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We report on a search for a new 𝑍′ (𝐿𝜇 − 𝐿𝜏 ) vector boson performed at the NA64 experiment33

employing a high energy muon beam and a missing energy-momentum technique. Muons from the34

M2 beamline at the CERN Super Proton Synchrotron with a momentum of 160 GeV/c are directed35

to an active target. A signal event is a single scattered muon with momentum < 80 GeV/c in the final36

state, accompanied by missing energy, i.e. no detectable activity in the downstream calorimeters.37

For a total statistic of (1.98 ± 0.02) × 1010 muons on target, no event is observed in the expected38

signal region. This allows us to set new limits on part of the remaining (𝑚𝑍′ , 𝑔𝑍′) parameter space39

which could provide an explanation for the muon (𝑔−2)𝜇 anomaly. Additionally, our study excludes40

part of the parameter space suggested by the thermal Dark Matter relic abundance. Our results41

pave the way to explore Dark Sectors and light Dark Matter with muon beams in a unique and42

complementary way to other experiments.43

Dark Sectors (DS) are a promising paradigm to ad-44

dress open questions of the Standard Model (SM) such45

as the Dark Matter (DM) origin [1]. In this framework,46

one postulates a new sector of particles below the elec-47

troweak scale that are not charged under the SM but48

could have a phenomenology of their own [2–7]. In ad-49

dition to gravity, the interactions between DS states and50

the SM could proceed through portal mediators [8–12].51

If one assumes that DM is made by the lightest stable DS52

particles, the resulting feeble interaction between the two53

sectors is compatible with cosmological observations and,54

thus, would accommodate a solution to the DM problem.55

DS models became an extremely fertile domain of explo-56

ration with many different techniques tackling the very57

large parameter space of possible DM candidates (see e.g.58

for recent reviews [13–16]). Models with lepton numbers59

𝐿𝜇−𝐿𝜏 gauging are very attractive to explain the origin60

of DM and, at the same time, provide an explanation for61

the long-standing 𝑔−2 muon anomaly [17]. The 𝑍 ′ vector62

boson originates from the broken 𝑈(1)𝐿𝜇−𝐿𝜏 symmetry63

and couples directly to the second and third lepton gen-64

erations, and their corresponding left-handed neutrinos65

through the coupling 𝑔𝑍′ [18–23]. The extension of this66

model to interactions with DM candidates, being consis-67
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tent in predicting the observed DM relic density [24–27]68

, is achieved by adding to the Lagrangian a term of the69

type ℒ ⊇ −𝑔𝜒𝑍 ′
𝜇𝐽

𝜇
𝜒 with the current 𝐽𝜇

𝜒 and the cou-70

pling 𝑔𝜒 of the 𝑍 ′
𝜇 to the DM candidates. In the case71

where 𝑚𝑍′ > 𝑚𝜒 (away from the near on-shell resonant72

enhancement 𝑚𝑍′ ≃ 2𝑚𝜒), the relic density is driven73

by 𝜒̄𝜒(→ 𝑍(*)′ →)𝑓𝑓 , 𝑓 = 𝜇, 𝜏, 𝜈, with the relevant74

𝑠−channel annihilation cross-section scaling as [21, 26]75

⟨𝜎𝑣⟩ ∝ (𝑔𝜒𝑔𝑍′)2𝑚2
𝜒/𝑚

4
𝑍′ = 𝑦𝑚−2

𝜒 . Below the resonance,76

𝑚𝑍′ < 2𝑚𝜒, the 𝑡−channel annihilation is 𝜒̄𝜒 → 𝑍 ′𝑍 ′,77

with ⟨𝜎𝑣⟩ ∝ 𝑔4𝜒/𝑚
2
𝜒.78

Within this framework, the discrepancy between the79

experimental [28] and SM predicted [29–47] (𝑔− 2)𝜇 val-80

ues can also be explained through loop corrections [5, 48–81

53]. The current bounds for𝑚𝑍′ > 2𝑚𝜇 arise from direct82

searches, sensitive to the kinematically allowed visible de-83

cay channel 𝑍 ′ → 𝜇+𝜇− [54–57]. Neutrino scattering ex-84

periments [58, 59] and missing energy searches through85

𝑍 ′ → 𝜒̄𝜒 [60, 61] provide constraints for 𝑚𝑍′ < 2𝑚𝜇.86

The lower bound is set through the 𝑍 ′ contribution to87

the radiation density of the Universe through ∆𝑁eff, with88

its value being defined from both the CMB spectrum [27]89

and the Big Bang nucleosynthesis (BBN) [57, 62, 63] to90

𝑚𝑍′ > 3− 10 MeV [64] and 𝑔𝑍′ ∼ 10−4 − 10−3.91

In this Letter, we report on the first results of the NA6492

experiment muon program, dubbed NA64𝜇, looking for93

Dark Sectors weakly coupled to muons. The experimen-94

tal set-up and working principle are schematically shown95

in Fig. 1.96
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<latexit sha1_base64="FuONsqLb1adpDHtKfDYC1SESmrQ=">AAAB8nicbVBNSwMxEM36WetX1aOXYBU8ld0q6LEggjcr9Au2S8mm2TY0myzJrFiW/gwvHhTx6q/x5r8xbfegrQ8GHu/NMDMvTAQ34Lrfzsrq2vrGZmGruL2zu7dfOjhsGZVqyppUCaU7ITFMcMmawEGwTqIZiUPB2uHoZuq3H5k2XMkGjBMWxGQgecQpASv5XWBPkLVuG/eTXqnsVtwZ8DLxclJGOeq90le3r2gaMwlUEGN8z00gyIgGTgWbFLupYQmhIzJgvqWSxMwE2ezkCT6zSh9HStuSgGfq74mMxMaM49B2xgSGZtGbiv95fgrRdZBxmaTAJJ0vilKBQeHp/7jPNaMgxpYQqrm9FdMh0YSCTaloQ/AWX14mrWrFu6hUHy7LtdM8jgI6RifoHHnoCtXQHaqjJqJIoWf0it4ccF6cd+dj3rri5DNH6A+czx9EkJEl</latexit>

ECAL
<latexit sha1_base64="ehUE5fNn/2c4lvr4y95BqMbLPbo=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBqPgKexGQY+RIHjwEME8YLOE2clsMmR2ZpnpFcOSz/DiQRGvfo03/8bJ46CJBQ1FVTfdXWEiuAHX/XZyK6tr6xv5zcLW9s7uXnH/oGlUqilrUCWUbofEMMElawAHwdqJZiQOBWuFw9rEbz0ybbiSDzBKWBCTvuQRpwSs5HeAPUF2U7u+G3eLJbfsToGXiTcnJTRHvVv86vQUTWMmgQpijO+5CQQZ0cCpYONCJzUsIXRI+sy3VJKYmSCbnjzGp1bp4UhpWxLwVP09kZHYmFEc2s6YwMAsehPxP89PIboKMi6TFJiks0VRKjAoPPkf97hmFMTIEkI1t7diOiCaULApFWwI3uLLy6RZKXvn5cr9Ral6Mo8jj47QMTpDHrpEVXSL6qiBKFLoGb2iNwecF+fd+Zi15pz5zCH6A+fzBwX5kPw=</latexit>

ST11
<latexit sha1_base64="GdR9OZ6K3NrbNoxomF471SEsiJA=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BKvgqSRV0GPBi8eK/YI2ls122y7dbMLuRC0h/8OLB0W8+l+8+W/ctjlo64OBx3szzMzzI8E1Os63lVtZXVvfyG8WtrZ3dveK+wdNHcaKsgYNRajaPtFMcMkayFGwdqQYCXzBWv74euq3HpjSPJR1nETMC8hQ8gGnBI1030X2hMldPe0lrpv2iiWn7MxgLxM3IyXIUOsVv7r9kMYBk0gF0brjOhF6CVHIqWBpoRtrFhE6JkPWMVSSgGkvmV2d2qdG6duDUJmSaM/U3xMJCbSeBL7pDAiO9KI3Ff/zOjEOrryEyyhGJul80SAWNob2NAK7zxWjKCaGEKq4udWmI6IIRRNUwYTgLr68TJqVsntertxelKonWRx5OIJjOAMXLqEKN1CDBlBQ8Ayv8GY9Wi/Wu/Uxb81Z2cwh/IH1+QN6CJJl</latexit>

S4
<latexit sha1_base64="3aXGwpErnQsfjpO6aMTQyIRCAsQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69BKvgqSS1oMeCF48V7Qc0oWy203bpZhN2J2IJ+RtePCji1T/jzX/jts1BWx8MPN6bYWZeEAuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6yhRDFosEpHqBlSD4BJayFFAN1ZAw0BAJ5jczPzOIyjNI/mA0xj8kI4kH3JG0Uieh/CE6X3WT+tZv1xxqs4c9ipxc1IhOZr98pc3iFgSgkQmqNY914nRT6lCzgRkJS/REFM2oSPoGSppCNpP5zdn9rlRBvYwUqYk2nP190RKQ62nYWA6Q4pjvezNxP+8XoLDaz/lMk4QJFssGibCxsieBWAPuAKGYmoIZYqbW202pooyNDGVTAju8surpF2rupfV2l290jjL4yiSE3JKLohLrkiD3JImaRFGYvJMXsmblVgv1rv1sWgtWPnMMfkD6/MHYW+Rzw==</latexit>

Sµ
<latexit sha1_base64="DcCwjuW2inp2jRZCHemqdcap94g=">AAAB9XicbVBNSwMxEM36WetX1aOXYBU8ld0q6LHgxWNF+wHtWrJptg1Nsksyq5Zl/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXxIIbcN1vZ2l5ZXVtvbBR3Nza3tkt7e03TZRoyho0EpFuB8QwwRVrAAfB2rFmRAaCtYLR1cRvPTBteKTuYBwzX5KB4iGnBKx03wX2BOlt1ku7Msl6pbJbcafAi8TLSRnlqPdKX91+RBPJFFBBjOl4bgx+SjRwKlhW7CaGxYSOyIB1LFVEMuOn06szfGKVPg4jbUsBnqq/J1IijRnLwHZKAkMz703E/7xOAuGln3IVJ8AUnS0KE4EhwpMIcJ9rRkGMLSFUc3srpkOiCQUbVNGG4M2/vEia1Yp3VqnenJdrx3kcBXSIjtAp8tAFqqFrVEcNRJFGz+gVvTmPzovz7nzMWpecfOYA/YHz+QNJZpLt</latexit>

