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Outline of the lectures

= Part 1: Why a Higgs boson is needed

= Part 2: Connections between Higgs Physics and unanswered questions of Particle
Physics (and possible solutions to them)

= Part 3: What can be learnt from the Higgs boson at high-energy colliders — an
overview

= Part 4: The Higgs boson mass as a precision observable — calculations and
interpretations

- Part 5: The Higgs boson potential, its trilinear coupling, and relations with early-
Universe evolution
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Part 3:
Higgs coupling measurements
and precision calculations
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What we know and what remains to determine
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What we know and what remains to determine

What we know of the Higgs boson so far:
- Its mass M, =125 GeV, to astonishing ~0.1% precision! (more later)

A\

The electroweak (EW) vacuum expectation value (vev) v=246 GeV
Spin 0

Not purely CP-odd

Its couplings to gauge bosons (to O(5%) ), to 3™ gen. fermions (to
0O(10%) ), to muons (to O(30%) ) — so far, Standard-Model (SM) -like
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What we know and what remains to determine

What we know of the Higgs boson so far:

- Its mass M, =125 GeV, to astonishing ~0.1% precision! (more later)

> The electroweak (EW) vacuum expectation value (vev) v=246 GeV

> Spin 0

> Not purely CP-odd

- Its couplings to gauge bosons (to O(5%) ), to 3™ gen. fermions (to
0O(10%) ), to muons (to O(30%) ) — so far, Standard-Model (SM) -like

~ Higgs potential is at the origin of the EW symmetry breaking, and
Brout-Englert-Higgs mechanism is origin of known particle masses
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What we know and what remains to determine

What we know of the Higgs boson so far:
- Its mass M, =125 GeV, to astonishing ~0.1% precision! (more later)

> The electroweak (EW) vacuum expectation value (vev) v=246 GeV

> Spin 0

> Not purely CP-odd

- Its couplings to gauge bosons (to O(5%) ), to 3™ gen. fermions (to
0O(10%) ), to muons (to O(30%) ) — so far, Standard-Model (SM) -like

~ Higgs potential is at the origin of the EW symmetry breaking, and
Brout-Englert-Higgs mechanism is origin of known particle masses

What we still don’t know:
- |Its couplings to 1°t and 2™ gen. fermions
- Its total width; BR(h—inv.) < 9%
Its CP nature
Its fundamental nature? (elementary or composite)
The structure of the Higgs sector? (minimal or extended)
The form of the Higgs potential? (more in Part 5)
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Higgs production at LHC Plot flom [LHC Higas WG 16]

See also reviews of [Djouadi ‘05]
> (Single*)Higgs production channels at LHC [*: di- and tri-Higgs production — Part 5]
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Higgs production at LHC Plot flom [LHC Higas WG 16]

See also reviews of [Djouadi ‘05]
> (Single*)Higgs production channels at LHC [*: di- and tri-Higgs production — Part 5]
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Higgs decay channels

» Decay channels

Tree-level decays:
g) h)

V=W, 2) (f=b, T, y, ...)

Loop-induced decays:

j)
AAANNNY,Z
t.b
Kt b
Hees tb
t.b
NAANANN Y

Diagrams from
[CMS Nature ‘22]
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Interpreting experimental results | Exp. measurement |

» Comparison between experiment and theory carried out at the level of: 60 ——Higgs cross section (EFT) — B
- Signal strengths 50 F NNLO j
: . NLO — 2
~ K parameters (signal strength modifiers) = -
- Simplified Template Cross-Sections (STXS) % 0T l | S
> Fiducial cross sections :f 30 40
- Coefficients of EFT operators Q. LO
» Requires high-precision theoretical predictions (with level of 10 | {
accuracy at least matching that of experimental results) Lo = my/2
— both in SM and BSM theories 0 _ —
Total cross section for (inclusive) single-Higgs
— huge efforts from precision calculation communities production, in heavy top limit (m,— +)
(QCD, EW, BSM) babed on resus ffom [Anastasiou et al 15], (Mistberger 18

> Public tools to confront experimental results with model predictions:
> HiggsSignals (signal strengths, STXS) [Bechile et al “13, "20] — now included in HiggsTools [Bah! et al "22]
> Lilith (signal strengths) [Bernon, Dumont “15], [Kraml et al ‘19], [Bertrand et al ‘20]
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Interpreting experimental results

—
o
l |

Cross sections and ATLAS Run 2

signal strengths
e.g. [ATLAS Nature ‘22]
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Interpreting experimental results
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Interpreting experimental results

STXS Measurement Interpretation
e.g. [Berger et al., LHC
Higgs WG ‘19 ' ifi '
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Interpreting experimental results
STXS e.g. [ATLAS Nature ‘22], [CMS Nature ‘22]
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Future projections for Higgs coupling measurements

Global fit in SMEFT, using Higgs data,

EW precision observables, di-boson data
e.g. [Snowmass Higgs topical report ‘22]

precision reach on effective Higgs couplings from SMEFT global fit

1 M HL-LHC S2 + LEP/SLD B CEPC Z,0,/WWs/240GeV,, M ILC/C’ 250GeV/, BCLIC 380GeV, Il MuC 3TeV, 1
(combined in all lepton collider scenarios) |JllCEPC +360GeV, M ILC/C® +350GeV, ,+500GeV, (M CLIC +1.5TeV, 5 Il MuC 10TeV 4
Free H Width L Lago/VV MILC/C’ +1TeV, B CLIC +3TeV5 B MuC 125GeV, g+10TeV 4o
()] no H exotic decay MFCC +365GeV15 | subscripts denote luminosity in ab™", Z & WW denote Z-pole & WW threshold I
-1 _ _ -1 =
210 r "8
el - | . 7]
8 1oL | 1, .8
38 1072 — —1072 ¢
o | T 2
o B | . >
T 10k | I
107° =10~
: | ‘ ;
107 P WW vy | Zy ag cc bb 5aT L ST 107
e 69y o9y H Odyy H ogy 9y ogy H

- important to properly assess prospects at future colliders
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Future prospects for Higgs coupling measurements

no evidence yet First Second

guaranteed at future

Third

generation generation generation

|H Interactions

established (50) at LHC by
observation of direct
interaction with H —

much greater precision at
e+e—colliders

=80.4 MeV/c2 =91.2 MeV/c2

e+e- colliders =~ 2.2 MeV/c2 ~1.27 GeV/c2 =~ 173 GeV/c2
up charm top
no ObVIOUS path to ~ 4.7 MeV/c? =~ 93 MeV/c2 ~4.18 GeV/c2
SM-level
measurement
: : down Strange bottom
bright ideas
needed! <0511 Mev/c2 | = 106 Mev/c2 | | =1.78 Gev/c2
electron muon tau

W-boson | | Z-boson

no evidence yet

tantalisingly close

first evidence (30)

to reach of circular e+e-
colliders?
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to be conclusively
established at the LHC
within 3-10 years

Slide from [G. Salam 23]
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An example calculation of Higgs

properties in a BSM model:

leading two-loop corrections to
Inert Doublet Model

['(h— yy) in the

DESY.

