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Goal of this course

* Motivate the study and strategy

* Introduce the methods

* Describe the basics of possibly viable scenarios

=»Focus on dilaton Higgs and Goldstone Higgs (with partial compositeness)

* Formulate relevant field-theory questions

=» Questions we can realistically help to answer using LFT



Disclaimer

Results presented here may not be the most up-to-date,
and they are selected for the purpose of illustration



Quest for BSM physics

A Wilsonian, non-perturbative point of view



What the LHC revealed to us hitherto

Standard Model Total Production Cross Section Measurements S@s:

pp

ti—chan

WW

Wt

wz

Y44

ts—chan
ttw
ttZ
tZj

WWW
WWZ

107* 1073 1072 1071

o =96.07 £ 0.18 + 0.91 mb (data)
COMPETE HPR1R2 (theory)

o =95.35+0.38 + 1.3 mb (data)
COMPETE HPR1R2 (theory)

0 =190.1+0.2+6.4 nb (data
DYNNLO + CT14NNLO (theory)

o =98.71 + 0.028 + 2.191 nb (data)
DYNNLO + CT14NNLO (theory)

o = 58.43 +0.03 + 1.66 nb (data)
DYNNLO+CT14 NNLO (theory)

o = 34.24 +0.03 + 0.92 nb (data)
DYNNLO+CT14 NNLO (theory)

o =29.53 +0.03 +£0.77 nb (data)
DYNNLO+CT14 NNLO (theory)

o = 818 + 8 + 35 pb (data)
top++ NNLO+NLL (theory)

oc=2429+17+86 E data)
top++ NNLO+NNLL Iheory

c=1829+3.1+6.4 E data)
top++ NNLO+NNLL Iheory

o = 247 + 6 + 46 pb (data)
NLO+NLL (theory)

o =289.6+1.74 7.2 - 6.4 pb (data)
NLO+NLL (theory)

o =68 +2+8pb (data)
NLO+NLL (theory)

o =142+ 5+ 13 pb (data)
NNLO (theory)

o =682+1.2+4.06pb (data)
NNLO (theory)

o =51.9+2+44pb (data)
NNLO theoryf

o =57+6-59+4—33pb (data)
LHC-HXSWG YR4 (theory)

o =27.7+3+23-1.9pb (data)
LHG-HXSWE YRA (theory)

o =221+6.7-53+3.3-2.7 pb (data)
LHC-HXSWG YR4 (theory)

o =94+ 10 4 28 — 23 pb (data)
NLO+NNLL (theory)

o =23+1.3+3.4-3.7 pb (data)
NLO+NLL (theory)

o =16.8+2.9+3.9pb (data)
NLO+NLL (theory)

r*51+08+23pb%data)
MATRIX (NNLO) (theory)

o =24.3+0.6+0.9pb (data
MATRIX (NNLO) (theory

o =19+14-1341pb (data)
MATRIX (NNLO) (theory)

=17.3+0.6 + 0.8 pb (dat

(data)
Mamx (NNLO) &pSherpa (NLO) (theory)

o =7.3+0.4+0.4-0.3pb (data)
NNLO (theory)

o =6.7+0.7+0.5-0.4 pb (data)
NNLO (theory)

oc=48+0.8+1.6-1.3pb (data)
NLO-+NNL (theory)

o = 870 + 130 + 140 fb (data)
Madgraph5 + aMCNLO (theory)

o =369 4 86 — 79 + 44 fb (data)
MCFM (theory)

o = 950 + 80 + 100 fb (data)
Madgraph5 + aMCNLO (theory)

o =176 + 52 — 48 + 24 fb (data)
HELAC-NLO (theory)

o = 620 + 170 = 160 b (data)
NLO+NLL (theory)

o =0.68+0.16-0.15 + 0.16 — 0.15 pb (data)

Sherpa 2.2.2 (theory)
o =0.49+0.14 4 0.14 - 0.13 pb (data)
Sherpa 2.2.2 (theory)

March 2019
AL IR R B
. . A
ATLAS Preliminary o} —]
" (@)
Run 1,2 Vs =7,8,13 TeV Q —
o o
A —
(o) <
O
A (@)
o O
]
A g
0 o
B )
A —
0 O
|
b ()
o]
=] Theory g
8 —
o LHC pp Vs =7 TeV
A D _ Data %
stat
D° stat @ syst ()
A LHC pp \/_ =8 TeV m
(o] Data
o a <
D stat ® Syst “
LHC pp Vs =13 TeV ——
|
Data
N
stat & syst
s b e s s be s s b s aaly