”0”
<latexit sha1_base64="qTAvrP6/DMqL+Zgt20hutC6hrbo=">AAAB6nicbVBNS8NAEJ34WetX1aOXpVXwVJIq6LHgxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSQ9kt90sVt+rOQVaJl5MK5Gj0S1+9QczSiCtkkhrT9dwE/YxqFEzyabGXGp5QNqZD3rVU0YgbP5ufOiXnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2naEPwll9eJa1a1bus1u6vKvWzPI4CnEIZLsCDa6jDHTSgCQyG8Ayv8OZI58V5dz4WrWtOPnMCf+B8/gAivozy</latexit>

µin
<latexit sha1_base64="wBFaVmMsj25AXJlYJorztKbYgCI=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgQcpuFfRY8OKxgv2A7lKyabYNTbJrMlssS3+HFw+KePXHePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNYGDYJ1EMyJDwdrh6Hbmt8dMGx6rB5gkLJBkoHjEKQErBb5Mez6wJ8i4mvbKFbfqzoFXiZeTCsrR6JW//H5MU8kUUEGM6XpuAkFGNHAq2LTkp4YlhI7IgHUtVUQyE2Tzo6f4zCp9HMXalgI8V39PZEQaM5Gh7ZQEhmbZm4n/ed0UopvA/pOkwBRdLIpSgSHGswRwn2tGQUwsIVRzeyumQ6IJBZtTyYbgLb+8Slq1qndZrd1fVeoXeRxFdIJO0Tny0DWqozvUQE1E0SN6Rq/ozRk7L86787FoLTj5zDH6A+fzB3Cyknc=</latexit>

µout
<latexit sha1_base64="Cwz1hbgonHr48sjyCwuqRzFeeIE=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgQcpuFfRY8OKxgv2A7lqyabYNzWaXZKKWpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMC1PBNbjut1NYWV1b3yhulra2d3b3yvsHLZ0YRVmTJiJRnZBoJrhkTeAgWCdVjMShYO1wdD312w9MaZ7IOxinLIjJQPKIUwJWuvdj0/OBPUGWGJj0yhW36s6Al4mXkwrK0eiVv/x+Qk3MJFBBtO56bgpBRhRwKtik5BvNUkJHZMC6lkoSMx1ks6sn+MQqfRwlypYEPFN/T2Qk1noch7YzJjDUi95U/M/rGoiugozL1ACTdL4oMgJDgqcR4D5XjIIYW0Ko4vZWTIdEEQo2qJINwVt8eZm0alXvvFq7vajUz/I4iugIHaNT5KFLVEc3qIGaiCKFntErenMenRfn3fmYtxacfOYQ/YHz+QNe5ZMC</latexit>

BMS1,5
<latexit sha1_base64="PlFfF1gE73T3NF9ZlLBQ7TIz/lg=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4kJJURY9FL16EivYD2hA22227dLMJu5NiCfknXjwo4tV/4s1/47bNQVsfDDzem2FmXhALrsFxvq2l5ZXVtfXCRnFza3tn197bb+goUZTVaSQi1QqIZoJLVgcOgrVixUgYCNYMhjcTvzliSvNIPsI4Zl5I+pL3OCVgJN+2O8CeIL2+e8j81D29yHy75JSdKfAicXNSQjlqvv3V6UY0CZkEKojWbdeJwUuJAk4Fy4qdRLOY0CHps7ahkoRMe+n08gwfG6WLe5EyJQFP1d8TKQm1HoeB6QwJDPS8NxH/89oJ9K68lMs4ASbpbFEvERgiPIkBd7liFMTYEEIVN7diOiCKUDBhFU0I7vzLi6RRKbtn5cr9eamK8zgK6BAdoRPkoktURbeohuqIohF6Rq/ozUqtF+vd+pi1Lln5zAH6A+vzB+a/kxE=</latexit>

BMS2
<latexit sha1_base64="kQGzjIQVthUuaNZScsUYBXKDIsc=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BL16EiOYByRpmJ51kyOyDmV41LPsfXjwo4tV/8ebfOEn2oIkFDUVVN91dXiSFRtv+tnJLyyura/n1wsbm1vZOcXevocNYcajzUIaq5TENUgRQR4ESWpEC5nsSmt7ocuI3H0BpEQZ3OI7A9dkgEH3BGRrpvoPwhMnF9W3aTSppt1iyy/YUdJE4GSmRDLVu8avTC3nsQ4BcMq3bjh2hmzCFgktIC51YQ8T4iA2gbWjAfNBuMr06pUdG6dF+qEwFSKfq74mE+VqPfc90+gyHet6biP957Rj7524igihGCPhsUT+WFEM6iYD2hAKOcmwI40qYWykfMsU4mqAKJgRn/uVF0qiUnZNy5ea0VKVZHHlyQA7JMXHIGamSK1IjdcKJIs/klbxZj9aL9W59zFpzVjazT/7A+vwBiMaSbA==</latexit>

BMS3,6
<latexit sha1_base64="tCwpZWyomGes1jODVqDIgFuFoEI=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwISVpRV0W3bgRKtoHtCFMppN26OTBzE2xhPyJGxeKuPVP3Pk3TtsstPXAhcM593LvPV4suALL+jYKK6tr6xvFzdLW9s7unrl/0FJRIilr0khEsuMRxQQPWRM4CNaJJSOBJ1jbG91M/faYScWj8BEmMXMCMgi5zykBLbmm2QP2BOn13UPmprWzi8w1y1bFmgEvEzsnZZSj4ZpfvX5Ek4CFQAVRqmtbMTgpkcCpYFmplygWEzoiA9bVNCQBU046uzzDJ1rpYz+SukLAM/X3REoCpSaBpzsDAkO16E3F/7xuAv6Vk/IwToCFdL7ITwSGCE9jwH0uGQUx0YRQyfWtmA6JJBR0WCUdgr348jJpVSt2rVK9Py/XcR5HER2hY3SKbHSJ6ugWNVATUTRGz+gVvRmp8WK8Gx/z1oKRzxyiPzA+fwDrUpMU</latexit>

BMS4
<latexit sha1_base64="IEQtk5sR7Qnnr4R04pwGHDZM1zI=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hd0Y0GPQixchonlAsobZSScZMvtgplcNy/6HFw+KePVfvPk3TpI9aGJBQ1HVTXeXF0mh0ba/raXlldW19dxGfnNre2e3sLff0GGsONR5KEPV8pgGKQKoo0AJrUgB8z0JTW90OfGbD6C0CIM7HEfg+mwQiL7gDI1030F4wuTi+jbtJpW0WyjaJXsKukicjBRJhlq38NXphTz2IUAumdZtx47QTZhCwSWk+U6sIWJ8xAbQNjRgPmg3mV6d0mOj9Gg/VKYCpFP190TCfK3Hvmc6fYZDPe9NxP+8doz9czcRQRQjBHy2qB9LiiGdREB7QgFHOTaEcSXMrZQPmWIcTVB5E4Iz//IiaZRLzmmpfFMpVmkWR44ckiNyQhxyRqrkitRInXCiyDN5JW/Wo/VivVsfs9YlK5s5IH9gff4Ai9CSbg==</latexit>

MM1,2
<latexit sha1_base64="YwixteFYX9LIKZ9EDlRa/mDsdcs=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIHqQkVdBjwYuXQgX7AW0Im+22XbrZhN2JWEN+iRcPinj1p3jz37htc9DWBwOP92aYmRfEgmtwnG+rsLa+sblV3C7t7O7tl+2Dw7aOEkVZi0YiUt2AaCa4ZC3gIFg3VoyEgWCdYHIz8zsPTGkeyXuYxswLyUjyIacEjOTb5T6wR0gbjcxP3fNa5tsVp+rMgVeJm5MKytH07a/+IKJJyCRQQbTuuU4MXkoUcCpYVuonmsWETsiI9QyVJGTaS+eHZ/jUKAM8jJQpCXiu/p5ISaj1NAxMZ0hgrJe9mfif10tgeO2lXMYJMEkXi4aJwBDhWQp4wBWjIKaGEKq4uRXTMVGEgsmqZEJwl19eJe1a1b2o1u4uK3Wcx1FEx+gEnSEXXaE6ukVN1EIUJegZvaI368l6sd6tj0VrwcpnjtAfWJ8/StmSvA==</latexit>

MM3,4
<latexit sha1_base64="XPdQcLdIlZuUNJ1bIHK8XeSMSGc=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCylJW9BlwY2bQgX7gDaEyXTSDp08mLkRa8iXuHGhiFs/xZ1/47TNQlsPXDiccy/33uPFgiuwrG+jsLG5tb1T3C3t7R8cls2j466KEklZh0Yikn2PKCZ4yDrAQbB+LBkJPMF63vRm7vcemFQ8Cu9hFjMnIOOQ+5wS0JJrlofAHiFttTI3rV82MtesWFVrAbxO7JxUUI62a34NRxFNAhYCFUSpgW3F4KREAqeCZaVholhM6JSM2UDTkARMOeni8Ayfa2WE/UjqCgEv1N8TKQmUmgWe7gwITNSqNxf/8wYJ+NdOysM4ARbS5SI/ERgiPE8Bj7hkFMRME0Il17diOiGSUNBZlXQI9urL66Rbq9r1au2uUWniPI4iOkVn6ALZ6Ao10S1qow6iKEHP6BW9GU/Gi/FufCxbC0Y+c4L+wPj8AVDxksA=</latexit>

ST5,4
<latexit sha1_base64="2/CN5fuzNRaOP9/dffn5Tv8JwYs=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCylJreiy4MZlxb6gDWEynbRDJw9mbsQa8iVuXCji1k9x5984bbPQ1gMXDufcy733eLHgCizr2yisrW9sbhW3Szu7e/tl8+Cwo6JEUtamkYhkzyOKCR6yNnAQrBdLRgJPsK43uZn53QcmFY/CFkxj5gRkFHKfUwJacs3yANgjpPetzE0vz+uZa1asqjUHXiV2TiooR9M1vwbDiCYBC4EKolTftmJwUiKBU8Gy0iBRLCZ0Qkasr2lIAqacdH54hk+1MsR+JHWFgOfq74mUBEpNA093BgTGatmbif95/QT8ayflYZwAC+likZ8IDBGepYCHXDIKYqoJoZLrWzEdE0ko6KxKOgR7+eVV0qlV7Ytq7a5eaeA8jiI6RifoDNnoCjXQLWqiNqIoQc/oFb0ZT8aL8W58LFoLRj5zhP7A+PwBaBSSzw==</latexit>

