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Vacuum stability

Fundamental Higgs questions

— Standard Model possibly consistent to Planck scale

— renormalizable theory tool to probe fundamental physics
usually interpreted as my vs m;

strictly speaking \q VS y;  [otherwise it's SM]

— decision on stability made bottom-up  [Buttazzo..]

— vacuum stability determined by A4?

running couplings
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Fundamental Higgs questions

Vacuum stability

Standard Model possibly consistent to Planck scale

renormalizable theory tool to probe fundamental physics
usually interpreted as my vs m;
strictly speaking A4 VS y;  [otherwise its SM]

decision on stability made bottom-up  Buttazzo..]
vacuum stability determined by A4?  (Eichom, TP.]

nggs portal: dark matter etc [Pospelov; Ramsey-Musolf; Lebedev; Englert...]
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Fundamental Higgs questions

Vacuum stability

= more than the usual theory bullshit?

Standard Model possibly consistent to Planck scale

renormalizable theory tool to probe fundamental physics
usually interpreted as my vs m;
strictly speaking A4 VS y;  [otherwise its SM]

decision on stability made bottom-up  Buttazzo..]

vacuum stability determined by A\4?

[Eichorn, TP...]

nggs portal: dark matter etc [Pospelov; Ramsey-Musolf; Lebedev; Englert...]

running couplings
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Fundamental Higgs questions

More specific: baryogenesis  (gichhor, TP...]

— Sakharov conditions

baryon number violation
C and CP violation

[Maggie’s talk?]

departure from thermal equilibrium — 1st-order e-w phase transition
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Fundamental Higgs questions

More specific: baryogenesis  (gichhor, TP...]

— Sakharov conditions
baryon number violation
C and CP violation maggie's tak?]
departure from thermal equilibrium — 1st-order e-w phase transition
— related to the nggS potential [EFT: Grojean, Servant, Wells]
general potential: phase transition vs self-coupling?  technique interesting-tedious]
6
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Fundamental Higgs questions

More specific: baryogenesis  (gichhor, TP...]

— Sakharov conditions

baryon number violation

C and CP violation [Maggie’s talk?]
departure from thermal equilibrium — 1st-order e-w phase transition

— related to the Higgs potential [eFT: Grojean, Servant, Wells]
general potential: phase transition vs self-coupling?  technique interesting-tedious]
6
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LHC analysis

g

Loop amplitude gg — HH  [Glover & v.d.8ij (1988)] = P

— heavy-top approximation [rr, spira, Zerwas (1996)]

H H? a H
Lo = GG o) = 28 @G, log 1+ 2
9aH o \Tav T2a2 T 127 we 09\ T

rule out modified Ayyy from lack of events

[Djouadi, Kilian, Muhlleitner, Zerwas (1999)]

————————
SM: pp — HH +X
LHC: o [fb]
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LHC analysis

g

Loop amplitude gg — HH  [Glover & v.d.8ij (1988)] =

— heavy-top approximation [rr, spira, Zerwas (1996)]

H H?
Lo = GG, () =
98H o \Tav T 2w T

rule out modified Ayyy from lack of events

Qs

127

G"" G, log (1 +

7)

[Di Vita, Grojean, Panico, Riembau, Vantalon]

10 T

A

HE
Ky exclusive fit P
global fit :
—- global fit (H data @ LO)
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LHC analysis

g

Loop amplitude gg — HH  [Glover & v.d.8ij (1988)] = P

— heavy-top approximation [rr, spira, Zerwas (1996)]

H H? H
zggH = GHUGU,II % ( + .. ) = %s GHUGMV log (1 + V)

12v  24y2 127

rule out modified Ayyy from lack of events
— 2 — 2 process — one distribution: My [Baur, TR, Rainwater (2002)]

