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A Little Journey before Discovery
till now




Start of LHC run in 200% Lill end of 2010

Panic of no sign of Higqs boson
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Around the end of 2012
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Full datasets for 7 + ¥ TeV

The SM Higqs boson provides the best £it to
both CMS and ATLAS dabaseks.
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Till Summer 201¥% with
part of 13 TeV data




Remarkable achievements

e Establish the gauge couplings of the Higgs boson.
e Establish the loop vertices of Hgg, Hyy.
e Establishment of third generation fermion Yukawa Couplings

pp — ttH, /g BN R g H — bb

All these motivate the update of the Higgs fits



TABLE II. (LHC: 7+8 TeV) Combined ATLAS and CMS data on signal strengths from Table

8 of Ref. [9].
Decay mode
Production mode| H —~yy H—ZZ% H->WW®  H - bb H— 17
goF 110503 113555 0.845077 - 1.0%0%
VBF 4357000 0.1+ el . IEREEL
. 2 0. |
WH 0.51%_?2) A 1-6ﬂ.0 1-0t0.g _1-4t1.4
: 2.6 0.4 2.2
ZH OSHNE ¢ - 5.9 0.4%0% 22773
1.6 1.8 1.0 3.7
ttH DI - 5.0717 11T LT
X2y (subtot): 19.93




Decay mode

Production mode| H -~y H — ZZ% H - WW® H bbb H — 17 E(l;fr?bined Yenflocams
ggF 10202075 S0 9sc 2 s 11,2070 ORI DNl St 0 ks = Ol KOs S S IS
VBF 03 o - 191 v R O gy 4 d L5029 1028, S G SN
VH/WH DA 2T QLT L2 LB s i oo R3O e o i < oy (I
ZH X . 002 207 e a2 3ol o =B Ty
ttH NS 6Rr - RO Do - 0.911042 - 0.937027 5.96(5.86)
ttH (excl) | 1.397945 - 1597045 1 07750 50 087 oilo il 16T S ANk Eiaaes
Hoombinea | 110570 1.05Tgyp 1200575 1.05Tgq5  1.15%035 |1.10500
(O  16.83(5.72) 9.13(8.88) 9.48(7.32) 1.56(1.51) 3.58(3.20) 30.58(27.56)

Combined 13 TeV ATLAS and CMS — 2018



Overall average signal strength

TABLE II. Combined average signal strengths for the Tevatron at 1.96 TeV, and for ATLAS and
CMS at 7+ 8 TeV and 13 TeV.

Energy ATLAS CMS Combined
1.96 TeV [Table VII] 1.44 4+ 0.55
748 TeV [15] 1.2019-4% 0.970:1 1.097045

The SM Higgs boson provides a good description to the data in
general, but the overall strength shows a 2c deviation.




Parameterization

Higgs couplings to fermions:

o Gt
Lupp = — D oM Z H f (9Hff T Zngf%)f '
el 0 g

Higgs couplings to the massive vector bosons:

_ 1
Luvyv = g My (gHWWWJW o4 gHZZF ZMZ’u> H.
%4

ST (Mu) =2 > NoQ} gy For(ts) — guww Fi(rw) + AS7,
f:b7t77-

PY(Mp) = 2 Z N¢c Q?Cgflff Fyor(Te) + AP7,
f:b,t,T

Loop vertices
$9(Mpu) = ) Gy Far(rs) + AS, P
f=bt

PIMy) = S gh Fos(r) + APY.
Ff=bt



The theoretical signal strength may be written as the product

(P, D) ~ u(P) u(D)

~ S9(Mer)|* + | P9(M)|” 5 B(H - D
fi(geF) — st e D)

| S (Mu)| B(Hsm — D)

) B(H —- D) =
~ D) ( ) I‘13013 (H) Sl A]-_‘1301:
M(VH) = gHWW,HZZ ?

