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Search for new physics beyond the SM
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Brief introduction to Higgs boson

® Predicted in 1964, discovered in 2012

® The only scalar elementary particle in SM

® Attributes masses to all elementary particles
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ATLAS full Run 2 : Hzz [ATLAS-CONF-2020-005]

Higgs mass
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¢ Vector bosons

¢ 3" generation fermions :
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Overview of the
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Searches for/Evidences of rare decay

modes
Channel CMS ATLAS
U 140/fb, 30 140/fh, 20

CC

36/fb, u<70(95%CL)

140/fb, u<26(95%CL)

L1y

36/fb, u<3.9(95%CL)

140/fb, 30




Local p-value

CMS JHEP 01(2021) 148

Rare decay: di—muon (CMS)
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Rare decay : di—muon (ATLAS)

Full Run 2
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VH, H—>cc (ATLAS)
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Binned ML fit to extract 3 parameters DI 1 . _ MV2 vt e ot
¢ c—tagging, veto on b—jets:
UvHce) = -9+ 10(stat.) £ 12 (syst.)
HVvW(cq) = 0.83 +0.11 (stat.) + 0.21 (SYSt.) c—jet efft. b—jet eff. light jet eff.
0 0 0
v zee) = 1.16 £ 0.32 (stat.) = 0.36 (syst.) 27 S L. 6%
5 5_'|""I""I""I'é"bl('t')‘)'l""I'_
_lM E . ' — LomD. (0DS. . | | | | | | | | | | | | | | | | | | | | | | |
~. 450 ATLAS Preliminary - Comb. (exp) E o
< | (5=13TeV, 139" _giepton (obs) : ATLAS Preliminary + 1o
T 4 VHH-co — 1-lepton (obs.) _ s=13 TeV, 139 fb” B =2
k| <85at95%CL o E e Expected
3.5/ 2-lepton (obs.) : VH, H — cC — Observed
3_ _ 0 lepton
- Ttk O\ T ] Exp.= 40 x SM
2'5; ~~~~ : Obs.= 35 x SM
2:__--__--__-_- _-_-_::‘: .......................... ’ :'_’_-__-- __---_-__-._; ---------------------
= 95% CL : 1 lepton
1.5F i ¥ E Exp.= 60 x SM
: : Obs.= 50 x SM
1 A /' s R ——— S et T T T T ——
_ f 5 _ 2 lepton
0.5: : ) : ] EXp.= 51x SM
01,,,,,,,,,,,,;,,, ST . Obs.=49 x SM
30 -20 -10 0 10 20 30 e | T
K, : Combination
Exp.= 31x SM
Assuming Kc only affects the decay BF, all other couplings are fixed by SM: Ob3-=26XSM S
2 ' 100
c
My H(ce)(Ke) = 95% C.L. limit on
1 + Bg‘icé(é - 1) ptVH(cE) 0


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/

H >1 1y/zy (ATLAS> ATLAS arXiv:2103. 10322 submitted to PLB

Full Run 2

Probe BSM couplings and CP violation in Higgs sector
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CMS 35.9 fo' (13 TeV)
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https://link.springer.com/content/pdf/10.1007/JHEP11(2018)152.pdf

Differential measurements

CMS ATLAS

T 140/fb 36/fb (not covered today)
bb 140/fb (boosted) 140/fb
Ww 140/fb (backup) 140/fb
144 140/ fb 140/ 1D
4-1epton 140/fh 140/fb
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ATLAS-CONF-2021-014
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ATLAS—CONF—2020-027
ATLAS-CONF-2020-053

STXS combination and SMEFT (ATLAS)
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Fit results
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and HW combination (ATLAS)
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H—> 4 lepton cross section (CMS)
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Constraints from H—>4-1lepton (CMS)
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https://arxiv.org/pdf/2004.03969.pdf
https://link.springer.com/content/pdf/10.1007/JHEP10(2018)073.pdf

