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Branching almost as 
<latexit sha1_base64="PGBNKphI+mQaUaH/vZjy0qNrmiI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlEqsuimy4r2Ac0odxMJ+nQmSTMTJQSCm78FTcuFHHrT7jzb5w+Ftp64F4O59zLzD1BypnSjvNtFVZW19Y3ipulre2d3T17/6ClkkwS2iQJT2QnAEU5i2lTM81pJ5UURMBpOxjeTPz2PZWKJfGdHqXUFxDFLGQEtJF69lEde5JFAw1SJg/Yi0AImPWeXXYqzhR4mbhzUkZzNHr2l9dPSCZorAkHpbquk2o/B6kZ4XRc8jJFUyBDiGjX0BgEVX4+vWGMT43Sx2EiTcUaT9XfGzkIpUYiMJMC9EAtehPxP6+b6fDKz1mcZprGZPZQmHGsEzwJBPeZpETzkSFAJDN/xWQAEog2sZVMCO7iycukdV5xq5Xq7UW5dj2Po4iO0Qk6Qy66RDVURw3URAQ9omf0it6sJ+vFerc+ZqMFa75ziP7A+vwByzWXpQ==</latexit>

H ! �� but
<latexit sha1_base64="qFv6fiS0p1h7WV8b5fGf3rZcFfo=">AAACJHicbVC7TgMxEPTxJrwClDQWERI00R1CgESDoKEEiZCIXIj2HF9iYZ9P9h4oOuVjaPgVGgoeoqDhW3AeBY9MNZrZ1e5MlEph0fc/vYnJqemZ2bn5wsLi0vJKcXXtyurMMF5hWmpTi8ByKRJeQYGS11LDQUWSV6Pb075fvePGCp1cYjflDQXtRMSCATqpWTw6o6ER7Q6CMfqehm1QCuj1Tb4dgsWd3jg3pmEEhsbNYskv+wPQ/yQYkRIZ4bxZfAtbmmWKJ8gkWFsP/BQbORgUTPJeIcwsT4HdQpvXHU1AcdvIByF7dMspLRprd1gnSAfqz40clLVdFblJBdixf72+OM6rZxgfNnKRpBnyhA0PxZmkqGm/MdoShjOUXUeAGeF+pawDBhi6XguuhOBv5P/karcc7Jf3L/ZKxyejOubIBtkk2yQgB+SYnJFzUiGMPJAn8kJevUfv2Xv3PoajE95oZ538gvf1Dd4npFY=</latexit>

H ! �Z
(⇤) ! �ff̄

<latexit sha1_base64="7EvNeE6cs7C7vAeiCOblh9y2vd8=">AAAB/HicbVDLSgMxFL3js9bXaJdugkUQxDIjUt0IRTcuK9gHtGPJpJk2NDMZkowwDPVX3LhQxK0f4s6/MW1noa0HQg7n3EtOjh9zprTjfFtLyyura+uFjeLm1vbOrr2331QikYQ2iOBCtn2sKGcRbWimOW3HkuLQ57Tlj24mfuuRSsVEdK/TmHohHkQsYARrI/XsEgpQ18fSXFeIP5yYc9qzy07FmQItEjcnZchR79lf3b4gSUgjTThWquM6sfYyLDUjnI6L3UTRGJMRHtCOoREOqfKyafgxOjJKHwXCRBCRRlP190aGQ6XS0DeTIdZDNe9NxP+8TqKDSy9jUZxoGpHZQ0HCkRZo0gTqM0mJ5qkhmEhmsiIyxBITbfoqmhLc+S8vkuZZxa1Wqnfn5dp1XkcBDuAQjsGFC6jBLdShAQRSeIZXeLOerBfr3fqYjS5Z+U4J/sD6/AF0ApK6</latexit>

ff̄ = l+l� clean, but Z branching fraction only ~ 7 %

large missing ET, hard to reconstruct

large, complex QCD background
<latexit sha1_base64="pm5WiJORDFtLfCRMZ23HVs5ffGc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC20oUy2m3bpZpPuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUUdaksYhVO0DNBJesabgRrJ0ohlEg2GMwup35j09MaR7LBzNJmB/hQPKQUzRWao9JN0BFxr1yxa26c5BV4uWkAjkavfJXtx/TNGLSUIFadzw3MX6GynAq2LTUTTVLkI5wwDqWSoyY9rP5vVNyZpU+CWNlSxoyV39PZBhpPYkC2xmhGeplbyb+53VSE177GZdJapiki0VhKoiJyex50ueKUSMmliBV3N5K6BAVUmMjKtkQvOWXV0nrourVqrX7y0r9Jo+jCCdwCufgwRXU4Q4a0AQKAp7hFd6csfPivDsfi9aCk88cwx84nz9XOo+I</latexit>

qq̄

<latexit sha1_base64="EOs0DZR5CIb3WNJgkBufhOKrLhg=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozItVl0Y3LCvYCnaFk0kwbmsmEXIQy9DXcuFDErS/jzrcxbWeh1R8CH/85h3Pyx5IzbXz/yyutrW9sbpW3Kzu7e/sH1cOjjs6sIrRNMp6pXow15UzQtmGG055UFKcxp914cjuvdx+p0iwTD2YqaZTikWAJI9g4KwyFRWGMFXIwqNb8ur8Q+gtBATUo1BpUP8NhRmxKhSEca90PfGmiHCvDCKezSmg1lZhM8Ij2HQqcUh3li5tn6Mw5Q5Rkyj1h0ML9OZHjVOtpGrvOFJuxXq3Nzf9qfWuS6yhnQlpDBVkuSixHJkPzANCQKUoMnzrARDF3KyJjrDAxLqaKCyFY/fJf6FzUg0a9cX9Za94UcZThBE7hHAK4gibcQQvaQEDCE7zAq2e9Z+/Ne1+2lrxi5hh+yfv4Bmm5kUw=</latexit>

⌫⌫̄

Cahn et al (1979); Bergstrom & Hulth (1985); Spira et al (1992); 
Kachanovich et al (2020);…
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<latexit sha1_base64="RLoHH0n9deKPuVb5jAUnVlHWNhw="></latexit>

µ = �H!Z� |obs/�H!Z� |SM



I’ll come to that… 
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Standard Model considerations

Conclusions : small effect ☛  stat. fluctuation or new physics 

Conclusions: 

NLO electroweak corrections are significant 
~ few % ☛ increased theory prediction, 

LO value (1.40 – 1.71) × 10-3 to NLO (1.55 ± 0.06) × 10-3
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BSM considerations (sample)

Conclusions: challenge is to preserve                   …

New fermion singlets or doublets, charged scalars with off-
diagonal couplings ☛ need large effect; scale must be 
accessible to the LHC; good for FCC.

<latexit sha1_base64="PGBNKphI+mQaUaH/vZjy0qNrmiI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlEqsuimy4r2Ac0odxMJ+nQmSTMTJQSCm78FTcuFHHrT7jzb5w+Ftp64F4O59zLzD1BypnSjvNtFVZW19Y3ipulre2d3T17/6ClkkwS2iQJT2QnAEU5i2lTM81pJ5UURMBpOxjeTPz2PZWKJfGdHqXUFxDFLGQEtJF69lEde5JFAw1SJg/Yi0AImPWeXXYqzhR4mbhzUkZzNHr2l9dPSCZorAkHpbquk2o/B6kZ4XRc8jJFUyBDiGjX0BgEVX4+vWGMT43Sx2EiTcUaT9XfGzkIpUYiMJMC9EAtehPxP6+b6fDKz1mcZprGZPZQmHGsEzwJBPeZpETzkSFAJDN/xWQAEog2sZVMCO7iycukdV5xq5Xq7UW5dj2Po4iO0Qk6Qy66RDVURw3URAQ9omf0it6sJ+vFerc+ZqMFa75ziP7A+vwByzWXpQ==</latexit>

H ! ��

Conclusions: the challenge is to preserve                     …  

A light ALP, m ~ 0.05–0.1 GeV, produced on-shell and 
decaying into a pair of highly collimated photons would 

do.  ☛ 2 for the price of 1; good for FCC

<latexit sha1_base64="PGBNKphI+mQaUaH/vZjy0qNrmiI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlEqsuimy4r2Ac0odxMJ+nQmSTMTJQSCm78FTcuFHHrT7jzb5w+Ftp64F4O59zLzD1BypnSjvNtFVZW19Y3ipulre2d3T17/6ClkkwS2iQJT2QnAEU5i2lTM81pJ5UURMBpOxjeTPz2PZWKJfGdHqXUFxDFLGQEtJF69lEde5JFAw1SJg/Yi0AImPWeXXYqzhR4mbhzUkZzNHr2l9dPSCZorAkHpbquk2o/B6kZ4XRc8jJFUyBDiGjX0BgEVX4+vWGMT43Sx2EiTcUaT9XfGzkIpUYiMJMC9EAtehPxP6+b6fDKz1mcZprGZPZQmHGsEzwJBPeZpETzkSFAJDN/xWQAEog2sZVMCO7iycukdV5xq5Xq7UW5dj2Po4iO0Qk6Qy66RDVURw3URAQ9omf0it6sJ+vFerc+ZqMFa75ziP7A+vwByzWXpQ==</latexit>

H ! ��
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And that’s basically it…



*

8

              (SM)
<latexit sha1_base64="RV/Oti+D+35qp9HWO1PQtbkW+eE=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCIJZEpHoseumxgv2AJpbJdtMu3U3C7kYppScv/hUvHhTx6m/w5r9xW3PQ1gcDj/dmmJkXJJwp7ThfVm5hcWl5Jb9aWFvf2Nyyt3caKk4loXUS81i2AlCUs4jWNdOcthJJQQScNoPB1cRv3lGpWBzd6GFCfQG9iIWMgDZSx96vYk+yXl+DlPE95rfHpk6w1wMhAHfsolNypsDzxM1IEWWodexPrxuTVNBIEw5KtV0n0f4IpGaE03HBSxVNgAygR9uGRiCo8kfTN8b40ChdHMbSVKTxVP09MQKh1FAEplOA7qtZbyL+57VTHV74IxYlqaYR+VkUphzrGE8ywV0mKdF8aAgQycytmPRBAtEmuYIJwZ19eZ40TktuuVS+PitWLrM48mgPHaAj5KJzVEFVVEN1RNADekIv6NV6tJ6tN+v9pzVnZTO76A+sj28z15ew</latexit>

H ! l
+
l
�
�

resonant non-resonant

signal background



              (SM)
<latexit sha1_base64="RV/Oti+D+35qp9HWO1PQtbkW+eE=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCIJZEpHoseumxgv2AJpbJdtMu3U3C7kYppScv/hUvHhTx6m/w5r9xW3PQ1gcDj/dmmJkXJJwp7ThfVm5hcWl5Jb9aWFvf2Nyyt3caKk4loXUS81i2AlCUs4jWNdOcthJJQQScNoPB1cRv3lGpWBzd6GFCfQG9iIWMgDZSx96vYk+yXl+DlPE95rfHpk6w1wMhAHfsolNypsDzxM1IEWWodexPrxuTVNBIEw5KtV0n0f4IpGaE03HBSxVNgAygR9uGRiCo8kfTN8b40ChdHMbSVKTxVP09MQKh1FAEplOA7qtZbyL+57VTHV74IxYlqaYR+VkUphzrGE8ywV0mKdF8aAgQycytmPRBAtEmuYIJwZ19eZ40TktuuVS+PitWLrM48mgPHaAj5KJzVEFVVEN1RNADekIv6NV6tJ6tN+v9pzVnZTO76A+sj28z15ew</latexit>

H ! l
+
l
�
�

9

Theory !

