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O Measuring Electroweak Symmetry Breaking

O Higher-Order Predictions for Higgs pair
production

- SM HH production, 2HDM hH, AA
- uncertainties (ren./fact. scale, top mass)

O Top-Yukawa induced EW corrections to SM HF.

O Higgs pair production and baryogenesis
- 2HDM + dim-6 scalar operators
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Fundamental Physics

Symmetries

Higgs Sector
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Fundamental Physics
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ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2021 JL dt = (3.6 -139) fb! Vs =8,13TeV
Model Cy  Jetst ET™ [ram) Limit Reference
T T T
D Gy + /9 Oepury 1-4j Yes 139 Mo 1n2TeV o -2 210210874
ADD non resonant yy y = a7 [ms 86TeV 1 3HZNMO 1707 04147
ADD BH multjet - B 6 |ma = 6, My — 3TV ol BH 1512 02506
RS1 Gk =y 2y - 139 Gy mass. Tev k[ Mpr = 0.1 2102.13405
BUKRS Gex — WW/2Z  multichannel 361 | Gucmass 23Tev P A 100802080
Bulk RS Ggx — WV — (vqq leu 2j/1J  Yes 139 Gy mass. eV, kI Mpy = 1.0 2004.14636
Bulk RS gk — tt. leu 21b2102 Yes 36.1 Bk Mass. 3.8TeV r/m=15% 1804.10823
2UED / RPP leu 22b,23)  Yes 36.1 KK mass. 1.8 TeV Tier (1,1), B — ) = 1 1803.09678
SSM 2’ — 1t 2ep 139 4 5.1 TeV 1903.06248
SSMZ' e 21 361 242Tev 1708.07242
Leptophobic 2’ — bb. 2b 36.1 21 Tev 1805.09299
Leptophobic 2’ — tt Oeyu 21b22J Yes 139 4.1 Tev r/m=12% 2005.05138
SSM W’ < ¢y ey Yes 139 6.0 1906.05609
SSM W’ < v 17 - s 139 5.0 ATLAS-CONF-2021-025
SSMW s th S T S I 1 44TeV ATLAS.CONF 2021.043
HVT W' — WZ — (vgqgmodel B 1e,u 2j/1J  Yes 139 4.3 TeV. & =3 2004.146¢
HVT 2' — ZH model B 2 e 12b Yes 139 32TeV & =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oepu  21b22J 139 32TeV v =3 7.052¢
LRSM Wik — uNg 2u - 80 5.0 Tev. m(Ng) = 05TeV, g = gr 1904.12679
Ol ggaq - 2 - a0 |a 208ToV 1, 170309127
Clttqq 2ep - - 139 A aBETeV. . 2006.12946

S Glechs 2¢ b - 13 [A 18TeV a1 2105.13047
Cl yapabs. 2p 1b - 139 A 20Tev &=1 2105.13847
Gttt slep 21b>1] Yes 361 [A 257Tov €l = 4 te11.02005
Adalvoctor med. (DracDM) ety 1-4] Yes 139 [ 217V <025, g1, ()1 GaV 210210874
Pseudo-scalar med. (Dirac DM) Ty 1-4) Yes 139 Mned 376 GeV 1, & (x)=1 GeV

B | Vocormod. 2 2HOM(DracOM)  Oes | 26 Yoo 109 |mmm 31TV ATLAS.CONF-2021,006
Pseudo-scalar med. 2HDMva _ mullichannel 139 | 560GV ATLAS.CONF 2021.036
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 m 3.4Tev 1812.09743
Scalar LQ 1% gen 2e 2] Yes 139 |LQmase 1.8 TeV =1 2006.05672
Scalar LQ 2" gen 2y 2] Yes 139 [LQmass 1.7ToV. B=1 2006.0567:

QS scalarLQ3" gen 1 2b Yes 139 | LOymass 1.2 TeV BLQ: 1 ATLAS-CONF-2021-008
Scalar L3 gon Oely  >2.32b Yas iso |LOimass 1,24 ToV 800 1 004 140
Scalar LQ 3" gon s2ep21r21)21b - 13y |LQbmass 143TeV 5L 1 2101 11562
Scalar LQ 3" gen Oeu>170-2),2b Yos 139 |LOdmass 1.26 TeV. B(LQY — bv) =1 2101 12527
VLQTT = 2t + X 2e/2u/>3eq 21b,21] - 139 T mass. 14 SU(2) doublet ATLAS-CONF-2021-024
VLQ BB — Wt/Zb+ X multi-channel 36.1 B mass. 1.34 Tev. SU(2) doublet 1808.0234:

