T ZANLR SOV R LB R 536

(WP H LR (BEME. Z9) 583 WM BB SR AL 30
I BN 72 AR AEA R PG B R R B DL, 27 WS,

JEH i k PDF _EA4%)
Bt & AR R =S BA19004051
w4 BRAE NI S I X T

7E ATLAS 5206 b 3T XU T FIAS AT LR &S
AR B 22 B0 P A AR T R I RS I

AL H

‘ s 4 S (AR 1T 80 43 PR
. E,'\ 5 e 0 - o 0
AR LREH BILES

BEXT TR PR T SR I PRE R W EEESE WA, WA 608 SO/E H RE
& UL IFHEE R B R, B SUEI; R R S AR AR
BRI, SN X5 S L EH B ID:

FEEFR L, T 91  (yEeEEmIE: 2026 4F 07 H 20 H)
FAPRVPT

I AR SR TR R 5 X L AT D B S PRIN S8 TH M K AZ LT 1A, AR
R ER IR R 5 BOR BT X ANME -

X AL IR S A AR VIR

WICAEY T ESCBL T ks BE AR ER RS 56 5o VI BRAR S, F X I P o A TR )
LVRE RS R 4S5, BT EF % RS . B TCRR BT M, WO
ERFMEM S, HEHRNGSTIH, BRRZEE, I T RS BRIREINZG. S51F
MV, R, WIRTESE, SOBHEE R T B S 5 S A A IR AR B
RIS, ZIRSCTAFREAR. BIFTTER W, 2R EACr B m R B S i i 2 A0 i 30,

RS R L XA E !

L 1-B W 1:

1 RSCHYEH “AE ATLAS S8s B 00 7 MAN o] RS S I 2z 3th 157 ALk
R PRI 5 7, o T EEB, BN L ELERAER I, (B B ERIE RS, I
AT AP I AR ARG R 1o 30— NEBGE, “HRINMBE R 7 ZUssuk “ 3
TR 515

SEACIF=R

RS I, XA PR AR SR L XA W GRS 4P 1 . B H AT C2e 08 ihn il
EAEEAR ARG, M B R E S AR EB, P U A REORRFIX e . ) 4k
FEBFRAVE SCAF RS I A e % S R LB CU o bn . SR RCAE, T




Lo 1-B W 2:

2. SRl AT (Higgs) BT #OR IR, RLr V) B bR AERRY ( BE g R R 15 Lt —
A5EE .7, HSLANTERRIE, AR IURAZAT, HigkRCaalE 17, ekl
BARBEICIA R GE, WEE T ERKRN SR, RURXAMiER, —E 2
.

SEACIF=R

RN BB R SOy T “Hl (Higes) Bt AL, ok e br
AERC R SR 1 OCBR Y SEIAIEYE , ESE T BRI RTINS SE B 7, SO AT
THNAZ L

R 1-E M 3:
3. JLN BAR TAE Z R A& S AL . — 8 SO A B i TAER e %, B
PR 2 X6 X ATV ) B B R A0 5 20 )

SEACIF=R
R R E B 7 X REERGIN, BUERIZ 2 L2 AT E s — 2.

(GRS ] PIAT 5 E 22D

FEEFR 2, T 95  (VEEEmIIE: 2026 4F 07 H 22 H)
AR -

S A AR S SR TV BEARHERA Y (RORS B AR A6 . 5 B -3 LSRN 3 T 20X = A
ROV R, J T R0 X AL L ATLAS SREGHY Run-2 Ha sk, JTRE 7 2GR AW
Foo WO R AT E B B CEEYE, FANERE, BREE. NG,
WIS, #EMNE, RS CHRSRSE AAEIS M R GURA R L TIRR, A
AT AR 5 R AR ST AFE g 7T 20 FE I fE