B(6tH) = (b)) & (95rs)

w(Q, D) = e Cop Ji(P, D)
P=geF VBF,VH, ttH

for Q : an experimental defined channel

S =S oA ] o o i 3 o ==
Cu = 9Huu > Cd —gHJdv CE _ng_l7 CW_QHWW’ CZ ~Y9yzz

Y i &1 2N T & Pee=sP
Cu = 9Huu > Cd _gHJda CE _ng_l'




CP Conserving Fits




Cases CPCl1 CPC2 CPC3 CPC4 CPCe6
Vary Al'tyot  Vary AS” VoA SIS B s G C SNty G C’f er
Parameters AS9 AS9, AT C%iCe ASY, ASY
After ICHEP 2018
L 1 1 1 JFONEE AR R
€5 1 1 1 0.9621 5101 QRCHIa
G 1 1 1 024007 OIS
C, 1 1 1 EOIgE AR
ASY 0 —0.2267022  —0.1507 752 0 —0.1281 0200
AS9 0 OFGHY 02 =S g ) S s = 0 = l032:h0 05
AT (o (MeND)) -—0.2858 0 - 0 —0.247 057 0 0
x?/dof 51.44/63 51.87/62 51.23/61 50.79/60 50.46 /58
goodness of fit 0.851 0.817 0.809 0.796 0.749
p-value 0.124 0.379 0.461 0.554 0.764




The most economical way to improve is to reduce the
width (CPC1 fit)

AFtot = —0.289 1_8%? MeV

36 |

or 7% decrease of total width




CPC4 fit :: only vary Yukawa's and C,

Positive sign for bottom Yukawa for the first time
thanks to the Hgg vertex

S9 ~ 0.688 g7z + (—0.037 4 0.05014) g7z, + ASY,

Positive sign of bottom Yukawa is preferred

(KC, JS Lee, PY Tseng 1810.02521)
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Cases CPCN2 CPCN3 CPCN4
Vary C{? ,Cy Vary C’;f =G Vary CS , Oy
Parameters AST AS7, ASY
After ICHEP 2018
cs LOITHONE  1016%00% | 10427007  1.042700F 104270080 —1042%00E
Cs 1 1 1 1 1
Gy 1 1 1 1 1
@7 0308000, = 10250002 el 01 0270 05 %1 (a0 02 L 028 - = WP e
ASY 0 = (10900208 | 02900 =T - (lI200 L s 5 o An e e i
ASY 0 0 = (002 T 0o e g i 0 DO () 5 el L e
AT'; (MeV) 0 0 0 0 0
x?%/dof 51.16/62 51.10/61 50.96 /60
goodness of fit 0.835 0.813 0.791
p-value 0.266 0.439 0.583




CPN2 - minimal : (C5.C
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Cases CPCX2 CPCX3 Cases CPCX4
Vary C,, Al'tot Vary C,f , Cy Vary C’;f &>
Parameters ASY Parameters C,, ASYI
After ICHEP 2018
0.08 0.08 0.078 0.078
o 1 0TS oA () o @ 1045050 0a s 0T
C- 1 1 1 ¢ 1 1
G 1 1 1 & 1 1
0.051 0.03 0.03 0.033 0.032
et 0208 e 03ty R (3N v @5 1.040T 057 + = 1-04085
0.048 0.048
- C, 1015 0 1 - 10150
ASY 0 0 0 ASY 0 0
0.06 0.07 0.056 0.067
ASY 0 —0.02 002 —1.34%0 0 ASY —0.020% 002y —1.34570 0er
RS (MeV) | —0.1347)23 0 0 ATto; (MeV) 0 0
x?/dof 51.25/62 51.08/61 x?/dof 50.84/60
goodness of fit 0.833 0.813 goodness of fit 0.820
p-value 0.278 0.435 p-value 0.5631




CPCX3 : C°,C,AS8




CPCX4 : C,,C,C,AS®
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CP Violating Fits




Cases CPV2 CPV3 CPV4 CPVN3
Vary C2,CY Vary C2,CF | Vary ASY, ASY VarnC @ 1
Parameters Cy APY, APY NI
After ICHEP 2018
cs 1 e ) s OV S S Wy s 1 0.9919:97  (.991+0-07
G I 1 1 1 1 1
@ 1 1 1 1 1 i
& 1 1 1.037 )05 1 1 1
ASY 0 0 0 0261 0 0
ASY 0 0 0 0.01619-0 0 0
ATt (MeV) 0 0 0 0 — 027500 & 027
cP OPSILn  MER (1 O e MO ) i = 0 I =
AP 0 0 0 — Il 0 0
A P9 0 0 0 QIO 0 0
x?/dof 52.07/62 51.16/61 51.87/60 51.42/61
goodness of fit 0.812 0.811 0.763 0.804
p-value 0.419 0.449 0.747 0.495
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AS”, AP?, AS%, AP%

CPV4




Predictions of Z gamma in CPC's : at most +20%

-1 1




® Most scenarios (fits) are consistent with the SM
with p-value 2 0.3, except for CPCI.
® CPC1 has a p-value of 0.124.

