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• Higgs precision for cosmology (EW baryogenesis)


• Consequences of 1st-order EW phase transition (EWPT) 


• Higgs couplings & spectrum


• Gravitational waves (GWs)


• Higgs CP nature (h→ττ)


• Summary
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Table 3: The role of each project. 

ILC Higgs & other SM precision measurements; electroweak baryogenesis; 

2.1(b): higgsinos, and DM ligher than 62 GeV;� 2.1(c): small tanβ. 

HL-LHC Higgs couplings; direct search of new phenomena; top quark mass; 

2.1(a),(b): bino, wino; � 2.1(c): large tanβ. 

SuperKEKB Additional CP violation in quark-sector; bottom quark mass;  

tau LFV (GUT); � 2.1(c): large tanβ. 

T2K, HK CPV in neutrino-sector; leptogenesis; GUT. 

LFV Leptogenesis; right-handed neutrinos; GUT. 

EDM Flavor-conserving additional CP violation; electroweak baryogenesis. 

LISA, DECIGO First-order phase transition for electroweak baryogenesis: an alternative 

to the HHH coupling measurement. 

Underground 

experiments 

DM direct search; 2.1(b): heavy regions. 

 

 The ILC250 will also be able to elucidate the origin of matter. It can perform a crucial test of the 

electroweak baryogenesis models, and probe the energy scale of new phenomena and new 

principles (up to Λ~ a few–1000 TeV). 

 Table 4 summarizes the list of measurements that become challenging by lowering the ILC 

starting energy to 250 GeV. As far as the precision measurements of the Higgs and other SM 

observables are considered, the ILC250 operating together with the HL-LHC and the SuperKEKB 

experiments will be able to play a sufficient role, with precisions not too far from the ILC500. 
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- Electroweak baryogenesis demands modification of SM Higgs sector. 
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- Electroweak baryogenesis demands modification of SM Higgs sector. 
- Higgs precision measurements shed light on this scenario.
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<latexit sha1_base64="U2CkfO9Fn80KPbpq7NXzGIB9ge0=">AAACHHicdZDLSsNAFIYnXmu9RV26GSyCIJTECroplLpx4aKKvUATw2Q6aYdOJnFmIpTQB3Hjq7hxoYgbF4Jv46StUm8HBn6+/xzOmd+PGZXKst6Nmdm5+YXF3FJ+eWV1bd3c2GzIKBGY1HHEItHykSSMclJXVDHSigVBoc9I0++fZH7zhghJI36pBjFxQ9TlNKAYKY08s8S9atkJkepFcar11dnQSx1Orq3h/jS++MJlyzMLdtEaFbR+iU+rACZV88xXpxPhJCRcYYakbNtWrNwUCUUxI8O8k0gSI9xHXdLWkqOQSDcdfW4IdzXpwCAS+nEFR3R6IkWhlIPQ153ZvfKnl8G/vHaigmM3pTxOFOF4vChIGFQRzJKCHSoIVmygBcKC6lsh7iGBsNJ55qdD+F80Dop2qWidHxYq1UkcObANdsAesMERqIBTUAN1gMEtuAeP4Mm4Mx6MZ+Nl3DpjTGa2wLcy3j4APBWiEA==</latexit>

(2)

changed by sphaleron. twall <   tsph  

nB = nL
B + nR

B ! nB 6= 0
<latexit sha1_base64="HwL7Q17XFKbcQNKyJLOYAhKD1E4=">AAACE3icdVDLSgMxFM3UV62vqks3g0UQhTKjgoIIpW5cuKhiH9AZh0x624ZmMmOSEcow/+DGX3HjQhG3btz5N6YPoRY9cMPhnHtzk+NHjEplWV9GZmZ2bn4hu5hbWl5ZXcuvb9RkGAsCVRKyUDR8LIFRDlVFFYNGJAAHPoO63zsf+PV7EJKG/Eb1I3AD3OG0TQlWWvLye9wrn+m6vdwfnNeJM7wzEdBKnVNHhaaWHQ53VurlC3bRGsK0fog9TQpojIqX/3RaIYkD4IowLGXTtiLlJlgoShikOSeWEGHSwx1oaspxANJNhvtTc0crLbMdCl1cmUN1ciLBgZT9wNedAVZdOe0NxL+8ZqzaJ25CeRQr4GS0qB0zU391EJDZogKIYn1NMBFUv9UkXSwwUTrG3GQI/5PaQdE+LFpXR4VSeRxHFm2hbbSLbHSMSugCVVAVEfSAntALejUejWfjzXgftWaM8cwm+gXj4xsyRJ29</latexit>

baryogengesis!!



EWBG mechanism
H: Hubble constant

�(b)
B < H

symmetric phase

broken phase

�(s)
B > H

h�i = 0

h�i 6= 0

(3) nB 6= 0
<latexit sha1_base64="B9mjEnJ1Erp5JAqFyh7sStWSTd4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMcQLx4jmAckS5id9CZDZmc3M7NCWPITXjwo4tXf8ebfOHkgmljQUFR1090VJIJr47pfTm5tfWNzK79d2Nnd2z8oHh41dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNR1Sax/LBjBP0I9qXPOSMGiu1ZLfakThyu8WSW3ZnID/EWyYlWKDWLX52ejFLI5SGCap123MT42dUGc4ETgqdVGNC2ZD2sW2ppBFqP5vdOyFnVumRMFa2pCEz9fdERiOtx1FgOyNqBnrZm4r/ee3UhDd+xmWSGpRsvihMBTExmT5PelwhM2JsCWWK21sJG1BFmbERFWwIKy+vksZF2bssu/dXpUp1EUceTuAUzsGDa6jAHdSgDgwEPMELvDoj59l5c97nrTlnMXMMf+B8fAOZmY+s</latexit>

