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Open questions before/after the Higgs discovery

CIEE@

LEIE® Open questions:

HEEO® _ _
EER® e Does the Higgs exist?

hs . e What does DM consist of ?

e What causes the deviation of (g —2),7?
e |s the vacuum stable up to Mp,?
e Why is M, = 125 GeV?

e |Is there a solution to the hierarchy
problem?

e Can QFT and gravity be unified?
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Problem 1: no SUSY particles observed

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2018
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Problem 2: Tree-level Higgs mass too small

(minimal) SUSY predicts at tree-level:
mp = mz|cos2f3| < mz
But from experiment we know:

My, ~ 125.09 GeV
Mz =~ 91.2 GeV

= large loop corrections required!

M2 = m3 + Amj, = Am3 > (85GeV)?
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How can we test a SUSY model?

Idea:
@ Calculate M), as precisely as possible in the SUSY model:

M2 = m? + Am?
® Constrain the parameter space by requiring:
My, = 125.00 GeV + AMSP + A
Problem: because of large loop corrections Am?:

AMP® > (1...2)GeV at least!
AMeXP 0.24 GeV  [ppc-2017]
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Approaches to predict M,

Ms

Fixed order

MSSM

SM

— My

Effective Field Theory

MSSM

EFT

SM

— My
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Fixed-order calculation

Input: aem, as, GF, Mz, My, my, ...

M

MSSM

SM

— /\//,27 = mzzcgﬁ + (Am%)lL + ...

RG running

MSSM

MSSM
— yf 7g/
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Fixed loop order calculation

Dominant contribution to M, at the 1-loop level:

(Amp)tt = =23 () + 2 ;
v t;

t i (A‘.

/’\ \ /
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Higgs mass at 1-loop level

12m?y? MS X2 X}
@z \" e vz oms ) T O)

Xt = A¢ — pu/tz = stop mixing parameter, Ms = (mq)33 = (my)33

Observations:
e logarithmically enhanced by Ms/m;
e maximal for X; ~ vV/6Ms
e high sensitivity on m;, due to prefactor m?y? = 2m? /v

e ambiguity of definition of m;: pole mass or DR mass?
M, ~ 173.3 GeV, mPR ~ 165 GeV
= huge theoretical uncertainty!
= 2-loop calculation needed to resolve this ambiguity
e My =~ 125 GeV requires Mg = 5 TeV

12/35



Higgs mass at 2-loop level

Known contributions: O(as(ar + ap) + (ar + ap)? + a2) for

2
p — O [hep-ph/0105096, hep-ph/0112177]
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Higgs mass at 2-loop level

Observations:
e logarithmically enhanced by Ms/m;
e still high sensitivity on m;
e ambiguity of definition of m; is resolved v/

e ambiguity of definition of as: a?M(Mz), aM>SM(Ms), ... 7
= 3-loop calculation needed to resolve this ambiguity
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Higgs mass at 3-loop level

Known contributions: O(a;a?) for p? = 0 fo0s 570

Observations:

logarithmically enhanced by Ms/m;

still high sensitivity on m;

ambiguity of definition of m; is resolved v/

ambiguity of definition of as is resolved v/
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Summary of fixed loop order calculation

Typical order of magnitude of loop contributions (depends on
parameter scenario):

Mh:mh+Am,1,L+Am,27L+Am;°’1L—|—---
~[91+ O0(20...30) + O(2...4) + O(1...2)] GeV

Advantages:
e includes logarithmic and non-logarithmic contributions
e precise prediction if Mg ~ m;

Problem:

e large logarithmic corrections, if Mg > m;
= slow convergence of perturbation series
= large theoretical uncertainty, (1-2 GeV, or more)
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Uncertainty estimate of the fixed-order DR’ calculation

X, = —V6Mg, tan 3 = 20

My, / GeV

|— SOFTSUSY-+Himalaya 3L

103 10t
Mg / GeV

[1804.09410]

=

X =-

V6Msg, tan 8 = 20

combined

Aj[,(,anrlb)

AM@
An™
A

AME) X100

)

Mg [ GeV
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Higgs mass calculation in an EFT

Idea: Decouple SUSY particles at Ms (expand in v2/M32)
= A\(Ms) is fixed by the MSSM

MSSM
Ms
SM
M
SM(5)

— MMs) =7 (g% +83) 35+

RG running

— (MEM)2 = A(Me)v2 + (Am2)(D) + ...