® So the most economical way to improve the fit

o Y | A A Moe e " - Ry | . San GESanb




Vector-like Quark Interpretation of Excess in Higgs
Signal Strength

Kingman Cheung! 234, Wai-Yee Keung®!, Jae Sik Lee®”, and Po-Yan Tseng®!

* 20 excess comes from a large collection of data, not
so easy to go away overnight.

* One of the most economic way to improve the fit is to
reduce the total width.

* The first to consider is H —> b b-bar mode.

* This is done via mixing between b quark with a b’ from

a doublet of hypercharge Y/2 = -5/6.




Introduce a vector-like quark doublet with Y/2 = -5/6

b3 Y 5
Brr=1| ,_ 3 =75
p L B

New coupling with the Higgs doublet H

Wk W

1
T ——=(v+h
LD gpBrHbr + h.c. =gp(b; , v} ) ( \/55 )> br + h.c.

Quark mass matrix and interactions with the Higgs
oo (2058 8) () + ve

(KC, WY Keung, JS Lee, PY Tseng 1901.05626)




(KC, WY Keung, JS Lee, PY Tseng 1901.05626)

Rotate into Mass Eigenstates

z 5 cosfp, g sinfp g b =
b 2 — sin QL,R COS QL,R o L.R

M, A= gagv/~/2 >> m

2

m
m%: A2 ) m%:Az_l_MQ- 5EA/M
L+ 2=
; 45 mA ~ 1 mA :
SmHL:sL:M2+A2 COSHL:CL21—§ A2 A2
A M

cosOp = cp ~

sinfp = s ~

VM2 + A2’ VM2 4 A2

With the hierarchy cos6. =1, 6r >> 6L




(KC, WY Keung, JS Lee, PY Tseng 1901.05626)

Modification to Yukawa couplings

fj o s 7 mb(l —}—52)_1/203 mb(l +52)_1/283 by
E —— X bm bm /R H. .
Vo) 3 ( T YT ) ( N g bén ot C

Reduction to bottom Yukawa Cj; = cr/+v/1 + 62

Modifications to Zbb couplings
o G —CLSL, b
g7 (b b )VMZM< = : : 2 2 1 ) ( i )

—CJI, 8], %(CL - SL) + 5T bltn

il 2 1 m
- ; = + s ——CRSR b
+gZ(bT£,bén)fy“Zﬂ<2 R1 o 1.9 ><b§z> :

QCRSR 5CR T+ wa

Left-handed modification is small: s.2 /2

Right-handed modification is large: sr? /2




Such a modification brings changes to

® reduction in Higgs total width
® Z boson total hadronic width
e Agr(b quark)

o Ry
g 3, Catew) —zy (=5l —si) + 520)” - (3SR 5%u)”
e e e LA e I P
Experimental Data SM values Y2 (SM)
Higgs-signal strengths with the average
UHiggs = 1.10 4 0.05 i) 53.81 [11]
(ALL)™ = 0.0992 £ 0.0016 0.1030 +0.0002  5.29 [27
REAY = 0.21629 + 0.00066 0.21582 4 0.00002 0.49 [27
Thad = 1.7444 £ 0.0020 GeV 1.7411 4 0.0008  2.35 [27

(KC, WY Keung, JS Lee, PY Tseng 1901.05626)
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Cases \% Fit-1 Fit-11
Higgs+(Apg)”  Higgs+(App)”  Higgst (App)
data +RbEXP + I'had +RE’XP + I'had
Toy 0.23154 0.231091 905055 0.232020- 90031
§=A/M 0.13210952 0.2531 9052 0.11519-057
Cy = ghob/Ghiw | 0-982670 063 093675 036 098687 500
Xfigas 52.53 50.99 52.80
Abp 0.10144 0.09922 0.09918
Ry 0.21708 0.22082 0.21677
Thaa[GeV] 1.7439 1.7523 1.7432
Xootal 55.88 113.6 53.68

V't — (bX)(bZ) — (bX)(bTL7)




Current search in ATLAS 150610555

With Z->l+l-and >2j £ =36.1fb~ ! €= 10.28%

VY — (bX)(5Z) — (bX) (BT ¢7)

N =o(pp — b'b) x L X e

Requiring N < 2  o(pp — b'0/) 20 b

Mb’ Z 1.1 TeV

Further searches in b’b’ -> (bh)(bh), (bZ)(bz), (bh)(bZ)

are possible




Conclusions

Higgs couplings enter the era of precision measurements
Third generation fermion couplings are established

The global signal strength shows a 2-sigma excess.

