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Higgs Productions at the LHC

LHCXS working group, Eur.Phys.J. C75 (2015) no.6, 267 (tH)

mh = 125 GeV, LHC 14 TeV

ggF VBF WH ZH ttH tH HH
NNLO
NLO QCD
+NNLL | NNLO QCD|NNLO QCD|NNLO QCD
OCD + NLO| + NLO EW | + NLO EW | + NLO Ew | NFO QED | 4F+ok 1 NLO QLD
13TeV
EW
50.35pb | 4.172pb | 1.504pb | 0.883pb | 0.6113pb | 0.073pb | 33.86 fb
Indirect Yt gV| gV| gV, Yt 1Yt Yt l3n, Yt
Decay channel Branching ratio [%)]
H — bb 57.0+ 1.9
H->WW 21.6 + 0.9
. H — gg 8.56 + 0.86 x
Increase purity H-rr 6.30 + 0.36 nereaseotBR
H — cc 2.90 £ 0.35
H—ZZ 2.67 +0.11
H — vy 0.228 4+ 0.011
H — Z 0.155 + 0.014
H — pp 0.022 + 0.001




How to determined Top Yukawa coupling?

|. Indirectly -- from Gluon fusion Higgs
production and Higgs decay into diphoton
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2. Directly from Higgs Associated productions



Formalism

Assuming that the Higgs boson is a generic CP-mixed state

_ 1
Lrvv = gmw (ghWWW;W H thZﬁZuZ#) h,
W
_ gmys #( s . P
Lhi = fzgcﬁ QmWf (ghff T ’&ghff%) fh.

SM GhWW = ghzz = Grps = 1



H! gg, H! I Amplitude
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ATLAS and CMS -o- Observed t1o

Higgs sz
Measurements |

After LHC Run-1, the current
data still shows large
uncertainties.

VBF
N

The combined signal
strength shows deviation
from the SM value.

6 4 2 0 2 < 6 8 10
o - B norm. to SM prediction



Higgs Measurement at LHC Run-|

Fitting with assumption
JHEP 08 (2016) 045
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K. Cheung, J. S. Lee, E. Senaha and P. Y. Tseng, Higgc

varying Cf, CC*?, CZS, C, while keeping ! S' =1 S9 = 0
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68.3%C.L. 99.7%C.L.

5%C.L.

95% C.L., [-1.1,—0.8] U [0.7,1.4]

Electric Dipole Moments

2HDM framework
With no contributions from :
other Higgs bosons,
supersymmetric particles,
other exotic particles

delicately cancel the current
Higgs-mediated contributions

pseudoscalar Yukawa coupling  |Cldss
than about 10 !'2

Most
constrained
ghvw/ghvvsM
0.93-1.00
uncertainty
7%-12%

CPC case,
top Yukawa
more prefer
positive
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Currently the data shown :
1. gauge Higgs coupling -- close to SM prediction
2. Top/Bottom Yukawa couplings -- still big uncertainties
3. can't rule out possibility of CP-mixed Higgs
4. GGF and H! ! can bt with current data + allowed
anomalous Top Yukawa coupling :
BSM particle running in the loop and give destructive

contribution

How Anomalous Top Yukawa coupling effects
Higgs associated productions?



To determined SIZE & SIGN of Top-Yukawa coupling
We need to probe it directly

Through Higgs associated productions

mh = 125 GeV, LHC 14 TeV

ggF VBF WH ZH tH HH

NNLO
+NNLL | NNLO QCD/|NNLO QCD|NNLO QCD
QCD + NLO| + NLO EW | + NLO EW | + NLO EW
EW

NLO QCD
NLO QCD | 4F+5F | NLO QCD

13TeV

50.35pb | 4.172pb | 1.504pb | 0.883pb | 0.6113pb | 0.073pb | 33.86 b

indirect Yt lgV]| lgV]| gV, Yt Y1 Yt l3n, Yt




Higgs Productions at the LHC

i/b i/b

> directly determine the absolute value of the top-Yukawa couphng
> cannot determine the sign of the top-Yukawa coupling

ttH productlon

tHX, x =}, jb, w production

q q

(a)

> has the potential of measuring the “Size” & “Sign” of the top-Yukawa coupling
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tHX production cross section

JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1405 (2014) 062
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Distinguish among

10°

the spatial separations AR among the
forward jet, the b quark, the charged
lepton, and the reconstructed Higgs
boson show interesting differences among
C‘c =1,0-I

For generality, we used diphoton channel
for this study.