Search for HH production

Results from full Run 2
CMS : yybb, bbbb
ATLAS: yybb, WWbb
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Search for HH production (CMS)

rgs self—-coupling gives access to the shape of the scalar field potential
HH production is sensitive to the self-coupling

oyy = 31.05 & 1.90fb (ggF NNLO) Channel BR (%) S/B Comment
bbyy 0. 26 5% Most sensitive, 2D mass fit
g 9990~ ,}J I 7" H bbTT 7.3 0. 4% Categorization, BDT
t/bk>----‘\ t/bd \ bbbb 33. 0 1% 4 b—jets/2 large—R jets, BDT
g s g oguw e Lo g bbVV (bblvlv) 2.72 | 0.18% DNN
CMS 35.9 b (13 TeV)
oyy = 1.73 + 0.04fb (VBF NNLO) . -
bbbb i
q i Evpociod 36.5¢EM
- - | gg—HH
bbrt
i ppeh —— Observed
- _ — - —-- Median expected
H orsssn B 65% expected

Expected 18.8xSM

95% expected

Combined
Observed 22.2xSM
Expected 12.8xSM

] 1 1 1 ] ] | | I 1 1
20 30 40506070 100 200 300 400
95% CL on o,,,/cM 30

VVHH vertex

6 78910


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.122.121803

Phys. Lett. B 800(2020) 135103

Search for HH production (ATLAS)

bbbb bbW+W~ bbttt~ |W*W-W*W- |  bbyy W*W~yy
B(HH — x%yy) 0.34 0.25 0.073 0.046 2.6-1073 | 1.0-1073 N t
3 c.e = counting events
Line [fb71] 27.5 [36.1] 36.1 36.1 36.1 36.1 36.1 NR = SM HH (non—resonant)
Categories 2 [2-5] 1 [1] 3 [2-3] 9 [9] 2 [2] 1 [1] S/G = Scalar/Graviton
Discriminant mpuna [mpgul | ce. [mygy] | BDT [BDT]| c.e. [ce.] |my, [mgul| m, [m,]
Model NR [S/G] | NR[S/G] | NR[S/G] | NRIS] NR [S] NR [S]
ms ;G [TeV) [0.26-3.00] | [0.50-3.00] | [0.26-1.00] | [0.26-0.50] |[0.26—1.00] | [0.26—0.50]
e - = 10T
ATLAS —e— Observed = n : ~ =~ Exp. 95% CL limits
"~ (s=13TeV, 275-361f67 Eigggzg i T L o
oM. (pp — HH) = 33.5 b = Expected + 26 _ ? i\ bbb b Obs. 95% CL limits
Obs. Exp. Exp.stat. | % --------- — bbbb
HH—> bt 125 15 12 = 1 = E _
| 3 _ — bbt't
HH—> bbbb 129 21 18 © _
i . ~ bbyy
HH- bbyy 203 26 26 - Allowed ¥, interval L
HH- W'WW'W 160 120 77 1012 95% CL ~ come.
HH WWoyy 230 170 160 : : Obs. (Exg.x;é 0 ATLAS - Comb. 1o (exp.)
HH—> bBW'W’ 305 305 240 " -5.0-12.0 | -5.8-12.0 ! {s = 13 TeV Comb. +2¢ (exp.)
Combined :__ ------------------------- 10 ------- 8 8 ----- | (5:3-115) : 27.5 - 36.1 fb” ~— Theory prediction
il e i S 102l b b b e e L L
10 10? 10° 10 10° -20 -15-10 -5 0 5 10 15 20

95% CL upper limit on Oyqr (pp — HH) normalised to ()'ggF

Ky 31


https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub

JHEP 03 (2021) 257

Update from full Run 2 data—yybb (CMS) wiws

oy B(HH = yybb) < 7.7(5.2) * SM at 95% CL.

CMS 137 fb' (13 TeV) CMS 137 fb™' (13 TeV)

E 4 95% CL upper limits . § 95% CL upper limits HH — bB =
= Observed HH — yybb — Observed YYPL 7
|§ 3.5F ...... Median expected 8 102 - Median expected E
— I 68% CL expected ; ] 68:/0 CL expected 3
T 3 95% CL expected 1 0 ?rf] Yo CI;' eXIpeCtg.dt' i
- o — — Theoretical prediction —

N Theoretical prediction / T P 3

L 25 / . T .
EE' \ aE o ]
—1 —

° 10 ~ - =

AN Y :

1072 \ E

\ / =

v _
0 L T

-6 4 2 0 2 4 6 8 10 12
K, CZV

—3.3< k), <85(—2.5 <Ky <8.2)at95% CL. —1.3 < ¢y < 3.5(-09 < ¢,y < 3.1) at95%CL.