BEND6
<latexit sha1_base64="NMRgKbr9KsWMXwTJ17NsF1HsDyM=">AAAB83icbVDJSgNBEK2JW4xb1KOXxiB4CjNR1GNwAU8SwSyQGUJPp5M06VnorhHDkN/w4kERr/6MN//GTjIHTXxQ8Hiviqp6fiyFRtv+tnJLyyura/n1wsbm1vZOcXevoaNEMV5nkYxUy6eaSxHyOgqUvBUrTgNf8qY/vJr4zUeutIjCBxzF3AtoPxQ9wSgayXWRP2F6eXN3fTbuFEt22Z6CLBInIyXIUOsUv9xuxJKAh8gk1brt2DF6KVUomOTjgptoHlM2pH3eNjSkAddeOr15TI6M0iW9SJkKkUzV3xMpDbQeBb7pDCgO9Lw3Ef/z2gn2LrxUhHGCPGSzRb1EEozIJADSFYozlCNDKFPC3ErYgCrK0MRUMCE48y8vkkal7JyUK/enpSrJ4sjDARzCMThwDlW4hRrUgUEMz/AKb1ZivVjv1sesNWdlM/vwB9bnD4WckTw=</latexit>

QPL29
<latexit sha1_base64="2/v9MUiZMhAdpnVu/eDBgMSvo2c=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSBfVW8OLBQwv2A9oQNtttu3SzCbsTsYb8Ei8eFPHqT/Hmv3Hb5qCtDwYe780wMy+IBdfgON9WYW19Y3OruF3a2d3bL9sHh20dJYqyFo1EpLoB0UxwyVrAQbBurBgJA8E6weRm5ncemNI8kvcwjZkXkpHkQ04JGMm3y31gj5A2G3eZn9auM9+uOFVnDrxK3JxUUI6Gb3/1BxFNQiaBCqJ1z3Vi8FKigFPBslI/0SwmdEJGrGeoJCHTXjo/PMOnRhngYaRMScBz9fdESkKtp2FgOkMCY73szcT/vF4Cwysv5TJOgEm6WDRMBIYIz1LAA64YBTE1hFDFza2YjokiFExWJROCu/zyKmnXqu55tda8qNRxHkcRHaMTdIZcdInq6BY1UAtRlKBn9IrerCfrxXq3PhatBSufOUJ/YH3+AJI7kus=</latexit>

QPL30
<latexit sha1_base64="21hSLXJgYbjEPbjLQYgMXUXf+VE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnosePHgoQX7AW0Im+2mXbrZhN2JWEN/iRcPinj1p3jz37htc9DWBwOP92aYmRckgmtwnG+rsLG5tb1T3C3t7R8clu2j446OU0VZm8YiVr2AaCa4ZG3gIFgvUYxEgWDdYHIz97sPTGkey3uYJsyLyEjykFMCRvLt8gDYI2St5t3Mz+rOzLcrTtVZAK8TNycVlKPp21+DYUzTiEmggmjdd50EvIwo4FSwWWmQapYQOiEj1jdUkohpL1scPsPnRhniMFamJOCF+nsiI5HW0ygwnRGBsV715uJ/Xj+F8NrLuExSYJIuF4WpwBDjeQp4yBWjIKaGEKq4uRXTMVGEgsmqZEJwV19eJ51a1a1Xa63LSgPncRTRKTpDF8hFV6iBblETtRFFKXpGr+jNerJerHfrY9lasPKZE/QH1ucPhhSS4w==</latexit>

QPL31
<latexit sha1_base64="XyFX5CN5iCAVdNtohl/yoVGf3g4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnosePHgoQX7AW0Im+2mXbrZhN2JWEN/iRcPinj1p3jz37htc9DWBwOP92aYmRckgmtwnG+rsLG5tb1T3C3t7R8clu2j446OU0VZm8YiVr2AaCa4ZG3gIFgvUYxEgWDdYHIz97sPTGkey3uYJsyLyEjykFMCRvLt8gDYI2St5t3Mz+ruzLcrTtVZAK8TNycVlKPp21+DYUzTiEmggmjdd50EvIwo4FSwWWmQapYQOiEj1jdUkohpL1scPsPnRhniMFamJOCF+nsiI5HW0ygwnRGBsV715uJ/Xj+F8NrLuExSYJIuF4WpwBDjeQp4yBWjIKaGEKq4uRXTMVGEgsmqZEJwV19eJ51a1a1Xa63LSgPncRTRKTpDF8hFV6iBblETtRFFKXpGr+jNerJerHfrY9lasPKZE/QH1ucPh5mS5A==</latexit>

QPL32
<latexit sha1_base64="rD5FFqBccpX1jKIj8HFHHFPM+2g=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnosePHgoQX7AW0Im+2mXbrZhN2JWEN/iRcPinj1p3jz37htc9DWBwOP92aYmRckgmtwnG+rsLG5tb1T3C3t7R8clu2j446OU0VZm8YiVr2AaCa4ZG3gIFgvUYxEgWDdYHIz97sPTGkey3uYJsyLyEjykFMCRvLt8gDYI2St5t3Mz+q1mW9XnKqzAF4nbk4qKEfTt78Gw5imEZNABdG67zoJeBlRwKlgs9Ig1SwhdEJGrG+oJBHTXrY4fIbPjTLEYaxMScAL9fdERiKtp1FgOiMCY73qzcX/vH4K4bWXcZmkwCRdLgpTgSHG8xTwkCtGQUwNIVRxcyumY6IIBZNVyYTgrr68Tjq1qluv1lqXlQbO4yiiU3SGLpCLrlAD3aImaiOKUvSMXtGb9WS9WO/Wx7K1YOUzJ+gPrM8fiR6S5Q==</latexit>

QPL33A,B,C
<latexit sha1_base64="Vko6KervOsMRsOlnaNYVjKpmPIc=">AAACBHicbVC7TgJBFJ3FF+Jr1ZJmIjGxIGQXTLREaSwsIJFHAhsyOwwwYfaRmbtGstnCxl+xsdAYWz/Czr9xgC0UPMlNzpxzb+be44aCK7CsbyOztr6xuZXdzu3s7u0fmIdHLRVEkrImDUQgOy5RTHCfNYGDYJ1QMuK5grXdSW3mt++ZVDzw72AaMscjI58POSWgpb6Z7wF7gLhRv036caWyeF0Vr4u1JOmbBatkzYFXiZ2SAkpR75tfvUFAI4/5QAVRqmtbITgxkcCpYEmuFykWEjohI9bV1CceU048PyLBp1oZ4GEgdfmA5+rviZh4Sk09V3d6BMZq2ZuJ/3ndCIaXTsz9MALm08VHw0hgCPAsETzgklEQU00IlVzviumYSEJB55bTIdjLJ6+SVrlkV0rlxnmhitM4siiPTtAZstEFqqIbVEdNRNEjekav6M14Ml6Md+Nj0Zox0plj9AfG5w8JKpeV</latexit>

80 m
<latexit sha1_base64="eX/pd395PzY+UYIPxOOgphEzW0U=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2A9oQtlst+3S3STsTsQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1LDpYh4CwVK3k00pyqUvBNObud+55FrI+LoAacJDxQdRWIoGEUr+XXXJz7yJ8zUrF+uuFV3AbJOvJxUIEezX/7yBzFLFY+QSWpMz3MTDDKqUTDJZyU/NTyhbEJHvGdpRBU3Qba4eUYurDIgw1jbipAs1N8TGVXGTFVoOxXFsVn15uJ/Xi/FYT3IRJSkyCO2XDRMJcGYzAMgA6E5Qzm1hDIt7K2EjammDG1MJRuCt/ryOmnXqt5VtXZ/XWmQPI4inME5XIIHN9CAO2hCCxgk8Ayv8Oakzovz7nwsWwtOPnMKf+B8/gCDH5E+</latexit>

(1 − f)E0
<latexit sha1_base64="qWc2MIM79ud1BM9hP2mV7xucfIs=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQQZfdKCbHgAgeI5gHJEuYncwmQ2Zn15lZISz5CS8eFPHq73jzb5y8QI0FDUVVN91dfsyZ0o7zZWVWVtfWN7Kbua3tnd29/P5BQ0WJJLROIh7Jlo8V5UzQumaa01YsKQ59Tpv+8HriNx+pVCwS93oUUy/EfcECRrA2UqvongenN12nmy84tjMFcuySe+VWyshdKAtSgDlq3fxnpxeRJKRCE46VartOrL0US80Ip+NcJ1E0xmSI+7RtqMAhVV46vXeMTozSQ0EkTQmNpurPiRSHSo1C33SGWA/UX28i/ue1Ex1UvJSJONFUkNmiIOFIR2jyPOoxSYnmI0MwkczcisgAS0y0iShnQlh6eZk0SrZ7YZfuLgvVs3kcWTiCYyiCC2Wowi3UoA4EODzBC7xaD9az9Wa9z1oz1nzmEH7B+vgGPnKOuw==</latexit>

E0
<latexit sha1_base64="cMK4jpgsnMlKZuVF2URBPsrcy5g=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8yDIbxeQYEMFjRPOAZAmzk9lkyOzsMjMrhCWf4MWDIl79Im/+jZMXqLGgoajqprsrSATXBuMvZ2V1bX1jM7eV397Z3dsvHBw2dJwqyuo0FrFqBUQzwSWrG24EayWKkSgQrBkMryd+85EpzWP5YEYJ8yPSlzzklBgr3d90cbdQxC6eAmG35F15lTLyFsqCFGGOWrfw2enFNI2YNFQQrdseToyfEWU4FWyc76SaJYQOSZ+1LZUkYtrPpqeO0alVeiiMlS1p0FT9OZGRSOtRFNjOiJiB/utNxP+8dmrCip9xmaSGSTpbFKYCmRhN/kY9rhg1YmQJoYrbWxEdEEWosenkbQhLLy+TRsn1LtzS3WWxej6PIwfHcAJn4EEZqnALNagDhT48wQu8OsJ5dt6c91nrijOfOYJfcD6+AdyjjXQ=</latexit>