The b and charged lepton coming from
the top quark decay behave similarly, so
here we only consider the AR between
charged lepton, h, j.
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Luminosity to probe tHj at LHC |4 TeV

JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1405 (2014) 062
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How about ttH production?

ttH vs tH
SM Cross section ;. #(ttH) ~ 10 x #(tH)
Cross section relation -- ttH (|Yt| 2), tH(|Yt|2, |gV|?, Yt, gV)
Share similar signature (due to b-jet mis-tag) :
b+hadronic W(jets) or b+leptonic W(leptons+MET)
+ one Higgs candidate (bb, diphoton,... )

How about Kinematics?
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ttH, tHX Kinematics

JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1704 (2017) 138
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How about ttH production?

ttH vs tH
Kinematics :

transverse momentum of Higgs decay product --
tH) and tHjb similar to ttH, tHW got more energetic H

additional jet pseudo rapidity --
tH) and tHjb : forward jet
tHW and ttH : central jet
(come from showering/hadronization/no-tag b-jet)



If Yt = SM prediction :
its hard to probe tHX production.

If Yt = Anomalous Top Yukawa coupling :
Negative Yt : increase tHX cross section
|Yt| deviate from SM prediction :
both tHX and ttH cross section increase/
decrease (tHjb and tHW for some Yt range)



V. Khachatryan et al. [CMS Collaboration], JHEP 1409, 087 (2014)
G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 749, 519 (2015)
G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 740, 222 (2015)
G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C 75, no. 7, 349 (2015)

Vs= 7 and 8 TeV

CMS tth channel

ATLAS tth channel

Category Kt Bigh >
v +2.7438 +1.3 537
bb +0.7113 +1.571
ThTh -1.3753 -

2017y, - —0.9755
1021y, - —9.6 157
4/ —4.7189 +1.8+82
3/ +3.1+24 +2.8+22
ss2¢ +5.3 128 +2.8 %9




IS It possible ttH excesses comes from
tHX contributions?

Or It show evidence of anomalous Top
Yukawa coupling |Yt| deviates from SM
prediction?



detection efficiencies 7

Signal strengths

nla(tfh)B(tt_h — D) -1 ZX:j,jb,W nxa(thX)B(thX — D)

tth) = - -
u(tth) niMo(tth)smB(tth — D)su
) o (tth) « o(th))
R(tth) = — R(thj) =
(tth) o(tth)sm ’ (thy) o(tth)sm ’
.\ __ O(thjb) _ o(thW)
R(thi0) = Comyen . TUAW) = e
. — _mB(tth - D) _ _mB(thj - D)
P SMB(tth > Dsm’ SMB(tth — D)sm |

S = VB(th - D)s ' 1 SMB(tth — D)su

wu(tth) = € R(tth) + e R(thj) + €3 R(thjb) + €4 R(thW)




LHC-8 CP=1 C’=-1 CP=15 CP=-15
Cross section of tth(pb)  0.13

R(tth) 1 1 2.25 2.25
R(thj) 8.36e-2  1.08 0.15 1.66
R(th;jb) 4.30e-2 054  8.560-2 0.84
R(thW) 321e-2  0.19  7.050-2 0.31
LHC-13 C’=1 CP=-1 CP=15 CP=-15
Cross section of tth(pb)  0.52

R(tth) 1 1 2.26 2.26
R(thj) 8.31e-2  0.97 0.14 1.51
R(th;jb) 45602 052  8.22e2 0.82
R(thW) 4402 029  9.39e-2 0.46

tHjb is QCD NLO correction to tHj, we used the following cuts to separate.

separation cuts: p?r > 10GeV, |n;| < 5, p% > 30GeV, |ny| < 2.5



Simulation Anomalous Yt in tHX & ttH production

generate events : Madgraphb
parton showering/hadronazation : Pythia8
fast detector simulation (ATLAS and CMS): Delphes3

Analysis --
Followed ATLAS "s cut based analysis.
CMS used BDTs analysis, we only followed their
kinematic cuts, not applied BDTs analysis.