No cuts

Kachanovich, Kimus, Lowette, MT (2025)



Breit-Wigner

Z on-shell

(gauge independent)
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Bremsstrahlung

from muons

<latexit sha1_base64="kRiSPo28+KNz73hJRKbeaMi6iL8=">AAACCXicdZC7SgNBFIZnvcZ4i1raDAbBKuwGiUkXtEkZwVwgG8PZySQZMrO7zJxVQkhr46vYWChi6xvY+TZOLoKKHhj4+P9zOHP+IJbCoOt+OEvLK6tr66mN9ObW9s5uZm+/bqJEM15jkYx0MwDDpQh5DQVK3ow1BxVI3giGF1O/ccO1EVF4haOYtxX0Q9ETDNBKnQytUF+L/gBB6+iW+n1QCq59MLjgTibr5lxbhQKdgld0PQulUjGfL1FvZrluliyq2sm8+92IJYqHyCQY0/LcGNtj0CiY5JO0nxgeAxtCn7cshqC4aY9nl0zosVW6tBdp+0KkM/X7xBiUMSMV2E4FODC/van4l9dKsFdsj0UYJ8hDNl/USyTFiE5joV2hOUM5sgBMC/tXygaggaENL21D+LqU/g/1fM4r5AqXp9ny+SKOFDkkR+SEeOSMlEmFVEmNMHJHHsgTeXbunUfnxXmdty45i5kD8qOct099gJpA</latexit>

H ! �
⇤
�

              (SM)
<latexit sha1_base64="RV/Oti+D+35qp9HWO1PQtbkW+eE=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCIJZEpHoseumxgv2AJpbJdtMu3U3C7kYppScv/hUvHhTx6m/w5r9xW3PQ1gcDj/dmmJkXJJwp7ThfVm5hcWl5Jb9aWFvf2Nyyt3caKk4loXUS81i2AlCUs4jWNdOcthJJQQScNoPB1cRv3lGpWBzd6GFCfQG9iIWMgDZSx96vYk+yXl+DlPE95rfHpk6w1wMhAHfsolNypsDzxM1IEWWodexPrxuTVNBIEw5KtV0n0f4IpGaE03HBSxVNgAygR9uGRiCo8kfTN8b40ChdHMbSVKTxVP09MQKh1FAEplOA7qtZbyL+57VTHV74IxYlqaYR+VkUphzrGE8ywV0mKdF8aAgQycytmPRBAtEmuYIJwZ19eZ40TktuuVS+PitWLrM48mgPHaAj5KJzVEFVVEN1RNADekIv6NV6tJ6tN+v9pzVnZTO76A+sj28z15ew</latexit>

H ! l
+
l
�
�



Breit-Wigner

part rescaled 

to reproduce


<latexit sha1_base64="RLoHH0n9deKPuVb5jAUnVlHWNhw="></latexit>

µ = �H!Z� |obs/�H!Z� |SM11

<latexit sha1_base64="l2KQ3JjfbYJn13QZiGRY0DVfzmM=">AAAB8XicdVBNSwMxEM3Wr1q/qh69BIvgqWQXWdtb0YvHCrYWu0vJptk2NMkuSVYoS/+FFw+KePXfePPfmG0rqOiDgcd7M8zMi1LOtEHowymtrK6tb5Q3K1vbO7t71f2Drk4yRWiHJDxRvQhrypmkHcMMp71UUSwiTm+jyWXh395TpVkib8w0paHAI8liRrCx0l0gMhhoJqA3qNZQHVn4PiyI20CuJc1mw/Oa0J1bCNXAEu1B9T0YJiQTVBrCsdZ9F6UmzLEyjHA6qwSZpikmEzyifUslFlSH+fziGTyxyhDGibIlDZyr3ydyLLSeish2CmzG+rdXiH95/czEjTBnMs0MlWSxKM44NAks3odDpigxfGoJJorZWyEZY4WJsSFVbAhfn8L/Sderu37dvz6rtS6WcZTBETgGp8AF56AFrkAbdAABEjyAJ/DsaOfReXFeF60lZzlzCH7AefsE9Q6Qew==</latexit>

µ ⇠ 2

Modified                     ?
<latexit sha1_base64="y+zUkRHlNVwTKCn44M2GVRN/p/Q=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoiUj0WvfRYwX5gE8pku0mX7iZhd6OU2oN/xYsHRbz6N7z5b9y2OWjrg4HHezPMzAtSzpR2nG9raXlldW29sFHc3Nre2bX39psqySShDZLwRLYDUJSzmDY005y2U0lBBJy2gsH1xG/dU6lYEt/qYUp9AVHMQkZAG6lrH9awJ1nU1yBl8oDvsBeBENC1S07ZmQIvEjcnJZSj3rW/vF5CMkFjTTgo1XGdVPsjkJoRTsdFL1M0BTKAiHYMjUFQ5Y+m94/xiVF6OEykqVjjqfp7YgRCqaEITKcA3Vfz3kT8z+tkOrz0RyxOM01jMlsUZhzrBE/CwD0mKdF8aAgQycytmPRBAtEmsqIJwZ1/eZE0z8pupVy5OS9Vr/I4CugIHaNT5KILVEU1VEcNRNAjekav6M16sl6sd+tj1rpk5TMH6A+szx8xqpWY</latexit>

H ! Z�



CMS cuts (similar for ATLAS) : 
<latexit sha1_base64="iZMIXibV3zAHpuCSCNIHwxUl4Uw=">AAACJnicbVDLSgMxFM34rPVVdekmWAQXUmbEVjdC0YUuK9gHdErJpLc1mMyMyR2xDP0aN/6KGxcVEXd+iuljodYDFw7nnEtyTxBLYdB1P525+YXFpeXMSnZ1bX1jM7e1XTNRojlUeSQj3QiYASlCqKJACY1YA1OBhHpwdzHy6w+gjYjCG+zH0FKsF4qu4Ayt1M6dFV3qH1If4RHTS6gNqC/hnqp26mtFfZByNIOxSL2j4u9wO5d3C+4YdJZ4U5InU1TauaHfiXiiIEQumTFNz42xlTKNgksYZP3EQMz4HetB09KQKTCtdHzmgO5bpUO7kbYTIh2rPzdSpozpq8AmFcNb89cbif95zQS7p61UhHGCEPLJQ91EUozoqDPaERo4yr4ljGth/0r5LdOMo202a0vw/p48S2pHBa9UKF0f58vn0zoyZJfskQPikRNSJlekQqqEkyfyQobkzXl2Xp1352MSnXOmOzvkF5yvb1h7o+g=</latexit>

50GeV  m``  125GeV
<latexit sha1_base64="9MB2QK0f2jt3CDX/6YfoDWpyEgc=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEInsKMSCJ4CYroMYJZIBNCT6eSNOlZ7K4Rw5iDv+LFgyJe/Q1v/o2d5aCJDwoe71VRVc+LpNBo299WamFxaXklvZpZW9/Y3Mpu71R1GCsOFR7KUNU9pkGKACooUEI9UsB8T0LN61+M/No9KC3C4BYHETR91g1ER3CGRmpl9y5bDnW7cEeL7pmL8IDJFVSHrWzOzttj0HniTEmOTFFuZb/cdshjHwLkkmndcOwImwlTKLiEYcaNNUSM91kXGoYGzAfdTMb3D+mhUdq0EypTAdKx+nsiYb7WA98znT7Dnp71RuJ/XiPGzmkzEUEUIwR8sqgTS4ohHYVB20IBRzkwhHElzK2U95hiHE1kGROCM/vyPKke551CvnBzkiudT+NIk31yQI6IQ4qkRK5JmVQIJ4/kmbySN+vJerHerY9Ja8qazuySP7A+fwB/NZUp</latexit>

E1 � 7 GeV
<latexit sha1_base64="cb2/kDaSKAZSX9I75no+nrI4yjY=">AAACB3icbVDLSgNBEJz1bXytehRkMAiewq5oFLyIInqMYKKQXcLspBOHzOyuM71iWHLz4q948aCIV3/Bm3/j5HHwVdBQVHXT3RWlUhj0vE9nbHxicmp6ZrYwN7+wuOQur9RMkmkOVZ7IRF9FzIAUMVRRoISrVANTkYTLqHPc9y9vQRuRxBfYTSFUrB2LluAMrdRw108aQZspxWjQhhvq79LggAYId5ifQq3XcIteyRuA/iX+iBTJCJWG+xE0E54piJFLZkzd91IMc6ZRcAm9QpAZSBnvsDbULY2ZAhPmgz96dNMqTdpKtK0Y6UD9PpEzZUxXRbZTMbw2v72++J9Xz7C1H+YiTjOEmA8XtTJJMaH9UGhTaOAou5YwroW9lfJrphlHG13BhuD/fvkvqW2X/HKpfL5TPDwaxTFD1sgG2SI+2SOH5IxUSJVwck8eyTN5cR6cJ+fVeRu2jjmjmVXyA877F+bAmBY=</latexit>

E� � 15 GeV
<latexit sha1_base64="9/OIvOLcAzmyQb1doJu82lFWDQs=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwFGaCRsFLUESPEcwCmRB6OpWkSc9id40YhuDFX/HiQRGvfoU3/8bOctDEBwWP96qoqudFUmi07W9rbn5hcWk5tZJeXVvf2MxsbVd0GCsOZR7KUNU8pkGKAMooUEItUsB8T0LV610M/eo9KC3C4Bb7ETR81glEW3CGRmpmdi+beep24I7mj6l7Rl2EB0yuoDJoZrJ2zh6BzhJnQrJkglIz8+W2Qh77ECCXTOu6Y0fYSJhCwSUM0m6sIWK8xzpQNzRgPuhGMnphQA+M0qLtUJkKkI7U3xMJ87Xu+57p9Bl29bQ3FP/z6jG2TxuJCKIYIeDjRe1YUgzpMA/aEgo4yr4hjCthbqW8yxTjaFJLmxCc6ZdnSSWfcwq5ws1Rtng+iSNF9sg+OSQOOSFFck1KpEw4eSTP5JW8WU/Wi/VufYxb56zJzA75A+vzB6jslbg=</latexit>

E2 � 25 GeV
12

Modified                     ?
<latexit sha1_base64="y+zUkRHlNVwTKCn44M2GVRN/p/Q=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoiUj0WvfRYwX5gE8pku0mX7iZhd6OU2oN/xYsHRbz6N7z5b9y2OWjrg4HHezPMzAtSzpR2nG9raXlldW29sFHc3Nre2bX39psqySShDZLwRLYDUJSzmDY005y2U0lBBJy2gsH1xG/dU6lYEt/qYUp9AVHMQkZAG6lrH9awJ1nU1yBl8oDvsBeBENC1S07ZmQIvEjcnJZSj3rW/vF5CMkFjTTgo1XGdVPsjkJoRTsdFL1M0BTKAiHYMjUFQ5Y+m94/xiVF6OEykqVjjqfp7YgRCqaEITKcA3Vfz3kT8z+tkOrz0RyxOM01jMlsUZhzrBE/CwD0mKdF8aAgQycytmPRBAtEmsqIJwZ1/eZE0z8pupVy5OS9Vr/I4CugIHaNT5KILVEU1VEcNRNAjekav6M16sl6sd+tj1rpk5TMH6A+szx8xqpWY</latexit>

H ! Z�
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Changing cuts ? 



<latexit sha1_base64="9MB2QK0f2jt3CDX/6YfoDWpyEgc=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEInsKMSCJ4CYroMYJZIBNCT6eSNOlZ7K4Rw5iDv+LFgyJe/Q1v/o2d5aCJDwoe71VRVc+LpNBo299WamFxaXklvZpZW9/Y3Mpu71R1GCsOFR7KUNU9pkGKACooUEI9UsB8T0LN61+M/No9KC3C4BYHETR91g1ER3CGRmpl9y5bDnW7cEeL7pmL8IDJFVSHrWzOzttj0HniTEmOTFFuZb/cdshjHwLkkmndcOwImwlTKLiEYcaNNUSM91kXGoYGzAfdTMb3D+mhUdq0EypTAdKx+nsiYb7WA98znT7Dnp71RuJ/XiPGzmkzEUEUIwR8sqgTS4ohHYVB20IBRzkwhHElzK2U95hiHE1kGROCM/vyPKke551CvnBzkiudT+NIk31yQI6IQ4qkRK5JmVQIJ4/kmbySN+vJerHerY9Ja8qazuySP7A+fwB/NZUp</latexit>

E1 � 7 GeV
<latexit sha1_base64="cb2/kDaSKAZSX9I75no+nrI4yjY=">AAACB3icbVDLSgNBEJz1bXytehRkMAiewq5oFLyIInqMYKKQXcLspBOHzOyuM71iWHLz4q948aCIV3/Bm3/j5HHwVdBQVHXT3RWlUhj0vE9nbHxicmp6ZrYwN7+wuOQur9RMkmkOVZ7IRF9FzIAUMVRRoISrVANTkYTLqHPc9y9vQRuRxBfYTSFUrB2LluAMrdRw108aQZspxWjQhhvq79LggAYId5ifQq3XcIteyRuA/iX+iBTJCJWG+xE0E54piJFLZkzd91IMc6ZRcAm9QpAZSBnvsDbULY2ZAhPmgz96dNMqTdpKtK0Y6UD9PpEzZUxXRbZTMbw2v72++J9Xz7C1H+YiTjOEmA8XtTJJMaH9UGhTaOAou5YwroW9lfJrphlHG13BhuD/fvkvqW2X/HKpfL5TPDwaxTFD1sgG2SI+2SOH5IxUSJVwck8eyTN5cR6cJ+fVeRu2jjmjmVXyA877F+bAmBY=</latexit>