ATLAS Run 2 -
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The Inert Doublet Model
- 2 SU(2), doublets @, , of hypercharge 72

G+ H+
¢y = (%(vﬂthjti(})) and ¢y = (%(HJM’A))

> Unbroken Z, symmetry ® —-®_ , ® — -O,
Vipar = #31®1]% + i3] o
A A A
S Z21D2" 4 X8 [2|0o ) + Mg @]+ 22 (@] 01)2 + hc )

> Model parameters:
3 BSM masses m_, m,, m_,, BSM mass scale |, inert doublet quartic self-coupling A,

> BSM-scalar masses take form

2 2 2 2 2 2 2 2 2
My = Py + Agv®, my = us; + Aav°, mps = ps + Agv?,

with )\H,A = A3+ A\ £ A5
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Dark Matter in the Inert Doublet Model

- Inert scalars: charged under Z, symmetry (Z,-odd)

M, =M, =M, +1 GeV

102 5 102 My, =M, =M, +100 GeV
— Ay =10 = Ay =—LO — Ay =10 Auys 1.0
. . - 10t b T Ay =01 = g0l 101 3 — Ay =01 = Ay =01
- Lightest inert scalar = Dark Matter candidate ;| — Restl s oo S T
10 345 345

— assume H here

35~
10° ﬁ Ay =0.001 7 A= 0001
\
q 1

> DM relic density obtained via freeze-out s \N 3
mechanism, while evading current detection J |
bounds
(a) Mh, (GeV) (b) Mh, (GeV)

[Belyaev et al. ‘16]

\4

2 possible scenarios:

- "nggs resonance scenario” mH~mhI 2 Direct detection bounds around

- "Heavy Higgs scenario” m 2500 GeV Higgs resonance region 10+ p— =S SRS
1074}
H H
- IDM testable at current and future experiments via TSsigidagnetT 10 XENONNT |
- DM direct and indirect searches ol N s s . i e o
- direct searches at colliders /@\ s
- precision/indirect tests N N
— properties of 125-GeV Higgs boson a
10°%

500 525 550 575 600 625 650 675 70.0
Plot made with micrOMEGAs M+ [GeVI
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Higgs decay to two photons: existing one-loop results

> DM scenarios of IDM investigated via Higgs properties at one loop (1L) in [Kanemura, Kikuchi, Sakural ‘16]

- Additional charged inert Higgs — Higgs decay to 2 photons especially important!

2
V2Gragymy, | 1 K3 2
~ i f 2 2
Dlk — 7] = = ~(1- 4 i) + 3 QAN Iplm3] + Iw[m?]
h <L Mg+ H f
\ . 10
I, 1, fermion/W-boson loops (SM-like) L ‘“'Nw . |
o,  HeavyHiggs | | irmi—|
_ L ! scenario Scenario-C

- Charged Higgs contribution: — . . | :

o
Compensation between mass dependence of coupling i
(A;=2(my,2-M,2)/v2) and of loop function (C,~1/m,,.2) f
— does not decouple when increasing m,,,! 4

- i
‘‘‘‘‘

> h-yy is aloop-induced decay, i.e. 1L is only leading

~ What about 2L (NLO) corrections? scenario I 200 40% iofegg})] LA
H_
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Higgs Low-Energy Theorem
~ Calculation of 2L 3-point functions with external momenta not possible in general

- Assuming m, << heavy BSM scalar masses, we can employ a Higgs Low-Energy Theorem
(see e.qg. [Kniehl, Spira "95])

> Compute effective Higgs-photon coupling C,,, of the form

1
Lot = =3 CnonhE™ F,

by taking derivative of (unrenormalised) photon self-energy w.r.t Higgs field

0
Chfy'y = %H,y,y (p2 = O) where E%(Pz) = (p*g"” — p“p”)H,Y,Y(pQ)
h=0
> Schematically: 9|, |_ h(p* = 0)
Oh e

> Neglects incoming momentum on Higgs leg, but fine for m,, << my s .

- Similar to approach of effective-potential calculations of Higgs mass or trilinear Higgs coupling
(— see Parts 4 and 5)
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Computing two-loop BSM corrections to I'(h - yy)

> All known SM contributions:
- QCD up to 3L [Djouadi ‘O8] (+ refs. therein)
- EW SM-like to full 2L [Degrassi, Maltoni ‘05], [Actis et al. ‘09]

~ Our new calculation: leading two-loop BSM contributions
- genuine, dominant, 2L contributions involving inert scalars
- purely scalar and fermion-scalar contributions to (1L)*2 terms from external-leg and VEV renormalisation

C(z), IDM CO(Ag) n CO((A4+>\5)2) X CO((A4—>\5)2) X CO(,\Q) I Cext.—leg.—l—VEV

hry~y T hyy hryy hryy hry~y hry~y
Example:
2 .
O(A,?) diagrams
h h /ﬁ_
H_’/,.-..\ H_ = ./""‘\.\ = ) FAEEREN . I/ - \\\
4 : \\ v ¥ -’ L S 4 e T ¢--—<---0
VeV, ] :h ;./VW VAV, H_ L ANNND H- | PN e \\H— H_ ;'r
Yy \\ : ’/ 1% \\\ ,,' 1% Y \ /' % ’\/V\/VMVW\/
TRREY Tial") e - % v
H_ H_

> Photon self-energy diagrams generated with FeynArts, computed with FeynCalc and Tarcer, reduced to
(limits of) integrals known analytically; then derivative w.r.t. h taken
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Results for the Higgs resonance scenario

094 my =60 GeV, u% = 3583 GeV? [Aiko, JB, Kanemura ‘23]
f —— LO,A;=0.1 |
=| = 0.93} —— NLO, A;=0.1
22 —== NLO,A; =1
| =092 NLO, A»=5 1
T —.— 20 (ATLAS) = HL-LHC
< |Z.091FN\ T ——— 20 (CMS) o expected limits
ZE ;
1™ 0.00f ]

O

00

©
1

=
?\
T :
~ 0.88]
> _
A
S

0.87

0-8000"200 300 400 500 600 700 800
my: =My [GeV]
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Higgs boson and CP measurements



Higgs boson and CP measurements

» Additional sources of CP needed for baryogenesis (c.f. Sakharov conditions)
— could CP be broken in the Higgs sector ?