https://arxiv.org/abs/2011.12373v2

Fraction of events / 5 GeV

ATLAS—CONF-2021-016

HH—>yybb with full Run 2 data(ATLAS)

Full Run 2
0 3 g _I L | L | T T 1 | L | T 11 | T T | T T 1 | L | T T 1 | L I_ '3' 105 - UL L 'Sl L L e Io'bI L 'd' I.' I..t'(g".r)I /I 'CI'_)' E
R L B L B BN L B S ' n n = - ATLAS Preliminar —— Observea limit (35% :
- ATLAS Simulation Preliminary . % 0.76 ATLAS Prellmlnary1 HH ggF, «;=1 B T J/S=13 TeV, 139 f)t/)"1 ---- Expected limit (95% CL) -
0.5 (s=13TeV  HH-bhyy | € [ 's =13 TeV, 139 fo’ HH ggF, ,=10 T M bEvy [ Expected limit +1o '
- Mg Mobyy 300 GeV . > 0'6: High mass region Single H . L 1045‘ 144 1 Expected limit +20 3
0.0 m§;5oo GeV _ S osf o3 o B yy+jets - > i E=43 Theory prediction _
I I . —— HHggF, k=1 = 5 C 025 5 5 .J_‘ ¢ Data . =y [ ¢ SM prediction
- HH VBF, k,=1 g L o2 = HIE - S
015~ T ——  yy+Hets ] © 04 o1 T © 103t
B _ LL - 0.1 ] -
B _ 03_= 005 i *_r—"L——II '_'—l l.J.l_il-‘FT—Ll”; ] TEs—EEyT 000909090
0.1— — L 05551 088 08 os : T A e
u : 0.2 " = 5 ~~eo
0.05~ . : m, — > 350GeV: - 10% _
N n 0.1 +|-A-._‘_‘ bb’}/’y ; - : Observed: x; € [-1.5,6.7]
~ - = = - ERREN etrrrr - . P = - Expected: x; € [-2.4,7.7]
900 250 300 350 400 450 500 550 600 T . = m==E R e TR ST [
Invariant mass [GeV] 0 01 02 03 04 05 06 07 08 09 1 101 L
BDT Score 10 8 6 4 2 0 2 4 6 8 10
KA
*
I _ _ _ _ 0
M5y = Mpbyy — Myy — My + 250GeV o(pp » HH) = 4.1(5.5) * SM at 95% CL


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/

O g aver (PP—HH) [fb]

Update from

4000

3000

2000

CMS Preliminary

138 b (13 TeV)

95% CL upper Iirhits | | All categories

Observed

Median expected
I 68% expected

95% expected
- Theoretical prediction

—2.3 < K < 94(—50 < K < 120)
o(ggF HH) < 3.6(7.3) * SM at 95% CL

..___g_,,.___uggF=1 o=

HH — bbbb
1

at95%CL.

o (VBF HH) < 226(412) * SM at 95% CL

full Run 2 data

Oygr (PP—HHIj) [fD]

PAS HIG—=20-005

bbbb (CMS)

Full Run 2

CMS Preliminary 138 fb™ (13 TeV)

95% CL Upper limits | | All catégories
Observed : . HH — bbbb

Median expected

Bl 68% expected u =1
95% expected | agF
—— Theoretical prediction ' : 5

—0.1 < Kyy < 2.2(—0.4 < Ky < 2.5) at 95% CL

34


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-005/index.html

Phys. Lett. B 801(2020) 135145

HH—>WWbb with full Run 2 data (ATLAS)

Full Run 2
= JLATLAS | e ovma | 3 [ arfas | . .
2 10? 1 B Top 3 8 ATLAS ® _?ata % 18 ATLIAS I 1 .I Dat |
& o[ Ys=13TeV, 1397 mm Z/y+jetsHF | Q Vs=13TeV, 189101 == P O 16 o -
0 6L L vt ? N 40 - _ B Z/y*+jets HF  _ — 13 TeV. 139 fb! B Top
g1 107 E Selection: 1 Other : - Selection: 1 Other O Vs 1o eV, I Z/y*+jets HF
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i i
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3 1.5 | | | | | | I | i | \L 3:’ 1.25 1 ‘\+ Q\ \ T\$ E 112;2
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INN classifier

