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Why Higgs physics?

Show-off measurements

many processes
vastly different rates
high precision

predicted by theory
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Why Higgs physics?

Show-off measurements
— many processes
vastly different rates
high precision
predicted by theory

= But completely useless
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Why Higgs physics?

Show-off measurements
— many processes
— vastly different rates
— high precision
— predicted by theory

Fundamental questions
— particle nature of dark matter?
— origin of the Higgs mechanism?
— matter-antimatter asymmetry?



Why Higgs physics?

Show-off measurements
— many processes
— vastly different rates
— high precision
— predicted by theory

Fundamental questions
— particle nature of dark matter?
— origin of the Higgs mechanism?
— matter-antimatter asymmetry?

Fundamental questions in Higgs physics
— new particles in Higgs-gauge sector?
— form of Higgs potential?
= Kinematics, not jUSt rates [simulation-based inference]



Higgs couplings w ,,,,,,, w

How the LHC became a precision machine

— assume: narrow CP-even scalar b
Standard Model operators > WZ
— Lagrangian like non-linear symmetry breaking

L= Low+ Aw gmwH WPW,, + Az 2~Z mzH 242, — 3 A %H (Faf, + h.c.)

w T,b,t

H H
+ AgFg m G G"" + AL F, m A, A*Y + invisible + unobservable

99 — H H— 2z

g9 — H+j (boosted) H— ww
— H* (off-shell

o qu( D omaik (a0 ] e [HTR

gg — ttH H = vy

qq’ — VH H — invisible

= Brilliant Run 1 results, but answering wrong question



Higgs-gauge operators

D6 Lagrangian for Run 2  (smerT
— Higgs operators [renormalizable]
Oge = o' ¢GL, G* Oww = ¢ W, W ¢ Opg ="+
Osw = ¢' B, W ¢ Ow = (Do) W"" (D, ¢) Og="---

001 = (0,9) 961 (0"9) Oy = 30" (8'0) 0, (6'0) Ops =3 (676)°

— basis after equation of motion, field re-definition, integration by parts
agV fg f fWW f fW f¢ 2
8r AZOGG+AZOBB+ —5 Oww + 208+ﬁ

Higgs couplings  (derivatives = momentum]

Los = gg HGL,, G + g HALLA™Y

Lps = —

04,2

+9) Z,,2"0"H+ P HZ,, 2" + ¢ Hz,z"
+9% (W:[VW_ HOYH + h.c.) + g HWE W g HWE W
plus Yukawa structure £, p, ;
one more operator for TGV
Owww = Tr (V“VW wee Wg)

= Bosonic electroweak sector: 10 operators



Fermionic operators

Enlarging operator basis [Biekétter, Corbett, TP; Zhang; Baglio, Dawson, Lewis; Alves etal]
— gauge-fermion operators visible [ggvH vertex]
1 =

o) = ¢'Dus(@rn"en) Of =
1) _ ()

O = O¢o

M _
(@] Q= """
cLLLL - (L1’Y[.LL2) (L2 Y L1)

O = 31 D, é(Tr, " dn,) o) =--
— bosonic operators bounded by EWPD
Op1 = (Dud)' ¢o' (D 9)

— bigger and better basis

= o' Buo(ln" L) ¢*3i¢(1fv“aaLf)

Opw = QSTBMU W‘“"Jb

v f fz fi f, f fi
Left = — Oés Agz ae + BOBB+ Wwoww-l- Bos+ﬂ(')w+ V;\VZ Owww
me f f, faw i/
(94, >+ Z ifffof + ¢ ! 04,1 + — OBW + vOLLLL
40 () f(1d) ., foo o fm W 59
» pu 1 3
+2200) + S 0Y) + 2 ol) + 220l) + £208)