E� � 15 GeV
<latexit sha1_base64="9/OIvOLcAzmyQb1doJu82lFWDQs=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwFGaCRsFLUESPEcwCmRB6OpWkSc9id40YhuDFX/HiQRGvfoU3/8bOctDEBwWP96qoqudFUmi07W9rbn5hcWk5tZJeXVvf2MxsbVd0GCsOZR7KUNU8pkGKAMooUEItUsB8T0LV610M/eo9KC3C4Bb7ETR81glEW3CGRmpmdi+beep24I7mj6l7Rl2EB0yuoDJoZrJ2zh6BzhJnQrJkglIz8+W2Qh77ECCXTOu6Y0fYSJhCwSUM0m6sIWK8xzpQNzRgPuhGMnphQA+M0qLtUJkKkI7U3xMJ87Xu+57p9Bl29bQ3FP/z6jG2TxuJCKIYIeDjRe1YUgzpMA/aEgo4yr4hjCthbqW8yxTjaFJLmxCc6ZdnSSWfcwq5ws1Rtng+iSNF9sg+OSQOOSFFck1KpEw4eSTP5JW8WU/Wi/VufYxb56zJzA75A+vzB6jslbg=</latexit>

E2 � 25 GeVCMS : 

14

<latexit sha1_base64="JQU56gqVCHFCjfXKAX/6IzQ1Q2Y="></latexit>

# Cuts mmin
`` [GeV] mmax

`` [GeV] µresc

3 CMS 40 125 2.1

4 CMS 50 125 2.1

5 CMS 70 125 2.1
6 CMS 70 100 2.1
7 CMS 80 100 2.1

Changing cuts ? 



Non-resonant (off the Z peak) new physics?

<latexit sha1_base64="EBCEkS7/k26Knin+ngqth/Ine9A=">AAACCXicbZA9TwJBEIb38AvxC7W02UhMrMidMWhJtKHERD4SDsncssCG3bvL7pyGEFob/4qNhcbY+g/s/DcucIWCb7LJk3dmMjtvEEth0HW/nczK6tr6RnYzt7W9s7uX3z+omyjRjNdYJCPdDMBwKUJeQ4GSN2PNQQWSN4Lh9bTeuOfaiCi8xVHM2wr6oegJBmitTp5WqK9Ff4CgdfRA/T4oBXc+GEy5ky+4RXcmugxeCgWSqtrJf/ndiCWKh8gkGNPy3BjbY9AomOSTnJ8YHgMbQp+3LIaguGmPZ5dM6Il1urQXaftCpDP398QYlDEjFdhOBTgwi7Wp+V+tlWDvsj0WYZwgD9l8US+RFCM6jYV2heYM5cgCMC3sXykbgAaGNrycDcFbPHkZ6mdFr1Qs3ZwXyldpHFlyRI7JKfHIBSmTCqmSGmHkkTyTV/LmPDkvzrvzMW/NOOnMIfkj5/MHJjuaAw==</latexit>

H ! �
⇤
�

same problem as modifying

hard gamma ~ small mll

<latexit sha1_base64="y+zUkRHlNVwTKCn44M2GVRN/p/Q=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkoiUj0WvfRYwX5gE8pku0mX7iZhd6OU2oN/xYsHRbz6N7z5b9y2OWjrg4HHezPMzAtSzpR2nG9raXlldW29sFHc3Nre2bX39psqySShDZLwRLYDUJSzmDY005y2U0lBBJy2gsH1xG/dU6lYEt/qYUp9AVHMQkZAG6lrH9awJ1nU1yBl8oDvsBeBENC1S07ZmQIvEjcnJZSj3rW/vF5CMkFjTTgo1XGdVPsjkJoRTsdFL1M0BTKAiHYMjUFQ5Y+m94/xiVF6OEykqVjjqfp7YgRCqaEITKcA3Vfz3kT8z+tkOrz0RyxOM01jMlsUZhzrBE/CwD0mKdF8aAgQycytmPRBAtEmsqIJwZ1/eZE0z8pupVy5OS9Vr/I4CugIHaNT5KILVEU1VEcNRNAjekav6M16sl6sd+tj1rpk5TMH6A+szx8xqpWY</latexit>

H ! Z�

soft gammas ~ large mll

<latexit sha1_base64="GmpKS1On1ropS3JkA/+7t3xfu2w=">AAACCnicbVA9SwNBEN2LXzF+nVrarAZBEMOdSBQsDNqkjGA+IBfD3GaTLNm9O3b3lHCktvGv2FgoYusvsPPfuEmu0OiDgcd7M8zM8yPOlHacLyszN7+wuJRdzq2srq1v2JtbNRXGktAqCXkoGz4oyllAq5ppThuRpCB8Tuv+4Grs1++oVCwMbvQwoi0BvYB1GQFtpLa9W8aeZL2+BinDe8xvD00dYa8HQoB3jvFF2847BWcC/Je4KcmjFJW2/el1QhILGmjCQamm60S6lYDUjHA6ynmxohGQAfRo09AABFWtZPLKCO8bpYO7oTQVaDxRf04kIJQaCt90CtB9NeuNxf+8Zqy7Z62EBVGsaUCmi7oxxzrE41xwh0lKNB8aAkQycysmfZBAtEkvZ0JwZ1/+S2rHBbdYKF6f5EuXaRxZtIP20AFy0SkqoTKqoCoi6AE9oRf0aj1az9ab9T5tzVjpzDb6BevjG2cmmM4=</latexit>

H ! l
+
l
�
� ?

~    box diagrams
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• Direct contribution to 

• Bremsstrahlung (muons) ?

•  



Non-resonant ?Resonant ?

16

Resonant or non-resonant (off the Z peak) new physics?



Cow ?  Cat ? 

17

Non-resonant ?Resonant ?

Resonant or non-resonant (off the Z peak) new physics?



A toy model, with dark matter ? 

<latexit sha1_base64="DHLc7YfmejBLyM3Cd+byAbOeeEY="></latexit>

S F SM
Z2 - - +
Q 0 1 QSM

<latexit sha1_base64="xjlVPMke3bjQo0/UwWTqOz2b8ec=">AAAB/nicbZBNSwMxEIZn/az1qyqevASL4KnsilQvQtGLx4r2A7qlZNNpG5rNLklWKEvBv+LFgyJe/R3e/Dem7R609YXAwzszzOQNYsG1cd1vZ2l5ZXVtPbeR39za3tkt7O3XdZQohjUWiUg1A6pRcIk1w43AZqyQhoHARjC8mdQbj6g0j+SDGcXYDmlf8h5n1FirUzj0BZV9geSe+GpGV8TtFIpuyZ2KLIKXQREyVTuFL78bsSREaZigWrc8NzbtlCrDmcBx3k80xpQNaR9bFiUNUbfT6fljcmKdLulFyj5pyNT9PZHSUOtRGNjOkJqBnq9NzP9qrcT0Ltspl3FiULLZol4iiInIJAvS5QqZESMLlClubyVsQBVlxiaWtyF4819ehPpZySuXynfnxcp1FkcOjuAYTsGDC6jALVShBgxSeIZXeHOenBfn3fmYtS452cwB/JHz+QNNQpRs</latexit>

hSi = 0
no S-h or F-l mixing

mS < mF,  S stable

(no contribution to             or                at 1-loop) 
<latexit sha1_base64="rDyusflHB+FCmwr2sFbbBst7Exk=">AAAB9XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewagx6JXjhiIh8JrGS2dKGh3d20XQ0h/A8vHjTGq//Fm//GAntQ8CUzeXlvJp2+IBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3c781iNTmsfRvRknzJc4iHjIKRorPdS6A5QSF530iiW37M5BVomXkRJkqPeKX91+TFPJIkMFat3x3MT4E1SGU8GmhW6qWYJ0hAPWsTRCybQ/mV89JWdW6ZMwVrYiQ+bq740JSq3HMrCTEs1QL3sz8T+vk5rw2p/wKEkNi+jioTAVxMRkFgHpc8WoEWNLkCpubyV0iAqpsUEVbAje8pdXSfOi7FXKlbvLUvUmiyMPJ3AK5+DBFVShBnVoAAUFz/AKb86T8+K8Ox+L0ZyT7RzDHzifPwSNkjc=</latexit>

H��
<latexit sha1_base64="UnvF/MbTAdD9sPgHYzNuv9Bf/pk=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxwxkYfChvQOszBhZnczM2tCCF/hxYPGePVzvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3c781hNTmsfRvRknzJc4iHjIKRorPdS6A5QSyWOvWHLL7hxklXgZKUGGeq/41e3HNJUsMlSg1h3PTYw/QWU4FWxa6KaaJUhHOGAdSyOUTPuT+cFTcmaVPgljZSsyZK7+npig1HosA9sp0Qz1sjcT//M6qQmv/QmPktSwiC4WhakgJiaz70mfK0aNGFuCVHF7K6FDVEiNzahgQ/CWX14lzYuyVylX7i5L1ZssjjycwCmcgwdXUIUa1KEBFCQ8wyu8Ocp5cd6dj0VrzslmjuEPnM8fJpGQAA==</latexit>

H�Z
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DIGRESSION

An instance of t-channel dark matter  

<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S

<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S

<latexit sha1_base64="+qqeNhg7gs2baKY/L31S1IZaCLI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqhP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBzoOM9Q==</latexit>

f

<latexit sha1_base64="+QAdW++siQ6EfVqqKDUdsdeSyxQ=">AAAB7XicbVC7TgJBFL2LL8QXamkzkZhYkV1j0JJoY4mJPBLYkNlhFkbmsZmZNSEb/sHGQmNs/R87/8YBtlDwVCfn3Jt77okSzoz1/W+vsLa+sblV3C7t7O7tH5QPj1pGpZrQJlFc6U6EDeVM0qZlltNOoikWEaftaHw789tPVBum5IOdJDQUeChZzAi2Tmr1IqxR3C9X/Ko/B1olQU4qkKPRL3/1BoqkgkpLODamG/iJDTOsLSOcTku91NAEkzEe0q6jEgtqwmyedorOnDJAsXKHlbRorv7eyLAwZiIiNymwHZllbyb+53VTG1+HGZNJaqkki0NxypFVaPY6GjBNieUTRzDRzGVFZIQ1JtYVVHIlBMsvr5LWRTWoVWv3l5X6TV5HEU7gFM4hgCuowx00oAkEHuEZXuHNU96L9+59LEYLXr5zDH/gff4AHQaO2A==</latexit>

f̄

<latexit sha1_base64="OyMcX2wSn0IQJsOdIFLeLbgUhYA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BQTwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqVcqV+WqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZ4DjNU=</latexit>

F

<latexit sha1_base64="TjVA8u7HmTbDohn5HpKhaTdtzcg=">AAACD3icbVA7T8MwGHR4lvIKMLJYVCCmKqmqwljBwoJUBH1ITRo5rtNatZPIdipFUf8BC3+FhQGEWFnZ+De4bQZoOcny6e472d/5MaNSWda3sbK6tr6xWdgqbu/s7u2bB4ctGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafuj66nfHhMhaRQ+qDQmLkeDkAYUI6UlzzxzJB1wBMdQEw5TL+hVYcb1VXEiHYS33n2vOvHMklW2ZoDLxM5JCeRoeOaX049wwkmoMENSdm0rVm6GhKKYkUnRSSSJER6hAelqGiJOpJvN9pnAU630YRAJfUIFZ+rvRIa4lCn39SRHaigXvan4n9dNVHDpZjSME0VCPH8oSBhUEZyWA/tUEKxYqgnCguq/QjxEAmGlKyzqEuzFlZdJq1K2a+XaXbVUv8rrKIBjcALOgQ0uQB3cgAZoAgwewTN4BW/Gk/FivBsf89EVI88cgT8wPn8AQgmbjQ==</latexit>