(1)

CP asymmetric but no B asymmetric

nB = nL
B

6=0
+nR

B
6=0

= 0
<latexit sha1_base64="U2CkfO9Fn80KPbpq7NXzGIB9ge0=">AAACHHicdZDLSsNAFIYnXmu9RV26GSyCIJTECroplLpx4aKKvUATw2Q6aYdOJnFmIpTQB3Hjq7hxoYgbF4Jv46StUm8HBn6+/xzOmd+PGZXKst6Nmdm5+YXF3FJ+eWV1bd3c2GzIKBGY1HHEItHykSSMclJXVDHSigVBoc9I0++fZH7zhghJI36pBjFxQ9TlNKAYKY08s8S9atkJkepFcar11dnQSx1Orq3h/jS++MJlyzMLdtEaFbR+iU+rACZV88xXpxPhJCRcYYakbNtWrNwUCUUxI8O8k0gSI9xHXdLWkqOQSDcdfW4IdzXpwCAS+nEFR3R6IkWhlIPQ153ZvfKnl8G/vHaigmM3pTxOFOF4vChIGFQRzJKCHSoIVmygBcKC6lsh7iGBsNJ55qdD+F80Dop2qWidHxYq1UkcObANdsAesMERqIBTUAN1gMEtuAeP4Mm4Mx6MZ+Nl3DpjTGa2wLcy3j4APBWiEA==</latexit>

(2)

changed by sphaleron. twall <   tsph  

nB = nL
B + nR

B ! nB 6= 0
<latexit sha1_base64="HwL7Q17XFKbcQNKyJLOYAhKD1E4=">AAACE3icdVDLSgMxFM3UV62vqks3g0UQhTKjgoIIpW5cuKhiH9AZh0x624ZmMmOSEcow/+DGX3HjQhG3btz5N6YPoRY9cMPhnHtzk+NHjEplWV9GZmZ2bn4hu5hbWl5ZXcuvb9RkGAsCVRKyUDR8LIFRDlVFFYNGJAAHPoO63zsf+PV7EJKG/Eb1I3AD3OG0TQlWWvLye9wrn+m6vdwfnNeJM7wzEdBKnVNHhaaWHQ53VurlC3bRGsK0fog9TQpojIqX/3RaIYkD4IowLGXTtiLlJlgoShikOSeWEGHSwx1oaspxANJNhvtTc0crLbMdCl1cmUN1ciLBgZT9wNedAVZdOe0NxL+8ZqzaJ25CeRQr4GS0qB0zU391EJDZogKIYn1NMBFUv9UkXSwwUTrG3GQI/5PaQdE+LFpXR4VSeRxHFm2hbbSLbHSMSugCVVAVEfSAntALejUejWfjzXgftWaM8cwm+gXj4xsyRJ29</latexit>

baryogengesis!!



EWBG mechanism
H: Hubble constant

�(b)
B < H

symmetric phase

broken phase

�(s)
B > H

h�i = 0

h�i 6= 0

(3) nB 6= 0
<latexit sha1_base64="B9mjEnJ1Erp5JAqFyh7sStWSTd4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMcQLx4jmAckS5id9CZDZmc3M7NCWPITXjwo4tXf8ebfOHkgmljQUFR1090VJIJr47pfTm5tfWNzK79d2Nnd2z8oHh41dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNR1Sax/LBjBP0I9qXPOSMGiu1ZLfakThyu8WSW3ZnID/EWyYlWKDWLX52ejFLI5SGCap123MT42dUGc4ETgqdVGNC2ZD2sW2ppBFqP5vdOyFnVumRMFa2pCEz9fdERiOtx1FgOyNqBnrZm4r/ee3UhDd+xmWSGpRsvihMBTExmT5PelwhM2JsCWWK21sJG1BFmbERFWwIKy+vksZF2bssu/dXpUp1EUceTuAUzsGDa6jAHdSgDgwEPMELvDoj59l5c97nrTlnMXMMf+B8fAOZmY+s</latexit>

(1)

CP asymmetric but no B asymmetric

nB = nL
B

6=0
+nR

B
6=0

= 0
<latexit sha1_base64="U2CkfO9Fn80KPbpq7NXzGIB9ge0=">AAACHHicdZDLSsNAFIYnXmu9RV26GSyCIJTECroplLpx4aKKvUATw2Q6aYdOJnFmIpTQB3Hjq7hxoYgbF4Jv46StUm8HBn6+/xzOmd+PGZXKst6Nmdm5+YXF3FJ+eWV1bd3c2GzIKBGY1HHEItHykSSMclJXVDHSigVBoc9I0++fZH7zhghJI36pBjFxQ9TlNKAYKY08s8S9atkJkepFcar11dnQSx1Orq3h/jS++MJlyzMLdtEaFbR+iU+rACZV88xXpxPhJCRcYYakbNtWrNwUCUUxI8O8k0gSI9xHXdLWkqOQSDcdfW4IdzXpwCAS+nEFR3R6IkWhlIPQ153ZvfKnl8G/vHaigmM3pTxOFOF4vChIGFQRzJKCHSoIVmygBcKC6lsh7iGBsNJ55qdD+F80Dop2qWidHxYq1UkcObANdsAesMERqIBTUAN1gMEtuAeP4Mm4Mx6MZ+Nl3DpjTGa2wLcy3j4APBWiEA==</latexit>