» CP violation in Higgs-gauge (hVV) couplings:
- Already very constrained via VBF and VH Higgs-production and h—4{ decay
see e.g. [ATLAS,CMS: 2002.05315, 2104.12152, 2109.13808, 2202.06923, 2205.05120]

- Can only appear at loop level — typically small for most BSM models

» How about CP violation in Yukawa interactions?
- Possible from tree level
- Numerous ongoing collider investigations at LHC (+ EDMs, c.f. later)
- Conveniently parametrised in terms of a Higgs characterisation model with modified Yukawa couplings

[qukawa — \/— Z Yy f Cf + 275Cf)fh

Cr, c f : CP-even and CP-odd coupling modifiers

» NB: in an extended Higgs sector (e.g. 2HDM), there could also be CP violation in scalar couplings!
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Constraining CP violation in the tau-Yukawa coupling

> A CP-odd observable to probe CP structure of tau Yukawa:
Decay angle in h—TT
— sensitive to CP phase in tau Yukawa

» Using angular correlation between decay products in h —11 decays, ATLAS

Figure from [Bahl ‘23]

and CMS have obtained the following experimental constraints:

: . [ATLAS ‘22]
2 CMIS I 1 [ICI\I/ISI I22I] I L] 1I37I fllj I I(l?’ TeIV) [ | 25 g 2:I | o l o 1 IIIIIIIII I o l F | o | I:
% Best fit — 683%CL] B 1.8 # Bestfit —1c
| * SM == 955%CL | c ¥ SM =26
- — 99.7%CL 4 |20 1.6p s, E
i ~ ElE 1.4F | =
X ] Bisw 1.2F A 3
L 2 - 15 %D 1: .. .“. A
Or i < - :
i ! 10 0.8:— N / -
[ ) 0.6 0 e =
-1 1 Hs 0.4" - E
_ . - ATLAS Preliminary ]
- Ki=1, R/ =0VitT 0.2 ys-13Tev, 139 fo” E
. I (L N T T | OhJ Loseloea Lega lapel e loanls cplies g

23 1 0 1 5 U 0604020 0 20 40 60 8
Kt q).: [°]
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Constraining CP violation in the tau-Yukawa coupling

> Include CMS results on CP phase to global fit in Higgs/tau characterisation model

[Bahl, Fuchs, Heinemeyer, Katzy,

’yf . Menen, Peters, Saimpert, Weiglein ‘22]
i T E — f (er +1v5€¢) fh o _ ‘
X F \/§f( D+ 1@ fh, Global fit using HiggsSignals + recent analyses
can also be analyzed in EFT L5 (FT, E;:) fl'ﬂ:‘ r AXQ
L5 (Cré)free  Ax® | R
€ (s 004836 o5 15
o h-> TT CPV analysis B
5 0.0 F 10
10 o AL E :
—0.5 | ]
5 r ]
e —1.0 F
5 i ¢, ~ +1 almost - : : | : : 0
: degenerate minima | T S EEEERE RS EHRRE ERRE S PR '
| of Ax? ; ~15 -1.0-05 00 05 10 15
""""""""""""""""""""" Cr
Ring-structure from upper/lower bound on BR CMS analysis excludes large ¢,

Slide elements from H. Bahl and G. Weiglein
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Constraining CP violation in the tau-Yukawa coupling

> Electron electric dipole moment (EDM) also gives strong limit on CP violation smiT Time
ACME [Nature 18] =
CPV phase from tau k —29
VUkam enters d. <1.1 x107*? ecm at 90% CL
Barr-Zee diagram 4
\“ . Using [Panico, Pomarol, Riembau ‘18], [Brod, Haisch ‘

» How do constraints from electron EDM and from LHC h—Tr angular distributions compare?

(¢, ) free Prediction for
| ; f i 115 baryon asymmetry BAU

1.5
.0 : :
[ = LHC 90% CL
[ —— cEDM 90% CL :

L — = 3y VIA jyeabs
Yg /Yy

1.0}
Flectron electric i
dipole moment 0.5 F ,
~ o . . .
de X Cf » CP violation in tau-Yukawa

5 0.0F

VIA / Y

(alone) could suffice to explain

— h >
Allowed by L!-IC, 0.5 [ — matter-antimatter asymmetry
EDM constraints S T of Universe + this can be
and baryogenesis! _1-0;. ............... ................. ................. ................. ................. ................ E probed in complementary
[P SN DU DU DU U ST R ways by colliders and EDMs
[Bahl, Fuchs, Heinemeyer, Katzy, ~15 —-1.0 —05 00 05 1.0 15
Menen, Peters, Saimpert, Weiglein ‘22] .
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Intermezzo:
additional Higgs bosons at the LHC?
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Possible hints of a Higgs boson at 95 GeV - diphoton channel

CMS Preliminary 132.2fb™ (13 TeV)
% L L L L L s S SUNLELELE NN SRS BN RS B B R
= B = - N
g 1 = - H— vy —— Observed 0
a 1 > o09F E
g i T - . Expected = 1o .
— _ T 0.8 ]
= — T - 1 Expected + 20
1 o = E
E < 0.7 :
102 _ S 0.6 =
= ATLAS Preliminary __ opserved - ]
- Vs=13 TeV, 140 fb’’ . g 05 =
: . H—vy i 2 ]
10_3 | _ ?m 04 _:
T I | | | | n > N .
70 80 90 100 110 1. 0.3:— B
m,[GeV] T D.2f—
a8 -
x 0.1
I 1111 | 1 111 | 1 11 1 | L 111 | [ | | L1 11 | 1 111 | 1 111
o 70 75 80 85 90 95 100 105 110
[ATLAS 2023, Full Run 2] [CMS 2023, Full Run 2] m,, (GeV)
1.7 o local excess at 95.4 GeV 2.9 o0 local excess at 95.4 GeV
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Possible hints of a Higgs boson at 95 GeV — several channels