�v ⇠ y4f
m2

f

M4
S

helicity suppressed

<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S

<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S

<latexit sha1_base64="+qqeNhg7gs2baKY/L31S1IZaCLI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqhP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBzoOM9Q==</latexit>

f

<latexit sha1_base64="+QAdW++siQ6EfVqqKDUdsdeSyxQ=">AAAB7XicbVC7TgJBFL2LL8QXamkzkZhYkV1j0JJoY4mJPBLYkNlhFkbmsZmZNSEb/sHGQmNs/R87/8YBtlDwVCfn3Jt77okSzoz1/W+vsLa+sblV3C7t7O7tH5QPj1pGpZrQJlFc6U6EDeVM0qZlltNOoikWEaftaHw789tPVBum5IOdJDQUeChZzAi2Tmr1IqxR3C9X/Ko/B1olQU4qkKPRL3/1BoqkgkpLODamG/iJDTOsLSOcTku91NAEkzEe0q6jEgtqwmyedorOnDJAsXKHlbRorv7eyLAwZiIiNymwHZllbyb+53VTG1+HGZNJaqkki0NxypFVaPY6GjBNieUTRzDRzGVFZIQ1JtYVVHIlBMsvr5LWRTWoVWv3l5X6TV5HEU7gFM4hgCuowx00oAkEHuEZXuHNU96L9+59LEYLXr5zDH/gff4AHQaO2A==</latexit>

f̄

<latexit sha1_base64="OyMcX2wSn0IQJsOdIFLeLbgUhYA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BQTwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqVcqV+WqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZ4DjNU=</latexit>

F
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�

<latexit sha1_base64="R2L6DvzvBPBqit9wnyBkUtp5Wks=">AAACEHicbVC7SgNBFJ31GeMramkzGESrsBtCtAza2AgRzQOyyXJ3MpsMmdldZmYDYckn2PgrNhaK2Fra+TdOHoUmHhg4nHMPd+7xY86Utu1va2V1bX1jM7OV3d7Z3dvPHRzWVZRIQmsk4pFs+qAoZyGtaaY5bcaSgvA5bfiD64nfGFKpWBQ+6FFM2wJ6IQsYAW0kL3fmKtYTgIfYEIFHXtAp4dQFHvfBjUwS33r3neLYy+Xtgj0FXibOnOTRHFUv9+V2I5IIGmrCQamWY8e6nYLUjHA6zrqJojGQAfRoy9AQBFXtdHrQGJ8apYuDSJoXajxVfydSEEqNhG8mBei+WvQm4n9eK9HBZTtlYZxoGpLZoiDhWEd40g7uMkmJ5iNDgEhm/opJHyQQbTrMmhKcxZOXSb1YcMqF8l0pX7ma15FBx+gEnSMHXaAKukFVVEMEPaJn9IrerCfrxXq3PmajK9Y8c4T+wPr8AWePnDU=</latexit>

�v ⇠ y4f
↵

M2
S

virtual internal bremsstrahlung

Giachino, Lopez Honorez, MT; Toma (2013)19



Gamma-ray spectrum features a peak

Barger, Gao, Keung, Marfatia (2009)
Giachino, Lopez Honorez, MT; Toma (2013)

~ effective operator

<latexit sha1_base64="LIQVzZXRqy+/8x6U1q7oGMgyQHg=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFcxSTWtC6EoiAuK9oHtCFMptN26EwSZiZiKf0VNy4UceuPuPNvnLQVVPTAwOGcc7l3TpgwKpVtfxgLi0vLK6u5tfz6xubWtrlTaMg4FZjUccxi0QqRJIxGpK6oYqSVCIJ4yEgzHF5kfvOOCEnj6FaNEuJz1I9oj2KktBSYBQHPIA8uj3hwo5ljOTAwi7ZVcU8rtgttq+SeeF5GbM91jss6YU9RBHPUAvO9041xykmkMENSth07Uf4YCUUxI5N8J5UkQXiI+qStaYQ4kf54evsEHmilC3ux0C9ScKp+nxgjLuWIhzrJkRrI314m/uW1U9Wr+GMaJakiEZ4t6qUMqhhmRcAuFQQrNtIEYUH1rRAPkEBY6bryuoSvn8L/ScO1HM/yrkvF6vm8jhzYA/vgEDigDKrgCtRAHWBwDx7AE3g2Jsaj8WK8zqILxnxmF/yA8fYJgRmSLw==</latexit>

r = mF /mS = 1.1

<latexit sha1_base64="ZRbhlp2JMQnvDVn5ylgzanLsues=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4Cj3RxOQW9OIxglkgCaGn05M06ekZumuUGIK/4sWDIl79D2/+jZ1FUNEHBY/3qqiq58dSGCDkw1lYXFpeWU2tpdc3Nre23Z3dmokSzXiVRTLSDZ8aLoXiVRAgeSPWnIa+5HV/cDHx6zdcGxGpaxjGvB3SnhKBYBSs1HH3NW5p0esD1Tq6xS2hAhh23AzJkkK+REqYZPPEK04JIYVi7gR7lkyQQXNUOu57qxuxJOQKmKTGND0SQ3tENQgm+TjdSgyPKRvQHm9aqmjITXs0vX6Mj6zSxUGkbSnAU/X7xIiGxgxD33aGFPrmtzcR//KaCQTF9kioOAGu2GxRkEgMEZ5EgbtCcwZyaAllWthbMetTTRnYwNI2hK9P8f+klst6hWzh6jRTPp/HkUIH6BAdIw+doTK6RBVURQzdoQf0hJ6de+fReXFeZ60LznxmD/2A8/YJBduVog==</latexit>

r ! 1

<latexit sha1_base64="11nTMLe1KFOH7XFTYJkolciuPCM=">AAACCHicbVA9TwJBEN3zE/ELtbRwIzGxInfGoCXRxhKDfCTchcwte7Bh9/ayu6chhNLGv2JjoTG2/gQ7/40LXKHga+blvZnMzAsTzrRx3W9naXlldW09t5Hf3Nre2S3s7Te0TBWhdSK5VK0QNOUspnXDDKetRFEQIafNcHA98Zv3VGkm4zszTGggoBeziBEwVuoUjmq4hn3Fen0DSskHHGE/BDUpPRACOoWiW3KnwIvEy0gRZah2Cl9+V5JU0NgQDlq3PTcxwQiUYYTTcd5PNU2ADKBH25bGIKgORtNHxvjEKl0cSbtfxgZP1d8TIxBaD0VoOwWYvp73JuJ/Xjs10WUwYnGSGhqT2aIo5dhIPEkFd5mixPChJUAUs7di0gcFxNjs8jYEb/7lRdI4K3nlUvn2vFi5yuLIoUN0jE6Rhy5QBd2gKqojgh7RM3pFb86T8+K8Ox+z1iUnmzlAf+B8/gD4+Ziz</latexit>

SS ! ff̄�

compressed 
mass spectrum

20



<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S

<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S

<latexit sha1_base64="+qqeNhg7gs2baKY/L31S1IZaCLI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqhP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBzoOM9Q==</latexit>

f

<latexit sha1_base64="+QAdW++siQ6EfVqqKDUdsdeSyxQ=">AAAB7XicbVC7TgJBFL2LL8QXamkzkZhYkV1j0JJoY4mJPBLYkNlhFkbmsZmZNSEb/sHGQmNs/R87/8YBtlDwVCfn3Jt77okSzoz1/W+vsLa+sblV3C7t7O7tH5QPj1pGpZrQJlFc6U6EDeVM0qZlltNOoikWEaftaHw789tPVBum5IOdJDQUeChZzAi2Tmr1IqxR3C9X/Ko/B1olQU4qkKPRL3/1BoqkgkpLODamG/iJDTOsLSOcTku91NAEkzEe0q6jEgtqwmyedorOnDJAsXKHlbRorv7eyLAwZiIiNymwHZllbyb+53VTG1+HGZNJaqkki0NxypFVaPY6GjBNieUTRzDRzGVFZIQ1JtYVVHIlBMsvr5LWRTWoVWv3l5X6TV5HEU7gFM4hgCuowx00oAkEHuEZXuHNU96L9+59LEYLXr5zDH/gff4AHQaO2A==</latexit>

f̄

<latexit sha1_base64="OyMcX2wSn0IQJsOdIFLeLbgUhYA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BQTwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqVcqV+WqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZ4DjNU=</latexit>

F

<latexit sha1_base64="TjVA8u7HmTbDohn5HpKhaTdtzcg=">AAACD3icbVA7T8MwGHR4lvIKMLJYVCCmKqmqwljBwoJUBH1ITRo5rtNatZPIdipFUf8BC3+FhQGEWFnZ+De4bQZoOcny6e472d/5MaNSWda3sbK6tr6xWdgqbu/s7u2bB4ctGSUCkyaOWCQ6PpKE0ZA0FVWMdGJBEPcZafuj66nfHhMhaRQ+qDQmLkeDkAYUI6UlzzxzJB1wBMdQEw5TL+hVYcb1VXEiHYS33n2vOvHMklW2ZoDLxM5JCeRoeOaX049wwkmoMENSdm0rVm6GhKKYkUnRSSSJER6hAelqGiJOpJvN9pnAU630YRAJfUIFZ+rvRIa4lCn39SRHaigXvan4n9dNVHDpZjSME0VCPH8oSBhUEZyWA/tUEKxYqgnCguq/QjxEAmGlKyzqEuzFlZdJq1K2a+XaXbVUv8rrKIBjcALOgQ0uQB3cgAZoAgwewTN4BW/Gk/FivBsf89EVI88cgT8wPn8AQgmbjQ==</latexit>

�v ⇠ y4f
m2

f

M4
S

helicity suppressed

<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S

<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S

<latexit sha1_base64="+qqeNhg7gs2baKY/L31S1IZaCLI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqhP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBzoOM9Q==</latexit>

f

<latexit sha1_base64="+QAdW++siQ6EfVqqKDUdsdeSyxQ=">AAAB7XicbVC7TgJBFL2LL8QXamkzkZhYkV1j0JJoY4mJPBLYkNlhFkbmsZmZNSEb/sHGQmNs/R87/8YBtlDwVCfn3Jt77okSzoz1/W+vsLa+sblV3C7t7O7tH5QPj1pGpZrQJlFc6U6EDeVM0qZlltNOoikWEaftaHw789tPVBum5IOdJDQUeChZzAi2Tmr1IqxR3C9X/Ko/B1olQU4qkKPRL3/1BoqkgkpLODamG/iJDTOsLSOcTku91NAEkzEe0q6jEgtqwmyedorOnDJAsXKHlbRorv7eyLAwZiIiNymwHZllbyb+53VTG1+HGZNJaqkki0NxypFVaPY6GjBNieUTRzDRzGVFZIQ1JtYVVHIlBMsvr5LWRTWoVWv3l5X6TV5HEU7gFM4hgCuowx00oAkEHuEZXuHNU96L9+59LEYLXr5zDH/gff4AHQaO2A==</latexit>

f̄

<latexit sha1_base64="OyMcX2wSn0IQJsOdIFLeLbgUhYA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BQTwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/KXqVcqV+WqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZ4DjNU=</latexit>

F
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�

<latexit sha1_base64="R2L6DvzvBPBqit9wnyBkUtp5Wks=">AAACEHicbVC7SgNBFJ31GeMramkzGESrsBtCtAza2AgRzQOyyXJ3MpsMmdldZmYDYckn2PgrNhaK2Fra+TdOHoUmHhg4nHMPd+7xY86Utu1va2V1bX1jM7OV3d7Z3dvPHRzWVZRIQmsk4pFs+qAoZyGtaaY5bcaSgvA5bfiD64nfGFKpWBQ+6FFM2wJ6IQsYAW0kL3fmKtYTgIfYEIFHXtAp4dQFHvfBjUwS33r3neLYy+Xtgj0FXibOnOTRHFUv9+V2I5IIGmrCQamWY8e6nYLUjHA6zrqJojGQAfRoy9AQBFXtdHrQGJ8apYuDSJoXajxVfydSEEqNhG8mBei+WvQm4n9eK9HBZTtlYZxoGpLZoiDhWEd40g7uMkmJ5iNDgEhm/opJHyQQbTrMmhKcxZOXSb1YcMqF8l0pX7ma15FBx+gEnSMHXaAKukFVVEMEPaJn9IrerCfrxXq3PmajK9Y8c4T+wPr8AWePnDU=</latexit>

�v ⇠ y4f
↵

M2
S

virtual internal bremsstrahlung

(soft)

(soft)
<latexit sha1_base64="Za2AY9kWNCLQyiW+4sCAc9Auqck=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBrVq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPin2PIA==</latexit>�

21



Kachanovich, Kimus, Lowette, MT (2025)