Figure 1. Schematic illustration of the 2022 setup for the search of a Z′ vector boson produced in the bremsstrahlung-like
reaction µN → µN(Z′ → invisible) of 160 GeV/c incident muons on the ECAL target. The upstream region for identifying
incoming muons with momentum pin " 160 GeV/c is shown on the left-hand side of the figure, whereas the downstream part
where the Z′ boson is produced is shown on the right-hand side. For illustrative purposes, the trigger scheme on the outgoing
muon (S4 × Sµ) is shown (see text).
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A detailed GEANT4-based [60, 61] Monte Carlo (MC) sim-175

ulation is performed to study, together with the main176

background sources, the response of the detectors and the177

propagation of the muon upstream of the target. In the178

latter case, the full beam optics developed by the CERN179

BE-EA beam department is encompassed in the simu-180

lation framework using separately both the TRANSPORT,181

HALO and TURTLE programs [62–64] to transport the par-182

ticles at the entrance of the set-up, as well the GEANT4183

compatible beam delivery simulation (BDSIM) program184

[65–67] to simulate secondaries interactions in the beam-185

line material. The signal acceptance is carefully studied186

using the GEANT4 interface DMG4 package [68], including187

the latest light mediators production cross-sections com-188

putations through muon bremsstrahlung [57]. As such,189

the trigger system is optimized to compensate for the190

low signal yield at high masses, σZ′ ∼ g2
Z′αZ2/m2

Z′ ,191

with α the fine structure constant, through angular ac-192

ceptance being maximized for a scattered muon angle193

ψ′
µ ∼ 10−2 rad after ECAL. In addition, the trigger194

counters downstream of MS2 account for the expected195

160 GeV/c mean deflected position at the level of S4,196

estimated at 〈δx〉 $ −12.0 mm from a detailed GenFit-197

based [69, 70] Runge-Kutta (RK) extrapolation scheme.198

The analysis is carried out blindly in the optic of op-199

timizing the signal sensitivity. The signal box is thus200

defined based on the minimization of Sup/εZ′ , with εZ′201

the signal efficiency and Sup $ 2.3 + 1.5
√

B the average202

90% upper limits under the null hypothesis H0 (no DM203

is observed) with background level B. The optimal value204

is extracted from detailed signal simulations and data. It205

is found to be pcut
out ≤ 80 GeV/c. The corresponding cut206

on the total energy deposit in the calorimeters, Ecut
CAL,207

is derived from the sum of the minimum ionizing parti-208

cle (MIP) peaks of the related energy spectra and set to209

≤ 12 GeV.210

To minimize the background, the following set of selec-211

tion criteria is used. (i) The incoming momentum should212

be in the momentum range 160 ± 20 GeV/c. (ii) A sin-213

gle track is reconstructed in each magnetic spectrometer214

(BEND6 and MS2). This criterion ensures that a sin-215

gle muon traverses the full set-up. (iii) At most one hit216

is reconstructed in MM5−7 and ST1 (no multiple hit)217

and the corresponding extrapolated track to the HCAL218

face is compatible with a MIP energy deposit in the tar-219

geted cell. This cut verifies that no energetic enough sec-220

ondaries from interactions upstream MS2 arrive at the221

HCAL. (vi) The energy deposit in the calorimeters and222

the veto should be compatible with a MIP. This cut en-223

forces the selection of events with no muon nuclear in-224

teractions in the calorimeters. The resulting surviving225

events that pass the aforementioned cutflow analysis are226

shown in Fig. 2 in the outgoing muon momentum and227

total energy deposit plane, (pout, ECAL), together with228

the initial event distribution before calorimetry cuts. In229

the aforementioned phase space, region A is inherent in230

events with MIP-compatible energy deposits in all of the231

calorimeters, resulting in pin $ pout $ 160 GeV/c. While232

the beam muons do not necessarily pass through the S4233

and Sµ counters, sufficiently energetic residual ionization234

µN → µN + δe in the downstream trackers MM5−7 or235

last HCAL2 layers does. The accumulation of events in236

regions B and C are respectively associated with large en-237

ergy deposits in the ECAL and HCAL, and solely in the238

HCAL modules. The diagonal from region A to B is the239

product of energy-momentum conservation through in-240

teractions in the ECAL. The observed attenuation above241

pout ≥ 50 GeV/c up to pout ≤ 100 GeV/c is the result242

of the trigger acceptance on hard muon bremsstrahlung243

events, µN → µN + γ, with ψ′
µ * 10−2 rad. This bi-244

product has been carefully cross-checked against MC sim-245

ulations and the related GEANT4 single-event verbose. A246

similar study is performed to extract the nature of the247

events in the region D. Those are associated with muon248

nuclear interactions in the ECAL, µN → µ + X, with X249

containing any combination of π′s, K, p, n..., with low-250
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S4
<latexit sha1_base64="3aXGwpErnQsfjpO6aMTQyIRCAsQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69BKvgqSS1oMeCF48V7Qc0oWy203bpZhN2J2IJ+RtePCji1T/jzX/jts1BWx8MPN6bYWZeEAuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6yhRDFosEpHqBlSD4BJayFFAN1ZAw0BAJ5jczPzOIyjNI/mA0xj8kI4kH3JG0Uieh/CE6X3WT+tZv1xxqs4c9ipxc1IhOZr98pc3iFgSgkQmqNY914nRT6lCzgRkJS/REFM2oSPoGSppCNpP5zdn9rlRBvYwUqYk2nP190RKQ62nYWA6Q4pjvezNxP+8XoLDaz/lMk4QJFssGibCxsieBWAPuAKGYmoIZYqbW202pooyNDGVTAju8surpF2rupfV2l290jjL4yiSE3JKLohLrkiD3JImaRFGYvJMXsmblVgv1rv1sWgtWPnMMfkD6/MHYW+Rzw==</latexit>

Sµ
<latexit sha1_base64="DcCwjuW2inp2jRZCHemqdcap94g=">AAAB9XicbVBNSwMxEM36WetX1aOXYBU8ld0q6LHgxWNF+wHtWrJptg1Nsksyq5Zl/4cXD4p49b9489+YtnvQ1gcDj/dmmJkXxIIbcN1vZ2l5ZXVtvbBR3Nza3tkt7e03TZRoyho0EpFuB8QwwRVrAAfB2rFmRAaCtYLR1cRvPTBteKTuYBwzX5KB4iGnBKx03wX2BOlt1ku7Msl6pbJbcafAi8TLSRnlqPdKX91+RBPJFFBBjOl4bgx+SjRwKlhW7CaGxYSOyIB1LFVEMuOn06szfGKVPg4jbUsBnqq/J1IijRnLwHZKAkMz703E/7xOAuGln3IVJ8AUnS0KE4EhwpMIcJ9rRkGMLSFUc3srpkOiCQUbVNGG4M2/vEia1Yp3VqnenJdrx3kcBXSIjtAp8tAFqqFrVEcNRJFGz+gVvTmPzovz7nzMWpecfOYA/YHz+QNJZpLt</latexit>

”0”
<latexit sha1_base64="qTAvrP6/DMqL+Zgt20hutC6hrbo=">AAAB6nicbVBNS8NAEJ34WetX1aOXpVXwVJIq6LHgxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSQ9kt90sVt+rOQVaJl5MK5Gj0S1+9QczSiCtkkhrT9dwE/YxqFEzyabGXGp5QNqZD3rVU0YgbP5ufOiXnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2naEPwll9eJa1a1bus1u6vKvWzPI4CnEIZLsCDa6jDHTSgCQyG8Ayv8OZI58V5dz4WrWtOPnMCf+B8/gAivozy</latexit>

µin
<latexit sha1_base64="wBFaVmMsj25AXJlYJorztKbYgCI=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgQcpuFfRY8OKxgv2A7lKyabYNTbJrMlssS3+HFw+KePXHePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+PWiZONWVNGotYd0JimOCKNYGDYJ1EMyJDwdrh6Hbmt8dMGx6rB5gkLJBkoHjEKQErBb5Mez6wJ8i4mvbKFbfqzoFXiZeTCsrR6JW//H5MU8kUUEGM6XpuAkFGNHAq2LTkp4YlhI7IgHUtVUQyE2Tzo6f4zCp9HMXalgI8V39PZEQaM5Gh7ZQEhmbZm4n/ed0UopvA/pOkwBRdLIpSgSHGswRwn2tGQUwsIVRzeyumQ6IJBZtTyYbgLb+8Slq1qndZrd1fVeoXeRxFdIJO0Tny0DWqozvUQE1E0SN6Rq/ozRk7L86787FoLTj5zDH6A+fzB3Cyknc=</latexit>

µout
<latexit sha1_base64="Cwz1hbgonHr48sjyCwuqRzFeeIE=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgQcpuFfRY8OKxgv2A7lqyabYNzWaXZKKWpf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMC1PBNbjut1NYWV1b3yhulra2d3b3yvsHLZ0YRVmTJiJRnZBoJrhkTeAgWCdVjMShYO1wdD312w9MaZ7IOxinLIjJQPKIUwJWuvdj0/OBPUGWGJj0yhW36s6Al4mXkwrK0eiVv/x+Qk3MJFBBtO56bgpBRhRwKtik5BvNUkJHZMC6lkoSMx1ks6sn+MQqfRwlypYEPFN/T2Qk1noch7YzJjDUi95U/M/rGoiugozL1ACTdL4oMgJDgqcR4D5XjIIYW0Ko4vZWTIdEEQo2qJINwVt8eZm0alXvvFq7vajUz/I4iugIHaNT5KFLVEc3qIGaiCKFntErenMenRfn3fmYtxacfOYQ/YHz+QNe5ZMC</latexit>

BMS1,5
<latexit sha1_base64="PlFfF1gE73T3NF9ZlLBQ7TIz/lg=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJ4kJJURY9FL16EivYD2hA22227dLMJu5NiCfknXjwo4tV/4s1/47bNQVsfDDzem2FmXhALrsFxvq2l5ZXVtfXCRnFza3tn197bb+goUZTVaSQi1QqIZoJLVgcOgrVixUgYCNYMhjcTvzliSvNIPsI4Zl5I+pL3OCVgJN+2O8CeIL2+e8j81D29yHy75JSdKfAicXNSQjlqvv3V6UY0CZkEKojWbdeJwUuJAk4Fy4qdRLOY0CHps7ahkoRMe+n08gwfG6WLe5EyJQFP1d8TKQm1HoeB6QwJDPS8NxH/89oJ9K68lMs4ASbpbFEvERgiPIkBd7liFMTYEEIVN7diOiCKUDBhFU0I7vzLi6RRKbtn5cr9eamK8zgK6BAdoRPkoktURbeohuqIohF6Rq/ozUqtF+vd+pi1Lln5zAH6A+vzB+a/kxE=</latexit>