VLQ To/s Ty Tars — WE+ X 2(SS)23 eyt 21b,21] Yes 361 | Tapsmass 1.64 TeV. B(Tys = We)a 1, c(ToaWe)e 1 07.118¢

Ve Zt Teu 21b,23] Yes 139 \ass. 1.8 TeV SU(2) singlet, xy= 0.5 ATLAS-CONF-2021-040
vay Teu 21b>1i Yes 361 |Ymass 1.85 TeV (Y W) Te1z0704
VLQ B = Hb. Oepu 22b 21,210 - 139 B mass. 20 SU(2) doubl ATLAS-CONF-2021-018
Excited quark q* — qg - 2j - 139 6.7 TeV only u* and 1910.08447
Excited quark ¢" — qy 1y 1 - 36. 53TeVv only u* and 1709.10440
Excited quark b" — bg. - 161j - 36.1 2.6 TeV. 1805.09299
Excited lepton (" 3eu - - 203 A =30TeV 1411.2021
Excted oplon »* Sejr - - 303 A= 16TV 1411 2921

Typo Ill Soosaw 234 2] Yes 139 mase 910GV, ATLASCONF 2021023
LRSM Majorana v " 2j - 36.1 Ng mass. 3.2Tev m(We) = 4.1TeV. gt = gn 1809.11105
Higgs triplet H** — W*w* 234 e,u(SS) various  Yes 139 H** mass. 350 GeV' DY production 2101.11961
Higgs triplot H** — (¢ 234e(SS) - = 361 | He*mass 870GV, DY production 1710.09748
Higgs tip r ] OY producton, B(H;* - (1) = 1 e ze21
Multi-charged particles - - - 36.1 1.22TeV DY production, |q| 1812.03673
Magnetic monopoles. - - - 344 237 Tev DY production, |g| = 1go. spin 1/2 1905.10130
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5+ Het arXiv:1707.06193
y: SUS-17-011

- (aid = ¢vG/axf — qWG) |5+ MBx: arkivi 71108008
7+ Ha: arXiv:1707.06193

7+ €+ MExy: arXiv:1812.04066

(max. exclusion)
(max. exclusion)
{max. exclusion)
(max. exclusion)

(mas. cxclusion)

N p — E
T t30, %8 — (1/2)G |3 b MEr: arXiv1901.06726 (max. cxclusion)
0ok skt
PP = XiX1, X1 X1
A MEq: arXiv:I711.08008
7+ €+ MExy: arXiv:1812.04066

PP = 8T X — 2 % [(Z/0/1)G] + Xoor |55 ME: AXiviI 71108008

pp - B4 W =164 - WE
. exluson)

BF(ZHA) = 112

pp — ({1, X3, XD (%, 18, 12)
 3(/m,: arXivi1700.05406
h — bb: arXiv:1709.04806
B y: arXiv:1709.00384
combined: arXiv:1801.03957
20 oppositessign: arXiv:1709.08908 BF — 50%
=86/ m,: arXiv:1709.05406 BF
h = 2 arXiv:1709.00384 B
combined: arXiv:1801.03957 BF = 50%
20 opposite-sign: arXiv:1709.08908
SIBEf A AR 1709.05406
combined: arXiv:1801.0:

PP = %% = hhGG + Xun

PP = UK > (0/2)(0/2)GG + Xase
50%
0%

PP = WK - ZZGG + Xy

250 500 750 1000 1250 1500 1750 2000
mass scale [GeV]
Sclction of abserved limits at 95% C.L. (theory uncetaiatic are not inclided). Probe up to the quoted mass i for liht LSPs unles stated otherwise,

The quantities AM and  represent; the absolute mss difference between the primary sparticle and the LSP, and the difference between the intermedinte
sparticle and the LSP relative to A, respectively, unless indicated othervise.