XA IR S A AR VR

WX EBRASEPF SR N 1 SEL VIS5 i N zz P AEfam e 1
MAEZZ—? 7 v v IREST, R T 2 X A UL A AR AR SR A SR, R s
B YA T U ) S AN B T AR 7.0% 9835 PRI 4.6%, T8 3 1 411 [ B e A 1
KRR R L 55 H O () — I B . 2) HIREZARST, TR
R RO RIS 1R R SR = 3 RS B AR IR, IR T AR AER T A 01
Froo 2. g T HEONSEEERIIE Y ST BRI R #]: - 1) 7E Mono-Z BEHHE S, 5l
A BDT 5%, A5k it 7 AN n] WAL 7 ST EFRAE 95% B AF L H i F K % 18.
7%, HLCLMEST RA KGRI, 2) Sxtfa el Yyl i 2HDM+a A 25 HY 1 509 ™
RIS, IR ALy 53 BRI SC 98 ) L AR B AR BR 1), A 7 3iE R T
XA LRI AL AR 5T P o X B B A RS B B AME . 3. DRI & T At O B Al




otk EFIRESS T ATLAS $RIES NS 5B LHC TR SR TAF, 153 3F 52k
T 50 ANSEAUNMEIRMERSE (SMDT) =g FE BRI 2% 1 40 25 5 P A PR Rt . 92 1 S 4%
D2 B3 B MR BRI 2 HL-LHC B ZER, AR K AL 9 1 X b L e BE A BRI 7 B4 08
RS R A R

SEACIF=R
U L K E

L2 = 1:

BT 223 M- HE I i E A BRI TR B AR AT IR BE 5 SRR
FERRAAE R 2R, @il — %, AR 4SO e — 2.

SEACIF=R

Jr & latex £E 4w PRI FRIA% ZUER IR, KR S0 A AR NE B 11X — Bl BLER o 50
N—BUa, BRAZAEEIR T

X
Mgy

R 2B 2:

P 3.2 IFIE) S S . HarRER AL ESRFRIALT Run-3 B, EXET HarcsEAN 202
6 4, Run-3 B SLPrss, @K RN BRI TEHRE 1S3 (KEHL 3) Mk, LA
W S LHC 384T B S PRt et g o

FAEEAE
TR 43 S T LG IR A O B TR B 2026 4E R 4E, PUIE SRR R LS3, At !
EFF UM — AU, LHC Run-3 145 BT A)Z 2026 4F 6 H 29 H, RIGFAIEL L

RAZHMES . R STERZERIIZ Run-3 BB, ER N AME #3018 Run-3 WIZF IEX
LR

R 2 B 3:

ATLAS FRIZs N Al 55 =75 ATLAS FRIMZS 3040 I A& 20K, BUGE SR &1
BRI ZS IR /IR, AR IR T 5 A ST EE 43 B FOEA-HIF 78 B3 40 20 ) o
MRS

FAERR. EIREREBORE TR =S RE AT, RN %2 ERE Muon
RO HR 73 119 GARIAH R S 4L

xR 22N 4.

Run-2 PR = RS —: 830 ATLAS Run-2 BURE IR = 8 R IRfEAE 140 fb? 1
1139 fb? 1 PIRPEUE, @S XSG — KL A E B R bRl LBk
o




S LR

XA R ZE 7 2R T ATLAS 75 2023 AT run-2 SR FERE B HE . 7EIX Z AT 40 BT
HEE A run-2 WD LR UELE R 139 ol kR, M2 JEHIHT#EEH 2 T 140 fb's 1M
ARSI MR — RS /& 2023 SERTR KR, 55— ME 2023 Ffa kK, FrLlmARH
& run-2 IS5 SR, N2 BT R R O S B A SE AR AFTE SN 22 7 10

BUAETESE AN AT A BN 13X 58 0 R w B, AR T AT AT 2023 4R 5 SRR T HT
(RS2 RE DA N R G R 2

(R LR S ] PIAT 5 SE )

FEEFK3, T 91  (yEEEmIE: 2026 4F 07 H 23 H)
AR -

W I T R AR T X REHL b ATLAS SEB6ZE Run 2 1[R)SREEK 446 140 fb? 151 1
SRR, B SR FE AR AR (RS BAG I6 S R BRI B K AZ 0 B bR, RS TERLTT
T = IR R I T LA