: gamma ray  
<latexit sha1_base64="/tWuJqNEM0WVOEhoHk+qEQnN/yE=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgEQSyJSPVY9NJjBfsBTSyT7aZdupuE3Y1SSi9e/CtePCji1f/gzX/jtuagrQ8GHu/NMDMvSDhT2nG+rNzC4tLySn61sLa+sbllb+80VJxKQusk5rFsBaAoZxGta6Y5bSWSggg4bQaDq4nfvKNSsTi60cOE+gJ6EQsZAW2kjr1fxZ5kvb4GKeN7zG+PTZ1grwdCQMcuOiVnCjxP3IwUUYZax/70ujFJBY004aBU23US7Y9AakY4HRe8VNEEyAB6tG1oBIIqfzT9YowPjdLFYSxNRRpP1d8TIxBKDUVgOgXovpr1JuJ/XjvV4YU/YlGSahqRn0VhyrGO8SQS3GWSEs2HhgCRzNyKSR8kEG2CK5gQ3NmX50njtOSWS+Xrs2LlMosjj/bQATpCLjpHFVRFNVRHBD2gJ/SCXq1H69l6s95/WnNWNrOL/sD6+AbUV5eG</latexit>

H ! l
+
l
�
�

22
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: dileptons 
<latexit sha1_base64="/tWuJqNEM0WVOEhoHk+qEQnN/yE=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgEQSyJSPVY9NJjBfsBTSyT7aZdupuE3Y1SSi9e/CtePCji1f/gzX/jtuagrQ8GHu/NMDMvSDhT2nG+rNzC4tLySn61sLa+sbllb+80VJxKQusk5rFsBaAoZxGta6Y5bSWSggg4bQaDq4nfvKNSsTi60cOE+gJ6EQsZAW2kjr1fxZ5kvb4GKeN7zG+PTZ1grwdCQMcuOiVnCjxP3IwUUYZax/70ujFJBY004aBU23US7Y9AakY4HRe8VNEEyAB6tG1oBIIqfzT9YowPjdLFYSxNRRpP1d8TIxBKDUVgOgXovpr1JuJ/XjvV4YU/YlGSahqRn0VhyrGO8SQS3GWSEs2HhgCRzNyKSR8kEG2CK5gQ3NmX50njtOSWS+Xrs2LlMosjj/bQATpCLjpHFVRFNVRHBD2gJ/SCXq1H69l6s95/WnNWNrOL/sD6+AbUV5eG</latexit>

H ! l
+
l
�
�
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BM1

(downward dog)
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: dileptons 
<latexit sha1_base64="/tWuJqNEM0WVOEhoHk+qEQnN/yE=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgEQSyJSPVY9NJjBfsBTSyT7aZdupuE3Y1SSi9e/CtePCji1f/gzX/jtuagrQ8GHu/NMDMvSDhT2nG+rNzC4tLySn61sLa+sbllb+80VJxKQusk5rFsBaAoZxGta6Y5bSWSggg4bQaDq4nfvKNSsTi60cOE+gJ6EQsZAW2kjr1fxZ5kvb4GKeN7zG+PTZ1grwdCQMcuOiVnCjxP3IwUUYZax/70ujFJBY004aBU23US7Y9AakY4HRe8VNEEyAB6tG1oBIIqfzT9YowPjdLFYSxNRRpP1d8TIxBKDUVgOgXovpr1JuJ/XjvV4YU/YlGSahqRn0VhyrGO8SQS3GWSEs2HhgCRzNyKSR8kEG2CK5gQ3NmX50njtOSWS+Xrs2LlMosjj/bQATpCLjpHFVRFNVRHBD2gJ/SCXq1H69l6s95/WnNWNrOL/sD6+AbUV5eG</latexit>

H ! l
+
l
�
�
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: dileptons 
<latexit sha1_base64="/tWuJqNEM0WVOEhoHk+qEQnN/yE=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgEQSyJSPVY9NJjBfsBTSyT7aZdupuE3Y1SSi9e/CtePCji1f/gzX/jtuagrQ8GHu/NMDMvSDhT2nG+rNzC4tLySn61sLa+sbllb+80VJxKQusk5rFsBaAoZxGta6Y5bSWSggg4bQaDq4nfvKNSsTi60cOE+gJ6EQsZAW2kjr1fxZ5kvb4GKeN7zG+PTZ1grwdCQMcuOiVnCjxP3IwUUYZax/70ujFJBY004aBU23US7Y9AakY4HRe8VNEEyAB6tG1oBIIqfzT9YowPjdLFYSxNRRpP1d8TIxBKDUVgOgXovpr1JuJ/XjvV4YU/YlGSahqRn0VhyrGO8SQS3GWSEs2HhgCRzNyKSR8kEG2CK5gQ3NmX50njtOSWS+Xrs2LlMosjj/bQATpCLjpHFVRFNVRHBD2gJ/SCXq1H69l6s95/WnNWNrOL/sD6+AbUV5eG</latexit>

H ! l
+
l
�
�
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: dileptons 
<latexit sha1_base64="/tWuJqNEM0WVOEhoHk+qEQnN/yE=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgEQSyJSPVY9NJjBfsBTSyT7aZdupuE3Y1SSi9e/CtePCji1f/gzX/jtuagrQ8GHu/NMDMvSDhT2nG+rNzC4tLySn61sLa+sbllb+80VJxKQusk5rFsBaAoZxGta6Y5bSWSggg4bQaDq4nfvKNSsTi60cOE+gJ6EQsZAW2kjr1fxZ5kvb4GKeN7zG+PTZ1grwdCQMcuOiVnCjxP3IwUUYZax/70ujFJBY004aBU23US7Y9AakY4HRe8VNEEyAB6tG1oBIIqfzT9YowPjdLFYSxNRRpP1d8TIxBKDUVgOgXovpr1JuJ/XjvV4YU/YlGSahqRn0VhyrGO8SQS3GWSEs2HhgCRzNyKSR8kEG2CK5gQ3NmX50njtOSWS+Xrs2LlMosjj/bQATpCLjpHFVRFNVRHBD2gJ/SCXq1H69l6s95/WnNWNrOL/sD6+AbUV5eG</latexit>

H ! l
+
l
�
�



<latexit sha1_base64="9MB2QK0f2jt3CDX/6YfoDWpyEgc=">AAAB/3icbVDJSgNBEO2JW4xbVPDipTEInsKMSCJ4CYroMYJZIBNCT6eSNOlZ7K4Rw5iDv+LFgyJe/Q1v/o2d5aCJDwoe71VRVc+LpNBo299WamFxaXklvZpZW9/Y3Mpu71R1GCsOFR7KUNU9pkGKACooUEI9UsB8T0LN61+M/No9KC3C4BYHETR91g1ER3CGRmpl9y5bDnW7cEeL7pmL8IDJFVSHrWzOzttj0HniTEmOTFFuZb/cdshjHwLkkmndcOwImwlTKLiEYcaNNUSM91kXGoYGzAfdTMb3D+mhUdq0EypTAdKx+nsiYb7WA98znT7Dnp71RuJ/XiPGzmkzEUEUIwR8sqgTS4ohHYVB20IBRzkwhHElzK2U95hiHE1kGROCM/vyPKke551CvnBzkiudT+NIk31yQI6IQ4qkRK5JmVQIJ4/kmbySN+vJerHerY9Ja8qazuySP7A+fwB/NZUp</latexit>

E1 � 7 GeV
<latexit sha1_base64="cb2/kDaSKAZSX9I75no+nrI4yjY=">AAACB3icbVDLSgNBEJz1bXytehRkMAiewq5oFLyIInqMYKKQXcLspBOHzOyuM71iWHLz4q948aCIV3/Bm3/j5HHwVdBQVHXT3RWlUhj0vE9nbHxicmp6ZrYwN7+wuOQur9RMkmkOVZ7IRF9FzIAUMVRRoISrVANTkYTLqHPc9y9vQRuRxBfYTSFUrB2LluAMrdRw108aQZspxWjQhhvq79LggAYId5ifQq3XcIteyRuA/iX+iBTJCJWG+xE0E54piJFLZkzd91IMc6ZRcAm9QpAZSBnvsDbULY2ZAhPmgz96dNMqTdpKtK0Y6UD9PpEzZUxXRbZTMbw2v72++J9Xz7C1H+YiTjOEmA8XtTJJMaH9UGhTaOAou5YwroW9lfJrphlHG13BhuD/fvkvqW2X/HKpfL5TPDwaxTFD1sgG2SI+2SOH5IxUSJVwck8eyTN5cR6cJ+fVeRu2jjmjmVXyA877F+bAmBY=</latexit>

E� � 15 GeV
<latexit sha1_base64="9/OIvOLcAzmyQb1doJu82lFWDQs=">AAACAnicbVDJSgNBEO1xjXGLehIvjUHwFGaCRsFLUESPEcwCmRB6OpWkSc9id40YhuDFX/HiQRGvfoU3/8bOctDEBwWP96qoqudFUmi07W9rbn5hcWk5tZJeXVvf2MxsbVd0GCsOZR7KUNU8pkGKAMooUEItUsB8T0LV610M/eo9KC3C4Bb7ETR81glEW3CGRmpmdi+beep24I7mj6l7Rl2EB0yuoDJoZrJ2zh6BzhJnQrJkglIz8+W2Qh77ECCXTOu6Y0fYSJhCwSUM0m6sIWK8xzpQNzRgPuhGMnphQA+M0qLtUJkKkI7U3xMJ87Xu+57p9Bl29bQ3FP/z6jG2TxuJCKIYIeDjRe1YUgzpMA/aEgo4yr4hjCthbqW8yxTjaFJLmxCc6ZdnSSWfcwq5ws1Rtng+iSNF9sg+OSQOOSFFck1KpEw4eSTP5JW8WU/Wi/VufYxb56zJzA75A+vzB6jslbg=</latexit>

E2 � 25 GeVCMS : 

Changing cuts ?

Tighter cuts
decrease 

signal strength

<latexit sha1_base64="+8Lcan35eSuiBM1wQjN4MWPLcBE="></latexit>

# Cuts mmin
`` [GeV] mmax

`` [GeV] Brresc
BrSM

BrEFT
BrSM

BrUV
BrSM

3 CMS 40 125 2.0 2.1 2.1

4 CMS 50 125 2.1 2.1 2.1

5 CMS 70 125 2.1 1.8 1.7
7 CMS 80 100 2.1 1.5 1.4
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: dilepton invariant mass 
<latexit sha1_base64="/tWuJqNEM0WVOEhoHk+qEQnN/yE=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgEQSyJSPVY9NJjBfsBTSyT7aZdupuE3Y1SSi9e/CtePCji1f/gzX/jtuagrQ8GHu/NMDMvSDhT2nG+rNzC4tLySn61sLa+sbllb+80VJxKQusk5rFsBaAoZxGta6Y5bSWSggg4bQaDq4nfvKNSsTi60cOE+gJ6EQsZAW2kjr1fxZ5kvb4GKeN7zG+PTZ1grwdCQMcuOiVnCjxP3IwUUYZax/70ujFJBY004aBU23US7Y9AakY4HRe8VNEEyAB6tG1oBIIqfzT9YowPjdLFYSxNRRpP1d8TIxBKDUVgOgXovpr1JuJ/XjvV4YU/YlGSahqRn0VhyrGO8SQS3GWSEs2HhgCRzNyKSR8kEG2CK5gQ3NmX50njtOSWS+Xrs2LlMosjj/bQATpCLjpHFVRFNVRHBD2gJ/SCXq1H69l6s95/WnNWNrOL/sD6+AbUV5eG</latexit>

H ! l
+
l
�
�
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? ? ATLAS

2025

Binning ?

30
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Thank you for the message…

But what does it take ? 