CMS preliminary 132.2 b7 (13 TeV)
- | : : = 1_""|""|""|""I""l""l""l""_ .- 4 »
U F L_E.P I I } Em CH  obearves : ~ 10 CI’MSI Preliminary — E:dms fo (13 Tev)
B = 1 0.9F 1 = —e— Observ
:g i (a) Vs = 91-210 GeV :: 1 . 35 Expected t1o 7 ‘E‘ 102 -------- Expected
.g J % . g NEW RESULTS o=~ Expected +20 g H__l_# B 68 expected
- C R MoriondEW 2023 1 8° e
Ug ‘ 5 0.6 = S
B | = ] %
) | 32 05 -
A | @ ; S 10
i 2 04 3 =
- = ] : S -
| = 0.3F = : e
_‘ T - R -
L5 b A T e | L 02F E)E 107
10" 40 60 80 100 120 - &  |lowmass | Hghmass -
mH(GEVICZ) T .:||-||-|||||||||-|||||-|||-||-||-||||||- 10 70 100 200 300 1000 2000
o] 70 75 80 85 90 95 100 105 110 m, (GeV)
[LEP: hep-ex/0306033] m, (GeV)
[CMS: 2208.02717]
Local significance: 2.30 [CMS HIG-20-002] e —
. v : o 1
Signal strength: Local significance: 2.90 R
+,— 7\ _ . ignal strength:
pos (eTe™ — Zh — Zbb) = Signal strength: b (g B =
Y 99 T} == - .12 1.24+0.5
[Cao, Guo, He, Wu, Zhang: 1612.08522] [CMS: 2208.02717]
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Possible hints of a Higgs boson at 95 GeV - interpretations

Example 1: in a Two-Higgs-Doublet Model with complex Example 2: in a Two-Higgs-Doublet Model extended by a
parameters (C2HDM) [Azevedo, Biekotter, Ferreira ‘23] complex singlet (S2HDM) [Biekdtter, Heinemeyer, Weiglein ‘23]
ﬂ(hl)bb E"*'|'="|'-"|""|-"'|""-
0.02 0.04 0.06 0.08 0.10 : obs. 95% CL e Typell
— LobF TTT e 95% CL e TypelV
C2HDM Type 1 o T F 20 exp === ATLAS exp. ]
1.6 84 Ge¥ £ mn;=-07GeNs m’i‘i"f A R 3 L [ loexp —— ATLAS obs.
Mmpg > 130 GeV | o B &
= IR P : ’508' od9p :
12 _________ ___.'.. :.il‘_’é:_.____ _.._ — __.;‘ T E T
L 05. S § =, 3 < i
t 1.0 . {\ = 06 i
e T F
S E

0.6

0.4

0.2

&
O — —

,u:"&rl”LAS—I— CMS

1 l L il L 1 I 1 1 1 1
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1(h1)~~ mp
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Hints for two nggs bosons at 450 and 650 GeV’?

— 700

600

550

500

400}

450}

ATLAS Prellmmary f 13 TeV 140 fb' , g9 —)A—}ZH — 0/t
_95% CL upper limit exclusion, type-1 2HDM

- [ tanf=0.5 Obs.
L === Exp.

[ —.— A width 25%

[ [ tanp=1 Obs.

[ --- Exp.

[ —-— A width 25%
tanp=2 Obs.

/é‘

Ma [GeV]

2.85 o local excess at (ma, mn) = (650, 450) GeV
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Part 4:
The Higgs boson mass,
a new precision observable
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Measurements of the Higgs boson mass

> Higgs mass already measured at sub-permille level! — new precision observable!

M_=125.09 + 0.21(stat.) + 0.11(syst.) GeV
[ATLAS & CMS Run 1 combined, Moriond 2015]

M =125.11 £ 0.11(stat.) £ 0.09(syst.) GeV

[ATLAS 2308.04775 from Runl+Run2 in h-yy and h - 4l channels]

CMS
Run 1:5.1 fb' (7 TeV) + 19.7 b (8 TeV) —— Total Stat. Only b b b b b b [ T
. -1
2016: 35.9To” (13 TeV) ATLAS e+ Total Stat. only | Combination
Total (Stat. Only) ) )
Run 1 Hosyy 124,70+ 0.34 ( + 0.31) GeV Runi:5=7-8TeV, 25", Run 2: \/s = 13 TeV, 140 b ol (St o)
Run1 H — vy I @ 1 126.02 + 0.51 (+ 0.43) GeV
Run 1 H— ZZ— 4| ——y 125.59 +£ 0.46 ( + 0.42) GeV
Run1 H — 4/ I @ | 124.51 + 0.52 (+ 0.52) GeV
Run 1 Combined — 125.07 + 0.28 ( + 0.26) GeV Run2 H — vy |—Io—| 125.17 + 0.14 (+ 0.11) GeV
T Run2 H — 4¢ —e—| 124.99 + 0.19 (+ 0.18) GeV
2016 H—yy H—— 125.78 + 0.26 ( + 0.18) GeV
Run 1+2 H — ~y e 125.22 + 0.14 (+ 0.11) GeV
2016 H— ZZ—s 4l —— 125.26 £ 0.21 (£ 0.19) GeV Run1+2 H — 4/ —e— 124.94 + 0.18 (+ 0.17) GeV
Run 1 Combined —e— 125.38 + 0.41 (+ 0.37) GeV
2016 Combined [ 125.46 £ 0.16 ( £ 0.13) GeV |
I r e Run 2 Combined I—OI—I 125.10 + 0.11 (+ 0.09) GeV
Run 1 + 2016 -i- 125.38 £0.14 (£ 0.11) GeV Run 142 Combined e 125.11 + 0.11 (+ 0.09) GeV
I TN NN U N AN T N TN AN T T A AN N A N NN T M I AN TNN A M B B T B | . '||' N I T S ST N N N T
122 123 124 125 126 127 128 129 123 124 125 126 127 128
My (GeV) my [GeV]

[CMS-HIG-19-004] [ATLAS 2308.04775]
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Radiative corrections to the Higgs boson mass

» Feynman-diagrammatic calculations, i.e. solve for Mi
My = (m)"™ + Spu(p® = Mp)

pole mass tree-level mass self-energy
PIEREEN
I \ s \
O - -@---=---e---foieo o] Loy
N &

NB: other possible approach
— EFT (more later)

f]hh(pz) computed order-by-order in perturbation theory as Feynman diagrams.
Difficulty: momentum dependence of self-energy diagrams not always known at

two loops and higher + long numerical calculations

» effective potential approximation Vi = V(O + AV
where AV are quantum corrections, computed as

- one loop: supertrace formula
- two loops and beyond: 1P| vacuum bubble diagrams

0% Vg .
Oh2 < Ypn(0)

min

= much simpler/faster calculations, but with lower accuracy

OVesr
ah min
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Two interpretations of Higgs mass calculations

- Higgs mass M is computed as a function of Lagrangian parameters, in particular quartic Higgs coupling A

Mh:Mh()‘v)

> Case 1: A is a free parameter of the theory
e.g. in SM and many extensions (SSM, 2HDM, etc.)
- one cannot predict M,