19/ 35



Summary of EFT approach

Typical order of magnitude of loop contributions (depends on
parameter scenario, here X; =0, Ms =20 TeV):

M, = mh+Am,1,L+Amf,L+Am?,L+---
~ [0(124) + O(0.5...1) + 0(0.1...0.2) + O(0.02...0.04)] GeV

Advantages:
e large logarithmic fixed order loop corrections are avoided
e large logarithms o In(Ms/M;) are resummed to all orders

Disadvantage: terms of O(v?/M2) are neglected
= imprecise when v ~ Mg
= large theoretical uncertainty when v ~ Ms
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Comparison of fixed-order and EFT calculation

= —/6Ms, tan § = 20 X, = —/6Ms, tan 8 = 20
135 5
—— combined
R Aﬂ[,(,er\i-)
J L] e SRRRECEEREREERRRRRRPS® =~ 4 s AM@
W™
..... AMY
ATLAS/CMS +1 ol yMSSM
% 125 s Z5F An
o = | AMEIME)
é 2‘ \. - h
= 4

120

115 F |~ SOFTSUSY+Himalaya 3L
""" FlexibleSUSY/HSSUSY+Himalaya 3L
T

10% 10t
Mg / GeV Ms / GeV

M(FO) M(EFT)
= Meq“a' = 1.0-1.3 TeV for small/large tan $ and/or X;

[1804.09410]
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Summary of fixed-order and EFT approaches

low Mg high Mg
Ms <1TeV Ms 2 1TeV
fixed-order v X
EFT X v
? mixed v v

Q: Can the fixed-order and EFT approaches be combined?

A: Yes! (13124937, 1609.00371, 1710.03760]
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Hybrid fixed-order/EFT calculation

Goal: resum large logarithms and include suppressed O(v2/M2)
terms

Idea I: (“FeynHiggs approach” [1312.4937, 1706.00346, 1805.00867])
Replace logs from fixed-order calculation by resummed logs:

Mﬁ = (Mi%)fixed—order - (Mi%)logs + (Mf%)resummed logs

Pro:
v/ approach applicable to any BSM model
v any EFT can be used
Contra:
X requires knowledge of fixed-order and EFT expressions

X care must be taken to avoid double counting

24 /35



Hybrid fixed-order/EFT calculation

Idea Il: ("FlexibleEFTHiggs" (160000571, 1710.03760))
Incorporate O(v2/M?2) terms into A by using the matching
condition

(M7)s

= (M?)gsm at Q = Ms
A(Ms)v? + (Amj)s P

= (Mj)Bsm

Z Z

M Ms) = % [(M%)BSM - (Am%)SM}

Continue as in in the EFT calculation . ..

25 /35



FlexibleEF THiggs approach

Continue as in the EFT calculation:

BSM

SM

SM(5)

— MMs) = 5 [(M2)gsm — (Am?)sm]

RG running

— (MPM)2 = X(M)v2 + (Am2)sm + - -

2 /35



FlexibleEF THiggs approach

Matching condition:
!
(M3)sm = (M3)gsm

Pro:
v/ approach applicable to any BSM model
v very simple — easy to automate
v only BSM fixed-order expressions required

Contra:

X difficult to extend to other EFTs beyond the SM (2HDM, ...

tricky to reach 2-loop accuracy
(requires careful treatment of parameter matching)
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Comparison of the three approaches in the MSSM

tan 3 =20,X, =0 [preliminary] tan 3 = 20, X; = —v/6Ms  [preliminary]
130 = _
ATLAS/CMS +1o 130 -
120 125
120
= 110 z
o O
< < 115
= 100 =
110
0f s
/ —— FlexibleSUSY/FlexibleEFTHiggs 2L 105 —— FlexibleSUSY/FlexibleEF THiggs 2L
/ === FlexibleSUSY/fixed-order 2L —=—- FlexibleSUSY/fixed-order 2L
80 — - - FlexibleSUSY/HSSUSY(EFT) 2L 100 - — - - FlexibleSUSY/HSSUSY(EFT) 2L
T T T
10? 10° 10* 10° 10*
Mg / GeV Mg / GeV

Preliminary work by Thomas Kwasnitza, Dominik Stockinger, AV
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Where is SUSY?

Difficult question!
— Need to make precise predictions for all parameter scenarios

— Need to consider all different kinds of EFTs!
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Scenarios with 1 light Higgs doublet

Ms

M

| high-scale SUSY 1l split-SUSY
MSSM MSSM
SM+ xi + &
SM
SM
SM
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Scenarios with 2 light/intermediate Higgs doublets

IV 2HDM+split V 2HDM+split
(light h;, A, HE, (light x;, &, inter-
intermediate x;, &) mediate h», A, Hi)

11l 2HDM
(light h;, A, H*)

MSSM MSSM MSSM
2HDM 2HDM
Mg N .
+Xit+ & +xit+ &
2HDM
2HDM SM + xi + &
M
SM SM SM
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Where is SUSY?