= Physics: rates vs kinematics vs EWPD




Fermionic operators

Enlarging operator basis [Biekétter, Corbett, TP; Zhang; Baglio, Dawson, Lewis; Alves etal]
— bigger and better basis

v f fa) fy f, f fy
Left = — O;s AQZOGG+ BOBB+ Wwoww+ BOBJrﬂ@WJr V;\W Owww
my f; f f [m
— fof 7;’21 %Osw+ e “Louu
58 (1) (1d) o, T o, T W 58 o
P Pu d>e 1 b 3
+ 2200 + 220l + 2ol + 220l + 220§

= Physics: rates vs kinematics vs EWPD

Higgs constraints from no-Higgs measurements

>
& ATLAS ;?.ls"rev HVT x 10
. . - " 15T
— myy perfect SMEFT kinematics H ﬁ;”:;‘: f:;b ﬁmf'%‘:.,;*,‘

g e 1),

Search for heavy resonances decaying into a W or Z 110 GV <m; <140 Gev o]

boson and a Higgs boson in final states with leptons PETIN =gt:::'l“

and b-jets in 36 fb~! of V5 = 13 TeV pp collisions 3 1 uncertalaty
with the ATLAS detector

The ATLAS Collaboration

i imoaw. 125 GeV Higes

boson in the v5b, C*vbb, and ¢*C-b final stats, where £ = ¢* or %, in pp collsions

at y§ = 13 TeV. The data used correspond 1o a total integrated luminosity of 36.1 fb-!

collcted with the ATLAS detector a the Large Hadron Collide during the 2015 and 2016

data-taking periods. The search is conducted by examining the reconsiructed invariant or
a i f Tocalised

220GeV wp o5 V. dthe el
interpetd i erms of consirints o the production cross.stion imes branching fraction
oFheavy " and 2 esonancesin heay-vector ipet models nd the CP-odd sclar boson A
eveland
between 9.0 10~ pb and 8.1 10-1 pb depending on the model and mass of the resonane. m,,, [GeV]

data / bkg




Fermionic operators

Enlarging operator basis [Biekétter, Corbett, TP; Zhang; Baglio, Dawson, Lewis; Alves etal]
— bigger and better basis

[/ fa) f, fi fi f,
Lett = o;s Agz Oge + B@BB+ Wwoww+ 2 508 + ﬂOW‘F V;\VZ Owww

m; f fy s f fiLL

+ %O¢,2+befi0f+ 7;2 Op1 + — Osw+ vOLLLL

bt
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= Physics: rates vs kinematics vs EWPD

Higgs constraints from no-Higgs measurements
— myy perfect SMEFT kinematics

— hierarchy 05;3 — 9qqzr VS Ow — 9zzH
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All combined

UbiqUitOUS QCD operator  [simmons etal; Dixon etal; TP, Krauss, Kuttimalai]

— anomalous gluon coupling g 10 A sy
N g 10° B
Og = s fancGh, Gpr Gz, 2
£
. ) 5
— multi-jet production  [plack hole search] & 10!

+ CMS data

4-fermion operator for Nigis = 2,3 10° M
lets | ---- sM+0g
gluon operator for Njgis > 5 10
% Zg SHERPA ¥
R ___r-!
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All combined

Ubiquitous QCD operator  [simmons etal; Dixon etal; TP, Krauss, Kutiimalai]

— anomalous gluon coupling £ W0'F A omey
A g 103 b Ve T
Og = gs fancGh, Gp G5, z 102
2 |
.. . 5
— multi-jet production  [plack hole search] g 10|

o CMS data
4-fermion operator for Nigis = 2,3 107 sM

. — - -~ SM+0,
gluon operator for Nigts > 5 o ‘
2200 Simrea ¥
2151 ___r-
. . -E 10 - St +‘ PR +
Run Il Higgs-gauge analysis  [giekstter, Corbett, TP] So05¢ , ‘ ‘ '
2000 3000 4000 5000 7
— quote fIG [Sanz etal: not good assumption] 602[1 [Gev(;OO
— quote multi-jet
. . .. #, 2 LHCRunl+Il+ EWPD AN BR
— hierarchical limits [Te’\:,-;] o vl [ o4
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Higgs-gauge-top legacy

Top sector, executive summary  [grivio, Bruggisser, Maltoni, Moutafis, TP, Vryonidou, Westhoff, Zhang]
— production channels ti, {tV, tj, tV, plus top decays
— NLO predictions, theory uncertainties not only from scales
— my, pr ¢ distributions unfolded

. . S [amas | 7 ban

— highly correlated 4-fermion sector e S POWHEGS
. . . = 1oL Fiducial phase space ... MG5_aMC@NLO+Pys-!