B-preservation condition
�(b)
B ⇠ e�4⇡Esphv/g2T < H

<latexit sha1_base64="zZB35CIUhIgGtzSvVxStAb16jf0="></latexit>

(2)

changed by sphaleron. twall <   tsph  

nB = nL
B + nR

B ! nB 6= 0
<latexit sha1_base64="HwL7Q17XFKbcQNKyJLOYAhKD1E4=">AAACE3icdVDLSgMxFM3UV62vqks3g0UQhTKjgoIIpW5cuKhiH9AZh0x624ZmMmOSEcow/+DGX3HjQhG3btz5N6YPoRY9cMPhnHtzk+NHjEplWV9GZmZ2bn4hu5hbWl5ZXcuvb9RkGAsCVRKyUDR8LIFRDlVFFYNGJAAHPoO63zsf+PV7EJKG/Eb1I3AD3OG0TQlWWvLye9wrn+m6vdwfnNeJM7wzEdBKnVNHhaaWHQ53VurlC3bRGsK0fog9TQpojIqX/3RaIYkD4IowLGXTtiLlJlgoShikOSeWEGHSwx1oaspxANJNhvtTc0crLbMdCl1cmUN1ciLBgZT9wNedAVZdOe0NxL+8ZqzaJ25CeRQr4GS0qB0zU391EJDZogKIYn1NMBFUv9UkXSwwUTrG3GQI/5PaQdE+LFpXR4VSeRxHFm2hbbSLbHSMSugCVVAVEfSAntALejUejWfjzXgftWaM8cwm+gXj4xsyRJ29</latexit>

baryogengesis!!



EWBG mechanism
H: Hubble constant

�(b)
B < H

symmetric phase

broken phase

�(s)
B > H

h�i = 0

h�i 6= 0

(3) nB 6= 0
<latexit sha1_base64="B9mjEnJ1Erp5JAqFyh7sStWSTd4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMcQLx4jmAckS5id9CZDZmc3M7NCWPITXjwo4tXf8ebfOHkgmljQUFR1090VJIJr47pfTm5tfWNzK79d2Nnd2z8oHh41dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNR1Sax/LBjBP0I9qXPOSMGiu1ZLfakThyu8WSW3ZnID/EWyYlWKDWLX52ejFLI5SGCap123MT42dUGc4ETgqdVGNC2ZD2sW2ppBFqP5vdOyFnVumRMFa2pCEz9fdERiOtx1FgOyNqBnrZm4r/ee3UhDd+xmWSGpRsvihMBTExmT5PelwhM2JsCWWK21sJG1BFmbERFWwIKy+vksZF2bssu/dXpUp1EUceTuAUzsGDa6jAHdSgDgwEPMELvDoj59l5c97nrTlnMXMMf+B8fAOZmY+s</latexit>

(1)

CP asymmetric but no B asymmetric

nB = nL
B

6=0
+nR

B
6=0

= 0
<latexit sha1_base64="U2CkfO9Fn80KPbpq7NXzGIB9ge0=">AAACHHicdZDLSsNAFIYnXmu9RV26GSyCIJTECroplLpx4aKKvUATw2Q6aYdOJnFmIpTQB3Hjq7hxoYgbF4Jv46StUm8HBn6+/xzOmd+PGZXKst6Nmdm5+YXF3FJ+eWV1bd3c2GzIKBGY1HHEItHykSSMclJXVDHSigVBoc9I0++fZH7zhghJI36pBjFxQ9TlNKAYKY08s8S9atkJkepFcar11dnQSx1Orq3h/jS++MJlyzMLdtEaFbR+iU+rACZV88xXpxPhJCRcYYakbNtWrNwUCUUxI8O8k0gSI9xHXdLWkqOQSDcdfW4IdzXpwCAS+nEFR3R6IkWhlIPQ153ZvfKnl8G/vHaigmM3pTxOFOF4vChIGFQRzJKCHSoIVmygBcKC6lsh7iGBsNJ55qdD+F80Dop2qWidHxYq1UkcObANdsAesMERqIBTUAN1gMEtuAeP4Mm4Mx6MZ+Nl3DpjTGa2wLcy3j4APBWiEA==</latexit>

B-preservation condition
�(b)
B ⇠ e�4⇡Esphv/g2T < H

<latexit sha1_base64="zZB35CIUhIgGtzSvVxStAb16jf0="></latexit>

1st-order EWPT

1 . vC
TC

<latexit sha1_base64="ZPTyZDM20Qek5OKB/TXIDltlAdM=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEBV0Wu3FZoS9oQplMb9qhM0mYmRRKqBt/xY0LRdz6F+78G6dtFtp64F4O59zLzD1BwpnSjvNtFdbWNza3itulnd29/QP78Kil4lRSaNKYx7ITEAWcRdDUTHPoJBKICDi0g1Ft5rfHIBWLo4aeJOALMohYyCjRRurZJ67HQSnFhBdKQrNxrzbNGqb17LJTcebAq8TNSRnlqPfsL68f01RApCknSnVdJ9F+RqRmlMO05KUKEkJHZABdQyMiQPnZ/IIpPjdKH4exNBVpPFd/b2REKDURgZkURA/VsjcT//O6qQ5v/YxFSaohoouHwpRjHeNZHLjPJFDNJ4YQKpn5K6ZDYpLQJrSSCcFdPnmVtC4r7lXFebguV+/yOIroFJ2hC+SiG1RF96iOmoiiR/SMXtGb9WS9WO/Wx2K0YOU7x+gPrM8f1EKXIA==</latexit>

(2)

changed by sphaleron. twall <   tsph  

nB = nL
B + nR

B ! nB 6= 0
<latexit sha1_base64="HwL7Q17XFKbcQNKyJLOYAhKD1E4=">AAACE3icdVDLSgMxFM3UV62vqks3g0UQhTKjgoIIpW5cuKhiH9AZh0x624ZmMmOSEcow/+DGX3HjQhG3btz5N6YPoRY9cMPhnHtzk+NHjEplWV9GZmZ2bn4hu5hbWl5ZXcuvb9RkGAsCVRKyUDR8LIFRDlVFFYNGJAAHPoO63zsf+PV7EJKG/Eb1I3AD3OG0TQlWWvLye9wrn+m6vdwfnNeJM7wzEdBKnVNHhaaWHQ53VurlC3bRGsK0fog9TQpojIqX/3RaIYkD4IowLGXTtiLlJlgoShikOSeWEGHSwx1oaspxANJNhvtTc0crLbMdCl1cmUN1ciLBgZT9wNedAVZdOe0NxL+8ZqzaJ25CeRQr4GS0qB0zU391EJDZogKIYn1NMBFUv9UkXSwwUTrG3GQI/5PaQdE+LFpXR4VSeRxHFm2hbbSLbHSMSugCVVAVEfSAntALejUejWfjzXgftWaM8cwm+gXj4xsyRJ29</latexit>

baryogengesis!!