Xof AL SR 2E AR RS :

WX OB T R FIA 22 — R TINAT WARSHIFEARIE, X 22 #1515
AR AT R R . RS T IR T RSHA BRI~ Amm, EIREEmMS
e, MR AR —SEET R T X REYR AT I S S, FERETHE
Wyt I W3R . B FEANER XS A A AN o] DL AR, IO IE T T4 14 B 4 S A 7Y
AL B BAMNERR BN T I B SRMSE ., Ba, NNXTARR S LHC ik
() AR S 8 Bt PR E88 AT v SR SR PR, ATLAS RN 88 IEAEBHAT 2 T 2% . WX EEIRES S
T BB RN W I RS R S AT R SR AR . e T 50 ANETEL sMDT &
R EEAR I B8 (1) e e A 28, WIERSZ B M % IS MNB R LRSS RGN 23, Xt
BTG 2H25 58 BRPAR I 88 34T 7 TAS R A AT e, R T H I, ERE
B, sMDT 4RI 28 [ 257 25 6] 0 3 R0 T 90 wm, 58400 & HL-LHC JH4% )5 T 2R 2
Ko BLIRAELERE ST TAE N ATLAS BT R4 7E HL-LHC B A {5 ks P2 11 2775 26 28 g o A fid
RABRBE T IR, PRI T ARR R N Hr i m SE

R 3 &N 1:

(D FRETHAOE, BZ%HE% R, HIms—iEi LA E, D= EmnsT
AL NRRIEEIIE S ER AR, ARG

(2) FF=FHIRME, WREIEAZE WA, BNIZS 1S5 30R.

SEEACIF=R

XA ERARRTH . ZFMEER, g BEUFEE.

S — F AR AER I S AR (I ER ) wiki, T wiki FISKURSE Fermilab, LCUEINZ%
LR




FFR AR KESRE ATLAS TDR, Jf H & fEig T8 s Haz AT R BUFIAH ek
eS8, B OB K B A BRI AR ml ge i briE fEER B T

L 3= 2:

(3) FoHmHNEL THR, XE—ADLANTFRCEBERR, A—HH,, NE
5JREsi il kA B R, BN EFERTNEY . REWIETHEEIE, 7
DIFE 1.1 NBRFUFE, 1.2 NEArrERR, 1.3 NEBMARHER AL, 1.4 NBIERE 1.2
W2, 1.5 MAERA 1.3 N, 1.6 MHB AR ZHE

SEEACIF=R

ST MR XA AR, 1 HLAE ST M 198 SR

FEPERRSCE R, B RN A E BRI R Y B AL, BRI Bk
o ERSER A BTN, RS 5INPT S FR) S 56 TP 45 R 5 K A )
PIFIR M. P ABRAE RS DREF AT S5 K, [P ARGE M T — N, R Bkt bt
TICKM U TR 25 &

LR 3= 3:

(4) 54h, ZHT SM Al BSM BN ZERE T 9002, B AEIz iz M BARER 7 IR edhy K&
AR A B0 A BB, ARIGAEIS B chapters il chapters 5— 5 A % (D
FRH B e 55 k. AT, R EZA X H R A
BRI, e AR —E s T AR MR SCE R AR ST AMBA R, RE
R B AR TAEE R, "R T XA TAER EE N . DU A ) AR .