BMS2
<latexit sha1_base64="kQGzjIQVthUuaNZScsUYBXKDIsc=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BL16EiOYByRpmJ51kyOyDmV41LPsfXjwo4tV/8ebfOEn2oIkFDUVVN91dXiSFRtv+tnJLyyura/n1wsbm1vZOcXevocNYcajzUIaq5TENUgRQR4ESWpEC5nsSmt7ocuI3H0BpEQZ3OI7A9dkgEH3BGRrpvoPwhMnF9W3aTSppt1iyy/YUdJE4GSmRDLVu8avTC3nsQ4BcMq3bjh2hmzCFgktIC51YQ8T4iA2gbWjAfNBuMr06pUdG6dF+qEwFSKfq74mE+VqPfc90+gyHet6biP957Rj7524igihGCPhsUT+WFEM6iYD2hAKOcmwI40qYWykfMsU4mqAKJgRn/uVF0qiUnZNy5ea0VKVZHHlyQA7JMXHIGamSK1IjdcKJIs/klbxZj9aL9W59zFpzVjazT/7A+vwBiMaSbA==</latexit>

BMS3,6
<latexit sha1_base64="tCwpZWyomGes1jODVqDIgFuFoEI=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwISVpRV0W3bgRKtoHtCFMppN26OTBzE2xhPyJGxeKuPVP3Pk3TtsstPXAhcM593LvPV4suALL+jYKK6tr6xvFzdLW9s7unrl/0FJRIilr0khEsuMRxQQPWRM4CNaJJSOBJ1jbG91M/faYScWj8BEmMXMCMgi5zykBLbmm2QP2BOn13UPmprWzi8w1y1bFmgEvEzsnZZSj4ZpfvX5Ek4CFQAVRqmtbMTgpkcCpYFmplygWEzoiA9bVNCQBU046uzzDJ1rpYz+SukLAM/X3REoCpSaBpzsDAkO16E3F/7xuAv6Vk/IwToCFdL7ITwSGCE9jwH0uGQUx0YRQyfWtmA6JJBR0WCUdgr348jJpVSt2rVK9Py/XcR5HER2hY3SKbHSJ6ugWNVATUTRGz+gVvRmp8WK8Gx/z1oKRzxyiPzA+fwDrUpMU</latexit>

BMS4
<latexit sha1_base64="IEQtk5sR7Qnnr4R04pwGHDZM1zI=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hd0Y0GPQixchonlAsobZSScZMvtgplcNy/6HFw+KePVfvPk3TpI9aGJBQ1HVTXeXF0mh0ba/raXlldW19dxGfnNre2e3sLff0GGsONR5KEPV8pgGKQKoo0AJrUgB8z0JTW90OfGbD6C0CIM7HEfg+mwQiL7gDI1030F4wuTi+jbtJpW0WyjaJXsKukicjBRJhlq38NXphTz2IUAumdZtx47QTZhCwSWk+U6sIWJ8xAbQNjRgPmg3mV6d0mOj9Gg/VKYCpFP190TCfK3Hvmc6fYZDPe9NxP+8doz9czcRQRQjBHy2qB9LiiGdREB7QgFHOTaEcSXMrZQPmWIcTVB5E4Iz//IiaZRLzmmpfFMpVmkWR44ckiNyQhxyRqrkitRInXCiyDN5JW/Wo/VivVsfs9YlK5s5IH9gff4Ai9CSbg==</latexit>

MM1,2
<latexit sha1_base64="YwixteFYX9LIKZ9EDlRa/mDsdcs=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIHqQkVdBjwYuXQgX7AW0Im+22XbrZhN2JWEN+iRcPinj1p3jz37htc9DWBwOP92aYmRfEgmtwnG+rsLa+sblV3C7t7O7tl+2Dw7aOEkVZi0YiUt2AaCa4ZC3gIFg3VoyEgWCdYHIz8zsPTGkeyXuYxswLyUjyIacEjOTb5T6wR0gbjcxP3fNa5tsVp+rMgVeJm5MKytH07a/+IKJJyCRQQbTuuU4MXkoUcCpYVuonmsWETsiI9QyVJGTaS+eHZ/jUKAM8jJQpCXiu/p5ISaj1NAxMZ0hgrJe9mfif10tgeO2lXMYJMEkXi4aJwBDhWQp4wBWjIKaGEKq4uRXTMVGEgsmqZEJwl19eJe1a1b2o1u4uK3Wcx1FEx+gEnSEXXaE6ukVN1EIUJegZvaI368l6sd6tj0VrwcpnjtAfWJ8/StmSvA==</latexit>

MM3,4
<latexit sha1_base64="XPdQcLdIlZuUNJ1bIHK8XeSMSGc=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCylJW9BlwY2bQgX7gDaEyXTSDp08mLkRa8iXuHGhiFs/xZ1/47TNQlsPXDiccy/33uPFgiuwrG+jsLG5tb1T3C3t7R8cls2j466KEklZh0Yikn2PKCZ4yDrAQbB+LBkJPMF63vRm7vcemFQ8Cu9hFjMnIOOQ+5wS0JJrlofAHiFttTI3rV82MtesWFVrAbxO7JxUUI62a34NRxFNAhYCFUSpgW3F4KREAqeCZaVholhM6JSM2UDTkARMOeni8Ayfa2WE/UjqCgEv1N8TKQmUmgWe7gwITNSqNxf/8wYJ+NdOysM4ARbS5SI/ERgiPE8Bj7hkFMRME0Il17diOiGSUNBZlXQI9urL66Rbq9r1au2uUWniPI4iOkVn6ALZ6Ao10S1qow6iKEHP6BW9GU/Gi/FufCxbC0Y+c4L+wPj8AVDxksA=</latexit>

ST5,4
<latexit sha1_base64="2/CN5fuzNRaOP9/dffn5Tv8JwYs=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCylJreiy4MZlxb6gDWEynbRDJw9mbsQa8iVuXCji1k9x5984bbPQ1gMXDufcy733eLHgCizr2yisrW9sbhW3Szu7e/tl8+Cwo6JEUtamkYhkzyOKCR6yNnAQrBdLRgJPsK43uZn53QcmFY/CFkxj5gRkFHKfUwJacs3yANgjpPetzE0vz+uZa1asqjUHXiV2TiooR9M1vwbDiCYBC4EKolTftmJwUiKBU8Gy0iBRLCZ0Qkasr2lIAqacdH54hk+1MsR+JHWFgOfq74mUBEpNA093BgTGatmbif95/QT8ayflYZwAC+likZ8IDBGepYCHXDIKYqoJoZLrWzEdE0ko6KxKOgR7+eVV0qlV7Ytq7a5eaeA8jiI6RifoDNnoCjXQLWqiNqIoQc/oFb0ZT8aL8W58LFoLRj5zhP7A+PwBaBSSzw==</latexit>

BEND6
<latexit sha1_base64="NMRgKbr9KsWMXwTJ17NsF1HsDyM=">AAAB83icbVDJSgNBEK2JW4xb1KOXxiB4CjNR1GNwAU8SwSyQGUJPp5M06VnorhHDkN/w4kERr/6MN//GTjIHTXxQ8Hiviqp6fiyFRtv+tnJLyyura/n1wsbm1vZOcXevoaNEMV5nkYxUy6eaSxHyOgqUvBUrTgNf8qY/vJr4zUeutIjCBxzF3AtoPxQ9wSgayXWRP2F6eXN3fTbuFEt22Z6CLBInIyXIUOsUv9xuxJKAh8gk1brt2DF6KVUomOTjgptoHlM2pH3eNjSkAddeOr15TI6M0iW9SJkKkUzV3xMpDbQeBb7pDCgO9Lw3Ef/z2gn2LrxUhHGCPGSzRb1EEozIJADSFYozlCNDKFPC3ErYgCrK0MRUMCE48y8vkkal7JyUK/enpSrJ4sjDARzCMThwDlW4hRrUgUEMz/AKb1ZivVjv1sesNWdlM/vwB9bnD4WckTw=</latexit>

QPL29
<latexit sha1_base64="2/v9MUiZMhAdpnVu/eDBgMSvo2c=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkpSBfVW8OLBQwv2A9oQNtttu3SzCbsTsYb8Ei8eFPHqT/Hmv3Hb5qCtDwYe780wMy+IBdfgON9WYW19Y3OruF3a2d3bL9sHh20dJYqyFo1EpLoB0UxwyVrAQbBurBgJA8E6weRm5ncemNI8kvcwjZkXkpHkQ04JGMm3y31gj5A2G3eZn9auM9+uOFVnDrxK3JxUUI6Gb3/1BxFNQiaBCqJ1z3Vi8FKigFPBslI/0SwmdEJGrGeoJCHTXjo/PMOnRhngYaRMScBz9fdESkKtp2FgOkMCY73szcT/vF4Cwysv5TJOgEm6WDRMBIYIz1LAA64YBTE1hFDFza2YjokiFExWJROCu/zyKmnXqu55tda8qNRxHkcRHaMTdIZcdInq6BY1UAtRlKBn9IrerCfrxXq3PhatBSufOUJ/YH3+AJI7kus=</latexit>

QPL30
<latexit sha1_base64="21hSLXJgYbjEPbjLQYgMXUXf+VE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnosePHgoQX7AW0Im+2mXbrZhN2JWEN/iRcPinj1p3jz37htc9DWBwOP92aYmRckgmtwnG+rsLG5tb1T3C3t7R8clu2j446OU0VZm8YiVr2AaCa4ZG3gIFgvUYxEgWDdYHIz97sPTGkey3uYJsyLyEjykFMCRvLt8gDYI2St5t3Mz+rOzLcrTtVZAK8TNycVlKPp21+DYUzTiEmggmjdd50EvIwo4FSwWWmQapYQOiEj1jdUkohpL1scPsPnRhniMFamJOCF+nsiI5HW0ygwnRGBsV715uJ/Xj+F8NrLuExSYJIuF4WpwBDjeQp4yBWjIKaGEKq4uRXTMVGEgsmqZEJwV19eJ51a1a1Xa63LSgPncRTRKTpDF8hFV6iBblETtRFFKXpGr+jNerJerHfrY9lasPKZE/QH1ucPhhSS4w==</latexit>