10° 10t 05 1.0 15 20
o [pb] data/theory

1 10! 102 10® 10* 10°

Figure taken from ATL-PHYS-PUB-2019-010

JLdt
[b~]
50x1078
8x1078
0.081
4.6
3.2
20.2
4.6
3.2
20.2
4.6
3.2
20.3
4.6
3.2
20.3
4.6
36.1
20.3
45
3.2
20.3
2.0
36.1
20.3
4.6
36.1
20.3
4.6
20.3
36.1
20.3
36.1
20.3
36.1
79.8
79.8

Reference

PLB 761 (2016) 158
Nucl. Phys. B, 486-548 (2014)
PLB 759 (2016) 601
EPJC 77 (2017) 367
JHEP 02 (2017) 117
JHEP 02 (2017) 117
JHEP 02 (2017) 117
PLB 761 (2016) 136
EPJC 74: 3109 (2014)
EPJC 74: 3109 (2014)
JHEP 04 (2017) 086
EPJC 77 (2017) 531
PRD 90, 112006 (2014)
PLB 773 (2017) 354

PLB 763, 114 (2016)

PRD 87, 112001 (2013)
PRL 113, 212001 (2014)

ATLAS-CONF-2017-047
EPJC 76, 6 (2016)
EPJC 76, 6 (2016)
JHEP 01 (2018) 63
JHEP 01, 064 (2016)

PLB 716, 142-159 (2012)

arXiv: 1902.05759 gwep ex]
PLB 761 (2016) 1

PRD 93, 092004 (72016
PLB 761 (2016) 1

EPJC 72, 2173 (2012)
PLB 761 (2016) 179

PRD 97 (2018) 032005

JHEP 01, 099 (2017)

JHEP 03, 128 (2013)
PLB 735 (2014) 311

PLB 756, 228-246 (2016)
arXiv:1901.03584

JHEP 11, 172 (2015)
arXiv:1901.03584

JHEP 11, 172 (2015)
PLB 780 (2018) 557
STDM-2017-22
STDM-2017-22



What the LHC revealed to us hitherto
4 ) N

worme Searched up here ~2 TeV

K— Higgs boson ~125 GeV/

The Higgs boson is light




Naturalness: one-loop perturbation theory

4 = )
T ) \
H__ __H O H __H \ /
Yt Yt aw aw [—{ C e _ {_I
A
E < Auyv
\_ ),

* No symmetry protection for the Higgs mass term

=» Results in an additive Higgs mass renormalisation A H'H

* Assuming Ayy ~ MguT
-» Need to fine-tune ¢ ~ 10%® in cM3HTH



Fine-tuning: Is it a problem?

(In principle, it is not a problem)

* Power-law dependence on Auv hints nonperturbative nature
=» Recall that Dim-Reg only gives logarithmic scale dependence
=» | ogarithmic scale dependence is a signature of perturbation theory

* Lessons from Wilson fermions on the lattice
=» Chiral symmetry ensures fermion mass is multiplicatively renormalised
=» The Wilson term breaks chiral symmetry

-» Additive fermion mass renormalisation m. ~ 1/a

-» Nonperturbative subtraction, and the continuum limit can be taken



Fine-tuning is fine

* What is fine-tuned is a bare parameter

=» |t may be practically challenging, but so what?

* The cut-off can still be removed

* Low-energy physics is insensitive to that at the cut-off scale

% So why are we searching for BSM physics?



Triviality: hints from perturbation theory

% The |-loop quartic-coupling beta function of scalar theory

d\
BN = o = AL )N?, where A, >0
o/

=» )\ increases with U
* “Inconsistency” upon integrating the RGE
[ e ()
5 = In
AR AL HIR

-» FEither keep the cut-off finite (EFT)

-» Or the renormalised coupling vanishes at all IR scales (Triviality)



A digression: RG and critical phenomena
Coarse-graining and rescaling

Figure from M. Fisher, Rev. Mod. Phys. 70 (1998)

» L ]
L X = x' = x/b
L ] [ ] [ ] [ ] L ] ® L ] \
N
\l, 3 * [ ] L] [ ] L] \\ x x x X xX x
a X X N N
PO . ° . . \N X X X x X X
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L ] | ] ® L ] L 4 x x x x x x
_____ N T
[ ) L ] ® & [ ] L L ] [ ] X x x X x x
) ) ] . /7I X x x x X X
p_¢ X 4
L L ] L ] [ ] [ [ ] L ] L ] & // x x x x x x
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e
L ] » [ ] [ ] » L 3
¢, h) = (¢, h’)
- a¢ —L=ba—

