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Probing NP with Precision Physics
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The case of SUSY
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Remarkable features in QFT:
CFT, Dualities, Finiteness, L.P., etc...

...and 1n QG:
Supergravity , String Theory
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: Feb 2015 \Vs=7,8TeV
Model &uTY Jets ET™ [Ladm™) Mass limit Reference
T T T T T T T T I T T T T T
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 52 1.7TeV m(G)=m(g) 1405.7875
3, =) 0 2-6jets  Yes 20.3 g 850 GeV m(¥})=0 GeV, m(1* gen. §)=m(2™ gen. §) 1405.7875
2 a G—q¥} (compressed) 1y 0-1jet  Yes 203 q 250 GeV m(@-m(¥}) = m(c) 1411.1559
S 8% &—q9h 0 2-6jets  Yes 203 z 1.33 TeV m(¥})=0 GeV 1405.7875
§ 83, 3oqq¥T —»quiff)? Teu 36jets  Yes 20 & 1.2 TeV m(/\:’? )<300 GeV, m(¥*)=0.5(m(¥})+m(z)) 1501.03555
» 33, g—qqll/tvw)X] 2e,u 0-3 jets - 20 |2 1.32 TeV m(})=0 GeV 1501.03555
o GMSB (£ NLSP) 1-27+0-1¢ 0-2jets  Yes 20.3 4 1.6 TeV tanB >20 1407.0603
<§ GGM (bino NLSP) 2y - Yes 203 |2 1.28 TeV m(¥))>50 GeV ATLAS-CONF-2014-001
S  GGM (wino NLSP) leu+y - Yes 48 m(¥})>50 GeV ATLAS-CONF-2012-144
= GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(2) 0-3 jets 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 10~* eV, m(g)=m(g)=1.5TeV 1502.01518
<5 gﬁbﬁ)g? 0 3b Yes 201 |Z 1.25 TeV m(¥})<400 GeV 1407.0600
o g 0 7-10jets  Yes 203 |% 1.1 TeV m(¥7) <350 GeV 1308.1841
. Eo gt 01 e,u 3b  Yes 201 |& 1.34 TeV m(E0)<400 GeV 1407.0600
&) gobil} 0-1e,u 3b Yes 201 |% 1.3 TeV m(¥))<300 GeV 1407.0600
o e Dby, bi—bt) 0 2b Yes 201 | 100-620 GeV m(%)<90 GeV 1308.2631
<.0  biby, bi—ttT 2e,u(SS)  03b Yes 203 | b 275-440 GeV m¥r)=2 m(@}) 1404.2500
g S i, fobiT 1-2 e, 120 Yes 47 | i [HH0167/GevV | 230-460 GeV mET) = 2m(¥}), m(i?)=55 GeV 1209.2102, 1407.0583
® S A, HoWbHE or i) 2e,u 0-2jets Yes 203 |& 90-191 GeV 215-530 GeV mE)=1 GeV 1403.4853, 1412.4742
-1 fif1, 1 —>v?(f 0-1e,u 1-2b Yes 20 i 210-640 GeV m(¥})=1 GeV 1407.0583,1406.1122
%‘g A Focl) 0 mono-jet/ctag Yes 203 |& 90-240 GeV m(i)-m(¥))<85 GeV 1407.0608
?q % 7171 (natural GMSB) 2e,u(2) 1b Yes 20.3 i 150-580 GeV m(¥})>150 GeV 1403.5222
b, h—oh +Z 3e,u(2) 1b Yes 203 |% 290-600 GeV m(¥7)<200 GeV 1403.5222
TrlLg, -7 2e,pu 0 Yes 203 |7 90-325 GeV m(%)=0 GeV 1403.5294
):(i)ﬁ ):(z—i’v(t’f/) 2e,u 0 Yes  20.3 ):(z 140-465 GeV m(XZ )=0 GeV, m(Z, 17)=0.5(m()§1i)+m(/\z/(1;)) 1403.5294
> "g /Yl{(]) , X~1 —>~‘T'v(‘n7) ) 27 - Yes 20.3 /\:11 . 100-350 GeV i nj[()Xl)=0~0GeV, m(%: f/)=0.5(m(/ff)+mp\:(1))) 1407.0350
W= XG0yl lom), (VL) 3eu 0 Yes 203 | XX, 700 GeV m(¥7)=m(¥2), m(¥1)=0, m(Z, 7)=0.5(m(¥7)+m(¥1)) 1402.7029
S )?T)??—)W)??Z/?? 2-3e,u 0-2jets  Yes 20.3 )?1*,)?2 420 GeV m(¥5)=m(¥3), m(¥})=0, sleptons decoupled 1403.5294, 1402.7029
BERSwilnt, h—bb/WW/tt]yy &MY 0-2b Yes 203 | &0 250 GeV m(¥})=m(¥3), m(¥})=0, sleptons decoupled 1501.07110
T3, 55 SRt dep 0 Yes 203 |, 620 GeV M(EY)=m(E), m(E%)=0, m(Z, #)=0.5(m(¥2)+m(i%)) 1405.5086
Direct ¥1¥] prod., long-lived ¥i  Disapp. trk 1 jet Yes 203 | 270 GeV mT)-m(¥})=160 MeV, 7(¥1)=0.2 ns 1310.3675
g @ Stable, stopped g R-hadron 0 1-5jets  Yes  27.9 g 832 GeV m(¥})=100 GeV, 10 us<7(3)<1000 s 1310.6584
=G Stable g R-hadron trk - - 191 | & 1.27 TeV 1411.6795
Q5 GMSB, stable 7, ¥] »7(@ p+re.p) 124 - - 194 | @ 537 GeV 10<tanB<50 1411.6795
S 2 GMSB, ¥1—G, long-lived ¥} 2y - Yes 203 |& 435 GeV 2<7(¥))<3 ns, SPS8 model 1409.5542
34, )?(1)—>qu (RPV) 1 u, displ. vix - - 20.3 g 1.0 TeV 1.5 <ct<156 mm, BR(u)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—9; + X, Ve + 2e,1u - - 4.6 A;,,=0.10, 243,=0.05 1212.1272
= Bilinear RPV CMSSM 2e, 1t (SS) 0-3b Yes 20.3 7.8 1.35 TeV m(g)=m(g), ctzsp<1 mm 1404.2500
QA WK —eev,, euv, 4e,pu - Yes 203 |# 750 GeV mT)>0.2xm(EE), 2ja1£0 1405.5086
- T oWl Aoty erv, Beu+T - Yes 203 |X 450 GeV mF})>0.2xm(¥7 ), A133#0 1405.5086
&—4qqq 0 6-7 jets - 203 |2 916 GeV BR(r)=BR()=BR(c)=0% ATLAS-CONF-2013-091
g—oit, fi—bs 2e, 1 (SS) 0-3bh Yes 20.3 4 850 GeV 1404.250
Other Scalar charm, é—cf} 0 2¢ Yes 203 |& 490 GeV | m(¥})<200 GeV 1501.01325