Discovered Higgs Boson
behaves very SM-like

T ——

Consistency Test
of the SM
at the quantum level l

T

No direct discovery of
New Physics so far

I ———

M. Muhlleitner (KIT), 7 June 2023

HPNP 2023, Osaka University



M. Mahlleitner (KIT), 7 June 2023

HPNP 2023, Osaka University




M. Mahlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University




‘Measuring FElectroweak

Symmetry Breaéing




Ultimate Test of the Higgs Mechanism
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Double Higgs Production Processes

[HH, White paper]

03 L o(pp — HH + X) [fb] gg — HH (NNLO, )
MH =125 GeV
PDF4LHC15
10 2 -
0 ttHH (NLO)
tjHH (NLO)
-1
10 3 =
201
10 ‘
13 14 20 30 50 70 100
Vs [TeV]
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Double Higgs Production Processes

g uuo ,
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Double Higgs Production Processes

[HH, White paper]

103 L o(pp — HH + X) [fb] gg — HH (NNLO
: My, = 125 GeV

PDF4LHC15

FTapprox

e VBF (N°LO) _

ttHH (NLO)

10~ . : : , 4 !mall cxn, large bkg:

1314 20 30 5 experimental challenge ~

Vs [TeV] | precise theory
predictions required
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Higgs Pair Production through Gluon Fusion

+Loop mediated at leading order - SM: third generation dominant

g VOO0 H g OO —— - - - - H
tb —---a - t,b
A AN
9 9900/ NH g o H

+ Threshold region sensitive to A; large MuH: sensitive to ct++/ceb [€.9. boosted Higgs pairs]

| o(pp — HH + X) [fb] | [Baglio,Djouadi,Gréober MM ,Quévillon,Spira]
1000 ¢ Vs =14 TeV, My = 125 GeV -

o A

100

10 ¢ e decreasing with MpH

0.1

-5 -3 -1 0 1 3 5
AaHH /A H
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Higher-Order Corrections to Higgs Pair Production

*2-loop QCD corrections: = 70% [HTL, p=Mnn/2] [Dawson,Dittmaier,Spira]

+2-loop QCD corrections: 6 = 6o + G1/ms2 + ... + Ga/m:8
[refinement: full LO at differential level] [Grigo,Hoff,Melnikov,Steinhauser]

*+ Mass effects @ NLO in real corrections: ~ - 10%
[Frederix,Frixione Hirschi,Maltoni,Mattelaer, Torrielli,Vryonidou,Zaro]

+NNLO QCD corrections: ~ 20% [HTL] [de Florian,Mazzitelli; Grigo,Melnikov,Steinhauser]
+N3LO QCD corrections: ~ 5% [HTL] [Chen Li,Shao,Wang]
+NNLO Monte Carlo: inclusion of full fop-mass effects @ NLO [partly at NNLO]

[Grazzini Heinrich,Jones Kallweit,Kerner Lindert Mazzitelli]

+NLO: matching to parton showers [Heinrich,Jones,Kerner Luisoni,Vryonidou]
+ New expansion/extrapolation methods:
(i) 1/m+2 expansion + conformal mapping + Padé approximants [Gréber, Maier Rauh]
(ii) pT2 expansion [Bonciani,Degassi,Giardino,Graber]
+ NLO: small mass expansion [Q2 » m42] [Davies,Mishima,Steinhauser,Wellmann]

+ Combination of full NLO and small mass expansion
[Davies,Heinrich,Jones,Kerner,Mishima, Steinhauser,Wellmann]

M. Muhlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University 9



Complete list, see e.g. twiki of LHC Higgs Working Subgroup HH
and recent reviews

-> recommendations for cross sections to be used given for
- different c.m. energies

- different coupling modifiers K

-> uncertainties on di-Higgs cross sections

g “TOTO) L H g BT — - = — - H
tb - - t,b o
K\
9 99000/ “H g o H

M. Mahlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University 10



Full NLO Calculation

[Borowka,Greiner ,Heinrich,Jones,Kerner,

Schlenk,Schubert,Zirke]