The most economical way to improve the fit — reduce the
Higgs — b b-bar width.

The other scenarios are consistent with the SM with

p-values 2 0.3.



Back up Slides




Probing HHH coupling



Higgs Sector Itself

We have no information about V(®) except that it gives a nontrivial
VEV. In the SM.

2
by
L R

1 2 2
V2 (o) SR
() M e L 4

4

This is the simplest structure. The self couplings are fixed. But for

extended Higgs sector it is not the case.

Probing self interactions of the Higgs boson
becomes an important avenue fo understand the
Higgs sector.



GN Lo[fb]

Channels for testing HHH coupling

HH production at pp colliders at NLO in QCD

—_
o
~

T T T

T I ' ' '
HH production at 14 TeV LHC at (N)LO in QCD

103 [ M=125 GeV, MSTW2008 NLO pdf (68%cl) 1 [T My=125 GeV, MSTW2008 (N)LO pdf (68%cl) |
'F ‘‘‘‘‘‘‘‘‘
102 E
10’ o)
e
—
=
10° 40 ©
i
=
T
’ 15
10- E 2\\\’\\’\ 1_ ©
F L g 2‘
i 15 1 Y
2 1L ) A
1 O Y 1 O 3 \_\(\ 3
g i | ooz f
C © C i
C = L i
103 = I I 1 I I I 1 1 I I I
8 1314 25 33 50 75 100 -4 -3 -2 -1 0 1 2 3 4
Vs[TeV] Migm

Frederix et al. 1401.7340

MadGraph5_aMC@NLO



SM Cross sections [4]

NLO O
\/g [TGV] Ugg—>HH [fb] O-clj\l]I’J—>Hqu’ [fb] O-chjl’\IE;%/HH [fb] Oclfql\glgHH [fb] O-(I]Jq(?gg%t{]—[[—[ [fb]

8 8.16 0.49 0.21 0.14 0.21
14 33.89 2.01 0.97 0.42 1.02
33 207.29 12.05 1.99 1.68 7.91

100 1417.83 79.99 8.00 8.27 77.82




30 —

o (ppoHH+X)/ oM

\/ s =14 TeV , My =125 GeV

25 |

20 -

gg - HH
qq '~ HHqq'
>
b ZI | 2o
b 3 q q »ZHH

0'(pp—>HH+X)/0'

s 14 TeV My =1

gg > HH
qq '~ HHqq'

g q »ZHH

|
0
A
A

The ggF has the largest cross section, of order 10 - O(100) fb.

The VBF has the best sensitivity to Lambda_3H, but the cross

section is one order smaller.



ggF Higgs pair production

Jung Chang, KC, Jae Sik Lee, Chih-Ting Lu, Jubin Park

e Interactions:

1L S My _
—L = 3 ( UH> >\3HH3—|—Ttt(gf+i’y5gf)tH—|—

lmy _/ s : P 2
= Qt(gtt+Z’Y5gtt)tH
2l

e In the SM, AgH:gleand gf:()and gft’P:O.

e T'he SM result:

dé(g9 — HH) Gra’ “ S S S.2 .55 |2 S\2 .55 |2
: = s || D(3)F F | ‘ G ‘
a7 512(27)3 sagy D(S)FA + (95 )" Fg | e e ]
N 32
where D(38) = - L

2 - ¥
S—MH+ZMHFH



i 3 e €
|x"*{u 5 | | ™
Sk T g I o -
Ll % - II-——--I a e ha dhd
a9 ~ o i e I
& - t.l . " |
P} " oy ﬂ—] L e

Production cross section normalized to the SM one is

o(gg — HH)
osm(g99 — HH)

= Ay [a()(99)” + du(s)(9)?] + Asmal [e2(9)(98)? + da(s)(9F)?]

+ [ea(9)(99)* + da(s)(97)° (97)° + dals)(9])* ]
+Xsm e1(s)g7 g1y + Fi(8)9f 9f7| + a7 [e2()(97)” + fa(s)(9])?)]

— [63(8)(955)2 e fB(S)QEQfgﬁ = f4(5)(g£)2]



Decay channels:

Decay channels |HH — bbyy|HH — bbr7|HH — bbW W |HH — bbbb|- - -

Branching ratios| 0.263% 7.29% 24.8% 33.3%

Due to background consideration and clean HH reconstruction
we focus on HH — bbyy

To some extent other modes should be considered to
increase the significance of the already-small signal.