Category tth decay modes Signature Background
h — bb Semileptonic 1e/u, Pr > 30GeV tt+ jets
(tth — lvjjbbbb) > 4 jets + > 2b-tags, Pr > 30GeV tt+W/Z
Leptonic 1e/u, Pr > 20GeV Single ¢
(tth — lvlvbbbd) 1e/u, Pr > 10GeV W/Z+jets
> 3 jets + > 2b-tags, Pr > 30GeV Diboson
h — vy Semileptonic 27, Pr > m~~/2 (25) GeV for 15(2"%) tt+ jets
(tth — lvjjbbyy) > 1le/p, Pr > 20GeV tt+ W/Z
Leptonic > 2 jets + > 1b-tags, Pr > 25 GeV Single t
(tth — lvlvbbyy)
Hadronic 2v, Pr > m~~/2 (25) GeV for 1%(2™%)
(tth — 7777bbyy) 0e/u, Pr>20GeV
> 4 jets + > 1b-tags, Pr > 25GeV
h — Leptons Same-Sign Dilepton 2 e/u, Pr > 20GeV ttW
h—WW (tth — IEvl=[V]jjj[j]bb) | > 4 jets + > 1b-tags, Pr > 25GeV ttZ /"
h— 71T 3 Leptons 1e/u, Pr>20GeV ttWW
h—ZZ (tth — lWwl[v]l[v]j[7]bb) 1 e/u, Pr > 10GeV tty
1 e(p), Pr>17(5) GeV WZ
> 2 jets + > 1b-tags, Pr > 25GeV Z7Z

Table 2. The signature of the search channels used in the tth analysis for CMS.




Category tth decay modes Signature Background
h — bb Semileptonic 1e/p, Pr>25GeV, AR < 0.15 tt+jets
(tth — lvjjbbbb) > 4 jets + > 2b-tags tt+V
Leptonic 1e/u, Pr> 25GeV V+jets
(tth — lvlvbbbb) 1le/p, Pr>15GeV (V=W,2)
> 2b-tags
h — vy Semileptonic 2v, Er > 0.35(0.25) X m.,., for 1%¢(2"%)
(tth — lvjjbbyy) >1e/u, Er(e) > 15GeV, Pr(u) > 10 GeV
Leptonic > 1 b-tags
(tth — lvlvbbyy)
Hadronic 2v, Er > 0.35(0.25) X m.., for 15¢(2"%)
(tEh — jjjjbbyy) 0 e/p
> 5 jets + > 1 b-tags, Pr > 25 GeV
h — Leptons| Same-Sign Dilepton | (sub)leading lepton: 2 e/u, Pr > 25(20) GeV | tt+jets
h—WW (tth — I=vI=[v]jj5[7]bb) > 4 jets + > 1b-tags, Pr > 25GeV tt+V
h— 1T 3 Leptons 1 e/p, Pr > 25GeV Diboson
h—ZZ (tth — lwl[v)l[v]j[7]bb) 1 e/p, Pr>20GeV

1e/p, Pr>10GeV
> 4 jets + > 1 b-tags, Pr > 25 GeV
(or 3 jets + > 2 b-tags, Pr > 25GeV )

Table 3. The signature of the search channels used in the {th analysis for ATLAS.
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K signal strength

p signal strength
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H signal strength

70.00

52.50

35.00

17.50

0.00

EttH®=tH)  tHjb “"tHW
|3 TeV

M tth B thj W thib N thw & th N thj & thib
LHC-13, ATLAS, thj search LHC-13, ATLAS, tth search
4.00
) —
search for tH; search for ttH
3.00
E
% 200
:
2
w
=2
1.00
0.00
Yt=1 Yt=-1 Yt=1.5 Yt=-1.5 Ye=| Yt=-1 Yt=1.5
LHC-13 ATLAS Analysis Cuts, k — vy
Basic cuts: AR; > 0.4 with 4,7 denoting b, j and {

Py, > 26 GeV, || < 2.5, Py > 25GeV, |y < 2.5, Pry > 25 GeV, |ny| < 4.7
# of v & Higgs mass window cuts: N(v) =2, IMy, —mi| <5GeV
tth search |ny| < 2.5

thj search Forward jet-tag: 2.5 < |n;| < 4.7

t — semileptonically & leptonically: N(e or p)=1, Ef'** > 20GeV,
Invariant Mass cuts for top decay product: My < 200GeV
tth search: N(j)=>2,N(b) =1
thj search: N(7) < 3, N(b) <2
t — hadronically: N (e or p)=0, Invariant Mass cuts for top decay product: M, ;, < 300GeV
tth search: N(j) > 6,N(b) > 2
thj search: N(j) <5, N(b) <2