—20 —-1o0 Expected +10c +20 Observed
o (gg — HH) [pb] 0.5 0.6 0.9 1.3 1.9 1.2
o (gg — HH) /o™ (gg — HH) | 14 20 29 43 62 |40 |
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https://arxiv.org/abs/1908.06765

Search for BSM with H decays

DM
LLP



Combination of H

In SM, BFKH - ZZ - vvvv) = 0.001

Invisible decay sensitive to BSM,
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o gk \s =8 TeV, 20.3 fb = 0
5 Vs =13 TeV, 139 fb" .
7F Run 1 Comb. . L
= — Run 2 Comb. . v
6 = Run 1+2 Comb. — ;
n / c
5 \\. — Observed B ©
£ EEe /4 E
- 20 ] =
n - S
3 E st
25 ERS
1E = R
= 1o . @
0_ — [ I T L1
-0.1 0 0.1 0.2 0.3
BH—» inv

Best Fit: 0.00 + 0.06

Upper Limit at 95% CL: 0.11

©c ©o ©o ©
(@)] ~ Qo © —_
T T T[T T I T[T T T T[T T T T[T T T T[T T T T [TTTT[TTIT

o
3

e. g portal to DM

49f" (7 TeV) +19.7 fb™ (8 TeV) + 38.2 ™' (13 TeV)
I I

0O
=
77

—e— (QObserved

--©- Median expected

- 68% expected

95% expected

I
Combined 7+8+13 TeV Combined 13 TeV

Combined 7+8 TeV

Owimp-nucleon [cM7]

10741

1074

10°%

107

1074°

Full Run 1 + Run 2

ATLAS-CONF-2020-052

>Tnvisible (ATLAS)™*

B

H — inv

< 0.09
B -. All limits at 90% CL

~ -

ATLAS Preliminary
\s=7TeV, 4.7 b
Vs =8TeV, 20.3 fb™ 7
\s=13TeV, 139 fb™

L]
puih
et

ail
(15
(R}
yant
it
..........
L
LR -
paalt -
pant -
NTTLLAL --
-

11111
11111111
EITTTRRRLLL --

Higgs Portal
ssiiels Scalar WIMP
mamem Majorana WIMP

Other experiments
DarkSide-50"]

......... LUX }

PandaX-ll __

=== XenoniT —

1 lIIIIII 1 | IIIIlll

1 10

10°
mwne [GeV]

10°

CMS WIMP cross section in backup

37


http://cdsweb.cern.ch/record/2743055/files/ATLAS-CONF-2020-052.pdf
https://cds.cern.ch/record/2638810/files/1809.05937.pdf

Events / GeV

Data/SM

EPJC 81(2021)13

Mono—Z and Mono—jet (CMS) 0,20 o
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Full Run 2
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https://link.springer.com/article/10.1140/epjc/s10052-020-08739-5
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-004/index.html

ATLAS—-CONF—-2021-005

H—>Long-Lived Particles (CMS/ATLAS)" ==

Full Run 2

Many BSM predicts Higgs —>LLP decays q
Example: minimal scalar extension p g /,Lq
- S
Portal interaction: ¢|S|?HTH o T PR i
Benchmark model : Tq

pseudoscalar a, decay exclusively to bb
132 b (13 TeV)

— ? T I T T TTTT T T T T TTTI T T T TTTT T
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5 '° B ATLAS Preliminary 5 ) - %' ZH H — aa S5 ay i — 10°E 5
o 10°m {s=13TeV, 139 fb™ . Bﬁta dicti = R ! 7 = o Median expected
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https://cds.cern.ch/record/2759209/files/ATLAS-CONF-2021-005.pdf
https://cds.cern.ch/record/2759209/files/ATLAS-CONF-2021-005.pdf
https://arxiv.org/abs/2012.01581

SUmMmary

® H(125)
® Newly established decay modes: uu, 1lly
® High—-stat decay modes: differential (STXS) measurements
® HH: probing the self-coupling
® BSM (e.g. DM, LLP) constrained by H(125)
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PRL120(2018) 211802

charm—charm decay (ATLAS)

ZH - [Tl cc

BDT classifier to distinguish b/c/light jets
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.211802