i) T T ! T T T T T T T T T
- —— HTL
016 ' HTL + full reals
e — LO E 1 —— HTL + full virtuals |
_0.14F T — — NLOHEFT - 10" F === Full NLO
2 0.a2f —_ —  NLOFTapprox :
< E — NLO ‘
< 0.08F — k 1072 : .
§ 0.06F  — . e
~ J
5 0.04F PDF4'—HC§ | do/dmyy [fb/GeV]
0.02 f —] : 107 E pp=pp=mygy/2 ;
I NLO scale uncertainty = ]
| e
1.3 | — | ! ! SR §
= 1.2 B |
M BT EPI ) E]"]‘— 7]
300 400 600 700 800 9 1.0 | o i
mpy [GeV] g o b_hm !
S ———————— el | e ssd
0.7 -
06 | 1 | L | 1 1 1 | L |
400 600 800 1000 1200 1400
Myy [GeV]
_ +13.8% +13.5%
ONLO = 32'91(10)—12.8% fb 32.81(7)_12.5% fb
HTL __ +18% +18%
O'NLO — 38.75_15% fb 38.66_15% fb
my = 173 GeV 172.5 GeV
M. Manll = -15% mass effects on top of LO 20-30% for distributions

[Baglio,Campanario,Glaus, MM ,Ronca,Spira,Streicher]
g — HH at NLO QCD | /5 = 14 TeV | PDF4LHC15
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Uncertainties due to m+

+Use my, my(mt) and scan Q/4 < u < Q — uncertainty = envelope:

dcf(ggd;> HH) 0=300 Gev = 0.02078(7) TS tb/GeV,
da(ggdzz> HH), 400 Gev = 0.1609(a) 0%, fb/GeV,

da(ggalzz> HH)| 00 cev = 0.03204(9) 3% fb/GeV,
do (g9 dg HI) Q=1200 Gev = 0.000435(4)3%, fb/GeV

+ Bin-by-bin interpolation:

40
(99 — HH) = 32.81177% b
-

M. Muhlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University 12



Why a Dynamical Scale?

+Large momentum expansion (5 =

+= scale Mt ~

pole mass my.

AFl,mass

AFQ,mass

MS mass m:(ug):

AFl,ma,ss

AFQ mass

( 2 2
o m
— —{2F plog —t
T | ’ S S
( 2 2
o m m -
T | ’ S S
4 2 N
o 4
— —(2F 10 |09“Tt+§
T | ’ S ]
4 2 ]
o 4
— —S<2F2LO Iog“Tt+—
T | S 3]

Q preferred at large Q

Q2 » my2), two form factors:

[Davies,Mishima,Steinhauser,Wellmann]

m -
L + TtGl('S, i)

\

/
3

"

/

(.Ut)

"
~»

(ut)

G1(5,7)
G2(5,1)

J
vV

J \o
"
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Scale Choice

[Baglio,Campanario,Glaus, MM Ronca,Spira]

g9 — HH at NLO QCD | /s = 13 TeV | PDF4LHC15

1.4 T T T T 1 1 1
—— MS scheme with m,(m,)
1.3 F MS scheme with 7, (M4 /4) ]
—— MS scheme with m,(Myy)
b2 r —— OS scheme, m, = 172.5 GeV |
_—
o1 F |
S0t i
S T
:cg 09 e ]
| —=—f 1 _
I— | T T
0.8 + - —I—\_—
07 L bBr=pp=Myy/2 —=—T 3
Full NLO results for different top-quark masses
0.6 A T R R R ST R SR R
400 500 600 700 800 900 1000 1100 1200 1300

M, ., [GeV]
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Uncertainties at NLO

+Renormalization and factorization scale uncertainties at NLO:

Vs=13TeV: oy = 27.73(NF38% b
Vs=14TeV: o = 32.81(7)FT132° b
Vs=27 TeV: oy = 127.0(2)11 1% fb

(0]
V=100 TeV: oy = 1140(2)T 275 b
+m; scale/scheme uncertainties at NLO:

Vs=13TeV: oy = 27.73(N15

Vs=14TeV: oy = 32.81(7)1125

Vs=27 TeV: o = 127.8(2)1125
Vs =100 TeV: oy = 1140(2)13% b

+Linear sum of uncertainties ~>

M. Muhlleitner (KIT), 7 June 2023

HPNP 2023, Osaka University
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31.0578% b

V=13 TeV: o = to%,
(0]
Vs=14TeV: oy = 36.6975% fb

139.9T5%

+4%
12247137 fb

\/g = 100 TeV: Otot

*F Tapprox: full NNLO QCD in the heavy-top-limit with full LO and NLO mass effects
and full mass dependence in the one-loop double real corrections at NNLO QCD

M. Mahlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University



Uncertainties for Different Higgs Self-Coupling Values

+Final combined uncertainties at NNLOFTapprox:

+13%
1680157 fb

Ky =—5:! 0Otot 598.91_]:!'3://: fb

Ky = —10: Otot

ka=-1: oy = 131.97]1% b
Ky —U. Otot — 70'38-—|_]§80/‘(’)A, fb

0
Ky — 1: Otot 31.05__'_263/5% fb

ka=2: o = 13.8113% b

+6%
13.107575, fb

+12%
18.67 1125 fb

+18%
94.82115% fb

+16%
672.21]27 fb

K\ — 2.4 . Otot

Ky = . Otot

Ky = . Otot

Ky =— 10 : Otot

M. Muhlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University
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CP-Conserving 2HDM

[Lee,' 73], [Branco eal,'11]
+ 2HDM Higgs potential w/ softly broken Z, symmetry:

11 1
Vireo = m2,®] @1 + m2,0 @, — [m§2<1>’{<1>2 +hel + 5,\1(<I>{<1>1)2 n 5,\2(<I>J;<I>2)2

1
+ A3(2]81) (P]D2) + Aa(B]22)(2)P1) + | 5 A5(2]2)° +hc.

+Higgs spectrum after EWSE: 2 CP-even h,H with mn < my,
1 CP-odd A,
charged Higgs pair H+

M. Muhlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University 18



Gluon Fusion into ¢1dp2 with ¢ip2=hH, AA

+ Contributing diagrams at leading order:

9 r50000)

+ 2HDM type 1 benchmark point (compatible w/ theor. & exp. constraints):

m, = 125.09GeV, my = 134.817 GeV,
my = 134.711 GeV, my+ = 161.5 GeV,
m?, =4305GeV?, a = —0.102,
tanf = 3.759, v =246.22GeV .

[taken from Abouabid et al.,22]

M. Muhlleitner (KIT), 7 June 2023

HPNP 2023, Osaka University
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NLO Top Mass Effects in Invariant Mass Distributions

[Baglio,Campanario,Glaus, MM Ronca,Spira,23]

99 — hH at NLO QCD | /s = 13 TeV | PDFALHC15 g9 — AA at NLO QCD | /s = 13 TeV | PDFALHC15
. 10" '

- 2HDM type I

L m, =134.711 GeV

10" £ 2HDM type I do /dm,  [fb/GeV] 3
F m,, =125.09 GeV ]

+ L = [l = m 2
[ my = 134.817 GeV KR = HF nm/
-2 NLO scale uncertainty

dal/dm,AAI [fb/'GelV]

[ = fip = Miyy/2
NLO scale uncertainty

—— HTL .| — HIL
10° ¥ HTL + full reals 107 ¢ HTL + full reals
—— HTL + full virtuals - —— HTL + full virtuals
. —— Full NLO i | = Full NLO
107 F E 10 3
1.3 [~ | = f ; f + f = i = | : 1.2 "% f i i f f i
— B i — K
E if __l‘ ] E 1.1 | | | _
o . 1.0 &= L
o 1.0 “{F | ] S 0oL e S M - 1
T 09 [ . ] el s | == E =TT
£ os IR | fosp T TS
& 07 | LT teed S orf :
0.6 L 1 L 1 L | L 1 L L | 0.6 L | L l L 1 L | L | L 1
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
my,y [GeV] my, [GeV]

- Mass effects in distributions: -30% (-15%) at Q~1.5 TeV for hH (AA)
- increases w/ c.m. energy (results provided for 14, 27, 100 TeV)
- Mass effects on total cxn: -12% (-5%) at 13 TeV (increases w/ c.m. energy)

M. Muhlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University 19



Top Quark Scale and Scheme Uncertainties

10

10

10

10

10

—t
= = o
(o} =N o

atio to OS
=
oo (an]

R
S
B~ o

g9 — hH at NLO QCD | /s =13 TeV | PDFALHC15

L

—— MS scheme with 7, (77,) :
MS scheme with 7, (m gy /4)

—— MS scheme with m;,(mgy) |
—— OS scheme, m; = 172.5 GeV 1

2HDM type I 3
D my, = 125.09 GeV ]
my = 134.817 GeV

do/dm,, [fb/GeV]