Table 12, Seection culs to dsentangle thX from tth, The Delphes ATLAS template is used,

B thw

Yt=-1.5"
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ATLAS Preliminary Vs=13TeV, 13.2-13.3 fb™

— total | ~ stat. (tot.) ( stat., syst.)
tH(H—yy) | F—— #1.2 , +1.2 +0.2
(13 Tev 13.3 ftp; : 0.3 -1.0 ( -1.0 » -0.2 )
? . . #1.3 [ 407  +1.1
ttH(H—>WW/1/2Z) f ——e—— 25 "7 (07,58 )

(13 Tev 13.2%™")

ttH(H—bb) ? =@ 2.1 f;g 1?;2, 1?? )
(13 Tev 13.217) ‘ '
ttH ?1(:);\1'_\5\1/?atl0n ' 1.8 ;5 (04, 05 )
ttH combination Z o - 1.7 fg'g jgg ; jg'; )
(7-8TeV,4.5-203m7") , ., . 1 . T T e
0 2 4 6 8 10

best fit uﬁH for m =125 GeV

Figure 1: Summary of the observed u,;p signal strength measurements from the individual analyses and for their
combination, assuming mgy = 125 GeV. The total (tot.), statistical (stat.), and systematic (syst.) uncertainties on
U, g are shown. The SM u,; = 1 (0) expectation is shown as the black (grey) vertical line. The observed u,, 5
signal strength measurement obtained from the Run-1 combination is also shown for comparison (bottom).



CMS PAS HIG-17-004

Search for Higgs boson production in association with top
quarks in multilepton final states at /s = 13 TeV

integrated luminosity of 35.9 fb™*

Category Observed limit Expected limit +1c
Same-sign di-lepton 2.8 0.9 (—0.3) (+0.4)
Three lepton 2.5 1.4(—-0.4) (+0.7)

Four lepton 5.9 49(-1.7) (+3.1)
Combined 2.5 0.8(—0.2) (+0.3)
Table 2: Asymptotic 95% CL upper limits on ¢ under the background-only hypothesis.

Category Observed u fit 10 Expected y fit =10
Same-sign di-lepton 1.7 (—0.5) (+0.6) 1.0 (—0.5) (+0.5)
Three lepton 1.0 (—0.7) (+0.8) 1.0 (—0.7) (+0.8)
Four lepton 09(—-1.6) (+2.3 1.0(—1.6) (+2.4
Combined (2016 data)

Combined (2015 data) [42] 0.6 —1. 1 +1 4 1. 0 —1. 1 +1. 3
Combined (2015+2016 data) 1.5 (—0.5) (+0.5) 1.0 (—0.4) (+0.5)

Table 3: Best fit of the signal strength parameter.



CMS PAS HIG-17-005

Search for production of a Higgs boson and a single top
quark in multilepton final states in proton collisions at

Vs =13 TeV

CMS Preliminary 35.9fb ' (13 TeV)
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). Ellis, D. S. Hwang, K. Sakurai and M. Takeuchi, arXiv:1312.5736 [hep-ph] : the variations
in scalar and pseudoscalar components of the top-Yukawa coupling can also induce

interesting angular correlations.
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Figure 5: The total invariant mass distributions for the ttH final state (left panel) and
the tHj final state (central panel). In each case, we display the distributions for {; =
arctan(k;/k;) = 0 (in black), £m/4 (in dotted red) and *m/2 (in solid red). The right
panel shows the variations with {; of (Mpy) (solid black), (M,y;) (solid red) and (Miy;)
(solid blue) along a contour passing trough the middle of the 68% CL. crescent-shape allowed

region in Fig.

here Tt = @ in our notation



mh = 125 GeV, LHC 14 TeV

gqF VBF WH ZH ttH tH HH
NNLO
NLO QCD
+NNLL | NNLO QCD| NNLO QCD| NNLO QCD
OCD + NLO| + NLO EW | + NLO EW | + NLO Ew | NFO QED | 4F+ok 1 NLO QLD
13TeV
EW
50.35pb | 4.172pb | 1.504pb | 0.883pb | 0.6113pb| 0.073pb | 33.86 fb
Indirect Yt gV| gV| gV, Yt 1Yt Yt l3n, Yt