IAl'llL/I4ISI - Total | Stat. olnlyl/

Run 1: Vs =7-8TeV,25fb", Run 2: Ys = 13 TeV, 36.1 fb”’ Total  (Stat. only)
Run 1 H—4/ —————— 124.51+ 0.52 ( + 0.52) GeV
Run1H—-yy ——ea————  126.02 + 0.51 ( £ 0.43) GeV
Run 2 H—4I ———— 124.79 £ 0.37 ( £ 0.36) GeV
Run2 H—yy -—-I—- 124.93 +0.40 ( £ 0.21) GeV
. Run1+2 H—o4l == 124.71£0.30 (£ 0.30) GeV

Run 142 H—yy 125.32 + 0.35 (£ 0.19) GeV

Run 1 Combined 125.38 £ 0.41 ( £0.37) GeV

Run 2 Combined 124.86 £ 0.27 ( £0.18) GeV
' Run1+42Combined == 124.97 £0.24 (£0.16) GeV
 ATLAS+CMSRuni -l.—- """""""""" 12500+ 0.24 (+0.21) GeV
o oo oy b oy b by
123 124 125 126 127 128

m,_ [GeV]



Dim—6 Warsaw basis

Wilson coefficient Operator Wilson coeflicient Operator
CHO (HTH)E(HTH) CuG (QPG'”VTAur)FI Gy
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Most relevant EFT operators

Coeflicient Operator Example process
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Coeflicient Operator Example process
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ATLAS H->4l. fidudical definition

Leptons and jets
Leptons pt > S5 GeV, n| < 2.7
Jets pr > 30GeV, |y| < 44
Lepton selection and pairing
Lepton kinematics pt > 20, 15,10 GeV
Leading pair (m12) SFOC lepton pair with smallest |mz — myg|
Subleading pair (m134) remaining SFOC lepton pair with smallest |mz — mgg|
Event selection (at most one quadruplet per event)
Mass requirements 50 GeV< mi1p < 106 GeV and 12 GeV< m34 < 115 GeV
Lepton separation AR(¢;,€;) > 0.1
Lepton/Jet separation AR(¢;,jet) > 0.1
J /¢ veto m(€;,€;) > 5 GeV for all SFOC lepton pairs
Mass window 105 GeV< my4, < 160 GeV

If extra lepton with pt > 12 GeV  Quadruplet with largest matrix element value




ATLAS Diboson Searches - 95% CL Exclusion Limits

ATLAS Preliminary

Bulk RS (k/Mp; = 1.0) Gk — WW, ZZ — vvqq, tvqq, tlqq

resolved, boosted

- 0320TeV]

Status: June 2021 L= (361 _ 139) fb~1 ,\/g — 13 TeV
Model Channel’ Strategy* Limit Reference
Bulk RS (knr. = 35, Ag =3TeV) R — WW,ZZ — vvqq, {vqq, tlqq resolved, boosted | | | Eur. Phys. J. C 80 (2020) 1165
Bulk RS (knr. = 35, Ag = 3TeV) R— WW,ZZ — qqqq boosted JHEP 06 (2020) 042
" RS1 (k/Mp; = 0.01) Gkk — VY resolved arXiv:2102.13405
-§ RS1 (k/Mp; = 0.05) Gkk = Yy resolved arXiv:2102.13405
S RS1 (k/Mp; = 0.1) Gkk = Y resolved arXiv:2102.13405
'“E‘ES Bulk RS (k/Mp; = 0.5) Gkk = WW — evuy resolved Eur. Phys. J. C 78 (2018) 24
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VBS 77 (CMS)

Full Run 2
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ZZ7]j inclusive
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VBS-enriched (loose)
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All results at: http://cern.ch/go/pN;j7

CMS Preliminar

i 7 TeV CMS measurement (L < 5.0 fb™)
i 8 TeV CMS measurement (L < 19.6 fb™)

i 13 TeV CMS measurement (L < 137 fb™)
Theory prediction

Z 4 Z CMS 95%CL limits at 7, 8 and 13 TeV

VBF
qqW qqZ WW qqWyssWW qqZy qqWZqqZZ ten Wt q tty tZq 2 ty W tttt ggH ' VH WH ZH ttH tH HH
EW,Zyy,Wyy: fiducial with W—tv, Z—ll, I=e,u Th. Ao, in exp. Ac
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