EWBG mechanism
H: Hubble constant

�(b)
B < H

symmetric phase

broken phase

�(s)
B > H

h�i = 0

h�i 6= 0

(3) nB 6= 0
<latexit sha1_base64="B9mjEnJ1Erp5JAqFyh7sStWSTd4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMcQLx4jmAckS5id9CZDZmc3M7NCWPITXjwo4tXf8ebfOHkgmljQUFR1090VJIJr47pfTm5tfWNzK79d2Nnd2z8oHh41dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNR1Sax/LBjBP0I9qXPOSMGiu1ZLfakThyu8WSW3ZnID/EWyYlWKDWLX52ejFLI5SGCap123MT42dUGc4ETgqdVGNC2ZD2sW2ppBFqP5vdOyFnVumRMFa2pCEz9fdERiOtx1FgOyNqBnrZm4r/ee3UhDd+xmWSGpRsvihMBTExmT5PelwhM2JsCWWK21sJG1BFmbERFWwIKy+vksZF2bssu/dXpUp1EUceTuAUzsGDa6jAHdSgDgwEPMELvDoj59l5c97nrTlnMXMMf+B8fAOZmY+s</latexit>

(1)

CP asymmetric but no B asymmetric

nB = nL
B

6=0
+nR

B
6=0

= 0
<latexit sha1_base64="U2CkfO9Fn80KPbpq7NXzGIB9ge0=">AAACHHicdZDLSsNAFIYnXmu9RV26GSyCIJTECroplLpx4aKKvUATw2Q6aYdOJnFmIpTQB3Hjq7hxoYgbF4Jv46StUm8HBn6+/xzOmd+PGZXKst6Nmdm5+YXF3FJ+eWV1bd3c2GzIKBGY1HHEItHykSSMclJXVDHSigVBoc9I0++fZH7zhghJI36pBjFxQ9TlNKAYKY08s8S9atkJkepFcar11dnQSx1Orq3h/jS++MJlyzMLdtEaFbR+iU+rACZV88xXpxPhJCRcYYakbNtWrNwUCUUxI8O8k0gSI9xHXdLWkqOQSDcdfW4IdzXpwCAS+nEFR3R6IkWhlIPQ153ZvfKnl8G/vHaigmM3pTxOFOF4vChIGFQRzJKCHSoIVmygBcKC6lsh7iGBsNJ55qdD+F80Dop2qWidHxYq1UkcObANdsAesMERqIBTUAN1gMEtuAeP4Mm4Mx6MZ+Nl3DpjTGa2wLcy3j4APBWiEA==</latexit>

B-preservation condition
�(b)
B ⇠ e�4⇡Esphv/g2T < H

<latexit sha1_base64="zZB35CIUhIgGtzSvVxStAb16jf0="></latexit>

1st-order EWPT

1 . vC
TC

<latexit sha1_base64="ZPTyZDM20Qek5OKB/TXIDltlAdM=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEBV0Wu3FZoS9oQplMb9qhM0mYmRRKqBt/xY0LRdz6F+78G6dtFtp64F4O59zLzD1BwpnSjvNtFdbWNza3itulnd29/QP78Kil4lRSaNKYx7ITEAWcRdDUTHPoJBKICDi0g1Ft5rfHIBWLo4aeJOALMohYyCjRRurZJ67HQSnFhBdKQrNxrzbNGqb17LJTcebAq8TNSRnlqPfsL68f01RApCknSnVdJ9F+RqRmlMO05KUKEkJHZABdQyMiQPnZ/IIpPjdKH4exNBVpPFd/b2REKDURgZkURA/VsjcT//O6qQ5v/YxFSaohoouHwpRjHeNZHLjPJFDNJ4YQKpn5K6ZDYpLQJrSSCcFdPnmVtC4r7lXFebguV+/yOIroFJ2hC+SiG1RF96iOmoiiR/SMXtGb9WS9WO/Wx2K0YOU7x+gPrM8f1EKXIA==</latexit>

(2)

changed by sphaleron. twall <   tsph  

nB = nL
B + nR

B ! nB 6= 0
<latexit sha1_base64="HwL7Q17XFKbcQNKyJLOYAhKD1E4=">AAACE3icdVDLSgMxFM3UV62vqks3g0UQhTKjgoIIpW5cuKhiH9AZh0x624ZmMmOSEcow/+DGX3HjQhG3btz5N6YPoRY9cMPhnHtzk+NHjEplWV9GZmZ2bn4hu5hbWl5ZXcuvb9RkGAsCVRKyUDR8LIFRDlVFFYNGJAAHPoO63zsf+PV7EJKG/Eb1I3AD3OG0TQlWWvLye9wrn+m6vdwfnNeJM7wzEdBKnVNHhaaWHQ53VurlC3bRGsK0fog9TQpojIqX/3RaIYkD4IowLGXTtiLlJlgoShikOSeWEGHSwx1oaspxANJNhvtTc0crLbMdCl1cmUN1ciLBgZT9wNedAVZdOe0NxL+8ZqzaJ25CeRQr4GS0qB0zU391EJDZogKIYn1NMBFUv9UkXSwwUTrG3GQI/5PaQdE+LFpXR4VSeRxHFm2hbbSLbHSMSugCVVAVEfSAntALejUejWfjzXgftWaM8cwm+gXj4xsyRJ29</latexit>

baryogengesis!!