Probe Anomalous Top-Yukawa coupling Help to

determined Higgs boson self coupling




Higgs Productions at the LHC

HH production

t/b A -«

do/dQ(fb/GeV)

Interf

Borrow from Daniel de Florian’s slide for LHC-HXSWG June 12, 2014

9 HO000000y—>—@ --------
t/b A Y
9 Q0000000 —<¢—@--------

hhhh = = T 5
H
H .
~0.05f 2



Formalism

1 [/3M? My — , 1my |
—,C:ﬁ( UH> Aag H® + Ttt(gts—i—z%gtp)tH + Ev—;t(gtst—l—z'yg,gg)tHz

do(gg — HH) G%.a? .

di ~ 512(27)3

{‘ (angf D(3) + g5) FS + (95 2FS® + (o) FE”|

2

+ (97)°GE° + (gf )QGSP‘

2
+ | (Aangf D(3) + g5) FE + g gl FEF| +

2
gfng§P| }

o(gg — HH)
osm(99 = HH)

= A [c1(8)(97)? + di(s)(9))?] + Xsugy [ca(s)(g7) + da(s)(97)?]

+ [ea(s)(g9)* + ds(s)(97)?(97) + da(s) (g7 )*]
+am [e1(s)gr gn + f1(s)ar gt ] + g5 [e2(s)(9)? + fa(s)(9)?]
+ [es(s)(gn)* + f3(5)97 9 937 + fa(s)(9t)]



Non-Resonant Searches Cross section Upper Limit

o(hh)/o(hh)sm

ATLAS

yybb (3.2 fb-1): 3.9 pb,

4b (13.3 fb-1, cross section times branch ratio) : 330 fb, ~ 30 x o(pp — hh)snm
yyWW= (13.3 fb-1, cross section times branch ratio) : 25 pb.

ATLAS Collaboraton, ATLAS-CONF-2016-004; ATLAS-CONF-2016-049; ATLAS-CONF-2016-071.

CMS
1tbb (12.9 fb-1, Cross section times branch ratio) : 508 fb.

CMS Collsborstion, CMS PAS HIG-16-028; CMS PAS HIG-16-029; CMS PAS HIG-16-012; CMS PAS HIG-16-013: CMS PAS HIG-16-024;
CMS PAS HIG-16-026; CMS PAS HIG-16-028; CMS PAS HIG-16-029; CMS PAS HIG-16-032.

If Top Yukawa coupling = SM value If Higgs Self Coupling = SM value
it el
g8 =0 | '
=
— 7]
1 —
= s,
£
(-]
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L
=
'
o)
0 |
~-10 -$ 0 s 1

-1 [0 1
L 3

HHH Coupling Top Yukawa Coupling



Cross section/ SM Cross section

C[--SM triangle, C3--SM box, C2--SM interference term,
d|--CP odd triangle, d4--CP odd box, d2, d3--CP odd interference term

i B c,(s)r».i,,(g?’l

C,(S)D-,,,(gg)’l
- c,(8)(g))*)
— e (s),,9,9.]
- e,(s)[g:(g:)’l
i e (s)l(g,)’)
i | 1 | 1 | 1 | 1 1 l

10 10°
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20

15

SM

)

o/

10

— d,(8)3,(8))]
i d,(8)[7.,9°(g))")
- d (s)l(g))*(g])’)
- d,(s)l(g))")
B —  f(s)lr,979;)
) f.(8)g(e"))
- f,(s)lg.9"g")
- 1(9)(g)")
i 1 1 1 l 1 1 ! ! | 1 | 1
2
10 \IE (TeV) 10




Kinematics
CI--SM triangle, C3--SM box, d|--CP odd triangle, d4--CP odd box

JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1508 (2015) 133
LHC-14, Detector Level-ATLAS, CPV, A, =1 LHC-14, Detector Level-ATLAS, CPV, A, =1
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3. Basic Cuts, AR,, ,s > 2,4R,, 4y < 2
| Detector Level -- ATLAS, LHC-14