1— threshold behavior myy ~ 2my
2

2
2> YGggH o 1
[SmH m + gggHH:| ~ GggH |:3mH W — 1} —0
2— absorptive kink myy ~ 2m;
3— triangle suppression for myy > my, m;
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LHC analysis

s

Loop amplitude gg — HH  (Glover & v.d.8ij (1988)] « Hooe

— heavy-top approximation [tr, spira, Zerwas (1996)]

H H? a H
Lo = GGy 2 [ ) =2 GG, 1o (1 —)
gaH s\ Tav T 2m2 T 127 w109 (17

rule out modified Ay from lack of events
— 2 — 2 process — one distribution: mpyy [Baur, TP, Rainwater (2002)]
1— threshold behavior myy ~ 2my
2 2
[3!77,2_, 75%.:;/-/ + gggHH:| ~ GggH |:3m12-i % - 1:| -0

mg, 3my,

2— absorptive kink myy ~ 2m;

3— triangle suppression for myy > my, m; Di Vita, Grojean, Panico, Riembau, Vantalon]
12 : T -
diff. H, k; exclusive fit
10 diff. H, global fit
rrrrrrrr incl. H & diff. HH, K, exclusive fit
8 incl. H & diff. HH, global fit
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LHC analysis

g ]
> .

Loop amplitude gg — HH  [Glover & v.d.8ij (1988)] = P .,

— heavy-top approximation [rr, spira, Zerwas (1996)]

H H? H
Lognt = G"" G % ( + ) = a; G"" Gy log (1 + 7)

12v  24y2 12

rule out modified Ayyy from lack of events
— 2 — 2 process — one distribution: My [Baur, TR, Rainwater (2002)]
1— threshold behavior myy ~ 2my
2> YGggH z o 1 i
[SmH m + gggHH} ~ JggH |:3mH — — 1} —0
2— absorptive kink myy ~ 2m;

3— triangle suppression for myy > my, m;

— large-m; approx useless  [Baur...; Heinrich..]

/ |3 R}
N my=180 GeV

— HH signatures old news o6l \

resonance searches HH — 4b
SM-measurement HH — bb~y~, bbrt
dreaming about HH — bbWW

= statistics limitation obvious

Tow* N

A0 /dAR(}]) i (D)
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MadMax

Understanding modern analyses

— hardly any counting experiments left

— kinematic information central
but more and more x-axes with NN output

= which feature drives analyses?

Differential significance distribution  (grehmer, kiing, TP, Schichtel, Wiegand]

— Neyman—Pearson lemma
log-likelihood ratio the best discriminator
maximum significance through PS integral (cranmer s TP]

dos(r)
dUb(’)) '

q(f) = —Otot,s L + Iog (1 +

LLR evaluated in parallel to cross sections
translated into significance

— leading detector effects for irreducible processes

examples: BSM effect vs SM prediction
SM signal vs SM background
BSM signal vs all SM

= significance distributed over phase space
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MadMax and the future

Application to HH — bb~y~  (Goncalves, Han, Kiing, TP, Schichtel, Takeuchi]

— SM signal vs continuum backgrounds [rate and significance]

do/dm,,,, [10° pb] Significance dofdp_,, [10° pb] Significance
s !

—18
[Eobyy Eceyy @A, ++ Agy (% 50) a0 -[@bbyy Wceyy @A, ++ Agy (% 50)
by [z [Cbbjy [z

— Significance

=

—16

—14
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MadMax and the future

Application to HH — bb~y~  (Goncalves, Han, Kiing, TP, Schichtel, Takeuchi]

— SM signal vs continuum backgrounds [rate and significance]
— SM triangle/box vs continuum backgrounds

do/dm,,,, [10° pb] Significance do/dm,,,, [10° pb] Significance

05 |
[Eobyy Wccyy [@iaF - Iaf (<200 ] [Eobyy Wecyy @io? - (<20) 25
[Jobjy [JzH ] [Cobjy [JzH
S04 30 F— Significance
Jos 15
o2
-h-__ I .
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MadMax and the future

