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Physics@LHC: What's the status?

Overview of CMS cross section results

CMS summary plots
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See here for all cross section summary plots Light colored bars: 7 TaV, Medium; 8 TeV, Dark: 13 Tev, Darkest: 13.6 TeV, Black bars: theory prediction

Precision measurement of plethora of processes
= In general, good agreement with SM prediction
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Overview of CMS cross section results
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Precision measurement of plethora of processes
= In general, good agreement with SM prediction
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CMS-EXO summary plots

Overview of CMS EXO results
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No smoking gun signature of new physics yet from LHC data

But, there are small interesting deviations (publicly available)
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P\ssump’(ions: SM « A low-ener gy approximation of a more general theory

- Unitarity, locality, Poincare symmetry Physics at high scale appears as a correction to low energy theory

— Field content (relevant at EW scale) same as in SM
— SM Gauge symmetries SU(Z%)C X SU(Z)L X U())y respected

3/25



Standard model effective field theory (SMEFT)

‘Model-independent’ way to look for new physics signatures

Assumptions:

— Unitarity, locality, Poincaré symmetry
— Field content (relevant at EW scale) same as in SM
— SM Gauge symmetries SU(Z%)C X SU(Z)L X U())y respected
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SM « A low-ener gy approximation of a more general theory

Physics at high scale appears as a correction to low energy theory
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100 MeV Y, v, e, light mesons (I1, K)
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Standard model effective field theory (SMEFT)

‘Model-independent’ way to look for new physics signatures

— Unitarity, locality, Poincaré symmetry
— Field content (relevant at EW scale) same as in SM

Assumptions:

— SM Gauge symmetries SU(Z%)C X SU(Z)L X U())y respected

New (heavy) d.o.f. modify SM interactions
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SM « A low-ener gy approximation of a more general theory

Physics at high scale appears as a correction to low energy theory

Idea courtesy:
A. Falkowski

¥ Usedatafrom precision electroweak, top quark, Higgs boson measurements togetherz o5
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Lsmert = Lsm + Z

Lepton number violation

Standard model effective field theory (SMEFT)

Lepton & Baryon number violation
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R — - P— 0 = QU | (@) dardy) QN | (@ T (@A" T )
.| HTHGA GAer | dete ) HWE, HY D, H) (1, _ .
Quc O Qew | ( p_U )T n Qi ( ; u }_( 1" 1r) Q™ | (@, TAu, ) (dey#TAd,) Qé:f) (@) (A de)
Qua | HIHGLG™ Qen | (Lo"™e)HB,, QL) (HU D L) ([r 4, ® | A
~ — qu (qpﬂpr Qr)( T di)
Quw | HHW/[ Wi Que | (G THu ) H G, Qe (HTi Dy H)(@Epyer)
Qui | HHWL W Quw | (Gpo"ur )T HW], Q(l) (H'iD W H) (37"
Qunp HH B,'.WBLW Qun (qpci‘"u'.)ﬁ B;.w Q(BJ (HU‘BLH){Q_:DTIT"Q,\)
Quip | H'HB,,B" Quc | (GuoTAd, ) H G2, @ (H1i'D H) (7" ur)
Quws | HiT'HW] B* Quw | (Go*d, )T HW/, Qi (HTiﬁpH)(épW”dr)
Quivy | HiT HW], B Qur | (qo"d, ) H B, Quiua + hec. | i(H D, H) (" d,) |dea| Iy,
. 2499 numbers to measure
Alonso, Jenkins, Manohar, Trott (2013)
Class Nop CP-even CP-odd
Mg 1 3 g 1 3
1 1 2 2 2 2 2 2
2 1 1 11 0 0 0
3 2 2 2 2 0 D0
4 8 4 14 1 4 4
5 3 3n? 3 27 3n2 327
6 8 8n2 8 T2 &n2 8 T2
T 8 ing(Ing +7) 8 51 Lng(9ngy —7) 130
8 (LL)(LL) 5 in2(Tn? +13) 5 171 Inl(ng — 1)(ng + 1) 0 126
8 :(RR)(RR) 7 ing(21n} + 202 + 31ny + 2) 70255 ing(2lng +2)(ng —1)(ng+1) 0 195
8 (LL)(RR) 8 ni(ng +1) 8 360 AnZ(ng — 1)(ng +1) 0 288
8 : (LR)(RL) 1 nj 1 81 ng 1 81
8 : (LR)(LR) 4 4n? 4 324 4n? 4 324
8 : All 25 1ng(107n) + 2n) +89ng +2) 25 1191  +ng(107n) + 2n) — 6Tng — 2) 5 1014
Total 59 | 1(107nd + 2n3 + 21302 + 30ng + 72) 53 1350| L (1070 + 2n3 + 57n2 — 300, + 48) 23 1149
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59 SMEF T operators @ dim=6
Grzadkowski, Iskrzyfiski, Misiak, Rosiek (2010)

8:(LR)(RL)+h.c. 8: (LR)(LR)+h.c.

Qreaq | (Ber)(degr) ngqd (@ur)ein(ghds)
Qgsﬂ}qd (QJT:'“r)EJA( “T4dz
Qi (e (atu)
QY | Bowen (gt u)


https://arxiv.org/abs/1312.2014
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201008.4884

Lsmert = Lsm + Z

Lepton number violation

Standard model effective field theory (SMEFT)
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(8)
Oy ; + Z.ii—zlo&i + 59 SMEFT operators @ dim=6

Grzadkowski, Iskrzyfiski, Misiak, Rosiek (2010)

Lepton & Baryon number violation

1: X3 2: HS 3:HAD? 5:0?H? 1 he. 8:(EL)(LL) 8: (RR)(RR) 8: (EL)(RR) 8: (LR)(RL) +h.c. 8: (LR)(LR) +h.c.
X —— - - - — :
Qo | JABCGAGEPGSH  Qy | (HTHP  Quo (HTH)O(HTH) Qe | (HIH) (e H) Qu Tyl ) (L L) Qe (epmer)(@yte) Qe (pvule) (Eser) Queaq | Fec)dear))  Qulya (@ur)ein(@d:)
Qs | FAECGAGErGER Qup | (H'D.H)" (H'D,H)  Quu | (H'H)(gyu,H) W | @) @) Quu | () (i) Qu | vl (@7 ) Qi | (@TAur)eii(GETAdy)
Qw | EWirW ek Qan | (HTH)(gd.H) Q| @rnra) @ e Qua (dpyudy)(darytdy) Qua (Il )(dsy*dy) Q};éu (e e lgiug)
Qw | KWW oW ke W G @ ) Qe | (B () Que | (Guar) (E7Mer) QP | Bowee(@ o u)
. , \ Q| Gnr't)@rtr'e) Qe | (epwen)dtd) Q)| (@mer) (st
4: X°H 6: 9" XH+he. T:Uv"H"D a B
R — - P— 0 = QU | (@) dardy) QN | (@ T (@A" T )
T p . p i i " -
Quc H.Hﬁw'G Qew (!,,_U e )T HW,), Hl (H; pH}_(pr‘) ] QW | (i, TAuy ) (dh TAy) Qé:f) (Gt )(durdy)
Qua | HIHGLG™ Qen | (Lo"™e)HB,, QL) (HU D L) ([r 4, ® | A
~ s qu (qpﬂmT Qr)( T di)
Quw | HUHWL, Wi Que | (e TAu, ) H G2, Que (HTi'D ) (Epr er)
e o L P . . .
Qe | HHHWLW  Qur | (gt u)r HW, Quy, | (D@ e) Flavor assumptions — Different # of coefficients
Qunp HH B,LH/BHV Qun (qpc;xvur)ﬁ B,c.w Q{BJ (HTE(BLH){Q_:DTIT"Q,\)
Qup | H'H BB Que | (G Td, ) H G, Qo (H1i'D H) (7" ur)
Quws | HiT'HW] B* Quw | (Go*d, )T HW/, Qi (HTiﬁpH)(épW”dr)
Quive | HTHWLBY  Qup | (0" d)H By, Quua + hee. | i(H D, H)(pyd,) |deal IU,
. 2499 numbers to measure
Alonso, Jenkins, Manohar, Trott (2013)
Class Nop CP-even CP-odd
Mg 1 3 g 1 3
1 1 2 2 2 2 2 2
2 1 1 11 0 00
3 2 2 2 2 0 0o 0
4 8 4 4 4 4 4 4
5 3 3n2 327 3n2 3027
6 8 8n? 8 72 8n2 g 72
T 8 Ing(9ng +7) 8 51 Lng(9n, —7) 130
8 (LL)(LL) 5 in2(Tn? +13) 5 171 Inl(ng — 1)(ng + 1) 0 126
8 : (RR)(RR) 7 ing(21n} + 202 + 31ny + 2) 70255 ing(2lng +2)(ng —1)(ng+1) 0 195
8 : @L)(ER) 8 ni(ng +1) 8 360 AnZ(ng — 1)(ng +1) 0 288
8 : (LR)(RL) 1 nj 1 81 ng 1 81
8 : (LRILR) 4 4n? 4 324 n? 4 34 4/ 25
8 : All 25 1ng(107n) + 2n) +89ng +2) 25 1191  +ng(107n) + 2n) — 6Tng — 2) 5 1014
Total 59 | 5(107n] + 2n3 + 21302 + 30n, + 72) 53 1350| 1(107nd + 203 + 57n2 — 30n, + 48) 23 1149