QPL31
<latexit sha1_base64="XyFX5CN5iCAVdNtohl/yoVGf3g4=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnosePHgoQX7AW0Im+2mXbrZhN2JWEN/iRcPinj1p3jz37htc9DWBwOP92aYmRckgmtwnG+rsLG5tb1T3C3t7R8clu2j446OU0VZm8YiVr2AaCa4ZG3gIFgvUYxEgWDdYHIz97sPTGkey3uYJsyLyEjykFMCRvLt8gDYI2St5t3Mz+ruzLcrTtVZAK8TNycVlKPp21+DYUzTiEmggmjdd50EvIwo4FSwWWmQapYQOiEj1jdUkohpL1scPsPnRhniMFamJOCF+nsiI5HW0ygwnRGBsV715uJ/Xj+F8NrLuExSYJIuF4WpwBDjeQp4yBWjIKaGEKq4uRXTMVGEgsmqZEJwV19eJ51a1a1Xa63LSgPncRTRKTpDF8hFV6iBblETtRFFKXpGr+jNerJerHfrY9lasPKZE/QH1ucPh5mS5A==</latexit>

QPL32
<latexit sha1_base64="rD5FFqBccpX1jKIj8HFHHFPM+2g=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkrSCnosePHgoQX7AW0Im+2mXbrZhN2JWEN/iRcPinj1p3jz37htc9DWBwOP92aYmRckgmtwnG+rsLG5tb1T3C3t7R8clu2j446OU0VZm8YiVr2AaCa4ZG3gIFgvUYxEgWDdYHIz97sPTGkey3uYJsyLyEjykFMCRvLt8gDYI2St5t3Mz+q1mW9XnKqzAF4nbk4qKEfTt78Gw5imEZNABdG67zoJeBlRwKlgs9Ig1SwhdEJGrG+oJBHTXrY4fIbPjTLEYaxMScAL9fdERiKtp1FgOiMCY73qzcX/vH4K4bWXcZmkwCRdLgpTgSHG8xTwkCtGQUwNIVRxcyumY6IIBZNVyYTgrr68Tjq1qluv1lqXlQbO4yiiU3SGLpCLrlAD3aImaiOKUvSMXtGb9WS9WO/Wx7K1YOUzJ+gPrM8fiR6S5Q==</latexit>

QPL33A,B,C
<latexit sha1_base64="Vko6KervOsMRsOlnaNYVjKpmPIc=">AAACBHicbVC7TgJBFJ3FF+Jr1ZJmIjGxIGQXTLREaSwsIJFHAhsyOwwwYfaRmbtGstnCxl+xsdAYWz/Czr9xgC0UPMlNzpxzb+be44aCK7CsbyOztr6xuZXdzu3s7u0fmIdHLRVEkrImDUQgOy5RTHCfNYGDYJ1QMuK5grXdSW3mt++ZVDzw72AaMscjI58POSWgpb6Z7wF7gLhRv036caWyeF0Vr4u1JOmbBatkzYFXiZ2SAkpR75tfvUFAI4/5QAVRqmtbITgxkcCpYEmuFykWEjohI9bV1CceU048PyLBp1oZ4GEgdfmA5+rviZh4Sk09V3d6BMZq2ZuJ/3ndCIaXTsz9MALm08VHw0hgCPAsETzgklEQU00IlVzviumYSEJB55bTIdjLJ6+SVrlkV0rlxnmhitM4siiPTtAZstEFqqIbVEdNRNEjekav6M14Ml6Md+Nj0Zox0plj9AfG5w8JKpeV</latexit>

80 m
<latexit sha1_base64="eX/pd395PzY+UYIPxOOgphEzW0U=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2A9oQtlst+3S3STsTsQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1LDpYh4CwVK3k00pyqUvBNObud+55FrI+LoAacJDxQdRWIoGEUr+XXXJz7yJ8zUrF+uuFV3AbJOvJxUIEezX/7yBzFLFY+QSWpMz3MTDDKqUTDJZyU/NTyhbEJHvGdpRBU3Qba4eUYurDIgw1jbipAs1N8TGVXGTFVoOxXFsVn15uJ/Xi/FYT3IRJSkyCO2XDRMJcGYzAMgA6E5Qzm1hDIt7K2EjammDG1MJRuCt/ryOmnXqt5VtXZ/XWmQPI4inME5XIIHN9CAO2hCCxgk8Ayv8Oakzovz7nwsWwtOPnMKf+B8/gCDH5E+</latexit>

(1 − f)E0
<latexit sha1_base64="qWc2MIM79ud1BM9hP2mV7xucfIs=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQQZfdKCbHgAgeI5gHJEuYncwmQ2Zn15lZISz5CS8eFPHq73jzb5y8QI0FDUVVN91dfsyZ0o7zZWVWVtfWN7Kbua3tnd29/P5BQ0WJJLROIh7Jlo8V5UzQumaa01YsKQ59Tpv+8HriNx+pVCwS93oUUy/EfcECRrA2UqvongenN12nmy84tjMFcuySe+VWyshdKAtSgDlq3fxnpxeRJKRCE46VartOrL0US80Ip+NcJ1E0xmSI+7RtqMAhVV46vXeMTozSQ0EkTQmNpurPiRSHSo1C33SGWA/UX28i/ue1Ex1UvJSJONFUkNmiIOFIR2jyPOoxSYnmI0MwkczcisgAS0y0iShnQlh6eZk0SrZ7YZfuLgvVs3kcWTiCYyiCC2Wowi3UoA4EODzBC7xaD9az9Wa9z1oz1nzmEH7B+vgGPnKOuw==</latexit>

E0
<latexit sha1_base64="cMK4jpgsnMlKZuVF2URBPsrcy5g=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8yDIbxeQYEMFjRPOAZAmzk9lkyOzsMjMrhCWf4MWDIl79Im/+jZMXqLGgoajqprsrSATXBuMvZ2V1bX1jM7eV397Z3dsvHBw2dJwqyuo0FrFqBUQzwSWrG24EayWKkSgQrBkMryd+85EpzWP5YEYJ8yPSlzzklBgr3d90cbdQxC6eAmG35F15lTLyFsqCFGGOWrfw2enFNI2YNFQQrdseToyfEWU4FWyc76SaJYQOSZ+1LZUkYtrPpqeO0alVeiiMlS1p0FT9OZGRSOtRFNjOiJiB/utNxP+8dmrCip9xmaSGSTpbFKYCmRhN/kY9rhg1YmQJoYrbWxEdEEWosenkbQhLLy+TRsn1LtzS3WWxej6PIwfHcAJn4EEZqnALNagDhT48wQu8OsJ5dt6c91nrijOfOYJfcD6+AdyjjXQ=</latexit>

Figure 1. Schematic illustration of the 2022 setup for the search of a Z′ vector boson produced in the bremsstrahlung-like
reaction µN → µN(Z′ → invisible) of 160 GeV/c incident muons on the ECAL target. The upstream region for identifying
incoming muons with momentum pin " 160 GeV/c is shown on the left-hand side of the figure, whereas the downstream part
where the Z′ boson is produced is shown on the right-hand side. For illustrative purposes, the trigger scheme on the outgoing
muon (S4 × Sµ) is shown (see text).
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A detailed GEANT4-based [60, 61] Monte Carlo (MC) sim-175

ulation is performed to study, together with the main176

background sources, the response of the detectors and the177

propagation of the muon upstream of the target. In the178

latter case, the full beam optics developed by the CERN179

BE-EA beam department is encompassed in the simu-180

lation framework using separately both the TRANSPORT,181

HALO and TURTLE programs [62–64] to transport the par-182

ticles at the entrance of the set-up, as well the GEANT4183

compatible beam delivery simulation (BDSIM) program184

[65–67] to simulate secondaries interactions in the beam-185

line material. The signal acceptance is carefully studied186

using the GEANT4 interface DMG4 package [68], including187

the latest light mediators production cross-sections com-188

putations through muon bremsstrahlung [57]. As such,189

the trigger system is optimized to compensate for the190

low signal yield at high masses, σZ′ ∼ g2
Z′αZ2/m2

Z′ ,191

with α the fine structure constant, through angular ac-192

ceptance being maximized for a scattered muon angle193

ψ′
µ ∼ 10−2 rad after ECAL. In addition, the trigger194

counters downstream of MS2 account for the expected195

160 GeV/c mean deflected position at the level of S4,196

estimated at 〈δx〉 $ −12.0 mm from a detailed GenFit-197

based [69, 70] Runge-Kutta (RK) extrapolation scheme.198

The analysis is carried out blindly in the optic of op-199

timizing the signal sensitivity. The signal box is thus200

defined based on the minimization of Sup/εZ′ , with εZ′201

the signal efficiency and Sup $ 2.3 + 1.5
√

B the average202

90% upper limits under the null hypothesis H0 (no DM203

is observed) with background level B. The optimal value204

is extracted from detailed signal simulations and data. It205

is found to be pcut
out ≤ 80 GeV/c. The corresponding cut206

on the total energy deposit in the calorimeters, Ecut
CAL,207

is derived from the sum of the minimum ionizing parti-208

cle (MIP) peaks of the related energy spectra and set to209

≤ 12 GeV.210

To minimize the background, the following set of selec-211

tion criteria is used. (i) The incoming momentum should212

be in the momentum range 160 ± 20 GeV/c. (ii) A sin-213

gle track is reconstructed in each magnetic spectrometer214

(BEND6 and MS2). This criterion ensures that a sin-215

gle muon traverses the full set-up. (iii) At most one hit216

is reconstructed in MM5−7 and ST1 (no multiple hit)217

and the corresponding extrapolated track to the HCAL218

face is compatible with a MIP energy deposit in the tar-219

geted cell. This cut verifies that no energetic enough sec-220

ondaries from interactions upstream MS2 arrive at the221

HCAL. (vi) The energy deposit in the calorimeters and222

the veto should be compatible with a MIP. This cut en-223

forces the selection of events with no muon nuclear in-224

teractions in the calorimeters. The resulting surviving225

events that pass the aforementioned cutflow analysis are226

shown in Fig. 2 in the outgoing muon momentum and227

total energy deposit plane, (pout, ECAL), together with228

the initial event distribution before calorimetry cuts. In229

the aforementioned phase space, region A is inherent in230

events with MIP-compatible energy deposits in all of the231

calorimeters, resulting in pin $ pout $ 160 GeV/c. While232

the beam muons do not necessarily pass through the S4233

and Sµ counters, sufficiently energetic residual ionization234

µN → µN + δe in the downstream trackers MM5−7 or235

last HCAL2 layers does. The accumulation of events in236

regions B and C are respectively associated with large en-237

ergy deposits in the ECAL and HCAL, and solely in the238

HCAL modules. The diagonal from region A to B is the239

product of energy-momentum conservation through in-240

teractions in the ECAL. The observed attenuation above241

pout ≥ 50 GeV/c up to pout ≤ 100 GeV/c is the result242

of the trigger acceptance on hard muon bremsstrahlung243

events, µN → µN + γ, with ψ′
µ * 10−2 rad. This bi-244

product has been carefully cross-checked against MC sim-245

ulations and the related GEANT4 single-event verbose. A246

similar study is performed to extract the nature of the247

events in the region D. Those are associated with muon248

nuclear interactions in the ECAL, µN → µ + X, with X249

containing any combination of π′s, K, p, n..., with low-250
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Figure 1. Schematic illustration of the NA64𝜇 set-up. a) The spectrometer in the upstream region is used for identifying
incoming muons with momentum 𝑝in ≃ 160 GeV/c. b) The downstream part composed of calorimeters and a second spec-
trometer measures the momentum of the scattered muons to search for the 𝑍′ vector boson production. c) Sketch of the
bremsstrahlung-like reaction 𝜇𝑁 → 𝜇𝑁(𝑍′ → invisible) of 160 GeV/c incident muons on the ECAL target.
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If a 𝑍 ′ boson exists, it could be produced in the98