— but one can use the equation My (A, ---) = 125.09 GeV to extract A and study the high-scale behaviour of
the theory

> Case 2: A is predicted by the theory
e.g. - in SUSY, Ais related to other couplings (EW gauge couplings + eventually SUSY scalar couplings)
- in (classical) scale invariant models, A=0 at the scale at which the symmetry is imposed
- but also the case in a non-SUSY extension of the SM taken as low-energy limit of a UV-model in which A is
predicted (more on this later)
-~ M, can be predicted as a function of the model parameters
(M2 )iree < M225, M2~ (m2) +ﬁ<m%+yi 2o L% |4>+
h/tree > Z =203 h h/tree 47_‘_2?}2 m t t ..
- Comparing computed and measured values of M, - constrain allowed BSM parameter space
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Case 1:
Extracting scalar quartic couplings from
physical spectra (masses & mixing angles)

aaaaaa



Extracting a scalar quartic coupling from M_
In the absence of mixing
Higgs pole mass M), related to Lagrangian coupling A by

2 _ (€)
Mp = 2\v” —I—Z 167r2)£5 mj (\)

pole mass tree-level

\._ _—_
Y

loop corrections

— highly non-linear equation in A...
but can be inverted analytically with a perturbative expansion of A\ as

1 1
A=A 4 51\ SN+ ...
T 16m2% T Wen22? T
2
— one obtains A0 — %{5
2’U

(5(1)A: 21} ‘5(1)'”’1}1 ‘)\ 3.(0)

1 0
52)A_ T 5(1)A_5(1) 2 5(2)

20° O Mh o+

A=\0
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Extracting the SM quartic Higgs coupling from M_

» Renormalisation-group running of SM quartic Higgs coupling A
determines the fate of the EW vacuum
- stable | metastable | unstable

- High-precision calculation of M, (A) to extract A is required for a
reliable study of vacuum stability

- State-of-the-art in the SM = Full 2L (+leading 3L and 4L) diagrammatic
calculation of m_and extraction of A

[Degrassi et al. ’12], [Buttazzo et al. '13], [Martin '13], [Martin '14],
[Martin, Robertson ‘14, ‘19], [Kniehl et al. ‘15, ‘16], [Alam, Martin ‘22]

— High-precision study of the stability of EW vacuum in SM since
[Degrassi et al. '12], [Buttazzo et al. '13] (see also [Chigusa, Moroi,
Shoji ‘18])
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Extracting a scalar quartic coupling from M_
» A BSM example without scalar mixing: the Z,.SSM

Z5SSM = SM + real singlet S + Zs symmetry under which S — —S§
= no mixing between S and h

VO = p? ] + 3MES? + SAH|" + 3Asu S H* + 255"

Extract A from mj at two loops

1 -
s\ = 5;3 A — EA%H log m% [JB, Goodsell, Krauss, Opferkuch, Staub ‘17]
9 -
SN~ 5D N+ AggaimZ(logm?2 — 1
sMA T 42 SH ms( o8 s ) with logz = log 2/Q?

& Q: renormalisation scale

+ )\%H [1 — QEW% —I—EQ m%]
+ %A%HA[ — 18 — 61log m2

+ (36 logmj — 12) log m%|
+ 303 45 [ — 1+ logm?% —I—Ez m%] +O(w?/m%)
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Extracting scalar quartic couplings from physical spectra

In presence of mixing

» Several relations between loop-corrected masses m% and
parameters/couplings \;

. loo
my, = eig[(M”)°P({\i D]
= very difficult to invert analytically

¢: list of fields

1: list of couplings

» Instead proceed by numerical iterations: compute m7({)\;, - }) at given

loop-order, for varying Lagrangian parameters, until results correspond
to desired physical spectrum

» Numerical calculations can now be performed up to two-loop order with

SARAH / SPheno (more later) + can be done with scanning tools like BSMArt [Goodsell, Joury ‘23]
[Staub ‘08, ‘15], [Porod ‘03], [Staub, Porod ‘11]
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Extracting scalar quartic couplings from physical spectra
» An example BSM model with scalar mixing: the Two-Higgs-Doublet Model (2HDM)

VO = @] - @1 + 1m0l - @+, [0] - @y + 0 - 4]
o (8] 02)7 + 00 (8] 92)7 40, (8] - 21) (8] 82)

v
tan (3 =2
U1

Numerical iterations with SARAH/SPheno [Staub ‘08, ‘15], [Porod ‘03], [Staub, Porod ‘11]

At N-loop level (N = 0,1, 2), an iterative extraction can be done

Take m?, and tan /3 as MS inputs )

&
m?, and mj, found by solving the N-loop tadpole equations . A1, A2, A3, Aq, As
& at N loops!

Fix Higgs spectrum — m3, mj;, m4, m?{i? tan o —

at N-loop order
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Extracting scalar quartic couplings from physical spectra

0.4 | | T - - t ! ! [JB, Goodsell, Krauss, Opferkuch, Staub ‘17]
2HDM typell e Tree
- — = 1-loop
0.3 F _— Z—IQQP 4 ¢ Take tanﬁ = 14,

mis = —(500 GeV)?

o Fix my = 125 GeV;
mpyg = 750 GeV;
ma = 730 GeV;
my+ € [650,695] GeV
tana = —0.71
at desired order

_0.1 | l L L
650 655 660 665 670 675 680 6385 690 695

mg=+ [GGV]
- UV behaviour of 2HDM can be drastically changed by loop-level extraction of quartic couplings!
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Case 2:
SUSY Higgs mass calculations
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SUSY Higgs mass calculations - fixed-order calculation

>

SUSY models contain extended scalar sectors — physical masses found as solutions for p? of equation
2 2 2 2 _
det [p“0s; — (Miree)is — AMG;(p7)] =0
At tree level, m < M, however, since early 1990's (|Okada, Yamaguchi, Yanagida '90], [Ellis, Ridolfi,
Zwirner '90], [Haber, Hempfling '90]) it has been known that loop corrections can raise m,_to 125 GeV

2 2 Smffl MS2USY v (2 | R 4 tanp: ratio of Higgs VEVs
Mh ~ (mh)tree —I— 1H — 5 —|— ‘Xt‘ - E ‘Xt‘ —|— o oo X, stop mixing parameter

4292 m% Mg sy: SUSY-breaking

s/c\ale

. . .. . . X = Xy /M,
Since then, huge efforts to improve precision of SUSY Higgs mass calculations e = Xe/Msusy

— summarised in recent report of “Precision SUSY Higgs Mass Calculation Initiative KUTS”
[Slavich, Heinemeyer (eds.) et al 2012.15629]
- for the MSSM, state-of-the-art is now almost full 2L in effective-potential approximation, + leading 2L
momentum-dependent effect + leading 3L corrections
— for the NMSSM and beyond (e.g. Dirac gaugino models), leading 2L corrections

+ reliable estimates of theoretical uncertainties (from missing higher orders & parametric uncertainties) —
1-3 GeV depending on point

However, experimental searches now put lower bounds on stop (scalar partner of top quarks) masses
beyond 1 TeV - fixed-order calculations start to suffer from large logs
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SUSY Higgs mass calculations - the problem of large logs

» Scale of New Physics Myp driven higher by experimental searches

Mnp

TMew

can spoil the accuracy, or

= in fixed-order calculations, large logarithmic terms o log

even the validity, of the perturbative expansion, e.g.