min <

����
�g

gSM

���� < max

<latexit sha1_base64="jRIezfPo2CUPwEggxbTfAVxDlQo="></latexit>

Higgs spectrum



EWBG mechanism
H: Hubble constant

�(b)
B < H

symmetric phase

broken phase

�(s)
B > H

h�i = 0

h�i 6= 0

(3) nB 6= 0
<latexit sha1_base64="B9mjEnJ1Erp5JAqFyh7sStWSTd4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMcQLx4jmAckS5id9CZDZmc3M7NCWPITXjwo4tXf8ebfOHkgmljQUFR1090VJIJr47pfTm5tfWNzK79d2Nnd2z8oHh41dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNR1Sax/LBjBP0I9qXPOSMGiu1ZLfakThyu8WSW3ZnID/EWyYlWKDWLX52ejFLI5SGCap123MT42dUGc4ETgqdVGNC2ZD2sW2ppBFqP5vdOyFnVumRMFa2pCEz9fdERiOtx1FgOyNqBnrZm4r/ee3UhDd+xmWSGpRsvihMBTExmT5PelwhM2JsCWWK21sJG1BFmbERFWwIKy+vksZF2bssu/dXpUp1EUceTuAUzsGDa6jAHdSgDgwEPMELvDoj59l5c97nrTlnMXMMf+B8fAOZmY+s</latexit>

(1)

CP asymmetric but no B asymmetric

nB = nL
B

6=0
+nR

B
6=0

= 0
<latexit sha1_base64="U2CkfO9Fn80KPbpq7NXzGIB9ge0=">AAACHHicdZDLSsNAFIYnXmu9RV26GSyCIJTECroplLpx4aKKvUATw2Q6aYdOJnFmIpTQB3Hjq7hxoYgbF4Jv46StUm8HBn6+/xzOmd+PGZXKst6Nmdm5+YXF3FJ+eWV1bd3c2GzIKBGY1HHEItHykSSMclJXVDHSigVBoc9I0++fZH7zhghJI36pBjFxQ9TlNKAYKY08s8S9atkJkepFcar11dnQSx1Orq3h/jS++MJlyzMLdtEaFbR+iU+rACZV88xXpxPhJCRcYYakbNtWrNwUCUUxI8O8k0gSI9xHXdLWkqOQSDcdfW4IdzXpwCAS+nEFR3R6IkWhlIPQ153ZvfKnl8G/vHaigmM3pTxOFOF4vChIGFQRzJKCHSoIVmygBcKC6lsh7iGBsNJ55qdD+F80Dop2qWidHxYq1UkcObANdsAesMERqIBTUAN1gMEtuAeP4Mm4Mx6MZ+Nl3DpjTGa2wLcy3j4APBWiEA==</latexit>

B-preservation condition
�(b)
B ⇠ e�4⇡Esphv/g2T < H

<latexit sha1_base64="zZB35CIUhIgGtzSvVxStAb16jf0="></latexit>

1st-order EWPT

1 . vC
TC

<latexit sha1_base64="ZPTyZDM20Qek5OKB/TXIDltlAdM=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEBV0Wu3FZoS9oQplMb9qhM0mYmRRKqBt/xY0LRdz6F+78G6dtFtp64F4O59zLzD1BwpnSjvNtFdbWNza3itulnd29/QP78Kil4lRSaNKYx7ITEAWcRdDUTHPoJBKICDi0g1Ft5rfHIBWLo4aeJOALMohYyCjRRurZJ67HQSnFhBdKQrNxrzbNGqb17LJTcebAq8TNSRnlqPfsL68f01RApCknSnVdJ9F+RqRmlMO05KUKEkJHZABdQyMiQPnZ/IIpPjdKH4exNBVpPFd/b2REKDURgZkURA/VsjcT//O6qQ5v/YxFSaohoouHwpRjHeNZHLjPJFDNJ4YQKpn5K6ZDYpLQJrSSCcFdPnmVtC4r7lXFebguV+/yOIroFJ2hC+SiG1RF96iOmoiiR/SMXtGb9WS9WO/Wx2K0YOU7x+gPrM8f1EKXIA==</latexit>

(2)

changed by sphaleron. twall <   tsph  

nB = nL
B + nR

B ! nB 6= 0
<latexit sha1_base64="HwL7Q17XFKbcQNKyJLOYAhKD1E4=">AAACE3icdVDLSgMxFM3UV62vqks3g0UQhTKjgoIIpW5cuKhiH9AZh0x624ZmMmOSEcow/+DGX3HjQhG3btz5N6YPoRY9cMPhnHtzk+NHjEplWV9GZmZ2bn4hu5hbWl5ZXcuvb9RkGAsCVRKyUDR8LIFRDlVFFYNGJAAHPoO63zsf+PV7EJKG/Eb1I3AD3OG0TQlWWvLye9wrn+m6vdwfnNeJM7wzEdBKnVNHhaaWHQ53VurlC3bRGsK0fog9TQpojIqX/3RaIYkD4IowLGXTtiLlJlgoShikOSeWEGHSwx1oaspxANJNhvtTc0crLbMdCl1cmUN1ciLBgZT9wNedAVZdOe0NxL+8ZqzaJ25CeRQr4GS0qB0zU391EJDZogKIYn1NMBFUv9UkXSwwUTrG3GQI/5PaQdE+LFpXR4VSeRxHFm2hbbSLbHSMSugCVVAVEfSAntALejUejWfjzXgftWaM8cwm+gXj4xsyRJ29</latexit>

baryogengesis!!