SM + Anomalous Top Yukawa coupling

JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1508 (2015) 133

8%

Top Yukawa Coupling

B

| .U’/Ug.“:lo
Mofogy =5
rr/rrs“:Z

{ .(7/(73“ =]
| Boloe =05

25% &S0% for o fosy =1
Detector Level -- ATLAS, LHC-14
Basic Cuts

AR, ppp > 2

ARn,m, <2

-3}

-10 -S

~10 - 0 5 10

HHH Coupling



CP odd Anomalous Top Yukawa coupling
JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1508 (2015) 133

CP odd Top Yu

Kkawa Coupling

Top Yukawa Coupling

25% & 50% for o fosy =1
gs,=1

Detector Level -- ATLAS, LHC-14
Basic Cuts

AR).),M > 2 eeeeeee--

AR”.M <2

Yi=1

225% & S0% for o fogy =1

gP,. =05

Detector Level -- ATLAS, LHC-14
Basic Cuts

AR, pp > 2

AR, by <2

CP odd Yt=0.5

HHH Coupling

-6 -4




Conclusion

Since the gauge coupling ghVV is well determined, the thX
production is sensitive to Y1, if Yt deviate from the SM values, its
Cross section can easily increase by an order of magnitude.

Measuring thX processes can determined the size and sign of Yt,
once |Yt| > 1 both thj and tth will increase. These two Higgs
associated processes will contributes to each other, kinematics
selection study will be helpful for disentanglement.

Considered Higgs self coupling = SM prediction, Higgs boson
pair production cross section will increase as |Yt| > 1.

It we can determined the sign of Yt, Higgs self coupling size and
sign range can be determined at HL-LHC (for CP conserve case) :

)\311! 0.3 5 ‘)\311‘ S 2.6. for O'/O'SM =1



Thanks!
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Higgs Pair Production at the LHC

R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, P. Torrielli, E. Vryonidou, M. Zaro
PLB(2014), arXiv : 1401.7340 [hep-ph]

Vs = 8TeV Vs = 13TeV Vs = 14TeV
(LO) NLO (LO) NLO (LO) NLO
HH (EFT loopimprov.) | (5.44%3%)  873717%29% | (19073%)  203715721% | (22.8732)  34.8+13+20%

Total cross sections at the NLO in QCD LHC-14, cross section as function of AMAsm

10* T Y Y Y Y
HH production at pp colliders at NLO in QCD HH production at 14 TeV LHC at (N)LO in QCD
o rm,,-izs GeV, MSTW2008 NLO pdf (68%c) e e M, =125 GeV, MSTW2008 (N)LO pot (68%<) |

10

10’

O ol

10°

MadGraphS aMCE#NLO




LHC 13 TeV

BG:bbrrjjrr,tth,bbh,zh
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V. Barger, L. L. Everett, C. B. Jackson, &haughnessy, arXiv : 1311.2931 [hep-ph]

pT(bE)a
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1000

M, , (GeV)

pr(yy) > 100 GeV,
My, > 350 GeV.

Cuts inATLAS Collaboration, ATLAS-CONF-2016-004

N(!) >= 2, N(b) = 2, PT()) > 25GeV, PT(b1,b2) > 55,35GeV,
105GeV < M(!! ) < 160GeV, 95GeV < M(bb) < 135GeV.
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¥ Map out the sensitivity regions of parameter space that can
be probed at the LHC

¥ Working assumption : BG can be estimated & extracted from
data

¥ Considered :!
1. SM BG!
(can be estimated with uncertainties less than the NNLO
corrections.can be estimated with uncertainties less than the
NNLO corrections. )!
|
2. the NLO corrections !
(the NLO and NNLO corrections can be as large as 100%
with uncertainty of order 10D020%. )

¥ We therefore adopt an approach that the signal cross
sections (after background subtraction) are measured with
uncertainties of order 25b50%.



We consider the SM NLO HH cross section! sy (pp! HH) " 34fb

used modiped MADGRAPH implementation !