—
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—
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full data Mass scale [TeV]




How Natural SUSY would look like
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Reality
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0Acc ~ Mmgusy

Bigger pressureto low scale SUSY'!

Naturalness not a good criterion to predict SUSY?



Weaker argument:
Gauge Coupling Unification
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-aking scale?

Back to Experiments

Use Precision Data




In SUSY the Higgs mass is calculable:
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In SUSY the Higgs mass is calculable:

ATLAS + CMS  m; ° =125.09 £ 0.24 GeV

—
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only log-dependence on new physics scale

= high precision to get reliable constraints

+ ...



Exploiting the Hierarchy Problem:
the EFT technique

SUSY
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Exploiting the Hierarchy Problem:

the EFT technique
SUSY
C > a=> full 1 loop SUSY thresholds

/\ match EFT with SUSY +O(aa) + O(a?)
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Exploiting the Hierarchy Problem:

the EFT technique
SUSY
C > e full 1 loop SUSY thresholds
£\ match EET with[SPSY + O(aa) + O(a?)
+ O(O(SO(st : atabtﬁ)
split N~ ﬁ@ 2 loop split RGE
¢ ) —>

+ 1 loop thresholds
4> match EFT witliSplit P

ﬁ@ full SM 3 loops
SM N~

¢ ) == full 2-loops SM matching




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

Pokorski, Rosiek, Dabelstein, Zhang, Espinosa, Quiros, “"= g o e
Hempfling, Hoang, Heinemeyer, Hollik, Weiglein, '
Brignole, Slavich, Zwirner, Degrassi, Martin,

Giudice, Strumia, Wagner ... many many others

o o

apologies to the missing ones



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

g T

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 &) corrections

» Computation of O(a*) with scale dependence

-I -'.: ‘ o f

 Inclusion bottom/tau corrections (w/ resummation of tanf enhanced corr.)
e Computation both in DRbar and OS schemes
 Study of the uncertainties and comparison with existing computations

e A “fast” Mathematica® package: [Susy[g]»]




S nf]= << SUSYHD"
US nzi- mh := MHiggs[{tb, m0, At}]

Amh := AMHiggs[{tb, m0, At}]

www.1lctp.1t/~susyhd o th t= 203

m0 :=2000;
At :=5000;
mh // Timing
Amh // Timing

ourl= {0.006999,] 125.033}

ougl- {0.039994, 1.30843}

no- RegionPlot[125 - Amh < mh < 125 + Amh, {tb, 4, 30}, {m0, 6000, 50000}

50000 ]

40000 .

30000 T

out[9]=

20000+ .

10000 - T

5 10 15 20 25 30




SUSY breaking scale?