min <

����
�g

gSM

���� < max

<latexit sha1_base64="jRIezfPo2CUPwEggxbTfAVxDlQo="></latexit>

Higgs spectrum

model-dependent



EWBG mechanism
H: Hubble constant

�(b)
B < H

symmetric phase

broken phase

�(s)
B > H

h�i = 0

h�i 6= 0

(3) nB 6= 0
<latexit sha1_base64="B9mjEnJ1Erp5JAqFyh7sStWSTd4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMcQLx4jmAckS5id9CZDZmc3M7NCWPITXjwo4tXf8ebfOHkgmljQUFR1090VJIJr47pfTm5tfWNzK79d2Nnd2z8oHh41dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNR1Sax/LBjBP0I9qXPOSMGiu1ZLfakThyu8WSW3ZnID/EWyYlWKDWLX52ejFLI5SGCap123MT42dUGc4ETgqdVGNC2ZD2sW2ppBFqP5vdOyFnVumRMFa2pCEz9fdERiOtx1FgOyNqBnrZm4r/ee3UhDd+xmWSGpRsvihMBTExmT5PelwhM2JsCWWK21sJG1BFmbERFWwIKy+vksZF2bssu/dXpUp1EUceTuAUzsGDa6jAHdSgDgwEPMELvDoj59l5c97nrTlnMXMMf+B8fAOZmY+s</latexit>

(1)

CP asymmetric but no B asymmetric

nB = nL
B

6=0
+nR

B
6=0

= 0
<latexit sha1_base64="U2CkfO9Fn80KPbpq7NXzGIB9ge0=">AAACHHicdZDLSsNAFIYnXmu9RV26GSyCIJTECroplLpx4aKKvUATw2Q6aYdOJnFmIpTQB3Hjq7hxoYgbF4Jv46StUm8HBn6+/xzOmd+PGZXKst6Nmdm5+YXF3FJ+eWV1bd3c2GzIKBGY1HHEItHykSSMclJXVDHSigVBoc9I0++fZH7zhghJI36pBjFxQ9TlNKAYKY08s8S9atkJkepFcar11dnQSx1Orq3h/jS++MJlyzMLdtEaFbR+iU+rACZV88xXpxPhJCRcYYakbNtWrNwUCUUxI8O8k0gSI9xHXdLWkqOQSDcdfW4IdzXpwCAS+nEFR3R6IkWhlIPQ153ZvfKnl8G/vHaigmM3pTxOFOF4vChIGFQRzJKCHSoIVmygBcKC6lsh7iGBsNJ55qdD+F80Dop2qWidHxYq1UkcObANdsAesMERqIBTUAN1gMEtuAeP4Mm4Mx6MZ+Nl3DpjTGa2wLcy3j4APBWiEA==</latexit>

B-preservation condition
�(b)
B ⇠ e�4⇡Esphv/g2T < H

<latexit sha1_base64="zZB35CIUhIgGtzSvVxStAb16jf0="></latexit>

constrained by exp. data

1st-order EWPT

1 . vC
TC

<latexit sha1_base64="ZPTyZDM20Qek5OKB/TXIDltlAdM=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEBV0Wu3FZoS9oQplMb9qhM0mYmRRKqBt/xY0LRdz6F+78G6dtFtp64F4O59zLzD1BwpnSjvNtFdbWNza3itulnd29/QP78Kil4lRSaNKYx7ITEAWcRdDUTHPoJBKICDi0g1Ft5rfHIBWLo4aeJOALMohYyCjRRurZJ67HQSnFhBdKQrNxrzbNGqb17LJTcebAq8TNSRnlqPfsL68f01RApCknSnVdJ9F+RqRmlMO05KUKEkJHZABdQyMiQPnZ/IIpPjdKH4exNBVpPFd/b2REKDURgZkURA/VsjcT//O6qQ5v/YxFSaohoouHwpRjHeNZHLjPJFDNJ4YQKpn5K6ZDYpLQJrSSCcFdPnmVtC4r7lXFebguV+/yOIroFJ2hC+SiG1RF96iOmoiiR/SMXtGb9WS9WO/Wx2K0YOU7x+gPrM8f1EKXIA==</latexit>

(2)

changed by sphaleron. twall <   tsph  

nB = nL
B + nR

B ! nB 6= 0
<latexit sha1_base64="HwL7Q17XFKbcQNKyJLOYAhKD1E4=">AAACE3icdVDLSgMxFM3UV62vqks3g0UQhTKjgoIIpW5cuKhiH9AZh0x624ZmMmOSEcow/+DGX3HjQhG3btz5N6YPoRY9cMPhnHtzk+NHjEplWV9GZmZ2bn4hu5hbWl5ZXcuvb9RkGAsCVRKyUDR8LIFRDlVFFYNGJAAHPoO63zsf+PV7EJKG/Eb1I3AD3OG0TQlWWvLye9wrn+m6vdwfnNeJM7wzEdBKnVNHhaaWHQ53VurlC3bRGsK0fog9TQpojIqX/3RaIYkD4IowLGXTtiLlJlgoShikOSeWEGHSwx1oaspxANJNhvtTc0crLbMdCl1cmUN1ciLBgZT9wNedAVZdOe0NxL+8ZqzaJ25CeRQr4GS0qB0zU391EJDZogKIYn1NMBFUv9UkXSwwUTrG3GQI/5PaQdE+LFpXR4VSeRxHFm2hbbSLbHSMSugCVVAVEfSAntALejUejWfjzXgftWaM8cwm+gXj4xsyRJ29</latexit>

baryogengesis!!

min <

����
�g

gSM

���� < max

<latexit sha1_base64="jRIezfPo2CUPwEggxbTfAVxDlQo="></latexit>

Higgs spectrum

model-dependent



EWBG in our time

LHC data indicate

Higgs sector = SM-like

What is “SM-like Higgs sector”

 compatible with EWBG?