*C.f:, L'|pi, gi(p), o] = exp <— /M

M YT dlﬂﬂ’) Llpi, gi(p/b), 11/b]

7
= b exp (— / W dlnu’) L[bps, b gs (1/b), 1]
7
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A digression: RG and critical phenomena

*{K} = (K} 2 (K"} ... -» Criticality: {K} == {K} = {K*}

L OK’
* Linearisation: K, — K ~ Y (6[(;)[( . (Kp —Kj) = Tup (Kp — Kj)
; =K* b

* From > ¢.T.s =t"¢; define w; =3 oL (Ko~ K7)

* Scaling variables: u; =) ¢/ (K' — K}) =) ¢, Tap(Ks — Kj) = b¥u;
« o,

frelevant Y; > 0 ) }(ﬁ\f\

irrelevant ¥ <0

 marginal yi =0 /\
“scheme” independent

“critical surface”



A digression: RG and critical phenomena

Critical phenomena

£/a — o0

(K} =2 {K'} = (K} = {K*}

Scaling variable

Irrelevant
Relevant

Marginal

(4d) Field theory fixed point
Avuv /AR — o0

gi (1) == gi(bp) = gi(p) = g

Operator ( A% x O in the action)

do + vo >4
do +v0 < 4
do +vo = 4



Nonperturbative statement for triviality

A

* Consider a scalar theory (m =am, ¢ =a¢ )

1 1
S = /d4ﬂf §8Ngb(9ugb —+ §m%¢2 -+ )\0¢4

2

lattic:ise> S: y: %qg(n) (qg(n + ,EL) 4 qg(n — /j) — 2q§(n)> -+ 17’710(/52 (n) + >\0Q§4(TL)
A

n

* The limit Ayv — oo is the continuum limit, a — 0
=» Occurs at 2nd order bulk phase transition

= Ao # 0 and 1y # 0 while Agx — 0 and 7R — 0

~— » logarithmically

* “Scanning” required
=» Compared to QCD continuum limit: go = 0 and m; — 0




Triviality in scalar theories

*There is much reliable evidence for triviality in 4d scalar theories
M.Aizenman, PRL.47 (1981)

J. Frohlich, NPB 200 (1982)

M. Luscher and P.Weisz, PLB212 (1988), NPB 290 (1987), 295 (1988), 318 (1989)
M. Hoogervorst and U.Wolff, NPB 855 (2012)

J. Sievert and U.Wolff, PLB 733 (2014)
T. Korzec and U.Wolff, PoS LATTICE2014 (2015)

* Presently there is very little doubt about it



The issue is:
No relevant interaction in the scalar sector



Physics beyond the SM: higher-dim operators

* Keeping Auv finite

=» Higher-dim (irrelevant) operators can contribute

% Many operators...

d quantum numbers ng =1 ng =3

5 (AL =2) + h.c. 141 6+6

6 AB=AL=0 76 =531 +23_ | 2499 = 1350, + 1149_
6 | (AB=AL=1)+h.c. 4+4 273 + 273

* How can the lattice help?

=» Challenging to precisely constrain all couplings from experiments
=» | attice study of qualitative features, for example...



Physics beyond the SM: higher-dim operators

% Consider a scalar field theory

1 1

s, vpl = [ a5 @) @0+ gmiete + A (010) + 2 (0 |

+ / d*z {t@t +bdb+y (Y, 0 b, + ¥, @t,) + h.c.}

P = 1Ta"

A\
K ’ 4 K2



Physics beyond the SM: higher-dim operators

D.Y.-J. Chu, K. Jansen, B. Knippschild, C.-J. D. Lin,A. Nagy, PLB 744 (2015)

0.1232 , , , dl ,
2n X
0.1230 broken st +
crossover
0.1228 - symmetric -
0.1226 [ ! ! —
@

0.1224 | -

0.1222 | -
g = 0.001

0.1220 - y = 0.71

-0.008 -0.009 -0.01
0.1218 | ' ' | |

0 -0.003 -0.006 -0.009 -0.012 -0.015
A

* Notice: Negative quartic coupling
=» Presence of first order phase transitions; finite temperature!