Pr and " dependent b-tagging d ciency PDF : CTEQ6L1_, renormalization/factorization_scales "= Mu
|cross sections| decrease by about 20 % if " = Mnn

#1agging € clency as 0.5 ;5 10Gev, pp, >10GeV, |ny| <25, |ml <25, AR, >04, ARy > 04,

mis-tagging P;y + = 0.01  [Mu = My,| <15GeV, |My—My| <25GeV, My — M, | <25 GeV.
Cuts SM-14 (yybb)  SM-100 (yybb)  SM-14 (77~ bb)
Cross Section (fb)
No cuts 8.92 x 10~ 3.73 2.41

Basic Cuts 5.1 x 1073 2.05 x 10~* 3.53 x 10~°

AR, /g > 2 1.34 x 1073 4.34 x 102 6.43 x 10~

ARy /rtr— < 2 3.76 x 1073 1.61 x 10~ 2.89 x 1072

ARy, > 2 7.61 x 10~ 2.23 x 1072 482 x 1074

ARy, < 2 4.34 x 10~° 1.83 x 10~ 3.05 x 1073

ARy > 2 & ARW/T-M— > 2
ARy <2 & ARW/T+T— < 2

14 TeV with 3000 fbl luminosity

It would be challenging to measure this size of cross section only in the bb !! mode and one
may need to combine the measurements in different Higgs-decay channels.



Hespel, lopez-Val and Vryonidou (2014

Additional Destructive
Interference from BSM physics

Arises between the top and bottombmediated loops, although the bottom
guark effects are very small in the SM.

For example : 2HDM.

Signbl3ipped bottombquark Yukawa !

the top and bottombmediated triangles to interfere constructively. !
Slightly enhanced triangle amplitudes, which thus reinforce the
Interference with the boxes.

0O(20)% enhanced bottom Yukawa :!

reinforces the destructive interference between the top and bottomb
mediated triangles. !

Slightly suppressed Higgs-self coupling to pull down triangle contribution.
Reduced the triangle and box interference term. !

Slightly above SM expectation.



2012

Borrowed from Riccardo VariOs talk at LHCP 2017

Injector Pt::grado
splice consolidation cryo Point 4 N
button collimators DS collimation HL-LHC

R2E P2-P7(11 T dip.
project o E(w . m_-gs) installation

2013 2014 2022 2024 2025

. experiment
e e upgrade phase 2

300 fb™!

L=2-3 x 103 cm2g
<p> up to 80

L =57.5 x 10% cm2g

(levelled)
<p> up to 200




C.T. Lu, JC, K. Cheung, J. S. Lee, JHEP 1508 (2015) 133 [arXiv:1505.00957 [hep-|

The dashed lines denoted by -50%, the solid line +50%.
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0 79510
#1- #11
42l | w2 [ the contact diagram
| contributes signibcantly
#3] | w3l [ to the crass section
#3 #2 #1 0 1 5 3 #10 #5 0 5 10 -10 -5 0 5 10
nontrivial correlation  the gtst negatively correlates with A3y shift more to
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positive (negative) g



L/l smvs. 'an o of

C.T. Lu, JC, K. Cheung, J. S. Lee, JHEP 1508 (2015) 133 [arXiv:1505.00957 [hep-ph]].

In most of the
measurements of the
Higgs boson production
Cross sections,
(9gF, ttH),
both real and imaginary
parts of the coupling
come In the form

g7 ° + |gi |2
therefore one cannot tell
the phase in the
coupling

8o\ ! !lsw
(gst ’ gpt I - (1’0) -
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C.T. Lu, JC, K. Cheung, J. S. Lee, JHEP 1508 (2015) 133 [arXiv:1505.00957 [hep-|

(9,9 ) (!3n,00) (! 3m,0; )

| | | gS gk
Syt 1 3yt IR
l3p=1 ——— ] gptzo — ,gStZO
Pan=3 —— 1 gP, =05 — 1 gS,=05 —
Pgu=5 —— ] pt—ll — ’gst_ J—
2 1gy=1 — 2t 977 L2 Ol
l3u=-3 ~~ ’
lau=-5 ~
1l 1t 1
0 g5 0 Ci//;7 $3110 <i:::
#1t #1t 1 o#1t
4ol | #2 w2
wal | w3 | w3 |
0 5 10

B3 Hy T HL T o 4, #10 #5 0 5 10 #10 #5



tang

VONSSA = mH P+ mi|Hyf? — Bue,s(H2H] + hoc.)

L. Wu, J. M. Yang, CP. Yuan, M. Zhang, arXiv : 1504 06932v2[hep-ph]

BSM Higgs self coupling

MSSM tree level Higgs Potential
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