SEEACIF=R

UTETER R, XA WA QAT TR CE B EH, CROIXER 7> P& 1) £ T
M EHRETy, IR 1 BAR . BUE R BRIREE 70 2 H ARSE A 2 A - A A
PN IES NS N on




FEEFK 4, PEr: 89  (PRHIRE: 2026 4 07 F 31 HD
SRV
X 2 R A2 AR R
The research content of this doctoral dissertation is highly specialized and specific. Fo
cusing on both theoretical research and experimental detection, it is confined to the
precise measurement of the ZZ boson pair production cross-section and the search fo
r dark matter via the dilepton and invisible final states in the ATLAS experiment. Its
purposes are twofold: first, to test the Standard Model, and second, to probe dark m
atter. This indeed represents a frontier topic in current particle physics. The innovativ
e achievements are primarily threefold: First, the precise measurement of the total an
d differential cross-sections for the pp—z2Z—? ? ? ? v v = process, which improves
the measurement precision to 4.6%, thereby providing a high-precision test of the el
ectroweak interaction in the Standard Model; Second, the search for dark matter part
icles via the Mono-Z channel, which found no significant deviation from the Standard
Model predictions and set robust exclusion limits within multiple theoretical framewo
rks; Third, the construction and testing of the small-diameter monitored drift tube (s
MDT) detector chambers for the ATLAS detector upgrade at the High-Luminosity Large
Hadron Collider (HL-LHC), involving the rigorous assembly and quality control testing
of 50 detector chambers. Overall, the above three aspects of innovation are incremen
tal in nature. While they are conducive to the advancement of this research directio
n, they do not constitute disruptive breakthroughs within the field. The author posses
ses a solid theoretical foundation and experimental competence, with multiple papers
published in important domestic and international academic journals. The dissertation
is written in accordance with scientific norms, featuring clear logic, thorough narratio
n, sound reasoning, and reliable conclusions. In summary, | consider this dissertation
to have met the standards required for a doctoral thesis.

LR 4FN 1:

As for the future development of this research topic, on the one hand, regarding the
test of the Standard Model, the author merely relies on the future capabilities of R
un? 3 and the HL LHC—this is overly narrow. In fact, the author could also consider
the following two avenues: 1. Explore rarer processes: study processes such as ZZy
(two Z bosons with one photon) and tri boson production. These processes are highl
y sensitive to anomalous quartic gauge boson couplings (aQGC) in the Standard Mode
I, and any tiny deviation could be a sign of new physics. 2. Combine multi channel a
nalyses: merge the results from the ZZ—? ? ? ? v v = channel with those from ot
her decay channels (e.g., 47 and ? ? ? ? jj) to maximize experimental sensitivity an
d provide the most stringent combined test of the Standard Model.

SLCI-F

Thank you for the insightful suggestions. The processes you mentioned are important
tasks of ATLAS collaboration. In ATLAS, explorations of rarer processes (like ZZy and tr
iboson) are handled by parallel, independent analysis groups, and multi-channel combi
nations are driven by dedicated teams. While | contributed to the combination effort
s, | only included analyses in this thesis where | made core contributions to ensure a




cademic rigor. Nevertheless, | have added a discussion of these essential directions to
the outlook section.

TR AR )[R S RT A 140 ! AR R B B IX 56 7 TAE B /2 ATLAS AT LB H I 2T 5 2 —
BHERI] rarer processes, fE ATLAS A7) HAB M 2HAEHE T, SiX B T/ER T
ITHRZ. 1M combination [ TAEWA AN HHTALERT, RESE 7THBE TIE,
{EONPRAIEVS SO M, ARG T HIRIE O DTk E F 0. [FIRS, IEE R iR
WA S it — PR AR B AR B0 ) LB, FRBE X @B U T R B4, AR Xt
Aok TAERIFR T 5 W

LR 4FN 2:

On the other hand, for dark matter searches, the author is currently only in the stag
e of “looking for signals”. In the future, the focus should shift toward “characterizing
the properties of dark matter particles”. The following two aspects are suggested: 1.
Search for new signals such as “dark radiation” : look for final states that, in additi
on to missing energy, also contain a dilepton resonance peak from the decay of a ne
w Z' boson. 2. Combine multi messenger indirect detection: jointly analyze the colli
der results from Mono Z/Z' with those from astrophysical indirect detection experim
ents (e.g., Fermi LAT, AMS 02) and underground direct detection experiments (e.g., L
Z, XENONNT).