O = a’ag +a(biL+a1)+a(coL? +boL+as)+ -
N ~ ~ S . ~ ’,

tree-level one-loop two-loop

Q@ = (9/47T)2= L= 10g MNP/mEW: aq, b’iac’i c C.
Loss of perturbativity if
ol =1 -

The perturbative expansion must be reorganised — EFT calculation
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Intermezzo: an EFT primer
» Integrate out heavy fields at some scale A ~ Mnp and work in a low energy EFT below A

» Couplings in the EFT receive threshold corrections at the matching scale A

E
o5 Coupling of the UV theory g
UV theory 3 R
licht & h ticl w3 Match effective actions computed
(light & heavy particles) e in UV th. and EFT, at ¢ loops:
A ~ Myp S T =A) =TT (Q =A)

4

¢-loop threshold correction
to coupling of the EFT ¢

g=0g-+Ag

» Use RGEs to run the couplings from the high input scale, to the low scale (< Myp) at which the
calculation is performed = large logs are resummed!

EFT
(light particles only)

RGE running
in EFT

\J
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SUSY Higgs mass calculations — EFT approach

» Simplest example: ~ UV theory — MSSM, and EFT — SM
see e.g [Bernal, Djouadi, Slavich '07], [Draper, Lee, Wagner '13], [Bagnaschi, Giudice, Slavich, Strumia '14|, [Pardo Vega, Villadoro '15],
[Bagnaschi, Pardo Vega, Slavich '17], [Athron et al. '17|, [Harlander, Klappert, Ochoa Franco, Voigt '18], etc.

More choices of EFTs also considered,
see [KUTS report ‘20] and refs. therein

e.g.
E
: Full 2¢ RGEs
MSSM inputs [ 1 MSSM ]
MSSM Y
1 ;
v Asm(Ms) = 1(92(%@) +g"*(Ms)) cos® 23
> FANE(Mg) + AN (Msg) + AN (M)
4 | Full 2¢ + leading
- SM M;% — F(sm(me)) flxecl—c:.trder calculation 3¢ and 4¢ RGE
i in the SM for Agm in SM
Mz SM inputs

» In many cases Mg > v = effect of higher-dimensional operators o v/Mg can be disregarded
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SUSY Higgs mass calculations — hybrid approaches

> However, for lower MSUSY, EFT calculations lose accuracy (because of v/IM
effects)

SUSY

> Can one combine the advantages of fixed-order (reliable for low M, ,..) and
EFT (reliable for high M

— Yesl!

SUSY

SUSY)

-~ Different approaches
1) FeynHiggs approach [Hahn, Heinemeyer, Hollik, Rzehak, Weiglein PRL ‘13]

(Mh)FH hyb. = (mh)tree + Z (Mh) + [)‘(Mt)UQ]log [E (Mh)]logi

- (g J/

~" ~"

fixed-order EFT log. resum. subtraction term

2) FlexibleSUSY approach - “pole mass matching” [Athron et al “17]
1
M uer — (AM?
QUQ(MS) [( h)uer — ( h)SM}

(also included in SARAH/SPheno) Fixed-order res.
in full theory

)\SM(MS) —

3) Aachen group solution
[Harlander, Klappert, Voigt ‘19]

(MP) gy, = (MP)ger + AT 1 A2
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Different types of SUSY Higgs mass calculations — summary

3m? M? ~ 1, =
M2 ~ (m?)iree + — | In =205 41X, 12 — — | X, |* ) +.
== (M )tree + Ar2p2 (n m2 + | X 12| ")+
3 types of calculations for M, :

> Fixed-order approach: tan 8 = 20, X, = —/6Mg
+ precise for low SUSY scales 135 ——rrrr A — —————r
~ but for high scales large logarithms log(M.,/m,) spoil | FeynHiggs e
convergence of perturbative expansion 130 | —
- Effective field theory approach: - | ATLAS/CMS +10 - = e ;
+ precise for high SUSY scales (since logarithms are resumed) i i
— but for low scales O(v/M_ ) terms are missed if higher- E ______
dimensional operators are not included = 200 g7 i
= N e i
> Hybrid approach combing FO and EFT approaches: 115 :-’ -
++ precise for both low and high SUSY scales. v/ :
o e |
~ Current status in FeynHiggs (c.f. figure) : ~ hybrid [d
— FO: full 1L + 2L in gaugeless limit, . A - a V , =1
. EFT: full leading-log (LL) + Next-to-LL (NLL) + NNLL + partial 10° susy / Ge 10°
N3LL in gaugeless limit Ms | GeV

[KUTS report, Slavich, Heinemeyer et al. ‘20]
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Accessing the stop mixing parameter X via the Higgs boson mass

- X enters prediction of M, from 1L:

Mi% = (m%)tree T

> Bluelgreen lines:
common mass scenarios,
l.e. all non-SM masses
=M, ,andA_ =0

SUSY

> Grey points:
scan over SUSY
parameters (masses and
trilinears) between
M, ./2and 2 M

SUSY SUSY

AJSUSY =l TCV, tlﬁ =28

4
Sy (o
A2 2

2
MSUSY

my

2

130

T

T

—
)
>}

N TCE |

ATLAS/CMS +1a

. 1 ~
+ | X |* — —|Xt\4> + ...

Msusy = 100 TeV, ¢3 =3
T T ! I ‘ ‘

128 . T

—

[}

-1
T

—_

[\~

D
I

ATLAS/CMS *£1e

= 125
O
= 124
123
1221
| 1 1 1 | 1 I 1 1
121—3 —2 —1 0 1 2

[Bahl, JB, Weiglein ‘22] with FeynHiggs 2.18.1

- Significant dependence of M, on X, even for high SUSY scale, at 10 or 100 TeV!