— flat directions circular t Shpaza
. . = = Stat. ® Syst. Unc. 1

= Still no anomalies s i st
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Higgs-gauge-top legacy

Top sector, executive summary  [Brivio, Bruggisser, Maltoni, Moutafis, TP, Vryonidou, Westhoff, Zhang]
production channels ft, {ftV, tj, tV, plus top decays

NLO predictions, theory uncertainties not only from scales

— my, pr ¢ distributions unfolded

highly correlated 4-fermion sector

flat directions circular

= Still no anomalies

Combined Run Il analysis — our future?  [sanz etal, Mattoni etal]

I Global Fit Higgs + EWPD + diboson [1812.07587]
I Global Fit Top sector [1910.03606]

frov-3
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Back to actual models

SMEFT vs full model analyses [Brivio, Bruggisser, Geoffray, Kilian, Kramer, Luchmann, TP, Summ]

— usual vector triplet benchmark
_m iy
2

1. -
L=Lsw— 2 VA, 2

VAW, + LA
+ 578 VA gy VAU Gvn [H2 A2
- [ H 2 H
1- effect of one-loop matching?

2- theory uncertainty from matching scale Q?




Back to actual models

SMEFT vs full model analyses [Brivio, Bruggisser, Geoffray, Kilian, Kramer, Luchmann, TP, Summ]

— usual vector triplet benchmark

1A O o pva i
L= Ley— ZV‘“’"V[}V - %’” AW, + Y

/A T/A
2V
+Z~ ‘7[_LAJ/A+"‘ VMAJHA+ QVH |H|2\7HA\~/A
gr w T OH ' o "
f

1- effect of one-loop matching?
2- theory uncertainty from matching scale Q?

Impact [cf Dawson, Giardino, Homiller]

16 — 0=4Tev
R - Q=4TeV + RGEs
h — 0=24Tev

\ -~ 0=2.4TeV + RGEs

fpatTev)

=10 =5 0 5 10

o 75 30 25 oo 25 so 75 100
a

= EFT uncertainty part of matching
= by the way, SMEFT limits significantly weaker than full model, whenever
applicable...




Information in kinematics

Information geometry for LHC  (grehmer, Cranmer, Kiing]

— remember Neyman-Pearson lemma:
how well can a data set compare two hypotheses?

— modern LHC physics:
how much would a data set tell me about a continuous measurement?



Information in kinematics

Information geometry for LHC  (grehmer, Cranmer, Kiing]

remember Neyman-Pearson lemma:
how well can a data set compare two hypotheses?

modern LHC physics:
how much would a data set tell me about a continuous measurement?
wanted: covariance matrix [measurement error in model space g]

Cj(9) = E [(&i — 9)(g — §)lg]
computable: Fisher information [sensitivity in model space]

_ 8 log f(x|g)
e <[22

over phase Space [phase space x, additive] ’
L oo 0o | {62 log f( )(x|g)}
o Z 5’ 78

ag; g ag; 9g;

"= 5 Bg og

Cramér-Rao bound defining best measurement  fiowest possible covariance]
Ci(@) = (I7)i(9)



Information in kinematics

Information geometry for LHC  (grehmer, Cranmer, Kiing]

remember Neyman-Pearson lemma:
how well can a data set compare two hypotheses?

modern LHC physics:
how much would a data set tell me about a continuous measurement?
wanted: covariance matrix [measurement error in model space g]

Cj(9) = E [(&i — 9)(g — §)lg]
computable: Fisher information [sensitivity in model space]

_ 8 log f(x|g)
e <[22

over phase Space [phase space x, additive]
L 90 00 E|:62Iogf(1)(x|g):|
o Z 5’ 78

agi dg; ag; 0g;

"= 5 Bg og

Cramér-Rao bound defining best measurement  fiowest possible covariance]
Ci(@) = (I7)i(9)
compute information over phase space regions

D6 operators [Brehmer, Cranmer, Kling, TP]
CP-violation at D6  [srehmer, Kiing, TP, Taif] ...