https://arxiv.org/abs/1312.2014
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201008.4884

Lsmert = Lsm + Z

Lepton number violation

Standard model effective field theory (SMEFT)

(8)

.
Oq ;i + Ziﬁ@&i +

Lepton & Baryon number violation

8:(LL)(RR)

1:x° 2: HE 3: H'D? 5:02H® + h.e. &: (LL)(LL) 8: (RR)(RR)
Qa fABGGfVGfPGSP Qu (HTHP Qun (HiH)D(HTH) Qe (HiH)(prrH) Qu (Ip?plr)@ﬁ'wt) Qee (Ep T er)(e,‘y}‘e;)
Qa | FABECGAGErGor Quo | (HD.H) (H'D.H) Quu | (H H)(gyu,H) W @) @) Quu (it ) (T2 )
Quw | W ek Quir | (T H)(G,d, I Q% | @rla) @ T a)  Qua (dyyed, ) (dyPd,)
Q | TR W W W God)@ate)  Qu | (Eoue) @0t w)
Q| G 1)@ e Qea | (Euer)(diytde)
4: X2H? 6: 92X H + he. 7T:2H2D 1)
" o - P 5 0 (B - Qud (Up Tl r)( “fpda)
Quc HrH@”,G pr Qow ([p_guue,)r HW,, T (HT; pH}_(;:p-,ul,,) QE(? (T Aty Aoy h TA)
Que | HHGLG Q.n (lyo* e, ) H By, QL) (HU D L) ([r 4,
Quw | HHWL WK Que | (Gpo™ Tur)H G, Que (HT'D  H)(#prer)
Quiw | HTHWLW Quw | (@ ur ) HW], Q) (H'D W H)(37"a,)
Qup HH B,LH/BHV Qup (q]:vc'c'wl'fr)}"Iv B,c.w Q{;?é (HU(E)L H){q_p'rl'yf‘q,.)
Qup H'H ﬁ.uqu Quc (QFO'PVTAdr)H Gﬁu QHu (HTi(ﬁ# H) (@ ur)
Quwp | Hiv'HW., B" Quw | (Gpo’d, )T HW, Qnd (HTi(BuH)(gp‘F”dr)
Quivy | HI7 HW/, B Qun | (3p0"d,)H B, Qurua + hee. | i(HI D H)(ipy"d,) |d€Q| Iy,
. 2499 numbers to measure
Alonso, Jenkins, Manohar, Troff (2013)
Class Nop CP-even CP-odd
Mg 1 3 g 1 3
1 4 2 2 2 2 2 2
2 1 1 1 1 0 00
3 2 2 2 2 0 00
4 8 4 1 4 4 4 4
5 3 3n2 3 27 3n3 327
6 8 8n? 8 T2 8&n? 8 72
T 8 ing(Ing +7) 8 51 ing(Ing —7) 130
8 : (LLYLL) 5 in2(Tn? +13) 5 171 Inl(ng — 1)(ng + 1) 0 126
8 : @R)(_ER) 7 ing(21n} + 202 + 31ny + 2) 70255 ing(2lng +2)(ng —1)(ng+1) 0 195
8 : (LL)(RR) 8 ni(ng +1) 8 360 AnZ(ng — 1)(ng +1) 0 288
8 : (LR)(RL) 1 nj 1 81 ng 1 81
8 : (LR)(LR) 4 an} 4 324 an} 4 324
8 : All 25 1ng(107n) + 2n) +89ng +2) 25 1191  +ng(107n) + 2n) — 6Tng — 2) 5 1014
Total 59 | $(107nj + 2n3 + 21302 + 30ng + 72) 53 1350 | L(107n§ + 2nf + 57n2 — 300, + 48) 23 1149

Q%
QL)
QU
QW

(Iprulr)(EsyPer)
(I yple) (o7 ue)
(vl ) (duely)
(Tprudr By er)
(@prngr)(@syHur)
(@prpuar) (deytdy)

(apﬂﬂp T':l’;‘r)

(s
(EPT#TAqr)(a* YT Auy)
(

(ds

AATAdy)
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59 SMEF T operators @ dim=6
Grzadkowski, Iskrzyfiski, Misiak, Rosiek (2010)

8:(LR)(RL)+h.c.

8: (LR)(LR) + h.c.

Qledq

(Fe)(deary)

Qg | (@ur)eje(ghds)
Quona | (@TAu)epu(@hTAdr)
Qi (e )ejn(ghu)
QN | Bouwe)ein(d o u)

Flavor assumptions — Different # of coefficients

Brivio (2020)

U3y’ U(2) xU(2) xU(2),

U(3) xU(3), U@ XU@pUA), 0y xU() xUQ). U(3)xU(3)
e W T | e

general U3s MFV top topU31l
all CF | all cF all [ all cF all P

c |4 2 2 - 2 1 2
3 - - - 3 -
" | 8 4 4 - 4 8 4
e | 54 21 |6 3 7 - 14 7 10 5
£ |1 72 |16 3 20 - 36 18 28 14
" | 81 30 1 4 - 21 2 15 2
£ | 207 126 - 10 - 31 - 16 -
£ | 450 195 - 19 - 0 2 |2r 2
P eas 288 - 28 - 54 4 |31 4
£ 8100 405 |14 7 13 - 64 32 | 40 20
| tot 2100 1149 [85 25 120 - [os 7w |2 53

| 4/25



https://arxiv.org/abs/1312.2014
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202012.11343
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201008.4884
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59 SMEF T operators @ dim=6
Grzadkowski, Iskrzyfiski, Misiak, Rosiek (2010)