[ = Hp = My /2
Full NLO results for different top-quark masses

—\_\_% :
| \ | \ | \ | \ | ) $ LT
400 600 800 1000 1200 1400
my,y [GeV]

Ratio to OS

[Baglio,Campanario,Glaus, MM Ronca,Spira, 23]

g9 — AA at NLO QCD | /s =13 TeV | PDF4LHC15

10! —mmm@8@™@™8m8M ™ ——m——F——7——
—— MS scheme with (7,

5 MS scheme with m,(m 4 4/4) ]
10 B —— MS scheme with m,(m 4 ,)
3 . —— OS scheme, m; = 172.5 GeV
10.3 3 E
nl — 2HDM type I |
N — ma = 134711 GeV ]
10° F do/dm, , [fb/GeV] ] 3

[ MR = pp = Myy/2
10-6 = Full NLO results for different top-quark masses

1.3 f—t—— | | | |

1.2 T -

ool -

1.0 ——= =

0.9 = - - e . ]
g — = 1

0.8 C - - ~ _ —

07 3 ‘\—\—‘—\_'_§—‘_A_\—X’X—\;

0.6 £ -4

0.5 L | . | . I . I . I . | T

400 600 800 1000 1200 1400
m 4, [GeV]
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Top Quark Scale and Scheme Uncertainties in Total Cross Section

13 TeV :
14 TeV :
27 TeV :
100 TeV :

13 TeV :
14 TeV :

27 TeV :

100 TeV :
S

[Baglio,Campanario,Glaus, MM Ronca,Spira, 23]

Oy = 1.592(1) 19, 1o,
Cposnr = 1.876(1) 1777, b,
Oposnyy = 7.036(4) 1%, 1b,
Oyosnpr = 60.49(4) 115 b,

Ogesnn = 1.643(1) 55 b,

Ogesnn = 1.927(1) 135 b,

Oyosnn = 7.012(4) 155 b,

Opesan = 38.12(3) 4 fb.
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Top-Yukawa-Induced Corrections to Higgs Pair Production

+Part of the electroweak corrections to Higgs pair production

+ Full fop-mass dependence in the triple Higgs vertex and self-energy corrections
HTL in radiative corrections to the effective ggH and ggHH vertices

g _____ H g /H
t - < {t t —-<Z-{ ¥yt
g seoosey” N H g ~H
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Effective Lagrangians

+Effective ggH and ggHH vertices (top-Yukawa induced EW corrections in HTL):

Lopp = IZ;G“WG“ {(1+61)—+(1+m)—+0(H3)}
2
01 = % + O(mt2 N = 4zt + O(x?) Tt = (43202

/

/

|

I

I
ax

Ny

=
SE
i
| i

LA

+Effective Higgs self-couplings: from effective Higgs potential

2 4 2
aeff = aMa 3mi gy 3Mi
HHH v 7'('2’03 (Y

M

~12m;
204
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Relative Top-Yukawa-Induced EW Correction Factor ApnH

[MM,Schlenk,Spira,22]
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Effective trilinear coupling does not capture the bulk of the EW corrections
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Relative Top-Yukawa-Induced EW Correction Factor Apnm

[MM,Schlenk,Spira,'22]
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gg — HH
doyy o/ AMyy = dO; o/dMyg; (1 + 6,,)

0.9 »
038
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| | I

06 ———L—
400
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M,,[GeV]

1400

[MM,Schlenk,Spira,'22]

- Large enhancement near threshold because of vanishing LO matrix element
- Suppression is lifted by mismatch of EW corrections to triangle and box diagrams

M. Mahlleitner (KIT), 7 June 2023

HPNP 2023, Osaka University
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g = ]\'el-w X OLO
1.002 (Agum)
0.938 (NI )

>
o
g
R

Q

- Corrections induce an effect of about 0.2%

- Bulk of corrections cannot be absorbed in the effective trilinear Higgs coupling
(leads to an artificial increase of the relative EW corrections)