Information at detector level

ACCOUI’]tiI"Ig for lost information [MadMiner: Brehmer, Kling, Espejo, Cranmer]

— problem:
Z — vv keeping only missing transverse momentum
H — bb spreading out momentum measurement
backgrounds with different final state




Information at detector level

ACCOUI’]tiI"Ig for lost information [MadMiner: Brehmer, Kling, Espejo, Cranmer]

— problem:
Z — vv keeping only missing transverse momentum
H — bb spreading out momentum measurement
backgrounds with different final state

— needed likelihood ratio at detector level
o p(x4lds) — o J ¥ p(xal%p) P(%o!Js)

O R A CAPAY CATN)
— minimization problem for

F(Xd):/dxp 19(xa, %p) — §(xa)[? P(Xa|%0) P(%p]5)
smart choice p(xq1ds)
P(Xg|Gb)

_ plwld)
900 = ol

— likelihood ratio at detector level  [matrix element method]
= Minimization means ML-era

Gx(xq) =




Analysis benchmarking

Information geometry for benchmarking  (srehmer, Dawson, Homiller, Kiing, TP]
— find best analysis for VH [wf vs vertex structure vs 4-point]
~ 1 .
Onp = (¢'#)0(6'¢) — 7(7D" )" (¢"Dy0)
<
Onw = o' oW3, w2 Of) = (¢'ID] $)(Quo®y" Q1)
— including detector and backgrounds

— favorite 2D-observables pr,w — M 1ot vs STXSs vs full kinematics
VH = V( — leptons)H

Stage 0:
Prw (GeV)

10.150] [150,250] 1250, 0]

|

Stage |

10,751 175,150 [150,250]  [250.400] 1400, 0]

Stage 1.1

Tmproved STXS
(400, 600] 600, 0]

0.400]

M0t
400, 800]
(GeV) { Exoo mll




Analysis benchmarking

Information geometry for benchmarking  (srehmer, Dawson, Homiller, Kiing, TP]
— find best analysis for VH  wfvs vertex structure vs 4-point]
Ouo = (6! 0(6'9) — (61 0"9)" 6/ D,0)
O = T oW, W 0 = (4107 ¢)(@uo™" Q1)
— including detector and backgrounds
— favorite 2D-observables pr,w — M 1ot vs STXSs vs full kinematics

x1072 x1072 107"
— Full Kin 3 Cipyy Profiled sl o Cyyp Profiled
2 Full 2D dist. L=300fb" N L=300fb"
-=-= STXS, stage 1.1 2 4 \
1] == Imp. STXwer=™"
s 1 2
0 // %5: 0 %S 0
-1 N\ -}
-1 | —— Full Kin,
Y Full 2D dist. == S 4 Full 2D dist.
2 Cpyr =0 7| ---- STXS, stage 1.1 === STXS, stage 1.1 .
L=300b" 34 —— Imp. STXS 67 —— Tmp. STXS ~
-0.4 -0.2 0 0.2 0.4 -4 -2 0 2 4 0.2 0 N 0.2
Chup Chp (Cow)*

= Kinematics means modern simulation tools




Higgs self-coupling

Higgs self-coupling and baryogenesis

— Sakharov conditions

baryon number violation
C and CP violation
departure from thermal equilibrium — 1st-order e-w phase transition