LsverT = Lsm + Z “ Oy + Z—

Lepton number violation

1:x° 2 HS 3. HAD? 5:02H? 4 he, 8:(LL)(LL) 8: (RR)(RR) 8: (LL)(RR) : (LR)(RL) +h.c. 8:(LR)(LR) +h.c.
Qe | FAPOGGEPGSE  Qy | (HIHP  Qup (HTHYO(HTH) Q.n | (HH)(l,e,.H) Qu (Tp vl ) (Ley*1e) Qe (eprper)(esyer) Qe (Lpyplr)(Esyter) Qeaq | (Her)dugr) Q;fqd (Furejn(@Edi)
Qs | FAECGAGErGER Qup | (H'D.H)" (H'D,H)  Quu | (H'H)(gyu,H) W | @) @) Quu | () (i) Quu Uyl () Qi | (@TAur)eii(GETAdy)
Quw | HIEWIvw e ks Qan | (HTH)(gd.H) Q| @rnra) @ e Qua (dpyudy)(doytdy) Qua (Il )(dsy*dy) Q}(l;u (Ber)eilqhu)
Qw | KWW oW ke W G @ ) Qe | (B () Que | (Guar) (E7Mer) QP | Bowee(@ o u)
2pp2 2 257 Q| Gnr't)@rtr'e) Qe | (epwen)dtd) Q)| (@mer) (st
L O b e Q| @radard)  QE | @I @ar T )
Que | HHGLGY  Quy | (o™ e,)r HW), i (HYD W H) byyt) QU | @ TAu)dosTAd) QU | @) (davdy)
o ) b BICA ' "
Que | HHGLGY Q| (o*e)HBu Q1 (HY D LH) Fr ) Q% | @Te @1,
—~ q T it
Quw | HHWLW™  Que | (Zo#*TAu) HGA, Qure (YD o H) (e,
Qe | HHWLWI  Qur | (gotu)r W], Qwy, | (H'D.H)@r e) Flavor assumptions — Different # of coefficients
Qup | HVHBy,B Qus | (Gpo*uc)H By, ) (' DLH)(g,m v#q,)
Quas | HIHE,,B" Qua | (@ T44,)H G2, Qi (D ) (7 ) U(:),)S U(Z)qXU(Z)uXU(Z)d
Quws | HT HWLBY  Quy | (g00d,)r" HW], Qua (HYD ) (dytd,) U(3) xU(3) xU(3) xU(3)xU(3), U) xU0) xU0)_ U@)xU(3)
Qv HTT‘,H“{?;::VB#V Qan (gpot*d,)H B, Qrrua + hee. i(ﬁiDﬂH)(ap‘,“d,-) |d€Q| I © " ’ ' ©
2499 numbers to measure
. general U3s MFV top topU31l
Alonso, Jenkins, Manohar, Trott (2013) T T B e DR
a. a. a. al a. 7
M . - , :
cl 1 2 4 2 2 - 4 2 4 2
Class N, CP-even CP-odd . 6
’ ", L3 ny e Automated in s - |8 - |3 - |3 - |3 - Brivio (2020)
1 1 2 2 2 2 2 2 . (4) 4 8 4 4 - 8 4 4
2 1 1 1 1 0 0 0 S/\/\EFTSII’T] @LO E:’S) _8 i 8 -
3 2 2 2 2 0 0 o (all D-6 SMEFT operators) C?) 4 2 |63 L A
4 8 4 a4 4 4 4 e 72 |16 8 20 - 36 18 28 14
; : ) o - SMEFT@NLO ' | n
6 5 . s o s omop D6 SMEET ) e |81 30 |9 1 M- |21 2 |15 2
g9 g —_ _
7 8 Lng(9ny +7) 8 51 Lng(9n, —7) 1 30 ( even operafors £ | 207 126 | 8 ; 10 - 31 - 16 -
8 (LL)(LL) 5 in2(Tn? +13) 5 171 Inl(ng — 1)(ng + 1) 0 126 e 450 195 |9 a 19 - 40 2 27 2
8 : (RR)(RR) 7 ing(21n} + 202 + 31ny + 2) 7255 ing(2lng+2)(ng —1)(ng+1) 0 195 8 | . )
8 : (LL)(RR) & ani(n2+1) 8 360 An?(ng —1)(ng +1) 0 288 Lg 648 288 | 8 - 23 - 54 1 31 4
8 :(LR)(RL) 1 g 181 ng 181 £ 8100 405 |14 7 13 - 64 32 |40 20
8 : (LRILR) 4 4n? 4 324 n? 4 34 | | o . 5 o - - ; - ‘ 4/ 25
8 Al 25 | Ing(107n + 22 +89n, +2) 25 1191|  in,(107nd + 202 —67n, —2) 5 1014 tot 99 1149 | 85 5 120 - 5 18 53
Total 50 | L(107n3 + 2ng + 21303 + 30m, + 72) 53 1350 2(107n3 + 2n3 + 57n2 — 30n, + 48) 23 1140



https://arxiv.org/abs/1312.2014
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202012.11343
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201008.4884
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Polynomial parameterization in SMEF] 7 HEPHY

2
c; o ~ |[MsmEFT|
Mgmerr = Mgy + E iPMB,i

C.C

2
2 G ' Ci 2 iCj
~ [Mgml|” + ZiPQRE(Mg}MMG,i) + Za‘F|M6’iI + Zizj,j,bi A‘f Mg ;M

g is a quadratic function of coefficients !
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2
c; o ~ |[MsmEFT|
Mgmerr = Mgy + E E.PMBJ

C.C.

2
C-i ! Ci i
~ [(May]? + ZiPQRe(MgMMG,i) + Ziﬁwﬁf + Zizj,jﬁ A;‘ Mg Mg

g is a quadratic function of coefficients !

Example
g ¢ t
. 7 t
P
g 4-fermion ops (~8)

~10 parameters to measure

5/25
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Polynomial parameterization in SMEFT EL,
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9
o ~ | MsMmEFT]

C.'
MsmerT = Msm + ZiA_BMS,i , . 2 ; e
7 1 g i _’j
~ [ Msml®+ ) 52Re(MEyMe) + > S Meil*+> > I Mg M
A A —j.3>t A
g is a quadratic function of coefficients !
Curse of dimensionality
Example
t

Lo t g ) In a typical search, generate signal in 10-dim grids
q g Y 9 9 9

__ ! 7
. ; f If only 10 values / coefficient = 10° signal samplesil!

0. O,

q t
’ 0. Not needed for SMEFT :D

t
! 4-fermion ops (~8) # of signal samples (for ‘'n' coefficients): 1+ n + n(n+1)/2 « Sufficient

k+1 ke
~10 parameters to measure If polynomial is of order ‘k', # of minimum signal points N(nk) = % (z i 1)

For n=10, k=2 = N(10,2) = 66
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5
o ~ | MsMmEFT]

C..
MsmerT = Msm + ZiA_BMS‘i , . 2 ; e
7 1 g i _’j
~ [ Msml®+ ) 52Re(MEyMe) + > S Meil*+> > I Mg M
A tA i—j.g>1 A
g is a quadratic function of coefficients !
Curse of dimensionality
Example
t
' L t 2 i In a typical search, generate signal in 10-dim grids
. ) . t
’ / f If only 10 values / coefficient = 10° signal samplesil!
0, O,
q t
’ 0. Not needed for SMEFT :D
t
g 4-fermion ops (~8) # of signal samples (for ‘n' coefficients): 1+ n + n(n+1)/2  « Sufficient
k+1 i
~10 parameters to measure If polynomial is of order ‘k', # of minimum signal points N(nk) = % (z i 1)

For n=10, k=2 = N(10,2) = 66

Difference between SMEFT & SMis small = Possible to reweight SM sample 1o obtain SMEF T prediction
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5
o ~ | MsMmEFT]

Ci
MsmerT = Msm + ZiA_Q-‘MS,i ‘,
~ |J'VI5\I| +Z QRE .,MSMJMGI ‘|‘Z |M51| ‘|—Z ijfn '\4 .,M.B IJMSL]

g is a quadratic function of coefficients !
Curse of dimensionality

Example

In a typical search, generate signal in 10-dim grids

If only 10 values / coefficient = 10° signal samplesil!

0, 0.
0. Not needed for SMEFT :D
4-fermion ops (~8) # of signal samples (for ‘'n' coefficients): 1+ n + n(n+1)/2 « Sufficient
~10 parameters to measure If polynomial is of order ‘k', # of minimum signal points N(nk) = % (: i D

For n=10, k=2 = N(10,2) = 66

Difference between SMEFT & SMis small = Possible to reweight SM sample 1o obtain SMEF T prediction

* 1.8973999 *
* 0.5887451 *
G gl 0514209 S

’ :
_ Mesyprr(c= 01)2 Storing N(n,k) weights per event is sufficient! e tesn
IMsyprr(c = ) : ot

Curse of dimensionality is lif ted |

5/25
Possible to truncate non-polynomial cases (option available in SMEF Tsim)



https://inspirehep.net/literature/1837608

Optimal observable for SMEFT analysis 7 HEPHY
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tron
arged Hadron (e.g. Pion)
— = — - Neutral Hadron {e.g. Neutron) o«
oton

LMEFT [£1

Transverse slice
through CMS.