bremsstrahlung-like reaction of a high energy muon scat-99

tering off atomic nuclei in a target (𝑁), followed by its100

prompt invisible decay 𝜇𝑁 → 𝜇𝑁𝑍 ′;𝑍 ′ → invisible, with101

only 𝑍 ′ → 𝜈𝜈 in the vanilla model, and additionally,102

𝑍 ′ → 𝜒̄𝜒 for DM candidates [65–67]. For a value of103

𝑔𝜒 = 5× 10−2 one can accommodate in the same param-104

eter space the muon g-2 and the DM relic prediction [68].105

In the region of interest (below 𝑚𝜒 <1 GeV) 𝑔𝜒 ≫ 𝑔𝑍′ ,106

the branching ratio to DS invisible final states can be as-107

sumed to be Br(𝑍 ′ → 𝜒̄𝜒) ≃ 1, while the ones in visible108

states (𝑍 ′ → 𝜇+𝜇−) and neutrinos can be neglected.109

The search for signal events is based on a missing110

energy-momentum technique which consists of the de-111

tection of a primary beam muon with a momentum of112

160 GeV/c in the initial state, and a single muon scat-113

tered off an active target with missing momentum > 80114

GeV/c in the final state, accompanied by missing energy,115

i.e. no detectable electromagnetic or hadronic activity in116

the downstream calorimeters.117

The 160 GeV/c muons are delivered by the M2 beam-118

line at the CERN Super Proton Synchrotron (SPS)[69].119

The beam optics comprises a series of quadrupoles fo-120

cusing the beam before the target with a divergency121

𝜎𝑥 ∼ 0.9 and 𝜎𝑦 ∼ 1.9 cm [70]. The incoming muon122

momentum is reconstructed through a magnetic spec-123

trometer (MS1) consisting of three 5 T·m bending mag-124

nets (BEND6), together with four micro-mesh gas detec-125



3

tors (Micromegas, MM1−4), two straw tubes chambers126

(ST5,4) and six scintillator hodoscopes, the beam mo-127

mentum stations (BMS1−6). The obtained resolution is128

𝜎𝑝in
/𝑝in ≃ 3.8%. The target is an active electromagnetic129

calorimeter (ECAL) composed of Shashlik-type modules130

made of a lead-scintillator (Pb-Sc) resulting in 40 radi-131

ation lengths (𝑋0). The ECAL is followed by a large132

55 × 55 cm2 high-efficiency veto counter (VETO) and133

a 5 nuclear interaction lengths (𝜆int) copper-Sc (Cu-Sc)134

hadronic calorimeter (VHCAL) with a hole in its middle.135

The outgoing muon momentum is reconstructed through136

a second magnetic spectrometer consisting of a single 1.4137

T·m bending magnet (MS2) together with four gaseous138

electron multiplier trackers (GEM1−4), two additional139

straw chambers (ST2,1) and three 20×8 cm2 Micromegas140

(MM5−7) yielding a resolution of 𝜎𝑝out
/𝑝out ≃ 4.4%. To141

identify and remove any residuals from interactions in the142

detectors upstream MS2 and ensure maximal hermetic-143

ity, two large 120×60 cm2, 𝜆int ≃ 30 iron-Sc (Fe-Sc)144

HCAL modules (HCAL1,2) are placed at the end of the145

set-up together with a 120×60 cm2 UV straw, ST11. The146

trigger system is defined by a veto counter with a hole147

(V1) and a set of Sc counters (S0−1) before the target,148

together with two 20× 20 cm2 and 30× 30 cm2 Sc coun-149

ters (S4 and S𝜇) sandwiching the HCAL modules, shifted150

from the undeflected beam axis (referred to as zero-line)151

to detect the scattered muons.152

The data were collected in two trigger configurations153

(S0×S1 ×V1×S4×S𝜇) with different S4 and S𝜇 distances154

to the zero-line along the deflection axis 𝑥̂, namely S𝜇𝑥̂ =155

−152 mm and S𝜇𝑥̂ = −117 mm with a similar S4𝑥̂ = −65156

mm. The corresponding measured rate is 0.04% and157

0.07% of the calibration trigger (S0,1 × V1) coincidences158

at a beam intensity of 2.8 × 106 𝜇/spill. In each config-159

uration, we recorded respectively (11.7 ± 0.1) × 109 and160

(8.1±0.1)×109 muons on target (MOT) yielding a total161

accumulated statistics of (1.98± 0.02)× 1010 MOT.162

A detailed GEANT4-based [71, 72] Monte Carlo (MC)163

simulation is performed to study the main background164

sources and the response of the detectors and the muon165

propagation. In the latter case, the full beam optics de-166

veloped by the CERN BE-EA beam department is en-167

compassed in the simulation framework using separately168

both the TRANSPORT, HALO and TURTLE programs [73–75],169

as well the GEANT4 compatible beam delivery simulation170

(BDSIM) program [76–78] to simulate secondaries interac-171

tions in the beamline material. The signal acceptance is172

carefully studied using the GEANT4 interface DMG4 package173

[79], including light mediators production cross-sections174

computations through muon bremsstrahlung [67]. The175

placements of S4 and S𝜇 are optimized to compensate for176

the low signal yield at high masses, 𝜎𝑍′ ∼ 𝑔2𝑍′𝛼𝑍2/𝑚2
𝑍′ ,177

with 𝛼 the fine structure constant and 𝑍 the atomic num-178

ber of the target, through angular acceptance being max-179

imized for a scattered muon angle 𝜓′
𝜇 ∼ 10−2 rad after180

ECAL. In addition, the trigger counters downstream of181

MS2 account for the expected 160 GeV/c mean deflected182

position at the level of S4, estimated at ⟨𝛿𝑥⟩ ≃ −12.0183

mm from a detailed GenFit-based [80, 81] Runge-Kutta184

(RK) extrapolation scheme.185

The signal box, 𝑝cutout ≤ 80 GeV/c and 𝐸cut
CAL < 12 GeV,186

is optimized with signal simulations and data to maxi-187

mize the sensitivity. The cut on the total energy deposit188

in the calorimeters, 𝐸cut
CAL, is obtained from the sum of189

the minimum ionizing particle (MIP) peaks of the related190

energy spectra.191

To minimize the background, the following set of selec-192

tion criteria is used. (i) The incoming momentum should193

be in the momentum range 160 ± 20 GeV/c. (ii) A sin-194

gle track is reconstructed in each magnetic spectrometer195

(MS1 and MS2) to ensure that a single muon traverses196

the full set-up. (iii) At most one hit is reconstructed in197

MM5−7 and ST1 (no multiple hits) and the correspond-198

ing extrapolated track to the HCAL face is compatible199

with a MIP energy deposit in the expected cell. This200

cut verifies that no energetic enough secondaries from201

interactions upstream MS2 arrive at the HCAL. (vi) The202

energy deposit in the calorimeters and the veto should203

be compatible with a MIP. This cut enforces the selec-204

tion of events with no muon nuclear interactions in the205

calorimeters. The aforementioned cut-flow is applied to206

events distributed in the outgoing muon momentum and207

total energy deposit plane, (𝑝out, 𝐸CAL), as shown in208

Fig. 2.209
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Figure 2. Event distribution in the (𝑝out, 𝐸CAL) plane before
the MIP-compatible requirement selection criterion. The sig-
nal box is defined as the shaded green rectangular area and
the controlled region labelled with 𝐴 through 𝐷 (see text).

Region 𝐴 is inherent to events with MIP-compatible211

energy deposits in all of the calorimeters, resulting in212

𝑝in ≃ 𝑝out ≃ 160 GeV/c. By design, most of unscattered213

beam muons do not pass through the S4 and S𝜇 coun-214

ters, however, the trigger condition can be fulfilled by215

sufficiently energetic residual ionization 𝜇𝑁 → 𝜇𝑁 + 𝛿𝑒216

originating from the downstream trackers MM5−7 or last217
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HCAL2 layers. The accumulation of events in region218

𝐶 is associated with large energy deposition of the full-219

momentum scattered muon in the HCAL, while region 𝐵220

corresponds to a hard scattering/bremsstrahlung in the221

ECAL, with a soft outgoing muon and full energy de-222

position in either the active target or HCAL. The small223

number of events between 𝑝out ≥ 50 GeV/c and 𝑝out ≤224

100 GeV/c associated with hard muon bremsstrahlung225

events, 𝜇𝑁 → 𝜇𝑁 + 𝛾, with 𝜓′
𝜇 ≪ 10−2 rad, is a re-226

sult of the trigger optimization for signal events emit-227

ted at larger angles. The events in the region 𝐷 are228

associated with muon nuclear interactions in the ECAL,229

𝜇𝑁 → 𝜇 + 𝑋, with 𝑋 containing any combination of230

𝜋′s, 𝐾, 𝑝, 𝑛..., with low-energy charged hadrons being231

deflected away in MS2, going out of the detector accep-232

tance (typically the HCAL modules).233

234

Background source Background, 𝑛𝑏

(I) Momentum mis-reconstruction 0.05± 0.03

(II) 𝐾 → 𝜇+ 𝜈, ... in-flight decays 0.010± 0.001

(III) Calorimeter non-hermeticity < 0.01

Total 𝑛𝑏 (conservatively) 0.07± 0.03

Table I. Expected main background level within the signal
box, together with its statistical error, for the 2022 muon
pilot run corresponding to ∼ 2× 1010 MOT.