- If stop masses and tan3 known - X can be extracted from M_
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Automating Higgs mass computations

PPPPPP



The motivation for automation

> Interest for non-minimal SUSY and non-SUSY models is growing, driven by experimental
results, but in most cases Higgs mass calculations beyond one-loop are still missing
— huge uncertainties

~ Computing corrections from the beginning for every new model would be extremely inefficient
and time consuming!

> ldea:
Do the calculation for a general renormalisable theory and then apply that result to the

considered model
— can be automated, in public tools like SARAH [Staub ‘08-"15] or FlexibleSUSY [Athron et al.

14, “17]
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Generic calculations of the Higgs boson mass — conventions

Write the most general renormalisable interactions with real scalars ¢;, Weyl
fermions 17y and vector bosons AfL:

1. 1 i
Ls == A" hipitn — oA digidropn,

1
Lsp=— 591‘)%?#1@0&1% + c.c.,

1 abit 4a 1 abit] q4a ait] Aa
Lsv == 59 AL AR, — 19 PTAL AR Gip; — g™ AL ;0" ¢,
Lry = gt' 'Y AL,

1

ﬁgauge _ gabcAzAl;gﬁbAyc o ZgabEngEA“aAybAiAg + gabcAﬁwbgpQC

> Here, all fields are defined in mass-diagonal bases
(some care needed to diagonalise scalar masses)

- Interactions between scalars and ghosts turned off by working in Landau gauge

- Parameters usually* renormalised in minimal subtraction schemes (MS or DR)

(*: with one notable exception — anyH3 in Part 5)
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Generic calculations of the Higgs boson mass — diagrams

Then we need to compute loop P AT
1 i L i . T —
diagrams for Ve, the tadpole ‘\_,f' ‘\__;_,f*
equations and the mass Sess Voscus
diagrams, e.g. P
A}
f/""'\\ JETE B r\\ ,' ,:'F“\
0 S N T R N
/‘H‘:\ ‘\ : ,’ ‘\ ," ___.r.f____‘\_-- _____\vf_ ______
.
Vo Yssss Wssss
-
i .
'
TG‘S T:S'SS -T:‘;SSS' "'@ ------ : D--_ =t

- "
i ¥ Q Mprrrs Mgsrpsrr
\ -
— r -
| | 1 ]
| ]
1 |
______ | Epp—— |

SSFF o
TJ"

— VEFFFs Vsssrr
’ N
3 \
i &
\
! A
Ay
S K r’
r Pl
|

Wsssv
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Mgssssy

: 4 \\ b
e | j=== === Momosenn  fog
= \ s
Tfi' f O

LAY hY

e Generic 2L results available for:
Zssss Ussss

T . B Veff:

) o0 [Martin ‘01] (Landau gauge),

O ' [Martin, Patel ‘18] (general gauge)
Tomemees oo b--=='=== (8L V4 in [Martin ‘17])

X 558 V‘s‘h’S.‘s‘.‘s‘

- Tadpoles:
[Goodsell, Killian, Staub ‘15]

Mrrrey - Self-energies:

N [Martin ‘03, ‘05],
[Goodsell, PalRehr ‘19]
Wsskr

Vssssy
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Generic calculations of the Higgs boson mass with SARAH/SPheno

User defined

model

SARAH (Mathematica) SPheno (Fortran)

(Analytical calculations) (Numerical calc.)

Generic exp. for » Masses & Vertices Loop
masses & vertices in model Integrals

¢

Generic loop » Expressions for Numerical
\ expressions Higgs mass Routines /

For extended scalar sectors:
- neutral scalar masses @ 2L

M . charged scalar masses @ 1L

Many other observables also
Adapted from a figure by Florian Staub available! (decays, STU, etc.)

parameters
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Thank you very much for your
attention!

Contact
DESY. Deutsches Johannes Braathen
Elektronen-Synchrotron DESY Theory group

Building 2a, Room 208a
www.desy.de johannes.braathen@desy.de

DESY.



Bonus:
The Goldstone Boson Catastrophe, and its
solutions

PPPPPP



New results obtained with generic calculations

- New corrections in MSSM/NMSSM:
— effects of non-minimal flavour mixing or R-parity violating operators at 2L in MSSM
— complete 2L corrections from Yukawas in NMSSM
— some results only existed in OS scheme (e.g. for the complex MSSM) — now a DR result
as well

- Corrections in models beyond (N)MSSM: e.g.
— first two-loop studies in Dirac gaugino models using SARAH [Diessner, Kalinowski,

Kotlarski, Stockinger 14, "15] (independent explicit calculation in [JB, Goodsell, Slavich "16])

- Computations can be done for SUSY models beyond MSSM, or non-SUSY models with
almost the same precision as has been reached for the MSSM with explicit calculations

> However, problems arise when including Goldstones
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First attempt to go beyond the gaugeless limit in the MSSM (at 2L)

[Martin, hep-ph/0211366]

T

rrrrrr1rr1i I | L L 1 LI l I L I;I I | rr 17 11 1m T | rrrr1rrrr1ruoi I rrTr 1T 1T T I_
- I -
L 1 1 i
L [ I -
117 L ' red dashed: w/o two-loop EW
- : : lepton, and slepton corrections -
- . : l :
[T : BT ]
_ i S~ A [ S~ i
> - 2\run. 4 & ! Il Y i
2 q16- (M) =01 : Tt -
9 - \i : f
= l I -
= [ ' L ]
= _ [ [ i
7 :_ : : solid black: full two-loop A
S . ' ' N
= - : ;\ N ]
L un. __ ]
/ X . : (mg)™" =0 :
I : : N Goldstone Boson ]
- . . Catastrophe (GBC) .
- . ' i
i . . _
-I I Y Y I L1 1 | I! 1 1 I I | Ill | | I T I I I | | | I T I N Y | I-

300 400 500 600 700 800 900

Renormalization scale Q [GeV]
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lllustration: the GBC in an Abelian Goldstone model
® 1 complex scalar ¢ = %(v—l—h—l—iG), no gauge group and only a potential

VO = 2ol + Ael,

where 1* < 0 and A > 0
® Tree-level masses:
> Higgs fmi = 4?2 + 3)\0?,
> Goldstone 'm% = u? + \v?