Likelihood ratio trick in classification:

9 £ p(x|SM) B 1
L= [ dx Y p(x,z) (2 — f(z)) (@) = PN+ @) 11 ) ) Optimal test statistic
2€0,1 TN
0—SM, 1—=4¢ r(z) = ;EEEED_

p(x|SM)
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Optimal observable for SMEFT analysis M oy
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I I
om

m

M

Elects

Charged Hadron (e.g. Pion)

- Neutral Hadron (e.g. Neutron)
Photon

Transverse slice
through CMS.

Likelihood ratio trick in classification:

?7?

9 £ p(x|SM) B 1
L= [ dx Y p(x,z) (2 — f(z)) (@) = PN+ @) 11 ) ) Optimal test statistic
2€0,1 TN
0—SM. 1—=¢6 T — m
") = alsM)
o) = [ plalzp(=l0)z
p@8) = [ [ [ p@lepa)p(epalmap(cmualzpsp(zsl)dsnadsmadzpsp(zl6)d=  Hard to model transfer function

6/25



Observables used for SMEFT analysis M oy
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Observables used for SMEFT analysis =7 HEPHY
L= f de S~ p(x.2) (> — f(x))? f(py = PEISM) L
gﬁ ATETS N ETe) R e
0—SM. 14
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Observables used for SMEFT analysis = HEPHY
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L= f da Y plw,2) (2 — f(x)) oy b 1
2€0,1 p(@ISM) +p(lf) 14+ “0ore) L. — R

0 — SM, 1— 40 | S ) et

Differential cross sections: Straightforward  Feasible only with a few kinematic observables ol N
EFT effects ignored in remaining variables n R W ———

A e T PR

£.g. JHEP 04 (2023) 80 tho o

7125



Observables used for SMEFT analysis = HEPHY
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b= f de 3 plx.2) (= — f(x)) Prlay= R 1
2€0,1 p(@|SM) +p(alf) 14 T r) L — R

0 — SM, 1— 40 | S i :

Differential cross sections: Straightforward  Feasible only with a few kinematic observables ol N
EFT effects ignored in remaining variables n R W ———

A e T PR

£.g. JHEP 04 (2023) 80 sw s o

Machine learning based discriminators: Enough experience in community

Construction depends on signal points in EFT space
~ exploits effects due to quadratic terms in EFT expansion

E.g. JHEP 12 (2021) 083
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Observables used for SMEFT analysis

L= [de Y plas) (= f@)) ) = PR -

z€0,1 - p(x[SM) +p(xl6) 1 U'(Hm-r(:c)
0—SM, 1—=4

Differential cross sections: Straightforward  Feasible only with a few kinematic observables
EFT effects ignored in remaining variables

E.g. JHEP 04 (2023) 80

Machine learning based discriminators: Enough experience in community

Construction depends on signal points in EFT space
~ exploits effects due to quadratic terms in EFT expansion

E.g. JHEP 12 (2021) 083

W
7 HEPHY
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d o,/ dp" [pb/GeV]

ATLAS

Vs=13TeV, 139 fb"
] Data

. (8)
A model (C,g=-0.11, C{=-0.43)
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Observables used for SMEFT analysis =7 HEPHY
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Likelihood-free inference: Learn full likelihood ratio — optimal More in this talk -



Learning SMEFT likelihood (1) lHHE’/HEPHY )

Starting point: Augmented dataset D  list of events with a number of SMEFT weights / event

*'T\"Tobs ob
. Lo(0))Vors o . X 1 do(x|0)
Description: Extended likelihood L(D(N,,..z)6) = ng(e)mbs)]_leJ@.(w\G) ( \(3], £ot®) Hp (x]6) pi(=.0) = o

L(D(!
Neyman-Peasrson lemma: Optimal test statistic LED obe: )10

obs |
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Starting point: Augmented dataset D

Description: Extended likelihood L(D(N,,.. x)0) =

Neyman-Peasrson lemma: Optimal test statistic

Likelihood ratio

(I(D( obs:

R(x|0,.6)) =

Learning SMEFT likelihood (1)
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do(x|0,)/dx
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Learning SMEFT likelihood (1)

Starting point: Augmented dataset D  list of events with a number of SMEFT weights / event
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obs
j\.."
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Learning SMEFT likelihood (1) lmmEn’/HEPHY )

Starting point: Augmented dataset D  list of events with a number of SMEFT weights / event

I?\'obs obs
Lo(0))Vors o X 1 do(x|0)
Description: Extended likelihood  L(D(N,..2)(0) = Pro(g)(Nops) ”1 pi(x]6) = ( \(021 Lo(0) H ,(2]0) pi(x.0) = @) da

. . L. L(D obs |
Neyman-Peasrson lemma: Optimal test statistic LD\

obs ) |
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j\.."
o . % do(w,6,)/da
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Taylor expanding ... R(x]60,.0)) =1+ (6; — 6y) R, (x) + = ( —6y)a (6 — 6y)p Ry () Ra(:c):az R(x|0) Ru(x)= [;; ;ébf%’(w\ﬂ)

SMEFT dependence of detector-level observables — p(x|@) = / plx|z)p(z|0)dz < intractable

" parton showering + hadronization + detector simulation + reconstruction
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Starting point: Augmented dataset D  list of events with a number of SMEFT weights / event

I?\'obs obs
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. . L. L(D obs |
Neyman-Peasrson lemma: Optimal test statistic LD\

obs ) |
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SMEFT dependence of detector-level observables — p(x|@) = / plx|z)p(z|0)dz < intractable
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. . - Brehmer, Cranmer, Louppe, Pavez (2018)
Mean squared error (MSE) loss functions can be used to regress on joint LLR Brehmer, Cranmer, Louppo, Paves (2018) MadMiner
. ) 5 Brehmer, Cranmer, Louppe, Pavez (2018)
L[F] — /dmdzp(m,z|90)|F(m. z) — F(x)| Brehmer, Kling, Espejo, Cranmer (2019)
G(x)
0
SF (x) G(x) =0 Latent space gets marginalized
. dzp(x. z|0p)F (. z
F(:r):f p(lU)()

p(x]6))
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. ) 5 Brehmer, Cranmer, Louppe, Pavez (2018)
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Learning SMEFT likelihood (2)

Mean squared error (MSE) loss functions can be used to regress on joint LLR
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Learning SMEFT likelihood with decision trees (1)

x: Feature vectors
j: Terminal nodes
a. : Requirements on x for node j

Fj : Prediiction for node j

Tree prediction F(x) =) 14,(X)F

& £

Phase space partitioning  Prediction

Minimization of loss function w.r.t. O(j and Fj

phase-space partitioning

W
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Training phase

T SO TOPP ST

cut on X,
y 2
F,
/\ cut on X,
F, Fs
N,

! \‘* cut on X, again etc.