1016
Susyx[»]
1014
3 4 S' 4 g B v 2
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see also Giudice, Strumia '11



A “natural” SUSY-like spectrum:
tanf =20, p=300GeV, m_ . =2TeV

SUSY

————— A At/m;
Ath 81475/8[,6 > ()




Am,, (GeV)

Estimate of the Uncertainties:
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.&mh (GEV)

Estimate of the Uncertainties:
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2.4

Estimate of the Uncertainties:
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.&mh (GEV)

Estimate of the Uncertainties:
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Amy (GeV)

Estimate of the Uncertainties:

Xt I Msysy tan(B)
2.4 2.4 1.5 1.0 020 4.4 27 21 17 15 19
Susv} | | l | | ' ' T
tanﬁ:ZO . - L
AP
-------------------------------------------------- »
Yt 0%
- = | A )
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Amh (GEV}

PRL 114, 142002 (2015)

Estimate of the Uncertainties:

PHYSICAL REVIEW LETTERS

week ending
10 APRIL 2015

-
---------------------------------------------
-----
[ L

B e —"

5x15°

Msusy (GeV)

.5 1.2
Quark Mass Relations to Four-Loop Order in Perturbative QCD o= ]
Peter l\ff[z;quuarcl,l Alexander V. Smimow,2 Vladimir A. Smimow,3 and Matthias Steinhauser”
mMS (M) = 173.34 — 8.00 — 1.90 — 0.59 — 0.21 GeV
1 loop 2 loop 3 loop 4 loop
total
A Yt gs
roEs:  O(azal) ? O(a}) 2 O(az)y
N
Thresholds: O(Odtag)lé@ O(Oz )l/
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Estimate of the Uncertainties:

week ending

PRL 114, 142002 (2015) PHYSICAL REVIEW LETTERS 10 APRIL 2015
L.5 1.2
Quark Mass Relations to Four-Loop Order in Perturbative QCD ~ fuwee==""" ]
Peter l\ff[z;quuarcl,l Alexander V. Smimow,2 Vladimir A. Smimow,3 and Matthias Steinhauser”
M
mMS (M) = 173.34 — 8.00 — 1.90[- 0.59]- 0.21 GeV
1 loop 2 loop 3 loop 4 loop
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f\ -
0.5_ \

I \\h EFT )\ Yt Js

;_ - - T —" -l 3 4
0'5}03 5x1g° RGEs: Oaerg) ? O(O‘s)l/ O(a )l/

m GeV @
susy (GeV) Thresholds: ~ O(auay) Ié@"‘” [(’)(of;’)/




.&mh (GEV)

Estimate of the Uncertainties:

Xr / Msysy tan(ﬁ)
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Back to the Simple
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gauge mediated spectrum:

gauginos M; = N2A

47
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Dine, Nir, Shirman

Minimal Gauge Mediation ... said 96

N
A=F/M

Lot
[ MSSM ]
gauge mediated spectrum:
auginos M; = N-2A
g g J A
— CE . °
=2V NC;; —LA flavor blind spectrum:
scalars m i > NO FOMC

still potential problem with EDMs



No naturalness — no u problem:

SUSY term

y(:
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No naturalness — no u problem:

j o— — m, M, |u’>-mf +...
e 1, EWSB «m,
L B, A= at the scale M } generated radiatively
A =m, no maximal mixing

> B < m,’ tan(f) ~ 30-60



No naturalness — no u problem:

poomm—— e m, M, |pf = —my
e 1, EWSB «m,
L B, A= at the scale M } generated radiatively
A =m, no maximal mixing

> B < m,’ tan(f) ~ 30-60

> no CP phases — no EDMs
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EWSB = u~m,
m, = N\ ~ PeV
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2 parameters

N,M

but small effect on spectrum
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Predicting the MGM spectrum
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Predicting the MGM spectrum

IVlgluino [GeV]

FCC-nn

CMS preliminary /s =8 TeV L, =19.7fb ">, >2jets
2000 [ | T T T T | T T T T | T T T T _‘.
1800 \\ .
1600 \ -
1400 \ —
1 200 :_ \ ............ _:
- Bino-like 3" NLSP - - 7 .
. ino-like % —_ N
1000 - meo = 375 GeV e g
C —— Observed i
800— —
o Observed 16 theory N
600 E== Expected +1o exp. —
C I — — Exp.7 Te\ll, 5o I j[
500 1000 1500 2000y
M GeV]
GMSB: Mygss=250 TeV, Ns=3, 150, Cyra=T1
2 =i R NERE
c T IR R
8 ]
50 E -
T ° A
40 o 2
I I ———— Expected limit (+10,,)
| | Comned 71y chen
30 . R
20 ‘ 1 .
| | 1 |ME
oe [ ]
i i i i 7]
RN W A |1| | n"f.:": | |é\ L |1| | |é| I \_

50 60

70 80 9 100
A[TeV]

mQ1 2

mu, ,

mp, ,

mf—w 2

Me, ,




Predicting the MGM spectrum

GGM: bino-like neutralino, tan p = 1.5, ct < 0.1 mm
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Predicting the MGM spectrum
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MGM:;

minimal and most predictive implementation of SUSY

it explains:

« absense of deviation in flavor
absence of EDMs
absence of DM in WIMP searches

e gauge coupling unification

absence of sparticles at the LHC!

Im
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Effects from splitting fermions
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A “natural” SUSY-like spectrum:

tanf =20, p=300GeV, m

=2 TeV

SUSY
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Comparison with existing codes

X¢/m=0, tanB=20
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Comparison with existing codes

X¢/m=0, tanB=20
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l l after 2-loop

top Yukawa corrections
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