EWBG in our time

LHC data indicate

Higgs sector = SM-like

What is “SM-like Higgs sector”

 compatible with EWBG?

“Alignment without decoupling”



EWBG in our time

LHC data indicate

Higgs sector = SM-like

What is “SM-like Higgs sector”

 compatible with EWBG?

“Alignment without decoupling”

hVV and hff = SM-like

e.g. 2HDM

sin(� � ↵) ' 1



EWBG in our time

LHC data indicate

Higgs sector = SM-like

What is “SM-like Higgs sector”

 compatible with EWBG?

“Alignment without decoupling”

hVV and hff = SM-like

e.g. 2HDM

sin(� � ↵) ' 1

but (H, A, H±) are sub TeV



EWBG in our time

LHC data indicate

Higgs sector = SM-like

What is “SM-like Higgs sector”

 compatible with EWBG?

“Alignment without decoupling”

hVV and hff = SM-like

e.g. 2HDM

sin(� � ↵) ' 1

but (H, A, H±) are sub TeV
hhh= NonSM-like

h(125)

H, A, H±

1 TeV

[S.Kanemura, Y.Okada, E.S, 

hep-ph/0411354 (PLB)]

�h�� = O(1) (� = H,A,H±)
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EWBG in our time

LHC data indicate

Higgs sector = SM-like

What is “SM-like Higgs sector”

 compatible with EWBG?

“Alignment without decoupling”

hVV and hff = SM-like

e.g. 2HDM

sin(� � ↵) ' 1

but (H, A, H±) are sub TeV h(125), H

A, H±

1 TeV
❒ A-> ZH
[G.C.Dorsch, S.J.Huber, K.Mimasu, 
J.M.No, 1405.4437(PRL)]

/ sin(� � ↵)
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Figure 1: Contour plot of ∆λhhh/λhhh and ϕC/TC in the 2HDM.
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- Strong 1st-order EWPT leads to specific Higgs spectrum and couplings.
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- Strong 1st-order EWPT leads to specific Higgs spectrum and couplings.

Parameter space of EWBG

- Δλhhh is not large enough to be detected at ILC250. -> probe by GWs
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Sources of GW

(1) Bubble collisions, 

(2)Sound waves,

(3)Turbulence

GWs are induced by the 1st-order EWPT.

Gravitational Waves from 1st-order EWPT

- GWs play a complementary role in probing Higgs sector.

See Ref.[C.Caprini, M.Hindmarsh, S.Huber, T.Konstandin, 

J.Kozaczuk, G.Nardini, J.M.No, A.Petiteau, P.Schwaller, 

G.Servant, 1512.06239(JCAP)]



[K.Hashino, R.Jinno, M.Kakizaki, S.Kanemura, T.Takahashi, M.Takimoto, 1809.04994]
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Figure 17: (Blue) LISA 1� contours for the real Higgs singlet model with the fiducial values
mH = 166.4 GeV and  = 0.96. Narrow and wide contours correspond to fixed and marginalized
µ�S , respectively. The same as Fig. 15. (Green) The region where the condition for a strongly
first-order phase transition is satisfied. (Yellow) ILC 1� sensitivity region with

p
s = 250 GeV and

L = 2 ab�1. (Gray) The region excluded by the direct search for a heavy Higgs [147].
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Figure 15: (Left) GW spectrum from sound waves (blue-dashed) and turbulence (blue-dotted) for
the parameter point in Sec. 5.2 with vw = 0.95. (Right) 1 � contours in the mH– plane for LISA.
The narrow contours correspond to fixed µ�S , while the wide contours correspond to marginalized
µ�S . In drawing both contours, vS and µ0

S are fixed to be the fiducial values.

Figure 16: (Top) GW spectra from sound waves (blue-dashed) and turbulence (blue-dotted) for
the parameter point in Sec. 5.2 with vw = 0.1. (Bottom) 1 � contours in the mH– plane for
DECIGO (left) and BBO (right). Otherwise the same as the right panel of Fig. 15.
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sound waves

turbulence

LISA
DECIGO

BBO

foreground from 

white dwarfs binaries

e.g. SM+S

Gravitational Waves from 1st-order EWPT

For details, see Hashino’s poster

GWs also provide exquisite probes of the Higgs sector!!



Higgs CP nature
CP-violating Higgs-fermion-fermion coupling

Lhff = �fyfp
2

h ¯f(cos CP + i�5 sin CP)f
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Higgs CP nature
CP-violating Higgs-fermion-fermion coupling

|de| < 1.1⇥ 10�29 e cm

[ACME, Nature 562,355(2018)]

CP phase is highly constrained by electric 
dipole moment (EDM) of electron. 

EDM constraint
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EDM constraint
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However, h(125) can still be a CP mixture state.