10/ 25



Learning SMEFT likelihood with decision trees (1)

x: Feature vectors phase-space partitioning
st )3 1, F j: Terminal nodes
Tree pFEdICthH (%) = Z () F; a : Requirements on x for node | X, [
JET J - .
/‘ \ Fj : Prediction for node j E
Phase space partitioning  Prediction 8 - -
Fo |Fs| © 7
Minimization of loss function w.r.t. a and Fj 20 7% L A
F) F F5

Linear term in SMEFT expansion

2 ]vshn
MSE[] ZZu = Wi+ > Y ;.
JjeT 1€y i=1 Jjedg 163 iedJ sy
Integral replaced by summation
9 P Y v Zwi
0 A ici Wig Y i€j
—MSE[F}*O — szzej g g = 0, log A !
()FJ Ziej W Aj 96, 9=6,

2
(Z¢Ej wy c.n) 6 )'t 2
S > % — ) I™) Fisher information for measurement of
iej JET I le=e, JET
Fisher information = Variance of score (= derivative of log-likelihood)
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x: Feature vectors phase-space partitioning Training phase
icti F(x 1,,(x)F; J: Terminal nodes e
Tree prediction (x) = ezj () a, : Requirements on x for node X2 [ Py
J f \ Fj : Prediction for node j - l : T S T —_
Phase space partitioning  Prediction 8 . - ' g CUTOMXing
o . Fo | Fs| ' F
Minimization of loss function w.r.t. a and Fj 7% I el A '
F F, F, /\ cut on X,
Linear term in SMEFT expansion X F, F,
I p "‘.‘* cut on X, again etc.
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JjeT 1€y i=1 Jjedg 163 iedJ sy

Integral replaced by summation

0 . ici Wia Y i€]
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2
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MSE[F,] = =) ( d ) =—> (Gai) — ) I™) Fisher information for measurement of 8
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JET Le] =i J =t JET
Fisher information = Variance of score (= derivative of log-likelihood)
Cramér-Rao bound: Variance(f) > Tl")) wiki

Node-split criterion maximizes Fisher information — Optimal in precision
-

o Starting point of SC, N. Frohner, L. Lechner, R. Schoefbeck, D. Schwarz (2021)
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x: Feature vectors phase-space partitioning Training phase
icti F(x 1,,(x)F; J: Terminal nodes e
Tree prediction (x) = ezj () a, : Requirements on x for node X2 [ Py
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2
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Node-split criterion maximizes Fisher information — Optimal in precision
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Starting point of SC, N. Frohner, L. Lechner, R. Schoefbeck, D. Schwarz (2021)
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Learning SMEFT likelihood with decision trees (1) lmml/)n’/HEPHY
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x: Feature vectors phase-space partitioning Training phase
icti F(x 1,.(x)F; Ji Terminal nodes e
Tree prediction (x) = ezj () a, : Requirements on x for node X2 [ Py
J f \ FJ : Prediction for node J E ] T g ......... —
Phase space partitioning  Prediction 8 . - ' g CUTOMXing
o . Fo | Fs| ’ F
Minimization of loss function w.r.t. a and Fj H e S E '
F‘ Fz F3 /\ cut on X,
Linear term in SMEFT expansion % F, F3
s Naw "*cut on X, again etc.
MSE|[F, Zzu = Wi+ > Y ;. o
JjeT 1€y i=1 Jjedg 163 iedJ sy
Integral replaced by summation . . .
Jralrer J = w Quadratic term in SMEFT expansion
1o} . ici Wi,a Ja N\ i€]
Z MSE[F,] =0 —» FJZZEJ = %X = 0, log \j !
aF, ST Vil 0o
J =¥ 0 0 r Z-ﬁej Wy ab 9,0 ).J-
2 iT P } :
. (ZI-EJ wy (,;) [:BUAJ)Q (/\} Ziéj wy A_} 6—0,
MSE[F,] = =) =y = — ) I™) Fisher information for measurement of 8
JET Diej Wi JET Aj ) jed ?
=60 . (Efe y 'u,-'.i',ab) (8,0, Aj)z
Fisher information = Variance of score (= derivative of log-likelihood) MSE[Fu] = — Z Y e Z .
JET iej Tt JET J =6,
Cramér-Rao bound: Variance(f) > Tlg) wiki

Node-split criterion maximizes Fisher information — Optimal in precision
0s,; -
°J

Starting point of SC, N. Frohner, L. Lechner, R. Schoefbeck, D. Schwarz (2021)
b; + 99
J
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https://en.wikipedia.org/wiki/Cram%C3%A9r%E2%80%93Rao_bound
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202107.10859

Learning SMEFT likelihood with decision trees (2) mnlilfr’(mm

IIIIIIIIIIIIIIIIIIIIIIIIIIII

Boosting: Provides a strong learner by iteratively training an ensemble of weak learners to pseudo-residuals of previous iteration

&b b fb—1
Fiz) = f(z) +nF" () Minimize loss function loss w.r.t. f(x) « Goes on till a pre-defined number B
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Boosting: Provides a strong learner by iteratively training an ensemble of weak learners to pseudo-residuals of previous iteration

A i Bb—1 SRR
Fiz) = f(z) +nF" " (z) Minimize loss function loss w.r.t. f(x) <« Goes on 1ill a pre-defined number B - . <.
2 Wi a ] b—1 ’ Wi a Wﬁ‘b_l {'I:)wz oh ’ * g
MSE[F,] =) ) jwi|—* — f(@) =" (2)| =D Y jw;|——— — f'(x) Sl
JET igj ! JET i€j ! .
. e, {
Weak learner needs to fit w - NF « Target needs to be updated in each iteration e ‘.
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Boosting: Provides a strong learner by iteratively training an ensemble of weak learners to pseudo-residuals of previous iteration

&b ib b1 SR
Fi(z)=f(z)+nF" (z) Minimize loss function loss w.r.t. f(x) < Goes on till a pre-defined number B R
» Wia g 1, | w; o — nE @)y 2 ) :
MSE[Fo] =) ) Jwi | = f'(@) —nf" " (@)| =D ) wi| = — f(x) .. ||
JET igj ! JET icj b o °
. e, {
Weak learner needs to fit w - NF « Target needs to be updated in each iteration . oo Ce

) . 1 )
Final outcome of algorithm  R(x|0,80) =1+ (8 — 60)a F\ P () + = (8 — 60)a(8 — HO)bFéf)(m) Boosted information tree (BIT)
9 2

SC, S. Roshap, R. Schoefbeck, D. Schwarz (2022)

11725


https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202205.12976

Learning SMEFT likelihood with decision trees (2) =% HEPHY

Boosting: Provides a strong learner by iteratively training an ensemble of weak learners to pseudo-residuals of previous iteration

&b b fb—1
F(z) = f(x) + nF" () Minimize loss function loss w.r.t. f(x) < Goes on till a pre-defined number B - - .
~ Wy o ) b—1 : w; a4 T]ﬁ‘b_l {.I?)wt ~h : . é
MSE[F,] =Y ") w, 2 — f@) -k (x)| = N> w | — — f(x) o .,
JET igj ! JjeJ icj k .«
. e, {
Weak learner needs to fit w - NF « Target needs to be updated in each iteration . Ge I

-

. A 1
Final outcome of algorithm  R(z|0,80) =1+ (6 — 00)a F\P) () + 5(9 —0p)alf — Ho)bﬂff)(ml Boosted information tree (BIT)
SC, S. Roshap, R. Schoefbeck, D. Schwarz (2022)

Separate training for each linear (‘a’) & quadratic terms (‘ab’) — Total # of trainings =n + n(n+1)/2

LLR to achieve LLR obtained

N s — -"\"robs

ok
2(D(Nops: @)[61,69) = =2 | L(o(81) — 7(8p)) — D> In R(x|6;.6,) (in large sample limit) §(D(Nops, )|, 89) = =2 | L(a(81) —a(6g)) = > In R(x|6,,6,)
i=1 i=1
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. . . K I ’/
Application of algorithm (1) = HEPHY

Z(-1"1" ) H (- bb) production 3 SMEFT operators —
FPlane of Z-
(3) . =1 _ a_j "*-"
C]';;{", =iH'a D ,Hqo +q ) - \O
= > 7

Opw = (HTH) W, W

O = (HUH) W, W

W/ com. B Zhcom.
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Application of algorithm (1)

Z(-»1"1" ) H (- bb) production

Analytic calculation for EFT-dependence available
Banerjee, Gupta, Reiness, Sefh,

3 SMEFT operators

O'};(:, = E.HT(TG(S#H(IGQ’}"HQ
@) HW — ( H f H } IfV'uU I’V'uv

O = (HH) W, W

—

Nakamura (2017
Spannowsky (2019)

W
7 HEPHY

INSTITUT FUR HOCHENERGIEPHYSIK

FPlane of Z-if

I3

YO
\ 7

W/ com. B Zhcom.