Toy model vs EFT

dim 8 operator

<latexit sha1_base64="DNvAeRDSDqsulbvLmM1VJ9MownE=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYTdIFGyCFlpYRDEPyIYwO7lJhsw+mLkrCUt6G3/FxkIRW3/Azr9x8ig08cDA4ZxzuXOPF0mh0ba/raXlldW19dRGenNre2c3s7df1WGsOFR4KENV95gGKQKooEAJ9UgB8z0JNa9/OfZrD6C0CIN7HEbQ9Fk3EB3BGRqplcm6NybcZq076rIoUuGAFoo2dc9dhAEmV1AdtTI5O29PQBeJMyM5MkO5lfly2yGPfQiQS6Z1w7EjbCZMoeASRmk31hAx3mddaBgaMB90M5ncMqJHRmnTTqjMC5BO1N8TCfO1HvqeSfoMe3reG4v/eY0YO2fNRARRjBDw6aJOLCmGdFwMbQsFHOXQEMaVMH+lvMcU42jqS5sSnPmTF0m1kHeK+eLtSa50MasjRQ5JlhwTh5ySErkmZVIhnDySZ/JK3qwn68V6tz6m0SVrNnNA/sD6/AFLzZn4</latexit>

⇤R ⇡ 260 GeV for               
<latexit sha1_base64="I2Ef/w7WGNuuAP8wx/+84V7OwMk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHCOYhyRJmJ7PJkHksM7NCWPIVXjwo4tXP8ebfOEn2oNGChqKqm+6uKOHMWN//8gorq2vrG8XN0tb2zu5eef+gZVSqCW0SxZXuRNhQziRtWmY57SSaYhFx2o7GNzO//Ui1YUre20lCQ4GHksWMYOukh55I0RU6qwb9csWv+nOgvyTISQVyNPrlz95AkVRQaQnHxnQDP7FhhrVlhNNpqZcammAyxkPadVRiQU2YzQ+eohOnDFCstCtp0Vz9OZFhYcxERK5TYDsyy95M/M/rpja+DDMmk9RSSRaL4pQjq9DsezRgmhLLJ45gopm7FZER1phYl1HJhRAsv/yXtFxctWrt7rxSv87jKMIRHMMpBHABdbiFBjSBgIAneIFXT3vP3pv3vmgtePnMIfyC9/EN4c6PKw==</latexit>

µ = 2.1 🫤

32

🤨



Toy model vs EFT

dim 8 operator

<latexit sha1_base64="DNvAeRDSDqsulbvLmM1VJ9MownE=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYTdIFGyCFlpYRDEPyIYwO7lJhsw+mLkrCUt6G3/FxkIRW3/Azr9x8ig08cDA4ZxzuXOPF0mh0ba/raXlldW19dRGenNre2c3s7df1WGsOFR4KENV95gGKQKooEAJ9UgB8z0JNa9/OfZrD6C0CIN7HEbQ9Fk3EB3BGRqplcm6NybcZq076rIoUuGAFoo2dc9dhAEmV1AdtTI5O29PQBeJMyM5MkO5lfly2yGPfQiQS6Z1w7EjbCZMoeASRmk31hAx3mddaBgaMB90M5ncMqJHRmnTTqjMC5BO1N8TCfO1HvqeSfoMe3reG4v/eY0YO2fNRARRjBDw6aJOLCmGdFwMbQsFHOXQEMaVMH+lvMcU42jqS5sSnPmTF0m1kHeK+eLtSa50MasjRQ5JlhwTh5ySErkmZVIhnDySZ/JK3qwn68V6tz6m0SVrNnNA/sD6/AFLzZn4</latexit>

⇤R ⇡ 260 GeV
No lepton flavour violation

same for 
electrons and muons…

🤢
<latexit sha1_base64="X9yq0NDAtlx+7/d8xJIWMf3gQ2c=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJdFNy5cVLEPaYeSyWTa0CQzJBmhDP0KNy4UcevnuPNvTNtZaOuBwOGcc8m9J0g408Z1v53Cyura+kZxs7S1vbO7V94/aOk4VYQ2Scxj1QmwppxJ2jTMcNpJFMUi4LQdjK6nfvuJKs1i+WDGCfUFHkgWMYKNlR57tzYa4v59v1xxq+4MaJl4OalAjka//NULY5IKKg3hWOuu5ybGz7AyjHA6KfVSTRNMRnhAu5ZKLKj2s9nCE3RilRBFsbJPGjRTf09kWGg9FoFNCmyGetGbiv953dREl37GZJIaKsn8oyjlyMRoej0KmaLE8LElmChmd0VkiBUmxnZUsiV4iycvk9ZZ1atVa3fnlfpVXkcRjuAYTsGDC6jDDTSgCQQEPMMrvDnKeXHenY95tODkM4fwB87nD2sFkC0=</latexit>

⇤R

33



Toy model point of view ? 

•  no lepton flavour violation : <latexit sha1_base64="UqD6cMTfmlOe23c5rKIBOnYsav4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqheh6MVjBfsBaQib7aZdutkNuxMhlP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+C6305pbX1jc6u8XdnZ3ds/qB4edYzKNGVtqoTSvYgYJrhkbeAgWC/VjCSRYN1ofDfzu09MG67kI+QpCxIylDzmlICV/Dxk+AbnYT/JwmrNrbtz4FXiFaSGCrTC6ld/oGiWMAlUEGN8z00hmBANnAo2rfQzw1JCx2TIfEslSZgJJvOTp/jMKgMcK21LAp6rvycmJDEmTyLbmRAYmWVvJv7n+RnE18GEyzQDJuliUZwJDArP/scDrhkFkVtCqOb2VkxHRBMKNqWKDcFbfnmVdC7qXqPeeLisNW+LOMroBJ2ic+ShK9RE96iF2ogihZ7RK3pzwHlx3p2PRWvJKWaO0R84nz9/I5DD</latexit>ye = yµ

1.  
<latexit sha1_base64="/tWuJqNEM0WVOEhoHk+qEQnN/yE=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgEQSyJSPVY9NJjBfsBTSyT7aZdupuE3Y1SSi9e/CtePCji1f/gzX/jtuagrQ8GHu/NMDMvSDhT2nG+rNzC4tLySn61sLa+sbllb+80VJxKQusk5rFsBaAoZxGta6Y5bSWSggg4bQaDq4nfvKNSsTi60cOE+gJ6EQsZAW2kjr1fxZ5kvb4GKeN7zG+PTZ1grwdCQMcuOiVnCjxP3IwUUYZax/70ujFJBY004aBU23US7Y9AakY4HRe8VNEEyAB6tG1oBIIqfzT9YowPjdLFYSxNRRpP1d8TIxBKDUVgOgXovpr1JuJ/XjvV4YU/YlGSahqRn0VhyrGO8SQS3GWSEs2HhgCRzNyKSR8kEG2CK5gQ3NmX50njtOSWS+Xrs2LlMosjj/bQATpCLjpHFVRFNVRHBD2gJ/SCXq1H69l6s95/WnNWNrOL/sD6+AbUV5eG</latexit>

H ! l
+
l
�
�

•  <latexit sha1_base64="RoRrg5ZJFQyYbg3RT7Kou3HPgYY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0WoICURqW6Eoht3VrAPaEKYTCbt0MkkzEyEEPIBbvwVNy4UcesHuPNvnLZZaOuBgcM553LnHi9mVCrT/DZKS8srq2vl9crG5tb2TnV3ryujRGDSwRGLRN9DkjDKSUdRxUg/FgSFHiM9b3w98XsPREga8XuVxsQJ0ZDTgGKktORWa6nLTqDN9ISP3MwWIRzJHF7CzMaIwdu8bh3rlNkwp4CLxCpIDRRou9Uv249wEhKuMENSDiwzVk6GhKKYkbxiJ5LECI/RkAw05Sgk0smmx+TwSCs+DCKhH1dwqv6eyFAoZRp6OhkiNZLz3kT8zxskKrhwMsrjRBGOZ4uChEEVwUkz0KeCYMVSTRAWVP8V4hESCCvdX0WXYM2fvEi6pw2r2WjendVaV0UdZXAADkEdWOActMANaIMOwOARPINX8GY8GS/Gu/Exi5aMYmYf/IHx+QNPKpng</latexit>

yl,�hs = O(1)

•  

excess : 

<latexit sha1_base64="DNvAeRDSDqsulbvLmM1VJ9MownE=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYTdIFGyCFlpYRDEPyIYwO7lJhsw+mLkrCUt6G3/FxkIRW3/Azr9x8ig08cDA4ZxzuXOPF0mh0ba/raXlldW19dRGenNre2c3s7df1WGsOFR4KENV95gGKQKooEAJ9UgB8z0JNa9/OfZrD6C0CIN7HEbQ9Fk3EB3BGRqplcm6NybcZq076rIoUuGAFoo2dc9dhAEmV1AdtTI5O29PQBeJMyM5MkO5lfly2yGPfQiQS6Z1w7EjbCZMoeASRmk31hAx3mddaBgaMB90M5ncMqJHRmnTTqjMC5BO1N8TCfO1HvqeSfoMe3reG4v/eY0YO2fNRARRjBDw6aJOLCmGdFwMbQsFHOXQEMaVMH+lvMcU42jqS5sSnPmTF0m1kHeK+eLtSa50MasjRQ5JlhwTh5ySErkmZVIhnDySZ/JK3qwn68V6tz6m0SVrNnNA/sD6/AFLzZn4</latexit>

⇤R ⇡ 260 GeVwith

• compressed mass spectrum : 

🤮

<latexit sha1_base64="9p00UN+SGSDor9Dgh2H1HmZo6YY=">AAACFXicbVC7SgNBFJ31bXxFLW0Gg2AhcTdoFGxEC1NGNFHIhmV2chMHZ3aXmbtiWPITNv6KjYUitoKdf+PkUWj0wMDhnHO5c0+YSGHQdb+cicmp6ZnZufncwuLS8kp+da1u4lRzqPFYxvo6ZAakiKCGAiVcJxqYCiVchbenff/qDrQRcXSJ3QSainUi0RacoZWC/I4KLqjfQZtQVAWV3RL1WZLo+J6WS8V96h9RH+EeszOo94J8wS26A9C/xBuRAhmhGuQ//VbMUwURcsmMaXhugs2MaRRcQi/npwYSxm9ZBxqWRkyBaWaDq3p0yyot2o61fRHSgfpzImPKmK4KbVIxvDHjXl/8z2uk2D5sZiJKUoSIDxe1U0kxpv2KaEto4Ci7ljCuhf0r5TdMM462yJwtwRs/+S+pl4peuVg+3yscn4zqmCMbZJNsE48ckGNSIVVSI5w8kCfyQl6dR+fZeXPeh9EJZzSzTn7B+fgGdlmdJw==</latexit>

mS & mH/2 ⇡ 62.5 GeV

34

<latexit sha1_base64="m68IAvpaTgkdDUuZrLKflDlcmGg=">AAACDXicbVDJSgNBEO2JW4xb1KOXxihEkDAjooIIQUG9GdFEIRNCT6eSNPYsdNeIYZgf8OKvePGgiFfv3vwbO8vB7UHB470qqup5kRQabfvTyoyNT0xOZadzM7Nz8wv5xaWaDmPFocpDGaprj2mQIoAqCpRwHSlgvifhyrs56vtXt6C0CINL7EXQ8FknEG3BGRqpmV/zm8nx5kVKDxKXM0nP0qJj2xvuPqUuwh0mJ1BLm/mCXbIHoH+JMyIFMkKlmf9wWyGPfQiQS6Z13bEjbCRMoeAS0pwba4gYv2EdqBsaMB90Ixl8k9J1o7RoO1SmAqQD9ftEwnyte75nOn2GXf3b64v/efUY23uNRARRjBDw4aJ2LCmGtB8NbQkFHGXPEMaVMLdS3mWKcTQB5kwIzu+X/5LaVsnZKe2cbxfKh6M4smSFrJIiccguKZNTUiFVwsk9eSTP5MV6sJ6sV+tt2JqxRjPL5Aes9y86dpnL</latexit>

mF,S = O(100) GeV

<latexit sha1_base64="kN6tpxKRuifYFKRCHsUun//rEHA=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqMSHVZFMRlRfuAdhgyaaYNTTJDkhFq6Ze4caGIWz/FnX9j2s5CqwcCh3PO5d6cKOVMG8/7cgorq2vrG8XN0tb2zm7Z3dtv6SRThDZJwhPVibCmnEnaNMxw2kkVxSLitB2NrmZ++4EqzRJ5b8YpDQQeSBYzgo2VQrcswmvUGxibEEiEd6Fb8areHOgv8XNSgRyN0P3s9ROSCSoN4Vjrru+lJphgZRjhdFrqZZqmmIzwgHYtlVhQHUzmh0/RsVX6KE6UfdKgufpzYoKF1mMR2aTAZqiXvZn4n9fNTHwRTJhMM0MlWSyKM45MgmYtoD5TlBg+tgQTxeytiAyxwsTYrkq2BH/5y39J67Tq16q127NK/TKvowiHcAQn4MM51OEGGtAEAhk8wQu8Oo/Os/PmvC+iBSefOYBfcD6+AQDxkq8=</latexit>

mF & mS

(BM2)
<latexit sha1_base64="7p8dMujpHV41GjnnzMlyuZtXkOY="></latexit>

1

⇤4
R

⇠ y2l �hs

16⇡2M4

no invisible Higgs decay :
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Don’t know if this has a name



2.  Other collider constraints 

<latexit sha1_base64="7NhlgSNAJ4W7w340L9eXog/tL/k="></latexit>

pp ! F + F̄ + . . . ! l S + l̄ S + . . .