- ~> Inclusion of complete EW corrections is mandatory

M. Mahlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University
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Electroweak Baryogenesis

e Electroweak Baryogenesis (EWBG): generation of the observed baryon-antibaryon asymmetry
in the electroweak phase transition (EWPT) [Riemer-Sorensen, Jenssen '17]

np —ng
72/")/

5.8-1071 < < 6.6-10"1

e Sakharov Conditions: [Sakharov '67]
* (i) B number violaton (sphaleron processes)

x (i1) C' and C'P violation

 (7i7) Departure from thermal equilibrium

e Additional constraint: EW phase transition must be strong first order PT [Quiros '94; Moore '99]

<(I)C>
c = > 1
Ec 7. 2

(®.) and T, field configuration and temperature at phase transition

M. Muhlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University 27



Higgs Pair Production and a 2ZHDM-EFT [Anisha Biermann Englert MM,'22]

+ 2HDM type IT struggle to reach SFOEWPT (compared to type I)

[see e.g. Basler,Krause MM ,Wittbrodt ,Wlotzka, 16]

+For 2HDM type IT points with & < 1.
What extra dynamics is required to achieve SFOEWPT?

+ Our model: CP-conserving 2HDM with softly broken discrete Z, symmetry
Viree(21, B2) = mi; (2] 81) + m3 (2] @2) — miy (B] By + D] @1) + Mt (2] 81)” + do(2] 22)°

1
+ 23(]81) (B 2) + X (] D,) (@] ®1) + EAS[(CI’I%)Z + (2] 21)’]
+ Extended by (purely scalar) dim-6 EFT contributions to the Higgs potential [Anisha eal, 19]
C. . .
Lerr = Lonpm + Z A—SO’G = Viime6 = — Z EOE

+Higgs pair production: a tool for fingerprinting an SFOEWPT?

M. Muhlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University 28
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222222
()6

(B ®,)3
(@] ®1) (@] ®,)>
(®]22) (] 21) (2] 1)
(®1®,)2(®]®,) +he.

e absorb dim-6 contributions (to scalar masses) in shifts \; — X; + d\;, m§, — m?, + ém?,

—> scalar mass spectrum same as for dim-4 @ LO
—> shift EFT effects into Higgs self-couplings & multi-Higgs final states

M. Mahlleitner (KIT), 7 June 2023

HPNP 2023, Osaka University
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Effect of Dim-6 Operators

[Anisha,Biermann,Englert, MM, 22]

—— gl — 0.905 — €4 =0.905 — &3 = 0.905
c 0.975 1 ¢ :

0.96 1 1.1

- 0.9501

0.921 0.9251 LO7
£ g Lo
o o5 ] o5

200, 0.900 0.9

- 0.8751

0.81
)56 0.850
| | | 0.825 1 ! i , 0.7 1 | | |
-1.0 —0.5 0.0 0.5 1.0 -1.0 —0.5 0.0 0.5 1.0 -1.0 —0.5 0.0 0.5 1.0
CIUILL /A2 [1/GeV?) x107° CH222 72 [1/GeV? x107° C&#2 [N\ [1/GeV?] X107

impact of individual Wilson coefficients on &6 for £44=0.9:

- linear response ~ Ci, -> perturbativity ok
- SFOEWPT achievable in agreement with experimental constraints
interference effects in heavy Higgs production in t1 final state are width dependent

-> sensitive to EFT modifications: overall effect is small after taking the Higgs data
constraints into account => hh production important tool for fingerprinting SFOEWPT
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Strength of EWPT and hh production

[Anisha,Biermann,Englert, MM, 22]

individual Cg

0% (hh) /0% (hh)

2 3 4 5 6
0 (H — hh)/o%(H — hh)

Points with Ed6=1 for 44 = 0.3, orange points £.44>0.8
- suppression of overall hh: additional potential contributions enhance Anwn by O(50%)
- analysis of the separated res. production H—hh compared to hh continuum production

— indirect constraint on &.~1

M. Muhlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University 31



Correlation of &.94 and resonant H—hh Production

[Anisha,Biermann,Englert, MM, 22]

102 :

- Higgsphilic points characterized by larger distance |1- &4

~ interplay of different dim-6 operators to achieve &~1 in a controlled way

M. Muhlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University 32



Correlation of &4, continuum and resonant hh production

[Anisha,Biermann,Englert, MM,22]

L] L] L) L) l L] i L] L] L]
uniform Cg = C

10; ————— -|-'- ————————————————————————————— —]
o
o

—~ o o ®
e 08 o o
3 o I
ﬁ O .. |
g 00 o 09
S l
© o

o(H) x BR(H — hh) maximised

2 3 4 5 6
0% (H — hh) /o (H — hh)
T ———II—————————

- Resonant H—hh production enhancement factor of 2.5 possible for cxn in fb range
- Higgs-philic points: resonance contribution modified by ~5-10%, continuum production

modified by ~50%

ST 1T T T T I
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[Azevedo,Ferreira, MM Patel,Santos, 18]

2
m
VO = m? |01 +m|®f2 + 202 + (Acb’{cpchs + h.c.)