Thanks to S. Banerjee & R. S. Gupta for providing translation between refs
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https://arxiv.org/pdf/1706.01816.pdf
https://arxiv.org/pdf/1912.07628.pdf

Z(-»1"1" ) H (- bb) production

Analytic calculation for EFT-dependence available
Banerjee, Gupta, Reiness, Seth, Spannowsky (2019)

1 -+ g COS@N{'\::E
V2 77
MA=0(qq) = sinOM=0,

M3 (qq) =0

Application of algorithm (1)

3 SMEFT operators

O'};q = ?.HTO'“ﬁ#H(f(T&?# q
Opyw = (H H)W M,WTW
O, = (HH) W, W

Nakamura (2017

—

A(3,0.0,¢) =

~ _ 2 2 - - . 2
—m2 ms §—mj § A T
Qi)\k\/g G700 Chyy Qqes‘gw 12 o 2 \/_T(q) v c
— % Cow 3 m% + 3 F W q A2 HQ“”’

M;‘U——gw\f[ :

2 2 /=
- m 2k“\/5 C es
+ coy, (l-i— Qh— 2\/_) (”?ZG 9”; +QQA6W

my mzw s§—my S
QT(g)?_U'\/E v

2 A2 HQ(H).

|5

2
)%@4

.V
—1.{},5-

.-°\O

FPlane of Z-if

I3

Y M(3,0)d{TH(0)e,
A

= Z ai(8)fi(©,0, ),

B {7 c.om.

Z

B 7hc.om.

Y2 ‘2
frr = 5553,

|||||||| "/
~7 HEPHY
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Thanks to S. Banerjee & R. S. Gupta for providing translation between refs

ftr = CoC,

fr = (1+C3)(1+CP),
flr = C.S65.

fir = CpSeSyCeCy.

‘-1 Al & Al

72 7 v 5 v =l
.~ Q262
Jrr = Ca,555,

.: T 12 12
fTT’ = '52'-;5"‘5[-}‘59!
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Application of algorithm (2) 7 HEPHY

Z(-1"1" ) H (- bb) production 3 SMEFT operators —
FPlane of Z-
(3) . =1 _ a_j "*-'
(’]‘};{", =iH'a D ,Hqo +q ) - \O
Opyw = (H'H) W, W : Z

O = (HH) W, W

W/ com. B Zhcom.

doZh myk

— = — %
didydcosfdcosfde  12288m3[7s53/2

S>3 gzl > (qf.mq(xz}dﬁZpa(qmd"+r;(x1}q(:::z)d”Zpo{@q)d'f)
f T fid f

q=u.d.c.5.b

« Expression for toy simulation
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Application of algorithm (2) = HEPHY
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Z(-1"1" ) H (- bb) production 3 SMEFT operators

Oll’;t? - ?.HTU”{E?.HH@UH'T'“J
@) HW = (H%H} W H.__rpy

s
N T 70 IO
Oy = H'H)W,W
W/ com. B Zhcom.
doZh myk
— = pryTat
dsdydcosfdcosfde  12288m37s55%/2
_ _ « Expression for toy simulation
>3 gzl Y0 (alr0)ale)d™ > palg@)d” + qle)g(a)d™ p,,{rm)rf)
f 7 q=u.d.c.5.b o o

1/0g,,dofdp

',:{ :\u-|----‘uu|--6-|é\u|..--|uu\--"(|)'§w"" (% L N o o o 0 0 A A
F —c ~=-0. —c, -~ =0. ° L ’
C HW HW o) [ — ~ ==0). —_ ~ = U, ]
CHW=-0.3 —CHW=0.3 U§0.14: cHw og cHW gg 1

L (o] =-0. —C = V.
—c® =-0.03 —c® =0.03 L0120 Ay i .
15_ sﬁ HQ E — r —c:‘::)o ='0.03 _CSA i
: ] 01 —SM =
, 0_08}|_I_‘_‘_‘_,_,_,_,—'_|_|_‘_|‘,_,_,_li
107 E - ]
: ] 006 mm T
w
0.04F ——— T
102 E i ]

F 1 0.02f

AT T T A P R n = b | | | | | !
200 300 400 500 600 b 700 0_3 ) 1 0 1 P 3
TZ o
9

EFT effects on kinematic distributions 13725
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Application of algorithm (2)

Z(-1"1" ) H (- bb) production 3 SMEFT operators

0 =il e" D ,Hao"+'q
Opw = (H TH) W, WH

d(IZI'

myk

— = , —— %
didydcosfdcosfde  12288m3[7s53/2

; Z a5* >

ff:u.l’j_f.'_."i.b

(q(.rl Ji(e2)d™ Y polaa)d” + a(z1)alwa)d™ 3 po(aq)d”

o

HW = (

H T H) ‘[,]':__.r;:y t?i;a;gy
W/ com.

) « Expression for toy simulation

B 7hc.om.

N T T T [T T T T e e e ~ T S AR R AR RARR AR RS R AR AR RN T
F FE ¢ .=-0. — ¢ .=0. o il T I T T T D F ] . . F
% F Cui gg Cui gg .80.14* —c¢ ~ =-0.3 —c¢ ~=0.3 N 2’60_ ---- Simulated (test) ---- Predicted (test) <LE1O_ ---- Simulated (test) ---- Predicted (test) EEZ 5L ---- Simulated (test) ---- Predicted (test)
B r C =-0. —C =0. r HW C r . . " . ~ME
'82 r cg‘;’ 0.03 CE;‘)N 0.03 0‘% [ Cw=-03 —c,,=03 M I —— Simulated (train) — Predicted (train) F —Slmctlllated (train) —— Predicted (train) E ' —— Simulated (train) —— Predicted (train) ]
— =-u. - =0. L0121 - r - 1 E E
\Om i3 Ha Ha - r —c® =-0.03 _CS(); 50 — do (a.u.) ] 8__ o dcoZ@ (@u) 7] 2; — do (a.u) ]
= F —SM B HQ [ dpr E de¢ ]
F 0.1 — SM 5 F r 1.5 E
F r ] 40 = L i
1071 1 e IS : 3 3
g E i ] 30 F a
i L o S e B O iy : N :
L P 20F L -
o_o4w r L F
10’25— E [ ] r ~ r
i 0.02)- ] 10 i :
A N N TN N R N n = T T AT . ] L b L
200 300 400 500 600 p7°° [ 1 P 3 00 300 400 500 600 700 -3 -2 -1 0 1 2 3
TZ 3 pr,z (GeV) cos © ¢
13/25

EFT effects on kinematic distributions

Coefficients are perfectly learned in toy simulation
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Optimality in toy data —7 HEPHY
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Quantification of hypothesis testing plte,8) = / . Aty p(ts|6) 45% CL interval Ptmea(@as ), Ogs0,) = 0.05 tmed (0) = Median(tg|6y)
Lo

Type-2 error: 3 = p(p > 0.05/6¢)
Neyman-Pearson lemma: Likelihood ratio test statistic gives maximum power (given a type-1 error)

Power =1-3
. . 1 .
BIT output R(2]0.6,) =1+ (0 — 00),F\P) () + 5 (6 = 60)a(6 — o) (z)
Null hypothesis is ... True False M
, . . A;(0) L o L
Binned test statistic  go.binned(P) = > ( A;(8) — A;(8o) — n; log X (00) Distribution of R in ‘M’ bins
i=1 A

Not rejected

7z 0.8 \ | L B L B P PN I L N 1 z _F T 1
: — be3 : RIT oF 0.2E . 3 0.2E .
'7;_ Tree depth —» 02 1 (unbinned) 0.15F S 0.15F C%
08 —b=s E o : 01 )
05% \N@ 0.05
0.4F . oF oF
0.3f ~0.05F ~0.051-
0.2F ~0.1 -0.15 1
0.1f ~0.15] ~0.15
0(;' 2(_:,0 250 _0'2__|./.|.....|..| | | 107 _0'2%..‘.\....| ........ N
i iteration ~0.03-0.02-001 0 001 002 003 02 -01 0 01 02 ~003-0.02-001 0 001 002 003
@) c ®
Cia HW Cia
Theoretically optimum
M=) 2,5, 30
BIT achieves theoretically optimum constraints 14/ 25