- D6-H|ggs potential [Grojean, Servant, Wells]
general potential  [Reichert, Eichhorn, Gies, Pawlowski, TP, Scherer]
d)G
AVs = Xg e
¢2/\2 ¢2 ¢4 ¢2
AViho = —An2 —— In— AVinsa =g — In —
In,2 In,2 100 n 22 In,4 In,4 10 n 2A2
2A2 ¢° 2A2
AVexp,4 = )‘exp’4¢4 exp <7? + 23) AVexp,S = )‘exp,Sﬁ exp 7? + 26




Higgs self-coupling

Higgs self-coupling and baryogenesis

— Sakharov conditions

baryon number violation
C and CP violation
departure from thermal equilibrium — 1st-order e-w phase transition

- D6-H|ggs potential [Grojean, Servant, Wells]
general potential  [Reichert, Eichhorn, Gies, Pawlowski, TP, Scherer]
d)G
AVs = Xg e
¢2A2 ¢2 ¢4 ¢2
AViho = —Apno — | AVinsa =g — In —
In,2 In,2 100 n 22 In,4 In,4 10 n 2A2

2A? e 2N?
AVexp,4 = )‘exp’4¢4 exp <7? + 23) AVexp,S = )\exp,S% exp <77 + 26

= requiring 50% enhanced Ayyy — 90 === PPIng? e &% exp(—1/9%)
& K SM=i=gling? = = ¢8exp(—1/9%)
0 02 04 06 08 1 1.2 14

Aj




LHC kinematics

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

— rule out modified Ay from lack of events  [Tp spira, Zerwas (1996)]

100

R R A
£ SM:pp - HH+X ]
L LHC: o [fb] ]
L gg — HH 1
F WW+ZZ — HH ]
L WHH+ZHH i
[ WHH:ZHH = 1.6 ]
[ WWZZ=23 1
gl sy
90 100 120 140 160 180 190

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




LHC kinematics

Loop amplitude gg — HH  (Glover & v.d.8ij (1988)]
— rule out modified Ay from lack of events  [1p spira, Zerwas (1996)]
— mostly myy distribution  (saur, TR, Rainwater (2002)]
threshold cancellation myy ~ 2my  [NNLO: Heinrich etal]

2
gggH

2
1
3mz, 29 +gggHH] ~ g [Smi, — - 1} -0
s—m? 3mz,

absorptive kink myy =~ 2m;

. . 0.20| -
triangle suppression myy > my, m;

— large-m; approx bad (gaur..; Heinrich..] s
Zf —— NNLOg_pro;
% 0.10] NNLOwo-i
e —— NNLOFragpron
3 . NLO
3

0.0

0.00]
1.4

1.3]

e —
3
o 11f

© 1

0.9

0.8

300 400 500 600 700 800
My (GeV)



LHC kinematics

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

— rule out modified Ay from lack of events  [1p spira, Zerwas (1996)]

— mostly myy distribution  (saur, TR, Rainwater (2002)]

threshold cancellation myy ~ 2my  [NNLO: Heinrich etal]

3, Yoo+
absorptive kink myy =~ 2m;
triangle suppression myy > my, m;
— large-m; approx bad (gaur..; Heinrich..]
— statistical limitation obvious
= Calling for global EFT/model analysis

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

2
> 1
— + gggHH:| ~ QggH [SmH — — 1 —0
s—m? 3mz,

2

diff. H, k; exclusive fit
diff. H, global fit
incl. H & diff. HH, k, exclusive fit

incl. H & diff. HH, global fit




LHC kinematics

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

— rule out modified Ay from lack of events  [Tp spira, Zerwas (1996)]

— mostly myy distribution  (Baur, T, Rainwater (2002)]

threshold cancellation myy =~ 2my  NNLO: Heinrich etal]

2 9ggH

2
1
2
3mH s mlz-l + gggHH:| ~ QGggH [Sm,_, % — 1:| — 0

absorptive kink myy =~ 2m;
triangle suppression myy > my, my
— large-m; approx bad [gaur...; Heinrich...]
— statistical limitation obvious
= Calling for global EFT/model analysis

2

a(hh— bbyy) [fb]

Significance s

102%Tey
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CP-violating (N)MSSM

Constructing actual baryogenesis model  [asler, Muhlleitner, Miller]
— NMSSM Higgs Sector: 2 doublets, 1 complex singlet
i . + .
Hy ~ <"” *Z‘i* ’a") Hy ~ &/?u ( h ) S = &%5(vs + hs + ias)
d

Vy + hy + iay
- complex HIggS Potential [neglecting D-terms]
Vi =(IASJ? + mfy JH} Ha + (IAS|? + my, JH] Hu + mg|S|?