® V. at 2-loop order:

Vg =V(0) 4 = {f(’mi) - f(m%;)]
) Do g
1 3 5o 1 ) ) - y , noff/lts:one
T (162)2 [J\(ZA(mG) + EA(mg)A(’mh)) — A%v I(mh,mG,mG) +
\ 2-1o0p g
+ O(3-loop)

where f(x) = %(log z/Q* —3/2), A(z) = z(logz/Q* — 1) and I o
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lllustration: the GBC in an Abelian Goldstone model

Tree-level tadpole

ov (9
Oh

=0 = pv+ M\’ = miv

h=0,G=0

Loop-corrected tadpole

OVesr 2 AU 2 2
— 0= A
oh G 0 mqagv + 167{'2 |:3 (mh) + A(mg)
lj;;p
LDg i regular for mé—}-{)

Y -

2-loop
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3.3
2 [3A2@A(m?;) 20 0 A(mi)] + 70 4 0O(3-loop)
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lllustration: the GBC in an Abelian Goldstone model

Tree-level tadpole equation

ov(©®
oh

2 3 2
=0=pu"v+ A" =mgv
h=0,G=0

Loop-corrected tadpole equation

OVesr ) o , ;
Oh |h=0,G=0 b=mev+ 162 |:3 (mh) + A(mg)
l—?orop
GBC!
2
m
10g f 3 3 regular for ng—:-{)
4N A
~ h J
2—T;5p
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The Goldstone Boson Catastrophe

® The occurence and severity of the GBC comes from 2 common choices,
made for reasons of simplicity:

— working in the Landau gauge, in order to decouple the ghosts
= Goldstones are treated as actual massless bosons i.e. (mé)os =0

— using running (M_S/ﬁ’) masses for the particles in the loops
(mg)"™" = (mg)®® —Mga(p® = (m)?®) = ~Mga(P® =0),
where IIz is the Goldstone self-energy = dependence on renorm. scale @)

® V., tadpoles, and self-energies contain logs of (mé)r“"', via loop functions

® Under RG flow, (mZ)™" may

— become 0 = IR divergences
— change sign = unphysical imaginary parts

= Goldstone Boson Catastrophe

NB: working in another gauge would require long and painful calculations, and
would not necessarily evade the GBC for all values of Q!

(previous example had no gauge group, but still encountered the GBC...)
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First solutions to the Goldstone Boson Catastrophe
» By hand: drop the imaginary part of Vi or adjust Q)

» Some work-arounds for automated codes (SARAH) — different ways of changing
the Goldstone contributions to avoid the problem, but physically wrong!
(especially wrong when Goldstone contributions to scalar masses are large — non-SUSY

models)

» First theoretical solution: resum the Goldstone contributions to Vi
SM [Ellias-Miro, Espinosa, Konstandin '14], [Martin '14]; MSSM: [Kumar, Martin '16];

generic theories: [JB, Goodsell "16]

/ \;——-- /4\ > Power counting — most divergent contribution to Vg at
/&_g/ [ Ng) ¢-loop = ring of £ — 1 Goldstone propagators and ¢ — 1
A ¥’{ insertions of 1P| subdiagrams II, involving only heavy particles
+\I'Ig/‘- > II, obtained from Ilz¢g, Goldstone self-energy, by removing
) "soft" Goldstone terms — can be done with method of regions
‘ [Espinosa, Konstandin '17]
e > Resumming Goldstone rings = (-loop resummed effective

, potential, free of leading Goldstone boson catastrophe
[Adapted from arXiv:1406.2652]

» However extending the resummation to generic theories is technically difficult,
and doesn't solve the GBC for self-energies (more on this in a few slides)
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Setting the Goldstone boson “on-shell”
[JB, Goodsell arXiv:1609.06977]

Adopt an on-shell scheme for the Goldstone(s)

® Replace (mZ)™" by (m%)°>(=0) and IIgg(0)

(mg)"" = (m)>® — Taa((m)®®) = ~Tga(0)
N, e’ N e’ N ~~ ”  (in Landau gauge)
running mass on-shell mass self-energy

® This can be done directly in the tadpole equations or
self-energy diagrams!

Next: show how this prescription cures the IR divergences, with the example of
purely scalar self-energy diagrams
(same idea for other self-energy diags. and tadpole diags.)
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Setting the Goldstone boson “on-shell”

> Earlier literature: inclusion of momentum cures all the IR divergences

> We found
= true at 1-loop order
= at 2-loop, J diagrams that still diverge for mZ% — 0 even with external
momentum included

Always regular Regulated by momentum only

,==s 9555 soi=~Msssss _ . 4ssss .-.Ussss

I A} r I A ’ L . AN ~
SRR R T - I | I -1 1 - 7 N \

LY I LY ! ! N 7 / A ]

N I . 1 4 B T ! AT

*

,—“ - 7 A Y ’--“

' ) Xsss o S Wssss | Wssss ’ * Vsssss

‘s Lee e o) .- il

S \ 7 "N

’ \ \ ’ FIERN ! !

¢ t & 6 £ 6 ¢ €

v ’ .7 Y \ 1 I
., S SR . M o - = - [ R W memd s s esesbkhaa

Require setting the Goldstones on-shell

Requires both setting

the Goldstones on-shell and

external momentum
_/

: " 2
Diverge even for p~ # 0!
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Setting the Goldstone boson “on-shell”

Rewrite the divergent two-loop mass diagrams as one-loop diagrams with
insertion of Tlg(m%)

- l/ "\
',, \ - /t
N £ 5N —
5 £ é ;
AN/ IG
_____ S s v s s o
Wssss Xsss
- :/ "\
,/ ""‘\ \ |

<=1~
+
%t?k,,%
ﬂf.f
1
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Setting the Goldstone boson “on-shell”

Setting the Goldstone(s) on-shell in mass diagrams

1. Goldstone contributions to the 1-loop scalar self-energy

-

s G
() Y 1 — & ’—h\
— —s | ! i ©
M (s=-p") = Zv L T30 kit
i \-\/-/-i ~I"...-"l
cure W and X diagrams S~

cure V and Y diagrams

2. Shifting the Goldstone mass to on-shell scheme gives

. -

! p? =0s" %
! — !
G ‘.__r

A

— 2-loop shift to the mass diagrams

n£.0)
Yol

I (s) = — = X X

———"‘\--———- I \ ‘I
i ] ~ _,"

v cancels the divergence in the V, X, Y, W mass diagrams !
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A generalised effective potential approximation

® Solving the GBC has required introducing external momentum s = —p” in
diagrams with pseudo-scalars

® Two-loop diagrams with p # 0 in general found by solving diff. egs.,
implemented e.g. in TSIL [Martin, Robertson '05] = very costly
numerically!

® For the diagrams where the IR divergence from the Goldstones is cured by
external momentum (M, Z, U and V topologies) we need to include the
part of the momentum dependence that does the cancellation

= Keep only terms divergent when s — 0 or constant, neglect terms of O(s)

and higher:
n® () = 26 pe) @ @ g e n®
] — g —11,ij g  —Lij 12,i5 ° ‘ Y
div. when SZ —p2 — 0;

not included in calculation with V¢
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