With sufficient # of bins, binned constraints converge to unbinned ones
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Performance in (real) simulation =Y HEPHY
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SMEFTsim
+

Number of Events
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Performance in (real) simulation

SMEFTsim
+

Madgraph @LO
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SMEFTsim
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SMEFTsim
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https://smeftsim.github.io/
https://launchpad.net/mg5amcnlo
https://pythia.org/
https://cp3.irmp.ucl.ac.be/projects/delphes

ZH SMEFT signal + Drell-Yan background

Number of Events
2 222 2
@

o
e

Delphes Simulation (CMS Detector)

FTT [T rrrr[ro?
L === Drell-Yan + bb
= S

E— ci=0.1

10’1; |
Evvv v b b b b By =
0 100 200 300 400 500 600 700 800

E = Drell-Yan + light jets

— cHW=-1
Crn=1

—— c=-0.1
— Zh (SM)

350 fb*
BRRRE

pr,z (GeV)

Performance in (real) simulation of signal + background

W
7 HEPHY
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Number of Events

Performance in (real) simulation of signal + bacl

ZH SMEFT signal + Drell-Yan background

107
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10*
10°
10°
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107

Delphes Simulation (CMS Detector) 350 fb'
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— =01 —— c=-0.1
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100 200 300 400 500 600 700
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Observable Description
HT Zje ts PT
Niet Jet multiplicity

pr(j1). pr(jz), prlis)

[0(i0)]s n(iz)ls [n(is)]
pr(h), [n(h)]
pr(Z), [n(Z)]

pr(t2)/pr(f)

Ag(ly, L2), |An(ty, £)]
Ag(b-jet,, b-jet,), |An(b-jet, . b-jet,)|
m(b-jet;, b-jet,)
pr(b-jety)/pr(b-jet,)
AR(Z,h), |[An(Z,h)|, m(Z, h)
AR(non b-jet, Z), AR(non b-jet, h)
Thrust

pr of the three highest pr jets
[n| of the three highest pr jets
pr and |g| from h candidate
pr and |n| from Z candidate
See Sec. and Fig,.

See Sec. and Ref.
Ratio of lepton pr
Azimuthal and n difference of £1 and ¢4
Azimuthal and n difference of b jets
Higgs candidate mass
Ratio of transverse b-jet momenta
Properties of the Zh system
AR distances to non b-tagged jet

See Ref.
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Number of Events

. . . . 1 A 0 ’/
Performance in (real) simulation of signal + background = HEPHY
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ZH SMEFT signal + Drell-Yan background
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Observable Description
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_F === Drell-Yan + light jets 3 pr(i), pr(iz), prlis) pr of the three highest pr jets 9
10 ¢ =t L E nGols G2l InGis)] Inl of the three highest pr jets
10° E cg\;v=1 cg\;\l='1 E pr(h), [n(h)| pr and |g| from h candidate Delphes Simulation
E_ 6 - 3 R B o R
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10°E (SM) N 0.0, ¢ See Sec and Fig,. o .F gM 1 zmﬁr: :: 3
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DNN to separate signal & bkg

Multilayer perceptron with 2 layers with 100 & 50 nodes

Input 1 ( ‘ \v/ \v/ ﬂ ’

Input 2 ?".‘é“%zxigu%’ggg‘\v Output 1
\oed el
7.4 W e

BIT learns signal-back ground separation & SMEFT dependence for signal

Two thresholds:

Loose: 25% Bkg Eff 77% Sig Eff
Tight: 3.5% Bkg Eff 33% Sig Eff

[Ennintna ntntnin lin intns
-04 -03 -0.

Comparison with ‘traditional’ approach = HEPHY

INSTITUT FUR HOCHENERGIEPHYSIK

Same variables used in BIT & DNN

107

1 1z [ | | | 1
I =
R J
1=
2 z
=1 ~
0.5
10—1 1] =
0.5
_1-_ NN-loose
I —— NN-tight
r — BIT
-2 P IR ERERII I I B B -2
10 ~08 —06 04 -02 0 02 04 10

Better constraints with BIT w.r.t. conventional ‘reinterpretation’ approach
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Other works: Parameterized neural networks =% HEPHY
Remember the likelihood ratio trick — p(py = — P@BSM 1
p@|SM) +p(@|f) 14 T8 r(a)
Works with
Mean-squared error loss function L = / da (;.}(:13.3)(1 — f(x))? + p(a, SM)( f(a:))g)
Cross-entropy loss function L= / da (p(a, ) log(1 — [(x)) + p(x, SM) log(/ (x)))
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Other works: Parameterized neural networks =7 HEPHY _
Remember the likelihood ratio trick  f* () = p(x|SM) _ L
p(x[SM) +p(x|0) 14+ 7 (z)
o(SM)
Works with
Mean-squared error loss function L = / da (p(a:?,_(v’)(l — f(x))? + p(a, SM)( f(a:))Q)
Cross-entropy loss function L= ] da (p(. 0)log(1 — f(x)) + p(x, SM) log(f(x)))
Parameterized classifiers with quadratic ansatz Chen, Glioti, Panico, Wulzer (2020) Applied on W(= Iv) 2 (= 11y sample
fle.c) = 1 ‘ Minimizes MSE loss (same as BIT) [toy simulation, realistic simulation @ particle-level]
1 + [1 + cn{:t(:r)]z + [C nlj(r}]z GW.—Za-;Exclzsion.Reach
.«%‘
ML4EFT with unbinned likelihood Ambrosio, Hoeve, Madigan, Rojo, Sanz (2022) oy e MGLD
Naft Nefe Meft i -
Folx,e) =1+ Z :\]’NU}(;[:)CJ + Z Z NNU‘k}(:I:)cjck Minimizes cross-entropy loss Applied on t, Hq?’é;i&iiﬁé?égn)m >bb) samples
=1 j=1k=j

1 pZ € [75, 150,250,400, 00) [GeV]

| Unbinned ML (p%) .
[0 Unbinned ML (7 features) =0
+  SM

0
e

(3)
g

21/25


https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202007.10356
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202211.02058

Other works: Parameterized neural networks = HEPHY
Remember the likelihood ratio trick  f* () = p(x|SM) _ L
p([SM) +p(lf) 1+ 70 ()
Works with
Mean-squared error loss function L = / da (p(m,ﬁ')(l — f(x))? + p(a, SM)( f(a:))g)
Cross-entropy loss function L 2] da (p(. 0)log(1 — f(x)) + p(x, SM) log(f(x)))
Parameterized classifiers with quadratic ansatz Chen, Glioti, Panico, Wulzer (2020) Applied on W(= Iv) 2 (= 11y sample
fo.0) = 1 ‘ Minimizes MSE loss (same as BIT) [toy simulation, realistic simulation @ particle-level]
1 + [1 + cn{:t(:r)]z + [C nj(r}]z GW.—Za-fxclzsion.ReaCh
,«%‘
ML4EFT with unbinned likelihood Ambrosio, Hoeve, Madigan, Rojo, Sanz (2022) oy e MGLO
Naft Nefe Meft i -
Folx,e) =1+ Z :\]’NU}(;[:]CJ' + Z Z _\;th-.k}(a,)cjﬂk Minimizes cross-entropy loss Applied on t, H_)ZE;;Z},\%%?'Q%E”)H( >bb) samples
=1 j=1k=j

[ p% e [75, 150,250, 400, 00) [GeV]

Unbinned ML (p#) -
[ Unbinned ML (7 features) :\:L
Same philosophy as Madminer & BIT — Regress on joint likelihood ratio

| I C,ﬂn' P

¥

Different event samples to learn individual linear & quadratic terms

Differences

BIT is much more speed-optimized 21725


https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202007.10356
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202211.02058
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Summary & Outlook S,

IIIIIIIIIIIIIIIIIIIIIIIIIIII

Effective field theory analysis coming to center stage of LHC research

Usage of machine learning being explored in last few years to extract maximum information & probe EFT operators to the finest
level

Boosted decision tree based implementations offer attractive options
- Simple

- Fast
- Needs a single sample (with EFT weights)

Python-based framework publicly available [link]

Neural network based strategies also useful

Yet to see the first results from experiments on real data!
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https://github.com/BIT4EFT/BIT
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https://github.com/BIT4EFT/BIT
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SMEFT operator at D=5 S,
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174 ‘L / / )
£y = - o] [ : e N - .
N t H= (T N h) > —ﬁhhuﬁ Vy — T-vh.yg vy T SV vy Majorana mass of neutrino
+ h. c. 1 = iooH* + h. c. c Taps
Normal Inverted = ioall ¢ AL =2 — Lepton number violation
Solutions
~ vmass: 0.1-0.01 eV Same appears A @ all orders & c_ is extremely small

24x10% eV? - /\ > 10)5 Ge\/!!