2 1
+ (gf«hANs3 — MAxSHy - Hy + h.c.)

+|n82—)\Hd~Hu

— Higgs interaction states mix, breaking CP  (complex top mass]
— compute baryon asymmetry from §c = e/ Tc  [Lw wall thickness]

107!

=- Baryogenesis fundamental and calculable

.
, L
1073 . o
£ o 6:..
= -~ o3
= 107°1% ‘}’ —
& U <
= K2
.

1077

1072
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2HDM for baryogenesis

Alternative model for baryogenesis  [Hou, Modak, TP]
— complex 2HDM

V(@ 0') = 15 9 + 150" [* = (150707 +hc.) + |01 + Z (0| + |00
+ma| 0T 0’| + [%(mw’f + (nel®f? +n7|d>/| %) ¢T¢/ + h.c.] :

— complex Yukawa sector F;(—\;Sy + pjicy)hFi+ - --
rotated to A\j = v2m;/vs; € R while p; € C
— allowed my 4 4+ ~ 300 ... 600 GeV, |pc| ~ 0.5




2HDM for baryogenesis

Alternative model for baryogenesis  [Hou, Modak, TP]
— complex 2HDM

V(@ 0') = 15 9 + 150" [* = (150707 +hc.) + |01 + Z (0| + |00
+ma| 0T 0’| + [%(mw’f + (nel®f? +n7|<1>/|2) ¢T¢/ +h.c.} :

— complex Yukawa sector F;(—\;Sy + pjicy)hFi+ - --
rotated to A\j = v2m;/vs; € R while p; € C
— allowed my 4 4+ ~ 300 ... 600 GeV, |pc| ~ 0.5

Find the necessary states i, =350 GeV

— ptc from anomalous t — ch decays

— heavy Higgs produced through |pyc|
— charged Higgs decaying through ¢,

1.0 BB,

cg — bH" — b(W, h) — b W W W,

20 (HL-LHC)

0.00 0.05 0.10 0.15 020 025 0.30
leyl




2HDM for baryogenesis

Alternative model for baryogenesis  [Hou, Modak, TP]
— complex 2HDM

V(©.0) = 1[0 + 1|0 — (15,070 +hc.) + Tjof* + 10| 4 m 0|02

+ |0t 2 4 [%(W’)z + (6l @ + 7|0 [?) oF 0! +h.c.} :

— complex Yukawa sector Fi(—\jSy + pjicy)hFj+ - -

rotated to Aj = V2 m;/vé; € R while pj; € C
— allowed my 4 1+ ~ 300 ... 600 GeV, |pic| ~ 0.5

Find the necessary states

— pic from anomalous t — ch decays

— heavy Higgs produced through |pic|
— charged Higgs decaying through ¢,

cg — bH" — b(W, h) — b W/ W, W,
— neutral Higgs decaying through pyc
cg — tH/tA — t (tc)
probed by recycled 4t search

= Missing: CP-measurement (grehmer, Kiing, TP, Tait]

my, = my =350 GeV/




Outlook

LHC the best data set for decades

— steps in modern data analysis overdue

— rate measurements fairly uninteresting

— measurements of fundamental parameters much better
measurements with BSM impact even better
BSM discoveries what we really want

Future Higgs physics
— link Higgs to dark matter
— link Higgs to baryogenesis
— search for extended Higgs sectors
— search for symmetries: Z,, CP, ...
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