Compressed mass spectrum 
<latexit sha1_base64="kN6tpxKRuifYFKRCHsUun//rEHA=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIrsqMSHVZFMRlRfuAdhgyaaYNTTJDkhFq6Ze4caGIWz/FnX9j2s5CqwcCh3PO5d6cKOVMG8/7cgorq2vrG8XN0tb2zm7Z3dtv6SRThDZJwhPVibCmnEnaNMxw2kkVxSLitB2NrmZ++4EqzRJ5b8YpDQQeSBYzgo2VQrcswmvUGxibEEiEd6Fb8areHOgv8XNSgRyN0P3s9ROSCSoN4Vjrru+lJphgZRjhdFrqZZqmmIzwgHYtlVhQHUzmh0/RsVX6KE6UfdKgufpzYoKF1mMR2aTAZqiXvZn4n9fNTHwRTJhMM0MlWSyKM45MgmYtoD5TlBg+tgQTxeytiAyxwsTYrkq2BH/5y39J67Tq16q127NK/TKvowiHcAQn4MM51OEGGtAEAhk8wQu8Oo/Os/PmvC+iBSefOYBfcD6+AQDxkq8=</latexit>

mF & mS
<latexit sha1_base64="RoRrg5ZJFQyYbg3RT7Kou3HPgYY=">AAACDHicbVDLSsNAFJ3UV62vqks3g0WoICURqW6Eoht3VrAPaEKYTCbt0MkkzEyEEPIBbvwVNy4UcesHuPNvnLZZaOuBgcM553LnHi9mVCrT/DZKS8srq2vl9crG5tb2TnV3ryujRGDSwRGLRN9DkjDKSUdRxUg/FgSFHiM9b3w98XsPREga8XuVxsQJ0ZDTgGKktORWa6nLTqDN9ISP3MwWIRzJHF7CzMaIwdu8bh3rlNkwp4CLxCpIDRRou9Uv249wEhKuMENSDiwzVk6GhKKYkbxiJ5LECI/RkAw05Sgk0smmx+TwSCs+DCKhH1dwqv6eyFAoZRp6OhkiNZLz3kT8zxskKrhwMsrjRBGOZ4uChEEVwUkz0KeCYMVSTRAWVP8V4hESCCvdX0WXYM2fvEi6pw2r2WjendVaV0UdZXAADkEdWOActMANaIMOwOARPINX8GY8GS/Gu/Exi5aMYmYf/IHx+QNPKpng</latexit>

yl,�hs = O(1)and

soft leptons & S ~ missing ET   

<latexit sha1_base64="tJBhXBCGdtUhZ8n1fPG+YXEAyAA=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxhLvGoEeiF4+YyCPChvQOA0yY2V1nZk3Ihp/w4kFjvPo73vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiKKvTSESqFaBmgoesbrgRrBUrhjIQrBmMbqZ+84kpzaPw3oxj5kschLzPKRortToDlBLPHrrFklt2ZyDLxMtICTLUusWvTi+iiWShoQK1bntubPwUleFUsEmhk2gWIx3hgLUtDVEy7aezeyfkxCo90o+UrdCQmfp7IkWp9VgGtlOiGepFbyr+57UT07/yUx7GiWEhnS/qJ4KYiEyfJz2uGDVibAlSxe2thA5RITU2ooINwVt8eZk0zstepVy5uyhVr7M48nAEx3AKHlxCFW6hBnWgIOAZXuHNeXRenHfnY96ac7KZQ/gD5/MHqPuPvQ==</latexit>

�/Z

Recasting CMS limits 

Constraints ? 
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<latexit sha1_base64="OWZQypISJprLXHkMr42g0NrN3Qw="></latexit>

m� & 108 GeV ! mF & 67 GeV 🫤



3.  Electroweak precision tests (in brief, no problem)

<latexit sha1_base64="/z1H+wfZeGX1FPyjj+eyVzty0QY=">AAAB+HicbVDLSgMxFM34rPXRUZdugkWoUMtEpLosCuKygn1AO5RMmmlDk8yQZIQ69EvcuFDErZ/izr8xbWehrQcuHM65l3vvCWLOtPG8b2dldW19YzO3ld/e2d0ruPsHTR0litAGiXik2gHWlDNJG4YZTtuxolgEnLaC0c3Ubz1SpVkkH8w4pr7AA8lCRrCxUs8t3MKuZgKWUBmVz9Bpzy16FW8GuExQRoogQ73nfnX7EUkElYZwrHUHebHxU6wMI5xO8t1E0xiTER7QjqUSC6r9dHb4BJ5YpQ/DSNmSBs7U3xMpFlqPRWA7BTZDvehNxf+8TmLCKz9lMk4MlWS+KEw4NBGcpgD7TFFi+NgSTBSzt0IyxAoTY7PK2xDQ4svLpHleQdVK9f6iWLvO4siBI3AMSgCBS1ADd6AOGoCABDyDV/DmPDkvzrvzMW9dcbKZQ/AHzucPOieQ4A==</latexit>

F ⇠ (1, 1,�1) oblique parameters

<latexit sha1_base64="rg1Huvo6l5Rnsg4fSal7uDq7I/A=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUj0WBfFYwX5guyzZNG1Dk+ySZAtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzooQzbTzv2ymsrW9sbhW3Szu7e/sH7uFRU8epIrRBYh6rdoQ15UzShmGG03aiKBYRp61odDvzW2OqNIvlo5kkNBB4IFmfEWysFLquCO9Ql1OtNRNIhE+hW/Yq3hxolfg5KUOOeuh+dXsxSQWVhnCsdcf3EhNkWBlGOJ2WuqmmCSYjPKAdSyUWVAfZ/PIpOrNKD/VjZUsaNFd/T2RYaD0Rke0U2Az1sjcT//M6qelfBxmTSWqoJItF/ZQjE6NZDKjHFCWGTyzBRDF7KyJDrDAxNqySDcFffnmVNC8qfrVSfbgs127yOIpwAqdwDj5cQQ3uoQ4NIDCGZ3iFNydzXpx352PRWnDymWP4A+fzB9cHkyo=</latexit>

mF . mZ
<latexit sha1_base64="zH8aNtBn0RAf504TXE0Y/42kjR4=">AAACFnicbVDLSsNAFJ34rPUVdelmsAgtxJKIVJdFNy4rNm2hCWUymbZDJw9nJkoJ/Qo3/oobF4q4FXf+jdMmC209cOFwzr3ce48XMyqkaX5rS8srq2vrhY3i5tb2zq6+t98SUcIxsXHEIt7xkCCMhsSWVDLSiTlBgcdI2xtdTf32PeGCRmFTjmPiBmgQ0j7FSCqpp5+Ub42mYVecuwT5EDqcDoYScR49wEzKfKNltI1OpaeXzKo5A1wkVk5KIEejp385foSTgIQSMyRE1zJj6aaIS4oZmRSdRJAY4REakK6iIQqIcNPZWxN4rBQf9iOuKpRwpv6eSFEgxDjwVGeA5FDMe1PxP6+byP6Fm9IwTiQJcbaonzAoIzjNCPqUEyzZWBGEOVW3QjxEHGGpkiyqEKz5lxdJ67Rq1aq1m7NS/TKPowAOwREoAwucgzq4Bg1gAwwewTN4BW/ak/aivWsfWeuSls8cgD/QPn8Aja+cfg==</latexit>

(S, T, U) ! (S, T, U, V,W,X)

Maksymyk, Burgess & London (1994)

but

Albergaria, Jurciukonis & Lavoura (2024) 

Moreno & MT (1994)

Constraints ? 
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BM1    (BM2)

😮💨



Constraints ? 

38

4.  Muon g-2

arXiv:2505.21476

<latexit sha1_base64="T7PMp/xf92ltEobHRxF/pxLHWeI="></latexit>

for yµ = 0.5 and mS = 62.5 GeV 😅

<latexit sha1_base64="sw8K1ODu+H2Sh+t63Ehy4X/ApcQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIXiyJlCqIUPTisYL9gDaWzXbTLt1swu5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzPNjzpR2nG8rt7K6tr6R3yxsbe/sFu29/aaKEklog0Q8km0fK8qZoA3NNKftWFIc+py2/NHN1G89UqlYJO71OKZeiAeCBYxgbaSeXbxCFdS9RK7zkJ66zqRnl5yyMwNaJm5GSpCh3rO/uv2IJCEVmnCsVMd1Yu2lWGpGOJ0UuomiMSYjPKAdQwUOqfLS2eETdGyUPgoiaUpoNFN/T6Q4VGoc+qYzxHqoFr2p+J/XSXRw4aVMxImmgswXBQlHOkLTFFCfSUo0HxuCiWTmVkSGWGKiTVYFE4K7+PIyaZ6V3Wq5elcp1a6zOPJwCEdwAi6cQw1uoQ4NIJDAM7zCm/VkvVjv1se8NWdlMwfwB9bnD1o9kPk=</latexit>

= 4 10�10

Since September 2025, officially
consistent with SM, so I put a
constraint

Final result (runs 1-6) of Muon g-2 
experiment @ FNAL
+ Lattice + CMD-3, etc
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Constraints ? 

See Lebedev’s talk

5.  Dark matter ? 

<latexit sha1_base64="a1tXtpWUD2B2bB8i6GNzeh0uDaY=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEVzUpUl0W3bisYB/QxjCZTNqhkwczE6HELPwVNy4UcetvuPNvnLZZaOuBgcM553LvHC/hTCrL+jaWlldW19ZLG+XNre2dXXNvvy3jVBDaIjGPRdfDknIW0ZZiitNuIigOPU473uh64nceqJAsju7UOKFOiAcRCxjBSkuuedjnOuxjNxvKHAWuvM/ss1rumhWrak2BFoldkAoUaLrmV9+PSRrSSBGOpezZVqKcDAvFCKd5uZ9KmmAywgPa0zTCIZVONr0/Ryda8VEQC/0ihabq74kMh1KOQ08nQ6yGct6biP95vVQFl07GoiRVNCKzRUHKkYrRpAzkM0GJ4mNNMBFM34rIEAtMlK6srEuw57+8SNq1ql2v1m/PK42roo4SHMExnIINF9CAG2hCCwg8wjO8wpvxZLwY78bHLLpkFDMH8AfG5w9265XB</latexit>

�hsf
1/2
s

<latexit sha1_base64="oTH7LVi7N5wcOH7ChmetbnHMn64=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKqlQYayAgbFI9CE1IXIct7Xq2JHtIFVRZhZ+hYUBhFj5Ajb+BrfNAC1HsnR0zj26vidMGFXacb6tpeWV1bX10kZ5c2t7Z9fe228rkUpMWlgwIbshUoRRTlqaaka6iSQoDhnphKOrid95IFJRwe/0OCF+jAac9ilG2kiBfeQpOohRkF3n0EukSLSAHjP5yGhDld/XArviVJ0p4CJxC1IBBZqB/eVFAqcx4RozpFTPdRLtZ0hqihnJy16qSILwCA1Iz1COYqL8bHpKDk+MEsG+kOZxDafq70SGYqXGcWgmY6SHat6biP95vVT3L/yM8iTVhOPZon7KoLl30guMqCRYs7EhCEtq/grxEEmEtWmvbEpw509eJO1a1a1X67dnlcZlUUcJHIJjcApccA4a4AY0QQtg8AiewSt4s56sF+vd+piNLllF5gD8gfX5A3qnmsc=</latexit>