Expected yields (3000 fb~!)|Total|Barrel-barrel Other|Ratio (O/B)
Samples (End-cap)
H(bb)H(yy), \3g = —4 |77.14 57.03 20.11 0.35
H(bb)H(vv), A3g =0 19.50 14.33 GBIV 0.36
H(bb) H(yv), \3g =1 11.42 8.53 2.89 0.34
H(bb) H(y7), A3g = 2 6.82 5.14 1.68 0.33
H(bb) H(y7), A\3g =6 11.03 7.91 3.12 0.39
H(bb) H(y7), \3g =10  |57.46 41.94 L5557 0.37
g9 H(v7) 6.60 4.50 2.10 0.47
ttH(y7) 13.21 9.82 3.39 0.35
Z H(vyv) 3.62 2.44 1.18 0.48
bbH(v7) 0.15 0.11 0.04 0.40
bbby~ 18.86 11.15 il 0.69
ccyry 7.53 4.79 2.74 0.57
737 3.34 1.59 1.75 1.10
bbjy 18.77 10.40 8.37 0.80
ccjy 5.59 3.94 1.58 0.40
bbjj 5.54 3.81 1.73 0.45
Z(bb) vy 0.90 0.54 0.36 0.67
tt (> 1 leptons) 4.98 3.04 1.94 0.64
tty (> 1 leptons) 3.61 2.29 1.32 0.58
Total Background 92.63 58.42 34.21 0.59
Significance 4 1.163 1.090 0.487

Combined significance 1.194
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HL-LHC

Js = 14 TeV, L =3000 fb-! Focus on  H(— bb)H(— yy) Analysis
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COLLISION COURSE

Particle physicists around the world are designing colliders that are much larger in size
than the Large Hadron Collider at CERN, Europe's particle-physics laboratory.

CERN'’s Large o By,
: Hadron Collider ' e, China's electron-positron collider
Circumference: 27 km &8 7 $ A% 52 km: 240 GeV

Energy: 14 TeV China's super proton collider

52 km; <70 TeV

US/European super - e China-hosted international
proton collider electron-positron collider
100 km; 100 TeV ANy 7 A 80 km; 240 GeV
China-hosted international
.................... super proton collider
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Expected yields (3000 fb~*)| Total|Barrel-barrel Other|Ratio (O/B)
Samples (End-cap)

Hbb) H(y7), Asg = —4  |5604.46 4257.36| 1347.10 0.32
H(bb) H(v7), A3z =0 1513.56 1163.04|  350.52 0.30
H(bb) H(yv), \3g =1 941.37 723.86|  217.51 0.30
H(bb) H(y7), A3 = 2 557.36 431.45| 125.91 0.29
H(bb) H(v7), A3y = 6 753.18 566.18|  187.00 0.33
H(bb) H(v7v), A3y = 10  |3838.33 2924.25|  914.08 0.31
g9 H(v~) 890.47 742.97 147.50 0.20
tt H(y~) 868.73 659.33|  209.40 0.32
Z H(y7) 168.86 122.91 45.95 0.37
bbH(v~) 9.82 7.00 2.82 0.40
bbby~ 783.87 443.70|  340.17 0.77
ceyy 222.88 111.44| 111.44 1.00
iivy 32.28 20.98 11.30 0.54
bbj~y 1982.88 1516.32|  466.56 0.31
cCjy 293.81 216.49 D2 0.36
bbjj 3674.16 1924.56| 1749.60 0.91
Z(bb) vy 54.87 35.72 19.15 0.54
tt (> 1 leptons) 59.32 38.32 21.00 0.55
tty (> 1 leptons) 105.68 62.53 43.15 0.69
Total Background 9147.63 5902.27| 3245.36 0.55
Significance Z 9.681 9.239 ST,

Combined significance 9.981
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HL-100 TeV: (Left) The number of signal events N versus A3y with 3 ab™!. The

horizontal solid line is for the number of signal events s when )\g}l = 1 and the dashed lines for

s + As with the statistical error of As = +/s+b. (Right) The 1-0 error regions versus the input

values of \J}; assuming 3 ab™! (black) and 30 ab™! (red).



Outlook for HH

+ Probing the self-interactions of the Higgs boson is
necessary for understanding the EWSB sector.

+ At HL-LHC, constrain only -1 < lambda_3H < 7.6.
Significance is not high enough to establish the SM
value.

+ At HL-100, 3ab-! can measure lambda_3H well,
except for 2.6 < lambda_3H < 4.8. The SM value can
be measured with 20% accuracy.