<- excluded by LHC
1212.6639(CMS), 1307.1432(ATLAS)

h
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Higgs CP nature
CP-violating Higgs-fermion-fermion coupling

|de| < 1.1⇥ 10�29 e cm

[ACME, Nature 562,355(2018)]
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dipole moment (EDM) of electron. 
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CP-violating Higgs-tau-tau coupling:

❒ LHC:

❒ ILC250 w/ 2000fb-1

p
s = 13 TeV

[X.Chen, Y.Wu, PLB790(2019)332]

[D.Jeans, G.W. Wilson, PRD98,013007(2018)]

e.g., general 2HDMs: 

1607.07316(PLB), 1609.09849(PRD), 

 EWBG driven by extra tau Yukawa:

 CP : 270 mrad (15.5�) (300 fb�1)
 CP : 90 mrad (5.2�) (3000 fb�1)

 CP: 75mrad (4.3�)
<latexit sha1_base64="qKPzFRMNyLMw7VEOMFpokcW5n04=">AAACD3icdZDLTgIxGIU7XhFvqEs3jaDBzWQGRNQVkY1LTOSSMCPplAIN7cyk7ZiQCW/gxldx40Jj3Lp159tYYEzE6EmanHzn/9P2eCGjUlnWp7GwuLS8sppaS69vbG5tZ3Z2GzKIBCZ1HLBAtDwkCaM+qSuqGGmFgiDuMdL0htVJ3rwjQtLAv1GjkLgc9X3aoxgpjTqZo5xTk7QTO4LDam2cu4DlEheoC/O5E7N462AqcO443clkbdOaClpmybLPT21tEvIdZUGiWifz4XQDHHHiK8yQlG3bCpUbI6EoZmScdiJJQoSHqE/a2vqIE+nG0/+M4aEmXdgLhD6+glP6cyNGXMoR9/QkR2ogf2cT+FfWjlTvzI2pH0aK+Hh2US9iUAVwUg7sUkGwYiNtEBZUvxXiARIIK13hXAn/m0bBtIumdV3IVi6TOlJgHxyAPLBBGVTAFaiBOsDgHjyCZ/BiPBhPxqvxNhtdMJKdPTAn4/0L/DWZcA==</latexit>

ILC250+HL-LHC⌧ ⇠ 1.0%
<latexit sha1_base64="1rt5ouwhtaZCFZ6gFyfLQuHomks=">AAACCnicdVDLSgMxFM34rPVVdekm2hZcDTMVX7uiG5cV7AM6w3AnTdvQTGZIMkIZunbjr7hxoYhbv8Cdf2P6EKrogQuHc+69yT1hwpnSjvNpLSwuLa+s5tby6xubW9uFnd2GilNJaJ3EPJatEBTlTNC6ZprTViIpRCGnzXBwNfabd1QqFotbPUyoH0FPsC4joI0UFA48ETPRoUKXvAEkCQSehhR7ikXYtR2vXAoKRUMmwI594rgXp64hM+XbKqIZakHhw+vEJI3MTsJBqbbrJNrPQGpGOB3lvVTRBMgAerRtqICIKj+bnDLCZaN0cDeWpoTGE3V+IoNIqWEUms4IdF/99sbiX1471d1zP2MiSTUVZPpQN+VYx3icC+4wSYnmQ0OASGb+ikkfJBBt0svPh/A/aVRs99h2birF6uUsjhzaR4foCLnoDFXRNaqhOiLoHj2iZ/RiPVhP1qv1Nm1dsGYze+gHrPcvfW2Zcg==</latexit>

h(125)→ττ

EWBG is 

possible



Summary
- Higgs precision measurements have huge impacts on probes of 

electroweak baryogenesis.

- h(125)->ττ measurement is the powerful probe of CP violation 
regardless of accidental cancellation of electron EDM.

- Gravitational waves play a complimentary role in investigating nature 
of electroweak phase transition.
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� The right side of Figure 2 illustrates the different approach, in which the probing for 

the origin of the matter-antimatter asymmetry will lead to the next new phenomena 

(where Λ is the new energy scale). As discussed in Chapter 3, it can be determined that 

the origin of matter is either electroweak baryogenesis (Λ=10–1000 TeV) or 

leptogenesis (Λ<10 TeV) with the observation of CP violation (in Higgs or neutrino 

sectors), the precise measurement of the Higgs boson, and measurements of 

gravitational waves in space.  

 If the results from the ILC250 and other experiments are found to be consistent with 

the SM, and no new sources of CP violation are found, it will be determined that the 

energy scale for the physics behind the EWSB mechanism is O(10) times higher than 

the EWSB scale itself. It will be found to be at least O(10) times “unnatural” , and the 

electroweak phase transition (EWPT) will be an as unnatural phenomenon as dark 

energy. The EWPT is related to the vacuum physics, as the same as the inflation and 

dark energy, whose scales are also not naturally explained. This will lead to a 

paradigm shift in our research direction, from the traditional bottom-up approach to 

the top-down approach. 

 

3. Electroweak Symmetry Breaking and the Origin of Matter-Antimatter 
Asymmetry 

� There are two promising scenarios for the origin of matter-antimatter asymmetry; leptogenesis 

and electroweak baryogenesis (EWBG). Figure 3 shows a flowchart for approaching these 

scenarios. EWBG can be probed at the ILC250 in two phases as discussed below.   

 
Figure 3: Origin of matter-antimatter asymmetry. 

1710.08639

ILC (Higgs factory) provides exquisite probes of Electroweak 
Baryogenesis (EWBG).
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Esph �B �= 0
Instanton: quantum tunneling
Sphaleron: thermal fluctuation

- A static saddle point solution w/ finite energy of the gauge-Higgs 
system. [N.S. Manton, PRD28 (’83) 2019]
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,

�µjµ
B�L = 0,

B+L anomaly

# of Left-handed fermions can change!!

�(B + L) = 3�NCS

LHC can see this process? 
still under debate…

B+L violation



what we need is 

Esph is proportional to the Higgs VEV

B-changing rate in the broken phase is

EWPT has to be “strong” 1st order!!

large Higgs VEV after the EWPT
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nleft is generated by scatterings b/w particles and bubbles.

Im

Re

bubble wall
v(x) v(y)

Diffusion eq. for nB:

diffusion const. wall velocity back reaction sph. rate

z̄ < 0: sym-phase, z̄ > 0: br-phase
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EWBG-related CP violation



If you have, e.g., 

you could generate   
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EWBG-related CP violation