SLCI-F

Thank you for the constructive comments. Shifting towards 'characterizing dark matter
properties' is indeed a crucial future trend. | fully agree with your suggestions regar
ding 'dark radiation' and multi-messenger detection, and have incorporated them into
the 'Outlook' chapter of the thesis. These insights will serve as vital guidance for m
y future research.

I S I BRI R I o X B SR AROR IR ot s . S AN RS A
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This thesis presents the most precise measurement of Standard Model ZZ boson pair
production at 13 TeV using 140 fb-1 of ATLAS data, achieving a fiducial cross-section
of 21.0£1.0 fb with a total uncertainty reduced from 7.0% to 4.6%. It sets stringent
constraints on anomalous gauge couplings and, using a BDT-based search, limits the
Higgs invisible branching ratio to <18.7% at 95% CL. The collider results are translate
d into WIMP-nucleon scattering limits, demonstrating significant complementarity and
a discovery advantage over direct detection experiments in the low dark matter mass
region. Additionally, the work includes hardware contributions to the construction an
d quality control of sMDT chambers for the ATLAS HL-LHC upgrade. The researches pr
esented in this thesis are generally well-motivated. The thesis is rich in research cont
ent, well-structured, logically coherent, thoroughly detailed, and written in a rigorous
and formal academic style.

LR5S BN 1:
[t%ss not very clear what is the exact contribution of the author to the two ATLAS p

hysics analysis when working in a large collaboration. Please emphasize this a bit mor
e.

SLCI-F
Thank you for the valuable comment. To clarify my specific roles in the analysis, | ha

ve detailed my officially recorded CERN membership contributions in the 'Publication’
section of the thesis.

For the two primary physics analyses presented in the main text, | served as a core
analyzer and was deeply involved in the entire analysis workflow. Specifically, my dire
ct hands-on contributions spanned almost every crucial stage, ranging from the initial
Monte Carlo sample generation and event selection, to the final background estimati
on and unfolding procedures.

BT X ERE . AT AR EATIE, AR Publication” #77
MHIH T CERN B RAGRICHK BN DTkiE o X T XA R EYE -, AR
FRZO T NG, RESS T B st TER. BARmMS, ROV TAERDE 724
LR —MZOIT, A MNFEIR MC FEARZERR. FHER, 25 AL 1A
M unfolding i F&

55 m W 2:
Minor comments:

@®2.3: Please provide some references for the theory of Supersymmetry (SUSY), Extra
Dimensions and Hidden Sector Models.

@Figure 4.3: What is the physics process used to determine the electron reconstruc




tion and identification efficiency? What is the pileup level? Is the figure from Ref. [8
2]? Maybe it’s better to add such information in the caption.

@ Period(s) are missing in a few places, e.g. 5.5.3 last paragraph, 5.5.5 first and seco
nd paragraphs

@5.6.1 OThe response matrix is not defined here but later at page 97. OPoint 2. S
ince the systematic variation (e.g., a jet energy scale shift) affects not only the signal
but also the background shapes and normalizations, we should subtract the varied b
ackground (which has been re-estimated under the same systematic variation) before
unfolding, no? OPoint 4. For detector systematics, we should compare the unfolded
varied distribution to the unfolded nominal distribution, not to the nominal truth, rig
ht?

@®5.7: The profile likelihood method is already used here, right? Maybe it’s better t
o introduce the statistical analysis method as shown in 6.1.2 a bit already here.

AR

Thanks a lot for the extremely detailed comments, they are very helpful!
2.3: updated the references

4.3: added the necessary information and cite

5.5.3&5.5.5: corrected mistakes using inline “%”

5.6.1:

OAdded a brief sentence to introduce the response matrix

OAdded the information in proper position

OThanks for pointing it out, | used the expression testing with pseudo-data(where un
folded nominal = nominal truth)

5.7: The likelihood method is briefly introduced in the introduction chapter. Additional
ly based on advice from another expert, | have rebuild the introduction and theory p
art by migrating the detailed theory parts in each analysis to Chapter 2. It is defined
in Chapter 2 now.
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