Application to HH — bb~y~  (Goncalves, Han, Kiing, TP, Schichtel, Takeuchi]

— SM signal vs continuum backgrounds [rate and significance]
— SM triangle/box vs continuum backgrounds
— reduced Ayyy vs SM signal

do/dm,,,, [10° pb] Significance dofdp_,, [10° pb]

Significance

s

L [r0  —significance

12

0 0
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Fundamental Application to HH — bb~y~  (Goncalves, Han, Kiing, TP, Schichtel, Takeuchi]
Lhe — SM signal vs continuum backgrounds [rate and significance]
::T::; — SM triangle/box vs continuum backgrounds
e — reduced Ayyy vs SM signal

enhanced Ayyy vs SM signal

do/dm,,, [10° pb] Significance dcrldeH [10° pb] Significance
J25 - -

.SASM — Significance .SASM — Significance
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MadMax and the future

Application to HH — bby~  [Goncalves, Han, Kiing, TP, Schichtel, Takeuchi]

SM signal vs continuum backgrounds [rate and significance]

SM triangle/box vs continuum backgrounds

reduced Ayyy vs SM signal

enhanced Ayyy Vs SM signal
changed Ay vs SM signal and background

35

do/dmy,, [10° pb] Significance do/dmy,, [10° pb] Significance
40
Ebbyy Wecyy @A, =gy (x20) 08 Eobyy Wecyy EAg, =gy (x20)
Clobiy CJzv [o —0(x20) o7 BECbby 20 Moy, g, 20)

30— significance
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MadMax and the future

Application to HH — bb~y~y  (Goncalves, Han, Kiing, TP, Schichtel, Takeuchi]

— SM signal vs continuum backgrounds [rate and significance]
— SM triangle/box vs continuum backgrounds

reduced Ay Vs SM signal

enhanced Ayyy Vs SM signal

changed Ay vs SM signal and background

= maximum reach at 27 TeV great [« varied only]

Significance s

o(hh- bbyy) [fb]

10129 7 v

bravavs

10t
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MadMax and the future

Application to HH — bb~y~y  (Goncalves, Han, Kiing, TP, Schichtel, Takeuchi]

— SM signal vs continuum backgrounds [rate and significance]
— SM triangle/box vs continuum backgrounds

— reduced Ay vs SM signal

— enhanced Ay vs SM signal

— changed Ayyy vs SM signal and background
= maximum reach at 27 TeV great [« varied only]

= analysis including extra jet and myy stable

1
27 Tev
0.1-
3
O
001}
cMs]
0.001+
0.0



PI’eCiSion pred|ct|0n3 [Gudrun Heinrich]

Vs 13 TeV 14 TeV 27 TeV | 100 TeV
NLO [f) DTTS L | 3288 L | 1277 TS | 1147 TG
NLOrrappros [D] | 28917 50% | 3425 4147 | 1341 7127 | 1220 71305
NNLONro-; [fb] 32.6053% | 38.66+33% | 149.3+45% | 1337 1%
NNLOB_proj [fb] 33.427F05% | 3058 FL0% | 154.2797% | 1406 1057
NNLOp tapprax [f] 31.05F22% | 36.60 ¥20% | 139.9 1% | 1224 +05%
M, unc. NNLOpTapprox | £2.6% +2.7% +3.4% +4.6%

NNLOFTapprax/NLO 1.118 1.116 1.096 1.067

~ considerable reduction of scale uncertainties



PreCiSion predlctlons [Gudrun Heinrich]

