
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Predicting the MGM spectrum
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Predicting the MGM spectrum
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Predicting the MGM spectrum
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MGM:
minimal and most predictive implementation of SUSY

it explains:
e absense of deviation in flavor
e absence of EDMs
e absence of DM in WIMP searches
e gauge coupling unification
 absence of sparticles at the LHC!

100 TeV collider?
‘op mass required!
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Effects from splitting fermions
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A “natural” SUSY-like spectrum:

1 o 1 2 3

: Chowdhuri et al. '13
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No naturalness — no u problem:

SUSY term

I

u
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2 2
M M| = —mzr + ...
H m,, M, 4 Ho

m EWSB « m,
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No naturalness — no u problem:

M. lul? =i,

m0’ 172

—m, EWSB « m,

[ By, A =0 at the scale ] generated radiatively

M
|:> A <m, nomaximal mixing
=> B,<«m? tan(8) ~30-60

>  nocp phases - no EDMs



Exploiting the Hierarchy Problem:

SUSY
4°N  match EFT with|SUSY
split ,
<7  match EFT Split

SM

the EFT technique

= full 1loop SUSY threshold:
+ leading 2 loops

ping

2 loop split RGE
+ 1 loop thresholds

ﬁ@ full SM 3 loops
= full 2-loops SM matching



Small improvement w.r.t. to a longstanding effort

| - i

Pokorski, Rosiek, Dabelstein, Zhang, Espinosa, Quiros,
Hempfling, Hoang, Heinemeyer, Hollik, Weiglein,
Brignole, Slavich, Zwirner, Degrassi, Martin,

Giudice, Strumia, Wagner ... many many others

apologies to the missing ones

Our contribution: (mostly w.r.t. Bagnaschi et al. '14)

« Recomputation of O(a o) corrections
« Computation of O(a*) with scale dependence

* Inclusion bottom/tau corrections (w/ resummation of tang enhanced corr.)
e Computation both in DRbar and OS schemes

» Study of the uncertainties and comparison with existing computations
o A “fast” Mathematica® package: |SUSYIE]
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