Phys. Rev. Lett. 43, 1566 (1979)

Lepton (& baryon) number violating scales are very high

New physics has multiple scales : eV _
Other new physics at few TeV - offers sensitivity at colliders

*  "Beyond collider phenomenology

Theoretical models Collider signature

Type-1, Type-II, & Type-III See-saw mechanisms

n % CMS-EX0-21-003
+
H- - H \ﬁ:ﬁ ST

Y ! E

~ \" s 1 ~, Z s 1

T 4 - | -T ~ ? A ]

}/;u_\- 1 Vnr ] & }/i-‘ﬂ }?"E M\ 0.1 F =

i o d i 7 ]

[ s ]

L L }—_\‘ L L Q ‘1/1 /,/ 95% CL upper limit
//ll —— Observed

L L Wi 0.0t | / --- Expected E

+ I //'- / ] 68‘% expecteg ]
Vany A T R e ]
N heg oS epon
N: SU(2) singlet fermion A : SU(2) triplet scalar ¥ : SU(2) triplet fermion Viun g L e
= w me 24/ 25
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-003/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.43.1566

Standard model eftective field theory (SMEFT) lmml/:n’/HEPHY
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(8)

.
Loverr = Lsm + Y —7 08+ ..

Violate lepton number conservation Violate baryon & lepton number conservation
1:Xx° 2: H® 3:H'D? 5:¢02H* 4 he.
Qo | fAPCGIGEGE:  Qu | (HIHP  Quo | (HHOHE) Qe | (HH)(eH)
5 fABC-“ﬁﬁvaszT# Qup | (H'D,H) (H'D,H) Qun (H'H)(qpu, H)
Qu | elTKW LW W s Qun | (HTH)(d,d,H)

Qﬁ," EI.IKH;'{VI,VJPI;VPK;;

4: X*H? 6:y?XH +he. TP HAD
Que | HHGLGY™ Qe | (o'e, )T HW], = (H'D ,H)([n",)
Qua | HHGAG™ — Qup | (Lo*e,)HBy, @ (H DL H) (T, 7141,
Quw | HHHWLW'™  Que | (ot T ur)H G}, Qe (H'iD . H)(epy er)
Quiv | HHWLWS  Quy | (Goru)r H W), Qn | ri.m@ara)
Qun HTH By B Qun (Gper" )ﬁB.W Qﬁ«]; (HTiﬁLH)@pT[’.‘“Qr}
\/Qlldmj: Qus | HHBLB"  Qus | (g0"T ) HG, Qua | (HND )@,
Quwe | HiT'HW] B Qaw | (G d, )T HW], QHa (HTE(BpH)(&pW”dr)
E<<A Quivp | HTHWLB  Qus | (30"d,)H By Qitua + he. | i(HT D, H)(@"d,)
> . . _ o o o
EFT contributions power-suppressed R o S i o
. 1. . . (LR)(RL) + (LR)(LR) +
— Deviation from SM predlc’(IOh small Qu (Ll ) (TP 1) 0.. (Epruen) (EarPer) Qe (Tyle) Eayer) — O
0 , Qiedq | (er)(dsqj)  Qquga (Gur)ejn(@Edr)
gy (‘jp')p‘j'r)(@s?p‘]t) Quu (”p Yt wy ) (g ary) Qu (lpypule) (s yHuy) . | o
- . _

Qsisq] (ngpTIQT)(Qs'?pTIQt) Qad (dp ﬂ,.: )(d dy) Qia p’l‘p r}(dq’)pdf) Qquqd (q T ul")ejk(q T di}

Q;;) p’)u (@ qe) Qeu (ép Tu€ e ) (T ug) Qqe (qp"!‘pq:*)(es’.*per) Q};;u (-;er)ejk{_f:ut}

Q' | Grurt)@ra) - Qua (@) (i) Q! (@) (7" ) Q:(:;u (fﬁcfpyer}e,:k(@fa““m)

QE‘L) (ap”m r)( e"l’#dt) éi) (‘]Tp”?pT‘qqr)(ﬁs’?PTAu:)
Qi? (ﬂp”.",uTAuf)( -a'l’#Tﬂldt Qg? (Qp')‘p‘;'r)(';s’?#dt)

QW) | (@ T ) (e T dy)
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Standard model eftective field theory (SMEFT) lmml/:n’/HEPHY

(8)
C.
Lsmert = Lsm + Z

Violate lepton number conservation Violate baryon & lepton number conservation
1:Xx° 2: H® 3:H'D? 5:¢02H* 4 he.
Qo | fAPCGIGEGE:  Qu | (HIHP  Quo | (HHOHE) Qe | (HH)(eH)
) 5 | [AECGIGEGor Qup | (H'D,H) (H'D,H) Quu | (H'H)(gyu,H)
AssumphonS: Qu | eTEW W e Ke Quu | (HTH)(Gpd, H)

Qﬁ," EI.IKH;'{VI,VJPI;VPK;;

— Poincaré symmetry, locality

4: X*H? 6:y?XH +he. TP HAD
— Field content (relevant at EW scale) same as in SM Que | HHGLG™  Quv | (pote,)r HW, O @B, )G
. N FI7T (3A rApy [ b e (3) it Lls

= SM Gauge symmetries SU(3) x SU(2) x U(]) respected g | HH GG Qep | (poen)H By mo | DL EGrirh)

Quw | HHHWLW™  Qua | (qpo™T"uw)H G, Qe (H'iD .H)(ep1"er)

Quw | HHWLW  Quy | ot u)r TW], Qi) (HiD )G )

Que | HUHBLBY  Qua | (Go™u)il B, Qu | HDLH) G )

\/Q“dﬁ‘j: Qus | H'HBWLB™ Qe | (@o"T d)HG}, Qi (YD H) (@,7u,)

Quwr | HITHW,, B Quw | (o d,)r' HW], Qra (H'i' D, H)(dyyhd,)

E<<A Quivp | HWHWLB"™  Qup | (30*d)H B, Quua + b | WHD,H)(@,04d,)

- EFT contributions power-suppressed R - I LR R o o ERIR e
. e . 1. (LR)(RL) + (LR)(LR) +
— Deviation from SM prediction small O | Gl G| pmedEmta) Q| (o) et —— o

0 - ) Qiedq | (Her)(dsqes) Qquqd (Gur)ejn(@Edr)

gy qP'I'J-!Q"r‘)( ) Quu (”p Tpte ) (v 1) Qu (lpyple) (s ug) (8) A "
Qsisq] (9p7‘,uT Q‘T)(Qﬂp'r qt) Qud (dp F;.t )(d yHdy) Qua 7p~l‘p r}(de’)pdt) Qquqd (qJT r')f_;r.k( T di

QY| G )@re) Qe | Eued@atu) Qe | (@) Ented Qo (er)ejn(@iue)
QU | o i@ vl Qu (Eper) (do ") Q! (@mar) By ue) Q:(:;u (Lower)ejn (@ o uy)

QE‘L) (ap”m r)(d "l’#dt) éi) (‘]Tp”?pT‘qqr)(ﬁs’?PTAu:)
qu) (ﬂp7pT ur)(dﬁW#TAdr) Qg? (Q_p'r,_;';'r)(';ﬂ'“dt)
Qé? (qp'?}AT'ﬁ"i'r)(';e"prAdi)
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