NNLO: Mhh distribution S

F=14Tsv
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Standard Model EFT
Higgs sector including dimension-6 operators

o i 1 1
Los =3 7505 With Oz =30,(9'9) 0"(0'0), Ops=—3(s"0)

i=1




Higgs Pairs

Tilman Plehn

Fundamental
LHC
MadMax
Precision

EFT

Standard Model EFT
Higgs sector including dimension-6 operators

2 f , 1 1
Los = 7501 With Oy = 20,(6'8) 0"(6'9), Op3=—3(s'0)

i=1

first operator, wave function renormalization
1o (ote) R (ot e L (H 4?8 o E
Ogp2 = 5(%(45 ¢) 0" (o' 9)= > (H+v)" o.Ho"H

proper normalization of combined kinetic term sz

1 . - fy V2 1 - fyov2
- I .2 il " . .2
£k.n7§6HHa H<1+ > >7EBMH6H o H=H\1+ o
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Fundamental Higgs sector including dimension-6 operators
e Zf , 1 by gt Tt
o Log =D 7501 with Oy =30,(67¢) 0"(679), Op3=—-3(6'¢)
Precision =
- first operator, wave function renormalization

1 1 - - -
Op2 = 50u(0'0) 0"(8"0)= 5 (H+v)* 0,H o"H

proper normalization of combined kinetic term sz

1 . - fy V2 1 - fyov2
- I .2 il " . .2
£k.n7§6HHa H<1+ > ),EaMHaH o H=H\1+ o

second operator, minimum condition giving v

A 4)\3/\2

both operators contributing to Higgs mass

e 8y epp fes 15 apen Mh o
2 2 A2 24 2

fooV®  fyaV?
& omh =2\ (1 _ a2l ) Y )

Lmass =

A2 2A2)\
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Standard Model EFT

Higgs sector including dimension-6 operators

.
Los = Z LO; with Oy = 20,(619) "(619), Op3 = — (90N

i=1

first operator, wave function renormalization
1
O = 50(66) 9"(6'6)= 3 (H-+v) 0, H 0" Fi

proper normalization of combined kinetic term sz

1 ~ ~ f¢12V2 | 1 ~ f¢‘2V2
Lin = 50,H 0"H (1+ 2 | = 50uHO"H & H=H\[1+ =5
Higgs self couplings momentum dependent
m? fs oV?  2f, gv* 2f, 2
roo—_ M|y _Te 23° ) P Z82Y g Ho"H

el 2v 2ne " aneng, n2m2,

m? fo oV®  4f, av* 4f
L U VAL VA DY N R TP Py

T 82 N2 A2m2, A2m2,

alternatively, strong multi-Higgs interactions  [maggie, again]

f¢gV fd)gV fd,g 3
H= (1 H H B+ oH
< + ) + N2 +6/\2 + O(H")
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Self—coupling ina gIobaI analysis: 27 TeV  [Biekstter, TP, Rauch w/ Goncalves, Takeuchi]

Fundamental

LHC - inC|Uding relevant D6 operators  [Goertz, Papaefstathiou, Yang, Zurita...]
MadMax ; o ] s
Precision O =0,(¢" @) 0" (0" 9) O = _§(¢ )

EFT O = (¢"¢) G G Or = (") Quéra
— including known correlation with top Yukawa

omitting triple gluon coupling  (rauss, Kuttimalai, TP]
— omitting anomalous top couplings  (Buckley, Englert,...
= reasonably, but worse than general D6 effects

f/A2 27 TeV, 68% CL: ATLAS + CMS /\/‘/Tﬂ BR
eV o 5 ! — o yponhl Jrevi[ el
2 | 15ab Osyststheo=U! 107
;
1 s
ol b e T =
1 11 “ || IBLRE
K 11 0.5
2 107
-3
9)mer
“T9 o oo oo oo oo ¥Ug°
% 4 % 2 B 7T T By ’%
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Outlook

30 years of Higgs pairs@LHC  [okay, 20 years]

way too many pheno papers about HH decays
few theory papers on why we should care
simple 2 — 2 signal process

single Higgs does not help

kinematic distributions helpful

heavy-top approximation poor

precision predictions making serious progress

the one channel where 27 TeV makes all the difference
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