High—scale SUSY Split-SUSY
160 T 160 — T
tang = 50 B tans = 50
,,,,,, tang = 4 US(op.mlxmg:e‘ - tap=4
e tap=2 pper: maxim - taB=2
150+ . B 150+
tng =1 Lower: minimal
> >
& 8 10l
£ £
é 8
£ £
@
& & 130|
I I
Observed My,
120 N
. B Mp=My=Mg=pu=1TeV
ol v 0w ol W v v w0
100 106 108 10 102 104 10 10%® 100 10° 10° 10 10%? 10" 106 10%®
Degenerate SUSY scalein GeV Degenerate SUSY scalein GeV

[1407.4081]
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Summary

Supersymmetry is still attractive and viable, but Ms > 1 TeV
required in the MSSM to get M, = 125.09 GeV.

Higgs mass prediction can be used to constrain SUSY parameter
space.

When to use fixed-order/EFT calculation?
e Ms < 1TeV = use fixed-order
e Ms 2> 1TeV = use EFT

Recent advances in EFT calculations:

Model — EFT Accuracy Program

MSSM — SM N3LO + N3LL FS
MSSM — split-SUSY N2LO + NLL  FS, FH
MSSM — 2HDM(+split) N2LO + NLL  FS, FH
any BSM — SM NLO + NLL  FS, SP*
any BSM — any EFT NLO + NLL SP
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Prospects

large zoo of models =- automation necessary!

Split-MSSM

E¢SSM MSSM USSM ?
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Higgs masses in the SM

Higgs potential

2R N 2, A 4

Vhiges = — 17| |~ + 2]<D| =5 (v+ h)"+ 8(v—i—h) + e

where
0
o =
[a4n)
After eliminating 2
o 2 2
Vhiggs = Av o + - = mp = Av (tree-level)

2

Until 2012: M =7 < =7
Since 2012: M, ~ 125GeV = A ~ 0.26
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Higgs masses in the (real) MSSM

Higgs potential:

1 2
Vitiges = 5(8% + &)1l = [hal?)? + Z B ol + - -

1 0
_ ﬁ(vl—i_hl) _ 0
hn ( o ) T Gwem)

After EWSB (if ma > my):

where

1 h?
Vhiges ~ Z(g\% +g22)V2C2253 +o = miGy o+

2
= prediction:
m? = m% cos? 23 < m% ~ (91.2 GeV)? (tree-level)
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Where is SUSY?

| high-scale SUSY
High-scale SUSY, variation from My, ~ 125.1 GeV

10 LI e L 1 B 1 B O A B B R AR

Variationin M;, in GeV

10t 10° 108 107 108 10° 101
SUSY scalein GeV

[1407.4081]
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Where is SUSY?

IV THDM+split

tan 8 = 10, X; = V6Mg, p = M; = 2TeV
0

ma/GeV
w
AOD/NY
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Current status of (N)MSSM spectrum generators

MSSM
Spectrum generator fixed order EFT  hybrid
FeynHiggs 2L 2L NNLO + NNLL
FlexibleSUSY 3L 3L NNLO + NNLLf
SOFTSUSY 3L - -
SARAH/SPheno 2L - NNLO + LL
NMSSM
Spectrum generator fixed order EFT  hybrid
FeynHiggs - - -
FlexibleSUSY 2L - NNLO + NNLLT
SOFTSUSY 2L - -
SARAH/SPheno 2L 1L NNLO + LL

tin preparation
* O(a?) corrections in the MSSM limit, no O(a:\?) corrections 45, 5



Uncertainty estimate of the fixed-order DR’ calculation

Calculation of m; in two different ways as proposed in
[1609.00371]:

m[t1] — M, igu),s ) [iglL),L + iglL),R}
~ ~ ~ 2
M, {zgu),SQCD n Zg2L),SQCD n (ZglL),SQCD) }

[2] — M, + Z(1L) S +m, [Z(lL) L + Z(1L) R}

4 m, [0S0 | 5201500

Calculation of ag and aem in two different ways:
M
Oé? (5)

1— ADq, — ALy
ol = oSMO) [1 + A ag + (AT g)? 4 A(2L)as}

alll
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Uncertainty estimate of FlexibleEFTHiggs-1L

(Q ole)

AM; P = M ole) — Mp(M 1 1
h onleer[TA]j:)/(2a2Mt]’ h(Qp I ) h( t)| [1609.00371]
AM(Qmatch) — M m — M. (M §
h QmatcherFA/?5)(/2:2M5]| b Qunsecn) W(Ms)] - aroas
A/\/IlgytSM) = ‘I\/]h(ytSM’(ZL)(MZ)) — Mh(ytSM’(?)L)(MZ))) [1504.05200]