A5

A A
5 181"+ T2l 4+ A1) + Na| D] 2o + T2 ((2]92)” + (2181)7

\ A
+46<I>S+—|<I>1|2<I>S 5 1222

P > Dy, P9 —Py, Pg— —DPg

one SM-like Higgs plus dark sector: hi,hz,hz H*

dark sector with CP violation <- not constrained by
electric dipole moment
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[Azevedo,Ferreira, MM Patel,Santos, 18]

2
m
VO = m?2 81?2 + m2,|Ps|? + 754% + <A<I>}<I>2<I>5 1 h.c.)

A5

A A
5 181"+ T2l 4+ A1) + Na| D] 2o + T2 ((2]92)” + (2181)7

\ A
+46<I>S+—|<I>1|2<I>S 5 1222

P > Dy, P9 —Py, Pg— —DPg

one SM-like Higgs plus dark sector: hi,hz,hz H*

dark sector with CP violation <- not constrained by
electric dipole moment
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Strong First Order Phase Transition and DM Constraints

[Biermann, MM Miiller'22]

—44
pOinTS 10 v floor 2.4
compatible —— XENONIT
with dl.r'ec’r~ \ —— XENONnT 2.2
detection \
107464 e o 20
> i oo,
5 1.8
. w,
points with «.E .
strong first
1.4
order electro-
weak phase 1.2
Transition

10—5()
10

points also compatible with DM relic density
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[Biermann,MM Miiller'22]

200 1
e CP-violating
200 - VEV in dark
. BT sector plus
. U_JI(T singlet VEV
= 150 “2(T) generated
Ci‘D) x  wep(T)
= en(T) / spontaneously
13 100- . wZI(T) Y => CP violation
o) transferred
to visible
N /
sector
04 = 4’_
0 o0 100 150 200

T [GeV]

Strong first order electroweak phase transition
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Conclusions

+Precision predictions for Higgs pair production -> required for accurate extraction of
Higgs self-coupling
- NLO QCD corrections: mass effects 15% on top of LO; 20-30% for distributions
- Uncertainty estimate: renormalization and factorization scale uncertainty,
top mass scale and scheme uncertainty

+ Top Yukawa-induced EW corrections to Higgs pair production:
- effect of about 0.2%
- bulk of corrections cannot be absorbed in the effective trilinear Higgs coupling

+ 2HDM plus dim-6 operators (-> additional dynamics)
- get an SFOEWPT in type IT more easily
- Higgsphilic scenario: dim-6 ops necessary for SFOEWPT => reduction of gg-> hh
and modification of gg->H->hh; can be probed by LHC to some extent

+ Model ,.CP in the Dark" w/ CP violation in the dark sector
- SFOEWPT & compatibility w/ DM constraints possible
- spontaneous violation of CP and Z2 at EWPT ~> interesting for baryogenesis

M. Muhlleitner (KIT), 7 June 2023 HPNP 2023, Osaka University 37
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HH Cross Section Dependence on Higgs Self-Coupling

[Baglio,Campanario,Glaus, MM Ronca,Spira]

g9 — HH at NLO QCD | /s = 14 TeV | PDF4ALHC15
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Strong First Order Electroweak Phase Transition
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Baryogenesis in a Nutshell

Bubbles of the non-zero They expand & particles in
Higgs field VEV nucleate plasma interact with the phase
from the symmetric vacuum interface in a CP-violating way

*o.r i1 )

~
P, T

VEVand T
at EW phase

transition
\_ Y,

(P>=0

CP-asymmetry is converted Produced baryons muss not
iINnto a baryon asymmetry by be washed out by sphaleron
sphalerons in the symmetric processes in symmetric phase
phase in front of bubble wall in front of bubble wall