20



Searching for relevant interaction:
Looking inside the Higgs-Yukawa sector of the SM

21



Scalar theories are not always trivial

The Wilson-Fisher fixed point in 3-dimensional scalar field theory

m2A
critical surface
G — >
A\ fwr A

22



Triviality in the Higgs-Yukawa sector

*There is much reliable evidence for triviality in 4d scalar theories
M.Aizenman, PRL.47 (1981)

J. Frohlich, NPB 200 (1982)

M. Luscher and P.Weisz, PLB212 (1988), NPB 290 (1987), 295 (1988), 318 (1989)
M. Hoogervorst and U.Wolff, NPB 855 (2012)

J. Sievert and U.Wolff, PLB 733 (2014)
T. Korzec and U.Wolff, PoS LATTICE2014 (2015)

* Evidence for 4d Higgs-Yukawa model is not a the same level

Early works by Lee, Shigemitsu, Shock, Haenfratz, Jansen,...
N. Butt, S. Catterall, D. Schaich, PRD98(201 8)

D.Y.-J. Chu, K. Jansen, B. Knippschild, C.-J. D. Lin, JHEP 1901(2019)

23



Phase structure of Higgs-Yukawa sector

.

artefacts!?

02 03 04 05
dy

Figure from E. Molgaard and R. Shrock, PRD 89 (2014)
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Early work on the bulk phase structure
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A. Hasenfratz, K. Jansen,Y. Shen, NPB 394 (1993)



Finite-size scaling dla renormalisation group

GM ) x Mo[mg, {goi};a, L] = M[m*(1), {g:(D};1, L] )
— CM(L i/) X M[mQ(N)a{gi(N)};ivi]
= (u([,L) x L™ x M[m?(L)L?, {g:(L)}: 1,1

_ L ' L
(v (L, L) = exp [ Yv(p)dnp| s m2(L) = m?(l) exp [[ y(p)dlnp}
L l - l

* Near a fixed point, g:(L) ~ g;
- YAs and 7Y are constant

AN s o (E\ V2
- = (%) ", w2y =m0 (£)
= L= 5 M = CpF(m?LY") (unknown function in general)

% Mean-field result: v =1/2

26



vev in lattice units

0.35 0.07
0.30 006
0.25 0.05L gl l———— —
0.20 19,004 o L
8-12 20.03 rrrrrrrrrrrrrrrrrrrrrrrr S
' 0.02F . T e
0.05 1 0.01), 4 R
0.00 ~F N ?

21 000 '01 510 1!

LY

notice: strong (bare) Yukawa coupling

What we found previously

-15

i !
-10 -5

The curve-collapsingg method *

Results from Binder’s cumulant with a curve-collapse method

interval

17.4, 18.8
| 16.0, 17.2
10.294, 0.314

J. Bulava et al., AHEP 2013

mean-field? == |ogarithmic corrections needed



Finite-size scaling ala renormalisation group

Issues with Gaussian fixed point in 4 dimensions

* Mean-field approach does not work
=» Need to include logarithmic corrections

% Exact mean-field scaling laws with leading-log corrections

=» Pure scalar field theory
E. Brezin and |. Zinn-Justin, NPB 257 (1985)

=» Higgs-Yukawa model
D.Y.-J. Chu, K. Jansen, B. Knippschild, C.-J. D. Lin, JHEP 1901(2019)
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Mean-field FSS for 4d scalar O(N) model

E. Brezin and |. Zinn-Justin, NPB 257 (1985)

4 )
O(N) scalar field theory with quartic coupling
O = (1 on), Z= [ DO exp (-5 (@)

\ y

S —
¢a = Pa Xa Zzero mode

7 — / AN oy N exp(—Sesflpal) = Dy 1 / dyp o™ LN exp(—Ses[])

oo \/\

non-Gaussian modes of y, = decouples at one-loop

_ 1
exp (Serr [p]) = det (Mp [¢]) 1 exp <—8L4§M2g02 B SL4)\¢4>

_J/

N

renormalises the couplings, and generates higher-dimensional operators. \

A - 7
~~

dropped in perturbation theory

anisotropy



Mean-field FSS for 4d scalar O(N) model

E. Brezin and J. Zinn-Justin, NPB 257 (1985)

(Rescale: p — (3L4)\(L—1))_1/4 = 5_1/490)

> 1
Z = NQN—1S_N/4/ dgocpN_l exp <—§zg02 — gp4>
0

—N/4
NQN 1S (70N 1/ J‘»Logarlthms

> The scaling variable: z = /sM2(L~ )LZ)\(L hy=1/2

= o) VTl () -smians (5]

) NG z° Jz] ) d _
S 1—S Erf = —2—@,
@1 AT gn(z) Er 1 )| P2 3.7

-» Can compute ().
D.Y.-J. Chuy, K. Jansen, B. Knippschild, C.-). D. Lin, JHEP 1901(2019)



Then one has to numerically discern log scaling
That will be a challenging task ahead
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