An exhaustive discussion of background sources is235

given in [70, 82]. The main processes are summarised236

in Table I, with the dominant background contribution237

being associated with (I) momentum mis-reconstruction238

of the scattered muon in MS2. An incoming muon with239

160 GeV/c is reconstructed after the target with momen-240

tum ≤ 80 GeV/c, whereas it truly is 160 GeV/c. This241

background is evaluated from data by selecting a sample242

of incoming muons within a ∼ 2𝜎𝑝in
window around its243

nominal momentum ⟨𝑝in⟩ = 160 GeV/c and extrapolat-244

ing the tails of the corresponding downstream momen-245

tum distribution 𝑝out towards 80 GeV/c. The second246

most important background process is (II) kaons decays247

to (semi-)leptonic final states with muons, 𝐾 → 𝜇𝜈, ...,248

before the ECAL target. Because of the level of hadron249

contamination in the M2 beamline, 𝑃ℎ ≃ 5 × 10−5 [69],250

incoming kaons could be reconstructed through MS1 with251

a momentum passing the selection criterion (i) and sub-252

sequently decaying to muons with energy ≤ 80 GeV, with253

the neutrino carrying away the remaining energy. This254

contribution is estimated from MC with the hadron con-255

tamination being extracted from existing data [69]. Pion256

decays do not contribute to this background since due257

to kinematics the muon momentum is always ≥ 80 GeV.258

Another background source is associated with (III) non-259

hermeticity in the calorimeters due to muon nuclear in-260

teractions in the target. As such, a leading hadron with261

energy 𝐸ℎ ≥ 80 GeV could be produced and escape the262

ECAL with lesser energetic charged secondaries and the263

scattered muon. Because of the non-zero charge of the264

particles and the trigger acceptance, low-energy secon-265

daries are deflected away through MS2 resulting in miss-266

ing energy events. This background is extrapolated to267

the signal region from region D of Fig. 2. After ap-268

plying all selection criteria (i-iv) and summing up the269

processes contributing to the background, the expected270

background level is found to be 0.07± 0.03 for the total271

statistics of ∼ 2× 1010 MOT.272

The upper limits on the coupling 𝑔𝑍′ as a function of its273

mass 𝑚𝑍′ are estimated at 90% confidence level (CL) fol-274

lowing the modified frequentist approach. In particular,275

the RooFit/RooStats-based [83–85] profile likelihood ra-276

tio statistical test is used in the asymptotic approxima-277

tion [86]. The total number of signal events falling within278

the signal box is given by the sum of the two trigger con-279

figurations 𝑡280

𝑁𝑍′ =
∑︁
𝑡=1,2

𝑁 𝑡
𝑍′ =

∑︁
𝑡=1,2

𝑁 𝑡
MOT × 𝜖𝑡𝑍′ ×𝑁 𝑡

𝑍′(𝑚𝑍′ , 𝑔𝑍′),

(1)
where 𝑁 𝑡

MOT is the number of MOT for trigger configu-281

ration 𝑡, 𝑁 𝑡
𝑍 the number of signals per MOT produced282

in the ECAL target, depending on the mass/coupling283

parameters 𝑚𝑍′ and 𝑔𝑍′ , and 𝜖𝑡𝑍′ the trigger-dependent284

signal efficiency.285

The main systematic effects contributing to the sig-286

nal yield defined in Eq. (1) are studied in detail. The287

uncertainty on 𝑁 𝑡
MOT is conservatively set to 1%. The288

systematics associated with the 𝑍 ′ production cross-289

section are extracted from the uncertainty introduced by290

the Weiszäcker-Williams (WW) approximation and from291

QED corrections to the exact tree-level (ETL) expres-292

sion. In the former case, the relative error in assess-293

ing the number of produced 𝑍 ′ (𝑁 𝑡
𝑍′) is found to be 2%294

[66, 67]. In the latter case, both the running of 𝛼 at the295

upper bound 𝑄2 ≃ 𝑚𝑍′ ∼ 𝒪(1) GeV and higher order296

corrections from soft photon emissions are estimated to297

contribute through respectively ∆𝑁𝑍′ ∼ 𝛼2𝑔2𝑍′𝑍2 and298

through the Sudakov factor ∆𝑁soft ∼ exp(−𝛼/𝜋) at the299

level of 2.4% and 1.4%. Uncertainties relative to the Pb300

purity of the ECAL target are addressed at the level of301

1%. The systematics on 𝜖𝑡𝑍′ are evaluated by comparing302

the detector responses in MC and data around the MIP-303

compatible peak, in particular in the ECAL and HCAL.304

Through spectra integration and peak ratio, it is found305

that the related cumulative uncertainty does not exceed306

4%. Because of the strong dependence of the efficiency307

𝜖𝑡𝑍′ on the trigger configuration 𝑡, in particular on the dis-308

tance from the zero-line, additional uncertainties due to309

S4 and S𝜇 misalignment are studied through the change310

in efficiency as a response to small displacements of the311

Sc counters. Because of the 𝑚𝑍′ mass-dependence of the312

trigger rate [70], the resulting uncertainty reaches up to313

≤ 5%. As such the total systematic in the signal yield of314
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Eq. (1) is ≤ 8% . The acceptance loss due to accidentals315

(pile-up events, ∼ 13%) entering the trigger time window316

is taken into account in the final efficiency computations.317

The signal efficiency peaks at its maximum of ∼ 12% for318

the mass range 𝒪(100 MeV− 1 GeV).319

After unblinding, no event compatible with 𝑍 ′ pro-320

duction is found in the signal box. This allows us321

to set the 90% CL exclusion limits on 𝑔𝑍′ which are322

plotted in Fig. 3 in the (𝑚𝑍′ , 𝑔𝑍′) parameter space,323

together with the values of ∆𝑎𝜇 compatible with the324

muon 𝑔 − 2 anomaly, within ±2𝜎. The band is com-325

puted using the latest results of the Muon 𝑔 − 2 col-326

laboration for the combined Runs 2 and 3 (2019-2020),327

𝑎𝜇(Exp) = 116 592 059(22)×10−11 [28] and the SM pre-328

diction of 𝑎𝜇(SM) = 116 591 810(43) × 10−11 from the329

Muon 𝑔−2 Theory Initiative (TI) [29–47, 87]. It is worth330

noticing that the latest results from the CMD-3 collab-331

oration [88, 89] on the 𝜋+𝜋− disagree within the 2.5-5𝜎332

level with the TI value and recent lattice QCD computa-333

tions from the BMW collaboration [90] are in tension by334

2.1𝜎. Our results, excluding masses 𝑚𝑍′ ≳ 40 MeV and335

coupling 𝑔𝑍′ ≳ 6 × 10−4, are the first search for a light336

𝑍 ′ (vanilla 𝐿𝜇 −𝐿𝜏 model) with a muon beam using the337

missing energy-momentum technique (see Fig. 3).338
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Figure 3. NA64𝜇 90% CL exclusion limits on the coupling
𝑔𝑍′ as a function of the 𝑍′ mass, 𝑚𝑍′ , for the vanilla 𝐿𝜇−𝐿𝜏

model. The ±2𝜎 band for the 𝑍′ contribution to the (𝑔− 2)𝜇
discrepancy is also shown. Existing constraints from BaBar
[91, 92] and from neutrino experiments such as BOREXINO
[57, 93, 94] and CCFR [58, 95] are plotted.

Figure 4 shows the obtained limits at 90% CL in the339

target parameter space (𝑚𝜒, 𝑦) with freeze-out param-340

eter 𝑦 = (𝑔𝜒𝑔𝑍′)2(𝑚𝜒/𝑚𝑍′)4 for accelerator-based ex-341

periments probing thermal DM for 𝑚𝑍′ = 3𝑚𝜒, away342

from the resonant enhancement 𝑚𝑍′ ≃ 2𝑚𝜒, and 𝑔𝜒 =343

5 × 10−2. The thermal targets for favored 𝑦 values are344

plotted for scalar, pseudo-Dirac, and Majorana DM can-345

didate scenarios, and obtained from the integration of346

the underlying Boltzmann equation [96]. The results in-347

dicate that NA64𝜇 excludes a portion of the (𝑚𝜒, 𝑦)348

parameter space, below the current CCFR [58, 95] lim-349

its, constraining for a choice of masses 𝑚𝜒 ≲ 40 MeV the350

dimensionless parameter to 𝑦 ≲ 6× 10−12.351
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Figure 4. The 90% CL exclusion limits obtained by the
NA64𝜇 experiment in the (𝑚𝜒, 𝑦) parameters space for ther-
mal Dark Matter charged under 𝑈(1)𝐿𝜇−𝐿𝜏 with 𝑚𝑍′ = 3𝑚𝜒

and the coupling 𝑔𝜒 = 5 × 10−2 for 2 × 1010 MOT. The
branching ratio to invisible final states is assumed to be
Br(𝑍′ → invisible) ≃ 1 (see text for details). Existing bounds
obtained through the CCFR experiment [58, 95] are shown for
completeness. The thermal targets for the different scenarios
are taken from [96].

In summary, for a total statistics of (1.98±0.02)×1010353

MOT, no event falling within the expected signal region354

is observed. Therefore, 90% CL upper limits are set in the355

(𝑚𝑍′ , 𝑔𝑍′) parameter space of the 𝐿𝜇−𝐿𝜏 vanilla model,356

constraining viable mass values for the explanation of the357

(𝑔 − 2)𝜇 anomaly to 6 − 7 MeV ≲ 𝑚𝑍′ ≲ 40 MeV, with358

𝑔𝑍′ ≲ 6×10−4. New constraints on light thermal DM for359

values 𝑦 ≳ 6×10−12 for 𝑚𝜒 ≳ 40 MeV are also obtained.360

With improvements in the experimental set-up, such as361

an additional magnetic spectrometer to reduce by more362

than an order of magnitude the background from mo-363

mentum mis-recontruction, and an increase in statistics,364

NA64𝜇 is expected to fully cover the (𝑔−2)𝜇 compatible365

parameter space and to boost its coverage in the search366

for thermal Dark Matter complementing the world wide367

effort for DS searches [13–16]. The use of a muon beam368

demonstrated in this work opens a new window to ex-369

plore other well-motivated New Physics scenarios such370

as benchmark dark photon models in the mass region371

(0.1 − 1) GeV [97], scalar portals [67], millicharged par-372

ticles [98] or 𝜇→ 𝑒 or 𝜇→ 𝜏 processes involving Lepton373

Flavour Conversion [99–101].374
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