(v3/M32) .
AM," 773" =0 (has no EFT uncertainty!) [1609.00371]
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Uncertainty estimate of fixed-order DR’ calculation

In [1804.09410] 5 sources of uncertainty were combined:

(Qpole)
AMh ” onlee[r}\’]/,5>(2 2Ms] ’Mh(QPOIe) Mh(MS)’ [1609.00571]
AM(Qmatch) — M atc — M (M .

h Qmatchertnlv?zx/2,2MZ] ’ h(Q ' h) h( Z)| B
AM,Smt) — ‘Mh(m?]) -M (m[Z])’ [1609.00371]
AM) = | My(a) = My(a?)| 150405610

AMf(,aem) — ‘Mh(a([eﬂ) —_ Mh(agl)‘ [1804.00410]

Combination:

AM,(,FO) _ AM’SonIe) + AM/SQmatch) + AM/Smt) + AM,SOés) + AM’gaem)
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Uncertainty estimate of the EFT calculation

In [1804.09410] 5 sources of uncertainty were combined:

AMTS = M Qpo) = My(Me) 10090557
AMCrter) _ s 12 1 IMb(Quarch) — My(Ms)| aor 4061
AP = [ My O (Mz)) — My(yP D (7)) 0105200
AMY M) = My — My (2 M) —
AMOF = My — My(y"S5M (Ms))| [Bagnaschi AV Weigen

Combination:

g\/ISSM)

AM,SEFT) _ AMEIQPOIe) + AMISQmatch) + AMf(,ytSM) 4 AMISV

NV
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Effect of the 3-loop O(a;a2) corrections to M,

X, = —V6Mg, tan 8 = 20

X, = —/6Mg, tan 3 = 20
2.0

135

AM@)  Gov

70 FlexibleSUSY+Himalaya 3L |-
00 FlexibleSUSY 2L

--|—— FlexibleSUSY+Himalaya 3L

115
=== FlexibleSUSY 2L

10*

T
10* 10* 10°
Ms [ GeV/ Mg [ GeV

[1708.05720]
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Effect of the 3-loop corrections to A(Ms)

3-loop corrections to A\(Ms) allow for an N3LL resummation of
strong corrections O(a2a?2):

tan B = 10, X; = —v/6Ms

128

126

)
=

M), / GeV

—--=- FS2L
—— FS+Himalaya 3L

=== FS/HSSUSY 2L

—— FS/HSSUSY-+Himalaya 3L

[1807.03500]

10t
Ms / GeV

[Mj, — M), (HSSUSY+Himalaya 3L)] / GeV

tan 8 = 10, X; = —/6Ms

0.4

FS/HSSUSY 2L
L5(AN,

—0.2 [SEREEEEREE RS

10*
Ms [ GeV
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Fixed-order vs. hybrid calculation in the NMSSM

My [ GeV

My [ GeV

Xi/Ms =0,tan 8 = 5,A = 0.1,k = 0.1

ATLAS/CMS %10

—— FlexibleSUS!

FlexibleSUSY/fixed-order 2L
Y /FlexibleEFTHiggs 1L

10°

Xi/Ms = =2, tan f =5, =0.1,x = 0.1

Ms /GeV

107

10°

FlexibleSUSY/fixed-order 2L
—— FlexibleSUSY/FlexibleEF THiggs 11,

Ms [ GeV

107

10°

My [ GeV

My GeV

150

Xi/Ms=0,tan =5 A =035 =03

140

130

- FlexibleSUSY/fixed-order 2L
—— FlexibleSUSY/FlexibleEFTHiggs 11,

10° 107 10°
Ms / GeV

Xo/Ms = ~2,tan f = 5, = 0.3, = 0.3

110

ATLAS/CMS 10

- FlexibleSUSY /fixed-order 2L
—— FlexibleSUSY/FlexibleEFTHiggs 11,

107 107
Mg [ GeV
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Gauge Coupling Unification

12 T T T T T T T T T

11} g2 e 1 - §

N 1l i
09 t Standard Modell { } MSSM
s | Inl i
., .

0.6 [ e 11
0.5

04 ! ! ! ! ! ! ! ! ! !
10° 103 10° 10° 10%2 10%5 109 10° 105 10° 1012 10%9

w/ GeV w/ GeV M

35 /35



	Introduction
	Open questions before/after the Higgs discovery
	Advantages/disadvantages of SUSY
	How can we test a SUSY model?

	Higgs mass prediction
	Fixed-order calculation
	Effective field theory calculation
	Hybrid fixed-order/EFT calculation

	Where is SUSY?
	Summary