�D / �2
hs

<latexit sha1_base64="XbJa16dJcmEgvm7k2MqkEv9ceuU=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiZFqsuiG5cV7QOaGCaTSTt0MgkzE6GE7Nz4K25cKOLWX3Dn3zhts9DWAwOHc+7hzj1+wqhUlvVtlJaWV1bXyuuVjc2t7R1zd68j41Rg0sYxi0XPR5IwyklbUcVILxEERT4jXX90NfG7D0RIGvM7NU6IG6EBpyHFSGnJMw+5l93m0ElEnKgY2qcO0+EA3de9bChzz6xaNWsKuEjsglRBgZZnfjlBjNOIcIUZkrJvW4lyMyQUxYzkFSeVJEF4hAakrylHEZFuNr0jh8daCWAYC/24glP1dyJDkZTjyNeTEVJDOe9NxP+8fqrCCzejPEkV4Xi2KEwZ1BdPSoEBFQQrNtYEYUH1XyEeIoGw0tVVdAn2/MmLpFOv2Y1a4+as2rws6iiDA3AEToANzkETXIMWaAMMHsEzeAVvxpPxYrwbH7PRklFk9sEfGJ8/gH+ZGQ==</latexit>

nS / 1/�2
hs

<latexit sha1_base64="o7VYts1VCn0yJjO6/P6R1lTwMH4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU01Eqheh6MVjBfsBbQibzaZdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0g5U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWSSUJbJOGJ7AZYUc4EbWmmOe2mkuI44LQTjO5nfmdMpWKJeNKTlHoxHggWMYK1kXzbjnyFbpHw1YXw8zCe+nbVqTlzoFXiFqQKBZq+/dUPE5LFVGjCsVI910m1l2OpGeF0WulniqaYjPCA9gwVOKbKy+eXT9GZUUIUJdKU0Giu/p7IcazUJA5MZ4z1UC17M/E/r5fp6MbLmUgzTQVZLIoyjnSCZjGgkElKNJ8Ygolk5lZEhlhiok1YFROCu/zyKmlf1tx6rf54VW3cFXGU4QRO4RxcuIYGPEATWkBgDM/wCm9Wbr1Y79bHorVkFTPH8AfW5w+sOZMQ</latexit>

fs = ns/ndm

BM2

BM1

<latexit sha1_base64="GAkr9OtWMD8iu/mjjRsH1DPloVw=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbkoiUt0IRTfurGAf0IQwmUzaoZNJmJkIJQTc+CtuXCji1p9w5984bbPQ1gMDh3PO5c49fsKoVJb1bZSWlldW18rrlY3Nre0dc3evI+NUYNLGMYtFz0eSMMpJW1HFSC8RBEU+I11/dD3xuw9ESBrzezVOiBuhAachxUhpyTMPHKbDAfKyoczhJcwcjBi8zWv2iWdWrbo1BVwkdkGqoEDLM7+cIMZpRLjCDEnZt61EuRkSimJG8oqTSpIgPEID0teUo4hIN5vekMNjrQQwjIV+XMGp+nsiQ5GU48jXyQipoZz3JuJ/Xj9V4YWbUZ6kinA8WxSmDKoYTgqBARUEKzbWBGFB9V8hHiKBsNK1VXQJ9vzJi6RzWrcb9cbdWbV5VdRRBofgCNSADc5BE9yAFmgDDB7BM3gFb8aT8WK8Gx+zaMkoZvbBHxifPzjOlps=</latexit>

�hs = O(1)
<latexit sha1_base64="+aT05sqPWVdcyFBZD1EzNTyezS4=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVF0MYygvmA5Ah7m71kyd7esTsnhCM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjO9mfvuJayNi9YiThPsRHSoRCkbRSu2wb8gN8frlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjtZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5LWRdWrVWsPl5X6bR5HEU7gFM7Bgyuowz00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4A96WOsA==</latexit>

fs < 1
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Conclusions



? ? ATLAS

2025

Conclusions

41



cow ?   or cat ?

42

Conclusions

No, according to ATLAS 2025
Still, curious to see the CMS update

A matter of experimental analysis 
Model building, while good for the back,  
is, say, unconvincing 
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Very likely a mouse 
(child or mouse pose, perfect for resting)

Conclusions
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Some backup slides



              in the SM
<latexit sha1_base64="RV/Oti+D+35qp9HWO1PQtbkW+eE=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCIJZEpHoseumxgv2AJpbJdtMu3U3C7kYppScv/hUvHhTx6m/w5r9xW3PQ1gcDj/dmmJkXJJwp7ThfVm5hcWl5Jb9aWFvf2Nyyt3caKk4loXUS81i2AlCUs4jWNdOcthJJQQScNoPB1cRv3lGpWBzd6GFCfQG9iIWMgDZSx96vYk+yXl+DlPE95rfHpk6w1wMhAHfsolNypsDzxM1IEWWodexPrxuTVNBIEw5KtV0n0f4IpGaE03HBSxVNgAygR9uGRiCo8kfTN8b40ChdHMbSVKTxVP09MQKh1FAEplOA7qtZbyL+57VTHV74IxYlqaYR+VkUphzrGE8ywV0mKdF8aAgQycytmPRBAtEmuYIJwZ19eZ40TktuuVS+PitWLrM48mgPHaAj5KJzVEFVVEN1RNADekIv6NV6tJ6tN+v9pzVnZTO76A+sj28z15ew</latexit>

H ! l
+
l
�
�

<latexit sha1_base64="bOnRZkCX74st2f2ro/Hv5UhL2r4=">AAACDnicbZDLSgMxFIYzXmu9jbp0EywFoVBmilQ3QtFNlxXsBdpxyKSZNjSZCUlGLEOfwI2v4saFIm5du/NtTNtZaOsPgY//nMPJ+QPBqNKO822trK6tb2zmtvLbO7t7+/bBYUvFicSkiWMWy06AFGE0Ik1NNSMdIQniASPtYHQ9rbfviVQ0jm71WBCPo0FEQ4qRNpZvF1VJlxJ4Cblfv6vAEqwYYoZ6SAgZP8x93y44ZWcmuAxuBgWQqeHbX71+jBNOIo0ZUqrrOkJ7KZKaYkYm+V6iiEB4hAakazBCnCgvnZ0zgUXj9GEYS/MiDWfu74kUcaXGPDCdHOmhWqxNzf9q3USHF15KI5FoEuH5ojBhUMdwmg3sU0mwZmMDCEtq/grxEEmEtUkwb0JwF09ehlal7FbL1ZuzQu0qiyMHjsEJOAUuOAc1UAcN0AQYPIJn8ArerCfrxXq3PuatK1Y2cwT+yPr8AZxwmVo=</latexit>

s+ t+ u = m2
H
+ 2m2

l
⇡ m2

H

gauge-invariant 
<latexit sha1_base64="LbJedhpskBo5byM728F9r9FD8pw=">AAACB3icbVDLSgNBEJyNrxhfqx4FGQxCvIRdkegx6MVjBPOAbAyzk0kyZHZmM9OrhJCbF3/FiwdFvPoL3vwbJ4+DJhY0FFXddHeFseAGPO/bSS0tr6yupdczG5tb2zvu7l7FqERTVqZKKF0LiWGCS1YGDoLVYs1IFApWDXtXY796z7ThSt7CIGaNiHQkb3NKwEpN97CPA807XSBaqwccsNhwoeRdQAzk+idNN+vlvQnwIvFnJItmKDXdr6ClaBIxCVQQY+q+F0NjSDRwKtgoEySGxYT2SIfVLZUkYqYxnPwxwsdWaeG20rYk4In6e2JIImMGUWg7IwJdM++Nxf+8egLti8aQyzgBJul0UTsRGBQeh4JbXDMKYmAJoZrbWzHtEk0o2OgyNgR//uVFUjnN+4V84eYsW7ycxZFGB+gI5ZCPzlERXaMSKiOKHtEzekVvzpPz4rw7H9PWlDOb2Ud/4Hz+AN3pmVI=</latexit>

q ! ✏⇤(q)

Gauge invariant separation of form factors A1,2 & B1,2

with

<latexit sha1_base64="uD+2Rg4J84PsSpB1mS6zk368OYc=">AAACGHicbVDNS8MwHE39nPOr6tFLcAgbymxFphdh6sXjBPcBWy1plm1haVqSVBilf4YX/xUvHhTxupv/jVlXQTcfBF7eez+S3/NCRqWyrC9jYXFpeWU1t5Zf39jc2jZ3dhsyiAQmdRywQLQ8JAmjnNQVVYy0QkGQ7zHS9IY3E7/5SISkAb9Xo5A4Pupz2qMYKS255smVG9sJLMpjVYKXEKbXh1gQmRRlCR79CFwkacY1C1bZSgHniZ2RAshQc81xpxvgyCdcYYakbNtWqJwYCUUxI0m+E0kSIjxEfdLWlCOfSCdOF0vgoVa6sBcIfbiCqfp7Ika+lCPf00kfqYGc9Sbif147Ur0LJ6Y8jBThePpQL2JQBXDSEuxSQbBiI00QFlT/FeIBEggr3WVel2DPrjxPGqdlu1Ku3J0VqtdZHTmwDw5AEdjgHFTBLaiBOsDgCbyAN/BuPBuvxofxOY0uGNnMHvgDY/wNN5udcQ==</latexit>

A1(s, t) = Ares
1 (s) +Anr

1 (s, t)

<latexit sha1_base64="ht/+V+cRVLwifNZyBrbcTTa73lM=">AAACC3icbZC7SgNBFIZn4y3G26qlzZAgJCBhN0i0EaI2lhHMBZJlmZ3MJkNmL8ycVcKS3sZXsbFQxNYXsPNtnFwKTfxh4OM/53Dm/F4suALL+jYyK6tr6xvZzdzW9s7unrl/0FRRIilr0EhEsu0RxQQPWQM4CNaOJSOBJ1jLG15P6q17JhWPwjsYxcwJSD/kPqcEtOWaeXzpVorqJCnhC422RgxdyfsDIFJGDzgpuWbBKltT4WWw51BAc9Vd86vbi2gSsBCoIEp1bCsGJyUSOBVsnOsmisWEDkmfdTSGJGDKSae3jPGxdnrYj6R+IeCp+3siJYFSo8DTnQGBgVqsTcz/ap0E/HMn5WGcAAvpbJGfCAwRngSDe1wyCmKkgVDJ9V8xHRBJKOj4cjoEe/HkZWhWyna1XL09LdSu5nFk0RHKoyKy0RmqoRtURw1E0SN6Rq/ozXgyXox342PWmjHmM4foj4zPH8w6mG0=</latexit>

A2(s, u) = A1(s, t ! u) , etc

<latexit sha1_base64="XmHaFo5tpNUZbKeY7BBEBxqqkQw=">AAACHXicbZDLSsNAFIYn9VbrLerSzWARKkpJQqluhKIblxXsBdoYJtNJO3SSjDMToZS+iBtfxY0LRVy4Ed/GaRpQqz8M/HznHM6c3+eMSmVZn0ZuYXFpeSW/Wlhb39jcMrd3mjJOBCYNHLNYtH0kCaMRaSiqGGlzQVDoM9LyhxfTeuuOCEnj6FqNOHFD1I9oQDFSGnlmBUp4Bkvcs+ER5J5zeOMcQ/WNblOQzICTAc8sWmUrFfxr7MwUQaa6Z753ezFOQhIpzJCUHdviyh0joShmZFLoJpJwhIeoTzraRigk0h2n103ggSY9GMRCv0jBlP6cGKNQylHo684QqYGcr03hf7VOooJTd0wjnigS4dmiIGFQxXAaFexRQbBiI20QFlT/FeIBEggrHWhBh2DPn/zXNJ2yXS1XryrF2nkWRx7sgX1QAjY4ATVwCeqgATC4B4/gGbwYD8aT8Wq8zVpzRjazC37J+PgC/IWbEQ==</latexit>

s = (p1 + p2)
2, t = (p1 + q)2, u = (p2 + q)2

<latexit sha1_base64="fQr6LHmwiSphiEs9QtpOHGCPRE0="></latexit>

M
H!ff̄�

=
⇥
qµp1 · "⇤(q)� "⇤

µ
(q) q · p1

⇤
ū(p2)

�
A1�

µPR +B1�
µPL

�
v(p1)

+
⇥
qµp2 · "⇤(q)� "⇤

µ
(q) q · p2

⇤
ū(p2)

�
A2�

µPR +B2�
µPL

�
v(p1)

e.g.

Kachanovich, Nierste & Nisandzic (2022)

<latexit sha1_base64="54EosKMdSGR6oTnZvyXThliPNQA="></latexit>

Ares
1 (s) ⌘ ↵1(m2

Z)

s�m2
Z + imZ�Z

and Anr
1 (s, t) ⌘ Ã1(s, t) +

↵1(s)� ↵1(m2
Z)

s�m2
Z + imZ�Z
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<latexit sha1_base64="fQr6LHmwiSphiEs9QtpOHGCPRE0="></latexit>

M
H!ff̄�

=
⇥
qµp1 · "⇤(q)� "⇤

µ
(q) q · p1

⇤
ū(p2)

�
A1�

µPR +B1�
µPL

�
v(p1)

+
⇥
qµp2 · "⇤(q)� "⇤

µ
(q) q · p2

⇤
ū(p2)

�
A2�

µPR +B2�
µPL

�
v(p1)
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Binning ?
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